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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 (GSFC) and was international in scope. The following agencies were
participants in the experiment: NASA/Goddard Space Flight Center: DOT/Federal Aviation Admini-
stration; DOT/Transportation Systems Center; DOT/U.S. Coast Guard; DOC/Maritime Administration;
European Space Agency (EAS): and the Canadian Ministry of Transport and Department of Communi-
cations. 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 integrated
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, medem
evaluation, and aircraft antenna evaluation. Results of these tests are presented in volumes I1I 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. Mr. R. G. Bland was the TSC Project Engineer and Contract Technical Monitor.

This volume describes the modem evaluation test. All work described was performed under
contract DOT-TSC-707. Most of the material contained in section 7 of this volume was prepared by
CNR Inc.. under subcontract to the Boeing Commercial Airplane Company.
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Applications Technology Satellite 6, (5)

azimuth

bytes per inch

bits per second

bit-error rate

one-sided e”! Doppler bandwidth

loop bandwidth

bandpass filter

continuous wave

ratio of unmodulated carrier power to noise power density, dB-Hz
coherent phase-shift keying

decibel(s)

data

differentially encoded, coherent phase-shift keying
Department of Transportation

differential phase-shift keying

data reduction and analysis
double-sideband-suppressed carrier

Doppler spectrum

ratio of signal energy per bit to noise power density
Federal Aviation Administration

frequency division multiplex

fast Fourier transform

frequency modulation

forward multipath antenna

frequency-shift keying

Greenwich mean time

Goddard Space Flight Center

hertz

intermediate frequency

Inter-Range Instrumentation Group

left-hand circular polarization




SYMBOLS AND ABBREVIATIONS (Continued)

LO " local oscillator \
LSD. (RSD) left (right) slot-dipole antennas A‘
LWSD/RWSD/TOP left-wing-root slot-dipole/right-wing-root slot-dipole/top antenna system 1
m meter(s) '
MP multipath antenna |
L MUX multiplexer
§ NAFEC National Aviation Facilities Experimental Center |
NASA National Aeronautics and Space Administration
NBFM narrowband frequency modulation
PAT patch antenna |
y PB phonetically balanced ‘
1 PDM pulse-duration modulation
E ¢ P. error probability |
PGE PLACE ground equipment
1 PHA phased-array antenna
1 , PLACE position location and communication equipment
PLL phase-lock loop '
? PM phase modulation
E PN pseudo-noise
3 PSK phase-shift keying 3
g QH quad-helix antenna
3 QM quadrature modulation |
1 Q(7) delay spectrum J{
RF radio frequency |
? RHC right-hand circular polarization
3 RN (Ry) ranging, narrowband (wideband), TSC modem format
3 R/T receive/transmit |
RX receiver ]
]
sec second(s)
z‘ S&R surveillance and ranging (PLACE format) |
: SACP satellite aeronautical channel prober
SCIM speech communication index meter ;
] SCPDM suppressed-clock pulse-duration modulation = 3
S/1 ratio of direct-path signal power to multipath signal power, dB 1
SMP side-mounted multipath antenna
SMU subcarrier multiplex unit
S/N signal-to-noise ratio 5
S&R surveillance & ranging




SOoP
SSB
S(7.w)

TDPC
TSC

SYMBOLS AND ABBREVIATIONS (Concluded)

side-operational antenna

single sideband

delay-Doppler scatter power spectral density function
symbol period

Test Data Processing Center (Boeing)
Transportation Systems Center

transmitter

voice

voice units

wide-sense stationary uncorrelated scattering
crossed-slot antenna

parameter, function of By and B

ratio of direct-path power to total indirect-path power
rms range deviation

variance, (standard deviation)

differential path delay

Doppler frequency shift.
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1 1. INTRODUCTION

The U.S. aeronautical technology tests were conducted by the U.S. Department of
, Transportation/Transportation Systems Center (DOT/TSC) as part of the Integrated L-Band Experi-
:.ig « ment (ref. 1-1). The overall objective of these tests was to provide data for the evaluation of advanced
system concepts and hardware applicable to the design of future satellite-based air traffic control

& systems.

I.1 DOT/TSC AERONAUTICAL TECHNOLOGY TESTS
Three types of aeronautical technology tests were conducted by DOT/TSC:

? : a.  Multipath Channel Characterization: Pseudo-noise (PN) code modulated signals were
< transmitted from the KC-135 using several different antennas and various polarizations.
After relay by ATS-6. the signals were received at Rosman. processed by satellite aero-
’ nautical channel prober (SACP) equipment, recorded, and later analyzed to obtain a
characterization of the multipath channel. The multipath tests are described in
volume V.

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 deter-
mine performance for various carrier-to-noise density (C/N)) and signal-to-multipath
interference (S/1) ratios.

¢.  Antenna Evaluation: A cw signal radiated by Rosman through ATS-6 was received by the
various aircraft antennas under test. Data was recorded and analyzed to evaluate antenna
gain and multipath rejection as a function of geometry. The antenna evaluation tests are
described in volume VII.

i This volume describes the modem evaluation tests. Section 2 summarizes the results and con-
3 clusions. Section 3 gives a general description of the tests. and sections 4 through 6 provide details

' and present experimental data obtained for voice, digital data, and ranging modems. Section 7 investi-
! gates the performance impact of multipath on the overocean aeronautical satellite communication and

ranging channels.




sy 1.2 DOT/FAA AIR TRAFFIC CONTROL DEMONSTRATION TESTS

These demonstration tests were conducted by the Federal Aviation Administration as part of
the overall U.S. Department of Transportation L-band aeronautical test program. The tests demon-
strated and evaluated voice and digital data communications (including full duplex operations) over
L-band aeronautical satellite links in an operational-type environment. The tests are described in

e

volume II of this report.
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2. SUMMARY OF RESULTS AND CONCLUSIONS

Various modulation and demodulation techniques are being considered for the transmission of
voice, digital data, and ranging/surveillance signals to and from aircraft via satellites. The performance
of several voice, digital data, and ranging modems representing candidate approaches for this applica-
tion were evaluated. Flight tests were conducted in the overocean multipath environment at various
locations over the North Atlantic. The data acquired includes 37 hr of voice modem intelligibility
tests. 34 hr of digital data modem performance, and 11 hr of ranging accuracy tests.

Tests were divided into two general types:

Type I Tests: Type | tests determined modem performance over a range of flight geom-
etries and carrier-to-noise power density ratios (C/N ) using candidate operational slot-
dipole antennas. Several different aircraft headings relative to the satellite were employed
and elevation angles ranged between 10° and 30°. The test range of C/N0 was 39 to 48
dB-Hz for voice modems and 37 to 45 dB-Hz for digital data and ranging modems.

Type II Tests: Type II tests evaluated modem performance parametrically in terms of
C/N,, and S/I over a wide range of the two parameters for the overocean multipath
environment. Tests spanned C/N values between 38 and 52 dB-Hz in combination with
S/I values ranging from heavy multipath fading (S/I = 3 dB) to essentially nonfading
conditions (S/1> 20 dB).

2.1 VOICE MODEM TEST RESULTS

Four distinct voice modulation techniques were tested: (1) adaptive narrowband frequency
modulation (ANBFM), (2) Hybrid No. 1 (Q-M/PSK). (3) Hybrid No. 2 (PDM/PSK). and (4) adaptive
delta voice modulation (ADVM). Performance was measured primarily by the word intelligibility
scores achieved with lists of phonetically balanced (PB) words.

The major findings of the voice tests were 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 ANBFM achieved
in excess of 70% PB word intelligibility at 43 dB-Hz, with Hybrid No. | achieving in
excess of 70% word intelligibility at 40 dB-Hz.
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b. No detectable degradation in the intelligibility due to multipath was observed for any of
the modems for S/I as poor as 3 dB.

