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FOREWORD

Both theoretical and experimental research at SwRI since 1961 have
shown that the Beverage antenna is quite useful throughout the entire high
frequency band and over soils of relatively high conductivity. It has also
been shown that the antenna is within that class of antennas often described
as frequency independent with an endfire unidirectional radiation pattern
that is aperiodically maintained throughout the 1 to 30-MHz frequency range.
Furthermore, it is particularly useful as a low cost element for circular
wide aperture high frequency direction finding arrays.

Contract NObsr-89345 between the Navy Department Electronics
System Command and SwRI became effective 3 June 1963. The contract as
modified terminated 30 June 1967, Detailed results of specific areas of
research concerning the use of the Beverage antenna in wide aperture high
frequency radio direction finding have been presented in a series of contract
technical reports (Quarterly interim reports 1 -14).

Initially, funding support was provided by the U.S. Navy; however, in
October 1965, the contract was modified to include support by the U.S, Army.
The research objectives were expanded to meet the special requirements of
the U. S. Army‘which were initiated uander a separate contract DA 36-039-
AMC 02346(E), July 1963 through June 1964,

For those interested in detailed discussions of the research program,
the work is summarized in specific interim reports (see References 1 through
6 of List of References this report) and this the final report under Contract
NObser-89345 which is divided into two volumes: Volume I describing the
research and development and Volume II describing bearing accuracy tests.

The engineering assistance of D. N, Travers, Dr, G. B. Walker,
C. Dodge, W. M. Sherrill, R. Lorenz, M. P, Castles, T. C, Green,
R. B. Wangler, S. H. Hixon, and D. R. Saathoff during the life of this
contract is acknowledged.
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ABSTRACT

Four years of research and development concerning the use of the
Beverage antenna for high frequency radio direction finding are summarized
in this two-volume final report. Volume I concerns all design details.
Bearing accuracy tests on several configurations of circular arrays of
75-meter long elements are described in Volume II.

A computer programmed general theory of the Beverage antenna has
been completed to calculate azimuth and elevation element and array patterns
as a function of antenna length, height above ground, array size, frequency,
earth constants, phasing and many other parameters. Verifying experi-
mental measurements are also reported.

The development of a Wullenweber-type scan digital commutator to
permit extreme flexibility in arraying of any number of Beverage antennas
with any array spacing has been completed. The present digital commuta-
tor design has demonstrated reduction in switching transients below system
noise levels, good element to element isolation, satisfactory gain in each
antenna circuit, and predicted array gains. Design details for an electronic
digital commutator (no rotating parts) have been completed. The present
design is a suitable basis for control and programming by digital computer
in a real time adaptive system.

Research results have shown the value of Beverage antennas as a
low cost element in wideband circular wide aperture HF DF arrays over
soils of relativelyeither low or high conductivity. The antenna is essentially
frequency ‘ndependent with an endfire unidirectional aperiodic pattern
throughout the 1 to 30-MHz range. The input impedance, almost totally
resistive and uniformly flat over the frequency range of interest, can be
easily transformed to any standard feed cable impedance with a standing
wave ratio of less than 1.25/1. Antenna dimensions need not exceed one
wavelength long or one meter above ground. For a fixed size array, reduced
beamwidth and increased sensitivity is obtained with short antennas and a
large feedpoint radius rather than long antennas with a short feedpoint radius.

Evaluation of the antenna in direction finder performance using
circular arrays including simultaneous comparison with an AN/ TRD-15
Doppler system is reported. Bearing accuracy tests show performance
comparable to the AN/TRD-15 in that, at times, one system then the other
exhibited more favorable accuracy performance. Standard deviations
obtained in certain samples were below 2°, but most were in the range of
2° to 3° with a few higher consistent with previous reporting. DF bearing
sensitivities exceed that of the AN/TRD-15.

Delivery of the developed transportable Beverage direction finder to
the U. S. Army including instruction and maintenance manual is reported.
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I. PURPOSE

Prior investigation by SwRI with experimental Beverage arrays has
demonstrated the feasibility of design construction and operation of a low
cost DF system which appears to have a bearing accuracy comparable to
that obtainable with more costly wide aperture systems. It is the purpose
of this research contract to develop an experimental land based wide aperture
high frequency radio direction finding system using Beverage antennas to
the point of outlining the design of a prototype systern., It is the further
objective of the program to design, develop, fabricate and furnish an experi-
mental model of a Beverage DF and intercept system in sufficiently complete
form (including instruction and mainterance manuals and spare parts) to
permit operational evaluation under field conditions,




II. INTRODUCTION

Contract NObsr-89345 has been concerned with research and develop-
ment on the use of the Beverage antenna in wide aperture land based high
frequency radio direction finding, The work was a continuation of the
research activities begun under Contracts NObsr-85364 and DA 36-039-AMC-

02346(E).
been:
(1)
(2)
(3)
(4)

(5)

(6)

The primary research objectives under Contract NObsr-89345 have

Develop a general theory of the Beverage antenna suitable for
making design calculations by digital computer.

