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1 bstract

¥he U.S. Department of Transportation (DOT) program for air traffic control (ATC) experimentation
ard evaluation with the ATS-6 satellite was part of the lntegrated ATS-6 L-Band Experiment. This over-
all experiment was coordinated by the NASA/Goddard Space Flight Center and was international in
scope, invelving several participants. All tests were performed between September 1974 and April 1975.
The U.S. DOT aeronautical program consisted of both ATC communications demonstration and tech-
nology tests. Tests were in support of the aeronautical satellite (AEROSAT) program to collect satellite-
aircraft signal propagation data, evaluate L-band avionics hardware designs, and perform preliminary
satellite voice and data communications demonstration tests. All tests were conducted between the
FAA KC-135 aircraft and the NASA-Rosman ground station via the geostationary ATS-6 satellite.
This report presents data on the U.S. aeronautical technology tests.

The technology tests were composed of multipath channel characterization tests; modem tests of
voice, data and ranging; and aircraft antenna tests. Multipath results include delay-Doppler scatter func-
tion characteristics and calculations of spectra, spreads, and autocorrelations for both over-ocean and
CONUS multipath. Comparisons of sample results with mode! prediction are given. Voice moderu intel-
ligibility scores, digital data bit-error rates and ranging modem performance are presented parametrically
as functions of C/Ng and S/1. Experimentally derived gain amd multipath rejection performance data are
given for the slot-dipole, phased-array and patch antennas for various aircraft/satellite geometries.

The report consists of seven volumes: | - Executive Summary; Il - Demonstration of Satellite
Supported Communications and Surveillance for Oceanic Air Traffic Control; Il - Summary of U.S.
Aeronautical Technology Test Program; IV - Data Reductions and Analysis Software;V — Multipath
Channel Characterization Test; VI -~ Modem Evaluation Test: VII - Aircraft Antenna Evaluation Test.
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PREFACE

The U.S. Department of Transportation (DOT) aeronautical test program entitled “Air Traffic
Control Experimentation and Evaluation With the NASA ATS-6 Satellite™ was part of the Integrated
ATS-6 L-Band Experiment. The overall ATS-6 L-band experiment was coordinated by the NASA/
Goddard Space Flight Center and was international in scope. The following agencies were participants
in the experiment:

NASA/Goddard Space Flight Center (GSFC)

DOT/Federal Aviation Administration (FAA)

DOT/Transportation Systems Center (TSC)

DOT/U.S. Coast Guard (USCG)

DOC/Maritime Administration (MarAd)

European Space Agency (ESA)

Canadian Ministry of Transport and Department of Communications.

Each participant performed tests in one or more of three categories: aeronautical, maritime
safety, and maritime fleet operations. All tests were conducted in accordance with an overall inte-
grated test plan coordinated by NASA/GSFC.

The U.S. DOT aeronautical test program was under the direction and sponsorship of the

Federal Aviation Administration, Systems Research and Development Service (SRDS), Satellite
Branch, with the DOT/TSC conducting the technology tests and the FAA/NAFEC conducting the
ATC demonstration tests. The technology tests included multipath channel characterization, modem
evaluation, and aircraft antenna evaluation. Results of these tests are presented in volumes III
through VII, and the results of the ATC demonstration tests are presented in volume II. The DOT/
TSC test program was supported by the Boeing Commercial Airplane Company under contract
DOT-TSC-707. [ Acoe-




The DOT/TSC program was under the management of Mr. J. M. Gutwein, Chief, Telecom-
munications Systems Branch. Mr. R. G. Bland was the project engineer and technical monitor for
contract DOT-TSC-707. Other key DOT/TSC personnel were:

R. Buck: Systems Engineering, Multipath Test
P.D. Engels: Investigator and Test Concept, Modem Evaluation Test
L.A. Frasco: Investigator and Test Concept, Multipath Test

1.S. Golab: Monitor, Voice and Data Modem Evaluation
L. Klein: Investigator and Test Concept, Aircraft Antenna Test
P. Mauro: Electronics Design, TSC Digital Ranging Modem.

For the Boeing Commercial Airplane Company, the program manager was R.W. Sutton.
Mr. E.H. Schroeder was the technical leader and was program manager for the latter portions. Key
contributors to the work reported were:

C.J. Kuo:

M.J. Mardesich:
N.D. Molloy:
C.V. Paulson:
I.R. Reese:

P.F. Rieder:
A.D. Thompson:

S.G. Wilson:

Systems Engineering. Electronics Design, Test Conduct, Antenna Data
Analysis

Data Reduction Software Implementation, Computing

Test Conduct, Test Planning

Analysis, Modem and Antenna Tests

Systems Engineering, Electronic Design, Test Conduct

Data Analysis Software Implementation, Computing

Multipath Test Configuration, Software System Design, Multipath Data
Analysis

Modem and Antenna Test Configuration, Software System Design, Modem
Data Analysis.
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Among the Boeing Commercial Airplane Company major subcontractors, Mr. P. Milner of Epsco
Labs provided the intelligibility scores for the voice modems, and Messrs. P. Alexander, L. Pickering,
and R. Pinto of CNR, Inc.. contributed to the multipath data analysis presented in sections 4.21 and
appendix B of volume IV: sections 5.4.6, 5.5, 6.5, and appendix C of volume V: and section 7 of volume
VL.

The KC-135 flight operaticns were managed by Mr. Francis W. Jefferson of DOT/FAA. Mr.
Jefferson also arranged for auxiliary support services at the FAA/National Aviation Facilities Experi-
mental Center, Atlantic City, New Jersey. The ATS-6 satellite services and supporting operations at
the NASA/Rosman ground station were furnished by NASA. These activities were managed and co-
ordinated by Dr. A.F. Ghais and Mr. 1.Y. Galicinao.
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1. INTRODUCTION

Geosynchronous satellite relays have been widely studied and recommended as a means of pro-
viding communications, surveillance, and navigation services for aeronautical and maritime applications.
Satellite-based techniques are particularly attractive for remote regions of the travel lanes, such as
oceanic areas, where communications become tenuous due to the great distances from ground stations.
The U.S. Department of Transportation is engaged in a long-term program for the use of satellites to
provide air traffic control (ATC) services. The ATS-6 L-band test program was conducted as part of
this long-term effort and in support of the AEROSAT program.

The U.S. DOT air traffic control experimentation and evaluation tests are part of the Integrated
ATS-6 L-Band Experiment (ref. 1-1). Tests were subdivided into two main groups: ATC demonstra-
tion tests (described in.vol. II) and aeronautical technology tests (described in vols. I1I through VII).

Technology tests included multipath channel characteristics; evaluation of voice, digital data
and ranging modems: and evaluation of various aircraft L-band antennas. Following a 2-month system
definition phase, design of the airborne and ground terminal test instrumentation was initiated in
January 1974. Terminal installation and checkout were completed in September 1974. Approximately
135 hours of flight test data was acquired in support of the aeronautical technology tests over a 7-
month period starting September 1974 and ending April 1975. Results provide data for the evaluation
of advanced system concepts and hardware applicable to the design of future satellite-based ATC
systems.
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2. SUMMARY OF RESULTS AND CONCLUSIONS

o MULTIPATH CHANNEL CHARACTERIZATION

Mobile communication systems such as those used by aircraft are subject to multipath inter-
ference due to signal reflections trom the carth’s surface. The degree of system performance degrada-
tion caused by such multipath depends on many factors. including (1) electromagnetic and roughness
parameters of the scattering surtace: (2) relative geometry of the aircraft. satellite. and scattering sur-
face: (3) aircraft antenna pattern and signal polarization: and (4) type of message and modulation sig-
nal design. The overall test objective was to characterize the multipath sufficiently to provide the
technical basis for design of both the signal structure and the hardware for acronautical satellite com-

munication applications.

A test signal for probing the multipath channel was tormed by PSK modulation of three
pseudo-noise (PN) codes on separate but frequency-coherent L-band carriers. The three PN codes had
different code delays but were otherwise identical. Typically. chip rates of S or 10 MHz were em-
ployed. The test signals were transmitted from the KC-135 using selected aircraft antennas and signal
polarizations. After relay by ATS-0. the signals received at the ground station were processed by the
satellite aeronautical channel prober (SACP) hardware and were recorded for off-line computer analy-
sis. Overocean multipath data was acquired for satellite elevation angles between 3€ and 32°. Over-
land multipath tests were conducted for various terrain types for both summer and winter conditions.

2.1.1  Oceanic Multipath Test Results

A major portion of the oceanic multipath analysis effort was directed toward verification of an
appropriate scatter model that could extend the experimental results to the prediction of performance
for future acronautical satellite systems. Toward this end a vector formulation of the physical optics
very-rough-surface scatter model has been used to correlate theory with experiment. In applying the
model. the scatter cross section. coupled with the complex polarization transmission coefficients. was
numerically integrated over the total effective multipath surface. Model predictions were generated
for a variety of surtace rms slope conditions and were shown to closely emulate the measured multi-
path channel characteristics. These predictions and the corresponding comparisons were conducted it
the level of the delay-Doppler scatter function and its associated lower order integral and Fourier

parameters.

With respect to investigations pertaining to the complex Gaussian wide-sense stationary uncorrelated
scattering (WSSUS) properties ot the oceanic multipath process. we have, after rather extensive testing.
statistical bases for support of both the complex Gaussian statistics hypothesis and the assumption that
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the scatterers are uncorrelated. Also, the channel’s wide-sense stationary characteristics were examined
over a relatively short timespan and appeared to exhibit time-invariant statistical properties. Thus, one
may confidently represent the oceanic channel as a complex Gaussian WSSUS scatter process. Under
these conditions. the S(7.w) function completely describes all statistical attributes of the channel.

Specific additional results obtained for the overocean multipath channel include the following:

d.

The delay-Doppler scatter function exhibited pronounced dependencies upon grazing
angle, aircraft heading (relative to satellite direction), and rms sea surface slope.

The total energy content of the scattered multipath signal was calculated as a function of
signal polarization and grazing angle. The scatter coefficients for horizontally and verti-
cally polarized signals were found to be within | or 2 dB of theoretical prediction and,
except for the low-angle vertically polarized case. were approximately equivalent to the
product of divergence factor and smooth-earth Fresnel reflection coefticient. The low-
angle vertical polarization results also agreed well with theory when the roughness charac-
teristics of the sea surface were taken into account.

The oceanic multipath channel spread parameters were determined as a function of graz-
ing angle. The 3- and 10-dB delay spreads were typically 0.8 and 3.2 usec and showed no
appreciable dependence on grazing angle. The measured coherence bandwidth ranged
from 70 to 380 kHz (typically 200 kHz) and did not exhibit a strong grazing angle rela-
tionship. Typically, the 3-dB channel decorrelation times were 7 to 10 msec at grazing
angles of 8° and 2 to 3 msec at 30°. Doppler spreads were strongly dependent on both
grazing angle and aircraft heading. At a grazing angle of 10°, the 3-dB Doppler spreads
were typically 10 Hz for in-plane flight (toward the satellite) and 50 Hz for cross-plane
flight. At higher grazing angles (~30°), the aircraft heading no longer influenced Doppler
spreads appreciably and 3-dB values of 140 Hz were typical for in-plane flight. The
corresponding value for cross-plane flight was only about 30 percent larger. Experi-
mentally measured data agreed well with theoretical prediction. Measured values of
selected oceanic multipath parameters are summarized in table 2-1.

The degree of correlation between the simultancous horizontal and vertical polarization
probes was investigated by (1) determining the amplitude of the correlation coetficient

between the two signals and (2) examining the phase of their complex cross-power spectra.

In both cases, results are in accord with vector scatter theory and indicate that the ortho-
gonal polarization multipath processes are highly correlated, with the Fresnel reflection
coefficients providing the appropriate phase relationship between the scattered vertical
and horizontal probes.