¢. In the combined voice and data mode, both hybrid modems required roughly 3 dB
additional C/N to achieve PB word intelligibility equivalent to that of the voice-only

mode.

d.  For the limited speaker population tested, the two male speakers were consistently more
intelligible than the two female speakers. This is probably due to audio band limiting

effects.

S e s ARG

e.  The relationship between the speech communication index meter (SCIM) score and word
intelligibility was found to be modem dependent. Thus, SCIM evaluations do not appear
to offer a universal modem performance evaluation technique. As a minimum, the
relation between the SCIM score and psychometric scores must be calibrated for each

modem.

t
to

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 4
implementations of differentially encoded, coherently detected phase-shift keying (DECPSK) and one 3
implementation of differentially coherent phase-shift keying (DPSK). The four DECPSK modems are 1
designated Hybrid No. 1. Hybrid No. 2. FAA CPSK, and NASA DECPSK, and the DPSK modem is
referred to as FAA DPSK.

For Type | tests the modems exhibited inefficiencies that ranged from 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 107 error probability at C/Ng =
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 consistent with the S/I values measured for the wing-root
slot-dipole antennas during antenna evaluation tests.

Type II tests evaluated modem error performance for various combinations of §/I and C/N,. E
Experimental performance data was compared with theoretical predictions of performance derived
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
theoretical prediction, whereas the performance of DECPSK modems was slightly poorer than
modeled. Comparing the relative performance of DECPSK and DPSK revealed that for S/I larger than
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about 10 dB. DECPSK outperforms DPSK slightly in error probability; for poorer S/I (less than 10
dB). DPSK exhibits a slight superiority. In both cases, 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. C/N, must be increased from 43 dB-Hz to about 51 dB-Hz to maintain 1 x 1075 error prob-
ability. 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.
The effective memory time of the error process was found to be 7 bits for S/I = 6 dB and about 14
bits for S/I = 2.5 dB.

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 du’ta—only
mode. The Hybrid No. | modem needed only an additional 1 dB at high error rates (10™=) while re-
quiring an additional 4 dB at low error rates ( 10'5 ).

i3 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
ranging 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/Ny in the vicin-
ity of 43 dB-Hz. This measure is in reasonable agreement with expectation. taking into account the
maximum tone frequency of 8575 Hz for this system.

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




24 ADDITIONAL ANALYSES

Section 7 provides theoretical aeronautical satellite channel performance data for various
narrowband and wideband data transmission techniques plus cw tone and pseudo-noise ranging
approaches. The major portion of this section was provided by CNR, Inc.

Appendix A gives results of the SCIM measurements that were analyzed by NASA/GSFC.
Appendix B includes analysis of rms range errors for the TSC ranging modem.
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3. MODEM EVALUATION TEST DESCRIPTION

This section provides an overall description of the modem evaluation tests, emphasizing test
aspects common to the voice, digital data, and ranging tests performed. Details and features specific
to testing of particular modems are included in section 4 through 6.

3.1 TEST OBJECTIVES

Various techniques are being considered for the transmission of voice, digital data, and
ranging/surveillance signals to and from aircraft via satellites. The objective of these tests was to
evaluate the performance of several voice. digital data, and ranging modems representing candidate
approaches for this application. Specific objectives were:

a. To evaluate modem performance over a range of flight geometries and C/N, using the
candidate operational LWSD/RWSD/TOP (left-wing slot dipole/right-wing slot dipole/top)
switchable slot-dipole antenna system. Experimental performance data was compared
with theoretical and laboratory baseline data to assess the effects of the overocean flight
environment on modem performance for a representative set of conditions.

b. To evaluate modem performance parametrically in terms of C/N and S/1 over a wide
range of the two parameters for the overocean flight environment, thus providing quanti-
tative measurement of modem performance degradation for various degrees of oceanic
multipath interference. Experimental data were compared with theoretical prediction
and with performance measurements made using a laboratory multipath simulator.

3.2 SATELLITE LINK CONFIGURATION

All U.S. aeronautical technology 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 PLACE ranging tests. which used a round-trip
configuration for range measurements, all modem evaluation tests were performed with a one-way
forward-link configuration. The test signals were transmitted from the Rosman ground station to the
ATS-6 satellite for relay to the aircraft. The forward-link configuration was very efficient in the utili-
zation of ATS-6 satellite test time since it allowed several L-band experiment participants to conduct
tests simultaneously at their respective mobile (or fixed) L-band terminals. Return-link transmissions
from the KC-135 were used only for test coordination purposes and for the surveillance and ranging 1
(S&R) responses during PLACE ranging tests. :

3-1
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Except for a few of the initial tests of the 1974 fall series. the ATS-6 satellite transponder was
operated in the coherent mode. The forward-link reference carrier needed for coherent mode opera-
tion was normally transmitted from the NASA/Mojave ground station. This mode of operation
referenced the L-band frequencies to a highly stabie ground-based standard. thus eliminating any
forward-link frequency uncertainty and drift associated with the satellite internal master oscillator.
For modem evaluation tests. the ATS-6 L-band antenna was operated in the fan-beam mode.

3.3 TYPE I AND TYPE Il TEST CATEGORIES

In accordance with the test objectives. the modem evaluation tests were divided into two

general types.

3.3.1 Typel — Performance With Aircraft Operational Antennas

These tests acquired modem performance with operational antennas at satellite elevation
angles ranging from 10° to 30°. Bearing angles relative to the ATS-6 subsatellite direction were
approximately 45°. 135°. 225° and 315°. About 65% of the acquired modem evaluation data was of
the Type I variety. The signal-to-multipath interference ratio (S/1) for these tests was dependent upon
the polarization and gain characteristics of the airborne operational antenna and the magnitude and
polarization characteristics of the sea-reflected signals. Type I tests evaluated modem performance
over a range of C/N, values and with the S/I values inherent to the antenna system at the relative bear-

ings and elevation angles tested.

3.3.2 Type Il — Performance with Various Levels of Oceanic Multipath Interference

Type II tests used the quad-helix antenna for reception of the direct-path signal and the side
multipath (SMP) antenna for reception of the sea-reflected multipath signals. After preamplification.
these signals were combined at RF in the desired power ratio to simulate an antenna with a specified
S/I ratio. The quad-helix and SMP antennas are both directive and thus do not have any significant
spatial pattern overlap. All flights were approximately broadside to the satellite at an elevation
angle of 159, This constant orientation was used since the SMP antenna pointing was fixed. The test
parameters varied were the direct path C/N and the combining ratio that determines S/I. Tests
spanned C/N, values between 38 and 52 dB-Hz in combination with S/I values ranging from heavy
multipath fading (S/I = 3 dB) to essentially nonfading conditions (S/I > 20 dB).

|
|
|
|
|
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3.4 KC-135 AIRCRAFT TERMINAL INSTRUMENTATION

Test instrumentation was installed in 19-in. racks to allow convenicnt access for equipment
calibration, operation, and maintenance. Seven racks located aft housed most of the equipment for
modem evaluation, antenna evaluation, and system calibration. Three additional racks located
forward contained equipment associated with the multipath tests.

3.4.1 KC-135 L-Band Antennas

The approximate locations of the L-band antennas installed on the KC-135 test aircraft are
shown in figure 3-2. The principal antennas used for modem evaluation data acquisition were (1) the
three-element slot-dipole system for Type I tests and (2) the quad-helix and side-mounted multipath
antennas for Type Il tests. Major features of the aircraft L-band antennas are summarized below.
Unless otherwise noted, polarization is right-hand circular (RHC).

