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ABSTRACT

The material presented in this report is a result of an
investigation of the feasibility of making radar cross section
measurements in the VHF region at the Radar Target Scatter

ite, White Sands Missile Range (RAT SCAT). Included herein
are the results of an experimental and analytical investigation
which was conducted in the 30- to 180-megahertz region for the
. purpose of (1) determining the feasibility of making measure-
ments at RAT SCAT and (2) defining the range condition(s) and
measurement technique(s) for use in a feasibility demonstration
program to be conducted at RAT SCAT.

£

A stuay was made of the properties of RAT SCAT soil since a
ground plane cross section measurement technique wasunder
£ consideration. The electrical properties of the soil, in terms of
the complex permittivity and associated loss tangent, 'ecre measured
as a2 function of moisture, temperature, and sample location, The
results of the soil investigation were used in conjunction with a
ground plane model programmed on a CDC 1604 to investigate the RF
field patterns to be expected at RAT SCAT, These fields were
studied as a function of frequency, range, soil conditions,
antenna height, and target height, A VHF radar system “rom the
Fort Worth Division of General Dynamics was taken to RAT SCAT to
obtain information with which to validate the results of the com-
puter study and obtain additional information on the feasibility
of operating VHF equipment at the RAT SCAT site, The results of
the study and measurements are analyzed and a dual range and
measurement technique is described; this technique is considered
a feasible approach to measuring targets up to 70 feet in length,
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SECTION 1

INTRODUCTION

The information presented in this report is a direct result
of the basic programs designated to investigate the feasibility
#nd method of making cross section measurements at the Radar
Target Scattering Site (RAT SCAT) in the VHF (30- to 180-megahertz)
region. On the basis of the results reported herein, equipment
will be fabricated and tests will be performed at RAT SCAT to
demonstrate the feasibility of obtaining high quality cross sec-
tion data in the VHF region. The restlts of the demonstration of
feasibility will be revorted in a second and final report.

The basic study and measurement programs reported in this
document were primarily-undertaken to determine the feasibility
and the related values of range geometry parameters which could
be used to make cross section measurements at RAT SCAT on the
basis of the ground plane technique. 1In addition, cross section
measurements were made st RAT SCAT by utilizing a long pulse (50-
microsecond) cancelled electrcnic system to obtain information on
the basic capabilities of such a system.

In addition to the normal considerations associated with
obtaining valid cross section data (reference RADC-TDR-64-397),
measurements in the VHF region result in problems which are con-
sidered negligible in the case of measurements at the higher
frequencies. The objectives set for the phase of the program
reported in this document were (1) the methodical investigation
of these problem areas, and (2) on the basis of the results
obtained define the most feasible operational parameters for use
in a VHF cross section measurement system,

In the case of a ground plane range, potential probliems
arising in the VHF region are (1) measurement field gradients
and stability as function of soil characteristics, frequency,
antenna and target height, polarization, and range, (2) soil
characteristics as function of the climatic parameters, moisture
and temperature, {(3) target-ground coupling, and (4) versatility
of use of polarization. The major ,roblem associated with the
capability of a measurement system in the VHF region is that of
achieving sufficient antenna isolation. In addition, the amount




of RFI present in the VHF regicn limits the system bendwidth.
The majority cf the reported material is related to the four
areas enumerated above., However, information related to the
aforementioned measurement system problems was also obtained
and utilized in conjunctioa with the other study results to
arrive at feasible range designs which will be evaluated during
the demonstration phase of the program.

Because of the number of parameters which influence the
measurement fields over a ground plane range in the VHF region,
a mathematical model was considered a necessity for effective
study of the problem. Such a model of a ground plane was pro-
grammed on a CDC 1604 computer at RADG. A large number of
measurements made on KAT SCAT soil at RAT SCAT and at the Fort
Worth Division of General Dynamics were to obtain information to
demonstrate the validity of this ground plane model. The ground
plane model was demonstrated to be quite accurate; consequently,
it was utilized to generate vertical field probe data for a number
of conditions which were impractical to undertake in a measure-
ment program. Approximately twelve hundred computer runs were
made during the investigation in order to assess the effects of
variations in the parameters, antenna height, target height, range,
frequency, polarization, and soil characteristics. The computer
study znd selected results are described in Section 3.

