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PREFACE

The U.S. Department of Transportation (DOT) aeronautical test program ent i t led  “Air Traffi c
Contro l Experimentation and Evaluation With the NASA ATS-6 Satellite” was p~rt ol Ihe Integrated

ATS-6 L-Band Experiment. The overall ATS-6 L-band experiment was coordinated by the \ASA/
Goddard Space Flig ht Center and was international in scope. The following agencies were participant s
in the experiment:

NASA/Goddard Space Flight Center (GSFC)
DOT/Federal Aviation Administration (FAA )
DOT/Transportation Systems Center (TSC)
DOT/U .S. Coast Guard (USCG)
DOC/Mar itime Administration (MarAd )
European Space Agency (ESA)
Canadian Ministry of Transport and Department of Communications.

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

The U.S. DOT aeronautical test program was under the direction and sponsorship of the
Federal Aviation Administration , Systems Research and Development Service (SRDS) . Satellite
Branch . with the DOT/TSC conducting the technology tests and the FAA/NAFEC conducting the
ATC demonstration tests . The technology tests included mul t i pa th  channel characterization , modem
evaluation , and aircraft antenna evaluation. Results of these tests are presented in volumes Ill
through VII .  and the results of the ATC demonstration tests are presented in volume II .  The DOT/
TSC test program was supported by the Boeing Commercial Air plane Company under contract
DOT-TSC-707 . 
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The DOT/TSC program was under the management of Mr. J. M. Gutwein . Chief. Telecom-
munications Systems Branch. Mr. R. G. Bland was the p roject engineer and technical monitor for
contract DOT-TSC-707. Other key DOT/TSC personnel were:

R. Buck: Systems Engineering, Mu lt ipath Test
P.D, Engels: Investigator and Test Concept , Modem Evaluation Test
L.A. Frasco: Investigator and Test Concept . Multipath Test
J .S. Golab: Monitor , Voice and Data Modem Evaluation
L. Klein : Investigator and Test Concept . Aircra ft Antenna Test
P. Mauro: Electronics Design , TSC Digital Rang :.ng Modem.

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

C.J. Kuo: Systems Engineering. Electronics Design , lest Conduct. Antenna Data
Analysis

M.J. Mardesich: Data Reduction Software Implementat ion , Computing
N.D. Molloy: Test Conduct , Test Planning
C.V. Paulson: Analysis . Modem and Antenna Tests
l.R. Reese: Systems Engineering. Electronic Design . Test (‘onduct -

P.F. Rieder: Data Analysis Software Imple mentation , Computing
A.D. Thompson: Multipath Test Configur ation , Software System Design , Mu l t ipa th  Data

Analysis
S.G. Wilson: Modem and Antenna Test Configurat ion , Software System Design . Modem

Data Analysis.
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Among the Boeing Commercial Airplane Company major subcontractors . Mr . P. Mi lner  of Epsco
— Labs provided the intell ig ibil i ty scores for the voice modems , and Messrs . P. Alexander . L. Pickering.

and R. Pinto of CNR . Inc.. contributed to the mu lt ipa th  data analysis presented in sections 4 .2 I and
appen dix B of volume IV : sectt ons 5.4.6 . 5.5 , 6.5, and appendix C of volume V: and section 7 of volume
VI.

The KC-l 35 flight operations were managed by Mr. Francis W . Jefferson oI DOT/FAA. Mr .
Jefferson also arranged for auxi l ia ry  support services at the FAA / Na t iona l  Aviation Facili t ies Experi-
mental Center . Atlantic Ci ty .  New Jersey. The ATS-ô satell i te services and supporting operations at
the NASA/Ro~man ground station were fu rnished b y NASA. These act ivi t ies  were managed and co-
ordinated by Dr. A.F. Ghais and Mr . l .Y . Ga l icinj o .
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SYMBOLS AND ABBREVIATIONS