Data acquired with left- and right-hand circular polarization (CP) probes possessed attri-
butes similar to those of linear polarization probes. The total received scattered energy
corresponding to the right- and left-hand C'P probes illustrated the phenomenon of sea-
surface-induced circular polarization sense reversal.
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| TABLE 2-1. SUMMARY OF SELECTED OCEANIC MULTIPATH
E PARAMETER MEASURED VALUES
|
| Typical value at grazing
Parameter Notes Measured range = angle specmed —_—
F 8 15 30
RMS scatter coefficient (horizontal polarization) b -5.5t0-0.5dB -2.5dB -1.0dB -1.0dB
RMS scatter coefficient (vertical polarization) a -156.0t0 -2.5dB -140dB | 9.0dB 3.5 dB
Delay spread b
3-dB value 0.25to 1.8 usec| 0.6 wsec| 0.8 usec| 0.8 usec
10-dB value 2.2t0 5.6 usec 28 usec| 3.2 usec| 3.2 usec
Coherence bandwidth (3-dB value) b 70 to 380 kHz 160 kHz | 200 kHz| 200 kHz
Doppler spread (in-plane geometry} G
k| 3-dB value 4 to 190 Hz 5Hz 70 Hz 140 Hz
) 10-dB value 13 to 350 Hz 44 Hz 180 Hz 350 Hz
Doppler spread (cross-plane geometry) (5
3-dB value 79 to 240 Hz 79 Hz* 110 Hz 190 Hz
§ 10-dB value 180 to 560 Hz 180 Hz* 280 Hz 470 Hz
i Decorrelation time (3-dB value) d 1.3 to 10 msec 7.5msec| 3.2msec | 2.2 msec
a Strong dependence on grazing angle, especially near Brewster angle. *At10° grazing angle

No strong grazing-angle dependence.
€ Strong grazing-angle dependence.
Strong inverse dependence on grazing angle.

2.1.2 CONUS Multipath Test Results

One of the most obvious characteristics of the overland CONUS scatter data is its high degree
of signal structure nonstationarity. This was readily confirmed through a visual observation of several
delay-spectra time history segments. Similarly, the signature of the channel’s delay-Doppler scatter
function varies markedly with specular-point location and was used to isolate periods of very low
spreading. modest spreading, biased positional scatter, large irregular Doppler spectra return, and mixed
scatter process return. These data were used to provide a delineation of the salient features associated
with terrain types falling under the categories of heavy vegetation cover, barren (desert), coastal har-
bors, large cities. large lakes. and snow-covered plains and mountains.

A summary of the observed range and typical values of selected CONUS multipath channel
parameters is given in table 2-2. When traversing lakes or other bodies of water. the scatter closely
resembled oceanic multipath scatter. Results for other CONUS overland terrains (when compared
with the oceanic multipath results) typically exhibited somewhat lower rms scatter coefficients, lower
delay spreads. and slightly larger coherence bandwidths. Any systematic grazing angle, heading, or
polarization dependencies that might exist appeared to be masked out by the nonstationarity of the

received reflected signal.




TABLE 2-2. SUMMARY OF MEASURED CONUS MULTIPATH PARAMETERS

Parameter Measured range :\;?Jzala
RMS scatter coefficient (horizontal polarization) -18 to +2 dB -9.dB
RMS scatter coefficient (vertical polarization) -21to -3dB -13dB
Delay spread (3-dB) 0.1 to 1.2 usec 0.3 usec
Delay spread (10-dB) 0.2 to 3.0 usec 1.2 usec
Coherence bandwidth (3-dB) 150 kHz to 3.0 MHz 600 kHz
Doppler spread (3-dB) 20 to 140 Hz 60 Hz
Doppler spread (10-dB) 40 to 500 Hz 200 Hz
Decorrelation time (3-dB) 1 to 10 msec 4 msec

4 Grazing angle dependencies (if any) mashed by nonstationarity properties.

2.1.3  Multipath Test Conclusions

Multipath scatter data tor the L-band aeronautical channel was acquired and analyzed for a

! comprehensive set of overocean and overland test conditions. Analyzed test results provide essential
data needed for definition of aircratt antenna multipath rejection characteristics and communication
signal structure design. and for prediction of communication system performance in the multipath
environment. The physical optics vector scatter model predictions of oceanic multipath channel char-
acteristics agreed closely with the experimental data. This model provides a useful tool for extension
and application of the experimental results to the detailed analysis and design of tuture oceanic L-band
satellite-based ATC systems.

The CONUS multipath test provides an extensive data base relative to the overlend forward-
scatter multipath channel. The data base turnishes valuable information on scatter signatures associ-
1 ated with a variety of terrain features such as electrical characteristics. macroscopic roughness (plains,

! mountains. ete. ). and vegetation coverage.

Zoe MODEM EVALUATION TEST :
Various modulation and demodulation techniques are being considered tor the transmission of ;
voice. digital data. and ranging 'surveillance signals to and from aircratt via satellites. The performance ¥

of several voice. digital data, and ranging modems representing candidate approaches for this applica-
tion were evaluated. Flizht tests were conducted in the overocean multipath environment at various
locations over the North Atlantic. The data acquired included 37 hours of voice modem intelligibility

tests. 34 hours of digital data modem performance, and 11 hours of ranging accuracy tests.
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Tests were divided into two general types:

Tvpe | Tests: Type | tests determined modem performance over a range of tlight geom-
etries and carrier-to-noise power density ratio (C/N) using candidate operational slot-
dipole antennas. Several different headings relative to the satellite were used and elevation
angles ranged between 10° and 30°. The test range of C/N, was 39 to 48 dB-Hz tor
voice modems and 37 to 45 dB-Hz for digital data and ranging modems.

Tvpe Il Tests: Type Il tests evaluated modem performance parametrically in terms of
("N0 and S/I over a wide range of the two parameters for the overocean multipath
environment. Tests spanned C/Nj values between 38 and 52 dB-Hz in combination
with S/I values ranging from heavy multipath tading (S/I = 3 dB) to essentially nonfading
conditions (S/I > 20 dB).

221 Voice Modem Test Results

F. ! Four distinct voice modulation techniques were tested: (1) adaptive narrowband frequency
E | modulation (ANBEM). (2) Hybrid No. [ (Q-M/PSKJ. (3) Hybrid No. 2 (PDM/PSK), and (4) adaptive
i delta voice modulation (ADVM). Performance was measured primarily by the word intelligibility

scores achicved when using lists of phonetically balanced (PB) words.

|
|
|

I'he major tindings of the voice tests include the following:

a. Over the C/N range of 40 to 48 dB-Hz, the relative ranking of the four modems was
Hybrid No. 1., ADVM. Hybrid No. 2. and ANBFM. All modems except ANBEM achieved

in excess of 7077 PB word intelligibility at 43 dB-Hz. with the Hybrid No. 1 achieving in ;
excess of 7077 word intelligibility at 40 dB-Hz. |
g ]
b.  No detectable degradation in intelligibility due to multipath was observed for any of the
modems tor S/1 as poor as 3 dB.
1
|

c. In the combined voice and data mode. both hybrid modems required roughly 3 dB addi-

tional C/NJ to achieve PB word intelligibility equivalent to that of the voice-only mode.

d.  For the mited speaker population tested, the two male speakers were consistently tound

to be more intelligible than the two female speakers. This is probably due to audio band-

limiting ettects.

e. T'he relationship between the speech communication index meter (SCIM) score and word
intelhigibility was tound to be modem dependent. Thus, SCIM evaluations do not appear
to offer a universal modem pertormance evaluation techmque. As a mmimum, the rela-

tion between the SCIM score and psychometric scores must be calibrated for cach modem
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2.2.2  Digital Data Modem Test Results

Digital data modem tests evaluated the bit-error-rate (BER) and error burst behavior of five
digital modems operating at 1200 bps on the L-band aeronautical channel. The modems included four
implementations of differentially encoded, coherently detected phase-shift keying (DECPSK) and one
implementation of ditferentially coherent phase-shift keying (DPSK). The four DECPSK modems are
designated Hybrid No. 1, Hybrid No. 2, FAA CPSK, and NASA DECPSK, while the DPSK modem is
referred to as FAA DPSK.

For Type I tests the modems exhibited inefficiencies that ranged trom 0.9 dB (Hybrid No. 1)
to 1.9 dB (NASA DECPSK) relative to theoretical performance on the additive white Gaussian noise
channel. All modems met the AEROSAT system specification of [ x 1075 error probability at C/N =
43 dB-Hz. There was no visible evidence of bit-error-rate performance degradation due to multipath,
thus indicating that S/I exceeded 15 dB when tested with the three-element slot-dipole antenna
system during the Type I tests. This observation is censistent with the S/I values measured for the
wing-root slot-dipole antennas during antenna evaluation tests.

Type Il tests evaluated modem error performance for various combinations of S/Tand C/N.
Experimental performance data was compared with theoretical predictions of performance ierived
from analytical models used in conjunction with the multipath channel parameters measured by the
multipath tests. The Type Il measured DPSK error rate performance was in close accord with theoret-
ical prediction whereas the performance of DECPSK modems was slightly poorer than modeled. Com-
paring the relative performance of DECPSK and DPSK revealed that for S/I larger than about 10 dB.
DECPSK outperforms DPSK slightly in error probability while for poorer S/I (less than 10 dB), DPSK
exhibits a slight superiority. In either case, the performance advantage was not dramatic, and no clear
preference for either DPSK or DECPSK was indicated by the data.

In contrast with voice modem results, the BER performance of all data modems degraded
severely whenever appreciable multipath interference was present. For instance, for DPSK and an S/I
of 10 dB, (‘JN0 must be increased from 43 dB-Hz to about 51 dB-Hz to maintain 1 x 103 error
probability. Since a channel power increase of 8 dB appears to be prohibitively large. error-control
coding or multipath-tolerant waveform design appears to be a necessary adjunct to existing modem
designs if S/I values as low as 10 dB are anticipated.

Error groupings were analyzed to determine the effective memory length of the error patterns.
When multipath interference was negligible, error patterns were correlated only over two bits. As
multipath interference increased, obvious error bunching occurred as a result of the multipath fading
T'he effective memory time of the error process was found to be 7 bits for S/1 = 6 dB and about 14
bits for S/1 = 2.5 dB.
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Testing in the hybrid voice/data mode for the two hybrid modems showed that the Hybrid No.
2 modem required an additional 3.5 dB C/No to maintain the same error rate as in the {ala-only
mode. The Hybrid No. | modem needed only an additional 1 dB at high error rates (107~) while
requiring an additional 4 dB at low error rates ( 107 ).

2.2.3 Ranging Modem Test Results

The performance of two distinct ranging modem techniques — TSC digital ranging and NASA
PLACE ranging - was evaluated on the L-band aeronautical satellite channel. Results of the TSC rang-
ing test showed that rms range error was typically 100 m at 43 dB-Hz carrier-to-noise density ratio in

the narrowband mode (19.53-kHz clock) and roughly 30 m in the wideband mode (156.25-kHz clock).
These errors are somewhat larger than laboratory-measured values, particularly for the wideband mode.

NASA ranging tests exhibited a typical rms error of 276 m for a forward-link C/N0 in the vicinity of
43 dB-Hz. This measure is in reasonable agreement with expectation, taking into account the maxi-
mum tone frequency of 8575 Hz for this system.

Both modems exhibited rather frequent occurrences of gross range errors due to incorrect reso-
lution of range ambiguity. These ambiguity errors were censored from the rms error calculations.

2.3 AIRCRAFT ANTENNA EVALUATION

The antenna evaluation test quantitatively evaluated the in-flight performance of candidate
aircraft antennas for aeronautical L-band satellite applications. The specific test objective was to
determine gain and S/I over a range of satellite elevation and relative bearing angles for the selectable
three-element slot-dipole system, phased-array, and patch antennas.

2.3.1  Three-Element (TOP/LWSD/RWSD) Slot-Dipole Antenna Results

This system consists of three flush-mounted slot-dipole antennas. one of which is manually
selected at a given time. The system was designed to provide a gain of at least 4 dB over at least 907
of the upper hemisphere while simultaneously achieving a predicted large multipath rejection ratio in
excess of 10 dB. Side coverage is provided by the left (LWSD) and right (RWSD) side antennas
mounted in the upper wing/body (wing-root) fairing areas on each side of the airplane at station 766.
High elevation angle and fore/aft coverage is provided by a third antenna (TOP) mounted near the top
centerline at station 80S.




At elevation angles above 20°, the experimentally measured antenna gain was in excess of 4 dB
for essentially all azimuthal angles except in the forward direction using the TOP antenna. In the for-
ward direction (+20° from the nose), the TOP antenna gain was 3.5 dB at an elevation angle of 20°.
The peak gain measured for the side-mounted antennas was approximately 10 dB. At the higher eleva-
tion angles. the experimentally measured gain frequently exceeded the gain values determined from
scale-model antenna range dota by about 2 dB. At efevation angles near 20°, experimentally measured
gains agreed well with antenna range measurements. At elevation angles below 209, the experimental
QN measurements were quite sensitive to aircraft motions affecting the aircraft/satellite geometry but
were in general agreement with range data. Although experimental scatter was observed in the meas-
ured gain data. there was no evidence of significant pattern holes or coverage deficiencies at any of the
geometries tested. The experimental data suggests that the slot dipoles may be somewhat more direc-
tional in the roll plane than indicated by the antenna range scale-model measurements but the experi-
mental data scatter and the relatively small amount of data available precludes drawing firm conclu-
sions on this point.