Section 2 contains a description of the study and measure-
ment program devoted to obtaining RAT SCAT soil electcical char-
acteristics. It was necessary to undertske this study before the
computer study because of the field sensitivity in the VHF region
to the value of the soil complex permittivity. The soil study
was designed (1) to investigate the homogeneity of RAT SCAT socil
as a function of depth and location and (2) to evaluate the
complex permittivity as a function of frequency, moisture, and
temperature. The results of the study indicated that the soil
is homogeneous in both “orytion and depth. Also, the moisture
content of the soil remains quite stable ar a fairly high level
(approximately 15 percent).

In Section 4, the study of the fields near the surface at
RAT SCAT and the measurement results are presented. The results
of this study providec information as to the validity of the
ground plane model an¢ the sensitivity of the surface field
amplitude to grazing angle.
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Section 5 centains a descriptiion of the measurement program
conducted at RAT SCAT to obtain (1) field probe information, (2)
target-ground coupling, and (3) cross section data. In the
discussion of the results, it is shown that the field probe
information compared quite favorably with the computed data.
Results of the target-ground coupling experiments demonstrated
that errors caused by coupling need to be considered in the 30-
to 180-megahertz region in the case of large targets (greater
than 10 feet) even at 30- to 65-foot target heights. However,
in the case of the smaller targets, target heights between 10
and 30 feet appear satisfactory. Cross section data was obtained
at 30 and 60 megehertz and compared with scale model data. The
results of the experiments indicated accurate cross section data
can be obtained in this frequency range although sucn effects
as tilt angle and bistatic angle were noticeable in the case of
the larger targets at the range geometries at which the measure-
ments were made.

In Section 6, a summary of the basic study results is pre-
sented along with a review of other considerations essociated
with range geometry design. The recommended range design involves
a range with dual capability. A short range (200 to 4G0 feet)
used in conjunction with a cancelled pulse system can be used to
measure relatively small targets (less than 10 feet) by target
heights in the 10- to 30-foot region. This range design is con-
sidered feasible on the basis of the results obtained by operat-
ing this type of system at RAT SCAT in this range interval. 1In
addition, a long-range capability is considered feasible (1000 to
2000 feet) on the basis of the results of the computer study and
the long-range measurements made at RAT SCAT. It is proposed to
operate the same electronic system at these ranges by using the
range gate to achieve isolation and the cancellation capability
to cancel the tzrget support return. Use of this range design
will allow measurements in the 30- to 200-megahertz frequencg region
and will minimize the effects of bistatic and tilt angle, 2DZ4/A
near-field errors in the case of large targets (up to 72 feet in
length), radial gradient near-field errors in the case of large
targets, and field ellipticity in vertical polarization. 1In
addition, use of these range lengths enable the following:

1. Target heights sufficient to minimize coupling
effects of these larger targets

2. Antenna heights and separation sufficient tc
utilize the ground plane effect to achieve
better isolation

3. The capability to operate a range-gated system
with a relatively narrow bandwidth.

3/4
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SECTYION 2

RAT SCAT SOIL INVESTIGATIONS

2.1 General

At the beginning of the VHF program an extensive measurement
program was conducted in order to evaluate the electrical properties
of the soil at RAT SCAT. Knowledge of the soil electrical properties
as a function of representative climatic variations was considered
necessary because of the known dependence of the field patterns to
these properties in the VHF region. The objective of the investiga-
tion was to (1) determine the homogeneity of the soil at RAT SCAT,
(2) determine the material constants e;, o and tand; in terms of
moisture, and temperature, and (3) determine the soil moisture
content and variations to be expected at RAT SCAT.

In coordination with personnel at RAT SCAT, the area tentatively
selected for the VHF range was defined as being approximately along
a line N45°E from Target Pit Number 3 and starting 20 feet northeast
of the Bistatic Road. This area is indicated in Figure 1.

To obtain a representative cross section of the soil electrical
characteristics in this area, 15 samples were taken at depths varying
from 0 to 2 feet under the surface. Of theue samples, a total of 10
were taken from five specific points on a line extending 1200 feetf:
N45°E along the site location; the remaining 5 were taken from
points east and west of this iine., From the 15 samples taken, 12
were used in a preliminary investigation of the electrical properties
and moisture content of the soil.