Calculate antenna and array response patterns in both azimuth
and elevation planes by digital computer,

Continue the development and testing of improved commutation
techniques.,

Conduct and evaluate the performance of single Beverage
antenna elements and arrays of elements in terms of
impedance, sensitivity and direction finder patterns as a
function of various parameters such as antenna length and
height above ground, array size (not to exceed a 400-meter
diameter), feed point location, and frequency.

Conduct bearing accuracy measurements to evaluate direction
finder performance as a function of the parameters noted in
Item(4). Measurements to include data to show the relative
performance of the Beverage direction finder and the AN/TRD-
15 Doppler direction finder.

Design, develop, fabricate and furnish a transportable experi-
mental model of a Beverage diraction finder and intercept

' system in sufficiently complete form,. including instruction

and maintenance manuals and spare parts, to permit opera-
tional evaluation of developmental findings under field condi-
tions,

The detailed research tasks outlined in the contract statement as
modified and performed over the life of the contract can be placed in one
or more of the above categories, The results of many of these tasks have




been reported in specific interir. reports and therefore will be summarized
in this the final report only to the extent of providing a background to those
areas of research not heretofore reported in detail.* Whenever appropriate,

references will be made to a specific interim report that describes a given
research task in detail.

The major tasks to be reported are within Items (4), (5), and (6) for
75-meter long Beverage elements, Details of the experimental model
[Item (6)] are discussed in an instruction manual for the transportable
system reproduced in its entirety in Appendix I.

*Abstracts of all interim reports for Contracts NObsr-85364, NObsr-89345,
and DA 36-039-AMC-02346(E) are included in Appendix II,




III. RESEARCH ACTIVITIES

A, Development of a General Theory for the Beverage Antenna

The theoretical analysis has evolved from simple equations suitable
for hand calculations through several digital computer programs, each
allowing more parameter variations than its predecessor until the present
program that permits the use of any number of elements to be summed or
phased under a variety of assumed array geometries.

The detailed general analysis and digital comput:r program for
deriving the dimensions of optimum circular arrays of Beverage antennas
for HFDF vere reported in March 1964 [4]. Modification of the Beverage
array equations to enable the calculation of element or array patterns for
antenna feed points located at either end of an element (inner or outer
feeds) and array patterns obtained by combinations of inner and outer feed
points was reported in December 1964 [ 7]*.

The analysis provides both groundwave and skywave patterns. For
skywave patterns, the polarization of the incident field may be linear or
elliptical (any condition between vertical and horizontal polarization). The C
procedure was to assume independent ground and skywave components
arriving at the same azimuth. The skywave component includes both
vertical and horizontal polarization components which may be specified
independently., The total field strength for direct and reflected arrays is
calculated at a point on the antenna wire with phase referred to the origin.
The earth constants and exact reflection coefficients for the earth for both
polarizations are retained in the calculation for skywaves.

Equations are derived for azimuth and elevation patterns for any
number of identical antennas in a circular array of the general form shown
in Figure 1. Any number of antennas may be considered spaced in any
manner and summed in any arbitrary manner with or without phasing, The
antennas may be of any length and any height above ground and any array
size. The analysis also provides the calculation of antenna impedance,
antenna line constants, effective height and wave tilt angle. It is also

*The present digita computer program BEVARRAY-II(E) is written for the
GE225 digital computer. Memory limitations permit the summation of no
more than 11 input pairs (phased or nonphased). However, a new program

BEVANT-I, written in Fortran IV, permitting the computation of any array R
configuration, has been completed but not completely debugged at this
time.
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. dssible to use zxperimentally measured values of these parameters in the
pattern calculations.

The principal variables are the number of antennas, the manner
of summing, and phasing, antenna spacing geometry, antenna location,

overall array size, antenna length and height above ground, earth conduc- 3
tivity and dielectric constant, frequency and polarization of the incident
signal,

The theoretical equations are quite general in the high frequency
range, the only significant limitations (caused by mathematical difficulties)
being neglect of mismatch in the termination impedance, and the necessity
of assuming an average or high earth conductivity in order to obtain accurate
results,

B. Theoretical and Measured Antenna Paramete1is

Most theoretical calculations and experimental measurements of
Beverage antenna performance have been presented at intervals in past
reports | 2,5,8]. The antenna characteristics and terminal imped:nce of
a single Beverage antenna have been experimentally measur: d by three
techniques:

(1) Admittance bridge on an open and short circuited transmission
line.

(2) Admittance bridge at the antenna terminals with the line resis-
tively terminated in its characteristic impedance at the far end.

(3) Swept frequency VSWR measurements through an impedance
transformer at the antenna terminals with the antenna resis-
tively terminated at the far end.