The experimental data showed conclusively that very good multipath rejection was achieved
by the three-clement slot-dipole antenna system at all geometries tested. The S/I was usually greater
than 20 dB. with occasional dips into the 15- to 20-dB range. and a few more severe drops in the vicinity
of the nose when using the top-mounted antenna. This performance is in general agreement with the
predicted S/1 values based on antenna range measurements as well as with results for Type | digital
data modem tests. where the bit-error-rate performance curves indicate that the S/I ratio exceeded
15 dB.

2.3.2  Phased-Array Antenna Results

This antenna is a receive-only low-profile 1-by-8 array microstrip antenna, attached to the outer
fuselage on the right side of the aircraft at station 420 to give broad lateral coverage. The antenna ele-
ments were arrayed vertically to provide a narrow beam in the roll plane. The beam could be electron-
ically steered in elevation in nine increments of about 10° each. The peak gain derived from full-
scale antenna range measurements is approximately 12.0 dB.

Data acquired trom both circular-path and straight-line flightpaths showed that the phased
array provided a peak gain of 11 to 12 dB approximately broadside. This result agrees well with the
peak gain derived fram antenna range measurements.

For a sateflite elevation angle of 40°. the measured 3-dB azimuthal beamwidth was approxi-
mately 100°, providing coverage between 50° and 1509 from the nose. For the small amount of data
available at the lower extreme of satellite elevation angle (109), the experimentally measured maximum
achievable gain was between 9.0 and 9.5 dB and the 3-dB azimuthal beamwidth was approximately
50°. At azimuthal angles beyond the 3-dB coverage points, the gain dropped rapidly to low or negative
values. No attempt was made to measure side-lobe levels experimentally.
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The antenna exhibited consistently good multipath rejection. with the measured S/I being in
excess ot 20 dB within the useful coverage region.

2.3.3 Patch Antenna Results

This antenna is a receive-only single-element low-profile microstrip antenna attached to the
outer fuselage near the top centerline at station 270. The mounting location was chosen to provide
additional coverage in the forward direction which. if required. could supplement the forward
coverage of any other side-mounted low-gain antennas that might be used.

Experimental results showed that the patch antenna had a peak gain of approximately 4 dB
forward over the nose at elevation angles above 15° and a minimum S/l of 13 dB. The gain gradually
decreased as the satellite bearing angle changed toward the broadside and aft directions or as the
satellite elevation angle reduced toward the horizon. Gain in the broadside and aft-of-broadside
directions is about 0 dB at an elevation angle of 16°, increasing to about 2.5 dB at 259,
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3. GENERAL DESCRIPTION OF TECHNOLOGY TESTS

The U.S. acronautical technology tests were conducted by DOT/TSC to provide data tor the
evaluation of advanced system concepts and hardware applicable to the design of future satellite-

based air trattic control systems.

3.1 TEST TYPES AND LINK CONFIGURATION
Three types ot aeronautical technology tests were conducted.

a.  Multipath Channel Characterization. Pseudo-noise (PN) code modulated signals were
transmitted trom the KC-135 using several different antennas and various polarizations.
After relay by ATS-6. the signals were received at Rosman, processed by the SACP equip-
ment. recorded. and later analvzed to obtain a characterization of the multipath channel.

b.  Modem Evaluation: Several voice. digital data. ranging, and hybrid voice/data modems
were tested using signals transmitted from Rosman through ATS-6 to the aircraft. Modem
demodulator outputs were recorded onboard the aircraft and analyzed to determine per-
formance tor various carrier-to-noise density (('JN()D and signal-to-multipath interference
(S 1) ratios.

¢ Antenna Evaluation: A c¢w signal radiated by Rosman through ATS-6 was received by the
various aircratt antennas under test. Data was recorded and analyzed to evaluate antenna
¢ain and multipath rejection as a function of geometry.

All tests were conducted between the FAA KC-135 airplane and the NASA/Rosman ground
station via the NASA geostationary ATS-6 satellite using the basic link configuration of figure 3-1.
With the exception of the position location and communication equipment (PLACE) ranging tests,
which performed round-trip ranging. all modem and antenna evaluation tests were performed with a
one-way forward-link contiguration. The forward-link contiguration was very efficient in the utiliza-
tion of ATS-6 satellite test time since it allowed several L-band experiment participants to conduct
tests simultaneously at their respective mobile (or tixed) L-band terminals. Return-link transmissions
trom the KC-135 were used as the primary mode tor multipath tests and for test coordination purposes
during other tests. A sea-state buoy turnished by the U S, Navy USL was deployed from the USCG
Cutter Gallatin to acquire sea-surtace data during the spring 19785 test series.

Except tor a tew of the initial tests ot the 1974 fall test series. the ATS-6 satellite transponder
was operated in the coherent mode. The torward-link reference carrier needed for coherent mode
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operation was normally transmitted from the NASA/Mojave ground station. This mode of operation
referenced the L-band forward-link frequencies to a highly stable ground-based standard, thus elimi-
nating any frequency uncertainty and drift associated with the satellite internal master oscillator.

3:2 KC-135 TERMINAL DESCRIPTION

A block diagram of the aircraft terminal showing the main signal flow paths is given in figure
3-2. Seven racks in the aft section housed most of the equipment for modem evaluation, antenna
evaluation, and system calibration. Equipment items for the multipath tests were contained in three
racks located forward. Rack numbers and drawer locations of equipment items are indicated. The
FAA data link terminal was not used during technology tests but is included to show major interfaces
with the technology test instrumentation package.

3.2.1 Airborne Terminal Functional Description

L-band signals between the various antennas, preamplifiers, transmitters, and receivers were
distributed by the aft and forward RF control units. After preamplification, received L-band signals
were down-translated to IF by the two receivers and were then tuned and distributed by the IF tuning
unit to the appropriate modem. Modem outputs, carrier detector data, time code, and aircratt flight
parameters were recorded by a 14-track instrumentation magnetic tape recorder. Multipath test
parameters were recorded by a digital recording system. A chart recorder provided a test monitoring
feature and yielded a hard-copy record of selected signals.

The terminal design incorporated a sophisticated test and calibration capability. A calibrated
noise source allowed the operating noise figure of all receiving systems to be measured. A composite
L-band test signal simulating the ATS-6 and ATS-5 downlinks with appropriate 1200-bps digital data.
ranging, narrowband frequency-modulated (NBEFM) voice, and PLACE surveillance and ranging (S&R)
modulations could be generated and injected into the receiving system inputs for test and calibration
purposes.

3.2.2  KC-135 L-Band Antennas

The approximate locations of the L-band antennas used on the KC-135 test aircraft are shown
in figure 3-3. Major features of these antennas are summarized below. Unless otherwise noted. antenna
polarization is right-hand circular.

a. Lront Multipath Antenna (FMP) This was the principal antenna used for transmission of 1
the terrain-reflected signals during multipath tests. 1t was located under the nose radome
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and used a two-element waveguide array resulting in 1-dB beamwidths of 20V in azimuth
and 509 in elevation. Gain is approximately 6 dB and polarization is selectable between
right-hand circular (RHC), lett-hand circular (LHC). and dual linear (the hornzontal and
vertical polarization ports are simultaneously accessible on separate transmission lines)
It is mechanically steerable downward from the horizon in elevation and to both night
and left of the aircraft nose in azimuth.

Three-Antenna Slot-Dipole (LWSD/RWSD/TOP) Antenna System: This system consists
of three tlush-mounted antennas. Side coverage is provided by the left (LWSD) and night
(RWSD) side antennas mounted in the upper wing/body (wing-root) fairing arcas on each
side of the airplane at station 766. This location was chosen because ol the multipath
rejection due to the shielding effect of the wing. High elevation angle and fore ‘aft cover-
age is provided by a third antenna (TOP) mounted near the top centerline at station 805.

Phased-Array (PHA) Antenna: This is a low-profile microstrip 1-by-8 array antenna
attached to the outer fuselage on the right side of the aircraft at station 420. 419 down
from the top centerline. The antenna elements were arrayed vertically and phased clec-
tronically to provide electronic beam steering in elevation in nine increments of about '0Y
cach. In azimuth, the beamwidth was designed to be about 120° and had fixed pointing
approximately broadside.

Patch (PAT) Antenna: This antenna was also a low-profile microstrip antenna, attached
to the outer tuselage near the top centerline at station 270. The mounting location was
chosen to provide forward “fill-in™" coverage for the two-element (RSD/LSD) antennas.

Because of its low-power handling capability, it was used only for reception.

Side-Mounted Multipath (SMP) Antenna: This antenna, located at station 804 and water-
line 150, has a fixed beam that points approximately 15° below the horizon and 10° aft
of broadside. Gain is about 13 dB and polarization is selectable between dual linear. RHC,
or LHC.

Right/Left Slot-Dipole (RSD/LSD) Antennas: These antennas are mounted at station
1135 approximately 35° down from the top centerline. Due to the more favorable loca-
tion of the LWSD/RWSD/TOP slot dipoles, the RSD/LSD antennas were used primarily
as backups and for auxiliary transmission/reception functions.

Quad-Helix (QI) Antenna: The quad-helix antenna has a conical beam shape approxi-
mately 199 in width at the 3-dB points. The antenna is mechanically steerable to provide
coverage throughout the forward and broadside regions of the upper hemisphere. At the
beam peak. the gain tor RHC polarization is 15.5 dB when used at elevation angles above
about 159,
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Crossed-Slot (XLT) Antenna: Also reterred to as an orthogonal mode cavity, this antenna
was installed at station 746 near the top centerline specifically for acquisition of CONUS

multipath data during the February 1975 tests.

The front multipath antenna and LWSD/RWSD/TOP slot-dipole systems were furnished by
Boeing and installed specitically tor this test pmgrum.I The phased-array and patch antennas were
furnished and installed by Ball Brothers. Detailed description and evaluation of these antennas may
be tound in reterences 3-1. 3-2. and 3-3. The side multipath, RSD/LSD slot-dipole. and quad-helix
antennas were developed and installed by Boeing for the earlier FAA ATS-S tests (ref. 3-4). The
crossed-slot antenna was furnished by Boeing under an earlier contract (ref. 3-5) and was first used by
DOT, TSC tor their balloon test program.

3.3 ROSMAN TERMINAL EQUIPMENT
A functional block diagram of the U.S. aeronautical L-band experiment equipment is shown in

figure 3-4. This diagram indicates equipment. functiovs. signal tlow paths, signal types. and equipment
rack locations.

3.3.1  Generation of Forward-Link Test Signals

Baseband test signals tor the modem evaluation tests were generated locally at the Rosman
ground station. For voice modem tests. voice and SCIM test signals were obtained by reproducing
pre-recorded test tapes on an audio tape player. Each voice modulator output a 70-MHz IF carrier
modulated with the voice and SCIM test signal. Similarly. the ranging and hybrid modems (voice and
data). when used. provided 70-MHz IF carriers having modulations unique to the particular modem.
The baseband test signal tor digital data modem tests was a 2047-bit 1200-bps PN sequence. This
signal was biphase modulated onto a 70-MHz IF carrier by a modulator contained within the sub-
carrier multiplex unit.

The 70-MHz IF carriers were applied to the subcarrier multiplex unit. which formed the fre-
quency division multiplex (FDM) spectrum with the desired relative frequencies and levels. The result-
ant FDM test spectrum was up-converted and transmitted to ATS-6 via the station C-band transmitter
and 85-ft antenna

lI)cugn feature . and pattern data tor these Boeimng antennas are given in an unpublished report, “U.S.
Acronautical L-Band Satellite Technology Test Program - Terminal Design,” material submitted under
contract DOT-TSC-707. August 1975,




At ATS-6. the test spectrum was translated to L-band and retransmitted for use at the various
mobiles. During all technology tests the L-band downlink from ATS-6 was received at Rosman and
monitored to ensure that relative levels of spectral components were correctly maintained.