Three-Antenna Slot-Dipole (LWSD/RWSD/TOP) Antenna System: This system consists of
three flush-mounted antennas. Side coverage is provided by the left (LWSD) and right
(RWSD) side antennas mounted in the upper wing/body (wing-root) fairing areas at
station 766. This location was chosen because of the excellent multipath rejection due to
the shielding effect of the wing. High-elevation angle and fore/aft coverage is provided by
a third antenna (TOP) mounted near the top centerline at station 805. Nearly all of the
Type I modem evaluation data was acquired with the LWSD and RWSD antennas.

Quad-Helix (QH) Antenna: This antenna is mechanically steerable and can be pointed
anywhere within the forward region of the upper hemisphere. The antenna provides
about 15.5-dB gain toward the satellite for reception of the direct-path signal.

Side-Mounted Multipath (SMP) Antenna: This antenna, located below the left wing at
station 804 and waterline 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 be-
tween dual linear, RHC, or LHC. For these tests, horizontal polarization was used
exclusively. This antenna received the ocean-reflected multipath signals for Type I1

tests. Reception is maximized for flights approximately broadside to the satellite direc-
tion at elevation angles near 15°. Reception of the direct-path signal is held to an accept-
able low level by the shielding effect of the wing under which the antenna is installed.

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 three-element LWSD/RWSD/TOP slot-dipole antenna system, the RSD/LSD
antennas were used only (1) as backups for acquiring data in the event of LWSD or RWSD
antenna failure and (2) for transmission and reception of auxiliary test coordination
communication signals.

34
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The LWSD/RWSD/TOP slot dipoles were furnished by Boeing and installed specifically
for this test program. The side multipath, RSD/LSD slot-dipole, and quad-helix antennas were
developed and installed by Boeing for the earlier FAA ATS-5 tests (ref 3-1). Other antennas shown in
figure 3-2 were not used during modem evaluation tests; descriptions of antennas are given in

volume 111

3.4.2 Airborne Terminal Functional Description

A simplified block diagram of the modem evaluation instrumentation is shown in figure 3-3.

34.2.1 RF Signal Routing — The normal RF signal routing for Type I data acquisition was as
follows.

a. Depending on aircraft heading. either the LWSD or RWSD antenna was selected for recep-
tion of the L-band downlink test signal.

b. Other RF switches preceding the preamplifier were set as shown in figure 3-3 to bypass
the PLACE diplexer, thus reducing receive-channel insertion loss. The variable-step
attenuator preceding the preamplifier allowed the C/N of the received signal to be set
at the desired value.

¢. The antenna port of the PLACE diplexer was connected to either the LSD or RSD
antenna to permit transmission of a voice link for test coordination purposes. The use of
separate antennas for transmission and reception functions not only allowed receive-
channel losses to be minimized but also guarded aginst the possiblity of interference in
the receive channel due to diplexer leakage during transmitter operation. Extensive test-
ing showed that receive-channel performance was immune to simultaneous transmission
of test coordination signals with this conﬁguration.l

d.  Two RF switches following the preamplifier were set as shown in figure 3-3 to bypass the
RF power combiner used for Type Il tests.

I The PLACE diplexer was part of the equipment configurations used for the FAA ATC demonstration
tests and the NASA two-satellite position-determination tests. Some mild degradation of receive-
channel performance. attributed to intermittent faulty operation of either the diplexer or transmitter,
was observed on occasion when the diplexer and a common antenna were used for transmission and
reception. These observed degradations were neither severe enough nor frequent enough to warrant a
system configuration change for these tests. The observations did, however, provide motivation for
developing the standard approach of using a separate antenna if transmission of return-link coordina-
tion signals was required during modem evaluation tests.

3-6
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For Type II data acquisition, the quad-helix antenna was selected for reception of the direct-
path signal, again bypassing the PLACE diplexer. The variable-step attenuator preceding the pre-
amplifier set the desired C/N o value as before. The side-mounted multipath antenna, in its horizontal
polarization mode, was used to receive the sea-reflected multipath signal. The outputs from the pre-
amplifier were routed to the RF power combiner. The two variable-step attenuators preceding the RF
power combiner adjusted the ratio of S/I to the desired value.

The Type I or I1 RF test signals processed as described above were further linearly amplified,
without automatic gain control (AGC), and down-converted to 70 MHz by the PLACE receiver. A
multi-output power divider in the PLACE receiver provided isolated IF outputs for the IF tuning unit,
the PLACE modem, and for monitoring and calibration purposes.

The IF tuning unit (1) provided additional amplification of the 70-MHz IF test signals and
(2) demultiplexed the frequency-division-multiplex (FDM) downlink test signal spectrum to provide
correctly tuned test signals at the desired level for each of the modems under test. Each tuning
channel used a combination of internal fixed local oscillators and a tunable reference frequency
derived from an external synthesizer. Outputs at 70 and 10 MHz as required for the various modems
and monitoring functions were thus provided. Isolated outputs for test and monitor purposes were
available at selected intermediate and output points.

3.4.2.2 Data Recording Subsystem — Modem outputs, carrier detector unit data, time code, and air-
craft flight parameters were recorded by a 14-track instrumentation magnetic tape recorder. Modem
tests were subdivided into types such as voice, digital data, etc. For each type, several modems were
normally tested simultaneously. Rapid selection of the signals to be recorded and the recorder track
assignments were made using the recorder interface unit. This unit also (1) performed Manchester
encoding of clock and data modem outputs prior to recording, (2) provided other signal conditioning
such as level adjustment, and (3) selected signals to be applied to the chart recorder. Aircraft heading,
roll angle, pitch angle, and altitude were multiplexed onto one track using IRIG subcarrier FM record-
ing techniques. All channels being recorded were also played back concurrently to allow monitoring
of the recording process. Signals recorded for the modem tests, as well as for other tests such as
antenna evaluation, FAA ATC demonstration, and the NASA two-satellite position-determination
tests, are given in table 3-1.

3.5 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, functions, signal flow paths, signal types. and equip-
ment rack locations.

3-8
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Figure 3-4. Rosman U.S. Aeronautical Terminal Block Diagram
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3.5.1 Generation of Forward-Link Test Signals

Baseband test signals for 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. This test signal was distributed to all voice modems
under test. Each voice modulator output a 70-MHz IF carrier modulated with the voice or 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 for 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 subcarrier multiplex unit.

The 70-MHz IF carriers were applied to the subcarrier multiplex unit (SMU), which translated
them individually to form the frequency division multiplex spectrum with the desired relative fre-
quencies and levels. The subcarrier multiplexer portion of the SMU is shown in figure 3-5. Five sub-
carriers can be accommodated simultaneously. Frequency translations were normally performed using
reference frequencies from the PLACE ground equipment (PGE) synthesizer. Frequency selection for
individual subcarriers was normally in increments of 12.5 kHz.

The resultant FDM test spectrum was then up-converted for transmission to ATS-6 via the
station C-band transmitter and 85-ft antenna. For the NASA two-satellite position-determination
tests, the PLACE S&R signals and similar signals for the ATS-5 link were generated in the PGE. These
modulations were transmitted to ATS-5 and ATS-6 for relay to the aircraft.

3.5.2 C-Band Return-Link Reception

During modem tests, return-link signals were transmitted from the aircraft via ATS-6 only for
PLACE ranging and for test coordination purposes. These return-link signals from ATS-6 were
received by the 85-ft antenna and C-band receiver. Received signals were down-translated to a 70-MHz
IF and distributed to the PGE and TSC experiment equipment for demodulation. The return-link
S&R channel was demodulated by the PGE, and the baseband voice and data were distributed to the
experimenters for recording, for transmission to remote locations via telephone, or for test
coordination.