The theoretical and experimental effects of changes in antenna length,
height above ground, and ground conductivity (as a function of frequency)
on various Beverage antenna parameters are shown again in Figures 2 through
4, The measured attenuation constants and velocity ratios of Figures 2 and 3
were calculated from open and short circuit admittance measurements, while =
the input impedance of Figure 4 was calculated from measurements by the
second technique. The theoretical attenuation constants, velocity ratios
(ratio of the velocity of propagation on the Beverage wire to wave propaga-
tion velocity in free space) and impedance were calculated for measured
values of ground conductivity (¢ = 0,03 mho/meter) and dielectric constant
(e = 12) found at Southwest Research Institute,
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The VSWR technique is by far a more convenient method to apply.
Useful results are immediately available at time of testing, whereas the
first two methods require extensive and time-consuming data reduction
before meaningful data are available, For example, to measure the ter- .
minal impedance of an antenna in sufficient detail from 1 to 30 MHz requires
a minimum of 120 separate measurements with an admittance bridge such
as the Wayne-Kerr B80.. For each measurement, the frequency must be .
changed, the detector and receiver tuned to the new frequency, and the
bridge rebalanced to some initial condition (open or short circuit terminals).
The time consumed is about 6 to 8 hours of measurement and 2 to 3 days of
data reduction and plotting.* On the other hand, VSWR measurements can
be made over the frequency range of 1 to 30 MHz in less than 5 minutes per
antenna and is very useful when installing, testing, or troubleshooting an
array.

The point-by-point measurements are primarily useful when one is
attempting to measure antenna or earth parameters by comparison of
accurate experimental measurements to theoretical calculations (see
Figure 2, for example).

The test setup for VSWR measurements is shown in Figure 5.t 3
Measurements are made by the substitution method whereby the bridge is
initially checked by connecting identical resistive standard loads (50 ohms)
to each side of the bridge. Under these conditions, the bridge is balanced, .
and no voltage is available at detector terminals. Next, the 50-ohm load
is removed from the unknown side of the bridge and replaced by calibrated
but resistive mismatches that produce a known VSWR relative to the
50-ohm standard and, because of the wide band response, a constant level
DC output as a function of frequency. The larger the VSWR, the greater
the detector output, Since the results are usually displayed on an oscillo-
scope, the CRT display can be calibrated in VSWR relative to 50 ohms and
as a function of frequency. Following calibration, the antenna is connected
to the unknown side (usually through a high pass filter that reduces inter-
ference from local broadcast stations). The response as a function of

*New instruments are recently available such as the Hewlett-Packard
vector impedance meter that can significantly reduce the time required.
Data are available in impedance magnitude and phase angle.

tOn the surface, the results appear qualitative rather than quantitative,
However, careful observation of technique and subsequent study of the
results will enable the calculation of attenuation and velocity ratio, as
well as the characteristic impedance as a function of frequency.
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frequency can be directly compared to that from the known m: - ‘ches by
multiple exposure photographs of the CRT display. *

Representative samples of the SVWR as a function of frequency at
the antenna terminals are shown in Figure 6 for three antenna lengths and
three antenna heights above ground. Although the results shown are based
upon 50-ohm reference, the design feedpoint impedance for the Beverage
system is 75 ohms. The calibration line marked 75 ohms in the figures
was obtained by using a 1.5 calibrated mismatch relative to 50 ohms.
Likewise, the 60-ohm line is a 1.2 mismatch and the 90-ohm line a 1,8
mismatch, It can be seen that when the antenna is substituted for the
known mismatches that the terminal impedance is not less than 60 ohms
nor more than 90 ohixs over the frequency range except when the antenna
is placed directly on tae ground. t

When the VSWR measurements are transposed to a75-ohm reference,
the Z =60-ohm line represents a VSWRof1,25/1, and Z = 90-ohm line
represents a VSWR of 1,20/1 referred to 75 ohms. Thus, it can be scen
that the VSWR never exceeds 1,25/1 over the frequency range of 3 to
30 MHz. '

Note that if a 75-ohm standard was used on the reference side of
the bridge, one could not determine when the input impedance became less
than 75 ohms since the detector only indicates the absolute value of the
mismatch relative to the reference standard. By using a 50-ohm reference,
however, the variations in line impedance can be easily determined.

Representative impaedance measurements through an impedarce
transformer (a four-turn bifilar wound matching transformer) by the admit-
tance bridge method are shown in Figure 7 for an antenna having a charac-
teristic impedance of Figure 4. It can te seen that the resistive term of the
input impedance varies between 77 and 65 ohms over the frequency range of
2.5 to 30 MHz, while the reactive term is slightly inductive. A subsequent
calculation will show that when a 75-ohm feed cable is used the VSWR is
within 1,15/1 over the entire frequency range.

