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ABSTRACT

The dependence of received power on range witnin and
celcw atmospheric ducts was measured in conditicns of
elevated, nonhomogeneous, multilayered ducts. An aircraft
with UHF transmitter covered the range 0 to 150 nm. from a
shore based receiver. Range dependent maxima and minima
in received power were detected at tne surface in elevated
duct conditions. The results were compared to predictions
frcm ray, waveguide multi- mode, and single mode theories.
Ray and single mode theories were inadegquate to
credict power patterns over the horizon. Multi-mode theory
yielded qualitative agreement for conditions of deep, low
elevated ducts. Agreement for higher, thinner ducts was
poor. Multilayered duct systems were observed and produced
interference patterns without recognizable period with

range.
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I. INTRODUCTION

The United States Navy has expended mucn effort in
attempts tc measure, model and predict propagation in the
atmospnere. T[his effort is due to tne impact the atmosphere
has or ccmrunication, radar detection and electronic warfare
effectiveness. Areas of continued occurrence of nonstandard
refractive conditions which produce elevated and surface
tased ducts have been identified and tne operational impact
cf these conditions has been verified. Recently,
operational units have attempted to develop tactics to
capitalize on these recurring conditions. The tactics
considered have involved positioning aircratt vertically to
use duct influences to enhance communication, detection and
electronic warfare system performance.

The influences of the ducts on propagation are manifest
in the horizontal as well as vertical directions.
Propagation in ducts is a multimode phenomenon, as in
waveguides, and produces maxima and minima in the norizontal
power pattern due to interference of the modes. Waveguide
theory has tne capability to predict the occurrence of these
maxima and minima for a norizontally homogeneous atmospneric
duct as well as vertical power variations above and pelow
tne duct. Such patterns exist in atmospheric ducting

conditions and could be utilized to advantage oy ships or
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aircraft positioning themselves at appropriate ranges from
other transmitter or receiver sites.

The purpose of this experiment was to measure
dependence of received power on range within surface based
ducts and to compare the measurements to mode theory
predictions. The ultimate goal was to determine the
feasibility of using the predicted locations of power maxima
and minima to position transmitters or receivers. An
aircraft with a UHF transmitter covered the range 0 to 150
nm. from a shore based receiver site. Received power was
measured continuously and correlated with aircraft range.
Three aircraft altitudes were used: 1) 130 ft. altirude, 2)
100 ft. below the temperature inversion, and 3) 100 ft.
below the duct top. Three altitudes were used because the
strength of the interference pattern and the location of
maxima and minima were expected to be a function of
altitude.

The Experimental Procedure section of this report
describes the equipment, calibration, test methods, and
analysis procedures. The Theory section presents the three
models studied and their limitations. The Experimental
Results section presents two runs representing the best and
worst agreement with the theory. Appendix A contains
calibration data. Appendix B contains the smoothed data

curves from all flights conducted during this experiment.

11
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II. EXPERIMENTAL PROCEDURE

A. EQUIPMENT

1. Aircratt

The aircraft used in this experiment was a

Beechcraft Baron equioped with a UHF transmitter and a
ccmplete suite of meterological equipment. All
reteorclegical parameters were measured with a computer
centrolled digital data acgquisition system. Inflignht
annotations and back up recordings of some parameters were
made on an analog strip chart recorder. The equipment
descripticn for the aircraft systems, other than tne
transmitter, is contained in Reference 1.

RF power was supplied by an AN/GRC-171 transmitter
coupled to an AN/AT-879A antenna. The antenna was mounted on
the center of the underside of the aircraft fuselage, even
with the trailing edge of the wing. The AN/GRC~-171 is a UHF
voice transceiver that was designed for use in military
airfield control towers. The AN/AT-879A is a quarter
wavelength stub antenna that was designed for use in
military aircraft UHdF voice communications systems. This
antenna provided directional characteristics suitable for
the air to ground measurements of this experiment. Detailed
descripticns ¢f the AN/GRC-171 and AN/AT-87SA are contained
in Reference 2 and 3, respectively. Operating conditions

for the transmitter system are discussed in the Method

12
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section of this report. All laboratory measurements of
system parameters are discussed in the Calibration section.

2. Receiver Site

The receiver site for this experiment was the United
States Naval Reserve Center, Pacific Grove, California. The
i system at the site included the receiver and analog and

digital instrumentation for measuring the received power.

Receiver site antenna height above ground level was measured

to be 6.36 meters. Adding the height above mean sea level

of the Pacific Grove Lightnouse of 27 meters yielded the
antenna height above mean sea level of 36m. This value was
used in all calculations. The receiver system and

.instrumentation block diagram is presented in Ffigure 1.

REICEIVER | ANJ&&NA

AN/URR~38
NEGATIVE AGC CURXTAT PERIODIC

" 4] Y {GITA ¥
ot ol Tliten B TRE") PR
] =

R o
HP §9300A
Figure 1.

Receiver System and Instrumentation 3lock Diagram

The receiver system was an AN/URR-358 equiped with a

lccally manufactured log periodic antenna. The antenna was

rounted cn a mast atop the Reserve Center building. The
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location of approximately 100 meters from the shoreline, and
the antenna eievation of 36 meters aoove mean sea level
oroviced for minimal terrain interference. The AH/URR-35B
.is a crystal controlled receiver that was designed for voice
communications aboard naval ships. Although the receiver is
an older system, with tube components, the replaceable
crystal frequency control orovided adequate stability for
the fixed site installation. A detailed description of the
receiver is contained in Reference 4. The receiver’s
negative AGC voltage output was divided and used for both
filtered and and unfiltered inputs to a HP 7100B strip
recorder and to a digital data acquisition system. The
system consisted of a HP 59306A relay actuator, HP 3455A
digital voltmeter, HP 59309A digital clock, and HP 9825
computer. The relay actuator switched the filtered and
unfiltered voltages to the digital voltmeter. Recording
toth filtered and unfiltered voltages allowed separation of
the effects of short period and long period changes in the
received signal. The computer stored both voltmeter inputs
and the time from the digital clock on its internal tape
cassette.

B. CALIBRATION

1. Receiver System

Laboratcry measurements of the AN/URR-35 receiver
negative Automatic Gain Control (AGC) voltage as a function

of input power were conducted. The calibration block

14




diagram is contained in Figure 2. Input power to the
receiver was supplied by a HP 608E signal generator at 305.8

megahertz. The signal was coupled to the receiver through

AN/URR~-35
RECEIVER | COAXIAL SIGNAL
GENERATOR
NEGATIVE | CABLE HP 608E
AGC
DIGITAL MULTI-
METER
FLUKE 8600A
| | Low STRIP
{ PASS RECORDER
{ FILTER | MP 71008

Figure 2

Receiver Calibration Block Diagram

the antenna input. Input power from the signal generator
and negative AGC voltage output from the fluke 8600A digital
multimeter were hand recorded. Strip recordings of filtered
and unfiltered negative AGC voltage were made to calibrate
the strip recorder. Filter characteristics are discussed in
the Method section. Filter schematic is contained in
Appendix A. The plot of AN/URR-35 input power, corrected
for line loss, versus negative AGC voltage is contained in
Appendix A. Use of the curve for voltage to power
conversion is discussed in tne Data Analysis section.
Antenna range tests were conducted to determine the

relative .ntenna patterns of the lccally manufactured log
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periodic antenna. Dipole antenna AJ/AT-15U0 and monopole
antenna AN/AS~360 patterns were optained under similar test
conditions to establish an absolute antenna gain estimate.
Antenna rcatterns are contained in Appendix A. The log
periodic antenna had gain of 6do above the dipole under tne
same test conditions. Adding the theoretical gain for a
nalf wavelength dipole antenna of 2.14 dB above isotropic
[Ref. 5], the gain for the log periodic antenna was 3.l4 dB.
Antenna to instrumentation mismatch was neglected for all
antenna tests.

