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PREFACE

The U .S. Department  of Transportation (DOT) aeronautical test program entitled “Air Traffi c
Control  Exper ime nta t ion  and Evaluation with the NASA ATS-b 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-
catio ns . Each part icipant performed tests il l one or more of three categories: aeronautical , maritime
sa l~ t~ . and maritime fleet operations. All tests we re conducted in accordance with an overall integrated
test plan coordinated by NASA ,- GSFC.

TIte 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 . wit h the DOT TSC conducting the technology tests and the FAA/NAFEC conducting the ATC
demonstration tests. The techno logy tests included multipath channel characterization , modem
evaluation , and aircraft antenna evaluation. Results of t hese tests are presented in volumes Ill through
VII. and the results of t he ATC demonstration tests are presented in volume II. The DOT/TSC
test program was supported by the Boeing Commercia l 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-TS(’-707. Mos t of the materi al  conta ined in section 7 of this volume was prepared by
(N R Inc.. under  subcontrac t  to the Boeing Commercial Airplane Company.

— — 
-

~~~ ~~ -_- - 
- 

~~~~- - - - - ‘~. -‘
i i. . -

0 .
\ -

~~~~ 
. .i

~~~~ \
~~~~~~~~ • . . . • ...

...

-
~ • . - • 

~~~~~~~~~~~~~~~~~~

I 
~

_ _  

tl

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1t_

~~~~
~_



• __ ‘__ . . ,,-~
_._,._. - - --- S ”  -- ~~~~~ - - ‘ r •~~~~~,—.-,-~—fl— ~~~~~~ ~~ -• - —; — - - - ——.— .-—,,,

11

J E.5~~~~.8 ~~~~~~~~

HI 
~ ~

.,

Ui

~ 

UI 

SM

~~ ~~~~~~~ ~~~ _ ~~~~~~ ., ~ 
S

• ~~ ~~~~~~~~~~~~~ ~~ 0
’ ~~~ •

03 —
SM

~ Eg a — — SM 0

a
~ § 

—

l iD ~EWH 0

.

4 

- 

I ~~~~~~- ~~
_ _ _

~~~E

~~ Ct SC tZ 05 6t 91 Lt 91 SI bi £1 51 It 01 6 9 £ 9 9 C t I
U.

Ill vi Dii liIi iil I iiii vn vii ilfihill iuihiii iii iii I ill II Il iiiIi II I IIII iii UII U IIH I viii v i iiuiuiiivi lvi illilvi vhl Uihhhhh I hhhhhhh hihh hl O Uhi liii liii VII lIV ID lOt

I, 1 1 1 5 1 1 i~r~ I I’I’I’ ~‘I ‘~
.I’ 

~

I ‘~‘I 
1

~
1:hhh 1 ~ 

1
11 11 15 

~ I~’l’ I’I’ I’l’ I’ 9’ 

—

j  t U e ~ ~~e~~.I2 ~~~~~ — — — _ ~‘e ’e “

• • a

~~~

- 

~
.

• 
~~~~I’
p •~~ ~~~~~~~~~~ ~

• 
~~ 

I 
- 

cL. 6 
~~

~ UU ~ U~~
- H~~ftn I- ~;—

j

j ____ _ - -—.,-~~ ~ --~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-

~

S

CONTENTS

Section Page

I .  INTRODUCTION I - I

• I .1 DOT/TSC Aeronautical Technology Tests I-I
1.2 DOT/FAA Air Traffic Control Demonstration Tests 1-2

2. SUMMARY OF RESULTS AND CONCLUSIONS 2-I

2.1 Voice Modem Test Results 2~I -

2. 2 Digital Data Modem Test Results 2-~
2.3 Ranging Modem Test Results 2-3

3. MODEM EVALUATION TEST DESCRIPTION 3-I

3.1 Test Objectives 3.1
3. 2 Satellite Link Configuration 3-I

* 
3.3 Type I and Type II Test Categories 3-3

3.3.1 Type • - Pert ’ormance Wi th Aircraft Operational Antennas 3-3
3.3. 2 Type II — Performance with Various Levels of Oceanic

Multipath Interfe rence 3-3

3.4 KC-135 Aircraft Terminal Instrumentation 3-4

3.4.1 KC-135 L-Band Antennas 3-4
3.4.2 Airborne Terminal Functional Description 3-6

3.5 Rosman Terminal Equipment 3-8

3. 5 .1 Generation of Forward-Link Test Si~~als 3-I 2
3.5.2 C-Band Return-Link Reception 3-1 2
3.5.3 L-Band Operations and Monitoring 3- 12

3.6 Flight Test Procedure s 3-14

3.6. 1 Test Scenarios and Geometries 3- 14
-
‘ 3.6.2 Forward-Link Transmission Formats 3-18

3.6.3 Aircraft C/N0 and S/ I Setup and Measurement 3- 19
3. h.4 Functional Checkout and Calibration Provisions ~-2 I

V

- - - - ~~~~~~~~-- -  -- - - ~~~- - . — . _ _



— . — - • --
~~~~~~

•..
~~

.- ,- — . 
.
-,

~~
- -

~
------.-- -— -,—.---.- - .. - .- .,.-. .—‘;— - - -  — - ‘—.-• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • ~~.— 
•. 

~
•. 

~~~~~
— -.-—--.--- — •-

~
--—

~~~~~~~

, 

~~
-•---- . .

r — - — —

CONTENTS (Continued )

Section Page

3.7 Data Acquisition Summary for Modem Evaluation 3-23
3.8 Data Analysis Procedures 3-24 . 

-

3.8.1 Data Analysis Functional Flow 3-24
t 3.8.2 C/N0 and S/I Determination 3-26

4. VOICE MODEM EVALUATION TEST RESULTS 4-I

4.1 Voice Modems Tested 4-I
4.2 Performance Evaluation Method and Test Conduct 4-2
4.3 Reduction and Analysis of Voice Data 4-4
4.4 Type I Test Results, Voice-Only Mode 4-8
4.5 Type U Test Results, Voice-Only Mode 4-16
4.6 Hybrid Modem Performance in Combined Voice and Data Mode 4-23
4,7 Voice Modem Conclusions 4-26

5. DIGITAL DATA MODEM TEST RESULTS 5-I

5.1 Digital Data Modems Tested 5-I
5.2 Digital Data Test Signal Description 5-2

5.2.1 PN Test Sequence 5-2
5.2.2 RF Link Transmission Formats 5-2
5.2.3 Channel Power Equalization 5-3

5.3 Reduction and Analysis of Digital Data 5-3

5.3. 1 Conversion to Digital Tape 5-4
5.3.2 Bit-Error-Rate Determination 5-4
5.3.3 Error Spacing Analysis 5-4
5.3.4 C/N0 and S/ I Calculation 5-5

5.4 Baseline Laboratory BER Measurements 5-5
5.5 Type I Test BER Performance, Data-Only Mode 5-10
5.6 Type II Test BER Performance, Data-Only Mode 5-16
5. 7 Error Burst Statistics 5-24

- . 5.8 BER Performance of Hybrid Modem in Combined Voice and Data Mode 5-35 ‘
5.9 Digital Data Modem Conclusions 5-39

; •
~~ I

vi 

- —- —~~~~~ , -•-- •~~-.-~~~.-- - -.--.- - - -_ .- - - . ---. —~ ~~~~~~~~~~~~~~1-



__ --. ~~~~~~ ~~~~~. , ,.—

• CONTENTS (Concluded )

Section Page

6. RANGING EXPERIMENT TEST RESULTS 6-I

6. 1 Ranging Modems Tested 6-1

6.1.1 TSC Ranging Modem 6-I
6.1.2 NASA Ranging Modem 6-2

‘ 6.2 Ranging Test Signal Description 6-3
6.3 Reduction and Analysis of Ranging Data 6-3
6.4 Laboratory Baseline Performance Data 6-4
6.5 TSC Digital Ranging Modem Performance 6-4
6.6 NASA Ranging Modem Performance 6-10
6.7 Ranging Experiment Conclusions 6-14

7. MULTIPATH CHARACTERISTICS OF OCEANIC CHANNEL 7- I

* 7.1 Summary Characteristics of Oceanic Channel 7-I
7.2 Narrowband Data Transmission Performance 7-4

7.2.1 Candidate Modulation Schematics 7-4

7,3 W ideband Data Transmission Performance 7-7
7.4 Application to Tone Ranging Systems 7-9

7.4. 1 Effects of Multipath on Tone Ranging Performance 7-9
7.4.2 RMS Tone Ranging Error 7-I I
7.4.3 Ambiguity Error Considerations 7-1 3

7.5 Effect of Multipath on a Pseudo-Noise Ranging Modem 7-I 7

REFERENCES R-l

APPENDIX A - Results of SCIM Measurements for Voice Modems A-i

APPENDIX B - Performance Analysis of TSC Ranging Modem B-I

vii



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - 
-‘I,

ILLUSTRATIONS

Figure

3-I Link Configuration for DOT ATS-6 L-Band ATC Experimentation and
Evaluation Tests 3-2

3-2 KC-135 Antenna Locations 3-5
3-3 Simplified KC-I 35 Terminal for Modem Evaluation Test 3-7
3-4 Rosman U.S. Aeronautical Terminal Block Diagram 3-10
3-5 Subcarrier Multiplexer (Subcarrier MUX Unit) 3-13
3-6 Modern ~Multipath Antenna Evaluation — Flightpath No. 4 3-1 5
3-7 Integrated Aeronautical/Coast Guard Transmission Sequence TG 4 3-1 6
3-8 Estimation of S/I for Setup of Type 11 Modem Evaluation Test 3-20
3-9 KC-135 Terminal Test and Calibration Signal Generation 3-22
3- 10 Modem Evaluation DR and A System Block Diagram 3-27
4-I DOT TSC ATS-6 Voice Tape Composition 4-3
4-2 Sample Voice intelligibility Report 4-5
4-3 ANBFM Voice Modem. Type I Results , All Ser ies 4-9
4-4 Hybrid No. I Voice Modem, Type I Results. All Series 4-10
4-5 Hybrid No. 2 Voice Modem. Type I Results , Fall 1974 4-1 1
4-6 Hybrid No. 2 Voice Modem, Type I Results , Spring 1975 4-12
4-7 ADVM Voice Modem. Type land II Results, All Series 4-13 ‘

4-8 Summary Comparison of Voice Modem Performance , Type I Tests 4-14
4-9 ANBFM Voice Modem. Type II Tests. All Series 4-17
4-10 Hybrid No. I Voice Modem , Type II Tests. All Series 4-18
4-l i Hybrid No. 2 Voice Modem. Type II Results , Fall 1974 4-19
4- 12 Hybrid No. 2 Voice Modem. Type II Tests. Spring 1975 4-20
4-13 Phasor Diagram -- Signal, Noise, and Multipath 4-22
4- 14 Hybrid No. I Modem Voice Intelligibility, Hybrid Mode, All Test Series 4-24
4- IS Hybrid No. 2 Modem Voice Intelligibility, Hybrid Mode, All Test Series 4-25
5.1 Laboratory Baseline Bit-Error-Rate Performance of Hybrid No. I DECPSK

Demodulator. I 200 bps, August 1974 5-6
5-2 Laboratory Baseline Bit-Error-Rate Performance of Hybrid No. 2 DECPSK

Demodulator. I 200 bps , August 197 4 5-7
5-3 Laboratory Baseline Bit-Error-Rate Performance of NASA DECPSK

Demodulator , 1 200 bps, August 1974 5-8
5-4 Laboratory Baseline Bit-Error-Rate Performance of FAA CPSK Demodulator,

( DECPSK Mode). 1 200 bps. August 1974 5-9
5-S Bit-Error-Rate Performance of Hybrid No. I DECPSK Demodulator.

• 1 200 bps. Type I Tests c-l I
5-6 Bit-Error-Rate Performance of Hybrid No. 2 DECPSK Demodulator.

I 200 bps . Type I Tests ~-l 2
5-7 Bit-Error-Rate Performance of NASA DECPSK Demodulator . 1 200 bps.

Type I Tests 5- 13
5-8 Bit-Error-Rate Performance of FAA CPSK Demodulator (DECPSK Mode).

1 200 bps . Type I Tests 5-14

VIII



ILLUSTRATIONS (Continued)

Figure Page

5-9 Bit-Error-Rate Performance of FAA DPSK Demodulator. 1200 bps,
Type 1 Tests 5-15

5-10 Multipath Channel Model 5-16
5- I I Bit-Error-Rate Performance of Hybrid No. I DECPSK Demodulator,

1 200 bps. Type II Tests 5-19
5-12 Bit-Error-Rate Performance of Hybrid No. 2 DECPSK Demodulator ,

1 200 bps. Type II Tests 5-20
5- 13 Bit-Error-Rate Performance of NASA DECPSK Demodulator , 1200 bps,

Type II Tests 5-2 1
5-14 Bit-Error-Rate Performance of FAA CPSK Demodulator (DECPSK Mode),

1 200 bps. Type II Tests 5-22
5-15 Bit-Error-Rate Performance of FAA DPSK Demodulator . 1 200 bps.

Type II Tests 5-23
5-16 Type I Block-Error Histograms (First Example) 5-26
5- 17 Type I Block-Error Histograms (Second Example) 5-27
5- 18 Type II Block-Error Histograms . C/N0 ~ 46 dB-Hz 5-28
5- 19 Type 11 Block-Error Histograms. C/N0 43 dB-Hz 5-29
5-20 Error Spacing Distribution. DECPSK and DPSK , C/N0 = 38.2 dR-Hz,

S I 2O dB 5-32
5-21 Error Spacing Distributions. DECPSK and DPSK. C/N0 = 41.6 dB-Hz.

S l = 6 d B 5-33
5-22 Error Spacing Distributions. DECPSK and DPSK. C/N0 = 47 dB-Hz,

S I = 2.5 dB 5-34
5-23 Bit-Error-Rate Performance . Hybrid No. I Modem , Hybrid Voice and

Data Mode . 120 0 bps 5-37
5-24 Bit-Error-Rate Performance. Hybrid No. 2 Modem. Hybrid Voice and

Data Mode. I 200 bps 5-3 8
6-I Sample TS(’ Ranging Printout 6-5
6- 2 TSC Ranging Modem. Baseline Laboratory Data 6-6
6-3 RMS Error Performance. TSC Ranging Modem, Type I Tests 6-7
6-4 RMS Error Performance. TSC Ranging Modem . Type JI Tests 6-9
6-5 Sample Range-Time Trajectory Illustrating Quantizing.

C N 0 42 .2 dB-Hi. S- I = 20 dB. March 28. 1975 6-i I
6-6 Sample Range-Time Trajectory. C N 0 = 42.2 dB-Hz . S/I 13 dB.

March 2~ . 1975 6-1 2
- : • 7-I (‘hannel Modcl 7-2

~- 2 Error Probability. 38.4 khps Quadriphase Shift Keying. March 31. 197 5 7- 12
~-3 R\IS an~ Bias Ranging Errors as a Function of Direct/Scatter Ratio for a

Tone RangIne System 7-14

~-4 Tone Ran ging Pertormance . ~f = 10 kH,. March 3 1 . 1975 7-15
7-5 T ine Ranging Performance. ~f 60 kU,. March 31 . 197 5 7-lb
‘-

~~ Probability ot Exceeding a Given (Ahsolute Ranging Error 7- 18

ix

-- — . -.—.
~~~-— . ~~~~~~~~-— — — — -  - ——~~~~~ _ _ _ _ _