*Details of the filter and impedance matching transformer between the bridge
circuit and the antenna shown in Figure 5 are described in Appendix I
(pp. I-23 through I-31) along with other termination specﬁigdtiona. Note
also that the filter becomes part of the bridge circuit so that the charac-
teristics of the antenna only can be determined.

tIt is also possible that the antenna and impedance could always be less than
50 ohms and produce the same VSWR as shown, However, any ambiguity
can be (and was) resolved by using a second reference other than 50 ohms.
say 40 ohms, and noting whether the VSWR increases or decreases.

12
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ANTENNA CIRCUIT AS SHOWN IN FIGURE 8.
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These tests demonstrate that the antenna is effectively terminated
over the frequency range of ! to 30 MHz and that no discontinuity or resonances
occur even though each antenna beconies several wavelengths long at 30 MHz,
The aperiodic characteristic is an important characteristic that can be used
to advantage in the design and operation of antenna filters, multicouplers,
power dividers, and commutators., It means that circuits can be tested in
the laboratory with conventional test instruments (having 50 or 75-ohm
output impedances) with assurance that the results will be meaningful when
the test generator is replaced by the antenna circuit,

C. Beverage Antenna Array Config.urations

During the contract period, the performance of several Beverage
Antenna Array Configurations were studied. In all instances, the antenna
array was made up of 180 antenna elements radially spaced every 2°
azimuth. Array names and specifications are given below. The year in
which the tests were conducted are shown in parentheses; for the early work,
references are made to previous reports describing the performance:

(1) 112-meter array - antenna length height 112 meters, feedpoint
radius - 25 meters, termination radius height - 137 meters,
antenna length height above ground - 0.85 meter (1964, 1964)
[2’ 3] .

(2) 300-meter array - antenna length - 300 meters, feedpoint
radius - 25 meters, termination radius - 325 meters, antenna
height above ground - 1.0 meter (1964) [5].

(3) 27-meter array - antenna length - 27 meters, feedpoint radius -
109 meters, termination radius - 136 meters, antenna length
above ground - 0.7 meter (1964) [5].

(4) Array A-I (1.0) - antenna length - 75 meters, feedpoint radius -
46 meters, termination radius - 121 meters, height above
ground - 1,0 meter (1966).

(5) Array A-II (1.0) - antenna length - 75 meters, feedpoint radius -
131 meters, termination radius - 206 meters, height above
ground - 1.0 meter (1966).

(6) Array A-II (0.1) - antenna length - 75 meters, feedpoint radius -
131 meters, termination radius - 206 meters, height above
ground - 0.1 meter (1966-1967).

15
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(7) Array A-I(0,25) - antenna length - 75 meters, feedpoint radius -
46 meters, termination radius - 121 meters, height above
ground - 0.25 meter (1967).

Relative locations of the 112-meter and 300-meter Beverage array
are shown in the field site map of Figure 8, The 27-meter array was con-
structed on thell2-meter site by maintaining a constant outer radius for
the array and increasing feedpoint radius to 109 meters(112-meter array
dismantled).

The site locations for the 75-meter Beverage arrays A-I and A-II
and the AN/ TRD-15 Doppler DF (see Introduction) are shown in Figure 9.
A photograph of the AN/ TRD-15 Doppler array is shown in Figure 10,
(The 300-meter array was dismantled to enable installation of the two 75-
meter arrays.)

Note that arrays A-I and A-II are concentric with specific elements
in each array along the same radial. A partial plan of the concentric arrays
is shown on Figure 11, Provisions to commutate both ends of each antenna
and cross section along one radial are shown in Figure 12,

D, Instrumentation

1. Commutation _

The commutator is perhaps the most important item in the
instrumentation of any wide aperture, multielement antenna array.* In the
Beverage system, the function of the commutator is to sample the inputs
from an array of circularly disposed elements and to provide a means
whereby the amplitude and/or phase of the sample signal can be displayed
in synchronism with a circular (sine-cosine) sweep applied to a cathode
ray tube. The objective is to display a synthesized antenna pattern, based
upon the assumption that all the elements have identical response at all
frequencies in both horizontal and vertical planes, that can be used to
accurately aetermine the azimuthal angle of arrival of a radio signal.

Digiial commutator design considered the following specifica-
tionst:

(1) Commutate through 360°, a beam formed by the summa-
tion of any number of antennas with any desired separa-
tion between antennas. S

*See additional discuusion in Section III. F, 7,
tSometimes referred tc in the literature as electronic goniometer.
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(2) Maintain a constant output impedance and element isola-
tion (greater than 20 dB) regardless of the number of
antennas summed or the signal frequency.

(3) Transient free switching in the signal path.

(4) Each antenna gate to be matched in gain and phase as a
function of frequency.

(5) Commutate a circular array of 180 elements having an
element located every 2° azimuth.

Three digital commutator models (Mark I, Mark II, and
Mark III) were constructed and used during the testing of various Beverage
antenna arrays. The first 180 input solid state digital commutator (Mark I)
was designed and constructed under Contract No. NObsr-85364 and tested
under a present contract. Operational theory, design and performance are
described in Reference 2. The Mark Il commutator was constructed under
Contract DA 36-039-AMC-02346(E) while the Mark IIl commutator was
constructed under the present contract.