2. Transmitter System

Measurements of the AN/GRC-171 transmitter output
power and stability were conducted. The calibration block

diagram is contained in Figure 3.

TRANSMITTER
AN/GRC-171 COUPLER ATTENUATOR POWER
METER

19.6 dBM 20 d8m HP 432A
MET

Figure 3.

Transmitter Calibration 8lock Diagram

The transmitter was coupled to the HP432A power meter
through a 19.6 do coupler and 20 db attenuator. The

transmitter was operated transmitting a continuous

le




unmodulated carrier for two hours. ~for the two hours the
transmitter pcwer meter indicated 25 watts and the HP 432A
power meter indicated 3.7 aBm, without variation. Adding
calibration line losses and converting to power units
yielded 21.4 watts output vower for a transmitter power
meter indication of 25 watts, under laboratory conditions.
variations in electrical power between the laboratory and
aircraft were ignored and 21.4 watts was used as transmitter
output power for all calculations.

Airbcrne checks of the transmitter system were
conducted to determine if aircraft engine power setting
changes would cause detectable changes in received power'due
to transmitter output variations. The aircraft flew level,
constant heading legs centered at 20 nautical miles from the
receiver site. Changes in aircraft engine power settings
were made and received power recorded on the strip cnart.
Power settings were used over the full range of aircraft
engine power that would be used during the experiment, and
there were no detectable variations in received oower.

Antenna range tests were conducted to determine the
relative antenna patterns of the AN/AT 879A aircraft
antenna. Horizontal and vertical antenna patterns are
contained in Appendix A. 2ecause tnhnere was no capapility to
establish absolute gain, tne manufacturer’s specif ication
value of 4 dB above isotropic was used in all calculations.

The antenna patterns indicate negligible changes in antenna

17




gain for small angles off aircraft axis in the vertical and
norizontal olanes. The negligible cnanges tentatively
indicated that aircrafit heading and attitude cnanges would
not influence the received power. Airborne tests were
conducted to verify these conclusions.

Two types of tests were performed to determine the
effect of the aircraft’s attitude on the received power: 1)
climbs and descents at constant drift angle to check angle
of attack and 2) changes in direction for level flight to
check horizontal attitude. To perform test 1) the aircraft
flew 1000 ft per minute climbs and 500 £t per minute
descents on a constant heading centered at 20 nautical miles
from the receiver site., Strip chart recordings of received
power were obtained during all maneuvers. Aircraft attitude
was adjusted to maintain constant drift angle between
aircraft track and aircraft heading. Climbs and descents
were performed at zero drift angle with the aircraft heading

toward and away from the receiver site. Figure 4 shows the

test profile. There were no detectable changes in received

AIRCRAFT TRACK

% DRIFT RECEIVER SITE
ANGLE
> N

AIRCRAFT
~ HEADING
Figure 4.

Aircraft Attitude Test Profile
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power as a function of drift angle. There were no
detectable changes caused by the angle of attack during
climbs or descents. iowever, large powéf variations
resulted during turning maneuvers and push over and pull up
maneuvers at the start and end of descents and climbs. As a
result of the conclusions from these tests, all received
power data recorded in turning maneuvers or nonsteady

portions of climbs and descents were discarded.

3. <Coaxial Cables

Laboratory measurements of transmitter and receiver
systems coaxial cable line losses were made. The

measuremrent block diagram is shown in Figure S. A known

|
i
COAXIAL ‘
eesu'gnuﬁlbn THERMISTER] POWER |
HP 808E CABLE HP 478 | .o 430 ;
i

Figure 5.

Coaxial Cable Line Loss Measurement

power of 1 milliwatt (0 dBm) at a frequency of 305.3
megahertz was input in one end of the coaxial and a HP 478
thermistor and an HP 432A power meter were used to record
attenuation in decibels below 1 milliwatt (dBm). Appendix A

contains the measured values of line loss.

19
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C. JETHOO
l. General
Signal measurements, as a function of range and
altitude, were made using a transmitting aircraft and a

receiver station located on the shore. Figure § depicts the

experimental concept. The flight procedures were established

z4 DUCT TOP
\ TEMPERATURE

INVERSION
&

™ SEA SURFACE

Figure 6.

Experimencal concept with idealized o profile

to provide power measurements in the duct below the
temperature inversion. Measurements were also taken above
the duct for comparison with the in duct measuzements.
Fligkt profiles were tnen developed to determine aircraft
influeln~es on power variations. These flignht orofiles are
discussed in the Calibration secticn.

2. Flight Patns

The experiment was conducted over the Pacific Jcean
along the coast of central California in September, 1981.
Figure 7 snows the tnree f£lignt paths that were used during

the experiment. Path number one was a constant pearing o:

20
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Figure 7.

Experimental Flight Paths
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295 degrees magnetic from the receiver site. Patn numper
cne was selected for its proximity to land wnich provided
tor aircraft sarety during warm up flights and uuring
eguipment check flights. =2ath number two was a constant
bearing ¢f 285 degrees magnetic rrom the receiver site. Path
number two was used on the majority of data flights because
.it provided a greater distance from land, reducing land
influences on tne refractive conditions. These influences
are discussed below. Patn number three was a constant
bearing of 270 degrees magnetic Lrom the receiver site and
was perpendicular to the coast. Path numpber three was flown
on the final flignt for comparison of refractive conditions
with paths more parallel to land.

Path number one was selected in planning pecause it
was theorized that a path parallel to the coast would ensure
fairly constant conditions over the path. Surface based
ducts could be expected near land due to the circulacion
patterns prcduced by prevailing westerly winds. The vertical
convection overland during the daytime heating cycle was
expected to prcduce circulation aloft from land to sea and
descencing air over the water near the coastline. This
descending air over the water, referred tc as local
subsidence, was expected to produce lower inversion heignts
near land. dowever, for the conditions of these
experiments, this efrect occurred only at distances less

than approximately ten nautical miles from land. Path one

22




did not vrcauce tne desired horizontial nomogeneity. For
two reasons path one was apandoned in favor of patn two.
First, aircraft navigation regquired a path farther from
snore at long ranges from the receiver site. At tne long
range end of path one the aircraft was near a line drawn
Letweenr the twe strongest loran staticns. On this line,
called a baseline, the loran fixes were intermittent and
aircraft range data were lost. Second, proximity to land
and low aircraft altitudes used in the experiment introduced
a safety problem on path one in conditions of low clouds.
For these reasons, patn two was preferred.