To determine the possibility that the average moisture content,
and thus the electrical characteristics, might change over an extended
period of time, the mcigture content was determined for soil samples
taken on July 15, November 2, and December 1, 1965. Results of the
individual averages showed the moisture content to be approximately
16 percent, with a +2 percent variation, independent of sample
location or sample depth. Also noted was the fact that the average
was constant over the 5-month period (see Figure 2). Shown in
Figure 3 ic the time rate at which the moisture content decreases
to its average value after a moderate rainfall. On the basis of the
tests for homogeneity and moisture content variation, two surface
samples and two subsurface samples were chosen for the temperature-
controlled measurements.
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2.2 Measurement Technique

The rieasurement technique vsed to obtain the material constants
was to measure the sdmittance of a coaxial wave guid: in which
samples of soil were placed. Admittamce values obtained from these
measurement. were ther used to evaluate the electrical constants

€rs o and tand, of the soil. RBecause the so0il was very lossy
(except for the dry condition) special attention to factors such
as sample length, meter corrections, and evaporation was necessary
in order to obtain data which was sufficiently sccurate. Even
with the special care taken to eliminate variations caused by the
above mentioned factors, it was still necessary to make repeated
measurements and determine the expected value of the electrical
constants via statistical techniques.

The test system used to obtain the admittance mecasurements
is shown in Figure 4. The bridge is a General Radio 1602-A,
the input to which is a 400-cps modulated RF signal supplied from
the Hewlett Packard 608 RF generator. To determine the bridge
balanced condition, a Neims Clark communications receiver was used
to pass the 400-cps signal for audio null detection., This particular
method of detection was chosen because it eliminated the mneed for &
local oscillator and IF mixer.

2.2.1 Basic Principles

To obtain the soil electrical paremeters ¢€,, tané¢, and o ,
the measured input admittance of a circular waveguide filled with
the soil may be related to the desired quantities through the use
of transmission line equations. The measured input admittance is
determined by: the length of line between the point of measurement
and the soil sample, the characteristic admittance of this line, the
characteristic admittance of the section of line containing the soil
sample, the length of the soil test sample, and the test section
terminating admittance (sece Figure 4). These parameters along with
the corrections for the stray capacitance of the admittance meter and
the open circuit termination can be related to the electrical
parameters by the relationships presented in Appendix A,

In Figure 5 the cffective increase in length of the open circuit
termination plane caused by stray capacitance is illustrated. The
two most important sources of meter error were found to be the
mutual couplings between the different branches of the ad ttance




bridge and the ipductance of the sections of line between the
Junction of the bridge arms end the center of the meter measuring
coils. Corrections for the errors produced by cross-coupling were

made by using Equations A-14 and A-i5 which were obtained from
Reference 1.

2.2.2 Special Considerations

Investigatior. of the equations relating the material constants
to the measured quantities (Equations A-$ through A-13) revealed
the n=ceusity of optimizing the length of the air-filled guide
and the length of the test section if the computational errors were
to be minimized. From preliminary results, it was found that the
length of the air-filled guide should be as small as possible.
Optimizing the length of the test section was more difficult in
that it had to "best satisfy" two opposing requirements. The first
requirement was that it be long enough to provide sufficient attenua-
tion of an input signal to give an accurate admittence measurement.
The second requirement wag that it had to be short enough to keep the
magnitudes of the measured admittance in a range ccmpatible witt the
measurement technique used. In many cases, the cptimum test sample
length had to be found by tria” and error since the input zd.’ctauce
was greatly affected by the moisture contant of the soil, the
frequency at which the measurements were being made, and (to some de-
gree) the tcmperature of the soil under conmsideration. Depending
on the values of these factors, the sample lengths used to optimize

the accuracy of the measurements ranged between 80 centimeters and
.35 centimeters.

Becaugse of the short soil sample lengths required at the higher
moisture conditions (.35 to 2 centimeters) the effects of evaporation
had to be considered. The effects of evaporation were minimized by
sealing the soil test section with an epoxy. This technique was
also used at the 32°F and 120°F temperature conditions.

2.3 Measurements

To determine whether or not the average moisture content, and
the related electrical properties, would change over an extended
period of time, a total of 34 soill samples were taken over a period
of 5 months for the evaluation of the moisture content.