The basic principles of operation and primary control circuit
logic are identical in all models.* The primary differences lie in RF gate
design and circuit layout construction.

The RF gate for the Mark I commutator utilized a series shunt
arrangement of diodes to control the signal flow from the individual antennas
to the receiver., A positive voltage applied to the gate effectively isolates
the antenna from the receiver, while a negative voltage provides a low
impedance path between the antenna and receiver. Although very good
performance was obtained (see Reference 2) objectionable features of the
diode RF gate were (1) a pedestal type gate wherein the RF signal was
superimposed upon a DC pedestal when the gate was open, (2) relatively
severe switching transients at the receiver input, due to switching the gate
ON or OFF by a pulse from the control circuit logic, so that the receiver
sensitivity was limited by commutation noise below about 7 MHz, and (3) losr
of summing capability due to a varying summing junctior impedance when-
ever more than 8 diode gates, common to one receiver input, were switched
or. at the same time.

*Differences also exist in control circuit logic between the various models
but provide flexibility for signal processing and do not affect the basic
purpose of the commutator.
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The major design improvement in the Mark II and Mark III
digital commutators was in the RF switch performance. In order to over-
come the above disadvantages, a balanced push-pull transistor amplifier
gate was developed (with transformer coupling on input and output) to
produce a transient free pedestal less gating circuit.

A buffer amplifier stage between each transistor gate and the
point of summation was also added to provide a constant output impedance
from the commutator. Consequently, the predicted increase in array gain
as the number of antennas elements is increased was fully realized (see
Figure 27, Section E),

Design, construction, and operational details of the Mark II
commutator are discussed in Reference 5 and Appendix I of this report.
The Mark III design is desc=ibed briefly belecw and in more detail in
References 7 and 9.

NOTE: Because of the relatively low dynamic range of
the push-pull transistor amplifier (30-mv maximum for
linear operation) considerable interference was
experienced from local transmitters operating in the
broadcast band (field strength of one has been mea-
sured in excess of 300, 000 microvolts per meter).
These broadcast signals coupled with the antenna factor
saturated the amplifier. It was necessary therefore

to design and install a high-pass filter in each antenna
circuit between the antenna and RF input to the commuta-
tor. Filter circuit design and response are given in
Appendix I,

The Mark III digital commutator has 360 stages (versus 180
for the Mark I and Mark II versions) and an improved layout. Each stage
in the commutator contains one RF gate and its associated flip-flop in the
shift register ring counter. All components for one stage are mounted on
a printed circuit board as shown in Figure 13, Thirty stages (cards) on
one chassis comprise one commutator module as shown in Figures 14 and
15. The required logic connections are brought out to plugs on the rear of
each chassis which maybe jumpered onthe eame chassis to form a 30-stage
ring commutator or to other units to form a larger ring commutator in
multiples of the 30-stage units. Combinations of commutator units may be
made to permit commutation of inputs up to 360 (12 commutator units).
However, in all performance tests conducted to date, the commutators
were operated in 180-stage groups,
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Each commutator module contains its complement of power
supplies and a self-contained pulse generator for test purposes. The fre-
quency of the pulse generator is variable to enable a linear presentation of
the scan, up to 15 scans per second when the 30-stage unit is operated
independently of the master control circuits.

The master control unit contains the necessary optical generators
and legic functions to provide the triggering of clock pulses to the ring
counter RF -gate stages, the circular sweep voltages for a CRT indicator,
the synchronization signals and automatic bearing readout functions. The
optical generator chassis is shown in Figure 16 and the master logic control
in Figures 17 and 18. A 180-stage commutator is shown in Figure 19;
another view of the commutator is sho vn in Section D, 2,

The purpose of the 360 stages in the Mark III design were
threefold:

(1) To provide greater flexibility so that any 360° circular
array having 30 to 360 elements may be commutated
(specifically 30, 45, 60, 90, 120, 180, and 360 elements).

(2) To function as two 180-input sections operating in parallel
to enable simultaneous and synchronous scanning of
inner and outer feedpoints of a 180-element circular
array.

(3) Synchronous sampling of a 180-element array by two
180 stage commutators on the same antenna terminals
to obtain a difference scan and null display. A simplified
block diagram of the commutator system is shown in
Figure 20; representative CRT displays are shown also.

The scan rate of all digital commutators is exactly ten scans
per second.