. - -
~~~

--
~
-

~~ ~~~~~~~~~~~T TiTT I 
. .- - -

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

ILLUSTRATI ONS (Concluded)

Figure Page

7-7 RMS Ranging Error as a Function of Direct Path/Scatter Ratio for
Pseudo-Noise Ranging System 7- 19

A- I Voice Modem Intelligibility Scores (400 PB Words) Versus Articulation
Index Determined From SCIM Measurements A-2

B-I Theoretical RMS Range Error , TSC Ranging Modem, Additive Gaussian
Noise Channel B-S

TABLE S

Table

3-I INSTRUMENTATION RECORDER CHANNEL ASSIGNMENTS 3-9
3-2 DETAILED TEST SCENARIOS 3-17
3-3 MODEM EVALUATION TRANSMISSION FORMATS 3-18
3-4 L-BAND COMPOSITE CHECKOUT SPECTRUM 3-23
3-5 MODEM EVALUATION DATA ACQUISITION, TYPE I ~-25
3-6 MODEM EVALUATION DATA ACQUISITION, TYPE 11 3-26
6-I NASA RANGING SUMMARY 6-13
7-I TYPICAL SCATTER SIGNAL PARAMETERS FOR THE

AERONAUTICAL CHANNEL 7-4
7-2 MAXIMUM FINE-RANGING FREQUENCY ALLOWED IN SSB TONE

RANGING TO ACHIEVE LESS THAN A GIVEN AMBIGUITY ERROR
PROBABILITY AT SPECIFIED S/I 7- 17

x



.~

F
SYMBOLS AND ABBREVIAT ION S

S

ADVM adaptive delta voice modulation (modem)
AGC automatic gain control
Al articulation index
ANBFM adaptive narrowband frequency modulation (modem)
ATC air traff ic control
ATS-6, (-5) Applications Technology Satellite 6, (5)
AZ azimuth

C’ bpi bytes per inch
bps bits per second
BER bit-error rate
BF one-sided e~ Doppler bandwidth
BL loop bandwidth
BPF bandpass filter
cw continuous wave
C/N0 ratio of unmodulated carrier power to noise power density, dB-Hz
CPSK coherent phase-shift keying
dB decibel(s)
D data
DECPSK differentially encoded, coherent phase-shift keying
DOT Department of Transportation
DPSK differential phase-shift keying
DR ~ndA data reduction and analysis
DSBSC double-sideband-suppressed carrier
D(w) Doppler spectrum
Eb/No rat io of signal energy per bit to noise power density
FAA Federal Aviation Administration . 

-

FDM frequency division multiplex
FFT fast Fourier transform
FM frequency modulation
FMP forward multipath antenna
FSK frequency-shift keying
GMT (;reenwich mean time
GSFC Goddard Space Flight Center

g Hz hertz
IF intermediate frequency
IRIG Inter-Range Instrumentation Group
LIIC left-hand circular polarization 

-~~~~~~~~~~~~ - - -~~~~~—-——.-.-



T

SYMBOLS AND ABBRE VIAT iONS (Continued )

LO local oscillator
LSD. (RSD) left (right) slot-dipole antennas

LWSD/RWSD/TOP left-wing-root sIot~dipoIe/right-wing-roOt slot-dipole/top antenna system

- , m meter(s)
MP multipath antenna
MUX multiplexer
NAFEC National Aviation Facilities Experimental Center
NASA National Aeronautics and Space Administration

NBFM narrowband frequency modulation
PAT patch antenna
PB phonetically balanced
PDM pulse-duration modulation

error probability
PGE PLACE ground equipment
PHA phased-array antenna
PLACE position location and communication equipment
PLL phase-lock loop
PM phase modulation
PN pseudo-noise
PSK phase-sh ift keying
QH quad-helix antenna
Q-M quadrature modulation
Q(r) delay spectrum
RF radio frequency
RHC right-hand circular polarization
R N. (R w ) ranging. narrowband (wideband), TSC modem format

Rh receive/transmit
RX receiver

sec second(s)
S&R surveillance and ranging (PLACE formafl
SACP satellite aeronautical channel prober
SCIM speech communication index meter
SCPDM suppressed-clock pulse-duration modulation
S I  ratio of direct-path signal power to multipath signal power , dB
SMP side-mounted multipath antenna
SMU subcarrier multiplex unit
S/N signal-to-noise ratio
S&R surveillance & ranging

—- -- -. ~~~~~ ~~~~~—.



r~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SYMBOLS AND ABBREVIATIONS (Conclu ded )

S

SOP side-operational antenna
SSB single sideband
S(r.~~) delay-Doppler scatter power spectra l density function
T symbol period
TDPC Test Data Processing Center (Boeing)
TSC Transportation Systems Center
TX transmitter
V voice

VU voice units
W SSUS wide-sense stationary uncorrelated scattering
XLT crossed-slot antenna

parameter , function of BL and BF
‘Vs ratio of direct-path power to total indirect-path power
a rms range deviation

variance , (standard deviation)
— differential path delay

w 5 Doppler frequency shift.

Xiii /xiv

—---- .~~- - . _.__ -__~ - -- —- -—- —-.--— .p -. — --~ —-. .- ---—- - -



—I ’

- - 
I. INTRODUCTION

The U.S. aeronautical technology tests were conducted by the U.S. Department of
Transportation/ Transportation Systems Center ( DOTITSC ) as part of the Integrated L-Band Experi-
ment (ref. I-I). The overall objective of these tests was to provide data for the evaluation of advanced
system concepts and hardware applicable to the design of t’uture satellite-based air traffic control
systems.

1.1 DOT/TSC AERONAUTICAL TECHNOLOGY TESTS

Three types of aeronautical technology tests were conducted by DOT/ TS(’ :

a. Multipath channel characterization : Pseudo-noise (PN) code modulated signals were
transmitted from the KC-l 35 using several different antennas and various polarizations.
After relay by ATS-6. the signals were received at Rosman. processed by satellite aero-
nautical c hannel prober (SA(’P equipment. recorded, and later analyzed to obtain a
characterization of t he multipath channel. The multipatli tests are described in
volume V.

b. Mnde,n Eialua tion: Several voice. digital data , ranging. and hybrid voice /data modems
were tested usine signals transmitted from Rosman through ATS~ to t he aircraft .
Modem demodulator outputs were recorded onboard the aircraft and analyzed to deter-
mine performance for various carr ier-to-noise density (C, N11 ) and signal-to-multipath
interference (S , I) ratios.

c. .4ntenna Lia lu a t ion : A cw signal radiated by Rosman through ATS-6 was received by the
various aircraft antennas under test. Data was recorded and ana lyzed to evaluate antenna
gain and multipath rejection as a function of geometry . The antenna evaluation t ests are
described in volume VII.

This volume describes the modem evaluation tests. Section 2 summari/es the results and con-
c lusions. Section 3 gives a general description ot the t cs t ” , and sections 4 through h provide details
and present experimenta l data obtained for voice, digital data , and ranging modems. Section 7 invest i-
gates the performance impact of multipath on the overocean aeronautical satellite communication and
ranging channels.
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- 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
volume 11 of this report.
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2. SUMMARY OF RESULTS AND CONCLUSIONS

I

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-
t ion were evaluated. Flight tests were conducted in the overocean multipath environment at various ~.

locat ions over the North Atlantic. The data acquired includes 37 hr of voice modem intelligibility
tests. 34 hr of digital data modem performance. and Ii hr of ranging accuracy tests.

Tests were divided into two general types:

Type / Tests : Type I tests determined modem performance over a range of flight geom-
etries and carrier-to-noise power density rat ios (C/N0) using candidate operational slot-
dipole an~~nnas. Several different aircraft headings relative to the sate llite were employed
and e levation angles ranged between 100 and 300 . The test range o f C N 0 was 39 to 48
dB-Hz for voice modems and 37 to 45 dB-Hz for digital data and ranging modems.

Type I! Tests: Type II tests evaluated modem performance parametrically in terms of
C/N0 and S/ I over a wide range of the two parameters for the overocean multipath
environment. Tests spanned C/N0 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).

2. 1 VOICE MODEM TEST RESULTS

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

The majo r findings of the voice t e s t s  were the following.

a. Over the (‘ N o range of 40 to 48 dB-Hz . the relative ranking of the four modems was
Hy brid No . 1 , A DVM. Hybrid No . 2. and ANBFM . All modems except ANBFM achieved
in exce ss of 7Q’~ PB word intelligibility at 43 dB-Hz. w ith Hybrid No. 1 achieving in
excess of 70’; word intelligibility at 40 dB-H,.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~ ::±~~~ ~_ _ _~___ J
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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.

c. In the comb ined voice and data mode, both hybrid modems required roughly 3 dB
additional C/N0 to ac hieve 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 .

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.

2.2 DIGITAL DAT.~\ MODEM TEST RESULTS

Digital data modem tests evaluated the bit-error-rate (BER ) and error burst behavior of five
digital modems operating at 1 200 bps on the L-band aeronautical channel. The modems included four

implementations of diffe rentia lly encoded , coherently detected phase-shift keying (DECPSK) and one
implementation o differentia lly coherent phase-shift keying (DPSK). The four DECPSK modems are
designated Hybrid No. I. Hybrid No. 2. FAA CPSK , and NASA DECPSK, and the DPSK modem is
referred to as FAA DPSK.

For Type I 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
channe l. All modems met the AEROSAT system specification of I x I0~ error proba bility at C/N0 =

43 dB-F1,. There was no visible evidence of bit-error-rate performance degradation due to multipath.
thus indicating that S/I exceeded IS dB when tested with the three-element slot-dipole antenna system
during t he Type I tests. This observation is consistent with the S/ I values measured for the wing-root
slot-dipole antennas durin~ antenna evaluation tests.

I ype II tests eva luated modem error perfo rmance for various combinations of S/I and C/N0.
Experimental performance data was compared with theoret ical predictions of performance derived
Irom analytica l models used in conjunction with the multipath channel parameters measured by the
multipath tests. The Type II measured DPSK error-rate performance was in close accord with

theoret ica l prediction, whereas the perfo rmance of DECPSK modems was slightly poorer than
mode led ( omp.Iring the relative performance of DECPSK and DPSK revealed that for S/I larger than
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about 10dB. DECPSK outperforms DPSK slightly in error probability; for poorer S I  (less than 1 0
dB. DPSK exhibits a slight superiority. In both cases, the performance advantage was not dramatic
and no clear preference for eit her 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, N0 must be increased from 43 dB-Hz to about SI dB-Hz to maintain I x l0~ error prob-
ability. Since a channel power increase of 8 dB appears to be prohibitively large. error-control coding
or niultipath-tolerant waveform design appears to be a necessary adjunct to existing modem designs if
S I  values as low as 10 dB are anticipated.

S

Error groupings were analyzed to determine the effective memory length of the error patterns .
When mult ipath interference was negligible, error patterns were correlated only over two hits. 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 t he two hybrid modems showed that the Hybrid No.
2 modem required an additional 3.5 ~lB C/N to maintain the same error rate as in the data-only

- ‘I
mode. The Hybrid No. I modem needed only an additional I dB at high error rates ( l0~~) while re-
quiring an additional 4 dB at low error rates (I o~~ .

2 .3 R A N G I N G  MO DEM TEST R ESULTS

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 t hat rms range error was typically lOO m at 43 dB-Hz carrier-to-noise density ratio in
the narrowband mode ( l9.53-kHz clock) and roughly 30 m in the wideband mode ( lS6.25-kHz clock).
These errors are somewhat larger than laboratory-measured values , particularly for the wideband
mode. NASA ranging tests e~hihited a typical rms error o~ 27o in for a forward-link C/N0 in the vicin-
iry of 43 dB-Ht. This measure is in reasonable agreement with expectation, ta king into account the
maximum tone Frequency of 8575 lIz for this system.

Both modems exhibited rat her frequent occurrences of gross range errors due to incorrect resolution
ol range ambiguity . These amhiguit~ errors were censored from the rms error calculations.

2-3
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. 2.4 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 reaults 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 EVALUAT ION TEST DESC RIPTION

S

This section provides an overall description of the modem evaluation tests , emp hasizing 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 t he 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 eva luate modem performance over a range of flight geometries and C/N0 using the

candidate operat ional LWS D/RWSD/TOP (left-wing slot dipole/right-wing slot dipole/top)

switchable slot-d ipole antenna system. Experimental performance data was compared

with theoret ical and laboratory baseline data to assess the effects of the overocean flight

environment on modem performance for a representative set of conditions.

b. To eva luate modem performance parametrically in terms of C/N0 and S’ l 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 SATELI.ITE LINK CONFIGURATION

All U.S. aeronautical technology tests were conducted between the FAA KC-l 35 airplane and

the NASA Rosman ground station via the NASA geostationary ATS-6 satellite using ~he basic link

configuration of figure 3- I. Wit h the exception of the PLACE ranging tests. which used a round-trip

configurat ion for range measurements. all modem evaluation test s were performed with a one-way

forward- link configuration. The test signals were transmitted from the Rosman ground stat ion 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-hand experiment participants to conduct

tests simultaneously at t heir respective mobile (or fixed ) L-band terminals. Return-link transmiss ions

from the KC-l 35 were used only for test coordination purposes and for the surveillance and ranging

(S& R) responses during PLACE ranging tests.
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Except for a few of the initial tests of the 1974 I’all series, the ATS-6 satellite transpo nder was
operated in the coherent mode . The forward-link reference carrier needed for coherent mode opera-
tion was normally transmitted from the NA~ ..\ , Mojave ground station. This mode of operation
referenced the L-h:ind frequencies to a highly sta ble ground-based standard, thus eliminating any
forward-lin k frequency uncertainty and drift associated with the satellite internal master oscillator.
For modem evaluation tests , the ATS-b L-band antenna was operated in the fan-beam mode.

3.3 TYPE I ..~ND TY PE II TEST CAT EGOR I ES

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

3 .3.1 Type I -. Performance With Aircraft Operationa l Antenna s

These tests acquired modem performance with operational antennas at satell ite elevation
angles ranging t’rom 10° to 300. Bearing angles relative to the ATS-6 subsatellite direction were
approximately 45°. 13 5°. 225 °, and 315 °. About 65 ’T of the acquired modem evaluation data was of
t he Type I variety. The signal-to-multipath interference ratio (Sil l for these tests was dependent upon
t he polarization and gain characteristics of the aitborne operational antenna and the magnitude and
polarization characteristics of the sea-reflected signals. Type I tests evaluated modem performance
over a range of C N0 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 II - Performance with Various Levels of Oceanic Multipath Interference

Type II tests used the quad-helix antenna for reception of t he direct-path signal and the side
multipath I SMP( antenna for reception of the sea-reflected multipath signals. ~ fter pream plrf ication.
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 SNIP antennas are both directive and thus do not have an~ significant
spatial pattern overlap. All fligh ts were approximately broadside to the satell ite at an elevat ion
angle of I 5°. This constant orientation wa s used since the SNIP antenna pointing was fixed. The test
parameters v.iried were the direct path C N1~ amid the combining ratio that determin es S I. Tests
spanned (‘- - N ,~ values between 38 and 52 dB-lli in coiiibination with S I  values ranging from h eavy

multipath fading (S I = 3 dB to essentially nonfading conditions ( S I  > 2 0dB ) .
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3.4 KC-135 AIRCRAFT TERMINAL INSTRUMENTATION

Test instrumentation was installed in 19-in, racks to allow convenic..c access for equipment

calibration. operat ion. 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-l35 L-Band Antennas

The approximate locations of the L-band antennas installed on the KC-l35 test aircraft are
shown in figure 3-2. The principal antennas used for modem evaluation data acquisition were (I) the
three-element slot-dipole system for Type I test s and (2) the quad-helix and side-mounted multipath
antennas for Type II 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 (L WSD/R WSD/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
stat ion 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 I 5.S-dB gain toward the satellite for reception of the direct-path signal.

Side-Mounted Multipat h (SMP) Antenna: This antenna, located below the left wing at
station 804 and waterline I 50. has a fixed beam that points approximately I 5° below the
horizon and 100 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
exc lusively. This antenna received the ocean-reflected multipath signals for Type 11
tests. Reception is maximized for flights approximately broadside to the satellite direc-
tion at elevation angles near S~ . Reception of the direct-path signal is held to an accept-
able low level by the shielding e ffect of the wing under which the antenna is installed.

Right/Left Slot-Dipole (RSD/LSD) Antennas : These antennas are mounted at station
1135 approximately 350 down from the top center line. Due to the more favorable loca-
tion of t he three-element LWSD/RWSD/TOP slot-dipole antenna system, the RSD/LSD
antennas were used only (I) as backups for acquiring data in the event of I.WSD or RWSD
antenna fa ilure and (2) for transmission and reception of auxiliary test coordination
commun ication signals.

3-4
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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 ear lier FAA ATS-5 tests (ref 3-I) . Other antennas shown in

figure 3-2 were not used during modem evaluation tests~ de
scriptions of antennas are given in

volume Ill.

3.4.2 Airborne Terminal Functional Description

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

3.4 2.1 RFSig nal 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/N0 of the received signal to be set

at the desired value.

c. 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 transm ission 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 coordinat ion signals with this configuration. I

d. Two RF switches following the preamplifier were set as shown in figure 3-3 to bypass the

- RF power combiner used for Type II tests.

1 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 configurat ion change for these tests. The observations did. however, provide motivation for

deve loping the standard approach of ’ using a separate antenna if transmission of’ return- link coordina-

tion signa ls was required during modem evaluation tests.
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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/N0 value as before. The side-mounted multipath antenna, in its horizontal

polarization mode, was used to rece ive 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 II 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 (I) 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 externa l 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
ass ignments 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 tec hniques. All channels being recorded were also played back concurrently to ah oy, monitoring
of the recording process. Signals recorded for the modem tests , as well as for other tests such as
antenna evaluat ion. 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 1-band experiment equipment is shown in
figure 3-4. This diagram indicates equipment, functions, signal flow paths. signal types. and equip-
ment rac k locations.
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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 5dM test signals were obtained by reproduc ing 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 1 200-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-

quenc ies 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
stat ion 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 transm itted to ATS-5 and ATS-6 for relay to the aircra ft .

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
exper imenters 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 (‘-hand operations described , transmission and recept ion of forward- and
return- link signals at L-hand to/ from ATS-o were provided by the station 1-band receiver/transmitter —

and a IS-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
I ~‘s t s
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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 spectra l components after processing by the satellite transponder limiter. A spectru m
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 K C - l 3 5  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 spec ifying the scenario for each flight. Development of the over-
all flight test plan considered ( I )  the amount of ATS-6 satel lite time allocated for L-band experimenta-
tion. (2) the specific flight geometries and ot her requirements for each technology test , (3) the ATS-6
sate llite 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 eac h flight involving a mix of technology test types. A single flight
might provide oceanic mult ipath , antenna eva luation, and severa l types of modem evaluation (voice.
digital data. ranging) tests , for example.

Coordination between the 1-band experiment participants resulted in an integrated 1-band
.7

experiment operations plan. This plan specified the master test schedule (date and time) and the
signal transmission sequences for the ATS-6 t’orward and return links.

3.6.1 Test Scenarios and Geometries

Flight test legs for modem evaluation data acquisition were straight-line segments of 23 mm
duration. Type II tests required an aircraft heading of 1100 relative to the ATS-6 direction at an
elevation angle of I ~~~ Type I test legs spanned a range of satellite elevation angles between 100 and
30° at aircraft headings of 45°. 135 °. 225°. and 3 1 5° relative to the satellite direction.

Geometrical requirements for the oceanic multipath and antenna evaluation tests also influ-
enced the modem eva luation test scenarios. Oceanic multipath tests required aircraft headings 0100.
45° . and 90° relative to the sate llite at elevation angles ranging from 30 to 300. Antenna tests used
both orbital Ilights and straight-line segments at various headings and elevation angles between 100

and 45 °.

“.A TS-o Integrated L-Band Experiment Operations Plan.” contract NASS-2 I 789 . prepared for
NASA/GS FC. West inghouse Electric Corp.. 1 974.
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Twelve differ ent fiightpaths were needed to satisfy the combined data acquisition require-

ments uI the modem. multipath. and antenna tests. A ll examp le of a typical flightpath is shown in

figure 3-6 . The associ.i ted test ‘,Lnal 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 . air c raft  tracks.

N0 and S I conditions, detailed timing 01 significant events , antenna selection, and any other param-

eters needed for t c ’ s t  conduct. This particular tlightpath was scheduled on tour different occasions.

• 
Modem/Mult upat h/Antenfla Test
Date: November 21 , 1974
Transmissio n mode : TG 4

D N 4 5° 15’
W37° 15’

-3d B ATS-6
antenna gain
contour

E C

L Stari MP .

End MP N 400 25’ B 
Lajes . Azores

N 38° 35’ G F w 390 50’ 
N 38° 45’

W45°00’ W 27° 05
M

J

H 
N

A Start modem 100 ele vation to ATS-6
M37° 50’
W35° 10’

200 elevation 150 elevat ion

I...’ — 4hr , llmin u.-1
~~V 1 V 1 V 1 V , V MP ~~~D

1
D/V

1 
Ant

1

Type II .
~
..4..*. Type l...1 HType l.-~

Figure 3-6. Modem/Multipath Antenna Evaluation — F/ightpath No. 4
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3.6. 2 Forward-Link Transmission Formats

The principal forward-link transmission format s used for the modem evaluation tests are given

in tabl e 3-3. Four uplink sienals wer e transmitted lrom Rosman at relat ive power levels that caused
the I -band downlink channel powers received at tile airplane w ith modulations applied I t O  he equal.
Special precautions and monitoring techniques ensured this equalization. It adjustment of the trans-
nitted relative channel i ower was required at Rosman. such adjustment was made during the 3-mm
time intervals between test legs indicated in figure 3-7 . Onboard the aircraft , these 3-m m time
intervah allowed for turns and readjustment of r~ceiv~d C and S 1 for the next test leg in accord-

5 .a i~e w ith t h e  test operations plan.

• TABLE 3-3. MODEM EVA LUA TION TRANSMISSION FORMA TS

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 — CW NBFM — PSK ON

Voice /data — CW Hyb 1 Hyb 2 PSK —

V/D V/D
Ranging . NB (1) CW S&R ANBFM R N — —

Ranging, NB (2) — S&R CW RN PSK —

Rang ing , WB CW S& R ANBFM Rw — —

Legend:

ANB FM Adaptive narrowb and frequency modulation
A DVM Adaptive delta voice modulation
Hyb 1 Hybrid No. 1, vo ice ’on ly mode
Hyb 2 Hybrid No. 2, voice-only mode
Hyb 1 (V /O) Hybrid No. 1 modem , simultaneous voice and data mode
PSI~ Digital data 1 200-bps phase-sh ift ’ keyed test signal
NB , WB Narrowband , wideband
RN, Rw TSC digita l ranging: roa rrowband , wideband
S&R Surveillance and ranging (NASA PLACE) .

3-18
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3.6.3 Aircraft C/N0 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/ N0 measurements could therefore be made on t his channel to
infer the C/N0 on other channels. The cw signal was normally at 1550.6875 MHz for data modem
tests and at 15 50 .075 MHz for ot her modem tests.

3 6. 3. 1 Direct-Pat/ i C/.\ 0 Measurement — The desired direct-path CiN0 for a test ieg was set up by

measuring the received C/ N0 on the cw channel using an HP 14 1T spectrum analyzer and adjusting the

variable attenuator preceding the preamplifier (fig. 3-3) until the desired value was obtained. During
the test. frequent C/ N0 measurements were made independent ly by separate operators at 70- and
1 0-MHz IF points using an HP 14 1T spectrum analyzer and HP 31 2A wave analyzer. These measure-
ments were used to monitor the C/N0 test parameter during test progress on each flight leg. C/N0
measurements made internally w ithin 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/N0 and S/ I on a more
continuous basis in support of the detailed data analysis as described in section 3.8. Subsequent
analys is showed excellent agreement between the computer-anal yzed C/N0 values and the real-time
spectrum analyzer measurements made during the tests.

3.6.3.2 SI Setup Procedure f r r  T.ype II Tests - . No direct method was available for real-time measure-
ment of the rece ived signal S- I  ratio. The proper relative settings of the attenuators preceding the RF
combiner (shown in fig. 3-8 1 for Type II 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 RI-IC forward-link signal is known to be approximately 15.5 dB. The gain of the side-mounted

multipat h antenna in its horizontal polarization mode as used for Type II tests is known to be about

I 2.0 dB. The reflection loss at the sea surt’ace for incident horizontally polarized wav es is known to
he on the order of I 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- ( downlink signal incident upon the sea
surface is contained in the horizontally polarized component . t he received direct-path ‘signal power

relative to the indirect-path signal power ( P1 ) at the antenna terminals is
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‘ 3 d lI+3dB + 1dB = 7dB

\
GQH /GSMP Polarization Reflection loss

loss for horizontal polarization

where GQHIGSMP is the relative gain of the QH and SMP antennas. On one occasion , measurements
of 

~D and P1 were made during a Type II test leg to verify that use of the above relationship was a
sat isfactory approximation for test setup purposes.

The above estimate of 
~D’~l 

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 receiv ing 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 II 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 determ ined by the o ff-l ine computer analysis of the cw-channe l-detected envelope signal.

3. 6.4 Functional Checkout and Calibration Provisions

The term inal design incorporated a sophisticated test and calibration capabi lity designed to
perform ( I )  functional checkout and adjustment , (2) calibration prior to data acquisition. t 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 reee lvIn~ ~vstems
to be measured. A composite L-band test signal simulating the ATS-6 and ATS-5 downlinks with
appropriate I 200-bps digital data, ranging, NBFM voice, and PLACE S&R modulations could he
generated and injected into the rece iving system inputs for test and calibration purposes.

A block diagram of the channel calibrator is shown in figure 3-9 . Moduluted subcarriers cor-
responding to an NBFM voice channel and a 1 200-bps data channe l were obtained from the PLACE
modem. These , toget her with an S&R suhcarrier. were frequency multip lexed to the desired relative
frequencies in t he PLACE test set. A TSC digital ranging subcarrier after translation to the correct
t~requency was also added. The resultant spectrum was translated to 1650 Mu ,  b~ the PLACE R I
unit. After a further I 00-MHz translation in the L-band test set. this signal represented a four-c hannel
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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-5 spin effects. The final composite L-band test signal
was as shown in tab le 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 ( I)  operating
noise-figure measurement lor each receiving system. I 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/N0 could be monitored as previously described, all voice
modem outputs could he aurally monitored, all digital data modem bit-stream outputs could be viewed
on a multit race osci lloscope for rapid identification of erratic operations. BER measurements could
he wade bot h with internal error detectors or with an HP I 645A data error analyzer , all data signals
being recorded could be monitored on playback , and various ot her RF and IF monitor points were
available for perfo rmance monitoring. An eight-track chart recorder provided a hard-copy record of
selected signals.

3.7 DA T.~ .ACQCISI TI( N SUMMARY FOR MODEM E\’ALUATION

The DOT TSC aeronautical technology tests acquired approximately 135 hr of flight test data
over a 7-mont period ending A pril 3. 1975. Of this , approximately 82 hr was modem eva luation data
(65~ Type I. 35~ Type III.

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

- TABLE 3-4. L-BAND COMPOSITE CHECKOUT SPECTRUM

Signal Frequency, MHz Satellite signal simulated

PLACE S&R (or cw) 1550.075 ATS-6 downlink
NBF M voice 1550.250 ATS~6 downlink
TSC digital ranging 1550.600 ATS’6 downlink

1200-bps P8K data 1550.675 ATS-6 downlink

PLACE ranging tones (PM) 1551.600 ATS’5 dow nli nk

3- 23
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• During the modem evaluation tests , the ATS-6 fan beam antenna pierce-point locations nor-
mally were as follows:

Pierce-point location Test series

45°N , 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. I-I) . 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 0 and 350  with a more
wester ly 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 I and JI modem evaluation tests conducted. The tables
identify t he number of 23-mm 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 app lic-
able to the various modem evluation tests.

3.8.1 Data Analysis Functional Flow

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

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

Airplane logs. onboard strip c harts , and TDPC strip chart s were used to identify which time
‘I 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 EVALUA TION DA TA ACQUISITION, TYPE !

Number of 20-mm runsElevation 
____________ ____________ __________ ____________ _____________

Date, angle . Voice Voice Hybrid Digital
mo-day-yr deg (no ADVM) (with ADVM) V/D data Ranging a

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 -

10-25-74 15 - - - 5 1
10-28-74 15-17 2 - - 2 1

11-13-74 1 2 - 1 5  - - 3 1 2
11-14-74 9 -16  4 - - 3 -

— 11-1 5-74 1 5 - 1 7  2 - - 2 1
11-16-74 9- 15 4 - - 1 2
11-19-74 15 -17  - - - 4 -
11-20-74 9 5

b - - 
4

b

11-21-74 1 5 - 1 7  3 - 1 1 -

1-23-75 8 - 1 5  4 - - 1 2
1-24-75 1 5 - 1 8  - - - 4 -

1-27-75 15 - - - - 1
1-28-75 15 -22  2 - 1 1 -

1-30-75 8 - 1 5  - - 1 2

2-24-75 30 - 7 - 3 -

2-26-75 30 ‘ 7 - 1 2
2-27-75 30 - - 3 - 2

3-25-75 15 - - - 1 2
3-27-75 15 - - - -

3-28-75 10~ 15 3 - - 2 -

3-31-75 15 3 - - - -

4-1-7 5 10 -17  - 3 1 - -

4-2-75 10 - - - 1 2

a LOW percentage of success due to erratic modem performance.
bGr~~fld test parked at Azores.
CNO ADVM data.
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TABL E 3-6. MODEM EVALUA TION DA TA ACQUISITION, TYPE /I

Number of 20-mm runs
Elevat ion ___________ _____________ ____________ ___________ _____________

Date , angle . Voice Voice Hybrid Digital
mo-day-yr deg (no ADVM) (with ADVM ) V/D dat a Ranging a

10-24-74 15 3b - - - -

10-25-74 15 - - - 3b

10-28-74 15 3 - - - -

11 -13.74 15 - - - 4 -
11-14-7 4 15 - - - 3 -

11-15-74 15 3 - - - -
11-16 -74 15 - - - 3 -
11-19-74 15 - - - 4 2
11- 21-74 15 2 - - - -

1-23-75 15 - - - 2 -

1- 24-75 15 - - - 4 2
1-27-75 15 3 - - - -

1-28-75 15 3 - - - -
1-30-75 15 - - - 3 -

3-25-75 15 - - 3 3 -

3-27-75 15 - - 1 1

3-28.75 15 1 - - 2 1
3-31-75 15 2 - - 2 1
4 -1-75 15 - 3 - - -

4-2-75 15 1 - 1 1 -

aErratic performance of modem.