Preparation of the samples for the measurements to be made
consisted of determining thelr moisture content as received. The
samples were first weighed, moisture was then driven out at a
controlled temperature, and the samples were then weighed again. The
differences in weighings were then used to establish the moisture
content as a percentage of dry weight.
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After the 'receivel” moisture content of the samples was
determined, measuremerits rere taker for the cases of gseven surface
locations and five subsurface locatiors 2t the "received" moisture
content and 80°F. The resulting electrical parameters indicated that
the surface and subsurface soilg were essentially homogeneous over
the proposed VHF site; oniv a slight differcnce was found between
surface and subsurface conductivitiees. As a validity check for
homogeneity, four surface locations and four aubsurface locations
were selected and used for zero moisture content measurements.

Ir all, 210 preliminary measurements were made on 12 samples; 160

were made to confirm soil homogeneity, and more than 50 other measure-
ments were made to define system error, reproducibility of measurements,
and the effect of temperature on the equipment. In all, over 1100
measurements were made to Jetermine the elactrical characteristics

of che RAT SCAT go0il in the VHF region.

To obtain the data necessary for calculating €., tande, and o
at 120°F, four sections of air-guide were first sealed with an
epoxy to eliminste evaporation of moisture at this temperature.

To heat the sections, a commercial Glocoil was adapted to permit
insertion of the samples into its heating coils, the temperature

being maintained at 120° + 2°F by adjusting the voltage input to the
Glocoil. The chosen sample lengths varied from 0.35 to 1.8 centimeter,
the shortest length being used as the highest moisture content.
Controlling the temperature at 32°F was accomplished by surrounding
the test section with an ice jacket which served as a constant
temperature reservoir for the time required to mzke measurements

at four frequencies. Sample lengths chosen for this temperature
varied from 0.35 to 30.0 centimeters.

2.4 Results

The measurement results revealed that the relative dielectric
constant, €,, did not vary appreciably with temperature or with
sample location when data from samples of the same moisture content
were compared. The mean values of ¢, obtained from measurements are
gshown in Figure 6 as a function of moisture content. In an attempt
to rclate (1) the percentage o” moisture content, (2) ¢ of the dry
soil, and (3) & of water with values calculated from measured data,
it was found that the mean values from calculations were in very
good agreement with either of two classic equations for the relative
dielectric constant of a homogeneous mixture of two substances.

The graphs of these equations are also presented in Figure 6.




On the basis of the statistical error analysis conducted and
discussed in Appendix A, it is felt that the differences betwsen the
theoretical ¢, (Figure 6, Curve 2) and those values obtained by
measureméents are sufficiently accounted for in terms of the measure-
ment limitations of the test system.

Frce the theoretical values of ¢, in Figure 6, an empirical
equation was formulated to express the conductivity as a function
of moisture content and temperature. The empirical equation which
was found to express the subsurface conductivity is shown below:

o= 2 oo [0.1+ 5@ [1+8@)2 o (04T

T
where
er = erd(l=%) + 7% ey
erd = relative dielectric constant of the dry soil
erw ™ relative dielectric constant of water
T = temperature in degrees centigrade
% = moisture content in percent of dry weight ’ ‘
0o ™ the "base" conductivity of the dry subsurface soil

referred to zero degrees centigrade.

Numerically, oo is given as 0.00138 mhos per meter at 0°C,
and €rq is ,iven as 3.95 independent of temperature. The surface
conductivity of any given temperature is related to the subsurface
conductivity at that temperature by 1.30.

The mean values of the surface and subsurface conductivity
as calculated from measured data, and the empirical equation found
to describe them may be found plotted in Figures 7 and 8, respectively,
for the case of T = 80°F. Results of calculations of the conductiv~
{ties at T = 120°F and T = 32°F may be fcund in Figures 9 through
12. To obtain a representation of the loss tangent, extreme values
of ¢y and o were calculated by assuming that known errors existing
in the gsystem measurements, temperature, the moisture content of
a given sample, and the sample length. From these extreme values,
an average loss tangent was calculated. Shown in Figures 13 and 14
are the mean values of the less tangent from subsurface measurement
data taken at T = 80°F and the calculated average loss tangent.
Similar results on the surface soil may be found in Figures 15
and 16, Figures 17 through 24 show the various loss tangents for
temperatures of 120°F and 32°F.




To obtain a representative description of the scil electrical
parameters at a fixed temperature and moisture contemnt, it was
found necessary to repest measurements by using different lengths
of test section so that a statistical average could be found. This
vas necessary even though any set of data could be reproduced to
within 5 percent of the first set obtained under similar
"environmental" conditions. Alsc noted was sn increase in the
standard deviation of ¢.; o , and tand, as the moisture content was
increased; consequently, it was highly desirable to obtain a larger
volume of measured data at the higher moisture contente. The
standard deviation of ¢ as a function of moisture content is
illustrative of this increase (Figure 25) as well as the standard
deviation of the subsurface conductivity as a function of moisture
content (Figure 26).