3. Flight Profiles

Figure 8 depicts a schematic c¢f the flight profile
used for the experiment. The aircraft initially performed a
turning climb (spiral sounding) at approximately 1lU nm.
(18.5km) from the receiver site to obtain metecrological
data. TIhe spiral scundings started at 10 ft. (3m) from the
surface and continued to at least 3000 f£t. (909m) altitude.
The aircraft then proceeded to over the receiver site and
commenced the outbound flight on a constant bearing path.
The initial altitude was 100ft. (30m) below the temperature
inversion, as determined by the 10 nm spiral sounding. At
range intervals of approximately 30 nm. (56km) the aircraft
rerformed climbs at 500 ft. (151.5m) per minute rate to an
altitude wnere the temperature gradient was again negative,

The aircraft flew approximately one minute level at altitude
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and then performed a descent at 10CJ f£t. (303 m) per minute
rate to a new altitude. This new altitude was 100 ft. (.ZGm)
pelow the temperature inversion as determined by the last
climb. The entire climp and descent sequence is rerferred to
hereaf ter as sawtcoth soundings. The sawtooth procedure was
interrupted at 75 mm (139Kkm) to rerform a second spiral
sounding. The sawtooth procedure continued again from 75 nm
{139km) tc 150 nm (278km) where a third spiral sounding was
performed. After completion of the third sviral sounding
the aircraft descended to 130 ft. (40m) and proceeded »ack
toward the receiver site at constant altitude on reciprocal
bearing. The aircraft periodically descended to 10 ft (.Zm)
and returned to 130 £t (40m) to reset the pressure
altimeter. After passing over the receiver site the run was
terminated with a fourth spiral sounding at approximately 10
nm {(18.5km). On one flight the procedure was modif ied so
that the maximum level flight time was at 6000 ft (1829m).
This high altitude data was taken to be compared with the
data in and below the duct. Appendix A contains a table of
flights and flight conditions.

4, Ailrcraft Procedures

The GRC~171 transmitted a continuous unmodulated
carrier at 305.3 MHz. Indicated output power was 25 watts
on the transmitter oower meter. The power meter was
monitoreé pericdically and during conditions of excerticnal

variaticns of received oower. o deviations from 25 watts
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indicated output power were discerned during any check. The
aircraft digital system recorded atmosoheric pressure,
temperature and dew point temperature. Also recorded
digitally were time and loran positicn in latitude and
lerngitude. 0Digital data were taken continuously during
aircraft flights at sample intervals of approximately 2.5
seconds or 4.5 seconds depending cn the flight. An analog
strip recorder recorded atmospheric pressure, temperature
and dew point and aircraft altitude. Coordination with the
receiver site was conducted on Very dign Freguency (VHF)
vcice radic and hand annotations were made of aircraft range
and tearing from the receiver site at approximately 10 nm
(18.5km) intervals as back up information. Times of climbs,
descents, turns, radio transnissions, aircraft neading,
aircraft ground speeds, and other events such as clear air
turbulence were also hand recorded on pboth the aircraft
strip chart and the receiver site strip chart.

5. Recelver Site Procedures

The receiver site digital data acguisition system
recorded receiver negative autcmatic gain control (AGC)
voltage from the AN/URR=-35. Recordings were made of both
unfiltered and filtered AGC voltage. Filtered voltages were
from a .1 MHz low pass filter. For tnis experiment, primary
interest was in low freguency variations in received power.
These variations were croduced oy tne aircratt ctraversing

the power patterns in tne duct. digner freguency variations
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in received signal were produced oy aircrart antenna pattern
moticn and pnase changes in the reflected vath caused oy
ocean surface wave action. The nigh freguency variations
were eliminated in the filtered voltages. Filtered voltage
was used in all data analysis discussed below.

Pime was also recorded digitally. Digital receiver
AGC voltage measurements were taken continuocusly during the
aircraft flights at a sample interval of approximately .1
seconds. One hundred samples were averaged tc provide a 10
second sample interval for stored AGC voltage data. An
analog strip recording of filtered and unfiltered receiver
AGC voltage was made and hand annotated in the same manner
as the aircraft strip chart recording described above.
C. OATA ANALYSIS

l. General

Analysis of the aircraft meteorological data and
receiver site AGC voltage data oroduced three types of
rlots: M versus height (1 profiles), received power versus
range (loss curves), and receive power versus height {(height
gain curves). This section describes data analysis
processes, incluiing tne conversicns, editing oroceedures,
and estimates used to attain the final grapns.

2. Loss curves

Annctations of times and aircraft ranges on both
aircraft and receiver strip cnarts were used manually to

establish a table of times versus ranges for each flight.
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Intermediate ranges were estimated using the average
aircraft velocity between tne recorded voints. The time
periccés were edited to eliminate aircraft climbs, descents
or turns. The remaining times and ranges were used in a
digital prcgram to perform a time search of the receiver
site voltage data producing a matrix of range versus
neqative AGC voltage for each flight. The negative AGC
voltage was then converted to relative received power in
decibels below a milliwatt (dbm) using the AN/URR-35
calibration curves.

The computer power conversion equations were
established by regression analysis of the calibration
points. The calibration curves and the power conversion
cocefficients are contained in Appendix A.

The points for each loss curve were grouped and
ploted according to aircraft altitude. Low altitude (40m)
data were taken at constant pressure altitude over the
entire range and are grouped in one plot. However, high
altitude data were taken in level flight at various pressure
altitudes, either 100 £t (30.3m) below the temperature
inversion or above the duct top. The data for 100 ft
(30.2m) below the temperature inversion are grouped in one
plot for each flignt and the data above the duct top were
grouped in one plot for each flight. Variations in aircraft
neight due to variations of the temperature inversion height

were not noted on the plots.
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For each power plot a received power tnresnold was
established from the negative AGC voltage with the aircraft
transmitter power off. The zero incut AGC voltage was
converted to relative received power in dbm using the
calibration curves. This receiver threshold was used to
establish the point below which receiver signal was
considered not measurable. Points below the receiver
tnreshold were eliminated. Missing data due to climbs or
cescents for range intervals of greater than 10 nm (13.5km)
were indicated as gaps in the loss curves.

3. M Profiles

Plots of modified refractivity units (M units)
versus height above the surface were made from measurements
of atmospheric temperature, pressure, and dew point
temperature taken by the aircraft. Aircraft measurements
were made during climbs and descents. Occassionally, gust
conditions caused the airnraft climbs or descents to be
nonmonotonic. The points werc edited to provide a monotonic
increase or decrease in aircraft height with time. Aircraft
altitude for each climb or descent was digitally recorded in
pressure altitude and was referenced to the 10 £t (3.03m)
pressure taken by the aircraft. On soundings for whicn the
aircraft did not descend to 10 ft (3.03m) the 10 £t (3.03m)
pressure measurement closest in range to tne sounding was
used as a reference value. Synoptic variations in surtface

pressure from sounding to reference point were ignored.
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4. deight Gain Curves

Received power versus heignt (heignt gain curves)
were taken from sawtooth climb and descent data. Soiral
scundings were not used for height gain because aircraft
turns influenced the measurements. The aircraft digital
acguisition system recorded pressure altitude at 2.5 or 4.5
measurements per second as discussed above. Listings of
aircraft pressure altitudes and times were used toc manually
select receiver AGC voltage points from the analog strip
chart data. Tables cf receiver AGC voltage versus aircraft
pressure altitude were edited to provide monotonic heignt
informaticn. The taples were then manually entered into tne
digital computer for conversion to received power, for
storage and for plotting. Heignt gain curves were
identified with the average range for the climb or descent
pericd. Duct top and bottom points from the sawtooth
profiles and the free space received power computed from
calioration data were included on the height gain curves as

reference information.
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II1I. THECRY
A. GENCRAL

Three methods of analysis of RF propagation in tne
atrosphere were considered in this study: 1) ray tneory,

2) wavegulide mode theory and 3) a single mcde appproximation
tc the mode theory. This secticn nrovides general
discussion, oresents cnaracteristic output curves and
discusses the advantages and limitations of eacn method. A
presentation of the general tneory of atmospneric effects on
propagaticn witn basic definitions is contained in
references 6 and 7.

E. RAY THEORY

Ray theory considers the propagation paths to be rays
whicn are defined as "normals to the surfaces orf constant
phase of the wavefronts." [Ref 3). Using Snell’s Law, ray
tneory predicts tne effect of refraction on the direction of
propagation without regard to the wavelength or the phase of
tne waves.