3.5.3 L-Band Operations and Monitoring

In addition to the C-band operations described, transmission and reception of forward- and
return-link signals at L-band to/from ATS-6 were provided by the station L-band receiver/transmitter
and a 15-ft antenna. The PGE also contained a PLACE aircraft modem that was used as a simulated
aircraft terminal during FAA ATC demonstration and NASA two-satellite position-determination

tests.
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During modem evaluation tests, the L-band transmission capability at Rosman was not used,
but reception of the ATS-6 L-band downlink signal at Rosman was of particular importance for
monitoring purposes. This reception capability allowed observation of the relative levels of L-band
downlink spectral components after processing by the satellite transponder limiter. A spectrum
analyzer was used as part of a standard procedure to monitor a 70-MHz IF signal from the L-band
receiver corresponding to the ATS-6 L-band forward link received at the KC-135 airplane.

3.6 FLIGHT TEST PROCEDURES

Data acquisition flights were conducted in strict accordance with a master test schedule and
with a detailed test operations plan specifying the scenario for each flight. Development of the over-
all flight test plan considered (1) the amount of ATS-6 satellite time allocated for L-band experimenta-
tion. (2) the specific flight geometries and other requirements for each technology test, (3) the ATS-6
satellite antenna beam coverage, and (4) the constraints resulting from the simultaneous requirements
of other L-band experiment participants. The above requirements were best fulfilled by spreading the
tests over a 7-month period, with each flight involving a mix of technology test types. A single flight
might provide oceanic multipath, antenna evaluation, and several types of modem evaluation (voice,
digital data. ranging) tests, for example.

Coordination between the L-band experiment participants resulted in an integrated L-band

-
experiment operations plan.~ This plan specified the master test schedule (date and time) and the
signal transmission sequences for the ATS-6 forward and return links.

3.6.1 Test Scenarios and Geometries

Flight test legs for modem evaluation data acquisition were straight-line segments of 23 min
duration. Type Il tests required an aircraft heading of 1 10° relative to the ATS-6 direction at an
elevation angle of 15°. Type I test legs spanned a range of satellite elevation angles between 10° and
300 at aircraft headings of 45°, 1359 225° and 3159 relative to the satellite direction.

Geometrical requirements for the oceanic multipath and antenna evaluation tests also influ-
enced the modem evaluation test scenarios. Oceanic multipath tests required aircraft headings of 0°,
459 and 909 relative to the satellite at elevation angles ranging from 39 to 30°. Antenna tests used
both orbital flights and straight-line segments at various headings and elevation angles between 109
and 459,

o
““ATS-6 Integrated L-Band Experiment Operations Plan,” contract NASS-21789, prepared for
NASA/GSFC, Westinghouse Electric Corp.. 1974.
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Twelve different flightpaths were needed to satisfy the combined data acquisition require-
ments of the modem. multipath. and antenna tests. An example of a typical flightpath is shown in
figure 3-6. The associated test siznal transmission sequence and detailed test operations plan are given
in figure 3-7 and table 3-2. The test operations plan specifies all flight waypoints, aircraft tracks.
C/N and S/I conditions. detailed timing of significant events. antenna selection, and any other param-
eters needed for test conduct. This particular flightpath was scheduled on four different occasions.

i

Modem/Multipath/Antenna Test
Date: November 21, 1974
Transmission mode: TG 4

-3dB ATS-6
antenna gain
contour

Lajes, Azores
N 380 45°
W 27° 05’

Start modem 10° elevation to ATS-6

N 37° 50

w 35° 10°
20° elevation 15° elevation
| : 2
4 hr, 11 min
[ |
'V, VvV, V,V,V  __MP D DV At
p— 5 — g v 1
t..- Type H-+Type n.-{ ',oTvpe |—|

Figure 3-6. Modem/Multipath Antenna Evaluation — Flightpath No. 4

sl




¢ D 30uanbas uoIssIWsuel| pPienct) 1Se0)/[ealineuciay payeibaiuy ‘y-¢ a.nbly

z uo Ja11IeD)

A vo se111¢ 10 w10n annensiuiwpy

|

W paJinDa] Se S310A BANENSIUILIPY 778 LL6'0S9)

| 285°0691
W.

i L 000°0591
Sim [ saod gedniny ] T
*! e uinmay o
sig i
a [
31
2 .
i 4 szg90ss1

]

| e1ep MSd Jecer o10nNeder s010AN | p1aAn Nedes 8_0%3 oopy 54970851
| —_€jep pue 8dl0A [nul ]
a8A N aBA w 3 Ex;.%s =v10ANeder 2010AN Z prakH Neder sd1on[Neder soiop]y 00970851
e1ep pue 010 [Nt ;
TOA UIWPY aBA asn L PLGAR 3010 sAnensIuIL 1 a010\P4edes ao1oAHl W3aN maﬁ ou_%s a0100]4 0520851
|
T T T - 5£0'0551
'
i 4 0000551
fa— BUUBIUY L‘.od>i‘l Q -feo——— YledlnN —etfa— A —o|— A —ofe— A —if A } >IL
e L [ f— 1 " PISMIOS
SN SR TR E R S L O GRS [l SRR N BT S it GARD TR R T T ZHW ‘bayy

ore 1744 002 08l 091 ovi (V4] 00l 08 09 ot 0z 0 ur

ulw ‘awl |




2oy M
2z 6£ NV
THOF R, —poy g
61 ‘06 | VHd‘HD L0+% | M 12 5s 66 NS vsT] MW Ba1 L0+
[0+ uan] do3s L0+¢
Hd"* OSMY W,S6 (sa3nuiw
Jvd ‘doL W,SS 0z ur 09¢F)
V4 asH WoS62 upw ol g1
1vd*d0L W,552 e 3ubiy 03
T:_.omz_ (woN) | WoSLT | BpH p+€ M 12 12417 34m5 L1+t
(woN) | WoSLT | bpH + 0Ty Ay I
L €] INY 61 ‘06 MH‘VHd‘HD 3s9g INY IE (M2 1€ 09 N 8 €51 w1 b3 et
To+ o+t
NO sadey 12+ L2y My
(0z ‘sze)| asm1 M --1 ov I ‘08A 8l+€ |My22 S0 8E N/ 1761 ™ 631 81+€
81+ uany BI+¢
12 S M
st| a (12 *set)| asmy |¥S40021 | ~— v 1 ‘a ¢ | My22 05 8¢ N'' /1901|890 5542
3 CE G35
1 Sg- | 02 | NIT W4 ‘HO dd 19+ 92 vy M., J
el e e e R ) .dmﬂ.ngt 40S *dH 42 |Me22 ez e ¥ Vlg-zee|l o1 57 19+2
Tiv vany 142
SE- + 0% 20 My
T ] 0 |NTJT2 0 dwd'HD dWd ‘dw (2 |mzz | ot ge Nfzewe] 1w 61 1242 -
L2+ uang (242 o
~- == | == |0z ‘s¥ 4 40S + 20 2y Mg {
se- | sy [ N1 |0z sy [ dwdTH dh4 ‘W E1+Z | Mo22 6€ 6¢ N 7/|s 86T| W9 Ba7 €12
€1+ uanj £142 |
| = S 404 HY d01 £0+2 Ir 66 M, |
430 se- | o [N |61 ‘o[ dwd"HD dW4 * i 56+ 1 | Mp2e 1€ 0y N Jorspz| 94 B 5541
55+ uany Gl
NQ sadej SE+ 2€ 8E Moy
be] A (81 ‘sv)] asmy M) = 6€ 1 ‘A 2e+1 | mo22 95 2y N 7/|6°661] 43 b1 2641
26+ 26+ 1|
NO sadey 21+ 02 LE Mg
boe] A (91 ‘sv)l asmy 5] -- te 1 b 6041 | M 22 12 5v 'Vfo-00z] 30 621 k
60+1 udny
NO sadej 6+ 0€ 9¢
boe| A == == | NIT | ST ‘092 | dWS‘HY) M €1 11 ‘N 9v+0 | M22 25 2% 07 691
9r+
NQ sade} 92+ 9 SE :::
Boe| A o S= | NIT | ST 092 | dWS‘HY) Mo 02 sy | 11 ‘N £2+0 | ng02 12 00 N 7|2 BpE] 28 B0 £2+0
€2+ £2+0
! NO sadey €0+ 0T SE M\,
bLoE| A e == | NIT | ST ‘092 | dWS‘HY) M) 9 9 | 11 3 00+0 | Mo61 05 c€ N'V'|9"6ve| v 691 0040
N334 INI| O A313 | 2v [uvi0d|A313 ‘zv ]| a3sn | sawul o . o |13 | wvA 1 e | 13
a] 238 910 o | and | an | WO Iv | wvwsou| 1/ N | 3eML sl oy | INIOdAVA  f, gy  0Te -
NI
2y aseg INV/di/wepon :9dk)
(0T oSE M “.05 4LE N :U0}IRI0T JumS ¥ 91 :85uanbag S(-82-1 10w