2. Keceivers and Indicators

The receivers and indicators for two eristing DF sets (AN/FRD-
10 and AN/TRD-4A) were modified and adapted for operation with the Beverage
antenna arrays and digital commutation. Modifications to the AN/FRD-10
instrumentation are discussed in Reference 2, while the AN/TRD-4 circuits
are described in Reference 5 and A,pendix I of this 1eport. A photograph of
the instrument room is shown in Figure 21.
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MODULES GROUPED FOR 180-STAGE

DIGITAL COMMUTATOR

FIGURE 19.
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3. The AN/TRD-15 Doppler

In order to observe the performance of the Beverage and
AN/TRD-15 systems on side-by-side displays, the Doppler display was
remoted to the Beverage instrumentation shelter. The Doppler pattern
with 72-kHz subcarrier was picked off the indicator goniometer driving the
IP 137 display. Cable drive circuits, shown in Figure 22 (blanking voltage
was also transferred), would not drive a second IP 137 display; consequently,
a general purpose oscilloscope with X and Y inputs was used with good
results, *

E. Sensitivity Measurements

The vertically polarized field strength required to produce a 10-dB
signal plus noise-to-noise ratio at the input to a DF receiver was measured
for single Beverage antennas of several lengths and heights above ground.
Measurements were also conducted on several array configurations of 75-
meter antennas,

The instrumentation setup is shown in Figure 23, The technique
employed was as follows: :

(1) With a target transmitter located in the far field of the antenna
array, a field strength of 100 microvolts per meter was
established near the array center at the desired frequency
(constant carrier only).

(2) Using the Beverage element lying in the plane of incidence,
the receiver was tuned to the target signal.

(3) The target transmitter was turned off, and the background noise
" level of the antenna was noted on the RMS voltmeter connected
to the received IF output., Care was taken to be sure that ro
other on-the-air signal was located within the 2-kc pass band
of the receiver. The antenna was decoupled from the receiver
by at least 100 dB, and the receiver noise was also measure
and recorded. ’

*The remote CRT display had no provisions for azimuth bearing readout.
Bearings were read on-site and at the instrumentation shelter at the
AN/TRD-15 array center. The purpose of the remote display was to
ensgble side-by-side comparisons and to facilitate 16-mm film recordings.

L
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FIGURE 23. INSTRUMENTATION FOR
SENSITIVITY MEASUREMENT

(4) The receiver linear dynamic range without AGC was measured
using a signal generator (always greater than 30 dB for the

receiver used).

(5) The transmitter was turned on, and the received signal in volts
was measured on the RMS meter. In order to stay within the
the dynamic range of the receiver, the input attenuator was
adjusted so that the meter reading did not increase more than
10 4B over the largest noise reading of Item (3) above (the
antenna noise was greater than the receiver noise for fre-
quencies less than 10 mc/s) so that the reading was within the
linear portion of the receiver. The signal plus noise reading
was recorded in dB above the noise level of Itcm (3) by adding
the known attenuation set into the input attenuator and the
increase in meter reading in dB.

(6) Linearity was checked by changing the signal strength a known
amount such as 3 dB or 10 dB and noting the signal level at
the receiver output followed exactly. (Once linearity was
established, this test was not repeated for succeeding sensi-

tivity measurements. )

(7)  With linearity astablished, the difference between a 10-dB
signal plus noise-to-noise ratio and the reading obtained in
Item (5) above for a 100 microvolt per metér fleld was calcu-
lated. The difference was a measure of how much the 100
microvolt per meter field could be reducead to provide exactly
a 10-dB signal plus noise-to-noise ratio at the receiver input
terminal. For example, if the difference is 40 dB, then the
actual field strength required for a 10-dB signal plus noise-to-
noise ratio would be 1 microvolt per meter,
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1, Single Element Seneritivity Measurement

Signal-to-noise sensitivity measurements including front-to-
back ratio measurements were made on single Beverage elements as a
function of length, height, and frequency. Data were taken for element
lengths of 27, 50, and 75 meters; element heights of 1,0, 0.5, 0.1, and
0.0 meter; and frequencies between 2 and 10 mc (a few data points above
10 mc in some instances). For each data point, comparative data were
also obtained for a 29-ft monopole similar to an element used with the
AN/TRD-4 direction finder (without top hat). Curves showing the field
strength required to produce a 10-dB signal plus noise-to-noise ratio at
the receiver terminals including the reference monopole are shown in
Figure 24,

- Of particular interest is the variation in apparent sensitivity of
the monopole which is due to variations in the background noise from day to
day. It is not unusual for the noise level to vary on an omnidirectional
element, and it can be expected to vary with frequency, time, and azimuth;
however, noise level variations should be less pronounced on the directional
Beverage element with noise peaks (or increase in field strength for a
given signal to noise ratio) occurring when the noise source is in the direc-
tion the element is pointing. Examples of the existence of directional noise
can be seen at 4 mc/s on the 1-meter height data and 8 mc/s for the 1/2-
meter height,

2, Array Sensitivity

Comparative sensitivity measurements were made between
arrays A-I and A-II as a function of frequency and active elements used in
tne beam forming process of the digital commutator.