~~~~~~~~~~ data du. to RF power combiner fault.
CNo ADVM data.

6600 inc luded Cf No and S I statistics , bit-error rates , error pattern statistics , and ranging data ana lysis.
The above info rmation was manually merged with other data such as voice intelligibility scores and
aircraft parameters to give l’inal outputs.

3 ~ 2 C’ N
0 

and S I Determination

The calculation of C No and S I is h.osic to all modem and antenna evaluation tests. The cw
carrier transmitted 1 m m  Ro sri n to the aircraft via ATS-~, was processed by an en velope de tec tor in
the carrier dete ctor unit. The detected envelope output was FM recorded and computer analyzed to
determine C N0 and S I. Th~ algorithm made it possible to obtain these estimates as often as every I.~
sec for modem evaluta io n .ind ese r~ 3 sec l o r  antenna tes ts
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Specifically, the envelope-detected signal was digitized at a 2-kI-Iz rate using lO-bit quantiza-
t ion to obtain 1025 signal strength samples in approximately 0.5 sec. The 1025 samples we re pro-
cessed to remove sample bias and linear drift components. The sample mean. ( S) . mean squared values‘~1(S ). and variance ( o )  were then detennined. 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 thi fast Fourier transform

-• 
(FFT). whose output provided the power spectral density versus frequency for t he 0- to 800-Hz range.

The output spectrum can be expanded as a mathematica l 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 t he weighted average of the spectral density from 250 to 800 Hz.
This frequency range was chosen wit h the a priori knowledge that t here will be little multipath power
above 250 Hz in compar ison to noise power. The ratio of the squared mean signal strength to the
noise floor value was calculated and used to determine C/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
experimenta lly verified for the additive noise environment.

To estimate S/ I, t he spectral data was numerically integrated from 2 to 250 Hz to yield a band-
limited variance figure caused by the combined effects of mult ipath power and noise. This calculation
uses t he a priori knowledge that virtually all multipath-related energy will fall within the range of 0 to
250 H .  The ratio of squared mean to the above band-limited variance was calculated and used with

to estimate S,l by graphical methods. These graphical relationships are also based on carefu l
analytical modeling.

Typica lly, severa l values of C’ N 0 and t he S/ I statistic were calculated over a time segment:
the mean and standard deviation of these parameters were also calculated. The mean C N 0 is the va lue
used in plotting data in the final output format, and the standard deviation gives an indication of the
constancy of C/N0. 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 paramete r estimate.

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

Four distinct voice modulation techniques were evaluated tom a variety of aeronautical channel
conditions. Performance was measure d primarily by word intelligibility scores achieved using lists of
phonetically balanced words. Variables in the tests included C/N0, the ratio of unmodulated carrier
power to noise power density measured in dB-Hz . and S/ I , the rat io of direct signal power to total
scattere d multipath power measured in dB.

4.1 VOICE MODEMS TESTED

The modems tested are referred to as NASA ANBFM (adaptive narrowband f’requency modu-
lation), Hybrid No. I (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.

• ldap t i i e Varrowband Frequency Modulation (1I NBFAI) -‘ This modem uses narrowband
frequency modulat ion in conjunction with a wideband phase-lock demodulator. Use of a
bandpass limiter prior to the demodulator PLL provides the usual loop adapt ivity to C ‘N0( loop bandwidth diminishing with C/N0 ) and this somewhat ameliorates the FM deniod-
ulator threshold effect. Audio processing consists of speech preemphasis , pea k clipping
prior to modulation , and deemphasis after demodulation. The modem was originally
developed for NASA by Bell Aerospace Company.

!Ivbrid .Vo I (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, w hile 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-
form 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
re ference is extra cted wit h a second-order phase-lock loop. A Costas loop is used when
the modem is operat ing in the data mode or combined voice/da ta mode. The modem was
developed tom ~rS(~ by Bell Aerospace Company.

f / v / r i d  \ o . 2 (PI) ~I- ’PSKJ Again. Voic e and data. it hot), are present . are conveyed on
carriers that are in phase quadrature . The voice intelligence is impressed with suppre~si’,i-
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clock pulse-duration modulation (SC I’DM). T h e pulse waveform PSK modulates a carrier
in constant-enve lope fashion. The data signal PSK modulates a quadrature carrier and the
linear sum of the two modulated carriers is transmitted. In the voice/d ata mode , a 50-50
power split is in effect whet her speech is present or absent. Audio demodulation is
accomplis hed with coherent carrier-tracking loops, a clock extraction loop, and recon-
version ot the PDM waveform to analog speech. This modem was developed for TSC by
Magnavox Research Laboratories.

.- l dap t i i t’ Delt a Voic e Modu lation (.4Df l i)  - - 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 qt~antizing 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/N0 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 1-VALUATION METHOD AND TEST CONDUCT

The preferred measure of per formance in speech communication for aeronautical systems is the
achieved intelligibility, as opposed to mean square error or test-tone-to-noise rat io. Although the latter
are easier to analyze or measure , inte lligibility 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 ~ltemnate male and female speakers . A single intelligibility test involved four sepa-
rate speakers . each reading two SO-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 w hich conditions were maintained constant , was roughly m m .  Figure 4- 1 illus-
trates the tape format for a ll sCssions .

These source tapes were played as audio inputs to all modulators under test at NASA ‘Rosman.
Three voice s ignals were transm itted along with a cw carrier in a tour-channel FDM lormat. In terms
ot \TS-o L-band lorssard-Iink frequencies. the f requency assignments were : 

_ _ _ _ _ _ _ __  Li
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1550.075 MHz CW carrier (also used for PLACE S&R)
1550.250 MHz
1 550.600 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 pre leveling of the signals at Rosman to ensure equal power
per channel at the aircraft . Preleveling was mandatory since C/N0 measurements were performed
only on the cw carrier, and the C/N0 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
satell ite transponder.

The l-kHz tone preamble was used to set the modulator audio levels and recorder levels on the
aircraft . Once the word list was initiated, no t’urther adjustments were made.

Aircraft crew operations involved setting the C/N0 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/N0 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 instrumentation tapes recorded on the KC- 135 were returned to Seattle , and the three
separate voice tracks were transcr ibed, 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. IV).

CBS used a trained listener panel of 10 persons . For each 400-word list , the stat istics 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
s t a t i s t i c a l  confidence in the estimate using t-distribution tables.. This assumes the actual scores are
normal ly distributed with unknown mean and variance: thus the number of degrees of freedom is
10.2- I = 7.
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CF3S LABORATORIES, SfAMFOR t’), C0NNECTTC~J1

INTELLIGI FIILTTY iF~cr REPORT

* t * * * * * * * * * * * * *  * * * * * * *
STATISTICS FOR BOEING ATRPLANF TFST NO. 147 

SESSION NO. 849 DATE 3/11/75

-: . TEST MEAN SCORES (s): ORDERED AR t(AY

LIST 901 82.14 79.8
LIST 902 79.8 81.6
LIST 2603 89.8 82. 14
LIST 26014 9fl.~ 83.2
LIST 1*305 83 .2 85. LI
LIST 4306 81.6 89.8
LIST 6007 91.14 90.2
LIST 601)8 85.4 91.4

LISTENER RESULTS (
~~

)

LISTENER MEAN SCORES 510. DEVIATION STD. ER’~OR

1 80.5 6.S6R32~ ” 2.32~~25 76
2 96 2.390L1.572 .81451542 ’5 -

3 91.75 4.5903626 1.62293C3
‘4 85.75 5.801)21463 2.05O69~ 7
5 77.5 8.19407145 2.69704213
6 814.25 5.1754917 1.8296126
7 93.75 5.3917927 1.906286 - -b
8 85 6.8452277 2.14201535
9 80 10.69045 3.77964u. 7
10 80.25 7.81146211 2.Th29565

CONOITrON RESIJLTS
MEAN PB WORD SCORE 85.4750

STANDARD r,EV IATIO t’J ‘4.4t .fl1) STANOARO ERROR OF MEAN 1.5698

95~ CON FIDENCE LIM ITS C 7 DEGREES OF FREEDOM) 3.7125~
HIGI-IEST TEST SCORE 91.401)0 LOWEST TEST SCORE 79.8001)

RANGE 1 1.6000 MED IAN 84.301)0

FRE (~tIFNCY DISTRIBUTION l IEN EQu AL CLASSES):
1 1 2 0 1 0 0 0 2

Figure 4.2 Sample Voice Intelligibility Report
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CBS LAnORAT OR IES , STAMFORD , CONNECTICU t

INTELLIGIBIL ITY TEST REPORT

TALKER STATIS TICS FOR ROE T~JG AT PPLANE TEST NO. 1117

SESSION NO. 811.0 DATE: 3/1 1 /75

FEMALE TALKERS:

TEST MEAN SCORES (s):

LIST 901 82.1*
LIST 902 79.8
LIST (4305 83.2
LIST 14306 81.6

MEAN PR WORD SCORE 81.75

STANDARD DEVIAT ION 1.14548769

510. ERROR OF MEAN .72743843

MALE TALKERS:

TEST MEAN SCORES (~~) 
-

LIST 2603 89.8
LIST 26014 90.2
LIST 601)7 91.4
LIST 60(18 85.4

MEAN PB WORD SCORE 89.2

STANDARD DEVIATION 2.6229754

Sin. ERROR OF MEAN 1.311 14877

I— TEST StATIS TIC ~—1* .3O9O563 FOR 6 DEG.OF FREEDOM

‘ Figure 4-2. (Continued)
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CBS LABORAT OUES, STAMFORD, CON~!ECTIC’lT

INTELLIG TB IL ITY TEST REPOR T

DA TA Si lM’.IA RY FOR BOEING AI RPLANE TEST NO. 11*7

SESSION NO. 811.9 DATE: 3/1 1 /75

L I S T E N E R S

1 2 3 4 5 6 8 9 10

LIST 901 70 98 9 84 70 78 94 8L1. 80 74

LIST 902 80 94 90 /6 62 82 98 76 64 76

LIST 2603 86 9Li 90 90 86 90 94 92 86 90

LIST 26011 92 98 911 86 84 811. 100 92 84 86

LIST (*305 76 94 82 82 80 80 92 78 86 82

LIST L4306 78 96 96 90 74 80 82 82 64 74

LIST 6007 82 91* 96 94 82 92 . 96 94 94 90
/

LIST 6008 80 100 911 82 82 80 94 82 82 70

Figure 4-2. (Concluded) 
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The two key experiment variables were the signal-to-noise density ratio, C/N0, 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

multipat h and additive noise contributions to the total detector output fluctuations.

A single set of channel parameter estimates is provided every IS sec. and the values reported

here are averages over a 20-mm interval of these individual estimates. The absolute accuracy that may

be attached to these smoothed estimates is +0.5 dB for C/N0 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 197 5 and non-ADVM tests in March 1975. Since the other test series provided an adequate
Type I data base , intell igibility 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. I, Hybrid No. 2. and ADVM performance . (Hybrid
No. 2 modem results 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.. fal l or spnng series. The
ADVM modem results were obtained exclusively during the spring 1975 test series. For each modem,
a best-f it 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
fi gure is t he C(N0 estimate derived from the carrier detector unit. Averaging of C/N0 over a 20-
mm run has been used.