The ray tracing program used in this experiment was
ceveloped by the Naval Ocean Systems Center, 3an Diego,
California, and is presented in detail in Reference J. Ray
path predicticns from tnis program were used to identify the
refractive conditions under whicn the power variations with
range in the duct were expected to be greatest. These

conditicns were desired for tne experiment to facilitate the
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measurement of the location in range of the maximum and
minimum power points. Figure 9a is an ¥ profile which
yields a surrace based duct, usea in planning thne
experiment. Figure 10 (a) to (c) are the ray traces using
orofile of Figure 3 for three transmitter altitudes: 1) 130
ft. trom tne surface, 2) 100 ft. below the temperature
inversion and 3) 100 ft. below the duct top. All three ray
traces predict maxima and minima in the received power as a
function of range. Figure 10 (¢) indicates that the
transmitter in the duct, 100 ft. below the duct top,
provides tne most pronounced concentration of rays at the
surface maxima. This implies tnat receive power maxima and
minima would be strongest for the aircraft at this altitude
relative tc thne duct.

Figure 9 (b) is a theoretical trilinear M profile
yielding an elevated duct. Figure 1l (a) to (c) is the ray
trace using the same three transmitter altitudes relative to
the cGuct. The ray traces of Figure ll indicate that the
occurrence of maxima and minima in the received power at the
surface would not be expected for elevated ducts. These
predictions indicate a clear distinction between received
power patterns at the surface for surface based and elevated
ducts. Two factors limit the validity of this simple
prediction. First, the lack of phase information makes
conclusions concerning power distribution questionable.

Seconc, there is leakage of power out of a duct where ray
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tneory indicates total trapping. These two factors would
tend to zeéuce the power maxima and feed vower into the
minima resulting in a less pronounced power pattern as a
function of range for the surface based duct. The power of
high order, leaky modes outside an elevated duct would tend
to produce a maximum and minimum pattern at the surface
where none was predicted by ray theory.

Ray theory is effective in providing a simple graphical
view of the nature of refractive effects but does not
provide a quantitative rerresentaticn of energy
distribution. Ray theory breaks down for predicticn of
energy distribution because the phase difference of various
refracted paths arriving at a point are not considered. The
ray prcgram used in this experiment did not consider
horizontal changes in the 4 profile. Reference 10 considers
norizontal changes in the M prcfile for ray tracing. These
horizontal changes are discussed in the Experimental Results
section.

C. MCDE THECRY

Mode theory accounts for wavelength, phase, and
penetration of the boundaries and predicts the energy
distribution. The atmosphere is treated as a waveguide with
losses [Ref 1l]. A multimede solution to the wave equation
is prcvicded, incorporating nonstandard refractive
conditions. The waveguide mode prcgram used in this

experiment was developed by the Waval Ocean Systems Center,
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San Diego, California, and is presented in detail in
Reference 12. Two experimental verificaticns of the
waveguide moce prcgram are contained in References 13
(Parrert, et. al.) and 14 (Skillman and woocds). Comparison
cf these verifications to this experiment is contained in
the Experimental Results section.

wnaveguide mode programs generally calculate power in two
ways. The ccherent or vector sum takes tne vector sum of
the vower density from tne magnitude of the resultant field.
The vectcr sum accounts for a definte phase relationship
arong modes at a point [Ref 15]. The inconerent or power
sum takes the sum of the power of the modes at a point. This
sum is the expected value of tne power for the modes
assuring uniformly distributed phase. The vector sum
exhibits more variation in the height gain curve due to
rhase interaction of the modes. The power sum yields better
agreement for average power levels at long range due to the
random phase relationship of the modes at long range {[Ref
16). The random phase possibly results from duct
ncn-uniformity. The waveguide program predictions were
compared to the measurements of this experiment and are
presented in tne Experimental Results section.

Figure 12 contains waveguide mode predictions from the
mode program for‘the theoretical surface based s orofile of
Figure 9 (a). The waveguide mode program outputs

gropagaticn lcss from the transmitting antenna to tne
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receive antenna, Figure 12 has been referenced to tne
ecuipment used in this experiment for direct comparison with
esperimental data. The cropagation loss predicticns of
Figure 12 were computed for three aircraft altitudes: 1) 130
ft. from the surface, 2) 1530 £t. below the temperature
inversion and 3) 150 ft. celow the duct tcp. As in the ray
traces tor this profile, all three plots predict maxima and
minima in the received power as a function of range. The
aircrart altitude effects the deptn of the maxima and their
spacing with range. For 130 ft. aircraft altitude, rfigure
12 predicts minima at approximately 20, 38U, and 140 nm. The
rower excursions, peak to null, are predicted to be
approximately 40 db. For aircraft altitude 150 ft. below
tne temperature inversion, tne period has decreased and the
power excursions are less than for the previous altitude.
Ainima occcur at approximately 25, 55, 85, 115 and 149 nm.
Maximum power excursion of approximately 15 db at near range
decreases to approximately 5 db at 140 nm. For aircraft
altitude 150 ft. below the top of the duct, the spacing and
the power excursions increase over that for the orevious
altitude, dMinima occur at approximately 50, 110 and 1lo0 nm.
The cower at 150 ft. below tae duct top is a maximum wnen
power at 130 ft. is at a minimum. Figure 12 inplies that
aircraft height might be chosen to maximize or minimize the
received signal for a given surface based duct condition.

The mcde program used in this experiment is limited by
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tnree facters. First, the program does not account for the
presence of the evaporation duct [Ref 17], a low level
ground pased auct usually present over the ocean to a neignt
of aroroximately 10 meters. This duct tracs energy near the
surface when either or both the transmitter and receiver
antenna falls in the duct and would tend to enhance power
within a higher surface based duct. Second, this orogram
uses an average M profile and assumes the refractive
conditicns are homogeneous witn range. The horizontal
change in the boundaries of the duct in a waveguide
multimcde prcblem will cause conversion of energy between
modes [Ref 18]. If the conversion is from highly attenuated
modes to modes with lower attenuation, the actual losses in
the waveguide would pe less than predicted by the mode
piogram. Third, accurate solution of the multimode problem
requires finding the roots to the wave equation witn the
mode condition applied. Failure to identify all the
significant roots Of the equation may limit the accuracy of
the sclution cf received nower at a point. Initial
parameters are required, sucn as the neight for unity
refractive index and the reference neight for the reflection
coefficient in the duct [Ref 139]. In some cases cnanging
these parameters can provide for more modes in the solution
for significant roots [Ref 20]. These additiocnal modes
could provide for more power trapped in the duct than

predicted if the roots were missed. The oroblem of missing
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modes can only be corrected if there is a known experimental
standard to which the results of the program can oe
compared. As discussed above, the program assumes an
average homogeneous profile. Therefore, no such standard can
be applied for tne case of extreme nonuniformity in M
profile. The implications of these three restrictions are
discussed in the Experimental Results secticn,
C. SINGLE MODE APPROXIMATION

The single mode approximation tc the waveguide mode
tneory wrovides a simple estimate of a solution to the wave
equation fcr surface based duct conditions. The sinale mode
apprcximaticn is included in the Integrated Refractive
Ef fects Prediction System (IREPS). IREPS was developed by
the Naval Ocean Systems Center, San Diego, California and is
discussed in reference 21.

