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ABSTRACT

This sixth semiannual report presents results of
work accomplished during the period 1 January 1965 to
30 June 1965 under a program on radio propagation research
Jin tropical vegetated environments. The objectives of this
program are to collect and analyze basic propagation data,
together with basic enviroumental data, needed to improve
the design and operation of radio communications in such

environments.

Thé field measurements on this program are being
carried out in Thailand in a specially selected area of
tropical vegetated terrain about 30 miles in diameter.
Measurements of transmission loss are conducted in the fre-
quency range of 100 kc to 10 gc, with antenna heights,
polarizations, and transmission ranges as the primary measure-
ment variables. Basic environmental data, such as terrain
profiles, vegetation characteristics, and weather data are
also collected and, through the technique of statistical
correlation, are used to identify the quantitative effects

of the environment on propagation path loss.

This report continues, as has been the case with
previous reports, with the reporting of new data reduced di-
rectly from the field measurements. This data is presented
in graphic form in terms of basic transmission loss. How-
ever, the major portion of this report is devcted to the
detailed analysis of a relatively large quantity of the field
data. The block of measured data selected for 2analysis con-
sists of all the data thus far obtained from one sector of
the test area, designated as Radial A, and includes an
analysis of data presented i1in Semiannual Reports 4 and 5 as
well.




The data is analyzed mainly from the statistical
point of view. Several families of curves are presented
which display the trends of the measured path loss data
in relation to the various measurement parameters. The con-
tinuously recorded field data generally exhibits wide vari-
ations and some of this data has been analyzed by means of a
10-level totalizer to obtain the statistical distributions
of the measured data.

Ultimately, a simple model is sought by which the
path loss can be predicted for tropical vegetated terrains.
Toward this end, this report compares sonie measured results
with a rough-earth model developed by Egli in 1957, the model
being modified by a '"foliage' factor.
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1. 1INTRODUCTION

This sixth semiannual report presents results of
a program devoted to theoretical and experimental studies of
radio propagation in tropical vegetated environments. This
program is sponsored by the Advanced Research Projects Agency,
Department of Defense, as a part of Project SEACORE, and is
directed by the U. S. Army Electronics Command, Fort Monmouth,
Nequersey. The main objectives of this program are to collect
and analyze basic data on radio propagation in a tropical veg-
etated environment, and to develop prediction techniques so
that 2 broad spectrum of improvements in the design and opera-
tion of tactical communications equipments for such environ-
ments can be obtained.

The experimental portion of this program is being
carried out in Thailand in cooperation with the Military
Research and Development Center in that country. The fre-
quency range of the measurements extends from 100 kc to 10 gc.
The major portion ori the work is devoted to the range between
100 kc and 400 me. In this lower range the acquisition of data
and other information that can be applied to the design and
operation of vehicular and short-range man-pack equipment is

emphasized.




2. GENERAL DISCUSSION

Those who are concerned with the planning and
implementation of warfare communications in tropical vege-
tated environments soon encounter many problems in attempting
to evaluate the effects of the environment on the perform-
ance of the equipmernt they intend to use. This is particu-
larly true of land mobile and man-pack equipment. The same
kind of problems arise when attempting to design and specify
new equipments to obtain better performance, or to meet new
requirements in such environments. In either case, the
problems frequently stem from the lack of a workable model
to predict the quantitative influence on equipment perform-
ance of such environmental elements as terrain, climate,
vegetation, and ambient radio noise. Furthermore, the pre-
dictions shoula be expressible in quantitative terms of
performance, or effectiveness, to permit an intelligent
selection from among the various alternatives that are

generally available.

For example, it would be most useful to be able to
confidently predict the effects upon the operating range of
ain existing man-pack set when it is to be operated in some
specific tropical vegetated area where a military operation
is to be carried out. Or it would be useful to know how
much improvement could be obtained under these conditions by
altering some parameter of the radio set, such as its antenna
height, or antenna orientation, or frequency. The predictions
necessary to resolve such alternatives must be obtainable
through simple, direct means if they are to be effectively
used in the planning and management of tactical communica-
tions for the highly mobile situations characteristic of

limited warfare.