Modifications to the Hybrid No. 2 modem were made by Magnavox personnel during December
1974. Both Hybrid No. I and 2 modems were returned to manufacturers at that time for realignment
and ca libration. The modifications consisted of changing the preemphasis schedule from 12 to (i dB/
octave and t he deemphasis schedule from 6 dBfoctave to none. Also , an audio AGC prior to the modu-
lator was included to accommodate dynamic level changes at Rosman. Because these changes appar-
ent ly improved the voice intelligibility scores by S to 15 percentage points , the spring test results have
been separately plotted.
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Figure 4-3. ANBFM Voice Modem, Type / Rewits , A/I Series

4-9

- . . ~~~ . . . - - ,-.-~~~~~~~- _ _



-

~~~~

100 -
U

U
S U

S x
x

9 0 -  x

/~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

50

x Fa ll series 1974
40 

5 Spring series 1975

30

20 I

37 39 41 43 45 47 49 51

C/N0, dB -Hz

F~iire 4-4. Hybr/d No. / Voice Modem, Type I Results, All Series
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Figure 4-6. Hybrid No. 2 Voice Modem, Type / Results, Spring 1975
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Figure 4-7. AD VM Voice Modem, Type I and II Results , All Series
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40 - Hybrid No. 2 11
ADVM (Digital) 11
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30 - Note: Hybrid No. 2 perfo rmance

corresponds to spring 1975 tests
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I I I

37 39 41 43 45 47 49 51

C/N0, dB.Hz

Figure 4-8. Summary Comparison of Voice Modem Performance, Type / Tes ts 
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It is observed that at low C/ N0 values , e.g.. 40 to 43 dB-FIz. the Hybrid No. I modem per-
forms consistently best . l’ollowed by ADV M (analog), Hybrid No. 2, and ANBI’M. The latter three

exhibit a rather dramatic decrease in intelligibility with decreasing C N 0 whereas the Hybrid No. I

modem degradat ion is “sot’te r.~’ This relative ranking is preserved at higher signal-to-not~ ratios (up

to 49 dB-Hz) except that ADVM seems to outperform Hybrid No. I slightly at these higher C/N0
values. This might be expected since the Hybrid No. I modem has residual intermodulation distortion —

g due to slight nonlinearities in modulation and demodulation, independent of C/N0, which limits the
achievable intelligibility. On the other hand, the delta modulation technique is limited primarily by

the quantizing distortion at high C/N0 where the channel error rate may be ignored. Studies have
shown that l9.2-kbps adaptive delta modulation can provide extremely intelligible speech (96~ on

modified rhyme tests: see ref. 4-I) . so t he ADVM technique could he expected to have superior per-
formance for high C!N0. In any case the relative dift’erence . if any. between these two methods at
high C/N0 is small relative to the sampling uncertainty, and both provide high-quality speec h in this
range.

An observation not apparent in the plots of PB scord score is the relative rntelligibiiity of male
and female speakers. CBS results are segregated to show scores for both sexes , and it is readily appar-
ent from a cursory look at t he results that male speakers were more easily understood. Relative scores
were a few percent better on the average at high C/N0 values and typically 6~ - to 10~ - better for
poorer signal-to-noise ratios.

The above conclusion may be quantitatively assessed by treating the four female and t’our male
list scores for each test as normal random variables with unknown mean and common variance. In
testing t he hypothesis that the male-speaker mean is greater than the temale-:-.peaker mean , the one-
sided t-test is used. The statisti c t is computed:

- - A A

s(L i )

i~ 
-

n 1 f l2  \4 ~~~

where :

= populat ion means
popULit iOn s i /Cs

S 2 
= pooled sariance -

Comparing t to a cr i t ica l value ten t  gise s a decision to accept or reject the hypothesis. In so doing.
we have found that of 24~ l~~st s scored, the t -s i a t i s t i c  exceeded the 0.05 significance value I46 times.
rhus there is very strong evidence for conc luding that the male speakers had a larger average intelligi-
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bility. It should be said this holds for a sample of two females and two males, and care should be

taken in generalizing to larger populations.

The most plausible explanation for this result is the audio band-limiting included in each

L modem. Typically, the cutoff frequenc y was 3000 to 3500 Hz. Since it is well known that the high-

frequency spectrum of a female ensemble is greater than that of males, and since intelligibility is

strongly influenced by high-frequency masking, female speakers could be expected to be less intelli-

gibile relative to male speakers.

No strong relationship was found to indicate that the higher intelligibility for male speakers

was modem dependent; i.e., the relative performance seemed to hold for all four modems tested.

4.5 TYPE II TEST RESULTS. VOICE-ONLY MODE

Type (I voice tests were conducted during the October and November 1974 and JanuaTy and

March/April 1975 test series. Intelligibility scoring has been completed for all tests — a total of 13

20-mm runs (39 evaluations). Since the ADVM entered testing in February . only a few data were col-
Iected in the Type II mode: these have been plotted with the Type I results in figure 4-7 and so noted.

Test setup, conduct, and data reduct ion,procedure is exactly as for Type I tests , except that a

higher level of scattered signal is injected into the receiver. The measured S/I (direct-to-indirect power
ratio) ranged from 3 to about 15 dB, while C/N0 was varied over the 40-50 dB-Hz range .

Figures 4-9 through 4-12 compile the mean PB word scores achieved by each of the modems
versus C/ N0. wit h the number associated with each point denoting the measured S/I to the nearest
decibel. The Type II scores agree well, both in absolute and relative performance, with the Type I
scores for all values of S/ I. Certainly no statistically signif icant e ffect of S/ I is detectable for any of
the modems. To emphasize the relatively large insensitivity to multipath level, the best-fit Type I
performance curves for eac h modem are overlaid on figures 4-9 through 4- 12.

Thus, w hereas the performance of digital data and ranging systems can be dramatically reduced
by relative multipath levels of say -6 dB, it is observed that the intelligibility of analog voice techniques
is not visibly degraded for S/ I as low as 3 dB. Intuitive explanations are now offered for this
phenomenon.

First. recall that the L-hand multipath channel is known to have a Doppler spectrum width on
the order ot~ tOO Hz. two-sided , at low angles where multipath levels are typically highest. Also, meas-
tired delay spreads imply that the channel may be modeled as “frequency flat ” for the typical voice

4-16 
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channel bandwidths of lO to 20 kHz. Thus, when excited with an unmodulated L-band carrier , the
received signal in the absence of noise is

r( t )  = ~~ Fcos W e t + m c(t )  cos W et + m5(t ) sin W et

- ~ - . 
where mc and m5 are independent Gaussian low-pass modulations , eac h of bandwidth roughly 50
Hz and variance I, wit h I he 1g the total multipath power.

~ ~~t hough the signal processing pertinent to each modem needs to be examined in an exhaustive
treatment , the necessary insight may be gained by considering the NBFM case , with a phase-lock
demodulator preceded by a bandpass limiter. The received signal. including additive noise , is

r(t ) NBFM = v”~? cos!w~t +~~m
(t )) ÷ mc(l) cos + øm(t) J + m5~t ) S I f l j W c t

+ 
~ni(t )J + nc(t) cos[ W et + 

~m(t ) l  + n5(t )  sini W~t + 
~m(t ) 1 -

Here 
~m(t) is t he angle modulation corresponding to pre~mphasized FM. and we have placed

ourselves in a coordinate reference whose rotational phase IS W et + 
~m(t l  Thus the signal may he

represented in terms of the vector diagram of’ figure 4-13 .

l’he limiter removes envelope fluctuation and the phase-lock loop attempts to track the com-
posite signal phase of those signals within the loop bandwidth. For ~~~ stochastica lly large relative
to multipath and noise , the estimated phase angle is approximately

-
~~~~ 

m5 +n 5’
= tail ~‘

mc +

n15 + ii.,’

where t he primes indicate the additive noise has been reduced by action ol’ the PLL.
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Figure 4-13. Phasor Diagram — Signal, Noise, and Multipath
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Thus in addition to the usual noise contribution to phase error , we now have the multipath

L component appearing linearly. It is noted, however , that the spectral extent of this additional noise
source is roughly 0 to 50 Hz. Audio postdemodulation filtering typically removes the near dc response :

• even if this explicit filtering is absent, the response of the ear is low in this region and no signals
necessary for intelligibility are masked.

This argument is an above-threshold treatment. As the threshold is approached. the linear anal-
- , ysis breaks down, but it is clear that the spectral extent of demodulated multipath noise is still roughly

the same. The addition of multipath will induce an earlier loop thresholding due to signal f’ading and
concomitant increase in so-called click noise .

The second protection against multipath effects for analog speech is one of’ psychoacoustics.
Namely. due to the natural wavefo rm redundancy. portions of phonemes may be entirely masked by
noise of various types and t he intelligibility is still preserved. Viewed in another way, the multipath
may induce audio fading that effectively eliminates audio for a time equal to the fade duration. For
a fading bandwidth of 50 Hz. i t  could be crudely assumed that the average frequency of interruption
was 50 times per second. Miller and Licklider (re f. 4-2) found that speech could be randomly inter-
rupted in this manner up to 50’~ of the time while still maintaining 9O~ intelligibility. At lesser fading
rates. as expected, the speech on-time must be larger to achieve the same score , since whole phonemes
then begin to be obliterated. On the other hand, interruptions of more than 3000 times per second on
the average do not affect intelligibility at all.

These two plausibility arguments lend support to the finding that S/I as low as 3 dB seems
insignificant in the test scores.

4.6 HYBRID MODEM PERFORMANCE IN COMBINED VOICE AND DATA MODE

Figures 4- 14 and 4-1 5 show voice channel performance measured for the Hybrid No. 1 and 2
modems when operated in t he hybrid mode. i.e.. speech simultaneous with I 200-bps data. (Results for
data channel perfo rmance in the combined mode are presented in section 5.8.1 In this presentation ,
the Hybrid No. 2 modem results for fall and spring have been plotted together and are identified
according to the legend. Again, an improvement for spring t e s ts  is observed.

The solid curves show the perfo rmance obtained in the voice-only mode for the res pective
modems, as extracted from figures 4-4 . 4-5. and 4-fi . It is observed that the presence of data modula-
tion degrades performance at least 3 dB. Since the data and speech carriers are in phase quadrature
for each modem, the potential for cochannel crosstalk exists if carrier phase tracking is imperfect.
If t h i s  factor is ignored, however , a 3-d B degradation can be predicted for Hybrid No. 2 since 50-50

‘.01cc - d ata power sharing is in effect in the hybrid mode. For Hybrid No. 1 . the relative difference to
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be expected i~ Ic ss clear. An approximation may be gained by noting the rms phase modulation in
voice-only eases is 580. whereas it is set at about 400 for the voice/data mode. In terms of demodu-
lated speech powe r, the relative dit’ference is then about 2.4 dB. Since both modems have additional

degradation due to crosstalk , it is not surprising to find the hybrid mode requiring at least 3 dB greater
total C/N0 for equal speech inte lligibility.

Hybrid voice/data tests were generally conducted in the Type I mode. Some testing was per-
formed in the Type II configuration during the March/April series, but the measured S/ I parameter was
greater than I 2 dB in all cases. Having witnessed the relative insensitivity to S/ I for the voice only, it
was decided to combine these test results with the hybrid Type I results.

4.7 VOICE MODEM CONCLUSIONS

After analyzing intelligibility scores for the four speech modems , the follow ing major conclu-
sions can be drawn.

a. Three modems exceeded 70’~ PB word intelligibility at 43 dB-Hz: the Hybnd No. I
(Q-M/PSK). Hybrid No. 2 (PDM/PSK). and the adaptive delta voice (ADVM) modems.
The adaptive NBFM technique failed to achieve this level of performance , though not
by far. One modem, the Hybrid No. I. achieved PB word intelligibility in excess of 70~~~

at 40 dB-Hz. Over the range of 40 to 48 dB-Hz, a re lative ranking of modems would
place Hybrid No. I first , followed by ADVM . Hybrid No. 2 . and ANBFM. It should be
emphas ized that the evaluations pertain only to word intelligibility and do not explicitly
include pleasantness of sound, sync hronization time, dynamic range. etc. Also, the two
male speakers were found to be consistently more intelligible than the two female
speakers , probably due to audio band-limiting effects.

b. No apparent degradation in word intelligibility was observed in spite of relatively high
multipath levels. Results for S/I = 3 dB showed little difference from the no-multipath
performances for all modems tested. This is believed due to the natural waveform redun-
dancy of speec h and the fact that the distortion due to multipath is largely subaudio.

c. W hen operated in the hybrid voice/data mode, both Hybrid No. I and 2 modems required
approximately 3 dB additional C/N0 to ac hieve the same intelligibility registered in the
voice-only mode, as expected.

d. Though less costly to conduct . SCIM evaluations do not appear to provide a universal
performance eva luation since the relation betwee n SCIM score and word intelligibility is
modem dependent. Further discussion and supporting data may be found in appendix A.
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5. DIGITAL DATA MODEM TEST RESULTS

This section reports performance results of ’ five PSK data modems, operating at I 200 bps in
various aeronautical satellite channel conditions. The modems represented diff ’erent implementations
of ’ differentially encoded. coherent ly detected phase-shift keying (DECPSK) and differentially coher-

- 
- en

1t phase-shift keying ( DPSK). Tests were conducted in the Rosman/ATS-6/KC- l35 link configura-
tion. Reception was with representative operational aircrat ’t antennas ( Type I tests ) at angles ranging
from 100 to 300 and with a simulated multipath-contaminated channel (Type II tests ) at an elevation
angle of 1 5°.

4

5. 1 DIGITAL DATA MODEMS TESTED

The five modems tested are briefly characterized below .

h y br id Vu 1-  This modem implements DECPSK. In the data-only mode, detection is
performed using a Costas-type demodulator (B L = 130 Hz), and baseband matched tilter-
ing. (‘oherent AUC is employed and the narrowest IF filter bandwidth is 30 kHz. The
unit can operate in the combined voice/data mode, for which demodulation is accom-
plished with a narrowband second-order phase- lock loop tracking a residual carrier. Bell
Aerospace Company manufactured the modem under contract to DOT!TSC.

h y brid Vu .2. This unit was developed by Magnavox Research Laboratories under
DOT;TSC contract. DECPSK is the data modulation and detection strategy. In the data-
only mode, the modem uses Costas- loop demodulation (BL 150 Hz) and baseband
matched filtering. Coherent AGC is also utilized and no modem RF bandwidths are less
than St .) ku ,. This unit may also operate in an hybrid voice/data mode by placing one-half
the s ign. ih power in a pulse-duration modulation ( PDM) speech signal in phase quadrature
to the data carrier

‘ V ~‘~- I / )/ (f~ A ibis modem also performs DLCPSK transmission with a (‘ostas-type
demodulator. whos e noise bandwidt h is approximately 450 Hz. The predetection filter
bandwidth is IS k It,, and coherent AG(’ is employed. Operation is data-only at 1 200 bps.

• The unit was developed for NAS ,.~ by Bell Aerospace Company as part of the PLACE
program.

/. -I -I ( ‘PSK. - The to urth modem performing DECPSK wa s developed for the DOT/FAA
by Philco-Ford (‘orporation. The modem operates at either I 200 or 2400 bps with a
( ost as demodulator (l3~ = 2 10 Il,). The signal processing is largely digital . including

~- I
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the carr ier and bit-timing loops and the integrate-and-dump detector. Coherent AGC is
used for IF leveling, and band-limiting distortion is negligible. Previous testing has been
accomplished under the DOT/FAA ATS-5 experiments, reported in reference 5-1.

FAA DPSK: This unit represents the only tested version of DPSK. Detection requires
carrier phase stability only over two-bit intervals. The center frequency is continually
estimated with a quadricorrelator automatic frequency-control (AFC) loop, and
a signal-controlled AGC circuit is employed. Philco-Ford developed the modem for the
FAA ATS-5 experiments. The unit uses largely digital signal processing.

All of the modems are devoid of nonlinear processing effects such as hard-limiting at IF.
• Intersymbol interference due to band-limiting may be ignored in all cases for the 1 200-bps data rates

tested here.

5.2 DIGITA L DATA TEST SIGNAL DESCR1PT 1ON

5 . 2 . 1  PN Test Sequence

For all modems and test conditions, a maximum-length 2047-bit sequence was used as the test
pattern. This provided a signal having adequate randomness properties, and was easy to replicate and
synchronize in a general-purpose computer for error analyses. Also, the Hybrid No. I and 2 modems —

had internal error checkers using this sequence for quick-look evaluation. The code generator poly-
nomial used was X II + X 2 + I with arithmetic defined as usual on the binary field.

During hybrid mode tests (voice and data simultaneous), the same test sequence was used, and
PB word list tapes were input to the respective modulator audio inputs.

5. 2.2 RF Link Transmission Formats

Since all modems operate on versions of PSK signaling, a single data signal was sufficient for
transmission t’rom Rosman. The uncertainty arising from power balance of several PSK carriers was
t hus eliminated and intermodulation effects were minimized. During data-only tests , two addit ional cw
carners were FDM multipløxed into the transmitted signal. One, the PLACE S&R carrier, was neces-
sary to lock up the NASA modem. The second carrier was placed 1 2.5 kHz removed from the data
earner and was used for analysis of the channel C/N0 and S/ I at a frequency very close to that of
Interest. This probing signal was also down-translated and recorded for possible future analyses. Also,

5-2
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an NBFM carrier was included for coordination purposes, though normally the signal was unmodu-
lated. The frequency assignments re ferenced to the satellite L-band output were :

1550.0750 MHz PLACE S&R carrier
1550.2500 MI-Iz NBFM coordination channel
1 550.6750 MHz PSK data signal, 1 200 bps - •

1550.6875 MHz CW probing signal.

- During the hybrid voice/data tests , signal commonality was no longer present since the Hybrid
No. I and 2 modems have distinct modulations. The NASA and FAA modems were not tested during
these periods, and the composite transmitted signal was

1 550.0750 MHz CW carrier
1550.2500 MHz Hybrid No. I modem signal
1550.6000 MHz Hybrid No. 2 modem signal
1550.6750 MHz PSK data signal (not used

by DOT/TSC aeronautical tests).

Both t’requency plans were chosen to ensure that low-order intermodulation products are out-
of-band. Any in-band products occur at a negligibly small level.

5.2.3 Channel Power Equalization

Channel signal-to-noise ratio measurements for the data test were made by analyzing the cw
probe signal under the assumption that this value also applies t’or the other carriers in the composite
spectrum. Such an assumption obviously implies carefu l power equalization among channels. This
equalization was accomplished by continuous monitoring at Rosman of the forward-link L-hand test
signal radiated by the sate llite.

Spectrum analyses permitted detection of power imbalance as small as l ) 2  dB A ppropriate
uplink level adjustments were then made on a closed-loop basis.

5.3 REDt( ’TION AND ANALYSIS OF I)IGITAL DAlA

This section highlights the reduction and analysis features associat ed with the digit.iI d at a
tests. More detail may he f’ound in volume IV of this report
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5.3.1 Conversion to Digital Tape

Detected bit patterns as received on the KC-l35 are recorded on an instrumentation recorder

~~ using direct analog recording at 3-3/4- or 7-1/2-ips drive speed. Five separate analog tracks convey the

five modem outputs. Each track is recorded in Manchester format. Also, t ime code and the output of

the envelope detector are FM recorded on separate tracks.

Source tapes are translated into computer-compatible seven-trac k tape at Boeing’s Test Data

Processing Center. Five independent bit synchronizers acquire and track the five analog Manchester

data tracks. Data is packed in records containing 2460 bits from each of five channels, with each

record contain ing a time code and identification header.

In addition to data stream records, a record of 1025 samples of the envelope detector output

is written every IS sec (real time). This signal is sampled at a 2000-Hz rate and the quantizing is to

10-bit accuracy. This batch of envelope samples is subjected to computer analysis to determine C/N0
and S/ I.