To relate the statistical variation of the results with measure-
ment errors and "environment" fluctuation, small changes in the
temperature, moisture conteunt, soil test section length, and recorded
values of admittance were zaalytically introduced to simulate the
effect of combined system error. The specific errors assumed were
+2 F in the temperature, +1 percent in the moisture content,
+5 percent in the abil! y to define the test section length,

Ls, and +5 percent in the measured input admittance. This analysis
is discussed in subsection A.3 of the Appendix.

On the basis of the above mentioned statistical error
analysis, it is doubtful that the difference between surface and
subsurface conductivity could be accurately defined by using the
present results in that the extreme variations of one overlap those
of the other. If such a distinction were found necessary, confidence
would have to be placed strictly in the statistical averages
obtained from a larger volume cf measured data. From the calcula-
tions made, the surface conductivity was found to be approximately
30 percent higher than that of the subsurface when the moisture
content was 15 percent or greater. Although this relationship
appeared to be slightly different below 15 percent, the analytical
expression used to describe the conductivity is rather insensitive
to changes in moisture content below 10 percent.
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SECTION 3

COMPUTER STUDY
3.1 General

The most extensive computational study associated with the
VHF program was that of computing the RF field patterns over a
ground plane range. The study was undertaken in order to generate
information to help in the selection of an optimum range geometry
for cross section measurements in the VHF region. Field patterns
were computed as a f“unction of the "noncontrollable™ parameters,
soil constants, polarization, and frequency, along with the
"controllable' parameters, antenna height, target height, and
range. The soil constants used in the computations were those
obtained from the RAT SCAT soil measurement program. Six fre-
quencies between 30 and 180 megahertz were selected as representa-
tive, and computations were made at both vertical and horizontal
polarizations. The antenna heights were varied between A/4 and
49 feet (antenna heights of 66 and 85 feet were used at several
ranges); the target heights were plotted between ground level and
72 feet. Amplitude and phase data were generated for the above
conditions at ranges between 20 and 800 meters and for A/4
antenna heights out to 1200 meters.

Selected resuits of this study are presented in this section
to demonstrate the effects of both the noncontrollable and con-
trollable parameters on the field patterns. In the summary
(Section 6), range geometries are selected which can be used to
minimize the undesirsble effects of the noncontrollable parameters
and/or allow cross section measurements to be performed by proper
selection of the controllable parameters.

3.2 Study Program

The computer study was based on the ground plane mathematical
model developed by Norton (Reference 2). All of the computations
were made on a CDC 1604 at RADC. This model can be used to de-
scribe the total field above a homogeneous ground plane of complex
permittivity ( e¢*) produced by a dipole located a specific distance
(hg) above the ground plane. The computer program had been used to
predict field patterns in the 1- to 10-gigahertz region at RAT SCAT
and good correlation was obtained. However, above the l-gigahertz
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region, the field patterns esre quite insenasitive to 3oil param-
eters, and the patterns can be computed by ueing & simpler ground
plene mathematical model, such as that described in Reference 3.
Hence, the results of this study yielded information on the validity
of the Norton model in the VHF region at relativeiy short ranges
(information is readily available for longer ranges, Reference 4).

Before the results of the computations are presented, a
mathematical deseription of the computerized ground plane model is
given. and this description is followed by a discussion of the
input parameters used in the study.

3.2.1 Computer Program

The computer program was based on the mathematical description
of the radiation problem depicted in Figure 27. As indicetad in
this figure, there are two types of fields which can be used to
describe the total field: the surface field and the spece field.
At the higher frequencies or in the case of horizontal polariza-
tion, the surface field is usually considered negligible, and the
total field is the space field composed of the direct and reflected
wave.