Data were obtained by the same technique described for single
elements except that the digital commutator was included as part of the
antenna circuit (as in single element measurements, the signal-to-noise
ratio was measured at the DF receiver input terminals). Data for arrays
A-T and A-II at 1, 0-meter height and 3, 9, and 15 consecutive antennas
forming the beam are plotted vs frequency in Figure 25. Data for 23
antennas only for array A-I at 1.0-meter height and array A-II at a new
height of 0.1 meter are shown in Figure 26. ~

Although some improvement in signal-to-noise ratio was
obtained below 5 MHz for the lower height array, the direction finding per-
formance of the low profile array was superior to array A-I (elements at
l-meter height) and particularly for downcoming signals from close-in
targets.
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The effects of commutation are shown in Figure 27. Although
the individual stages in the commutator exhibit about 12-dB gain, the overall
effect of the commutator and summing junction is to degrade the signal-to-
noise ratio as shown in the figure. However, it can be seen in Figure 25
that the single -element sensitivity is recovered when three consecutive
antennas are summed.

The reason for signal-to-noise degradation is inherent in the
commutator design. This is because the buffer amplifier between each RF
gate and the summing junction remains at maximum gain regardless of the
ON-OFF state of the RF gate. Consequently, the buffer noise of all
180 stages is added at the summing junction and, insofar as the DF receiver
is concerned, appears as antenna noise. Such effects are not important in
the overall system performance when the optimum number of antennas for
minimum beamwidth (see Section III, F.5) are commutated because the
antenna noise again predominates when more than three antennas are
summed.

3. Arr ay Gain

The gain realized at 10 MHz by summation of consecutive
antennas via the commutator is shown in Figure 27 for array A-II at a
1.0-meter height., Very good agreement is seen between the experimental
measurements and theoretical calculations on an assumed array size very
nearly the same as that teated. The results show that the summing capa-
bility of the Mark III commutator meets the design objectives.

F, Antenna Patterns

1, Theoretical Antenna Patterns

Pattern studies have been performed to investigate the suit-
ability of the patterns for direction finding as a function of various antenna
design parameters. This has been done theoretically [2,4,5, 7] by calcu-
lating the beamwidth, side lobe level, elevation plane response, polariza-
tion error, and various other characteristics as a function of frequency,
polarization of signal, antenna length, height above ground, array diameter,
element spacing, phased and nonphased inputs, methods of commutation, and
certain other parameters. A number of the theoretical patterns have been
checked experimentally with very good results as shown in Figure 28, Con-
sistent agreement indicates that the mathematical model of the Beverage
antenna can be accepted with confidence for both azimuth and elevation
patierns.
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2. Experimental Patterns

Experimental array patterns using target and on-the-air signals
have been previously reported in detail for the 112, 300, and 27-mile
arrays [2,5]. Typical patterns for the 75-meter arrays are presented
within Appendix I, pp. I-74 through I-78,

3. Difference Patterns

Two 180-input commutators were connected to the Null-T
outputs C; and C, of Figure 12 to permit differ¢cnce scanning techniques to
be conducted.

The tests were devoted to study of difference scanning whereby
a difference pattern can be established by setting up one beam via a com-
mutator at C; to the right of the boresight antenna and a second beam via a
commutator at C, to the left. The outputs of commutators were differentially
connected as shown in Figure 20 to produce a null along the boresight path
for conditions of pattern symmetry in the region of the boresight elemeats.
The CRT display is inverted (zero signal at the tube periphery), and a very
narrow beam indicating the direction of arrival of the signal can be obtained.
The technique is demonstrated in Figure 29, Other null patterns of on-the-
air signals are shown in Figure 30,

Tests of the difference scan method have shown an advantage
over the''sum mode, varticularly at frequencies below 8 MHz and on
signals that have high fade rates or exhibit extreme beam swing. When
such signals are viewed on a CRT with the normal positive deflection systems,
the possibility of obtaining a good bearing is dependent upon the DF operator's
experience and ability to judge overall pattern symmetry [2]. In addition,
the minimum bandwidths obtainable by direct summation of elements around
2 MHz (see Section F.4) are too broad (40° to 50°) for the best determina-
tion of the maximum of the beam, whereas the null beamwidth is generally
about 5°. It has been observed that good nulls with the difference scan
method form only for the conditions of pattern symmetry and in the direction
of arrival of signal, Therefore, it is also much easier to judge symmetry
of the null which will reduce the error factor due to DF operator judgment.

Some thought has been given to reasons why the null forme
only for certain conditions and also apparently indicating a good bearing:

(1) A null forms only when the components of the propagated
wave are symmetrical in the region of the boresight
elements.
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Figure 29a
Max Pattern Using
15 Consecutive Antennas 2° Apart

Figure 29b
Double Exposure Showing Left and
Right Beams Before Difference is
Taken. Each Beam is Obtained by
15 Consecutive Antennas 2° Apart.
Left Beam from Commutator B and
Right Beam from Commutator A,

Figure 29c
Difference of the Beams of Figure 9b
Showrn with a Nyll Type CRT Display.