5.3.2 Bit-Error-Rate Determination

Bit-error events are located with bit-by-bit comparison of the received data stream with a com-

puter-generated replica. Generation of the focal replica requires synchron ization of the replica with

the received data. This is done in a trial-and-check fashion until the detected error rate is below a 10%
threshold. Once synchronization is initially established, subsequent records are processe d synchro-
nously unless the error-rate threshold is exceeded , in which case resynchronization is performed.

For each modem track , the error locations are accumulated within a record since there is
suff icient information for error analyses. As records are processed, the total number of bits and total
number of’ errors are tota led. This yields average error probability at the end of a time segment ,
typically several minutes in duration.

5.3.3 Error Spacing Analysis

Aside from average error rate over the time segment , information is tabu lated on error spacings
and the tendency for error bunching. Histograms of the spacing between errors (intererror spacings )

and of’ t he number of occurrences of zero , one , two. etc. errors per 24-bit block are constructed and
updated at the end of each record. Separate histograms are maintained f’or eac h of the five modems.

5-4
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5.3.4 C/N0 and S/ I Calculation

Using the samples of the envelope detector output . C/N0 and S/ I estimates are obtained at
I 5-sec intervals throughout the time segment of interest. Presuming these parameters to be constant
unless contrary evidence exists , final estimates are taken as the segment average of the individual
parameter estimates.

The method for obtaining these estimates is described in detail in volume IV , section 7.
• Briefly stated , a smoothed spectral estimate of the detector output is generated with the discrete

Fourier transf ’orm. Certain characteristics of this spectru m (noise floor and power in the 0- to 250-Hz
region) are used to estimate C/N0 and 5/ 1 based on theoretical relationships generated from the
detector model and from modeling of the received composite signal. The validity of this approach has
been checked in the additive-noise environment by laboratory eva luations. The accuracy of reported
quantities obtained in this manner is estimated to be +0.5 dB for C/N0 and ± 1 dB for S/I.

5.4 BASELINE LABORATORY BER MEASUREMENTS

Prior to commencement of the flight test program. the bit-error probability of each modem was
measured in the laboratory as a function of CN 0 at 1 200 bps. These measurements were conducted
to gain operating insight and to establish a baseline performance for each.

The input to each demodulator was a PSK signal , set to the modem ’s requ i red inpu t level plus
variab le-level additive white noise . C/N 0 was measured repeatedly with a calibrated narrowband wave
analyzer.

Figures 5-I through 5-4 compile the test data for the various DECPSK modems. DPSK per-
f’ormance was measure d at only two points and is not graphed. Relative to the appropriate t heoretical
pert ’ormance . the modems ex hibited the following inefficiencies at 

~e = l0~~.

Hybrid No. 1 1. 2 dB
Hybrid No. 2 1.5 dB
NASA DECPSK 2.6dB
F A A  CPSK 1 Di CPSK mode) 1.5 dB
FAA E)PSK 0.~ dB

A similar series of tests conducted on DOTiTSC’ s Iahor:itorv simulator is reported in reference 5-2
and revea ls generally similar conclusions.

_ _  
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Figure 5-1. Laboratory Baseline Bit-Error-Rate Performance of Hybrid No. 1 DECPSK
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5.5 TYPE I TEST BER PERFORMANCE, DATA-ONLY MODE

Test results for all Typ~’ I test series are presented in figures 5-5 through 5-9 for the Hybrid
No. I. Hybrid No. 2, NASA DECPSK, FAA CPSK , and FAA DPSK modems, respectively. The
refe rence theoretical curves are given by

~e = erfc L(CT/N0)½ 1 ( 1 - 1/2  erfc L(~~~/N0)V2 1 1 DECPSK ,

and

= 1/2 exp I-. (CT/N0)1 DPSK .

In these expressions , T is the bit duration and C/N0 is the total signal-to-single-sided noise power
density ratio. Also,

erfc (x) [2/ (~~~~~~~ I f ~~_z 2 
dZ.

These theoretical curves are well-known expressions (ref. 5-3) for error probability in the 
—

presence of additive w hite Gaussian noise . Matched filter detection with no synchronization error is
also assumed. It is believed the Type 1 tests closely simulated these conditio~is.

All data points represent the recording of at least 10 error events , except as noted for some
points w ith very low error probability. Also , some intervals were recorded in which no errors were
observed. This data is plotted at 

~e = l0 6 wit h the number of processed bits noted.

It is noted that all modems exhibit the exponential dependence on signal-to-noise ratio
expected for nonf’ading channels. Relative to the respective theoretical performance , the modems
exhibit th e. f’ollowing inef ficiencies at an error probability of

Il yb rid No. I 0.9 dB
Hybrid No. 2 1.2 dB
NASA DFCPSK 1. 9dB
FAA (‘PSK (DECPSK mode) I .4 dB
FAA DI’SK 1.2 dB 1 .

I Relative to DPSK theoretical . which is about 0.6 dB less efficient than DE(’PSK at I O ’~ error
. ‘ probability.
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These incf fk ienc ies can be attributed to implementation losses , such as nonideal matched filtering, and
carrier and bit synchronization jitter.

Note also t hat at 43 dB-Hz, each modem meets the current AE ROSAT system error-rate speci-
fication of I x I 0~~~ or less. The NASA DECPSK and the FAA DPSK modems barely meet the specifi-
cation while the others exceed t h e  specif ication with a margin of at least I dB.

¼~. Since the error probability performance exhibits no divergence from the theoretical nonfading
performance as C/N0 increases , we may conclude there is no appreciable multipath fading phenome-

- 
- non for the Type I tests. By inference from results of the next section , we may conc lude the S/I

achieved by the antenna system exceeds about IS dB. This conclusion is confirmed by results of the
antenna tests , which were designed to explicitly measure S/ I. The top-left-right slot-dipole system con-
sistent ly showed S/ I > I S  dB.

5.6 TYPE II TEST BER PERFORMANCE . DATA-ONLY MODE

In contrast to the setup for Type I tests , a contro llable level of multipath was injected into the
received signal composite. Thus, modem perfo rmance can be determined as a function of S/ I as well
as C/N0.

To minimize experiment variables , all tests were conducted at a common elevation angle : ISO .
With the aircraft altitude kept in the vicinity of 31 .000 ft . the delay between direct and specular ‘~~

returns was 16.3 ~sec, which is only a small fraction of the total bit interval (.833 psec). At this elev a-
tion angle , multipath delay spread (minus I0-d B value) is approximately 4 ~isec (see vol. V . sec. 5.3).
Thus for all practical purposes, the intersymbol interference due to multipath is of negligible impact.

Commensurate wit h the scattering theory described and verified in volume V . the channel may
then be modeled as having an undistorted direct-path signal , plus a signal passed through a linear , t ime-
varying channel with complex Gaussian statistics , plus additive receiver noise. Since multipath delay
and delay spread are ignored. the Rician channel is synthesized by a single complex time-varying
multiplier as shown in figure 5-10.

s(t) rft)

n(S)

ae~O

Figure 5 10. Mu/tipath Channel Model
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The random amplitude, a. is Rayleigh distributed with unity mean square value , and 0 is
uniform on 10. 2~

) . The remaining variable is the spectral bandwidth of the time-varying complex
gain: this bandwidth is typica lly 50 lIz . one-sided , for L-band carrier frequencies and nominal cruise
velocities. Thus, a first approximation to performance is to assume fading is constant over the detec-
tion interval and average over the distributions for amplitude and phase to obtain the unconditional
(long-term error probability.

Presentation of the DPSK results utilizes a refinement of the above long-term fading model
that accounts for phase decorrehation over two bits (ref. 5-4) . This model was well verified in ATS-5
test results for DPSK ~ref. 5-I l and is used again here.

The bit-error probability formulation for DECPSK is less concise , since performance now

• critically depends on the behavior of the coherent reference loop. The simplest treatment , pursued by
Lindsey (ref. 5~5) . is to assume that the carrier phase tracking loop estimates the composite signal
phase perfectly. Thus, the bit-error probability is conditioned only on the phasor amplitude. By again
assuming fading is slow over a bit interval , numerical integration can easily provide error probability
versus C/ N0 and S I .  These results may be found in reference 5-5.

Perfect tracking of the composite channel phase implies a loop bandwidth much greater than
the multipath Doppler bandwidth. Increasing BL subjects the loop to additional noise jitter and
eventual threshold phenomena. Thus the existence of a loop bandwidth minimizing 

~e is plausible.
However, some simulation results (ret ’. 5-6 ) indicate that performance is insensitive to BL until the
threshol d region is reached, implying frequent errors due to cycle slips. Apparently the additional
detection efficiency gained by tracking the composite channel phase is balanced by the likelihood of
the composite signal causing fades below the loop threshold.

We note that all DECPSK modem loop bandwidths excee d 130 Hz. so t he perfect estimate
results should he reasonably valid, ignoring cycle slip events. An intuitive approach presented in
reference 5~7 mode ls the detection performance for BL on the order of the fading process band-
width. A parameter y is defined as

B L
-( 

B~~4- B J,

so ‘y 0 indicates that only the direct-signal phase is estimated , whereas ‘y I indicates perfect corn-
posite phase is  in et f e c t .  again ignoring noise effects. II we assume B 1~ = 50 lIz , typical of the I 5°
elevat ion condit ions . t hen

130
~~~~~

— =  0. 7 2 .

180
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for all modems. To present Type II test results, we use curves for 
~ 

0.75 in reference 5-7 as a corn-
mon standard. The performance is not dramatically different from the perfect-estimate case except at
very large C/N0. To account for the error-rate magnification due to differential decoding, the error
probability has been scaled by 2 as an approximation.

Figures 5-I I through 5-1 5 present the measured bit-error rate for each modem for all Type II
tests. As for Type I tests, those intervals having less than 10 errors are noted , and intervals having no

observed errors are also tagged.

Since S/I was a variable that could be only approximately set during flight conditions and esti-
mated off-line later , the observed S/I values span a continuum from about 2 dB to in excess of 15 dB.
To concisely present the data, the results have been grouped into cells of a particular S/ I + 1.5 dB.
Thus the cell boundaries are 3 dB apart in the S/ I variable. The + 1.5 dB is not intended to be the
measurement uncerta inty associated with each point hut merely the grouping uncertainty. As stated
earlier , the estimated measurement uncertainty for S/ I is I dB.

The performance of the Hybrid No. I, Hybrid No. 2 and FAA CPSK demodulators is not appre-
ciably diffe rent for larger C/N0 values and for all S/ I. For those cases where S/I is large and C/N0
relatively small , the Ilybr id No. I modem is slightly superior , followed by the Hybrid No. 2 modem
and the FAA CPSK. This relative ranking is consistent with the findings of Type I tests , as one would
expect , since S/I va lues usually exceeded 15 dB. The NASA DECPSK modem performed poorer rela-
tive to the other three DECPSK modems. This poor performance was especially noticeable at low
Si’s. and appeared in the simulator data as well as flight test data. A plausible explanation is that the
NASA modem’s BL = 430 Hz . (ref. 5-8) implying poorer threshold performance in noise, and this is
accentuated by heavy fading.

It is also observed that BER performance is slightly poorer than predicted by the ‘
~
‘ = 0.75

theory . Though the disagreement in terms of effective S/ I is roughly 2 to 3 dB at lower S/ I for the
three best DECPSK modems (figs. 5-I 1 , 5-1 2 . and 5-14). this corresponds to a factor of only 2 to 3 in
error probability for t hese cases. Agreement with theory at higher S/ I is within the experimental un-

— certainty. We note that factors acting to make performance poorer than the theoretical curves are the
implementation losses for each modem in the nonfading environment and the cycle-slipping phenome-
non t hat is unmodeled by the reference curves. Empirical observations showed this was indeed signifi-
cant for heavy-fading cases.

DPSK results (fig. 5-1 5) are in excellent agreement with the slow-fading model predictions
f rets. S-I . 5-4 . and s~q .2 Note that the parameter values for S/ I have been changed for the DPSK
reference curves.

The parameter p in figure 5- ISi s  a measure of ’ channe l gain correlation over a bit period and is given
by the expression ( l-p ) ir BF T’. Addi tional details are available in the references.
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The re lative perlormance of DPSK and DECPSK is also of interest. By comparing the actual
error probabilities of the three better DECPSK modems with the DPSK modem, it is found that:t

a. For large S/I (greater than about 10 dB), DECPSK outperform s DPSK slightly in erro r
probability, but less than an order of magnitude over the range tested.

~ b. For poor S/I . say less than 10 dB, DPSK begins to exhibit a superiority, but again not by
a large factor in bit—error probability.

These results can be explained intuitively. For large S/ I , the channel is essentially nonfading
and it is well known that DECPSK is slightly superior to DPSK for such channels. Section 5.5 provides
data in this regard . As S/i decreases , however , the ability to maintain the stable coherent reference for
DECPSK is diminished. DPSK is relatively unaffected, however , as only relatively crude frequency
accuracy is necessary. Thus a crossover in relative performance is not surprising. An identical observa-
tion has also been made in re ference 5-2.

In terms of the system design for I 200/2400-bps data channels , no clear-cut winner emerges
unless the channel character is decidedly nonfading or very heavy fading (Rayleigh-like). Even then,
the performance difference is not dramatic, and it is believed by the authors that the differences are
perhaps small relative to those that can be effected by careful design techniques.

5.7 ERROR BURST STATISTICS

Whereas the previous results have displayed the average bit-error probability over a period of
minutes , the distribution of the error events in time is also important. The tendency toward error
bursting, if present, affects the relation between bit-error rate and character-error rate , for example.
Also, such information may be used to design error-control schemes for the specific channel condi-
tions involved.

In the presence of additive white Gaussian noise and without fading effects , the correlation
structure of the error patterns associated with the various modems is well understood. For the
DECPSK-type strategy, errors occur with high probability in pairs. This arises from the fact that
decisions are t he result of differentially decoding matched-filter decisions, and the latter are approxi-
mate ly independent. Single isolated errors are rather infrequent and can be explained only by a
carrier-loop phase-slip event. For true DPSK detectors, this strong propensity for paired errors is not
observed, although the decision is based on the phasor diffe rence over two successive signal intervals.
Single errors still predominate for DPSK on nonfading channels, except perhaps at very poor signal-to-
noise ratios (ref. 5- 10) .
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Figures 5- 16 and 5- 1 7 provide block-error histograms for additive Gaussian noise conditions
(Type I tests) for four different test intervals. The histogram independent variable is the number of
bit errors per 24-bit contiguous block of data. The vertical axis is the number of occurrences regis-
tered. Two DECPSK modems (Hybrid No. I and FAA CPSK) were chosen for presentation, with
similar results for the DPSK modem. DECPSK modem results for the remaining two units showed
very similar characte r.

First , the expected superiority of DECPSK is observed for the total number of error events.
This corresponds to results of the previous sections. The relative frequency of single and double errors

H is markedly different , however, for the two detection algorithms. DECPSK exhibits the expected
paired-error tendency, whi le DPSK results show that isolated single errors predominate. These con-
clusions hold for all signal-to-noise ratios presented. The same behavior was observed on a qualitative
basis at higher C/ N 0 : however , the number of error events observed was not large enough to yield
statistically signitkant results.

Figure 5-18 provides block-error histogram data for a Type II test interval for various S/ I con-
ditions. C/ N0 was held approximately constant at 46.5 dB-Hz over the test. We observe that for S/I =
9 dB, the histograms for both DECPSK and DPSK are roughly the same in character. For both
detection strategies. as S/ I decreases (fading becomes stronger), the average error probability increases.
Also, for DECPSK. the predominant error mechanism changes from isolated paired errors to single errors
per block, indicating that carrier-loop cycle slipping is becoming significant.

Figure 5-I 9 presents similar data for a Type II test with C/N0 held in the vicinity of 43 dB-Hz
and with S/ I varying between 13.5 and 4.5 dB. For the higher S/ I cases, we observe the character aSSO-

L 

ciated with the nonfading additive-noise channel. As S/ I decreases, the average error rate progressively
increases as expected. The relative frequency of multiple-error events per block increases for both
DECPSK and DPSK. Also. for DECPSK detection , we note (fig. 5-18) the transition from purely
paired-error events to a situation where single errors are very prevalent , indicating the presence of
cyc le slipping.

An alternate viewpoint tbr studying the memory , or interdependence, of channel error patterns
is t hat of the spacings between errors. If the error process is truly memoryless, the spacing, or waiting
time between errors , is geometrically distributed: i.e.:

Prob [spacing = ki = P
~
(l 

~~~~~~~~~~~~~ 
k 1 ,2 

where P~ is t he average error probability. As the channel or modem induces memory , t he frequency
of lesser waiting times increases relative to that of a geometric distribution.
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Figures 5-20 through 5-22 show error-spacing distributions for tne Hybrid No. I and DPSK
modems for three distinct channel conditions. These distributions have been calculated by counting
the number of times t he spacing between errors was k . k = 1 .2 40, and dividing each total by the
total number of errors. This provides an estimate of the waiting-time density function. On the same
figures. the distr ibution of spacings assuming a memoryless process with the sante error probability has
been plotted for contrast.

Figure 5-20 is for a Type I test with C/N 0 = 38.2 dB-H~ and S I  > 20 dB. We observe that the
error process has significant memory over two bits in each case: then the probability of spacing k > 2

fa lls off , wit h slope characteristic of a memoryless process. Of course . this is the expected result for
additive-noise environments due to the detection involv ing two adjacent bits . Also note that for
DECPSK. given an error event, the probability is one-half that another error follows. This is in agree-
ment with theory (re f. 5-1 ) . The corresponding probability for DPSK is 0.186, meaning back-to-back
errors are less likely. This value is in very good agreement with the calculations of re ference 5-9 (0.19

at ( ‘ N0 = 38.2 dR-Hz).

Figure 5-21 depicts a case with greater C/N0 and moderately heavy fading. This case was
chosen since the average error probabilities were roughly the same as those of figure 5-20. Here both
modems exhibit a two-mode characteristic in the density function. Namely, the density exhibits rela-
tively large we ighting for spacings I .2 7. then decays slowly in accord with a memoryless process
with small error probability. Thus , we may conclude t hat tor (/ N () 4 1 C d B-FI z and S 1 = n dB. the
effective memory length of the error process is on the order of seven bits at 1 200 bps. An error-correc-
ting code should have capahiIit~ for correcting bursts of time duration equivalent to seven bits , as wel l
as having modest random-error-corre cting power . If the code rate is one-half , for example , the burst-
correcting power ‘~ltouIcl he 14 channel symbols.

Figure 5-22 illustrates an extreme multipath case , with the average error probability approxi-
mate ly the same as for the example of figure 5-20. Here C/ N 0 = 47 dB-Hz and S I  = 2.5 dB. Again.
we observe a dual-mode character in the density function for error spacings, but the transition region
is now displaced to about 14 bits. For this heavy - fading situation , a longer burst-error-correcting span
would be appropriate to fully combat channel memory .

We note that the memory time of the lading process has not changed for figures 5-21 and 5- 22 .
only the relative levels of mult ipath and noise . An increasing noise level tends to mask the multipath
fading e f f ec t s  somewhat . thereh~ shortening the e f fec t i ve  memory of the error process .