The prediction techniques necessary to these
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objectives cannct be obtained through purely theoretical
means. The number of variables involved is far too great to
manage analytically. Therefore, the task must be approached
through empirical methods, using data from experimcntal
measurements within the environment to obtain the needed
prediction models. Such an approach is statistical in
nature and the analysis naturally must proceed through
statistical concepts and methods. Because of the statisti-
cal nature of the investigation, the answers obtained can-
not be regarded as certain, but at least it is generally
possible to measurc the amount of uncertainty involved along
the way.

The design and operation of radio systems require
a prediction of power loss between the transmitter and re-
ceiver. The power radiated from an antenna diverges and
spreads over a large area. As a result, the power available
at the receiving antenna is only a small fraction of the
radiated power. The ratio of received power to radiated
power has been defined as radio transmission loss and this
quantity determines whether the received signal will be
useful. The magnitude of this vratio is primarily a function
of propagation distance and can vary over a very large range,
in some cases as much as 1020, or 200 decibels. Among the
many factors that must be considered in radio systems engi-

neering, transmission loss probably is the most significant.

The total array of factors affecting communications
performance falls into two broad categories: those associated
with equipment performance, and those associated with the in-
fluence of the environment on the propagation mechanism. Since
transmission loss includes the power gain of the transmitting
and receiving antennas, it cannot be identified exclusively

with either of the above categories. But if transmission loss is
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converted to basic transmission loss by adding the antenna
power gains referred to isotropic antennas, and if the an-
tenna gains are regarded as equipment performance factors,
basic transmission loss then becomes identified exclusively
with the environmental category of factors. A reasonable
hypothesis, therefore, is that the influence of the physical
environment on radio communication performance from antenna
to artcnna is related entirely through the parameter of basic

transmission loss.

In a tropical vegetated area practically all of the
above factors come into play. The experimental program in
Thailand was carefully designed to isolate and study these
factors, as well as their interrelationships, by means of
experimental measurements of radio transmission loss. The
basic experimental variables are frequency, height of the
transmitting antenna, height of the receiving antenna, trans-
mitting antenna polarization} terrain characteristics,
climate and ambient radio noise. The basic approach being
taken involves measurement and analysis of the natural en-
vironmental elements just as carefully as the measurement and

analysis of the propagation data.

However, because the experiments in Thailand are
being conducted entirely in one type of tropical region, the
vegetation parameters in these measurements cannot be re-
garded as an experimental variable in relation to basic trans-
mission loss. Rather, they should be regarded in the sense
of a constant. To introduce variations into the vegetation
parameters the experiments must be moved and conducted in a
different vegetation environment. In this regard, the pres-
ent program plan anticipates carrying out these experiments
next in a tropical rain forest region, in contrast with the
wet-dry tropical region prevailing in Thailand.
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Previous reports have described the experimental
procedures employed in Thailand, and have presented a con-
siderable amount of data resulting directly from the field
measurements prior to the application of a more detailed data
analysis. The purpose of doing this was to provide this
data to interested government agencies that are currently
involved in a variety of communication problems related to
similar environments. The data evidently has been quite
helpful in this respect, and interest in the data has been
expressed from several different points of view. Iowever,
much of this interest appears to be concerned more with the
analysis of the data than with the direct application of the

data as first reduced from field measurements.