Distance to Station - 1402 Mi,

FIGURE 29. PATTERNS DESCRIBING MAX AND
NULL MODE OPERATION
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Figure 30a

Null Pattern at 7.46 Mc/s
AFSTFZ, Lake Charles, La.
Distance = 329 mi,

Left and Right Beams -

15 Antennas each 2° Apart
Total Aperture = 62°

Figure 30b
Null Pattern at 8.59 Mc/s
KOK - Clearwater, Calif.
Distance = 1188 mi.
Left and Right Beams -
15 Antennas each 2° Apart
Total Aperture = 62° =

Figure 30c

Null Pattern at 3.311 Mc/s
AFS5BKH - Abilene, Texas
Distance = 220 mi.
Left and Right Beams -
15 Antennas each 2° Apart
Total Aperture = 62°

Uy

FIGURE 30. TYPICAL NULL PATTERNS
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(2) It has been theoretically predicted and experimentally
observed that the presence of horizontal polarization
causes the array pattern to appear unsymmetrical.

This is because the phase of the horizontal component shifts
180° from one side of the boresight to the other while

the phase of vertical does not., Consequently, the induced
voltages add one side and subtract on the other. There-
fore, a good null can form in the boresight direction only
when the magnitude of the horizontal component is less
than the vertical. '

(3) Although it may be that symmetry conditions for the
hcrizontal component could occur at some azimuth other
than the boresignt, conditions would no longer be optimum
to form a null because signals due to the vertical com-
ponent, received from the right and left beams, are not
of equal magnitude (the major part of the vertical com-
ponent of the propagated wave apparently deviates very
little from the boresight path).

For conditions of severe multipath interference, observations
have indicated that good nulls seldom form except during instants of sym-
metry about the boresight element. It has been noted that the null that forms
occurs at nearly the same azimuth regardless of the rate of fade or bearing
swing noted on a max-type display.

4, Sampling at the Array Periphery

Brief tests were conducted to investigate the feasibility of
sampling a circular array around its outer periphery (outside feeds) (see
Figure 12 input to commutators B or D). Feed cables were gathered in
groups of ten each and returned to the instrument shelter at the array center
so that the effects of the feed cables on the antennas would be minimized (no
adverse coupling effects were noted). Although few bearings were taken
using outside feeds, the pefformance of the outside feed versus inside feeds
(beamwidths were also compared see Section F,5) on live atgnals was
observed:

(1) ' The array pa.ttern appears to be more narrow when out-
side feeds are used, particularly in the 6 to 10-dB
regions.

(2) The rate of information could be doubled.

(3) Effects of diversity operation were apﬁarent.
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(4) The concept of comru _ avound the outer feeds
required some discipline (see Figure 31) because a given
element was not sampled simultaneously at each end.
For a given direction, the elements diametrically
‘opposite in the array were sampled at the same time,

one at the inner feedpoint and the other at the outside

feedpoint.
T0 190°
SWITCH 8;?1%:0
INPUT INPUT
= «@—0°DIRECTION ISO®DIRECTION —o
IMPEDANCE
TRANSPFORMER RAMGPORAE:

FIGURE 31, METHOD OF COMMUTATING A SINGLE ANTENNA
FOR TWO DIRECTIONS 180° APART

(5) No change in array performance or pattern shapes (partic-
ularly the back lobe) was noted when the texminating
resistors at the outside feedpoints were replaced by an
impedance matching transformer anci feed cable.

5. Array Beamwidths

The 3-dB beamwidths of the CRT patterns were measured for
several of the Beverage arrays by using the electronic cursor and digital
bearing readout on the AN/FRD-10 indicator. Beamwidths for arrays A-I
(inside feeds), A-II (inside feeds) and A-II (outside feeds) are shown in
Figure 32, Array A-I height above ground was 0.25 meter while A-II was
0.1 meter. Beamwidths are plotted as a function of frequency and the
number of consecutive antennas forming the beam. In all instances, antenna
inputs were summed directly without external pbasing.

Comparable data for the 112-meter array previously reported [2]
are shown in Figure 33, Theoretical beamwidths as a function of feedpoint -
radius and frequency for 15 consecutive antennas forming the beam are shown
in Figure 34, The optimum beamwidths obtainable by direct summation of -
75-meter elements are shown in Figure 32D for the three-array configuration.
Note the slight reduction in beamwidth obtained in array A-II for outside feeds
(A-1I4) over inside feeds (A-II;), By itself, beamwidth reduction would not
justify the added cost of feed cables for outside feeds; however, the advantage
of increased efficiency and diversity operation may be sufficient to justify its

cons ideration.
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6. Effect of Reducing Number of Array Elements

Experiments were conducted to determine if the number of
elements in an array could be reduced to something less than 180 by
removing every other element from the commutator input and programming
the commutator for longer dwell time per antenna (for 180 elements and
10-cycle sweep, the dwell time was 555 microseconds, whereas, for 90 ele-
ments the time required is 1.11 milliseconds). It was immediately evident
that a 4° spacing of elements wo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>