SOIYVYN3OS L1S3L 37IvL3Ia ¢€ 378VL




3.6.2 Forward-Link Transmission Formats

The principal forward-link transmission formats used for the modem evaluation tests are given
in table 3-3. Four uplink signals were transmitted from Rosman at relative power levels that caused
the L-band downlink channel powers received at the airplane (with modulations applied) to be equal.
Special precautions and monitoring techniques ensured this equalization. It adjustment of the trans-
mitted relative channel power was required at Rosman. such adjustment was made during the 3-min

& time intervals between test legs indicated in figure 3-7. Onboard the aircraft. these 3-min time
intervals allowed for turns and readjustment of received C/Nj and S/I for the next test leg in accord- 1
ance with the test operations plan.

. TABLE 3-3. MODEM EVALUATION TRANSMISSION FORMATS
Channel frequency, MHz
Test mode 1550.000 1550.075 1550.250 1550.600 1550.675 1550.6875
Voice (1) — Cw ANBFM Hyb 2 Hyb 1 -
Voice (2) - Cw ADVM Hyb 2 ANBFM -
Voice (3) - cw ANBFM ADVM Hyb 1 -
Voice (4) - Cw Hyb 2 ADVM Hyb 1 -
Digital data - Ccw NBFM = PSK cw
Voice/data - cw Hyb 1 Hyb 2 PSK -
Vv/D V/D \
Ranging, NB (1) Cw S&R ANBFM RN - -
Ranging, NB (2) - S&R cw Ry PSK -
Ranging, WB Ccw S&R ANBFM RW — -
Legend:
ANBFM Adaptive narrowband frequency modulation
ADVM Adaptive delta voice modulation
Hyb 1 Hybrid No. 1, voice-only mode
Hyb 2 Hybrid No. 2, voice-only mode
Hyb 1 (V/D)  Hybrid No. 1 modem, simultaneous voice and data mode
PSK Digital data 1200-bps phase-shift-keyed test signal
NB, WB Narrowband, wideband
RN, Rw TSC digital ranging: narrowband, wideband
S&R Surveillance and ranging (NASA PLACE).




3.6.3  Aircraft C/N, and S/I Setup and Measurement

For all modem evaluation tests. the transmission format included a cw carrier at a power level
equal to that of other test channels. C/N_j measurements could therefore be made on this channel to
infer the C/Nj on other channels. The cw signal was normally at 1550.6875 MHz for data modem
tests and at 1550.075 MHz for other modem tests.

3.6.3.1 Direct-Path C/N Measurement — The desired direct-path C/N, for a test ieg was set up by
measuring the received C/N on the cw channel using an HP 141T spectrum analyzer and adjusting the
variable attenuator preceding the preamplifier (fig. 3-3) until the desired value was obtained. During
the test. frequent C/N, measurements were made independently by separate operators at 70- and
10-MHz IF points using an HP 141T spectrum analyzer and HP 312A wave analyzer. These measure-
ments were used to monitor the C/N, test parameter during test progress on each flight leg. C/N,
measurements made internally within the two hybrid modems and displayed on these units were also
useful for monitoring during the test.

The cw channel was also envelope detected within the carrier detector unit. This envelope-
detected output was FM recorded for off-line computer analysis to determine C/N and S/ on a more
continuous basis in support of the detailed data analysis as described in section 3.8. Subsequent
analysis showed excellent agreement between the computer-analyzed C/N values and the real-time
spectrum analyzer measurements made during the tests.

3.6.3.2 S/l Setup Procedure for Type Il Tests — No direct method was available for real-time measure-
ment of the received signal S/I ratio. The proper relative settings of the attenuators preceding the RF
combiner (shown in fig. 3-8) for Type Il tests were therefore determined from a combination of a
priori knowledge and calibration measurement. The gain of the direct-path quad-helix antenna to the
ATS-6 RHC forward-link signal is known to be approximately 15.5 dB. The gain of the side-mounted
multipath antenna in its horizontal polarization mode as used for Type II tests is known to be about
12.0 dB. The reflection loss at the sea surface for incident horizontally polarized waves is known to
be on the order of 1 dB at 15° elevation angles: this is consistent with theoretical prediction and has
been verified experimentally both during this test program (vol. V) and during previous ATS-5 tests
(ref. 3-2). Assuming that half of the energy in the ATS-6 downlink signal incident upon the sea
surface is contained in the horizontally polarized component. the received direct-path signal power
(Pp) relative to the indirect-path signal power (Pp) at the antenna terminals is
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-

(PD/PI)at antenna — 3 dB+3dB+1dB = 7dB
GQH/GSMP Polarization Reflection loss
loss for horizontal polarization

where GQH/GSMP is the relative gain of the QH and SMP antennas. On one occasion, measurements
of Pp and Pl were made during a Type II test leg to verify that use of the above relationship was a
satisfactory approximation for test setup purposes.

The above estimate of PD/P[ was used in conjunction with RF system calibration data to set
up the desired S/I value in the combined receiving channel. The RF cable losses between the antennas
and their respective preamplifiers were known from measurements. The relative gains of the direct
and indirect RF channels between the preamplifier inputs and the combiner output could be readily
measured by injecting test signals into the two channels via directional couplers permanently installed
for this purpose at the receiving channel inputs. Comparison of the signal levels at the combined out-
put then yields the relative RF gain value of the two channels between these points. By this means
the RF values were determined for Type 11 tests.

The above procedure for real-time estimation of S/I was used only for setting up the planned

S/I test conditions for test conduct purposes. The actual value of S/I achieved during a given test run
was determined by the off-line computer analysis of the cw-channel-detected envelope signal.

3.6.4 Functional Checkout and Calibration Provisions

The terminal design incorporated a sophisticated test and calibration capability designed to
perform (1) functional checkout and adjustment, (2) calibration prior to data acquisition. (3) monitor-
ing during test conduct, (4) acquisition of real-time measurement data, and (5) troubleshooting and

* fault correction. 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, NBFM voice, and PLACE S&R modulations could be
generated and injected into the receiving system inputs for test and calibration purposes.

A block diagram of the channel calibrator is shown in figure 3-9. Modulated subcarriers cor-
responding to an NBFM voice channel and a 1200-bps data channel were obtained from the PLACE
modem. These, together with an S&R subcarrier, were frequency multiplexed to the desired relative
frequencies in the PLACE test set. A TSC digital ranging subcarrier, after translation to the correct
frequency. was also added. The resultant spectrum was translated to 1650 MHz by the PLACE R/T
unit. After a further 100-MHz translation in the L-band test set. this signal represented a four-channel

i
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ATS-6 L-band downlink test signal. The signals received from ATS-5 during the NASA two-satellite
tests could also be simulated. including ATS-S spin effects. The final composite L-band test signal
was as shown in table 3-4. :

These signals, either with or without the white noise from the calibrated noise source, can be
injected into each receiving system input using permanently installed directional couplers.