Memory times of .is great as 14 bits at 1 200 bps are certainly plausible for the AEROSAT
channels. If one assumes a two- s tdcd [)oppler bandwidth of the multipath process to he 100 11,. then
the process deco rrelation time is 10 msec . or 12 hits at I 200 bps.
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A note relative to the amplitudes of the density function in the tail region is in order. Typi-
cally, the tail probability for DPSK is greater than that for DECPSK. This is simply a manifestation of
the fact that DPSK tends to possess errors that are more scattered in time , once the average error rate
is normalized. In particular , the frequency of paired errors is less. Since a density function must have
a sum of’ unity, it is expected that the probability measure of large spacings will be higher for DPSK
than for DECPSK.

L

5.8 BER PERFORMANCE OF HYBRID MODEM IN COMBINED VOICE AND DATA MODE

The Hybrid No. I and 2 modems have the capability of transmitting speech and data simul-
taneously on a single constant-envelope carrier. Tests were performed to measure bit-error rate (and
speech intelligibility) when operating in the hybrid mode. Before presenting the results, the two
met hods of modulation are reviewed to assess the expected behavior.

The Hybrid No. 2 modem is more easily analyzed because in the hybrid mode the transmitted
signal is the sum of constant-amplitude speech and data carriers placed in phase quadrature . The data
carrier is modulated in NRZ/PS K fashion while the speech carrier is suppressed-clock pulse-duration
modulated (SCPDM). Each carrier level is adjusted so that one-half the tota l signal power is allocated
to each. Thus, in the absence of any crosstalk induced by nonquadrature phase error or by carrier
track ing jitter . the BFR performance can be expected to be degraded 3dB relative to the situation
where all signal power is in the data channel. Since speech/data crosstalk can on the average only
degrade the BER, 3 dB represents a lower bound on the degradation in the hybrid mode. To summa-
rize, if the modem ac hieves a certain error probability at 4l dR-Hz in the data-only mode, at least 44
dB-Hz is likely to be needed to achieve the same error probability in the hybrid mode . Also, since the
data signal power is time invariant (in contrast to the case for the Hybrid No. I modem), no clustering
of bit erro rs is ant icipated during speech intervals.

Converse ly, the Hybrid No. I modem is implemented such that during speech pauses . all signal
power reverts to t he data channel, and during periods of speec h activity, the instantaneous power
division is dependent on the speech level. The transmitted signal is the limited vector sum of a PSK
data carrier in quadrature with a DSB-AM modulated speech carrier. The net modulation can he viewed
as a phase modulation and, as a ligned for the test program, the maximum phase deviation was held to
580. During speech pauses. all power reverts to the data channel, whi le during high dynamic speech
peaks, t he maximum short-term reduction of data channel power is determined by the maximum angle
of voice modu lation (5~ o ) Given the statistical description of the speech modulation. one may do the
necessary averagin iz to predict the long-term average error probability. Due to the speech /data inter-
acti on , the hit-error sequence will not he a stati onary process hut will have error events concentrated in
periods of ’ speech ac t iv i ty  • This discussion has considered only the time—Varying power division and
ignores en ss t al k phenomenon.
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• Fi gures 5- 23 and 5-24 present the measured BER for the Hybrid No. 1 and 2 modems, respec-
tively. Tests were conducted in the Type I condition, i.e. no appreciable multipath interference is
present, except for the points tagged with circled S/I values.

It is noted that the experimental data for the Hybrid No. I modem shows a rather dramatic
divergence t’rom the theoretical data-only performance at low bit-error rates. Data channel performance
is. in fact , expected to he somewhat dependent upon the voice channel due to the speech/data adaptive
power-sharing techniques inherent in the design of the modem. It is also reasonable to expect the
effects of speech/data adaptive power sharing to be most readily observable at low bit-error rates
because the error probability is more dominated by the infrequent peaks in the speech signal that
reduce the effective power avai lable to the data channel. Although the general behavior apparent in
the experimental result is partially supportable by the above considerations, the acceptance test data
furnished by the modem manufacture r and laboratory measurements made by DOT/TSC after com-
pletion of the field tests do not show the large divergence observed in the experimental data. Labora-
tory performance measurements for bot h the data-only and hybrid voice/data modes are included in
figure 5-23.

In an effort to isolate the reason for the performance differences cited, several factors have
been investigated including ( I)  sensitivity of data channel performance to the voice channel audio
input level and (2) possible presence of multipath degradation during Type I tests. Measurements
made by DOT/TSC indicate that audio-level-setting errors of +6 dB do not degrade error-rate per-

• formance by more t han I dB relative to the error-rate performance achieved with the correct audio
level. Multipath degradation was also ruled out as a potential cause since S/ I values were found to
exceed 18 dB in all cases. Hence the disparity buween laboratory performance measurements and
field test data for the BER hybrid voice/data mode performance of the Hybrid No. I modem remains

• largely unresolved. It appears likely that the laboratory performance data more closely approximates
the achievable performance than does the field test data.

It should be stated that the results exhibited herein pertain to the regular utterance of PB
words at 2.5-sec intervals. In operational use, where verbal messages are conveyed , the data BER
during voice channel activity may differ somewhat from the results obtained using PR word lists because
of the different dynamics associated with the voice channel modulation for the two cases. During periods
of voice channe l inactivity, the BER would he essentially that achieved in the data-only mode.

The Hybrid No. 2 modem performance (fig. 5-24) seems consistent wit )) the expected 3-d B
shift discussed above . Relative to the data-only mode performance at 

~e = l0~~, the actual difference
is approximately 3. 5 d13 .~~ccording to t he f ield test data , it is noted t hat very low error probability,
say I x I0~~. was ac hieved w ith less C!N0 for the Hybrid No. 2 than for the Hybrid No. I modem. On
the ot her hand , the Hybrid No. I modem was more efl’icient at higher error rates. Again, these judg-
ments pertain to t he particular speech duty cycle used for these tests.
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As discussed, the Hybrid No. 1 modem can be expected to have an error bunching tendency.
An attempt was made to investigate this e ffect by examining whether error events tended to be located
at regular intervals 2.5 sec apart. No conclusive evidence was produced from this investigation, pri-
marily due to the fact that the error rate is extremely small where the bunching phenomenon would
be most observable. Careful laboratory investigation with deterministic “speech” modulation would

• undoubtedly demonstrate the bunching effect.

5.9 DIGITAL DATA MODEM CONCLUSIONS

The digital data tests have revealed or verified several significant conclusions applicable to the
• configuration 01 aeronautical satellite data link channels. First, the bit-error rates achieved with recep-

• (ion via a representative switched antenna system (the top-left-right slot-dipole configuration ) are less
than I x 10~ at C/ N0 43 dR-Hz. The latter corresponds to the current AEROSAT system specifi-
cat ion, and the conclusion holds for four distinct DECPSK modems and one DPSK modem. Relative
to theoretical limits l’or additive Gaussian noise environments , the modems exhibited inefficiencies of
0.9 to 1.9 dB. By implication, the net S/ I achieved by the antenna system for the various Type 1
geometries exceeded 15 dB since none of the characteristic divergence from theoretical nonfading per-
formance was observed as C/ N 0 was increased.

When operated on a synt hetic Rician fading channel (Type II tests ) , the DPSK modem per-
formed in general accord with existing theoretical results and with previous experim ental flight test
results. For example , if the S/ I achieved by the antenna system is only ~

() dB. an additional S dB of

channel power is necessary to reduce the error probability to I ~ l0~ As concluded in other investi-
gat ions, error-control coding or multipat h-tolerant waveform design appears to he a necessary adjunct
to the exist ing modem designs if S/I values of only 10 dB are anticipated.

The performance of the coherent-detection technique (I)ECPSK) was rather different for the
• various modems , possibly due to the diffe rent loop bandwidths involved and the impact &~i .~~ d c

slipping. The hit-error rate versus C/N0 observed for these modems was slightly lower than for l)PSK
when S I  was large, say greater than 10 dB: as S/ I decreased below (OdD, however, the DPSK tech-
nique ex hibited better performance. In ranking the DECPSK modems qualitativel y, we conclude Ihat
the Hybrid No. I modem performed best , followed by the Hybrid No. 2. the FA,.\ (‘PSK . and the
NASA modems. The NASA modem seemed to exhib it particularly sever e degradation in a multipath
environment.

Relative to the DPSK versus DECPSK question, it is our judgment that the difference in per-
formance is not signil’icant in eit her ’s favor over a typical operat ing region of S I  and C Other
tactors not evaluated here, such as acqu isi ion performance, compl exity of design , and reliahilii~ of

• operation, probab ly outweigh any observed bit—error—rate fa ctors.
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Investigation of the memory characteristics of ’ the error patterns revealed that:

a. In nonfading additive-noise environments , the DECPSK errors generally occur in pairs
whereas the DPSK errors are predominantly isolated single errors and, less frequent ly,
paired-error events. Both of these results have been earlier theorized and verified.

b. As the level of multipath interference increases , the likelihood of error bursts increases;
• -‘ that is. the short-term error probability varies over orders of magnitude due to construc-

• tive and destruct ive interference. Also, for DECPSK, cycle slip events become more
obvious as ev idenced by the increase in frequency of isolated errors . For either technique,
if burst-correct ion coding is used, the burst-correcting span should be on the order of
seven bits at 1200 bps (14 code symbols in a rate one-half code).

Finally, the performance of the two hybrid voice/data modems was evaluated in the hybrid
mode. For the Hybrid No. 2 modem, the C/N0 increase required to maintain equivalent error per-
formance was about 3.5 dB due to the equal power sharing. The Hybrid No, I modem exhibited a
more comple x relationship: for high error rates ( l 0 ~~), speech and data could be conveyed with only
I dB additional power, whereas at a l0~ error rate , the necessary increase in C/N0 for the hybrid
mode was on the order of 4 dB. This is somewhat dependent on the duty cycle and statistics of the
speec h modulation. The impact of adding data to the speech signal is roughly 3 dB.
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6. RAN GING EXPERIMENT TEST RESULTS

~~ The flight test program evaluated the performance of two distinct satellite-aircraft ranging tech-
• niques, Measurements were performed using a single satellite , whereas an operational surveillance

• . system would necessitate additional measurements (‘or a 3-D position solution. Because the true range
between aircraft and satellite could not be readily determined, the ranging accuracy was evaluated
relative to a best-fit estimate , rat her than absolutely.

r
6.1 RANGING MODEMS TESTED

The two ranging techniques tested are referred to as TSC ranging and NASA ranging, the names
deriving from the agencies sponsoring the respective modem developments. This section will briefly

• describe the two approac hes.

• 6.1, 1 TSC Ranging Modem

This modem was an in-house development at DOT/Transportation Systems Center. The tech-
nique utilizes a ranging signal first stud ied by Stiffler (ref. 6-I). w hich is a binary ranging code having
rapid acquisition potent ial. Starting with an upper tone frequency of 156.25 kHz (or 19.53 kHz).
binary submultiples are generated logically down to 763 Hz. These 12 (or 9) square waves are input
to a majority logic unit that synt hesizes the code state. The highest frequency determines the ranging
modem precis ion, while the lowest frequency in the code determines the maximum unambiguous
range .

Whereas a brute-force code search would examine 2 12 (or 2~ ) possible code phases to synchro-
nize in the worst case, a more rapid procedure is al lowed for this waveform . Namely, correlation of
each subharmonic with the incoming code can be performed to determ ine if the polarity of that com-
ponent is correct or not. If not , a simp le logic inversion is performed. Following clock acquisition,
sequential operation from highest to lowest frequenc ies requires II (or 8) polarity checks. If an incor-
rect polarity decision is made on any of the component frequencies, a large range error obviously
ensues: this corresponds to what is genera lly called an ambiguity resolution error.

Several variations 01 the basic signal processing are avai lable for selection. First , the choice that
most dramatically affects performance is that of highest frequency ( I 5~ .25 kHz or 19 .53 kHz) . The
weighting of the highest f requency component prior to generation of the composite code is also selec-
tab le. Increasing the weighting provides more clock energy but decreases the correlation with each of
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the remaining component square waves, thus increasing the ambiguity error probability, Also selec-
table is the number of code cycles used in performing a polarity decision on each component; increas-
ing the integration time reduces the error probability in random noise but lengthens acquisition time.

Carrier modulation is ± 1.2 radians peak phase modulation, and demodulation is coherent with
the aid of a narrowband carrier-tracking loop. Range measurements are made by comparing the phase

~ of the regenerated range code with that of a reference code. A 40-MHz clock is counted to provide
this measure , and each time a range measurement is performed, a 20-bit range count is formed, the

• least significant bit corresponding to 25 nsec.

Formatted along with the range count are eight code-format bits, w hich indicate the clock
frequency and its weighting, plus five status bits, relating modem lock conditions. For each measure-
ment , these data bits are inserted into a 305-bps Manchester stream , which is recorded and processed
off-line in Seattle.

6.1.2 NASA Ranging Modem

This modem implements a cw sidetone ranging technique (ref. 5-8) developed for NASA as
part of the PLACE system. Modems were located on the aircraft and at Rosman, and the two-way
round-trip range was computed at Rosman. Rosman continuously emitted the S&R (surveillance and
ranging) signal, which was acquired and tracked by the aircraft modem, as we ll as by other users. Air-
craft emiss ions were in response to an interrogation signal inserted into the forward-link waveform. In
the high-rate mode used for these tests , an interrogation occurs each 6.4 sec.

The S&R surveillance signal is comprised of four ranging tones double-sideband modulated on
a carrier and a 600-bps Manchester PSK channel in phase quadrature. The composite of these is limited
to remove envelope variation. The signal is coherently demodulated with a carrier-tracking 1oop that
tracks the residual carrier. Tone phase for each tone is computed by baseband correlation with refer-
ence tones. A digital computer resolves the phase ambiguities implied by the modulo-2ir measure-
ments and computes round-trip range. The 600-bps data channel is used for polling of various termi-
nals, transmission of onboard altitude . etc.

The responses received at Rosman were processed and written on digital tape , which in turn
was supplied to Boeing for analysis. With the data processing performed, the two-way range error
re lative to a best-fit trajectory is calculated. Absolute accuracy could have been evaluated if the satel-
lite and aircraft positions were accurately known and if all equipment delays were calibrated. However ,
the relative excursions from best fit provide the information necessary to predict system performance
on a 3-D basis , if it is assumed biases can be suitably removed.
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6.2 RANGING TEST SIGNAL DESCRIPTION

The signal emanating from Rosman was an FDM composite of the S&R signal , the TSC digital
ranging signal, and a cw carrier for enve lope analyses. The frequencies , after translation at the satellite .
were

1550 000 MHz CW carrier
1550.075 MHz S&R carrier
( 550.600 MHz TSC carrier.

As in other tests , carrier level equivalence was established by monitoring the downlink spectrum
from the satellite and adjusting as appropriate. This was performed for unmodulated carriers : since the
TSC modem output power is slightly less when code modulation is applied, a corresponding correction
was applied.

6.3 REDUCTION AND ANALYSIS OF RANGING DATA

Analog instrumentation tapes recorded on the aircraft for the TSC modem tests were processed
by Boeing in Seatt le to yield a digital computer tape having formatted time , range, and signal envelope
samples. This procedure is described in detail in volume IV , section 10. NASA ranging data is received
direct ly in digital tape form.

For both types of tests , range versus time arrays are constructed for a test interval of several
minutes’ duration. Obvious outliers, or blunder errors, are purged from the data set as described in
volume IV to yield a more meaningful calculation of error standard deviation. Using the remaining
points, a second-order polynomial fit is performed, and an error array is defined by the deviations
between each sample point and the best-fi t estimate at the corresponding time. Thus , the experiment
measure s error deviations relative to a nominal trajecto ry. The rms value of this deviation is the
primary test stat istic.

Goodness-of-fit tests are performed for both experiments to test the assumption of normally
distri buted range error. The chi-square test is used with mean and variance of the hypothetical distri-
bution computed from the error data.

For the TSC tests , the signal envelope samples are processed to provide C/N0 and S/I esti-
mates for t he channel. The method is identical to that used for voice and data modems (detailed
descr iption in vol. IV . sec. 7) .  The forward-link C/N0 for t he NASA signal is assumed identical to
that of the TSC signal. No corresponding C/N0 and S I  data were available at the Rosman ground
station re lative to the return-link channel quality during tests of the NASA ranging modem.
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Figure a-I illustrates a typical TSC ranging summary printout from CDC 6600 analysis.

6.4 LABORATORY BASELINE PERFORMANCE DATA

TSC has provided performance data taken in the laboratory that may be used for comparison
with flight test data. The rms error , in meters , as a funct ion of C/N0 is shown in figure 6-2 for both
wideband ( I 56.25 kHz) and narrowband (19.53 kHz) modes. At each C/N0 setting, a series of runs
was made, and the range results for error standard deviation are shown.

Also shown in figure 6-2 are theoretical performance curves for the modem that account for
additive Gaussian noise disturbances and modem quantization effects. The theoretical performance
evaluation is found in appendix B. The precision in the limit of high C/N0 is determined by the clock
digital PLL phase correction interval , which is I / 1 28 of a cycle. This corresponds to an rms uncer-
tainty of 34.6 m in the narrowband mode and 4.3 m in the wideband mode.

Sources of the discrepancy between measured and expected performance are probably various
implementational losses, still under invest igation by TSC. Also, at lower C/N0 sett ings, the noisier
trac king of the carrier-tracking loop acts to increase the rms range error beyond that modeled in
appendix B.

6.5 TSC DIGITAL RANGING MODEM PERFORMANCE

Results presented for the TSC ranging modem are confined to the November 1974 through
April 1975 test periods. Although data was collected during September and October 1974 , this data
could not be reduced due to a waveform anomaly in the modem output consisting of a phase discon-
tinuity that appeared in the Manchester bit stream shortly prior to each range reading. This anomaly
occurred only when the modem was forced to make entire code acquisition for each measurement;
subsequent ly, the modem was operated in a four-readings-per-second mode where reacquisition is
performed only if lock is broken.

Type I test results for standard deviation of range error in meters are found in figure 6-3 for
bot h narrowband and wideband modes. Superimposed are best-fi t curves from baseline laboratory
data (sec. 6.4). For the narrowband data, the points straddle the laboratory curve but in general lie
above. Also, data scatter is greater than that attributable to finite-sampling error.

One potential reason for the higher observed rms error in the flight test environment is the
presence of smal l amounts of mulf ipath interference. Although the slot-dipole antenna system used
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in Type I tests provides rather large discrimination as determined from spectral analysis of the envelope
detector output , even low multipath levels can increase the rms deviation significantly beyond that pre-
dicted for additive noise only. For example, wit h C/N0 = 43 dB-Hz, the clock loop signal-to-noise
ratio is 38.9 dB (effective tone-powe r-to-noise ratio in BL from app. B). The signal-to-multipath
ratio may be calculated by assuming for the present that the S/i achieved by the antenna system is 20
dB. Also assuming the multipath one-sided bandwidth is 50 Hz and noting that BL I Hz. an addi-
tionaf I 7-dB rejection accrues via narrowband tracking. The loop output S/I then is 37 dB. This is
approximately equal to the signal-to-noise ratio. Thus the net mis error will be larger than that calcu-
lated f’or noise alone. This points out the potential dominance of multipath effects in the ranging
system error budget. particularly for high-precision systems.