Path loss for this model is computed for three regions:

1) Interference 2) Intermediate 3) Diffracticn. The

.interference region extends to tne effective horizon

(ceometric horizon modified for refractive conditions). In
the interference region, the received power is computed
using a program which calculates phase difference by
accounting for path length, compensation for curved earth
and change in reflection coefficient due to conductivity of
the ocean. The intermediate region is teyond but near the
effective norizon and is tnat region in which the

diffraction solutions cannot use a single moae estimate. In
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the intermediate region a straight line interpolation of
power levels petween the interference and the diffraction
regions is used. The diftraction region is well beycnd tne
horizon. 1In this region the program computes loss for
ducted signals using empirically established neight gain
functions for tne transmitter and receiver and an
attenuation factor for tne single primary mode.

Figures 13 (a) to (c) are the predicted loss curves from
tne single mode program using tne theoretical trilinear
profile of Figure 3 (a). These curves are predicticns for
received power for the tnree aircraft altitudes used in tne
Frevious section. There are predictions of maxima and
minima in the interference region for Figure 13 (a), but
none are predicted in the diffraction region for any curve.
This lack of diffraction region power pattern, otner than a
monotonic decrease, 1is caused by the assumpticn that the
height gain curves for the diffraction region are not a
function of range.

The limitations of the single mode program to surface
based duct conditions and the assumption that the neignt
gain curves are inderendent of range are severe
restrictions. The single mode program could not be used in
this study to predict the envelope of tne loss curve in the
diffracticn region ocecause it ignores tne range versus power

variations that this sctudy sought to investigate.
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IV. EXFERIMEJTAL RESCLTS

A. GENERAL

The experimental data were reduced to five tyoes of
curves: 1) M profiles for eacn flight on a height versus
range graph, 2} heignt gain curves for eacn flight on a
height versus range gragh, 3) for one run (run 3) tne neigant
gain curves are plotted witn tne waveguide mode theory
predicted heignt gain curves, 4) received power versus range
for the aircraft below the duct near the earth’s surface
(130 to 200 ft.), 5) received power versus range for the
aircratt 100 ft. pelow the temperature inversion. Appendix 3
contains tne experimental data for all flights conducted in
tnls experiment. Runs 8 and 9 typify thne extremes in the
results and the discussion pbelow is limited to these runs. A
table of duct tops and bottoms for all soundings taken in
this experiment are contained in Appendix A.
B. M PROFILES

Figure 14 contains the M profiles for run 8 and
illustrates the general refractive conditions during the
experiment. The duct 1s elevated at all ranges. The duct
tcp varies approximately 24J meters, maximum to minimum, and
rises approximately 200 meters from near the receiver to
long range. The surface based conditions desired in tne
glanning of the experiment were never realized and the

conditicns of nonuniformity in 4 with range were observed
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for all runs. The influence of local subsidence mentioned
above reduced elevated duct neights near land and caused a
sloping of the duct neight up and away from the receiver
site.
C. HEIGHT GAIN CURVES

Figure 15 is a heignht gain curve from run & taken at 102
nm. average range. Included in Figure 15 is the waveguide
mode program power sum output using the 67 nm. 4 profile of
Figure 14 as the average profile. The predicted power does
not follow either the average level below free space or thne
envelope features of tne measured curve. Figure 16 is tne
same height gain compared to waveguide mode program power
sum output for the 10 nm. M profile of Figure l4. agreement
but does not produce the envelope teatures of the measured

curve. Figure 17 (a) and (b) are comparisons of
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tne 102 nm. measured height gain with the waveguide mode
orogram vector sum for the 87 nm. and the 10 nm. s orofiles.
The 67 nm. profile provides better agreement with measured
envelope features in and above the duct. Both vector suym
cases predict lower average power level for the power sum is
in closer agreement with tne measured values. Similar
conclusion for the vector sum average power was reached by
Skillman and wocods, but their vector sum envelooe agreement
was better., The figures presented here are cnaracteristic
cf the lack orf agreement between theory and measurement in
this experiment. ™easured height gains show power levels
within 10db of free space with envelope features varying
approximately 5db above and below free space. Predicted
height gains are as much as 30 db lower than measured and

oredict envelope features varying less than a few db from

the mean power.

Selection of the 1l0nm. M profile provided better average
power agreement for the power sum than the 67 nm. M profile.
The better agreement may be due to tne 10 nm. 4 profile
which yielded a wider duct and provided for more lower
attenuation modes. These modes would yield a nigher average
power. The vector sum provided some improvement in
agreement for thg 97 nm. M profile but poor agreement for
tne 10 nm A profile.

The agreement between waveguide mode theory and

measured nheignt gain curves in tnis experiment is not as
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good as previous experimental verification made by Pappert
and Skillman. In the experiment of Pappert, the
refractivity conditions produced wice surface based ducts,
that were nearly uniform with range. The surface pased
conditiocns would yield solutions with fewer significant
leaky modes. The fewer leaky modes would simplify tne
sclution and improve adreement. I[n the experiment of
Skillman, tne refractivity conditions produced very nign
elevated ducts nonuniform in range. dcwever, power
measurements of Skillman were made at mucn greater ranges
into the diffraction region tnan tnis experiment. Socliutio
improve at greater distances from the norizon [Ref 22},
wnich may account for Skillman’s better agreeement between
tneory and measurement.

The limitation of the waveguide mode program to an
average M profile could be the most significant factor
causing the descrepancy between tneory and measurement in

tnis experiment. The tilt of an elevated layer ennances

ns

trapping (Ref 22) and maintains propagation power apove that

for a horizontal auct. The effect of nonuniformity in the M

profile witn range and proximity to tne norizen of this

experiment could explain the measurement Of average nowers

higher than tneoretical.
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L. LOS3 CURVES

l. Aircratft 3elow The Duct

Figure 18 is tne loss curve for run 3 for the

aircraft altitude of 130 £t. The curve shows interference
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Figure 18,

Run 38 Loss Curve. Aircraft altitude 130 ft.

dashed line is calculated free space power. ;

maxima and minima from 30 nm. to 100 nm. range. There are
minima of 15 db depth at approximately 35, 553 and 75 nm. The
.interference pattern is not present at ranges greater than
3V nm. The average power for this run is approximately 20
db celow free space. This run prcduced tne best defined
interference structure of the experiment. The envelcpe of

the curve cf Figure 18 compares favorably with the

theoretical patterns oredicted oy Figure 12 (a). The
elevated ducts of run 34 could pe expected to contain nign

orcer leaky modes that would produce interference power i
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patterns oelow the duct similar to those expected in che
duct. ~tigure 13 vacterns are of shorter period and have a
smaller peak to null power difference than tnose of Figure
12 (a). Differences in the cnaracter of tne curves are to
be expected since Figure 12 (a) is for a thecretical o
vrcfile yielding a surtface based duct but the measurenments
ctf Figure 18 were taken in elevated duct conditicns.
Figure 19 is the loss curve for run 39 for an aircraft

altituce of 150 f£t. The power envelope of this curve does
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figure 19,

Run 9 Loss Curve. Aircraft altitude 150 ft.

Dashed line is calculated free space power.

not exhibit significant features or a recognizaole veriod.
Fiqure 20 contains the 4 profiles for run 9. The
refractivity conditions vary in two respects from those of

run 8 (shown in Figure 1l4). First, the near range duct

width is greater in run 8. The wider duct allows for fewer
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nign order leaky modes, less interference between modes
below the duct, and a recognizable interference pattern. The
larger number §f higher order modes in run 9 accounts for
tne absence of recognizable interference patterns below the
duct. Second, run 9 refractivity structure contains
multiple elevated ducts. Modes coupled to the higher Jducts
would have leakage out the top and interference patterns of
their cwn below the multiple duct system. The leakage and
.interference patterns would tend to destroy the envelcpe of
the lower ducts througn interference. The narrower duct
system and the multiple duct system would account for the
lack of recognizaple period to run 9 data.