The expression for the space wave in the case of vertical
polarization is given in Equation 1:

Eg = Egy + Eig (1)
where
Egv = Vertical component of space wave

EgR Radial component of space wave

Ay (coszw” elkrl 4 Py cos2y! elkr2 )
r1 )

v
Egy

EYp = -A (sin Y"cos w“eikrl + p, sin ¥' cos ¥' eikr2 )
woo B T

Ap Gain of dipole
- sin¥' -u (1 - u? cos? ¢')% (reflection factor for

sin ¥' + u (1 - u? cos? ¢¥')% vertical polarization)

Py
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u = l/( €l - j €ll)%

¥
~m

-
L]

relative dielectric constant

= of wey

0 = Conductivity in mhos per meter
w = radian frequency
€& = free space permittivity 10'9/36w farads per meter.

The corresponding expression for the surface wave is given in
Equation 2:

E v + E G )

g

Ap(1- py) (1 - ul + u cos? Y') F e tkr ,

. rz

g

E gyr = An cos ¥' (1- py) u V1 - u? cos2¥' (1 - w21 - u2 cos?2y'|/2

+ (sinZ ¥')/2) F eikrz
2

ro
]

1+ igw)¥ eV erfC(-i(W)%)

W 4B/ (1 - Py

P

ikr, u2(1 - u? cos? ¥')/2

The computer program is such that the surface wave field
(Equation 2 ), along with the corresponding vertical and radial
components, are printed out in amplitude and phase -“ich is
referenced to the source. 1In addition, Equation 1 nd 2 are
summed to give the total field, along with the corresponding
vertical and radial components. Computations are made as a
function of height above the ground plane, and the data are
recorded on digital printout and automatic plotter magnetic tape. ]
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Computations similar to those described for the vertical
polarization case are also made for the case of horizontal
polarization with the exception that the surface field is
congidered negligible. The expression used for the horizontal
polarization case is given in Equation 3.

EH = Ah (e ikrl/l'l - pa eikrzlrz) (3)
where
Py = (1 - u? cos? ¢')%- u sin ¥' (reflection factor for
(i - u? cos? ¢')k+ u gin ¥' horizontal polarization)

In the case of horizontal polarization, the computer output is
the amplitude and phase (referenced tc the source) as a function
of height.

In addition to the output data described abcove, the values
of the reflection factors and the "tilt" angle for vertical
polarization can be printed out. The tilt angle is the angle
that the major axis of the vertically polarized field eliipse
makes with the normal to the ground plane.

Althougn the fundamental equations, i.e., Equations 1
through 3 are based on a dipele, a larger aperture can be
synthesized by using superpcsition. The computer program is pre-
sently designed to handle a 20-dipole aperture. The number and
the separation of prouve heights can be specified, but ir its
present form is limited to 50 points. Other limitations of the
program in its present form are the following: (1) frequency
must not be less than 30 megahertz, (2)o>0, and (3) €' > 2.

Presented in Table 1 are portions of the computer _cincout
of the various parameters discussed above. 1In Figures 50 and 51
are typical amplitude and phase plots produced by use of the RADC
automatic plotter in conjunction with the program automatic plot-
ter magnetic tape ositput.

3.2.2 Computer Study Parameters

The parameters used in the computer study were selected so
as to obtain a representative simulation of the possible condi-
tions which would exist and/or would be operationally feasible.
The material constants associated with the RAT SCAT soil were -
those determined under the soil measurement program. The
primary cause of variations in material constants w.s found to
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be moisture rather than temperature or nonhomogeneity. For this
reason, the range of material constante was selected on the

basis of moisture variations. However, mos: of the data was
generated by ueing material constants associated with 10 percent
or greater moisture conditions. These conditions were considered
appropriate since the normal moisture condition at RAT SCAT
appears to be near 15 percent (Figure 2).

The parzmeter values associated with range, antenna height,
and frequency are listed in Table 2. The total number of con-
ditions used in the simulation of the potential operating condi=-
tions was 1192,

3.3 Study Results

The number of parameters and the range of their values which
were used in the ground plane simulation study enabled the genera-
tion of information on the effects produced on the RF fields as a
function of anticipated conditions and/or potential operating
conditions.

The properties of the vertical fields which are considered
important in the type of study under discussion are (1) field
gradients (amplitude and phase) as a function of RAT SCAT soil
conditions, (2) field gradients of typical RAT SCAT soil condi-
tions as a function of antenna heights, target heights, range,
frequency and polarization, (3)tilt angle and field ellipticity
(vertical polarization) as a function of range, frequency, and
target height, and (4) polarization capability as a function of
range, frequency, and target height (i.e., conditions which allow
arbitrary polarizations to be obtained by using the same antenna
height for the horizontally and vertically polarized antennas).
In the following paragraphs, the effects of the various parameters
on the above mentioned aspects of the vertical fields are demon-
strated.