ADVM adaptive delta voice modulation (modem )
AGC automatic  gain control
ANBFM adaptive narrowband frequency modulation (modem )
ATC air traffic control
ATS-6 (- 5 ) Applications Technology Satellite 6 ( 5 )  (NASA )
bp i b ytes per inch
bps bits pe r second
BER bit-error ratio
BF one-sided e~ Doppler bandwidth
B1 loop bandwidth
ew continuous wave
(‘, N 0 ratio of unmodu lated carrier power to noise power density, dB-Hz
CONUS Continental United States
CP circular polarization
CPSK coherent phase-shift keying
dB decibel(s )

- 
, 

DE(’PSK differential-encoded coherent phase-shift keying
DOT I)epartn ient of Transportation
DPSK differential phase-shift keying
D 1. D2 PN code delays (chips )
D(t~ ) Doppler spectru m
FAA Federal Aviation Administrat ion
FDM frequency division multiplex
FF1 t’ast Fourier transfo rm
FM frequency modul ation
F\I P forward mul t ipa th  antenna
FSK frequency shift keying
GSFC Goddard Space Flight Center
El, hertz
- ( I  ~~‘ mean square mu lt ipa th  power
l&D integrate and dump
IF intermediate  frequency
I 0 u u l t ) I u t , - o u t p u t
kn kno t ( s
LI K’ le ft—ha ni l c ircu Ia r po la ri/at  ion
LSD 1 [(SI) ) left I r i g h t )  slot-dipole an tenna
L~WS L )/ RWSD/TOP lef t—win g —root  r i gh t—wing- roo t  11) 1) slot—dipole an t enna
In m e te r ( s )
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SYMBOLS AND ABBREVIATIONS ((Continued )

N IP n i u l t i p a t h  antenna
N ..~FEC N at ional  Aviat ion Facilit ies Experimental  (‘enter
NAS A National  Aeronautics and Space Adminis t ra t ion
N BFM narrow hand frequency modulat ion
N Da n dR noise determination and removal
NF 0p system operating noise figure
psd powe r spect ra l de n sity
PAT p atch an tenna
PB pho n et ica ll y ba l a n ced
P (M pulse code modulat ion
PDD p rogra m mable data d is t r ibutor
PDM pulse duration modulat ion

error pro h ab il i t ~
PGE PLACE ground eqoin me ri t
PIIA phased-array antenna
PLACE position location and communication equipment
PLL ph ase- loc k toop
PN pse udo-noise
P5K phase-shift keying
1)11 quad-hel ix  an tenna
1)-NI quadra ture  modula t ion
Q r  delay spectrum
runs root mean square
RF radiofrequen cy
REI( ’ r i gh t - h a n d  ci rcul ar  polar izat ion

~X\’ ~ cross-correlation f u n c t i o n
RI O.~~) f requency  autocorrelat ion function
Ri ~~. th t ime autocorrelat ion function
RI ~~. ~2 ) o int t i ine - fre t ~uen cy auto corre lat ion func t ion
S .~(‘P sat e l I  i t  e a e r o n a u t i c a l  e ha ii nd prober
S( I NI  speech comm unica t ion  index meter
S I r a t io  uf d i rec t - pa th  signal power to m u l t i p a t h  signal power. dB
SM!’ s i d e — m o u n t e d  m u l t i p a t l i  a n t e n n a
S&R survei l lance and ran g in g
SRI) S S~ sI ei i t s  Research and Develop m e n t Serv i ce
~ i i- . de l ay -Dopp le r s ca t t e r  power spectral density (unct ion
I sy m bol period
I DP( I esi Dat a  Proe~’ssui t g  ( e n t e r  I Boein g
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SYMBOLS AND ABBREVIATIONS (Concluded )

TFE telemetry front end
TSC Transportation Systems Center
USCG United States Coast Guard
U(r . c.~ ) tap-gain autocorre lat ion function
V v o I t( s)~ vertical
VHF very hig h frequency
VU voice unit
WSSUS wide-sense stationary uncorrela ted scattering
XLT crossed-slot antenna

parameter, function of B L and BFr mean square scatter coefficient (normalized reflected signal powe r )
0 conic angle

~HV complex H-V correlation coefficient
a standard deviation

a i i rn u th  angle
chi-sq uared statistic.
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I .  INTRODU cTiON

Geosynchronous satellite relays have been widely studied and recommended as a means of pro-
viding communications , surveillance, and navigation services for aeronautical and mari t ime applications. —

Satellite-based techniques are particularly attractive for remote regions of the travel lanes , such as
oceanic areas , where communications become tenuous due to the great distances from ground stations.
The U.S. Department of Transportation is engaged in a long-term program for the use of satellites to
provide air traf ’fic control (ATC ) services. The ATS-6 1-band test progra m was conducted as part of
this long-term effort and in support of the AEROSAT program.