2. Ailircraft in the Duct

Ffigure 21 is the loss curve for run 3 for aircratt
altitude 100 ft. below the temperature inversion. The curve

snows average power levels witnin Sdb of free space. These
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Run 8 Loss Curve. Aircraft 100 ft. below temperature

inversion. Dashed line is calculated free space power.

levels were the highest obtained in the duct during this
experiment. Periods of no data (due to the sawtooth
profile) make determination of maxima and minima impossivle
for this data.

Ffigure 22 is the loss curve for run 9. The curve dues
not show the high average vower level of run 3. The average
rcwer level is 10 db below'free space at tne maximum
occuring at 80 nm. The reasons for the difference in power
in the duct between run 8 and run 9 is connected to the duct
width and multiple duct system effects discussed anove.
dowever, tne lack of recognizable period for power
measurements in the duct is cnaracteristic of other runs not

exhibiting the multiple duct system of run 9.
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V. CONCLUSIONS AND RECOMMENDATIONS

The purpose of this experiment was to measure received
power at low altitudes during surface based ducting
conditions, to compare the measurements to theoretical
oredictions for verification of the theory, and to study the
feasibility of using the predictions to enhance the use of
Navy systems. Refractive ducting conditions during this
experiment were elevated and inhomogeneous with range in all
cases and multilayered in some cases. This was unfortunate
since, for the experimental procedure used, theoretical
predictions indicate surface based duct conditions would
yield the best results. As expected, ray theory and single
mode approximation theory proved to be severely limited in
predicting horizontal power patterns. Ray theory gives only
a qualitative picture of the location of maxima and only
within a duct. The single mode theory does not have the
capability to predict power fluctuations in the diffraction
region.

For conditions of wide, low ducts the measured received
power patterns below the elevated ducts agreed qualitatively
with the waveguide mode theory predictions for surface based
ducts. In conditions of higher and thinner ducts, agreement
with theory was not good. The interference of modes from

various ducts in the nultiple duct system appears to destroy

5§




the power pattern below the ducts. The lack of capability
of the waveguide mode program used here to find all
significant modes limits the program's ability to predict
results for the conditions of this experiment.

The results of this experiment imply that there are
range dependent maxima and minima in the received power at a
surface site even when the duct is elevated. This effect
could be used to enhance signal reception. However, in the
elevated duct conditions encountered in this experiment, use
of currently available theories to predict the ranges of
occurrence is not feasible, except possibily in the presence
of wide, low ducts. Verification of the existence of maxima
and minima at ranges beyond the horizon is significant and
warrants further investigation. The ducting conditions
encountered during this experiment were far from ideal for
investigating this type of effect. Additional tests in
surface based ducting conditions should be carried out.
There curently exist more advanced techniques for waveguide
solutions (Ref 231, but present theories are not adequate.
New program techniques capable of accounting for
nonhomogeneous M conditions are needed. Improved theoretical
models and their verification by additional experiment could
provide predictions that would allow tactical utilization of

propagation patterns within and below refractive ducts.
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3db

(c)

Figure A-3.
Relative Antenna Patterns (a) AN/AS 360 Monopole
(b) AN/AT 150 Dipole (c) Log Periodic with 6 db
attenuaticn.

59




(D

(b)

3db

(c)
Figure A-4.
Relative Antenna Patterns AN/AT 879A

(a) Horizontal (b) Vertical, short axis
(c) Vertical, long axis
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Cablé No.

TABLE A-1
COAXTIAL LOSS MEASUREMENTS

Use Length
(ft.)
Transmitter 3
Receiver 6
Receiver 35
Receiver Calibration 3

61

Loss
(db)

e e e




FTLIGHT RUN
1
2
3
4
)
01 [
02 7
03 8
ou g
05 10
05 11
06 12
06 13
07 1
08
09 15
10 16

TABLE A-2

FLIGHTS AND PROFILES

DATE

06/03/81

06/10/81

08/07/81

08/10/81

08/12/81

09/05/81

09/07/81
09/09/81
09/10/81
09/12/81
0g9/12/81
09/15/81

09/15/81

09/16/81

09/18/81

09/19/81
09/20/81

CONDITIONS

Uy. S. S. ACANIA
EQUIPMENT TEST

U. S. S. ACANIA
EQUIPMENT TEST

U. S. S. ACANIA DUCT
TEST

U. S. S. ACANIA DUCT
TEST

U. S. S. ACANTIA DUCT
TEST

AIRCRAFT EQUIPMENT
TEST

AIRCRAFT DUCT TEST
AIRCRAFT DUCT TEST
AIRCRAFT DUCT TEST
AIRCRAFT MANEUVER TEST
AIRCRAFT DUCT TEST
AIRCRAFT DUCT TEST

LADDER SOUNDINGS AT 10
NM.

LADDER SOUNDINGS AT 40
NM.

MONTEREY AREA
SOUNDINGS

ATRCRAFT DUCT TEST
AIRCRAFT DUCT TEST

62

e e = o




TABLE A-3

POWER CONVERSION COEFFICIENTS

LIMITS NO.

-3.0>V>» =7.5

-6

OWWNOO!nmEFWwNR

[

-2.0 > V>-3.0

w N
o

-1.4 > V>-2.0 -5

~123

F LW

63

0.
0.
-0.
0.
-0.
-0.
~-0.
.14638130000
-22.
=124,

-u8.
.73800000000
-198.

COEFFICIENT

00000000001
00000000016
00000002814
00000020084
00036753636
02466755120
85602769000

ou580u440000
07521176000

.19999950000
.999389900000
-100.

10000000000

.84600000000

17200000000
85900000000
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FLIGHT RUN

3 8
4 38
) 12
3 15
10 16

TABLE A-u

DUCT TOPS AND BOTTOMS

MONTEREY DATA

RANGE
(NM)

8
30
56
67
92

102
130
155

5
38
50

148

30
40
71
83
113
123
137

10
50

53
129
150

TOP
M

5086
473
546
525
588
582
650
711

S34
461
520
673

547
541
S48
660
652
637
709
779

310
guz2

238
565
682
562
590

B4

BOTTOM
M

180
120
200
313
399
437
ug87
497

260
262
262
495

240
253
400
226
u5
568
537
451

132
u72

331
559
426
400




TABLE A-5

DUCT TOPS AND BOTTOMS
GUADALUPE ISLAND DATA

RANGE TOP BOTTOM
(NM) (M) (M)
40 303 121
70 303 121
90 303 181 ,
140 303 212
TABLE A-6 !

DUCT TOPS AND BOTTOMS
ROPETRICK II DATA

RANGE TOP BOTTOM
(NM) (M) on
|
11 1636 1090 5
28 1575 1060 !
41 1575 1030
Su 1393 969
65 145y 1030 |
97 1393 1000 ,
132 1515 1000 i
167 1363 878 :
I
t
|
|
i
!
i
65
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Figure B-3. Run 8 (a) M profiles (b) Height gain cur.=s
Dashed line is free space power. Dot/dashed line connects
point measurements of duct top and duct bottom.




-3 .

\
\ RLN NC. a
i —as . A 185 FY
~
Y ~
\¥4 H S -
| -~
. -7s i \\_ =~ - -
$ O\ T~ -a
¢ : .\
- —=a8s \
o 4
! \f \ /\
v ' i .
- P . 1oy ;
Sl IV AN
> i
- ! \/ “ f\
o .
U=1@s !
4 I
14
-113
] ] 8 ] S 3 a ] 3
R < 4] o] 3 RY < )
RANSE oM - -
(a)
TSS o
N ; N\ RUN NG. a8
Eo_ ; ~ 123 =T =zzLaw
1 78S ; S s SEMPESRATURE
ki ] = INVERSICN
N \/ =~ -
477 : VA v
< \ ~ N
z : <
3 .
N ~as |
i ,
X .
Y O —=S L
S :
~ ;
d :
L2 .
o '
¥ z
-115
] b ! 3 S s o b 3
N < J 3 S N A 4 3
RANGE <M - -
(b)

Figure B-4. Run 8 (a) 130 ft

. Aircraft altitude

(b) Aircraft 100 ft. below temperature inversion
Dashed line is free space power.