3.3.2 (C-Band Return-Link Reception

Return-link signals were received trom ATS-6 via the 85-ft antenna and C-band receiver. These
were down-translated to a 70-MHz IF and distributed to the PLACE ground equipment (PGE) and the
TSC experiment equipment for demodulation. Demodulated return-link baseband voice and data were
distributed to the experimenters tor recording, for transmission to remote locations via telephone. or
for test coordination. When the multipath prober test was in progress, the 70-MHz IF was routed to
the SACP receiver where it was demodulated. processed. and tormatted along with time code tor
recording on wideband analog tape. The TSC Ampex FR-1900 and the station Ampex FR-2000 tape
recorders were used to record these signals.
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4. MULTIPATH CHANNEL CHARACTERIZATION TEST

Multipath tests were configured to measure several important statistical parameters associated
with the oceanic and overland (CONUS) L-band aeronautical channel. Following a brief description
of the data analysis procedures, representative experimental data are presented and discussed. Oceanic
results are compared with theoretical prediction based on the physical optics scatter model.

4.1 MULTIPATH TEST OBJECTIVES

For mobile communication systems operating in the vicinity of random rough surfaces, the
received electromagnetic signal consists of the superposition of the transmitted direct signal plus ter-
rain-reflected signal replicas having random amplitudes, time delays, and Doppler shifts. The overall
test objective was to characterize the multipath sufficiently to allow confident design of both the
signal structure and the hardware tor aeronautical satellite communication applications. Specific

objectives were:

a.  Toanalyze overocean multipath data to obtain a detailed delay-Doppler characterization
for various satellite/aircraft geometries, signal polarizations, and sea states.

b. l'o evaluate and verify an oceanic scatter model.

¢.  Toanalyze overland (CONUS) multipath data to determine the essential characteristics
corresponding to a range of satellite/aircraft geometries, signal polarizations. and terrain

states.

Validation of a laboratory multipath channel simulator using the acquired multipath data has
also been identified as a DOT/TSC goal. Analysis of simulator requirements and processing of multi-
path data for simulator applications are planned future efforts to be conducted by DOT/TSC.

4.2 MULTIPATH TEST DESCRIPTION

421 Satellite Aeronautical Channel Prober Test Concept

A block diagram illustrating the satellite acronautical channel prober (SACP) test concept is
shown in figure 4-1. Three pseudo-noise (PN) sequences having different time delays but otherwise

identical were generated by the SACP modulator. The values of D and Dy were selected to allow

4-1
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separation of the three signals by correlation techniques at the SACP receiver. These PN codes were
PSK modulated onto RF carriers and transmitted from the aircraft as the multipath channel test sig-
nals. One of these served as a reterence direct-path signal while the other signals served as the multi-

path channel probes. These signals were usually transmitted by downward-looking antennas that had
selectable pointing and polarization.

At the ground station. the direct-path tracker of the SACP demodulator utilized coherent
demodulation to track the carrier phase and PN code received over the direct path. These in turn were
used as delay and Doppler reterences tor the 112 complex cross-correlators that performed cross-corre-
lation operations between a locally generated PN sequence and the probing signal received over the
link. Outputs of the 112 complex taps were tormatted and recorded on wideband (2 MHz) analog
recorders tor subsequent data analysis. The resultant measurement corresponded to the sampled im-
pulse response ot the channel. A more detailed description is available in reference 4-1 and in the man-

! ual turnished by the SACP prober hardware manutacturer, Stein Associates, lnc.l
4.2.2  KC-135 Multipath Terminal Instrumentation
b1
: 4 A functional block diagram for the multipath test is shown in figure 4-2. The SACP modulator
.
‘

generated three PN-PSK 70-MHz IF signals that were identical except for preset time delays between
the PN codes. The triple up-converter coherently translated the three signals to 1650 MHz to drive the
three multipath transmitters. The reference signal (with code delay. To) was transmitted directly to
ATS-6 via the quad-helix antenna. The other two PN-PSK signals (with code delays, Dy and D5)

were connected to the horizontal and vertical polarization arrays of the selected multipath antenna.
Alternately. a single transmitter could be used with either the LWSD/RWSD/TOP slot dipoles or
crossed-slot antenna or with the FMP antenna operating in one of its circular polarization modes.
Three HP 435A power meters used in conjunction with directional couplers allowed the RF power
output of each channel to be monitored and recorded on 800-bpi seven-track digital tape along with
other test parameters.

Nominal RF power outputs of 20 W were used for the direct path and horizontally polarized
indirect path while a 100-W transmitter was used for the vertically polarized indirect path or whenever
an operational-type antenna was used. These levels were based on the Task I link analyses and were
designed to provide adequate signal-to-noise ratio at the SACP demodulator while not exceeding a
signal-to-noise ratio of -15 dB in the ATS-6 satellite 40-MHz IF bandwidth. This latter constraint was
necessary to ensure that multipath test signals would be processed lincarly by the ATS-6 limiting

transponder.

I Instruction Manual for the Satellite Aeronautical Channel Prober: Volume 1, System Description

and Operation.” contract DOT-TSC-634. Stein Associates, Inc.. June 1974,
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4.2.3 Multipath Test Geometry and Scenarios

A typical oceanic multipath test scenario, as shown in table 4-1, consisted of four legs with
test headings directly toward the ATS-6 subsatellite, 45° offset, and 90° offset. The reference direct-
path signals were always transmitted via the quad-helix antenna. The multipath test signals were usual-
ly transmitted via the forward multipath antenna. A limited amount of data was acquired with the
TOP and LWSD antennas. Code chip rates were typically either 5 or 10 MHz, and the maximum code
length of 1023 bits was used for all tests.

TABLE 4-1. TYPICAL OCEANIC MULTIPATH TEST SCENARIO

Heading Test Antenna
(relative to Relative
Way ATS-6), time, Direct Polari- Az, Elev,
Leg point deg min antenna Type zation deg deg
1 FG 0 00to 12 QH FMP H&V 0 -35
12to 18 QH TOP RHC - -
2 GH 315 18 to 27 QH FMP H&V 45 -35
27 10 32 QH RWSD RHC -
3 HI 0 32to0 38 QH FMP H&V 0 0
38 to 42 QH FMP RHC 0 -35
42 to 46 QH FMP LHC 0 -35
4 J 90 46 to 55 QH LWSD RHC -
55 ta 60 QH Fmp H&V 270 -35

Additional test parameters:
D1 = 127 chips, 02 = 490 chips.
CR = 5 MHz, CL = 1023 bits.
T = 0.2 D, msec, Ty = 0.2 D, psec.

CONUS flight legs were typically of 20-min duration, with test headings either directly toward
or 90° offset from the ATS-6. En route data was usually acquired with the forward multipath antenna.
During the February 1975 tests, the crossed-slot antenna was used to acquire data during approach.
landing, and taxi phases at three airports: Namao (Edmonton, Alberta), O'Hare (Chicago). and JFK
(New York) on three successive days.

4-5




4.2.4  Multipath Data Acquisition Summary

Multipath channel characterization tlight tests are listed in table 4-2. During the March/April
1975 test series. a limited amount of sea-state data was acquired by TSC/USCG by means of ocean
buoys launched trom the USCG vessel. Details of the sea-state data analysis are described in volume
IV, appendix B.

4.2.5  Sea-State Buoy Data

Sea-state measurement data was acquired using a wave-following sea-state buoy deployed from
the USCG Cutter Gallatin. Buoy instrumentation included a magnetic compass, gimballed roll and
pitch gyros. and three-axis strap-down accelerometers. The roll and pitch gyros provided angular infor-
mation for determination ot wave-slope distributions, while the accelerometer outputs yielded data
relative to the spectra characteristics of the ocean surface. Small-scale undulations (waves of length
less than approximately I m) were sensed by an array of 10 wave staffs. During data acquisition, the
buoy was tethered to the USCG ship and information was conveyed via cable to the ship, where it

was recorded on magnetic tape.

Ocean buoys acquired sea-state data on one day in January 1975 and on five days during
March/April 1975, During the March/April series, three of the five days on which sea-state measure-
ment data were obtained corresponded to days on which multipath channel characterization tests were
conducted. The multipath tests and sea-state measurements were not, however, truly time coincident:
typically. the times of multipath test conduct and sea-state measurement differed by several hours.
Additional sea-state buoy deployments were made for system calibration purposes during February
1975.

4.3 MULTIPATH DATA REDUCTION AND ANALYSIS PROCEDURES

This section gives a briet description of the data analysis procedures. Volumes IV and V pro-
vide a comprehensive discussion of this subject.

4.3.1 Data Processing Functional Flow

Figure 4-3 depicts the processing steps'involved in the formatting, reduction, and analysis of
the recorded multipath SACP signal arrays and the aircraft-transmitter parameter tape.

At the Boemng ground station facility, the data and time tracks were initially processed by tele-
metry tront end (TEE) equipment that routes the played-back serial data through its pulse code

4-6
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TABLE 4-2. MULTIPATH DATA ACQUISITION SUMMARY

Elevation Test
Date, angle, duration,
mo-day-yr deg hr + min Remarks
A. Oceanic
9-24-74 30 1+00 Nominal
10-24-74 18 to 23 1+00 Nominal
10-28-74 8to 12 1+00 Nominal
11-14-74 3to 8 1+00 SACP receiver data sign bit inoperative causing all
11-15-74 81to 13 1+00 Doppler data to be of one polarity. S(7,w) function
11-16-74 3to 8 1+00 could not be calculated. Delay spectra data unaffected.
11-21-74 19 to 23 1+00
1-23-75 3to 8 1+00 Partial data acquisition, faulty 100-W PA (30-W TWT
used)
1-27-75 810 13 1+00 Nominal
1-28-75 19 t0 23 1+20 Aircraft maneuvers due to weather avoidance
1-30-75 3to 8 1+00 Nominal
2-27-75 30 1+20 Nominal
3-25-75 15 0+20 TOP antenna only
3-27-75 10 to 15 1+00 FMP antenna fault
3-38-75 3to 8 1+00 FMP antenna fault
3-31-75 10to 15 1+00 Nominal
4-02-75 7t011 1+00 Nominal
4-03-75 16 to 21 1+00 Nominal
18 hr Qceanic Test Hours
B. CONUS
9-19-74 30 to 45 4+00 Eastern U.S., nominal
10-30-74 30 to 45 4400 Eastern U.S., nominal
11.02-742 30 to 45 4+00 Northwest U.S., 50% of data acquired
2-18-75° 16 to 27 4+30 NW Canada to Edmonton, 50% of data acquired, no
useful airport landing data
2-19-75% 27 to 40 4+30 Central Canada to O'Hare, nominal
2-20-75° 28 to 37 4+30 N. Quebec to JFK, nominal
25.5 hr CONUS Test Hours

aAcqunred data with both fan and pencil beams of ATS-6.
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modulated (PCM) subsystem to the programmable data distributor (PDD). The PDD merged time
words with the data and distributed the information to one or both of the PDP 11/45 computer’s
input/output (1/0O) buses. The dual PDP computer system performed three basic functions: (1) con-
version of the analog-recorded data tapes into digital-format computer-compatible tapes. (2) quick-look
processing of the multipath data, and (3) calculation of the time-ordered delay-spectra arrays that were
used to generate the time history of the multipath channel delay spectra.

Detailed analysis of the prober data was performed in the CDC 6600. This analysis provided
a comprehensive characterization of the multipath channel.

Sea-state buoy data was analyzed by CNR, Inc. Analog tapes were stripped and reformatted at

a DOT/TSC facility. Detailed processing, as described in appendix B. volume 1V, was performed on the
DOT/TSC PDP 10 computer.

4.3.2  Algorithm Execution Sequence

The algorithm execution sequence for processing the multipath channel data is given in figures
4-4 and 4-5. Comments relative to selected outputs or processing blocks are given below.

4.3.2.1  Quick-Look Real-Time Plavback Data Analysis — This quick-look output, directly available
from the PDP 11/45 system, provides both oscilloscope display plots and hard-copy numerical output.
From this information. the operator may investigate data quality and system parameters and may
identity data intervals of special interest.

4.3.2.2  Retormatted SACP Digital Tapes — Analog source tapes are processed to provide computer-
compatible digital tapes.

4.3.2.9  Delav-Spectra Time History — For all periods of valid data collection, the scatter channel’s
delay power spectral density (psd) is determined in a time running nonoverlapping manner with psd
estimates being calculated over a 2-sec interval. The outputs that occur once every 2 sec are given in
both numerical and three-dimensional plotted formats. Respectively, these data provide both a quan-
titative and a comprehensive overview description of the channel’s time-variant delay-spectra

characteristics.

4324 Delav-Doppler Scatter Power Spectral Density: S(r.w) — This tunction represents the distr-
bution of diftusely scattered power arriving at the receiver with Doppler frequency w and time delay 7

4-9
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For the zero-mean complex Gaussian random scatter process, S(7.w) completely characterizes the
channel statistics.