During the current reporting period, a sufficiently
large quantity of field data was accumulated, and appropri-
ately reduced, to permit the beginning of a comprehensive
analysis. fConsequently, a large portion of this report is
devoted to the presentation of this analysis in considerable
detail and it is hoped that the results in this report will
be interesting and useful. However, the techniques and re-
sults presented here should not be regarded as the program
end objectives. They are only a step toward these objectives
— a means to the end, so to speak. The end objectives re-
quire that much of the complexity that is characteristic of
radio propagation predictions be removed, and that the pre-
diction techniques utlimately developed will be easily
applicable to the problems at hand. Much work remains to be

done to reach these ends.

The purpose of Section 3 of this report is to pre-
sent new field data that has been reduced during this report-
ing period. Section 4 is devoted to analysis of a larger
block of field data, including field data that has been pre-

sented in previous semiannual reports. For reasons which will
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become clear in the discussions, some of the new data ob-
tained during this period has been inclu 2d in Section 4.
Section 4 also includes a comparison of the results from the
experimental data with those obtained with existing propa-
gation models for unvegetated terrain. Markedly good agree-
ment was obtained with a foliated :ough-earth model whose
rough-earth statistics were given by Egli in 1957.

In Section 4.6 an example is presented to demon-
strate one method of applying the results of this report to
a practical communications problem. The operating charac-
teristics of an AN/PRC-10 are selected as a set of equipment
parameters and the 'communication margin" at various per
cent confidence levels is calculated for a tropical vegetated

terrain.

The frequency range of the measurement program in
Thailand has been extended to 10 gc, the measurements con-
sisting chiefly of line-of-sight transmissions over
obstacle, refractive index measurements along the -of-
sight path, and measurements of short-range transmissions
directly through foliage. Discussion of progress in this
phase of the program is presented in Section 5. Sections
6, 7, and 8 deal with technical film reports, meetings and

conferences, and project personnel, respectively.




3. RESULTS OF FIELD MEASUREMENTS

3.1 Summary of Measurements

The raw data being obtained in Thailand can be
classified under five gzneral categories: (1) field point
data, (2) vehicular data, (3) background noise, (4) climato-
logical data, and (5) terrain and tropical vegetation
characteristics.

The field point data consists of those propagation
measurements which are made at fixed points within the
vegetation. For any one field point measurement, the fre-
quency, polarization, distance and transmitting antenna height
are held constaﬁt while receiving antenna height is varied.
The vehicular data consists of continuously recorded field
strength as a function of distance within the radial sectors.
The transmitting systems used for field point measurements
and vehicular measurements are identical.

New field point data is presented in Section 3.4
of this report. Terrain data pertinent to Radial B is pre-
sented in Section 3.3. Since presentation of the other
categories of data requires a significant amount of data
analysis,'they more appropriately are included in Section 4.
Vehicular data is presented and discussed in Section 4.3.3,
climatology data in Section 4.4.1, tropical vegetation data
in Section 4.4.2, and noise data in Section 4.5.

3.2 Basic Data Format

Following the practice usec in past reports, this
report presents measured field strength data in the form of
basic transmission loss. A detailed discussion of basic
transmission loss and the derivation of a general equation

used for converting measured field strength values to basic




]
transmission loss appears in Semiannual Report Number 4. The

equation used to carry out the conversion is repeated below.

Lb = 36.57 + 20 ‘og f + 20 log E, - 20 log E (1)

(neas)

where
Ib = Basic transmission loss in db.
f = Frequency in megacycles.

E, = Unattenuated field strength in uv/m expected
from the transmitting system at one mile.

= Any measured value of field strength produced
at a distant point as a result of radiation

from the transmitting system used to determine

E1 above.

E(meas)

The transmitting antennas which have been used in
the measurement program are summarized in Table I. Table I
provides a brief description of the antenna and a statement
of the expression used to determine 20 log E, for use in
equation 1.