69

R



-
[ ]
T

HEIGHT  (Kad

i

9 9 ) | 9 L]
[} [ ] L\
RANGE <¢NM> - ad bad

[-]
=
-2

180

(a)

HEIOHT 00
Lo.>=T

]
]
]
'
..... -4
t
]
t
1gge
[ ] L1 1 §
2 [ ] [ ] ]
H v ° H : H : :
RANGE NN - - -
(b)

Figure B-5. Run 9 (a) M profiles (b) Height gain curves
Dashed line is free space power. Dashed/dot line connects
point measurements of duct top and duct bottom.

70




Caltam?

-7%

-83

1 GINAL

3]

RELCUEIVER

11

-8s

Ccltamd

-7

LGUNAL.

LXY

-8

IVl

~a2S

RECL

U
0"
»
1]

i N RUN NS ]
i
: N 1S3 FT
- ~
N Y
t Y
; - _
i ~— _
; ~ -
i
+
i
J \
; &u\ Ao
: Rt AR W
i
i
i
g g 3 & o < 2 S
& < ] 3 8 Y - o}
- - -~ -
RANSE  <NMDd
(a)
i
; \ RUN NG, s
i \\ 1@@ =T Ss.cw
/ - TEMPERATURE
l INVERSISN
-
v ~
' \\\
[ \ Tt~
! ‘—\_
! .
: i\
\
i v\
; \
; v \
+
t
] a 2 S g a o] 3
N < - M 3 A < <
rRAaNCE <¢Sm> 7 - -
(b)

Figure B-6. Run 9 (a) Aircraft altitude 150 ft.
(b) Aircraft 100 ft. below temperature inversion
Dashed line is free space power.

71

e e e Ot et



ae "§
r

-
[ ]

e ]
RANGE  cNM> o

1ae
1a@
£y 1}

(a)

Figure B-7. Run 11 (a) M profiles

72

EEEEE————— T ]



-5

oA
i N RUN NC. 13
a : ~ .2z ET
P -as | ~ -
- | ~
v ~
v | ™~ -
: =~
, =7S + =~
< , N - -
z \ - -
o} \I\
-85 | !
2 M ’\'
A
b4 \
o —SS | t
> i v\\/_‘ ‘/“/\ B
- f \/ \\/\\/\ |
o :
U~125 .
@
b4
| -
-115
e S s S ol = s 2 ot
N < a h] s Y < J
Ll - ~ -
RANGE CNMO
(a)
-ss
[N
~ A RWN  NC. 1
I _as | h 1Z3 FT IELSW
- TEMPERATIRE
3 - INVERSISN
v ~ -

1
L —7s i = S~
< i "\‘~
3 { \ T T -
-5s | '
@ » /A:\ -
l ‘
S 8s ; Nﬂ\l/
> i Nm —~ LY,
y f "W
U=-i1a28 .
g
4 |
i
-1:.8
& s s s 3 2 § s
kY < iy 2 8 N < g
* RANGE <<Nm> T - -

Figure B-8. Run 11 (a) Aircraft altitude 130 ft.
(b) Aircraft 100 ft. below temperature inversion.
Dashed line is free space power.

73




2.8
L
it
‘ t. 00~
-
3 L
2
g |
L | i
20M
e.8l bl i
] ] ] 9 ] ] ] ] 9
o . 9 -] 9 ] . 0
MANGR <NMY> ol Al - -
(a)
1.
] (] ) (] (] [}
| 1 t 1 ) \
1 i i Joo
t ) . " > cepet T |
t [ § i )
} - b~ ¢ ! ’
H ] ) 1 1 \
2 ! | 1 v L7
? ' o L 1 1, ] ]
! TS, ' - -1 ' '
s 1 ~ | . ' ' 1
* 1 i Ll | ) 1
' 1 1 ' ' 1
) 1 1 ) 1 i
' Qdb ' ' ' 1
. O T T | ! L f
s [ [} [ '3 [ 9
. . [ H 8 [ H [
MANTCE <NM> - - - -

(b)
Figure B-9. Run 13 (a) M profiles (b) Height gain curves

Dashed line is free space power. Dashed/dot line connects
point measurements of duct top and duct bottom.

T4




-=s .
: \ \
A - N\ RN NC. 12
: ) ~ . ot -
j -85 : ~ 233 FY
3 ! S
v v H ~
-
=~ -
J -7s . - - -
< i \ - -
> . \ e —_
g i \ =
- —8s .
" i
2o VANMVA'
v s ‘.
i ~SSs L Ve ./ \f\/\
u (oA
> i i ‘\1’ \ ¢ \
-t \ ¥ N
1y J
C=212s |
o {
14
-115
b] 3 2 3 S 2 Q o] o]
\Y < h} i) S i A o}
RANGE <My - “
(a)
—_—=
HEAN
n : \ RuN NS, 12
M 1
£ ; N - .
: -as ! ~ :Eepf‘r SE-CwW
2 ; - TED ERATURE
S : ~ INVERSION
v i .
-
s ~~
, == | -
- } - bl —-—
g , ! \ A =~ - —
g a8s i' ‘! ! /
- - - ! /
a : ' \N\ /V )
v ' 4
7 —~ss . b
> ; ||
: !
" : v
C—i13=
5 .
¥ '
]
—-118 ,
3 ] Q S s s o] g 9
N 1 Z 2 5] N < g
RANGE Nm> - -

Figure B-10.
(b) Aircraft

(b)

Run 12 (a) Aircraft altitude 130 ft.
100 ft. below temperature inversion.

Dashed line is free space power.

75




| _

HEICHT  (Kad

[}
] 9
RANGE  CNM> -

(a)

Figure B-11. Run 15 (a) M profiles

76

148




0 I
|
. i
0+
Zh !
FAR | !
)@ !
X \
f
/ A
‘ %
/ —
!
/
/
/ -
/ \
/
7 \\\
- \\
- - — b - [ S
1] 0 1] ] n
1] N 1] ] 0]
| ! | 1 "
WPy TIVNDIS MAAL ,....n_u.u._v_

-11:5

[CI& R

avt

3

RANGE

[ 228 ]

My

mer

(a)

RUN NO.
s2a3a &7

w " " 0

cuap)

e - e

"
8
.

IVNDILIS MAATLTIANDNARM

1]
o
M
!

a9t

avet

(213 ]

(%]

(b)

Figure B-12. Run 15 (a) Aircraft altitude 130 ft.
(b) Aircraft altitude 6000 ft.
Dashed line is free space power.

77




b — - -

i P
] 9
H : H : : x v a
RAMGE cNMY - - - -
(a)
.
] )
1 [}
/f i
3 3 &
s = ' 4 !
4 ]
¥ . X
| f
] ]
] [
] 1
! }
10db ]
e 4 o | ]
y : ¢ : : : 1 e :
MANGE <M - - - -

(b)

Figure B-13. Run 16 (a) M profiles (b) Height gain curves
Dashed line is free space power.
X indicates duct top and bottom.