4.3.2.5 Integral and Fourier Operations on S(t,w) — The scatter function S(7,w) contains all the
ingredients needed for the derivation of equivalent and lower order channel parameters. Software
modules are contained within the CDC 6600 routines to derive the joint time-frequency autocorrela-
tion function R(£,£2), time autocorrelation function R(£.0), frequency autocorrelation function
R(0,£2), Doppler spectrum D(w), delay spectrum Q(7), and total rms scattered energy <>,

4.3.2.6  Channel Spread Parameters — From the D(w), Q(r). and R(£,0) and R(0,82) distribu-
tions, lower echelon first-order channel parameters such as the Doppler spread, delay spread, decorre-
lation time, and coherence bandwidth of the scatter channel are estimated.

4.3.2.7 Noise Determination and Removal (NDandR) — The outputs of the SACP multipath correla-
tor contain desired signal data, spurious signal terms, low-pass additive thermal noise, and receiver
arithmetic noise. Under normal SACP operating conditions. the NDandR algorithm statistically elimi-
nates these noise terms from the data on a tap-by-tap basis.

4.3.2.8  Antenna-Pattern-Effects Removal — Design criteria for the forward multipath antenna were
established to provide a radiation pattern with nearly uniform coverage over the effective scatter
region. However. for certain tlight direction headings, the fidelity of the channel measurement may be
enhanced by applying the antenna-effects-removal algorithm. This routine operates on the noise-free
S(7,w) estimate to provide an equivalent scatter function that would be measured with a pertect uni-
form-gain antenna.

4.3.2.9  Tap Amplitude and Phase Distributions — Determination of the fundamental statistical prop-
erties of the scatter process requires that the received signal’s time-domain fluctuations be character-
1zed. The probability distribution and its associated mean and variance for these fluctuations are
derived for each tap’s I component. Q component. and phase angle. The process’s composite signal
may also be subjected to these operations. Experimental distributions are compared to the results

- v P . P
for the complex Gaussian channel via the x= goodness-ot-fit test.

4.3.2.10  Tap Process Cross-Correlations — The degree of coherency between any two taps in a par-
ticular tap bank or in cross-polarized banks (i.e.. one horizontal. the other vertical) is measured through
use of the normalized cross-correlation funciion, R\(Y(EL
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4.3.2.11  Tap l and Q Dependency — For random rough-surface scattering where the electromagnetic
wave undergoes deep phase modulation at the multipath interface, we expect that the I and Q compo-
nents of the received signals are statistically independent. This condition is explored by determining
the zero-lag normalized correlation coetficient, RIQ(U). between a tap’s orthogonal components.

4.3.2.12  Tap-Gain Autocorrelation Function: U(T.£) — An estimate of the channel’s tap-gain auto-
correlation function, U(7,£), is derived. This function measures the autocorrelation function of the
multipath process on a tap-by-tap basis and is available (magnitude) as a three-dimensional output plot
from the software package.

4.3.2.15  Svstem Cualibration Parameter Data — Magnetically recorded data pertaining to receiver
system operation (e.g., direct and multipath channel gains), transmitter power amplitier outputs, and
aircraft flight parameter descriptors are computer reduced to aid in the normalization of the scatter
channel power returns. These data also serve as a data collection integrity measure and are used pri-
marily to augment the logged flight test data.

4.4 OCEANIC MULTIPATH TEST RESULTS

Probes of the oceanic multipath medium were conducted on 18 separate occasions covering a
range of elevation angles from 39 to 329 and a variety of North Atlantic sea conditions. Results illus-
trate the delay-Doppler scatter function: outputs from Fourier and integral operation on the scatter
function (e.g.. delay spectra, autocorrelation functions, total scattered energy, etc.): the spread values
of the delay spectra, Doppler spectra, and autocorrelation functions: and characterization of the com-
plex receiver’s time-domain statistics.

Linear polarization results are compared with predictions based on surface integration of the
physical optics vector scatter model as applied to a very rough surface possessing an isotropic slope

distribution of the Gaussian form. When applicable. the measured channel parameters are also com-
pared with theoretical predictions based on the “steepest descent™ solution to the integral formula-

tions that develop under the closed-form approach to the channel characterization. Only a limited
amount of sea-state measurement information. acquired during the March 1975 tests. was available
Since the sea-state measturements and the multipath tests were never truly time coincident. a one-to-one
compartson of experimental results and theory for a specific measured sea condition was not possible.
A range of rms slopes and an assumed ““typical™ value were theretore used tor the bulk of the correla-
tion between experiment and theory. The sea-state measurement data was used tor validation of the

range ol sea slopes and other assumptions relative to sea-slope distributions incorporated in the inputs

i
,
1
i
|

to the physical optics vector model calculations.




4.4.1  Delay-Doppler Scatter Function: S(7.w)

For oceanic scatter at L-band trequencies. there are scientific reasons (based on the time-series
analyses ot sec. 5.4, vol. V) to believe that the multipath channel is adequately described as a zero-
mean complex Gaussian process. Since the experimental test conditions are processed in time seg-
ments on the order of 6 sec, we may also assume in general that the effective scatter region traverses o
surtace area over which the significant electrical and statistical physical parameters are relatively
invariant. Under these conditions. which appear to be representative of the channel statistics, the
delay-Doppler scatter tunction S(7.w) completely characterizes the statistics of the channel (ret. 4-2).
St7.w) represents the power spectral density of multipath energy arriving at the receiver with delay 7
and Doppler trequency shitt w. Itis derived by taking the Fourier transform of the complex delay

LAp processes.

Several fundamental observations have been made relative to the energy distribution dependen-
cies of S(7.w) upon grazing angle. tlight direction, and polarization. Typically, these tunctional rela-
tionships are most easily discussed when the scatter tunction is reduced to lower echelon relationships
such as the Doppler spectra. spreads. etc. Observations relative to the lower order parameters are found
in following sections. In this section we discuss some of the more distinct properties that have been

deduced from the S(r.w) observations.

Three-dimensional plots of the experimentally derived scatter function are presented in volume
V tor a comprehensive range of test parameter permutations. Drawing from this source. we present
sample St7.w) distributions tor the mid-grazing angle (11° to 16°). horizontal polarization probe.
These data. which also include the unidimensional spectra autocorrelation functions, are given in fig-
ures 4-60 and 4-7 for tlight vectors corresponding to the in-plane and cross-plane directions. respectively.

From these figures and the S(7.w) data ensemble of volume V. it is readily observed that the
scatter function’s energy distribution in the Doppler variable coordinate exhibits a pronounced
dependence upon the direction of the atrcratt's velocity vector. For cross-plane flight directions tie..
KC-135 flying broadside to ATS-6 direction). S(7.w) possesses a high degree of Doppler coordinate
symmetry. On the other hand. tor the 459 and in-plane velocity direction the asymmetry of the scat-
ter function becomes increasingly significant. In fact, for the in-plane case we note that as the delay
tap number mcreases. the negative-frequency dispersion of a particular tap’s Doppler spectrum in-
creases accordingly D in companison. the positive-frequency range is rather limited and has a bandwidth
that is relatively ivariant from tap to tap. We also note that for a particular in-plane delay tap (7).
the resultant Doppler spectrum has two very distinct spectral “humps’ that correspond to the upper and
lower frequency limits over which physically possible multipath is returned . These aircraft heading
dependencies are in agreement with the model-predicted results of section 4.5 and. as outlined there.

we may ascrnibe the spectral “humps™ of the m-plane data sets to the following two tactors

a. Form-plane theht directions, the surtace elements responsible for returning energy into

the upper and lower Doppler imits of a particular delay tap lic along the great circle path
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joining the subaircraft and subsatellite points and thus may be shown to have a signifi-
cantly larger scatter cross section than any of the other elements that return energy into
the delay tap.

b.  The second and perhaps more important factor is a consequence of the large area
(maximum for each tap) that gets mapped into the extremities of a particular tap’s
Doppler spectrum. This occurs since the delay contours and the contours of maximum
Doppler shift have tangential intersection. Mathematically, this is equivalent to maxi-
mizing the Jacobian (ref. 4-2) of the transformation from surface spatial coordinates to
the delay-Doppler coordinates of the receiver.

The phenomenon described in item b above holds valid for all flight test directions; however, as the
direction moves increasingly away from the in-plane case, the tangential intersections between the
delay contours and their extreme Doppler contours move further away from the great circle path and
are accordingly associated with reduced scatter cross section (i.e., we have a tradeoff between area
intercept and the attendant scatter cross section). For the low delay returns associated with the 45°
and cross-plane heading cases, we are able to observe that the area intercept factor outweighs the
reduced scatter cross section and produces a distribution tending to be heavy tailed: the opposite
appears to be true for the large delay tap values.

With respect to the grazing angle dependence of S(7,w), it has been observed that a definite
decrease in Doppler dispersion corresponds to a decrease in grazing angle. A decrease in grazing angle
is also accompanied by an increase in the asymmetry properties of the in-plane scatter function. This
factor is responsible tor increasing the dissimilarities between the alternate flight direction S(r.w)
functions as the grazing angle decreases. Note that for an upper grazing angle limit of 90°, the scatter
function will not be influenced by the direction of the flight velocity vector.

To properly interpret the in-plane mid- to low-angle Doppler spectra characteristics, it is impor-
tant to note the behavior of S(7,w)’s positive-frequency spectra “*humps.” Referring to figure 4-6. for
example. we observe that the scatter function’s positive-frequency shoulder quickly becomes asymp-
totic to a relatively low-frequency Doppler value. Thus all returns with significant energy from the sub-
satellite side of the specular point have nearly identical Doppler shifts and produce a resultant compos-
ite signal Doppler spectrum with a very pronounced peak density.

The capability to simultaneously conduct horizontal and vertical polarization surface probes
allows one to draw comparisons between the two probes under identical surface conditions. Analysis
of the appropriate data sets of volume V reveals that the vertical and horizontal S(r.w) functions
have, with the exception of their absolute magnitudes, quite similar distributional shapes. For the
lower grazing angle condition, we are able to discern that the relative weighting between a tap’s nega-
tive and positive Doppler returns is larger for the vertical polarization data than it is for the horizontal
polarization counterpart. This phenomenon results from the fact that as the scatter elements move
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toward the subaircratt location (i.e.. negative Doppler returns), their local elevation angles increase as
opposed to a decrease tor locations progressively closer to the subsatellite location. Since the vertical
reflection coefficient (for grazing angles greater than the Brewster angle) increases with an increase in
grazing angle while the horizontal polarization coefficient is relatively constant, the negative Doppler
return for a particular tap will have a larger ratio of vertical-to-horizontal scattered energy than the
positive Doppler returns. This phenomenon, discussed in more detail in section 5.2.6, volume V. is ,
referred to as “Brewster angle fill-in.”

4.4.2  Delay Spectra. Doppler Spectra. Time and Frequency Autocorrelation Functions

To obtain an alternate representation and. in some cases, an easier interpretation of the multi-
path scatter characteristics. the delay-Doppler scatter function was subjected to a variety of integral
and Fourier operations that yielded the following channel parameter estimates:

Delay spectra

Frequency autocorrelation tunction
Doppler spectra

Time autocorrelation function
Total rms scattered energy

A summary discussion of the first four parameters is given in the following paragraphs (total
rms scattered energy is covered in sec. 4.4.3). A more detailed discussion and a comprehensive set of
data are contained in volume V. In addition to the above, the joint time-frequency autocorrelation
function is also treated in volume V.

4.4.2.1  Delav Spectra: (1) - Estimates of the multipath delay spectra, Q(7), are obtained by inte-
grating the “noise-removed ™ delay-Doppler scatter function over the Doppler variable. Thus Q()
represents the power spectral density of the scattered signal component that arrives at the receiver
with delay 7. In this report we select the specular-point return as the zero reference value.

An obvious characteristic of the measured delay spectra is the fact that there is very little
observed tlight direction or grazing angle influence on the energy distribution. The flight direction
independence is. of course. expected. We also note that for a constant surface slope condition, the
model predictions (both spectra and spreads) of section 5.3 similarly predict a relatively small grazing

angle mtluence.

Prober polarization influences on the reflection process are observed to produce delay spectra
tor vertical polarization that are much heavier tailed than their horizontal polarization counterparts.