The types of test and calibration performed using this channel calibrator were (1) operating
noise-figure measurement for each receiving system, (2) receiving channel relative-gain calibration,
(3) data acquisition channel checkout for continuity and adjustment, (4) PLACE S&R and NBFM
channel functional checkout. (5) TSC digital ranging modem performance calibration, and (6) per-
tormance measurements on all digital data demodulators.

During test conduct. channel C/N, could be monitored as previously described, all voice
modem outputs could be aurally monitored., all digital data modem bit-stream outputs could be viewed
on a multitrace oscilloscope for rapid identification of erratic operations, BER measurements could
be made both with internal error detectors or with an HP 1645A data error analyzer, all data signals
being recorded could be monitored on playback, and various other RF and IF monitor points were
available for performance monitoring. An eight-track chart recorder provided a hard-copy record of

selected signals.

3.7 DATA ACQUISITICN SUMMARY FOR MODEM EVALUATION
The DOT/TSC aeronautical technology tests acquired approximately 135 hr of flight test data
over a 7-mont. period ending April 3. 1975. Of this, approximately 82 hr was modem evaluation data

(65 Type 1. 35% Type 11).

Testing at satellite elevation angles in the 30° range used Loring AFB, Maine, as the base for
flight operations. Tests at lower elevation angles were conducted from Lajes AFB, Azores.

TABLE 34. L-BAND COMPQOSITE CHECKOUT SPECTRUM

Signal Frequency, MHz Satellite signal simulated
PLACE S&R (or cw) 1550.075 ATS-6 downlink
NBFM vaice 1550.250 ATS-6 downlink
TSC digital ranging 1550.600 ATS-6 downlink
1200-bps PSK data 1550.675 ATS-6 downlink
PLACE ranging tones (PM) 1551.600 ATS-5 downlink
3-23




During the modem evaluation tests, the ATS-6 fan beam antenna pierce-point locations nor-
mally were as follows:

Pierce-point location Test series
459N, 45°W September 1974
40°N, 45°W October and November 1974
40°N, 54°W January, February, and March 1975.

The first two beam pointings described above were the nominal pierce-point locations agreed upon
during the planning phase of the Integrated L-Band Experiment (ref. 1-1). Field experience obtained
during the 1974 fall test series showed that uniformity of the ATS-6 antenna illumination was im-
proved for the overocean region between satellite elevation angles of 15° and 35° with a more
westerly pierce-point location. Thus the third beam pointing was used as the nominal pierce-point
location during the 1975 spring test series.

Tables 3-5 and 3-6 summarize the Type ] and 11 modem evaluation tests conducted. The tables
identify the number of 23-min test legs flown for each type of test.

3.8 DATA ANALYSIS PROCEDURES

This section provides a brief description of the data reduction and analysis procedures applic-
able to the various modem evluation tests.

3.8.1 Data Analysis Functional Flow

Figure 3-10 illustrates the various raachine and human judgment processes that constitute the
total modem data reduction and analysis (DRandA) system. Time periods for which valid voice data
were acquired are identified from the airborne logs and strip charts. Corresponding voice channels
were transcribed to 1/4-in. tapes for intelligibility scoring by CBS Laboratories (ref. 3-3). A limited
quantity of transcribed SCIM data was submitted to NASA/GSFC for processing.

Analog source tapes were sent to the Boeing Test Data Processing Center (TDPC) where (1)
specified time segments and tape tracks were digitized to provide seven-track. 800-bpi digital tapes
compatible with the CDC 6600 computer and (2) aircraft heading, pitch, roll, and modem monitor
signals were stripped out on chart paper.

Airplane logs, onboard strip charts, and TDPC strip charts were used to identify which time
segments of the digital tapes were to be analyzed. These time segments were subjected to detailed CDC
6600 processing using the applicable analysis program (vol. IV of this report). Output from the CDC
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TABLE 3-5. MODEM EVALUATION DATA ACQUISITION, TYPE |

. Number of 20-min runs
Elevation ,
Date, angle, Voice Voice Hybrid Digital
mo-day-yr deg (no ADVM) | (with ADVM) V/D data Ranging®
9-24-74 30 1 - 1 1 2
9-26-74 30 5 - - 5 :
9-30-74 30 4 - 2 2 2
10-24-74 15-22 2 - 1 1 5
10-25-74 15 - - - 5 1
10-28-74 15-17 - - 2 1
11-13.74 12-15 - - 3 1 2
11-14.74 9-16 4 - - 3 -
11-15.74 15-17 2 - - 2 1
11-16-74 9-15 4 - - 1 ]
11-19.74 15-17 - - - a4 =
11-20.74 9 5° - - P 2b
11-21-74 15-17 3 - 1 1 -
1-23-75 8-15 a4 : = 1 2
1-24-75 15-18 - - = 4 -
1-27-75 15 s = 5 5 1
1-28-75 15-22 2 - 1 1 B
1-30-75 8-15 2 - - 1 2
2.24-75 30 - 7 - 3 .
2-26-75 30 7 - 1 2
2.27-75 30 - - 3 = 2
3.25.76 15 - - - 1 2
3.27-75 15 " 3¢ . % p
3.28-75 10-15 3 = . 2 £
3.31-75 15 3 < - 2 N
4-1.75 10-17 = 3 1 : :
4-2.75 10 - = - 1 2

Y ow percentage of success due to erratic modem performance.

bGrot.md test parked at Azores.

®No ADVM data.
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E TABLE 3-6. MODEM EVALUATION DATA ACQUISITION, TYPE 11
Number of 20-min runs
Elevation 1
Date, angle, Voice Voice Hybrid Digital 4
mo-day-yr deg (no ADVM) | (with ADVM) v/D data Ranging®
10-24.74 15 ab . - . "
2 10-25-74 15 = - . 3 1
"3 10-28-74 15 3 = - = - #
E - 11-13.74 15 : A : 4 3
i 11-14.74 15 : - - 3 - 3
11-15-74 15 3 : - - =
- 11-16-74 15 = : 4 3 S 3
11-19-74 15 3 . - 4 2
11-21-74 15 2 = o - .
1-23-75 15 . : 3 2 8
1-24.75 15 . : . 4 2 :
127-75 15 3 2 i i - ]
1-28-75 15 3 - - 2 -
1-30-76 15 - - - 3 2
3-25.75 15 - - 3 3 -
32775 15 - 2 . 1 1
3-28-75% 15 1 - - 2 1 :
3-31-7% 15 2 = = 2 1 ~4
4.1.75 15 - 3 - - - |
4-2.75 15 1 = 1 1 -
3Erratic performance of modem.,
bQuestionable data due to RF power combiner fault.
CNo ADVM data.
6600 included C/N, and S/I statistics, bit-error rates, error pattern statistics, and ranging data analysis.
The above information was manually merged with other data such as voice intelligibility scores and
aircraft parameters to give final outputs.
384 € Ny and S/I Determination j

The calculation of C/N and S/1 is basic to all modem and antenna evaluation tests. The cw
carrier transmitted from Rosman to the aircraft via ATS-6 was processed by an envelope detector in
the carrier detector unit. The detected envelope output was FM recorded and computer analyzed to
determine C/N, and S/I. The algorithm made it possible to obtain these estimates as often as every 15
sec for modem evalutaion and every 3 sec for antenna tests.
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Specifically, the envelope-detected signal was digitized at a 2-kHz rate using 10-bit quantiza-
tion to obtain 1025 signal strength samples in approximately 0.5 sec. The 1025 samples were pro-
cessed to remove sample bias and linear drift components. The sample mean, (S), mean squared values
(S<). and variance (02) were then determined. After the time-domain samples were tapered to mini-
mize spectral window side-lobe peaks, the discrete Fourier transform was performed on the time-
domain data. The discrete Fourier transform was implemented using the fast Fourier transform
(FFT), whose output provided the power spectral density versus frequency for the 0- to 800-Hz range.