In Section 4, the results of the computer study on the surface
wave are presented. In Section 5 measured versus computed data is
presented for the case of selected oper:ting conditions, and in
Section 6 a further discussion of the computer results is presented
in conjunction with a discussion of feasihle range geometries.
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3.3.1 Field Patterns as a Functior of Socil Parameters

Listed in Table 2 are the material constants used in generat-
ing information on the field pattern versus the soil condition,
The material constants listed in this table are those associated
wich acy, 5-, 10-, 15-, 20-, and 25-percent s0il moisture condi-
tions at ambient temperature. The dry and 5-percent data was
only used in computations involving antenna heights of A/4 for
subsequent use in the surface field study (Section 4) since
measurements indicate that, at RAT SCAT, the soil moisture
remains at the 15-or-above-percent level.

Amplitude and phase changes are presented in Figures 28
through 39 as a function of moisture variations between 10 and
25 percent. The data was obtained for frequencies of 30-, 60-,
and 120-megahertz, 60-, 160-, and 48J-meter range lengths, and
antenna heights of 16.5 and 33 fect,

The data is referenced to the 15 percent mnisture condition
(normal conditions) and indicates the maximum changes occurring
in a six-foot vertical region centered about the targe: height
which would be used for the case being considered. Amplitude and
phase plots are presented in Figures 40 through 47 for the 60-
megahertz, 16.5 foot antennz height, 160-meter range iength case.

The. data is Figures 28 through 39 indicates that, in general,
the influence of soil moisture variation decreases at (1) the
larger percent soil moisture conditions, (2) the frequencies
below 60 megahertz, and (3) horizontal polarization. These con-
giderations are used in Section 6 when discussing cancellation
levels and stability.

3.3.2 Field Patterns for Normal Soil Conditions

In order to choose a feasible range geometry or geometiries
for making cross section measuremerits a2t RAT SCAT in the VHF
region, vertical field patterns were computed under normal soil
conditions by using -ealizable parameter values for antenna
height, target height, and range. The complete ranges of the
above variables are listed in Table 2 along with the frequencies
and other soil conditions on which the computations were based.
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FREQUENCY '
MHz % €r o r/
RANGE (FEET) (30 l 45 6011 90 | 120 | 180 ;
65.62 524.96E
131.24 1049.92| ™
196.86 1574.88 & Is.z 5.44 4.1 2.72 2.05 1.36f {0 3.95 0.002
262.48 2099.84 5 6.26 0.03
| |328.10 2624.8 | B
<
[ 65.62  524.96 El 16.4 16.4 16.4 8.2 8.2 4.1} (10 12.53 0.25
; |131.24 1049.92 <} |32.8 32.8 32.8 16.4 16.4 8.2| 15 14.49 0.6l
196.86 1574.88p . 449 49 49 32.8 32.8 16.47 320 23.47 1.2
262.48 2099.84] = 49 49 32.8] 125 24.97 1.6
328.10 2624.8 | & 49 !
= i
104Y.2 Bl Je6 66 66 66 66 66 15 14.49 0.61 .
1574.88 ~1 |85 85 85 85 85 85 : -
2099.84 = '
[
z
<
_ 0 3.95 0.002
%‘ 5 6.26 0.03
10 12.53 0.25
l3927.2| = l8.2 5.44 4.1 2.72 2,05 1.36; Y15 14.49 0.61
,ﬁl 20 23.47 1.2
El 25 24.97 1.6 | -
- j

Table 2 RANGE GGEOMETRY AND SOIL PARAMETERS USEL COMPUTER STUDY
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The data generated by using normal soil conditions was
examined in relation to the amplitude and phase gradients which
existed over vertical target regions of different sizes. The
center of each target region was selected at a height corres-
nonding to the maximum of the first lobe (unless the first lobe
maximum was at ground level) and in this latter case, the second
lobe maximm was used. In the cases where the maximm of the
lobe was higher than 72 feet, the best gradient position was used.
Target heights below 10 feet were rot considered. The antenna
heights used to generate the data under this study were in the
range of 16.5 to 49 feet at 60 megaher!z and below and 8.25 to
49 feet above 60 megahertz.