S
For the svideband case, the flight test has considerably larger rms deviation than the laboratory

measurements. Aside from multipat h factors described above , two additional factors may contribute
to this. First , experience with the modem indicated the carrier loop needed continual monitoring of
loop stress to maintain optimum performance in the w ideband mode. Since the operator ’s work load
prevented this, the performance observed here could be expected to be poorer than laboratory meas-
urements. Second , the assumed second-order aircraft trajectory may not be adequate to model the
short-term motion of the aircraft due to gusting and flight control actions.. These perturb’$tions are
insignificant when error deviations on the order of 100 m are under study. In the wideband mode,
however , the ranging precision is on the order of a few tens of meters , and these unmodeled variations
could be important. If so. the apparent rms deviation is inflated relative to that obtained with exact
knowledge of aircraft motion.

It is also interesting to compare the observed performance with that required in the current
AEROSAT system specification. The specified performance is 50 m rms at 43 dB-Hz C/N0. The
current TSC design achieves this in the wideband mode with the antennas used. However , for opera-
t ion with 0.5-sec polling slots ,1 the signal averaging time would have to be less than that currently
used. The ranging accuracy would be correspondingly reduced.

Type II test results for the TSC modem are found in figure 6-4. The number adjacent to each
point is the computed S/I. The data is limited to those conditions for which the S/ I is relatively high
since the cases with stronger multipath yielded erratic modem performance , presuma bly due to loss of
lock. It is noted that in both narrowband and wideband cases, data points lie roughly in the same
location versus C/N0 as do the Type I data points. This is a reasonable result since the slot-dipole
system effective S/ I generally exceeds 20 dB for the test geometries flown.

In Type I and Type II tests, frequent range jumps were observed. either due to loss of lock or
incorrect ambiguity resolut ion. The latter are identifiable is a range shift c “responding to a half wave-

I Polling slots of 0.5 sec are specified for the AEROSAT system.
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length at one of the component frequencies. These points were censored from the data set unless the
frequency of occurrence was too large to permit reasonable processing of the set.

As previously mentioned, the TSC modern has inherent range quantizing due to the digital natureof the clock tracking loop. Figure 6-5 illustrates the range trajectory for an interval in which nominal
performance is observed. The range quantization associated with the clock tracking loop is clearly
visible and corresponds to 120 m in the narrowband mode. (The quantum interval in the wideband
mode is 15 m and is less perceptible.) The measured C/N0 for the interval of figure 6-5 was 42.7L dB-Hz, and no mult ipath interf erence was detectable from the analysis of the envelope detector sam-pies. It might be concluded from figure 6-5 and other similar results that quantizing “error” contri-butes a large share of the total rms error when C/N0 = 43 dB-Hz.

On the same day, a Type II test was ~~n w ith a measured S/ I of 13dB and C/N0 approxi-
mately as above . The range plot of figure 6-6 resulted (note change of scaleiThere the quantizing isstill evident , but the loop is deviating more than one interval from the nominal lock point, presumablydue to mult ipath interference.

6.6 NASA RANGING MODEM PERFORMANCE

Seven digital tapes were supplied to Boeing, spanning 7 days of ranging experiments: Novem-ber 13 and November 19, 1974 , and January 23, January 29 , March 27 , March 28, and March 31 , 1975.Upon careful examination it was decided that the January 23 tape contained no usable data. Rangereadings were very erratic and a malfionction was apparently present. Possibly the poor performancewas induced by the somewhat low forward-link C/N0 (40 to 42 dB-Hz).

Pertinent information for the remaining six test intervals is found in table 6-I . Contained inthe table are the number of points accepted and total number of points , the standard deviation of• error, the cho-square goodness-of-fit result , and the measured forward-link C/N0.

Several conclusions can be drawn from table 6-I. Firs t , it is noted that roughly 25% of (herange readings written on tape had large errors (greater than 10 .000 m) and were therefore purged.These large errors perhaps correspond to incorrect resolution of the ambiguous phases of the fourtones. Whatever the cause , the frequency of blunder errors would have to be reduced to be usablein any operat ional sense. Second, there is no strong basis for rejecting a normal distribution of errorfrom chi-square tests, Only one batch produced a test stati stic exceeding the 0.05 significance level:all other stat istics could have been produced under the normal hypothesis with probability shown.However , due to the small sample sizes involved, the power of the ~est, i.e., the probability of rejectingthe hypothesis when in fact the samples were not normally distributed, is probably not large. In otherwords , many near-Gaussian distributions, appropriately scaled , might he approved by the test. Since
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there is physical basis for a Gaussian model and it is not rejectable from the data , it is plausib le to
invoke its assumption except perhaps for describing events lying in the I’ar tail of the distribution.

TABLE 6-1. NASA RANGING SUMMARY

Date . Test Start Stop Tota l Points °R’ C/N0,
mo -day-yr type time time points accepted meters P (x2 > t) dB-Hz

11.13-74 II 0941 0946 42 32 298 0.70 42.0
11-13-74 0958 1007 79 69 248 0.27 —

11-13-74 lI 101 1 1016 32 23 332 0.62 44.5
11-19-74 II 1203 1208 43 23 225 0.79 —

1,29,75a I 1020 1028 76 76 56 0.35 60
129 75a I 1030 1038 67 67 125 0.92 46
3-27-75 II 1220 1233 127 120 334 0.03 44.6
3-28-75 I 1353 1359 48 45 236 0.75 42.7
3-31-75 II 1217 1221 33 27 263 0.27 42.0

aGround test.

The average of observed rms deviations for C/N0 = 42 to 44 dB-Hz on the forward link is
276 m and is within the expected range. The highest frequency tone is 8575 Hz and the tone
integration time is I 20 msec. As is well known , the rms range deviation in the presence of Gaussian
additive noise is for double-sideband modulation ,

c /_N
~~~

\ ½
0R~~~~~~~~\~~ p T )

where :

= tone frequency
PT/NO = tone-power-to-noise density ratio
T1 = integration time

C = speed of light.

From reference 5-8 . t he available PT/No is roughly 32 dR-Hz when total C/N0 is 4 2 dR-Hz.
owing to the power sharing between t he data subcarrier and the tour tones.. Substituting the above
yields

= 2 8 5 m.
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Although only the forward-link C/N0 was measured direct ly, link calculations indicate the
return link should contribute little additional noise. Thus, 42 to 44 dB-Hz round-trip C/N0 may be
expected for most of the cases in table 6-I , and we see that the observed standard deviation is roughly
what should be expected.

The ground test conducted on January 29, 1975 , revealed that for strong signal conditions, the
rms error can be reduced to the 50-rn region.

It is noted that the rms range error achieved falls short of the current AEROSAT system speci-
fication of °R = 50 m at 43 dB-Hz. (The modem obviously was not designed to achieve this per-
formance.)2 Satisfaction of the specification with a tone-ranging format will thus require considerably
wider signal bandwidths. Tone integration time cannot be significantly lengthened due to the necessity
to acquire and process each user response in 0.5 sec.

6.7 RANGING EXPERIMENT CONCLUSIONS

The flight test performance of two distinct ranging techniques has been determined over a 6-
month test program. Type I tests were performed with operational-class aircraft antennas. Type II
tests measured performance on the multipath channel by inducing various multipath levels with a
second antenna.

Results of the TSC ranging test showed that rms range error was typically 100 m at 43 dB-Hz
carr ier-to-noise density ratio in the narrowband mode (19.53-kHz clock). In the wideband mode
(l56.25-kHz clock), the rms error was reduced to roughly 30 m at the same condition. These results
are generally larger than corresponding laboratory measurements , particularly so for the wideband

• mode. Possible reasons for this discrepancy are offered in section 6.5.

NASA ranging tests exhibited a typical rms error of 276 m in the 42 to 44 dB-Hz region, a per-
formance measure in reasonable agreement with theoretical expections.

The NASA modem exhibited a rather high frequency of blunder error , perhaps due to incorrect
ambiguity resolution, This was also observed to a lesser degree with the TSC modem when the modem
was operated in a mode forcing reacquisition of the code on each measurement.

2The current AEROSAT system ranging performance specification was not applicable during the design
phase of this modem.
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7. MULTIPATH CHARACTERISTICS OF OCEANIC CHANNEL

The flight test measurement program has provided the data necessary to validate analytical and
computer models for the channel multipath. The measured channel parameters can therefore be used

k to evaluate the degree of system performance degradation due to multipath over the range of expected
operational conditions. This topic is addressed in the following discussion which relates to perform-
ance degradation for data communications and range measure d in position-location systems.

7.1 SUMMARY CHARACTERISTICS OF OCEANIC CHANNEL

Based on the data analysis (vol. V) for the oceanic channel, it can be assumed that the channel
consists of a direct propagation path between the satellite and aircraft , in parallel with the complex
Gaussian wide-sense stationary uncorrelated scattering (WSSUS) channel with associated mean delays
and Doppler shift s (ref. 7-I) .

To simplify notation, the direct-path signal is normalized to unity gain, zero delay, and zero
Doppler shift. Naturally, Doppler shifts will be present on this path, but here it is assumed that they
are accounted for by an appropriate tracking loop.

Figure 7-I depicts the assumed mathematical model of the channel relating input and output
complex envelopes. Shown is a nonfading channel, corresponding to the direct path in parallel with a
fading dispersive channel in which differential path delay r5, path gain G5, and Doppler shift
have been exp licitly indicated by separate operations. The time-variant fading channel is thus defined
to have a spectrum centered at and a delay power spectrum centered at i.e.. for a time-varying
transfer function T(f ,t) and impulse response g( t. r)  represent ing the scattering channel as shown in

• • figure 7-I , it is assumed that

J r Q(r) dr = 0
-

and

IaD(~a ) d w = 0 .

7- I
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w here Q(r) and D(~a) are the delay power spectrum and Doppler spectru m, respectively (ref. 7- I).
Note that in this discussion D and Q are not normalized to have unity area.

Discussion of performance degradation resulting from multipath can be carried out in terms of
the following parameters and functions:

S I  Ratio:

S I  = 
Direct path power -

/ 
Total indirect path power

—

G5 1f J S (r .w )  dr d~
~~~ -co

= ‘vs .  (7- I)

DiJje ren tEa l Dela y and Doppler Shifts: r~. 
~~

Scattering Function: S (r .w)

Performance calculations may require knowledge of the shape of S(r ,w) ,  margin functions such as
Q(r)  and D( .al. Fourier transformations of S(r ,w)  (ref . 7-I) . or simple gross parameters such as
Doppler spread.

Table 7-I summarizes differential delay. Doppler, and the corresponding spreads as determined
from the channel measurement program at various grazing angles. These pertain to the horizontal
component of the reflected signal and are for cross-plane flights, i.e. perpendicular to a radial to the
subsatellite point. Parameters shown may be considere d typical of other conditions as well.

Before pursuing the perfo rmance on the oceanic channel , a few comments on antenna effects
are in order. The S I  achieved at the receiver terminals is the ratio of direct path signal to total indirect
signal. The latter depends on the coupling of the antenna ’s comp lex polarization response with the
polanzation properties of the scattered signal. Thus, the orientation and sense of the polarization
ellipse is crucial as well as the gain diffe rence between direct and indirect path angles.

It is a lso noted that at low grazing angles, the polarization of the aircraft antenna becomes
• 

. predominantly vertical due to boundary conditions implied by the airframe. The scattered signal
energy. however , resides primarily in the horizontal components. These facts, plus the sense-
reversa l phenomenon Ivol. V ) .  generally increase S;l beyond that predicted by gain difference con-
siderations.



TABLE 7- 1. TYPICAL SCA TTER SIGNAL PARAMETERS FOR THE
AERONA UT/CAL CHANNEL

Altitude: 10km; Velocity: 200 m/sec ; Freque ncy : 1600 MHz

Grazing RMS scatter coefficients , dB Differential 3-d B delay spread , 3-d B Doppler spread,
angle , delay, /.~ec ~ ec horizontal polarization,
deg 

__________
HZa

Vertica l Horizontal In-plane Cross-plane

5 -14.0 -4.0 5.3 0.35 2.5 40

10 -10.5 -2.5 11.3 0.60 6.5 75

15 - 8.0 -2.0 17.1 0,75 15 125

20 . 6.0 -1.8 22.6 0.83 65 150

a For in-plane geometries, there is a differential Doppler of approximately 3.5 Hz.

Thus, the proper approach is to map the response of a specific operational antenna onto
the scatter ing characteristics of the surface using the respective complex polarization vectors at various
azimuths and elevations. This procedure is detailed in appendix A , volume VII. Surface integration
can then prov ide the total scattere d signal seen at the receiver , as well as its delay-Doppler character
if necessary . An approach that usually suffices and avoids time-consuming numerical integration is
to use the antenna response in the direction of the specular point. The assumption is that response
does not vary significantly over the effective scattering region.

7 .2 NA R ROW BAN D DATA TR A NSMISSION PERF ORM ANCE

The channel characteristics developed and summarized in section 7. 1 will now be applied to
a performance evaluation of narrowband data transmission through the satellite aeronautical chan-
nels. The discussion will he restricted to I 200- and 2400-bps transmission rates and, based on earlier
channel characterization effo rts, the channel will be assumed to be flat fading with complex Gaussian
statistics. This implies specular delay and delay spread are both small relative to a bit interval . With
these assumpt ions, commun ication performance is determined primarily by signal-to-noise ratio,
.,ienal-to-mu ltipath ratio (S/ I) . and the bandwidth of the Doppler spectrum. Other effects causing
degradation. such as nonideaf satel lite transponder characteristics , are not included in this discussion.

7 .2. Candidate Modulation Schemes

Attention has been restricted to two different modulation/demodulation schemes:

!‘requenc .u -S/u ft Kei in .~’ (FSK) - Demodulation is assumed incoherent.

_ 
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Differential Phase-Shift Keying (DPSK) : Demodulation is achieved by comparison of
the current and previous bit phase angles.
(‘ohere,zt Phase-Shif t Keying (~I’PSK) : Demodulation is achieved with a Costas loop
coherent reference, plus integrate-and-dump detection. Data may be differentially encoded
and decoded to eliminate phase-lock ambiguity (DECPSK)

Communication performance for each of these schemes will be related to the measured channel
characteristics in the following two sections.

7.2 .1.1 Frequenc:-Shift Keying ~~
- The first mode of communication , incoherent FSK, is immune

to the effects of multipath except for performance degradation resulting from slow fading of the data
signal. Because of the orthogonal signal structure , FSK is generally 3 dB worse in performance than
the other methods. Phase decorrelation and tracking noise effects may arise in DPSK and DECPSK
and reduce their advantage over FSK. Full discussion of performance for this type of modulation can
be found in references 5-4 , 7- 2 (pp. 4-3 and 4-6), and 7-3.

7.2. 1.2 Differential Phase-Shift Keying In the DPSK phase-modulation technique , the binary data
is detected by comparing the carrier phase of a received bit with the carrier phase of the preceding
bit. The receiver, therefore, takes advantage of the differential phase coherence of successive bits to
detect a phase change without requiring knowledge of absolute carrier phase. The channel param-
eters affecting performance are known to be signal-to-noise and the correlation function of the time-
vary ing channel multiplicative gain. With Gaussian channel statistics , this gain introduces two effects:
Ricean fading of the signal with consequent error-rate degradation and decorrelation of phase between
bits, which can further degrade performance. As fading becomes very rapid, improvement is actually
observed since the energy is outside the effective data filter bandwidth (ref. 7-4).

The performance of a DPSK modulation scheme in the absence of bit-to-bit decorrelation is
we ll known (refs . 7-3 and 7-5). The appropriate error probability is identical to FSK except for a
3-dB signal-to-noise advantage. The error probability may be written as

E N - l E /NI b 01 1 b
= “

~ 
+ S I  j  ‘CX P [i + fE b/N )/( Sv i l

The consequences of bit-to-bit decorrelation , resulting from multipath phenomena, have been
discussed at length in reference 7-6 and presented in a concise f’orm re levant to the aeronautical
channel in reference 7-2 . Performance loss can he related to a single parameter , rms Doppler band-
width, when the total Doppler spectrum is symmetrical about the direct-path frequency. An error
probabi lity plot for typical fading bandwidt hs is found in section 5.6.

For in-plane flights, t he form of the Doppler spectru m has been shown to be asymmetrical
and it is of inte rest to examine the consequences of the asymmetry. For narrowband communication .
t he signal hit duration will be small compared with the fading time constant , and t he complete chan-
nel Doppler spectrum description can again he suppressed in favor of a simplified two-parameter
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description. The received signal consists of a direct-path component and a weaker multipath return.
Bit-to-bit correlation is determined by the properties of the composite signal. If it is assumed that
direct-path Doppler shifts are tracked out by the receiver , then the direct-path frequency represents
the origin in a discussion of spectral characteristics. iThe mnultipath spectrum will not be centered

k around this origin because of differential Doppler shifts and the asymmetrical spectrum shape. It can
be shown , however , that the only important parameters are mean Doppler shift (centroid of multipath
Doppler spectrum relative to the direct-path frequency and the rms spread of the Doppler spectrum.

The multipath component enters into performance calcu lations in two diffe rent ways:

• .i. The centroid of the Doppler spectrum (relative to the direct path) introduces a rotation
of the signal decision vector , the amount of rotation being given by the relative magni-
tudes of S/I and the first moment of the spectrum. At the rates considered here , how-
ever, this rotation is less than 1 0 and can be ignored.

h. The spectral width of the scattered component introduces an equivalent noise compo-
nent, determined by the S/I ratio and the second moment of the spectrum around the

r direct-path Doppler frequency. Thus the analysis of reference 7-6 applies , with substitu-

tion of appropriate in-plane Doppler spreads.

7.2. 1.3 (‘o/ zert ’Ilt Phase Sh ift A’eiiug — The final approach requires that the receiver acquires
knowledge of the transm itted carrier phase. This is achieved either by transmitting a residual carrier
or by implementing suppressed carrier tracking loop (squaring or Costas loop). The phase reference
derived from the tracking loop is used to coherentl y demodulate the data signal and , thus. perform-
ance is affected by properties of the phase reference. This latter quantity is determined hy the
instantaneous direct and indirect path gains and their relative phase.

If the tracking loop recovers the composite signal phase perfectly on an instantaneous basis,
hit error pert’ormance is dependent only on the amplitude statistics in relation to the noise. Invoca-
tion of a slow fading assumption (i.e., amplitud e nearly constant over a hit duration ) allows calculation
of error probability. Details are found in reference 7-7.

Perfect tracking implies a loop bandwidth large relative to the fading bandwidth. This is
often practically unacceptable due to loop noise threshold effect s , t hus a more comp lex dependence
on 1oop bandwidth enters. Reference 7-S analyzes the DECPSK situation where BL is on the order
of the Doppler spread and provides ~orne supplementar y simu lation. At low E11/N() and S. I . bit error
rate is quite insensitive to BL. while at higher S.- I and E1.,.- N () the dependence is more definite .

It is shown in reference 7-S that, ignoring the increasing noise j itter in the loop, the error
probability is minimized h~ having BL greater than the fading hanclwidth Also , over the region of
interest for AEROSAT. B1 = 3 BE gives es sen tia ll s the perf ect phase knowledge ease. Since the analyses
of reference 7—S ignore cycle-slipping effects , th e exi ’t~’nce of an optimum loop bandwidth ve rsus S I.
1’ h N~ . and Doppler spread is inferr ed.

‘Peter Alexander , “DPSK Performance Calculations With Asymmetrical Doppler Spectra .” (‘NR.
Inc.. internal memorandum . September 1975.
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Figures 5-i I through 5-14 provide theoretical prediction for DECPSK when BL 3 times t he
fading bandwidth, or BL = I 50 Hz typically. Again , it is noted that cycle-slipping events , if any, are

ignored.