Furthermore. this effect becomes more significant as the grazing angle decreases.
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A comparison ot the experimental data with the theoretically predicted delay spectra reveals
that the above observations are tairly well duplicated by the model. In general, the model results
appear to exhibit the greatest degree of similarity to the measured spectra for the assumed sea-slope

condition ot 6°.

4.4.2.2  Frequency Autocorrelation Function: R(0,S2) - The frequency autocorrelation function,
R(0.L2). represents the degree of correlation between two received signals. separated by €2 hertz, that
traverse identical paths through the channel. In this report, the direct line-ot-sight signal component
is excluded and thus R(0.£2) is obtained in a straighttorward manner by taking the inverse Fourier
transtorm of the multipath delay spectrum.

As tor the delay-spectra characteristics, we observe that the magnitude ot R(0.£2) exhibits
almost no dependence on atrcraft heading or system grazing angle. Theoretically. aircraft heading
should have no influence at all on the delay spectra or the frequency autocorrelation function. These
results are in accord with model predictions under the constraint of a constant-sea-surface rms slope.

Prober polarization is observed to have by far the most significant eftect on the frequency auto-
correlation function, with the horizontal results being heavier tailed than their vertical polarization
counterparts. The extent ot this effect is seen to increase for a decrease in grazing angle. Again these
results are in agreement with the model predictions and are directly related to the observed polariza-
tion eftects on the delay spectra (vertical polarization spectra heavier tailed than the horizontal results).

4.4.2.5  Doppler Spectra: D(w) — A Doppler frequency shift is induced upon the individual compo-
nents of a scattered signal when a relative motion exists between the rough surtace and the transmitter
receiver terminals. In general, this frequency shift is expressed as the sum of two terms., one arising
trom the surface dynamics and the other being due to terminal motion relative to an instantancously
static surface. In our case the ATS-6 satellite is stationary and the velocity of the KC-135 jet airplane
is sufficiently large to consider the oceanic surtace to be frozen. Hence, the Doppler shift associated
with a particular surface scatter element is a tfunction only of aircraft-oriented system parameters. An
estimate of the total scattered signals” Doppler power spectral density. D(w). is obtained by itegrat-
ing the Str.w) tunction over its delay variable. The Doppler coordinate variable. w. is established
relative to the frequency of the direct line-ot-sight signal. For cross-plance tlight directions, this reter-
ence is identical to tne specular-point Doppler shift whereas tor in-plane directions a ditterential Dop-
pler on the order ot 4 Hz exists between the specular point and direct signal paths.

The experimental data sets show that the channel’s Doppler spectrum is very dependent on
grazing angle and tlight direction system parameters. As would be expected trom the corresponding
S(r.w) distribution, the Doppler spectrum s highly symmetrical for the cross-plane flight geometries

and resembles a zero-mean Gaussian distribution whose variance decreases with a decrease in grazing
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angle. These characteristics also apply fairly well to the 459 fight direction: however, there is a ten-
dency for the negative-spectra realm to be slightly more dispersed and thus heavier tailed than the
positive region. On the other hand, for the in-plane flight direction the Doppler spectrum is highly
asymmetric, with the distribution being very heavy tailed in the negative-frequency region and posses-
sing a spectral maximum that coincides closely with a frequency upper limit in the positive Doppler

realm above which the energy distribution has a precipitous fallott. These in-plane geometry attributes
become increasingly pronounced as the grazing angle decreases. In fact. at the lower grazing angle
values, the Doppler spectrum has an extreme high-density peak at a very low positive Doppler value
above which no energy exists and an exponential-like decay tor the energies whose frequencies lie
below the Doppler upper limit. This phenomenon results in very low Doppler spread measure for the
low-angle, in-plane geometry conditions.

With respect to Doppler spectra polarization dependence, the vertical polarization results have
a significantly higher percentage of energy in the negative-frequency portion of their distributions than
do the corresponding horizontal results, especially for the low-grazing-angle conditions.

Unlike the results for the delay spectrum, the antenna pattern influence on the Doppler spec-
trum is shown (in vol. V) to be significant enough to merit consideration. Specifically, tfor the in-plane
flight geometry case we expect that as the grazing angle decreases, the Doppler spectrum is subjected
to an overestimation bias in the central portion of its negative-frequency realm. This implies that a
region on the subaircraft side of the specular point receives more antenna gain than is directed toward
the specular point and results from antenna beam pointing tactors. As a quantitative measure, the low-
angle (7°) in-plane Doppler spectrum for a typical case is predicted to be biased by roughly +10%7 at its
spectra mid-decile level and +307% at its lower decile level.

4.4.2.4  Time Autocorrelation Function: R(§,0) — R(£.0), the time autocorrelation function ot the
multipath channel, represents the degree of correlation between two received signals that arrive at the
receiver after being transmitted as cw signals with identical frequencies but offset in time by § sec-
onds. We restrict our attention entirely to the multipath component of the channel and thus obtain
the R(£.0) estimate by performing an inverse Fourier transtorm on the scattered signals” Doppler
spectrum.

The R(£.0) distribution has characteristic dependencies upon aircraft heading, grazing angle,
and probe polarization. While the influence of the aircraft’s flight vector direction is noticeable. it is
not nearly as distinct as it is for the Fourier transtform of R(£.0), the Doppler spectrum. In general,
we note that the in-plane flight direction produces a time autocorrelation tunction that appears to be
heavier taiied than its cross-plane counterpart. :

As expected, the elevation dependence of R(£,0) is seen to produce an increase in spread for

a decrease in grazing angle. Also, as one would predict from the Doppler spectra measurements, the
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horizontal and vertical polarization R(£,0) results become increasingly dissimilar as the grazing angle
decreases, with the horizontal results exhibiting much slower decay than their vertical polarization

counterparts.

The effects of antenna spatial filtering on the in-plane R(,0) estimates are given in volume V.
The high-angle data is relatively uninfluenced by the antenna pattern, whereas the low-angle data
exhibits effects that are consistent with the observed effects on the Doppler spectrum. In other words,
the Doppler spectra overestimation produced by the antenna perturbation is translated into a time
autocorrelation function effect that causes the distribution to decay too rapidly (roughly 30% at the
origin).

4.4.3 Total RMS Scattered Energy

To relate the intensity of the multipath scatter process to a quantitative measure, the channel
mean square scatter coefficient (I') has been derived for both horizontally and vertically polarized
data. The term I' is defined as the ratio of total energy scattered into the receiver relative to the
energy incident upon the surface and is obtained trom the following formulation:

<|11*>> | Gp
= + .

dB.

<ipiI*>| G

where:
<[ I'|=>= mean square multipath power obtained by integrating S(7.w) over its delay and Dop-
pler variables
<| Dl:\= mean square direct-path signal obtained by coherently summing the direct tap outputs
to form a composite signal, which in turn is subjected to a mean square calculation
(;l)”(;l = adjustment factor to account for direct and indirect channel gain differences. etc.
Figure 4-8 presents the experimentally derived values of [T as a tunction ot grazing angle. Also
shown are scatter model predictions representing expected results for assumed rms sea slopes of 3° and
129 In general. the experimental and theoretical ' values predicted by the physical optics vector
scatter model are in close accord. We note that for grazing angles greater than roughly 10 the model
predicts rms sea slope to have a very small effect on the total energy content of the scattered signal.
Although the scatter coefficient’s dependency upon sea slope could not be determined explicitly exper-
imentally because sea-slope measurements with a one-to-one correspondence with the multipath meas-
urements was not available, the experimental data for these elevation angles does appear to be consist-
ent with this observation. At the lower grazing angles, however, the rms scatter coetficients do not

appear to be totally immune from the seasslope influence. For angles in the vicinity of the Brewster
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angle (=6°). the vc'r'licull_v polarized I values tend to increase with an increase in slope, whereas the

opposite occurs tor horizontal polarization. In the limit as the surtace slope approaches zero, the theo-

retical curves take on values predicted by the relationship ‘.I)Rl:. where D is the spherical-earth reflec-

tion coefticient and R is the smooth-earth Fresnel reflection coetficient as evaluated at the specular _
point. This result corresponds to the “steepest descent™ closed-form integral solution to the scatter 3
phenomenon (ret. 4-3) and. with the exception of the vertically polarized data in the vicinity of the :
pseudo-Brewster angle. yields predicted I' relationships that agree quite well with both lhc theoretical i
and c(pcnmgnul results of figure 4-8. At the pseudo-Brewster angle. the expression |l)R. tor verti- 1
cal polarization i1s on the order of -20 dB. which is seen to be roughly 5 dB below the experimental

data and the scatter model surtace integration results. Similar departures have also been observed tor

numerous VHF experiments (ret. 4-4) as well as for an ATS-5 L-band multipath experiment (ret. 4-5).

4.4.4  Spread Values of Oceanic Scatter Parameters

Some of the most usetul and tundamental measures ot the multipath phenomena relate to the
spread values associated with the scattered signals’ delay spectra, Doppler spectra, time autocorrelation
function. and frequency autocorrelation function. In this section, these data are given tor both hori-
zontal and vertical polarization probes as conducted during the in-plane and cross-plane tlight direc-
tions. For the delay and Doppler spectra, the total two-sided 3- and 10-dB spreads are presented
whereas only the one-sided 3-dB spread is given for the autocorrelation functions.

In comparing the experimental spread results with theoretical expectation, primary emphasis
is placed on predictions derived from the surface integration scatter model (see sec. 6 of vol. V).

3069, and 129 indicate that the majority of flight

Model results generated for rms total sea slopes of
test conditions were associated with the higher slope values. Hence. in this section we use the average
of the model predictions for 62 and 129 sea slopes as our theoretical expectation standard. Although
this procedure is not rigorous, one may consider it to be representative of model results corresponding

to rms sea slopes of roughly 901

4.4.4.1  Delay Spread — Delay spreads for the horizontal and vertical polarization probes are given in
figures 4-9 and 4-10, respectively. The solid-line relationships tound in these figures correspond to the
scatter model surface integration prediction as evaluated tor the average of the 99 and 129 rms sca-
slope conditions. A very weak increase in spread value tor an increase in elevation angle is exhibited
by the horizontal polarization data and by the 3-dB spread values of the vertical polarization data. For

the 10-dB vertical polarization results. we observe a small increase in the spread for grazing angles in

l.-\Hcm.mwly. the experimental results can be compared with model predictions tor specific seaslope

values. Such model predictions are given in section 4.5 of this volume (and discussed in more detail
in vol. V)
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the vicinity of the pseudo-Brewster angle. Both of these results are predicted by the scatter model,
with the Brewster angle eftect also being illustrated mildly by the vertical polarization 3-dB spreads.

The spread increase for the vertical polarization probe in the vicinity of 69 is related to the same

phenomenon referred to previously as “Brewster angle fill-in.” .

For elevation angles between 10° and 319, the horizontal polarization 3- and 10-dB spread
measures are typically 0.7 and 3.0 usec, respectively: for the vertical polarization case, these measures
are slightly larger and take on typical values of 0.9 and 3.3 psec. The dispersion associated with the
experimental data is ascribed to day-to-day changes in the surfaces rms slope.

4.4.4.2  Frequency Coherence Bandwidth — The term coherence bandwidth is used to describe the
spread parameter measure associated with the multipath’s frequency awtocorrelation function. In
essence. it provides us with an upper frequency limit to which two simultaneously transmitted L-band
carriers may be separated yet still meet a specified degree of correlation at the receiver. For this
presentation we are concerned with the 3-dB coherence bandwidth (i.e., the received signals have a
correlation coefficient of 0.5). We deal only with the sea-returned energy and do not include the
eftects of the excess time delay between the specular-point return and the direct line-of-sight signal.
For direct plus multipath signal analyses. this excess differential delay is very significant and hence one
cannot use the results presented herein to directly predict the coherence bandwidth of the composite

channel.

Figure 4-11 contains as a function of elevation angle the experimentally measured 3-dB coher-
ence bandwidth values for both horizontal and vertical polarization probes. Because the frequency
autocorrelation tunction is derived solely from the channel’s delay-spectra distribution, it is not
dependent on airplane heading. Thus the results from both in- and cross-plane geometries have been
combined. It is observed that the experimental results range trom a low of 70 kHz to a high of 380
kHz. with a typical value being approximately 200 kHz. The data trend does not exhibit a strong
dependence upon grazing angle. although we do note a slight tendency for the results to increase with
an increase in grazing angle. This dependency is in accord with the model prediction curves, which also
predict a 3-dB coherence bandwidth value that. over the range of elevation angles of interest, is on the
same order as the average of the experimental results. We also observe that for the lower grazing angles,
the vertical polanization results are generally lower than their horizontal polarization counterparts
whereas the opposite trend appears tor the larger grazing angles. Again, this observation is in agreement
with the model prediction results.