(]
W

Propagation Path Profiles

Field strength measurements are currently being
made along two trail systems. The two trails have been desig-
nated Radial A and Radial B. A detailed map and profiles of
the Radial A system are presented in Semiannual Report Number 4.
The Radial B trail system, which runs generally in 2 south-
westerly direction from the base camp. 15 shown in Figure 3.1
of this report. The profile contours indicated on Figure 3.1
are in meters. Also shown in Figure 3.1 are the locations of
field points and radial points. Field points are defined as
those fixed locations at which measurements are made as a
function of receiving antenna heights; radial points are used
as reference distances from the transmitter when making
vehicular trail rieasurements. The radial distance to each of
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the field points and their terrain elevations are given
below,

Distance Height
Field Point (Miles) (Meters)
FPR-1 0.2 450
FPB-2 0.45 450
FPB-3 0.7 450
FPB-4 1.0 470
FPB-5 2.0 480
FPB-5.5 3.0 500
FPB-6 4.3 450
FPB-7 6.7 350
FPB-8 10.5 380
FPB-9 14.2 365
FPB-10 19.0 760

In addition to the field points listed above,
there are four other field points, designated FPB-8.5,
FPB-9.5, FPB-11, and FPB-12, which are not accessible by
trail and require the use of a helicopter to transport
measuring equipment. These poihts lie at radial distances
of 11.4, 15.3, 21.6, and 28.9 miles, respectively, from
base camp.

Figures 3.2 through 3.9 show the terrain elevation
profiles between the transmitter and each field point. These
profiles indicate that field points that 1lie within 1 mile
of the transmitter (FPB-1 through FPB-4) would constitute line-
of-sight paths in the absence of vegetation and field points
beyond 1 mile (FPB-5 through FPB-12) constitute beyond-the-
horizon paths. The Radial A system, described in Semiannual
Report Number 4, has a line-of-sight '"cut-off" point
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approximately 1.5 miles from the transmitter, again assuming
the absence of vegetation.

2.4 Eb Vs Antenna Height

Figures 3.10 through 3.55 represent new field-
point data which has been reduced during the current re-
porting period. The information contained in these figures
coupled with similar information presented in Semiannual
Reports 4 and 5 form a basic set of measured data. This type
of data is continuously recorded «s the receiving antenna is
raised from an elevation of about 13 teet to 80 feet above
ground level. Since the fine-grain variation of the signal
with elevation is generally small, the continuous recording
is broken down into equal increments of antenna height and
then the median signal level for each increment is plotted.
The increment chosen corresponds to about 6 feet of tower
height and provides roughly 12 to 13 median signal levels
for each curve. The fine-grain variability in field strength
obtained from this data is presented in Section 4.3.2.1

It has been found convenient to use a systematic
method of identifying the various sets and families of curves
similar to the ones shown in Figures 3.10 through 3.55. The
following identification has been adopted and is used
universally throughout this report in identifying specific

curves.
L, = F(f, Hg, P, d, H))

The above format, which is used to identify each
Lb graph, relates the basic transmission loss derived from
measurements to five basic variables: frequency, in
megacycles (f); transmitting antenna height, in feet, (Ht);
polarization, horizontal or vertical, (P); distance, in




miles, (d); and receiving antenna height, in feet, (Hr)' An
example is the identification found in Figure 3.10,

Lb = FA(25‘5’ 21, v, d, Hr). This identification denotes
that the receiving antenna height and distance were varied
while the other three variables remained fixed at the values
" indicated.

Although d, the separation distance between trans-
mitter and receiver, remains constant for a given measurement
in height, the family of curves shown in each graph is
generated by a variation of d. For this reason no specific
value of d is used in the identification in Figures 3.10
through 3.55. Instead, the value is specified on the
applicable curve itself.

The subscript "A" denotes that the data pertains
to Radial A. A subscript "B'" denotes data pertaining to
Radial B.

In order to assist in the correlation of the data
given in Section 3.1 to weather conditions or to time of
year, each curve given in Figures 3.10 through 3.55 is
identified in more detail in Appendix B. In addition to the
information given on the curves, the exact date otf measure-

ment and the measurement number is given in Appendix B.
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