Operating regions zre presented in Figures 48 and 49 in terms
¢f range, frequency, and polarization as a function of target
region size. The field gradient criteria used to generate the
regions were (1) a 2-db-or-less, two-way amplitude gradient and
(2) a 45-degree-or-less, two-way phase gradient. The operating
regions are shown for the cases of a 6- and 8-foot target region.

Presented in Figures 50 through 61 are selected amplitude
and phase plots at each of the six frequencies from which the
operating regions shown in Figures 48 and 49 were obtained. The
plots in Figures 50 through 61 are a part of the more than 2000
plots made by the RADC automatic plotter.

3.3.3 Tilt Angle and Field Ellipticity

In the VHF region, the target heights necessary to reduce
ground interference (Section 5) and the target sizes of interest
make it impractical to comsider tilting the target support to
compensate for the wave tilt (angle between Poynting vector and
ground plane) produced by the ground plane. In addition, for the
case of vertical polarization, the ellipticity of the wave in the
vertical plane (the vertical plane through the target and antenna)
needs te be considered in the case of short ranges and relatively
large target heights (Figure 62).

In the case of horizountal polarization, only the tilt angle
must be considered since the field is linearly polarized in the
vertical plane through the radar and target. The tilt of this
linear vector is given by the geometrical tilt angle as irdicated
in Figure 62 and is therefore independent of frequency. However,
in the vertical polarization case, the tilt angle is a function
of frequency, antenna height, soil parameters, and range. The
tilt angle for the case of vertical polarization corresponds to
the angle of the major axis of the elliptical field relative to

19
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the vertical to the ground plane (Figure 62). This tilt angle
is a computer output parameter; consequently, it is available
for 741 of the conditions studied. The horizontal tilt angle
is easily computed as a function of range and target height.

Tilt angle data are presented in Figures 63 and 64 as a
function of range and frequency for two target heights. 1In the
case of vertical polarization the tilt angle was obtained from
the computed data which was based on antenna heightg commensurate
with the target heights used in the study (30 and 60 feet).

The date in Figures 63 and 64 demonstrates that, at the
lower frequencies, the tilt angles related to vertical and
horizontal polarization noticeably differ, but that this
difference decreases as frequency and/or range increases.

Axial ratio data are presented in Figures 65 through 67 as
a function of range for the case of 30-, 60-, and 120-megahertz
frequencies. The axial ratio is shown for a 30- and 6C-foot
target height. The antenna heights used in obtaining the data
shown in Figures 65 through 67 were those necessary to achieve
acceptable field patterns at the target heights used in the
study.

On the basis of the data shown in Figures 65 through 67, a
range greater than 400 feet is necessary to maintain the axial
ratio of a value greater than 20 db in the case of a 60-foot
target height in the 30- to 100-megahertz frequency region. In
the case of a 30-foot target height, the 20-db axial ratio
criterion can still be met with a decrease in range to 200 feet.

3.3.4 Pnlarization Capability

Polarization capability refers to the ability to establigh
an arbitrary polarization over a target region of selected size.
On a ground plane range, this type of operation can be accomplished
under certain conditions even though the vertical and horizontal
ground reflection factors are different. A necessary and sufficient
property of the horizontally and vertically polarized fields is
that they exhibit the same amplitude and phase gradients over the
selected target region. In general, these conditions cannot be
met by using the same antenna height, as illustrated by the data
in Figure 42. 1In such cases, either two sets of two antennas
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("'transmit and receive'") could be used, or possibiy the
scattering matrix could be recorded by changing antenna heights
for the two polarizations. Both of these approaches are un-
desirable from a cost and/or operational viewpoint. For this
reason, the computer results were examined to see if such
operating conditions existed that arbitrary polarization could
bz achieved by using the same antenna height for both polariza-
tions.

Presented in Figure 68 is a graphic representation of opera-
ting conditions which allow arbitrary polarization to be achieved
by using the same antenna heights. The operating conditions ara
plotted in terms of range regions as a function of frequency.

The operating regionr weze determined for a 6- and 8-fcot

vertical target region at twvo heights (the horizontal plane region

match should not be a problem at the frequencies and ranges

being considered). This work was based on meeting criteria to

the effect that the two-way amplitude and phase gradient were 1db

and 20 degrees, respectively. These criteria represent quite good

conditions of orthogonality as determined by the cross section

dynamic range op recorded from a test sphere measured in the

region of interest. The expression for this dynamic range is
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