4445 Doppler Spread — Results from the spread measurements on the multipath’s Doppler spectra
are given in figures 4-12, 4-13. and 4-14. The first two figures correspond to in-plane tlight directions

tor horizontal and vertical polanization probes. respectively, whereas the third set presents the cross-

plane spreads tor both polarizations. The solid curves in each figure represent predictions derived from
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Figure 4-12. Oceanic Doppler Spread Results — Horizontal Polarization, In-Plane Geometry
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Figure 4-13. Qceanic Doppler Spread Results — Vertical Polarization, In-Plane Geometry
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the surface integration scatter model. As previously discussed. the model results plotted are the aver-
age of predictions for rms sea slopes of 6° and 129 and thus represent a first-order approximation
corresponding to an rms slope condition of 99 (see discussion and footnote, p. 4-23).

For all four combinations of prober polarization and aircraft flight direction, the experimental
data trends and model predictions are in fairly close agreement. In particular, it is observed that:

a.  The data trend shows a definite increase in Doppler spread for an increase in grazing angle.

b.  Both the 10- and 3-dB Doppler spread values are appreciably influenced by flight direc-
tion. with the in-plane geometry (especially for the lower grazing angle conditions) pro-
ducing smaller spreads than the cross-plane condition.

¢.  For the in-plane data ensembles, the spreads corresponding to vertical polarization are
typically larger than their horizontal counterparts.

Two tairly significant factors are predicted to provide an overestimation bias to the in-plane
low-angle Doppler spread experimental measurements. One factor relates to the antenna’s spatial fil-
tering ettects which. as shown in section S.6 of volume V. result in overestimation biases on the order
ot 97 and 2977 for the low-grazing-angle Doppler spread 3- and 10-dB measures. respectively. Antenna
perturbations for the high-grazing-angle conditions are not nearly so significant, with the 3-dB measure
being underestimated by 177 and the 10-dB spread measure being overestimated by 87%. The second
overestimation bias tactor pertains to aircraft heading meanders that would cause the flight direction
vector to deviate somewhat from the true in-plane geometry condition. As discussed previously, the
Doppler spectrum tor low-grazing-angle in-plane tlight direction conditions is very peaked and thus
possesses a relatively small spread measure. As the flight vector moves away from the in-plane direc-
tion, the spectrum becomes increasingly more Gaussian-like and consequently is associated with a
larger spread value. Assuming the aircratt flight vector is offset by 7° from the in-plane direction, the
scatter model of section 4.5 predicts that tor a 99 rms surface slope the Doppler spreads for the 10°
grazing angle geometry are larger than their in-plane 3- and 10-dB counterparts by 897 and 477,
respectively.

4444 Decorrelation Time — Decorrelation time provides us with an upper limit on the time separa-
tion tor which two L-band carriers, transmitted at the same frequency, will still meet a specitfied degree
of coherency at the recewver. It s denived from the time autocorrelation tunction of the multipath
channel. and for this document we have selected the 3-dB spread measure (i.e., that time separation
which produces a normahized correlation coefficient between the two received signals of 0.5). As in
the coherence bandwidth presentation. we restrict our attention entirely to the multipath signal and
do not include any etfects that would arise from the presence of a direct line-of-sight received

component.
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Since the time autocorrelation tunction is derived exclusively from the multipath Doppler spec-
trum. one expects the decorrelation time measurements to exhibit a flight direction dependence. For
this reason the results are segregated into cross- and in-plane data sets, which are presented for both
polarizations in figures 4-15 and 4-16, respectively. Also contained in these tigures are the spread relo-
tionships as derived from the surtace integration physical optics scatter model.

The experimental results are in relatively good agreement with theoretical predictions. For
both tlight geometry directions. the data trend implies a decrease in decorrelation time for an increase
in elevation angle. Typically. the data set averages imply decorrelation values on the order of 7 to 10
msec and 2 to 3 msec for grazing angles in the vicinity of 8° and 30°, respectively. It is also apparent
that the vertical polarization probes and the cross-plane flight direction produce modestly smaller
decorrelation times than their respective orthogonal parameter counterparts. This tendency appears to
be maximized tor grazing angles in the vicinity of the Brewster angle.

4.4.5  Cross-Polarization Joint Statistics and Power Spectral Density

This section examines the joint statistical and power spectral density behavior of the horizontal
and vertical tap processes. Hence. a portion of this task is reduced to one of estimating the complex
H-V correlation coetticient for the tap outputs, i.e..

<HV™>

PHV = 2 s
[<{H[>-<IVI'>]"

I'he above quantity indicates the physical coupling between horizontally and vertically polar-
ized returns tor a single delay contour. In attempting to derive analytical models tor the multipath
scattering mechanism. this parameter plays an important role. Multipath models currently in use
implicitly assume that pppy is unity. i.e.. that a surface capable of scattering vertically polarized sig-
nals will ikewise scatter horizontally polarized signals. albeit with a difterent intensity and phase
angle. In general. the experimentally dertved PRy Mmeasurements are in accord with this assumption.
After apphication of a noise-compensation procedure. results were observed to range between 0.88 and

0.97 with an average value of 0.93 beng associated with the total analysis data base.

F'he cross-power spectrum of the H and V polanization tap processes was used to provide an
estimate of the relative phase ditterence induced upon the orthogonally polarized signals by the retlec-
ting medium. Although system bias eftects were not compensated. the trend of the data provides sub-

stantial agreement with results predicted by the Fresnel reflection coefticient relationships.
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Figure 4-15. Oceanic Decorrelation Time Results — In-Plane Geometry
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Figure 4-16. Oceanic Decorrelation Time Results — Cross-Plane Geometry




4.4.6 Circular Polarization Results

In the design of operational aeronautical satellite systems, effects of the oceanic multipath
interface on circularly polarized waves are of particular importance. Accordingly, several right- and
left-hand circular polarization probes of the oceanic surface were conducted during the latter part of
the tlight test series. From the standpoint of the physical optics vector scatter formulation. it is not
necessary to perform me. - ' alterations to include the effects of any given receive or trarsmit polarza-
tion vector. In general, model predictions for the LHC and RHC prober configurations yield spectral
distributions and autocorrelation functions that are very similar to the corresponding parameters asso-
clated with the linear polarization emulations. Similarly, the predicted values of the circular and linear
polarization spread parameters are in close accord. As expected, the one area in which the LHC and
RHC polarization influence is of significance relates to the total rms scattered energy content of the
signal. Because the satellite antenna is RHC, the polarization sense-reversal properties of the surtace
cause the scattered energy corresponding to probes transmitted with LHC polarization to be received
with less loss than for probes transmitted with RHC polarization. This phenomenon is predicted tor
all grazing angles greater than the pseudo-Brewster angle and should become more significant as the
grazing angle increases.

A summary of spread parameter measures and total rms signal energy content obtained for a
number of circular polarization probes is given in table 4-3. With the exception of the scatter coetti-
cients, these data are in accord with the linear polarization spread results given previously. The scatter
coetficient measurements may be compared with model-predicted results that appear within the paren-
theses in table 4-3. In general. the experimental and theoretical coefficients are relatively close. How-
ever, the RHC coetticients are typically somewhat less than predicted whereas the opposite generally
holds valid tor the LHC results. This observation could suggest that the ATS-6 antenna’s polarization
may not be perfectly circular.

4.5 PHYSICAL OPTICS SCATTER MODEL PREDICTIONS

One ol the major objectives of this experiment was to substantiate a scatter model that will
accurately predict the multipath channel characteristics pertinent to future operational oceanic aero-
nautical satelhite systems.  Experimental results have been correlated with theoretical predictions based
on a surface mtegration ot the classical physical optics vector formulation scatter model. Sections
4.5.2 through 4. 5.4 contain model predictions of selected channel parameters tor a variety of system
contigurations and assumed surtace charactenstics. Test parameters input to the model (table 4-4)

were selected to provide a close emulation to the experimental conditions




TABLE 4-3. CIRCULAR POLARIZATION SPREAD AND REFLECTION

COEFFICIENT MEASURES
A/C Delay spread | Coherence | Doppler spread |  Decorr Scatter
Date, Polari- | Elev, | heading, | 3dB, | 10dB, | BW,3dB, [3dB, | 10dB, | time, 3dB, | coeff,?
mo-day-yr zation deg deg M sec M sec kHz Hz Hz msec dB8
2:27-75 LHC |32 0 0.93 2.74 234 185 383 26 3.71
; (-2.2)
22775 RHC |32 90 0.88 3.26 207 178 440 1.8 14.6
(-16.8)
4.3-75 tHE |21 90 0.58 2.69 203 143 313 2.5 -3.3
| | (-3.0)
4375 RHC 521 ‘ 90 0.72 2.60 203 {113 257 2.6 -13.1
[ * (-13.2)
4375 LHC |19 0 0.77 3.02 234 131 222 39 7.7
| ) (-3.2)
4375 RHC |19 0 . 054 2.15 351 119 174 5.2 113
| (-12.7)
33175 LHC |15 90 0.76 3:37 168 113 260 3.1 6.2
! (-4.1)
33175 RHC |15 90 0.57 2.57 196 92 211 S 124
(-11.6)
331.7% LHC (14 Q 0.65 ‘I 2.82 210 43 143 4.4 6.5
; | ‘ (-4.5)
33i-75 RHC 14 0 0.59 } 2.30 237 37 m 6.7 115
i ‘ | -11.6)
| ; i (

"Oudrwlutv in parenthesis is value predicted by the physical optics vector model. Model predictions shown are for a

sea slope of 9

TABLE 4-4. INPUT TEST PARAMETERS FOR PHYSICAL

OPTICS SCATTER MODEL
Test parameter Description
Aircraft altitude 10 km
Aircraft speed 200 m/sec
Aircraft heading Toward satellite; great circle

path (in-plane)

Broadside to satellite; great circle
path (cross-plane)

Aircraft antenna polarization Horizontal, vertical
ATS-6 antenna polarization Right-hand circular
Grazing angles 3,79, 13, 19~,26°, 31
Surface type Sea water
Surtace rms slope (total) 3v, 8%, 12°
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4.5.1  Model Description

For the case ot L-band aeronautical satellite oceanic scatter, the surface will almost always
appear to be Uvery rough.”™ Analysis of scattering tfrom very rough surfaces is usually developed ;
through the physical optics tangent-plane method (commonly called the Kirchhott approximation).

Yo

We use the vector formulation of the physical optics model and are thus able to properly account for
the electromagnetic polarization dependencies of cach particular scattering tacet on the surface. Sur-
tuce integration techniques determine the scatter cross section. Doppler shift, and time delay associ-
ated with cach arca. thus allowing the channel’s delay-Doppler scatter function. S{7.w). to be con-
structed. From Str.w). integral and Fourter transtorm operations determine the channel’s time-{re-
quency autocorrelation tunction. delay spectrum, Doppler spectrum. time autocorrelation function,
trequency autocorrelation tunction. total energy content. and spread values ot the unidimensional dis-
tributions. Additional discussion and several reterences are included in volume V.

4.5.2  Model Prediction of Delay-Doppler Scatter Function

I'he delay-Doppler scatter function serves as the basic system function from which other model
predictions are derved. Consequenthy. this function has been generated tor all parameter combinations
delineated i table 4-4: a4 comprehensive set of S(7.w) model resuits is given in volume V. To illustrate
a portion of the total ensemble. we present S(7.w) distributions corresponding to a horizontal polari-
zation probe as configured tor a 139 grazing angle. coupled with 129 and 3° rms sea-slope conditions.
These data. given tor both in-plane and cross-plane flight directions, are illustrated in figures 4-17
through 4-20. In the tollowing section, the integral and Fourier operations on the model-predicted
St7.w) tunction are discussed. Examples used for that discussion are derived from the St7.w) distri-

butions ot this section.