The output spectrum can be expanded as a mathematical series involving direct signal power.
multipath spectrum, and the noise spectrum. The spectral data was used to calculate a quantity
termed “noise floor,” computed as the weighted average of the spectral density from 250 to 800 Hz.
This frequency range was chosen with the a priori knowledge that there will be little multipath power
above 250 Hz in comparison to noise power. The ratio of the squared mean signal strength to the
noise floor value was calculated and used to determine (‘/N0 using a computer look-up table. The
look-up table was based on analytical modeling of the carrier detector output. The modeling has been
experimentally verified for the additive noise environment.

To estimate S/1, the spectral data was numerically integrated from 2 to 250 Hz to yield a band-
limited variance figure caused by the combined effects of multipath power and noise. This calculation
uses the a priori knowledge that virtually all multipath-related energy will fall within the range of 0 to
250 Hz. The ratio of squared mean to the above band-limited variance was calculated and used with
(‘/NO to estimate S/I by graphical methods. These graphical relationships are also based on careful
analytical modeling.

Typically, several values of C/N, and the S/I statistic were calculated over a time segment:
the mean and standard deviation of these parameters were also calculated. The mean C/N,, is the value
used in plotting data in the final output format, and the standard deviation gives an indication of the
constancy of C/NO. Similarly, the mean of the S/I statistic is used to determine the mean S/I during
the data time segment and the standard deviation indicates the constancy of that parameter estimate.

The envelope detector algorithm and the mathematical basis for the analysis are described in
volume IV of this report.
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4. VOICE MODEM EVALUATION TEST RESULTS

Four distinct voice modulation techniques were evaluated for a variety of aeronautical channel
conditions. Performance was measured primarily by word intelligibility scores achieved using lists of
phonetically balanced words. Variables in the tests included C/No. the ratio of unmodulated carrier
power to noise power density measured in dB-Hz, and S/I, the ratio of direct signal power to total
scattered multipath power measured in dB.

4.1 VOICE MODEMS TESTED

The modems tested are referred to as NASA ANBFM (adaptive narrowband frequency modu-
lation), Hybrid No. 1 (Q-M/PSK), Hybrid No. 2 (PDM/PSK). and ADVM (adaptive delta voice modula-
tion). The two hybrid modems may operate in either voice only, data-only. or simultaneous voice/
data modes. Characteristics of each are briefly described below.

Adaptive Narrowband Frequency Modulation (ANBFM) — This modem uses narrowband
frequency modulation in conjunction with a wideband phase-lock demodulator. Use of a
bandpass limiter prior to the demodulator PLL provides the usual loop adaptivity to (‘/N0
(loop bandwidth diminishing with C/No ) and this somewhat ameliorates the FM demod-
ulator threshold effect. Audio processing consists of speech preemphasis, peak clipping
prior to modulation, and deemphasis after demodulation. The modem was originally
developed for NASA by Bell Aerospace Company.

Hybrid No. 1 (Q-M/PSK) — This unit employs quadrature carriers to convey speech and
data information in a manner such that all transmitter power reverts to the data channel
in the absence of audio inputs. The processed speech double-sideband-suppressed carrier
(DSBSC) modulates a carrier, while data (if present) PSK modulates the quadrature carrier.
The analog sum is limited to provide a constant envelope signal. This process induces
time-varying power sharing between the voice and data channels since the speech wave-
torm is random. Demodulation of the signal is accomplished with a synchronous demod-
ulator and low-pass filter. When the modem is operating in the voice mode. the coherent
reference is extracted with a second-order phase-lock loop. A Costas loop is used when
the modem is operating in the data mode or combined voice/data mode. The modem was
developed for TSC by Bell Aerospace Company.

Hybrid No. 2 (PDM/PSK) — Again, voice and data. if both are present, are conveyed on
carriers that are in phase quadrature. The voice intelligence is impressed with suppressed-

4-1
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clock pulse-duration modulation (SCPDM). The pulse waveform PSK modulates a carrier
in constant-envelope fashion. The data signal PSK modulates a quadrature carrier and the
linear sum of the two modulated carriers is transmitted. In the voice/data mode, a 50-50
power split is in effect whether speech is present or absent. Audio demodulation is
accomplished with coherent carrier-tracking loops, a clock extraction loop, and recon-
version of the PDM waveform to analog speech. This modem was developed for TSC by

Magnavox Research Laboratories.

Adaptive Delta Voice Modulation (ADVM) — The ADVM modem is an implementation
of delta modulation in which the step size is dynamically adjusted to operate in high-
signal dynamics with minimal slope overload. yet maintain small quantizing noise when
the waveform is being adequately tracked. The speech sampling rate, and hence the
channel bit rate, is 19.2 kbps. Two detection options are available. One, referred to as
digital. uses coherent integrate-and-dump decisions on each bit whereas the second,
referenced to as analog, simply uses the filtered low-pass output of the coherent demod-
ulator. The latter mode is superior at low C/N, where the digital error rate becomes
large. This modem, developed for TSC by Bell Aerospace Company. entered the flight
test program in time for the February 1975 tests.

4.2 PERFORMANCE EVALUATION METHOD AND TEST CONDUCT

The preferred measure of performance in speech communication for aeronautical systems is the
achieved intelligibility, as opposed to mean square error or test-tone-to-noise ratio. Although the latter
are easier to analyze or measure. intelligibility tests incorporate all the aural perception phenomena
implicitly and thus provide a proper ranking on the basis of usefulness to the human listener.

To perform these tests, phonetically balanced word lists were recorded on 1/4-in. tape by CBS
Laboratories using alternate male and female speakers. A single intelligibility test involved four sepa-
rate speakers, each reading two 50-word lists, making a 400-word test. List scrambling minimized
learning by the listener panel. The words were spoken at approximately 2.5-sec intervals, and the total
test duration, over which conditions were maintained constant, was roughly 22 min. Figure 4-1 illus-

trates the tape format for all sessions.

These source tapes were played as audio inputs to all modulators under test at NASA/Rosman.
Three voice signals were transmitted along with a cw carrier in a four-channel FDM format. In terms
of ATS-6 L-band forward-link tfrequencies, the frequency assignments were:

kit
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1550.075 MHz CW carrier (also used for PLACE S&R)
1550.250 MHz
1550.600 MHz Up to three modems under test.

1550.675 MHz
This frequency plan was chosen to minimize inband intermodulation noise arising in the satellite.

One aspect of the test setup was preleveling of the signals at Rosman to ensure equal power
per channel at the aircraft. Preleveling was mandatory since C/No measurements were performed
only on the cw carrier, and the C/No was assumed as identical for all channels. This leveling was
accomplished by viewing the L-band satellite-to-Rosman downlink on a spectrum analyzer with no
modulation applied. Resolution of 2 dB/cm was used on the display. Equalization of amplitudes on
this basis thus compensated for any unequal gain versus frequency in the ground transmitter and
satellite transponder.

The 1-kHz tone preamble was used to set the modulator audio levels and recorder levels on the
aircraft. Once the word list was initiated, no further adjustments were made.

Aircraft crew operations involved setting the C/Ng and S/I to near the desired values, tuning

the receiver frequency, and adjusting the gain to ensure nominal operating levels for each demodulator.

Periodically, C/NO measurements on the cw carrier were made with a spectrum analyzer or wave ana-
lyzer and were logged.