78




-85
MUY
A ;\ N RUN NG. 18
é -as L\ \\ 1S3 FT
] ! \ .
v | ~
1 \ =~ —
| =78 =~ - -
< i - —-
d i e - o
E 1
-~ —as !
@

-as i \A

U=1@S

:
f

e g e

-11S
8 B} [ 9 = ol 9] 3
N ¢ J bl 3 N < 3
RANGE  TM> - -
(a)
-5
a \ RUN NOQ. 18
P _am N 108 BELOW
3 S o TEMPERATURE
1 vrv ~ o INVERS ION
v ~~~a.
J-7" ~~s‘~
7 Sm———
O —as |
']
14
§ -es M
>
- N \VARE
'}
=10
'}
X
-118 [
8 8 ] 8 Q Q -} 8
N < 4] © ] N < 0
mRANGE <Om> 7 .~ "

(B
Figure B-14. Run 16 (a) Aircraft altitude 130 ft.

(b) Aircraft 100 ft. below temperature inversion.
Dashed line is free space power.

79




[ER.

1008

R LONT CMD

-338
-8

(a)

:-.r

MEIOMT G

=330
-
£4
-8

(b)

1908 .

MELOHT Smd

-4

(c) . NESRIVE S18MAL tmmd |

Figure B-15. Run 8 height gain curves. Power sum.

Dotted line is mode theory using 67 nm. M profile.

(a) 30 nm. (b) 56 am. (¢) 67 nm.

80




kY |
3
5 L]
3 pucT
H
-
? s :
(a) TvE @f
1008 ~e
H i
§ ]
J
; '
M I
i . | oucT
f i :
-~ !
E |
° !
1
1
- i
4 »
T ! ' !
(b) MEORIVE ©30MAL Calomd
1000
.
H |
; |
» 3‘. i DUcCT
é [} :'.
] 3 !
. t
3 |
° |
]
|
. |
.l. » | ] s
: ? i H
(c) ABHBIVE ©®LONAL tatond

Figure B-16. Run 8 height gain curves. Power sum.
Dotted line is mode theory using 67 nm. M profile
(a) 93 nm. (b) 102 nm. (c) 131 nm.

81




1008
o
P |
. i J .
i H i |
§ e S
8 f oucr
H H !
_", |
H ]
3 | |
{ \
1 !
- i [
. ] .
7 ! 3 :
ACCRIVE B3I 0NAL tatemd
{
(a) f
|
1008
H ]
F : |
M 3 T oucr
5 sos -
§ !
i 1
i |
¢ i
]
!
[ ] { ;|
] ! ; }

‘ )
ARSRIVE @IONAL (ditnnd )

(b)

Figure B~-17. Run 8 height gain curves. Power sum.
Dotted line is mode theory using 13 nm. M profile.

(a) 102 nm. (b) 131 nm. i

|

i

82




i
1908 i
! !
g . |
i wee 3 ) pucT [
- '..‘ I v
1 ! |
-, i |
. ; 3
!
t
. |
: : H H
“- 1 1) []
AEERIVE GIGNAL Cdom?
(a)
T roew :
L
K; " t
. .-'. [ !
: |
1 3 ' '
N J ] \
[l SN 1 oucr .
[ =zl I !
! -~'-'-.‘-333‘.., | i
~<2Ti. ' l
) I ; '
I
‘ !
. ! i
: f : :
-'v ! 1 t

ARCTIVE §5BNAL (awmd i

(b)

Figure B-18. Run 8. 102 nm. height gain curves.
Dotted line is mode theory. Vector sum.
(a) 67 nm. M profile. (b) 10 nm. M profile.

83

|
!
!




1000

i .-".
x
i pucT
1 ]
-
] [ ] 14
: ? ; }
ARSEIVE B LOMNAL Cattnmd
(a)
1000
1 :
'
Y t
: \ |
- i oucT
¥ : |
! IS |
..= l
* |
|
)
- 1
! [ ] [ ] [ ]
: ' v ¢

AECEIVE SI0NAL tanmmp

(b)

Figure B-19. Run 8 height gain curves. Dotted line is
mode theory using 67 nm. M profile. Vector sum.
(a) 91 nm. (b) 130 nm.

8L




10.

11.

12.

13.

LIST OF REFERENCES

Naval Postgraduate School Report NPS-61-80-017, Naval
Postgraduate School Shipboard and Aircraft

Meteorological Equipment, by G. E. Schacher, et.
al., 1980.

Naval Electronics Systems Command Report
0967-LP-544-5010, Radio set AN/GRC~171. Operations
Service and Circuit Diagrams, 1 March 1375.

Transco Products Inc., Microwave Antennas Catalogue 80,
Description, AN/AT 878%A, March 1981.

Bureau of Naval Ships Publication 91906, Instruction
Book for Radio Receiving Set AN/URR-3TE.

American Radio Relay League Publication No. 15, Antenna

Handbook, 1970, p. 43,

Bean, B. R. and Dutton, E. J., Radio Meteorology,
National Bureau of Standards Monograph 92, 1966.

Kerr, D. E., Propagation of Short Radio Waves,
Mcgraw-Hill, N. Y., 1951,

Op. cit., Kerr, p. 6

Naval Ocean Systems Center Report TN 669, Revised FNWC
Radar Propagation Model, by C. P. Hattan, May 1379.

Barton, I. J., "The Importance of Tilted Layers in the
Tropospheric Ducting of Radio Waves Over the Timor
Sea," Radio Science, v. 8, no. 8, p. 727-732, 1973.

Budden, K. G., The Waveguide Mode Theory of Wave
Propagation, Logos, London, 1961.

Naval Ocean System Center Report TN 153 Application of
a Root Finding Method for Tropospheric Ducting
Produced by Trilinear Refractivity Profiles, by
C. L. Goodhart and R. A, Pappert, September 1977.

Pappert, R. A. and Goodhart, C.L., "Case Studies of
Beyond-the-Horizon Propagation in Tropospheric
Ducting Environments," Radio Science, v. 12,
Jan.-Feb., 1977.

85




Skillman. J. L. and Wood, D. R., "Experimental Study of
Elevated Ducts," Proceedingg of the Conference on
Atmospheric Refractive Effects Assessment, J. H.
Richter, ed., 1979.

15.
16.
17.
18.
19.
20.
21.
22.
23.

24,

Cp. cit., Skillman, p. 103
Op. cit., Skillman, p. 103
Op. cit., Pappert

Op. cit., Pappert, p. 12
Op. cit., Budden, p. 107
Op. cit., Pappert, p. 786
Op. cit., Hattan

Op. cit., Hattan p. 23

Op. cit., Barton

Electromagnetic Compatibility Analysis Center Report
ESD-TR~81-102, A Model to Calculate EM Fields in
Tropospheric Duct Environments at Frequencies

through SHI'. by S. Marcus and W. D. Stuart,

September, 1981.

86




e il a0

INITIAL DISTRIBUTICN LIST

Defense Documentation Center
Cameron Station
Alexandria, Virginia 22314

Library, Code 0142
Naval Postgraduate School
Monterey, California 93940

Dean of Research, Code 012
Naval Postgraduate School
Monterey, California 939u0

Professor G. E. Schacher, Code 61lsq
Naval Postgraduate School
Monterey, California 93340

Professor J. B. Knorr, Code 62 Ko
Naval Postgraduate School
Monterey, California 93940

Professor K. L. Davidson, Code 63Ds
Naval Postgraduate School
Monterey, California 93340

Ledr. J. C. Boudreaux
6815 Lazy Clouds Point
San Diego, California 92120

Mr. Herb Hitney, Code 532
Naval Ocean System Center
San Diego, California 93340

Professor J. Dyer, Code 61Dy

Naval Postgraduate School
Monterey, California 93940

87

No.

Copies