The U.S. DOT air traffic contro l experimentation and evaluation tests are part of the Integrated
ATS-o L-Band Experiment (ref. I - I ) .  Tests were subdivided into two main groups: ATC demonstra -
tion tests (described in.vol . I I )  and aeronautical technology tests (described in vols. I l l  thr ough V I I ) .

Technology tests included mult ipath channel characteristics: evaluation of voice . di gita l data
and ranging modems: and evaluation of various aircraft L-band antennas. Following a 2-month system
definition phase. design ot’ the airborne and ground terminal test instrumentation was init iated in
January 1974 . Terminal installation and checkout were completed in September 1 974. Approximately
135 hours of fli ght test data was acquired in support of the aeronautical technology tests over a 7-
month period s tar t ing September 1974 and ending April 1975. Results provide data for the evaluation
of advanced system concepts and hardware applicable to the desi gn of future satellite-based ATC
systems.
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2. SUMMARY OF RE SULTS ~N I ) CONCLUSIONS

2. I N it _ I. l l l ’ .-~ [II  ( I l  ~\ N l  L ( I I A R . .\( FI R lt , -\ I l( )\

Mobile co n in i lmnica t i on  s~ s t ems  such .15 those used hi~ . ui u~~r a I t  are sub je c t  to m u l t i p a t h  in te r—
t ’erence due to s i gm ia!  r e f lec t ions  from the  e ar t h ’s s tu r l aCe .  I lie degree ol sv s l e n i  pe r fo r mance  degrada-
t ion  caused b~ such m u l t u p a t h  depends on n iany  I . u c t o i s . i n c l u d i n g  I I I e l ec t ro m agne t i c  and ro t ighnes s
parame t er s  of th e s L .u t t e r i n g  su r l a c e .  1 2 )  r e l a t i s e  georu1et r ~ oi the a i r c r a f t ,  s a t e l l i t e , and s c a t t e r i n g  stir-
lace: S I air cr . if I .mn te n n . i  pat t e rn  and si gmia l  po l a r u i a t i o n  : and 14 )  I~ pe ot message amid m o d u l a t i o n  sig-
n_ u i design I lie os era l l  t e s t  o h p e c t i s  e tt _is to cl i aracte r iie the  n i u l t i p a t h  s i l l  l i e i e n t I ~ to pro v ide  t h e
technic a l  ba sis fo r  desi gn of ’ bot h the  s ignal  st r uc t  t ire amid t i me  ha rd sva r e  t om a e ron ,uuu t i c a l  s a t e l l i t e  coni-
n iun ic a t  ion . ipp h i c, i t  ions .

-\ test signal fo r  probin g the mu l l i p a t h  channe l  was formed b y PSK mo i l i i l a t ion  of ’ three
pseudo-noise I PN i codes on separate but  lr e que n ey— c ohere n  I L-han d carriers.  The three l’N codes had
d i l f e r e n t  code dela y s but were otherwis e ident ica l .  1 v p i c a i l v .  ch ip  rates of 5 or 10 ~1 h i  sve re ciii-
ployed . I’he test si gnals were tran~msued from the  KC-~ 35 using selected .uir er a I t  a n t en nas  and si g n a l
polar iza t ions  Ic r  r el.u by ATS— 6 . t h e  s ignals  received at the  ground s i a t io n  svere processed h~ the
sa t e l l i t e  a e r o n a u t i c _ u I  channe l  prober (SA CP )  hardware  and were recorded for o f f - l i n e  com p u t e r  ana I ~ -
‘is . Overo cean m u l t i p a t h  t hat _ u was  acquired  for sa te l l i t e  e leva t ion angles between 30 am i d 32°. Over-
land m u l t i p a t h  tes t s  were conduc ted  or v a r i o u s  t e r r a in  types for both sl immer amid w i n t e r  c on d i t i o n s .