4.3 REDUCTION AND ANALYSIS OF VOICE DATA

The instrumentati‘on tapes recorded on the KC-135 were returned to Seattle, and the three
separate voice tracks were transcribed, along with identification, onto 1/4-in. audio high-fidelity tape
using a Revox deck. These tapes were forwarded to CBS Laboratories for evaluation. The carrier
detector signal was subsequently digitized at the Test Data Processing Center for analysis of channel
conditions. This procedure is common to all experiments and is described in section 3.8 (and, in more
detail, in vol. I1V).

CBS used a trained listener panel of 10 persons. For each 400-word list, the statistics for each
listener and for the panel average were provided, as shown in figure 4-2. The primary measure used in
data evaluation was the mean PB word score; the 95% confidence interval provides a measure of the
statistical confidence in the estimate using t-distribution tables. This assumes the actual scores are
normally distributed with unknown mean and variance; thus the number of degrees of freedom is
10-2-1 = 7.

4-4
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CBS LABORATORIESe, STAMFORDy CONNECTICUT

INTELLIGIRILITY TEST REPORT

k k %k %k %k %k %k % % %k %k %k k *k ¥k % % %k k *x %k X

STATISTICS FOR BOFEING ATRPLANF TFST NO, 147 _é

SESSION NO. BRu49 DATE: 3/11/75

TEST MEAN SCORES (%):3 ORDEREN ARRAY
LIST 901 82.4 79.8
LIST 902 79.8 81.6
LIST 2603 89.8 82.4
LIST 2604 90.2 B3.2
LIST 4305 83.2 85.4
LIST 4306 81.6 8%.8
LIST 6007 91.4 90,2
LIST 6008 RS5.u4 91.4

LISTENER RESULTS (%)2

LISTENER MEAN SCORES STD. DEVIATION STD. ERROR
1 80.5 6.5A8322"7 243222526
2 96 2.3904572 «BU515425
3 91.75 4.,59N03A2A 1.6229363
4 85,75 5.8072u63 2.0506957
5 77.5 8.19407u45 2.8970428
6 84,25 5.1754917 1.8298126
7 93.75 5.3917927 1.906286%5
8 85 6.8u452277 2.4201535
9 80 10.A9045 3.77964407
10 80.25 7.8148211 2.7629565

CONDITION RESULTS:

- MEAN PB WORD SCORE = 85,4750

STANDARN NEVIATION = 4,4000 STANDARD ERROR OF MEAN = 11,5698 4
95% CONFINDENCE LIMITS ( 7 DEGREES OF FREENOM) = 3.7125? 1
HIGHEST TEST SCORE = 91.4090 LOWEST TEST SCORE = 79.80N0

RANGE = 11.A000 MEDTAN = 84,3000
FREQUENCY DISTRIBUTION (TEN EQUAL CLASSES)S
1 1 2 0 1 0 0 0 2 1

Figure 4-2. Sample Voice Intelligibility Report
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CBS LARORATNORIESs STAMFORDs, CONMECTICUT
INTELLIGIRILITY TEST REPORT
}. Kk &k %k K %k X %k %k ok Kk k % sk k k %k k Xk k Xk Xk X

TALKFER STATISTTCS FOR ROETNG ATRPIANE TEST NO. 147

¢ SESSION NO. Ru9 DATE?: 3/11/75

FEMALE TALKERS?

TEST MEAN SCORES (%):2
LIST 901 82.u4
LIST 902 79.8
LIST 4305 R3.2
LIST 4306 B1.6

MEAN PR WORD SCORE

81.75
STANDARD DEVIATION = 1.454R769

STD. ERROR OF MEAN

« 72743843
MALE TALKERS:

TEST MEAN SCORES (%):¢

LIST 2603 89.R

LIST 2604 90.2

LIST 6007 91.4

LIST 6008 85.4

MEAN PR WORN SCORE

89,2
'STANDARD DEVIATION = 2.6229754
STN. ERROR OF MEAN = 1.3114877

T=TEST STATISTIC ==4,.3020563 FOR A DEG.OF FREEDN™

Figure 4-2. (Continued)
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CRS LABORATORIESs STAMFORN, CONUECTICHT
INTELLIGTSILITY TEST REPORT *

%k Kk k k %k k %k Kk k %k k %k X Xk ¥k k %k Xk Kk ¥ %X X

NATA SiIMVMARY FOR BOEING AIRPLANE TEST NO. 147

SESSION NO, Bu9 DATE: 3/11/75

F LLESTENERSTS

LIST 901 70 98 92 84 70 78 9y 84 80 74 !
LIST 902 80 9y 20 6 62 82 98 76 64 76 5
LIST 2603 A6 94 90 90 as 90 9 92 86 90 :
LIST 2604 92 98 9 83 84 84 100 92 84 86 3
LIST 4305 76 94 82 82 80 80 92 78 86 82
LIST 4306 78 96 9% 90 T4 80 82 82 64 74
LIST 6007 82 94 96 94 A2 92 . 9 9y 9y 90

LIST 6008 80 100 94 82 82 89 9u 82 82 70

Figure 4-2. (Concluded)
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The two key experiment variables were the signal-to-noise density ratio, C/No, and the direct-
to-indirect signal power ratio, S/I. A technique of estimating these parameters was developed using
samples of the detected envelope of a cw carrier multiplexed with the modulated voice carriers. This
technique and underlying theory are described fully in volume IV of this report. Basically, the method
utilizes moments of the envelope process and smoothed spectral estimates to determine statistical
quantities that are uniquely related to C/N0 and S/I. This method provides a direct isolation of
multipath and additive noise contributions to the total detector output fluctuations.

A single set of channel parameter estimates is provided every 15 sec, and the values reported
here are averages over a 20-min interval of these individual estimates. The absolute accuracy that may
be attached to these smoothed estimates is +0.5 dB for C/N and +1 .0 dB for S/I. Note that since
the same estimates are used for presenting the various modem results, the differential error between
modems is zero.

4.4 TYPE I TEST RESULTS, VOICE-ONLY MODE

Type I voice tests were performed in the September, October, and November test series in 1974
and during January, February, and March/April in 1975. The ADVM modem became available in
February 1975. All data acquired have been analyzed to obtain intelligibility scores except those of
January 1975 and non-ADVM tests in March 1975. Since the other test series provided an adequate
Type I data base, intelligibility scoring of these tests was deferred.

Test results for the voice-only mode are summarized for each modem in figures 4-3 through
4-7. Respectively shown are ANBFM, Hybrid No. 1, Hybrid No. 2, and ADVM performance. (Hybrid
No. 2 modem resuits are presented separately for fall and spring series for reasons described below.)
In figures 4-3 and 4-4, each point is identified as to the period of testing, i.e., fall or spring series. The
ADVM modem results were obtained exclusively during the spring 1975 test series. For each modem,
a best-fit curve has been drawn within the data set. These curves have been simultaneously plotted in
figure 4-8 and serve as an experiment summary for Type I tests. The independent variable in each
figure is the C/N estimate derived from the carrier detector unit. Averaging of C/N, overa 20-
min run has been used.

Modifications to the Hybrid No. 2 modem were made by Magnavox personnel during December
1974. Both Hybrid No. 1 and 2 modems were returned to manufacturers at that time for realignment
and calibration. The modifications consisted of changing the preemphasis schedule from 12 to 6 dB/
octave and the deemphasis schedule from 6 dB/octave to none. Also, an audio AGC prior to the modu-
lator was included to accommodate dynamic level changes at Rosman. Because these changes appar-
ently improved the voice intelligibility scores by S to 15 percentage points, the spring test results have
been separately plotted.

4-8




Percent PB word intelligibility

100

70—

60 -

50 —

30—

20

(O Fall series 1974

@ Spring series 1975

| R | 1 H R | ol _J

37

39 a1 43 <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>