I'he Str.w) model prcdiclions: agree closely with experimental results and provide detailed
insight on grazing angle. polarization, flight direction. and sca-surface slope dependencies ol the ocean-
ic forward-scatter L-band phenomena. One readily observes that the Doppler trequency distribution
of the returned energy s strongly intluenced by aircratt heading.  The dissimilarities between the in-
and cross-plane S(r.w) functions increase as the rms slope inercases and as the grazing angle decreases.
For the cross-plance case. individual delay taps possess Doppler spectra that are symmetrical with
respect to the specular-point return frequency of O Hz. On the other hand. the Doppler spectra asso-
crated with the mdividual taps tor the in-plane geometry case are highly asvmmetrical. with the nega-

tive-trequency return being signiticantly more dispersed than the positive-frequency scatter

-
=1t should be noted that S(7.w) s theoretically a “smooth tunction™ of 7 and w. The “choppyv™ ap-

pearance of certain model-predicted Stz.w) plots s caused by the choree ot cell-size quantization

used in the model computer programs
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For all elevation angle and sea-slope conditions associated with the in-plane flight geometry,
S(7.w) is characterized by two distinct sets of spectral “humps.” For « given delay tap, these humps
correspond to the upper and lower Doppler spectra limits over which physically possible multipath
will be returned: the negative-frequency portion is due to scatterers located on the subaircraft side of
the specular point, whereas the positive-frequency component arises from the subsatellite side of the g
surface. These observations pertain to in-plane flight directly roward the satellite, as in this test pro-
gram. For in-plane flights away from the satellite, the roles of the negative and positive Doppler fre-
quency realms, discussed here and elsewhere, would be reversed. This occurs because scatter from the
region on the subaircraft side of the specular point would, in this case, be associated with positive
Doppler shifts.

With respect to the Doppler frequency spectral humps, it should be noted that their position
in the S(r,w) realm depends only on the system geometry and transmitted frequency of the electro-
magnetic wave. The sea-surface rms slope controls the relative amount of energy in each spectral bin. 2 !
An increase in slope is accompanied by a flow of energy from the low delay tap numbers to the higher '
delays and from the interior region of a tap’s Doppler spectrum to the exterior limits for the cross-
plane geometry, with the opposite Doppler redistribution occurring for the in-plane case.

4.5.3 Integral and Fourier Operations on S(1.w)

4.5.3.1 Delay Spectra — This parameter is obtained by integrating the model-generated S(7.w) func-
tion over its Doppler variable. Referring to the figures given in the previous section and in volume V
allows one to obtain an estimate of the spectra dependence upon the polarization, grazing angle, flight
direction, and sea-slope parameters. As expected. the delay spectrum does not depend on the velocity
vector of the airplane. Sea-surface slope has a much greater influence on the delay spectrum than does
grazing angle: the higher the sea slope. the heavier tailed the distribution becomes. Apart from the
relative magnitude differences, the high-angle (319) vertical and horizontal polarization delay spectra
have very similar distributions: on the other hand. the low-angle data (139) coupled with sea slopes of
69 and 129 produce a vertical polarization spectrum that, when compared with its horizontal polan-
zation counterpart, is visibly more dense in the interior region of its distribution.

4.5.3.2  Frequency Autocorrelation Function: R(0.82) — The frequency autocorrelation function is

dcrich by taking the inverse Fourier transtorm of the delay spectrum: thus, many of its attributes

may be deduced from the preceding discussion. To begin, we note that R(0.£2) does not depend on

the velocity vector of the airplane. Also, since the delay spectrum is everywhere positive, the trequen- $
cy autocorrelation tunction has maximum amplitude for the O-Hz separation value, as expected. With ‘

respect to the scassurface=slope etfects, it 1s noted that a decrease in slope results in a broadening of
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the R(0.£2) amplitude distribution. We contrast this to the grazing angle dependence, which produces
no appreciable difference in the R(0.£2) distributions for the cases illustrated herein. Polarization
effects on R(0.£2) are also minimal.

4.5.9.3  Doppler Spectrum — Compared with other multipath channel unidimensional measures con-
sidered. the Doppler spectrum shows, by far, the greatest dependency upon grazing angle and tlight
direction system parameters. 1t is also influenced significantly by the sea-surtace rms slope and has a
slight dependence upon the polarization of the incident electromagnetic wave.

Referring to the figures of the previous section and volume V shows that for cross-plane flight
geometries, the Doppler spectra have distributions closely resembling zero-mean Gaussian, with vari-
ance increasing in a linear fashion with an increase in rms sea slope. These characteristics, especially
for the larger sea slopes. are distinetly different from those associated with in-plane tlight geometries.
In general, the Doppler spectra associated with the in-plane flight directions are highly asymmetric.
with the distributions being heavy tailed in the negative-frequency realm and possessing spectral
maxima that coincide with a frequency upper limit in the positive realm. Above this maximum. the
energy density falls off in a precipitous manner. It is observed that these attributes become more pro-
nounced as the sea slope increases and grazing angle decreases. In fact, we note that as the opposite
conditions occur (1., low slopes coupled with high grazing angle), the in-plane distribution becomes
increasingly similar to the cross-plane counterparts. The dependence of the in-plane Doppler spectra
on the sea-slope parameter is of particular interest. For an increase in slope. we observe that energy
near the O-Hz center ol the function is dispcrxﬁd toward the extremities ot the distribution, with the
manner in which the redistribution takes place being markedly different for the negative and positive
halves of the spectrum. The positive realm becomes increasingly peaked. with the peak shifting toward
the high-frequency cutott of the spectrum, whereas the spectral density in the negative-frequency

region becomes more dispersed. with the falloff resembling an exponential decay.

With respect to the polarization characteristics of the Doppler spectrum. we note that the verti-
cal and horizontal polarization data are in close agreement for high grazing angle and low slopes. For
the low-grazing-angle and high-slope conditions, the vertical polarization spectra have a much higher
percentage of energy in the negative portion of the distribution than do the corresponding horizontal
spectra.

4.5.3.4  Time Autocorrelation Function: R(E.0)  Yven though the channel’s time autocorrelation
function is related to the Doppler spectrum by way of the Fourier transtorm. we observe that its dis-
tribution has the sume general shape for both choices of aircraft heading. However, tor the large sea
slopes, the in-plane R(£.0) function decays considerably stower than the cross-plane distribution. In
general. a systematic increase in the dispersion of R(£.0) is associated with a decrease in the sea-sut

tace slope and a decrease in the grazing angle. Also. as would be expected trom the Doppler spectra




observations. the horizontal and vertical polarization R(£,0) results are fairly similar except for the
low-angle. high-slope condition where the horizontal polarization function exhibits a much slower
decay than its vertical polarization counterpart.

4.5.3.5  Total RMS Scattered Energy — Model predictions of the sea-surface’s total scattered energy
as received over the satellite-to-airplane link are presented in figure +-21. This data has been normal-

ized relative to the energy received over the direct line-ot-sight path which, tor geostationary satellite
altitudes. is closely equivalent to a normalization with respect to the energy incident upon the surface.
One observes that sea slope has a very minor eftect on the higher grazing angle (210°) data. For the
low-grazing-ungle results. we note that the vertical polarization coetficients tend to increase with an
increase in sea slope. whereas the opposite dependence holds true for the horizontal polarization results.
I'he lower the sea slope. the closer the scatte. coefticient approaches the classical Fresnel smooth flat-
earth reflection coetficient result as modified by the spherical-carth divergence factor.

4.5.4  Spread Value Predictions

Model-predicted spread values tor the multipati channel’s delay spectra, frequency autocorre-
lation tunction. Doppler spectra. and time autocorrelation function are presented in this section.
Definitions pertaining to the spread parameter measures given in section 4.4.4 apply similarly to the
model predictions.

Results are presented graphically as a function of grazing angle (3° to 319) tor sea slopes of 3°.
B 3 £ gdang

> ) o .
6, and 129, Observations pertaining to the spread measure characteristics are summanized below.

4.5.4.1  Delay Spread — Delay spread values are presented in figures 4-22 and 4-23.
A Adrcraft heading has no etfect on parameters associated with the delay spectrum.

b.  For both polarizations and low-to-modest sea slopes (i.c.. up to 62). the 3- and 10-dB

delay spreads are relatively unintluenced by the grazing angle parameter.
Yy C. For the Larger slopes. the delay spreads tend to increase with grazing angle
d. Fhe simularicy between the vertical and horizontal spreads increases with an increase in

grazing angle or a decrease in sea stope: tor the lower grazing angle and higher slopes. the

vertical polarization data in general have larger 3- and 10-dB spread values
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6 - & 3-dB spread
5

F 12° slope
4+
Delay spread, u sec
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,—6° slope
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Figure 4-22. Model Predicted Delay Spread — Horizontal Polarization

*r ®10-dB spread
) 3-dB spread

Delay spread, u sec

—3% slope

1 ~— 62 slope

Elevation angle, deg

Figure 4-23. Model Predicted Delay Spread — Vertical Polarization
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C.

4.54.2

a.

4.54.3

d.

d.

All spread measures increase with an increase in rms surface slope: the functional form
of the increase, however. does not appear to be systematic.

Coherence Bandwidth — Figure 4-24 illustrates model results for the coherence bandwidth.

For the higher sea slopes, the 3-dB coherence bandwidth has a very weak dependence
upon grazing angle whereas the 3° sea slope yields a 3-dB coherence bandwidth that
increases rather sharply for an increase in grazing angle. This result is somewhat in Oppo-
sition to that obtained for the delay spread parameter.

In gereral, the horizontal and vertical polarization data are quite similar.

Coherence bandwidth decreases with an increase in sea slope.

For the 129 sea-slope case. a 3-dB coherence bandwidth of roughly 85 kHz appears to be
typical for grazing angles lying between 3 and 319 the 6° slope data yields 3-dB coher-

ence bandwidths ranging from roughly 200 to 275 kHz. with the higher values being asso-
ciated with the larger grazing angles.

Doppler Spread — Doppler spread model predictions are given in figures 4-25, 4-26, and 4-27.

Both the 3- and 10-dB spread measures increase monotonically as a tunction of elevation
angle for all three sea slopes.

The spreads associated with the cross-plane data increase with an increase in sea slope.
For the in-plane geometry case we observe a rather unexpected slope dependency. Name-
ly, the largest slopes do not always correspond to the largest Doppler spreads. This occurs

for both the 3- and 10-dB spread measures and for both polarization modes.

Comparing the in-plane data with the cross-plane data reveals that dissimilarities between

the two sets decrease for an increase in elevation angle and a decrease in sea slope.
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Figure 4-25. Model Predicted Doppler Spread — Horizontal Polarization, In-Plane Geometry
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Figure 4-26. Model Predicted Doppler Spread — Vertical Polarization. In-Plane Geometry
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Figure 4-27. Model Predicted Doppler Spread — Cross-Plane Geometry

4.5.4.4 Decorrelation Time — Figures 4-28, 4-29_ and 4-30 present model-predicted results for decor-

relation time.

a.  Like the coherence bandwidth measures, the decorrelation time spread values show syste-
matic dependencies upon grazing angle and rms surface slope, i.e., the decorrelation
times monotonically decrease for an increase in either the slope or grazing angle.

b.  For most of the grazing angles, the decorrelation time decreases in a manner that is to a

close approximation related linearlv to an increase in sea slope.

¢.  The aircraft heading is seen to mildly influence decorrelation time, with the in-plane data
being slightly higher than the cross-plane results (particularly tor the large sea-slope con-

ditions).

d.  In general, the vertical and horizontal polarization results are in close agreement; however.
we note that for the 6° and 12° slope cases the vertical polarization data tends to have a

slightly lower decorrelation time than the horizontal equivalent (with the exception of

the 39 grazing angle condition coupled with the 69 surface slope).
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Figure 4-28. Model Predicted Decorrelation Time — Horizontal Polarization, In-Plane Geometry
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Figdre 4-29. Model Predicted Decorrelation Time — Vertical Polarization, In-Plane Geometry
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Figure 4-30. Model Predicted Decorrelation Time — Horizontal Polarization Cross-Plane Geometry

4.6 CONUS MULTIPATH TEST RESULTS

An extensive data base of CONUS forward-scatter multipath has been obtained. This collection
covers a range of grazing angles from 22° to 48°, and a variety of terrain electrical characteristics
(lakes to dry snow), surface roughness (flat plains to mountains), and vegetation coverage (heavily
forested to barren). In addition, several hours of data pertaining to multipath reflections during the

approach, taxi. and takeoft phases at large airport environments was obtained.

{ T'he data base tor the CONUS multipath channel characterization is obtained from the Septem-
! ber 19 and October 30. 1974, tlights over the eastern United States: the February 18 and 19, 1975,
] } flights over central Canada: and the February 20, 1975, tlight over castern Canada and the U.S.

Pertinent system parameters for each of the flight tests are listed in table 4-5.

The February tlights emphasized data acquisition for various snow-covered terrains (flat and
mountainous). lakes (frozen and liquid). and airport environments. whereas the September and October

series gathered data from heavily vegetation-covered terrain (both flat and mountainous) and coasta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>