As a final thought we note that attainment of l0”~ BER at 43 dB-Hz, as currently specif ied for
the AEROSAT system. implies S/ I IS to 16 dB, theoretically, for DPSK (this assumes no coding
or other techniques for combat ing errors). When allowance is made for implementation losses , the

• required S/I is probably nearer I 7 dB.

7.3 WIDEBAND DATA TRANSMISSION PERFORMANCE

In this context . wideband implies signal durations that are comparable with the inverse channel
bandwidth. Because a complete analysis of bit-error performance depends on the details of the com-
munications scheme, such as modulat ion type and receiver structure , no attempt will be made to cover
the comp lete range of wideband configurations. Instead, a particular example will be presented:

• 38,4 kbps data transmission using coherent quadriphase modulation techniques. This signal is compat-
ible with the 40-kHz ( I-dB) bandwidth of the AEROSAT communication channel.

It is assumed that an ideal phase reference locked to the direct path can be obtained by means
of a suitable tracking loop. We note , however , that the quadriphase error rate is more sensitive to
carrier phase track ing error than is the error rate of binary PSK.

Implicit in the expressions presented here2 is the assumption of slow fading; i.e., for analytical
purposes the channel impulse response is time-invariant over the bit duration. Bit-error perform-
ance then depends primarily on thermal noise and selective fading phenomena, which are manifest as
intersymbol interference. Error probability on any bit will be a function of the transmitted symbol
on that time interval as well as the relative phase of the preced ing symbol: i.e.. there are three error
probabilities to consider. The channel parameters that determine conditional error probabilities are:

E( l )  = 

J
Q ( r) d r  

1
~ 

2 

( 7 2 )

E ( - l )  = I Q( T )  [I ~z_ 1 dr ( 7-3)

J 0 T J

,.T r ‘
~

- ~
E ±j) = I Q(r)I I - —- + 2(- ’ ’~ Idr , 

( 7 4 )
J 0 L T \ T / J

2Derived from P. .\. Bello. “Effect of Multipath on QPSK Data Transmission Over the AEROSAT
(‘hannel.” (‘NR, Inc.. internal memorandum , October 20 , 1975.
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where :

T = bit duration
Q (r) = multipa th delay power spectru m referenced to the direct path .

The symbols in parentheses indicate the type of phase transition between adjacent bits. For exam-
ple, ±i symbolizes a ÷900 phase transition between the current bit and its predecessor . The con-
ditional error probabilities can be expressed in terms of these parameters :

Prob (errorl l) = 
T 

a’ 

‘N
Q ( r ) dr + — ~

= 
. 

(7-5)

I -½

i f” Q(r) (I - 2 .T_) dr
Prob (errorl-I) = 0 — +

S 

,
~
1

T

=
~~ 

I (7-6)
I E(-I)

÷
f

V S E(l) p

T 2r 2

I •~~~

‘

~ 

O (r)
(

I -~
_) dr

Pro h4error~±j ) ’~ 0 —S ~
,

=T

I I

\J(\1 ( uh l
\S1 LE~l l J  p
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where :

0(x) = j
’
~ )~~~ exP(~Y 2) dy

= erfc(x) ‘ (7-8)
and

~~~

= direct-path power
N0 = thermal noise power density
T = bit duration

f- = signal-to-multipath ratio = a2/E( I)

p = bit signal-to-noise ratio = a2T/2N0 = 2 (Eb/No) .

The conditional error probabilities can now be combined to form an expression for the total
error probability; i.e.,

I I I
Prob (error) = — Prob (erroril) + -~- Prob (errorl-I) + T Prob (errorl±j). (7-9 )

• . The multipath data for March 31 , 1975 , has been processed to yield the parameters given by
equations (7-2) through (7-4) and the error probabilities derived from equations (7-5). ( 7-6), (7-7).
and (7-9). Performance was evaluated over a range of S/I and C/N0values. and the results are illustrated
in figure 7-2.

7.4 APPLICATION TO TONE RANGING SYSTEMS

A brief account of multipat h effects is given below for two specific types of ranging systems:
tone ranging and PN ranging. The analysis details may be found in ret ’erences 7-2 and 7-9 (sees. 2 and 3) .

7.4.1 Effects of Multipath on Tone Ranging Performance

The multipath signal has a disrupting influence on tosie ranging systems in two distinct
ways: ( I) rms range error is increased and (2) ambiguity error probabilities are in~reased.

For the AEROSAT system it is evident that adequate signal-to-noise ratios (S/N) can be
ac hieved only by filtering the received tones to a narrow bandwidth, typically on the order of 5 to 10
Hz. The requirements for acquisition of the carrier and the necessity of having several tones for ade-
quate system reso lution imposed significant restrictions on the way in which power can be allocated to

• 

‘ 
the various tones, The typical result is that a large portion of the total powe r budget must remain in

• ‘ ‘ the carrier to provide adequate margin for acquisition, leaving the ranging tones at a relatively low level.
Satisfactory tone signal-to-noise ratios are then obtained through the use of narrow detection
bandwidt hs.

~
• 
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• 7,4. 2 RMS Tone Ranging Error

Calculation 01’ ranging error requires know ledge of antenna charac teristic s along with mea-
sured channel parameters and functions. As explained in section 7 .1 . a simplified approac h is used
here that resu lts in perl’ormance as a f ’unction of t he S , I ratio. ‘y., . In addition, representative channel
behavior is ohtained using the validated channel characteristics that would he obtained with an omni-
direction ~l antenna.

In refe rence 7-2, single-sideband (SSB), one-way ranging errors are derived. These results are
valid at all S, N . y . and channel dispersive conditions. It is shown in section 2.7 of reference 7-2S
that at S, N and large ‘y,, , the ranging errors for a double-sideband system wit h tone frequency
F s~m ll he very nearis the same as those for a single-sideband system with tone frequency 2F. For the
range of S N va lues expected at the tone filter outputs. this equivalence of perf’ormance will be va lid.
In the curves to he presented. we have used this approximate equivalence at a ll values of ‘y., for an
S-k Hi double-s ide and system. Thus , at low values of ‘y5 ( < 10 dB). it should he understood that the

• rms error result s are strictly correct only for a SSB system using I 6-kHz tone frequency spacing.

Figure 7-3 presents calculated rms and bias one-way ranging errors as a function of multipath
ratio ‘y.,, for a 10

0 elevation angle, assuming an rms sea slope of 0.1 and an aircraft heigh t of 30.000
ft An S-kHz ranging tone is assumed. The calculation for a different ranging tone frequency involves
the multipath channel’s frequency correlation function, as discussed in reference 7-9. No reduction in
the strength of the multipath signal by the tone filter is assumed in the results. To approximately tak e
account of such flltering. 75 can be increased by the ratio of Doppler spread to tone filter bandwidth.
With the Doppler spreads indicated in previous sections , it would appear that -y5 will be enhanced by
approximately 6 t o  ID dB. depending on the elevation angle and filter bandwidths.

The equations for tone ranging performance contained in reference 7-2 were applied to the
multipath data acquired on March 31, 1975. The scattering function was obtained from an average of
the tap spectra. After removal of the noise plateau , the scattering function was set to zero outside a
bandwidth of IS Hz, and the resulting function was integrated in frequency to form a modified delay
power spectrum. This function was, in turn , Fourier-transformed to yield the modified frequency-
correlation function.

Performance, in terms of rms ranging error, was then computed as a function of tone-separa-
tion frequency. S/I. and S/N. The results are illustrated in figures 7 and 7-5.

7.4.3 Ambiguity Error (‘onsiderations

ii section 7.4.2. the rms ranging error was applied to the fine. hut ambiguous , tone ranging
estimate. 10 resolve these ambiguities , additional tones are used with suf ficientl y close spacing he-

tween tones so that the phase between these tones can resolve the ambiguities in the line-ranging
est imates . Due to the noise and multipath. there Is a finite prohahilit~ that this ambiguity will not be
resolved correct ly. i’his occurs when the coarse-ranging error ex cee ds one-hall’ the inherent ambiguity

7-1 I
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of the fine-ranging-tone pair. In fact, a series of range measurements may be made with increasing
coarseness (larger ambiguity) to achieve the desired ambiguity resolution. Errors may occur at any
step of this process when the error in the coarser range measurements exceeds one-half the ambiguity
of the finer measurement. In a properly designed system, this event should occur with very low
probability. Thus , we are led in this section to consider the “tails ” of the ranging error probability
distribution.

The results presented in reference 7-9 make it possible to calculate exact range error prob-

~~ ability distributions for the single-sideband tone ranging system. and these may he integrated numeri-
cally to find the probability that any given range error is exceeded. As an example. we consider the
s iine geometry and sea-state conditions assumed for figure 7-3. The same assumptions regarding the
delay power spectrum and the complex Gaussian model f’or the diffuse multipath signal were made

~~~

• - as in section 7.4.2, Figure 7-6 shows plots of the probability that the magnitude of the ranging
error will exceed a specified multiple of the rms ranging error. Each curve is for a different direct/
multipat h ratio ‘y.. for a 30,000-ft altitude. 10° elevation angle, and an rms sea slope of 0. 1. The
corresponding error probability curve is also shown for a Gaussian probability distribution of ranging
error. It is noted that if extremely small probability of ambiguity resolution error is desired. use of a
Gaussian distribution can give overly optimistic predictions. With the current A EROSAT system
specificat ion of 10~ probability of error. the Gaussian approximat ion is reasonably accurate , however.

To illustrate the influence of ambiguity error on system design, we consider the fol lowing
example. Suppose it was desired to upgrade the l6-kHz SSB system discussed in section 7.4.2. adding
a higher frequency tone to improve fine-ranging accuracy and retaining the I 6-kl-Iz SSB tone to
provide ambiguity resolution. Using tigure 7-6 . it is possible to calculate the maximum tone frequency
t hat may he used while achieving a given probability of ambiguity errors: results are shown in table
7-2. In obtaining these results, a 7-dR improvement in direct-to-scatter ratio due to tone filtering is
assumed. If. for example , a tone frequency of 70 kHz were required to achieve the fine-ranging
requirements. an ambiguity error probability of approx imately l0~ would he ach ieved for an Sil
of 7 dB. while an error probability of l0~ would he achieved for an S/I of 12 dB.

TABLE 7-2. MAXIMUM FINE-RANGIN G FREQUENCY ALLOWED IN SSB TONE RANGING
TO ACHIEVE L ESS THA N A GIVEN AMBIGUITY ERROR PROBABILITY AT
SPECIFIED S/I

Frequency allowable to achieve
Probability of given error probability. kHz

ambiguity error s,~ = 12 dB S/I = 7d B

10’s 132 68
10’s 90 42

10_i 
70 32

_ _ _ _  • ~~~~~~~~~~
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7.5 EFFECT OF MULTIPATI-I ON A PSEUDO-NOISE RANGING MODEM

The analysis carried out in reference 7-2 allows prediction of pseudo-noise (PN) ranging modem
performance under the same conditions assumed in section 7.4.1 for a tone ranging modem. In sec-
tion 7.4,1, it was assumed initially that the tone filters do not reduce the strength of the multi path
signal. In this section , we make the equivalent assumption that the loop filter of the receiver code

~ tracking loop passes the multipath component without distortion.

The equations shown in reference 7-2 (p. 3-23) have been used to calculate the rms ranging
errors shown in figure 7-7. The theory assumes a flat-fading channel again. The assumed elevation
angle, sea slope, and aircraft height are the same as for figure 7-3. The reader is cautioned in extend-
ing this result to other geometries and chip rates; the dependence on these parameters is not simply a

scaling relationship. Details of the PN receiver model may be found in reference 7-2; the receiver
bandpass filter is assumed to be Gaussian with a 3-dR RF bandwidth equal to 1.5 times the PN
pulse rate.

It is noted that the example presented is one in which the multipath return is only a small
fraction of a chip delayed relative to the direct signal. Thus, the multipath signal is not decorrelated
in the code tracking process as would be the case if the specular delay were equivalent to several
code chips.

Also in figure 7-7 . no additional improvement is assumed for narrowband filtering, which is
usually implied by the code-tracking loop. The effective S/ I gain is, as for tone ranging, the ratio of
the effective filter bandwidth to effective Doppler bandwidth.

Elevation angle = 100
RMS sea slope = 0.1
Aircraft altitude = 30,000 ft

‘

100
3 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Direct/scatter multipath ratio , ;, dB

Figure 7-7. RMS Ranging Error as a Function of Direct Path/Scatter Ratio
• for Pseudo-Noise Ranging System
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Ambiguity error resolution does not arise for PN ranging as it does for tone ranging. The range
measurement is unambiguous over the code sequence length. For certain multipath conditions. how-
ever, additional stable tracking points can occur corresponding to the specular-point delay. For the
normal S/I’s encountered, one can easily detect whether the proper null point is being tracked by
scanning delay cells corresponding to smaller time delays for the presence of the strong direct signal.
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APPENDIX A

RESULTS OF SCIM MEASUREMENTS FOR VOICE MODEMS

One met hod developed for evaluating voice channel performance has been the speech corn-
munication index meter (5d M) (ref. A-I). The technique is based on the articulation index (Al)

• concept , as described in reference A- 2 , and uses synthetic speec hlike signals to measure the signal-to-
noise ratio at t he end of the channel at various audio frequencies. This ensemble of signal-to-noise

1 ’ ratio measurements is then used to calculate t he articulation index, a va lue ranging between 0 and I.
Somewhat implicit in the Al concept is the notion that the Al can be related to other psychometric
measures of speech performance , e.g., PB word intelligibility, and thus that an automated SCIM
scoring approach could eliminate the need for listener panel evaluations.

SCIM signal transmissions were recorded for each modern following transmission of the word
lists. The November test data was transcribed and evaluated at NASA/GSFC using a computerized
version of earlier hardware analyzers. Al scores provided by NASA were then collated with the PB
word intelligibility scores derived at CBS Laboratories during the same test interval; the resultant plot
is shown in figure A-I .

The curves of figure A-I are from reference A-I and indicate a universal relationship between
Al and various intelligibility measures. For the 400-word lists used here , a curve somewhere between
the 256- and 1 000-word relationships should presumably be used.

It is observed from the data that the resu lts , in total, straddle such an interpolated curve.
However , a definite modem dependency seems to ex ist. For example . a given articulation index-fo r
ANBFM corresponds in general to a much lower word intelligibility than that for the Hybrid No. I

and 2 modems . Thus . t his data refutes a universal relationship between Al (as est imated by SCM) and
- • 

• word intelligibility.

If in the future it is desired to use the S(’lM technique for meaningful evaluations of speech
modem performance , a minimum requirement appears to be that the Al (as estimated by SCl~I) versus

intelligibility curve be calibrated accurately for each modem under test.
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APPENDIX B

PERFORMANCE ANALYSIS OF TSC RANGING MODEM’

A performance analysis for the TSC ranging modem in the additive-noise environment is given

• 
. 

in this appendix. The calculations provide a standard of comparison for laboratory and flight test

measurements.

The transmitted signal is

s (t )  co s (w ~
r+

~
d(t ) 1 (B-I)

where:
= peak phase deviation

• d(t) a +I range code

• d(t) is synthesized by majority voting on square waves that are binary subharmonicS of a clock fre-

quency. ~~ 
The total number of component frequencies in the code is n . Using narrowband

signal representation. the received signal is

rUt = I C i~ cos I~~~
t + pd(t)1 + nUt (B-2)

Letting the noise power density ising le-sided) of 
n(t) be a constant N0 (in W/ Hi) over the signal

bandwidt h, we implicitly define a white Gaussian noise channel with carrier-to-noise density ratio of

C - N 0 (in dB-HL).

Since n(t) is a iìarrowband wavefor m. r (t )  may be rewritten as

ri n = i 2C COS ~~ t + ~3dt t + t
~c(t t  cos .~ct + n~( t 1 ~n ~~~ 

, i B-3 )

where n~
(t). n5(t) are independent. 

zero-mean Gaussian processes each having single-sided. 
low-pass

spectra l density 2N 1~ u n  W/ Hz) iref. B-It .

I Data were provided lor the analysis by TSC personnel P. Engels and P. Mauro .

B-I
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The receiver coherently demodulates the received signal with an estimate of the carrier phase.
We assume this phase estimate is perfect and denote the reference signal as

a(t) = 2~ sin (w et)

The demodulator output (low-pass components only) is

j

e(t) = LP Lr(t)a(t) J

-

• = C/2 sin~3d(t)+_.E
2/’2

= C½ sin f 3 d ( t) + nc~(t) , . (B.4)

where n
~
’ is defined to have single-sided power density N0.

The problem is thus converted to that of tracking a digital code of amplitude C½ sin ~3 in addi-
t ive noise. Reference B-2 pursues the analysis from this point and concludes that the phase error
variance is

,~~ 2 N B
L0 (B- 5)O~ \2/ C sin~~

3p
~Q2

Here , 8L is the equivalent one-sided noise bandwidth of the clock-tracking loop and is the cor-
relation between the clock component and the .omposite code. Following reference 6-1 :

2A - N

~cQ

with N 2”

Iun- l+a)/2 1 In -I
L and = 2  E ~~ 0
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In this summation limit . a is the we ighting of the clock compoent relative to other components of
the code.

To convert to range error, we simply scale according to the clock wavelength. Thus

— 
c o 0

_ ? F L Q

= — 
c (N0 sL\

’
~
’2 ( B-6

sin 
‘~ 

t’cQ ’\ C /

• 
, This result has also been independently derived by TSC and was included in data furnished to Boeing.

To evaluate the above expression, we note that

•: ~ 1. 2 radians
sin ~3 0.93

~CQ 156.250 kHz (wideband mode)
19.53 125 kHz (narrowband mode)

BL 1.25 Hz(wideband mode)
= 1.12 5 Hz (narrowband mode).

Also, in the narrowband mode, format 3, n = 9. a = 3, so

A 2~~~(~~)= 438

2A -
_____ = 0 .7 11.

For the widehand m ode , format 4. n 12 . a 4, so

A = 2E (11) 3 31

2A ,2n
• p c~ 

0.773 .- .

8-3
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This allows calculation of the rrns additive-noise error for both modes via equation (B-6). In
addit ion. the receiver possesses two quantization noise sources: the digital PLL that tracks the clock
and the 40-MHz range measurement clock.

The digital PLL has a phase-correction interval of I / I 2B of a clock tone cycle in either mode.
Assuming t he true phase is uniformly distributed on this interval, the mis error induced by the digital
PLL is

OPLL 
~~~~~~~~~~~~~~~ 

meters .

At t cQ = 156.250 kHz. GPLL is 4.33 m,and with f~ = 19 ,53 125 kHz, 
~PLL is 34 .64 m.

Range measurements are performed by counting a 40-MHz clock between epochs of the in-
coming and reference codes. Again assuming the actual range is equally likely over the interval, the
rms error due to clock precision

= 

(40:106) ~~
= .lh5 ni ,

These various error sources may be treated as independent , so t hat the mis error of all sources is the
root sum square of the individual components. Figure B-I provides the net rms error for wideband
and narrowband modes as a function of C/N0.

- I

B-4
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Figure B- i. Theoretical AMS Range Error, TSC Ranging Modem, Additive Gaussian Noise Channel
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