2 . 1 . 1  Oceanic M u l t i p a t h  l est R e sul ts

A major portion of the oceanic m u l t u p a t h  ana lys i s  effor t  ss:is directed toward v e r i I i e , i l i o n  ui  an
app ropriate sca t te r  mi m odel t ha t  could extend the  experi m enta l  r e su l t s  to the predic t io n of ’ p e r l o r m a n ~’e
for  f u t u r e  ae ronau t i ca l  sa te l l i t e  s y s t e m s. t oward  th is  end a s ect o r  f o r m u l a t i o n  of th e  phy s ica l  o p i i e s
se r v -rough -su ur i : i e e  sc a t te r  model has been used to correlate l l i eus rv  w i t h  e x p e r i m e n t .  In app ly ing  f l i t ’
model ,  the s c a t t e r  cross sec t ion .  coupled ~s i t  Ii the complex p o l ar u i : i t i on  I r amismis ~ion c o c f f j e i e m i t s . tt is

n u i m i ’r mca l I ~ i m i t e g r a t t ’d 05c r  t h e  t o t a l  e t f i - c l i v e  m u l t i pa th  su r f a c e .  Model p r e d i c t i o n s  were gene r ated
fo r  a v ar i e t ~ of su r face  m i s  slope cond it ions and were sh own to  clo seI~ e i i i u u l a l e  the  mi i e _ usu ired m u l i  i-

pa th  c f i a nm i e l  t h a r a c t e r i s i  cs . I’hese p red ic t ions  and f l u e  cor res pondin g con ipar i s un i s  were cond u c t e d  .i
t he  l e s c i  of t he  del.i ~ - I ) i ipp l er  s ca t t e r  f u n c t i o n  and  i t s  , issociat ed lower  or di-r i n t eg ra l  .und F o u r i e r
parameters .

W th r e spe c t  to in s e s l i g : i l i o n s  pe r t a in ing  to  t h e  complex ( , , ii u s s i an  wid e—sen s e  s t , u I i o n _ u r ~ u u n c o r r e l a l e d
sc . i t t e r i i i g  I V~ SS t S i  p roperties of :he oceanic muR ip’a th  process . ss c h _ u s c  . . i l t e r  r a t he r  cx I e n s i .  t’ l e s t  i mug .
s t a t i s t i c a l  bases ( or suppor t  of bo th  the  complex  ( 

~~~~~~~~~~~~ s t _ u i  j s i  cs l i~ p o i l l t ’sis m d  Ihe  .us summn p l  ion i h , u t
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t h e  sc:ut t er ers  are uncorrelated Also , the channel ’ s wide-s ense s i , u t i on ar v  character is t ics  stere e x , u i u i i u i e t h

over a relat ively short timespan amid appeared to exh ib i t  ti m e - invar ian t  s ta t i s t ical  properties.  Fh i u us . one

ma conf ident ly  repre sent the oceanic ihanmiel  as a complex Gaussi ami WSSUS ~ea t te r  p rocess . U n d e r

these condit ions , the SI r .w I func t iom u completely describe s all s t a t i s t i ca l  a t t r ibu te s  of the ch anne l .

Specific ad t f i t i ona l  results obtained for the overocea mi m n ul t ipa t ti chann e l include t h e  fo l lo wing :

a. The delay-Doppler sc a t te r  I ’umic t io m m exh ib i t ed  pro n otmnc ed dependencies upon grazing
angle. air cr . i ft  heading ( re la t ive  to sa te l l i t e  d i r c c i i o m i ) .  amid rms sea surface slope.

h. l’lme t o ta l  eni’rgv conte m it  of t h e  scat tered m i iu l t ip a th  signal was e:ulc u l ated as a f u n e i i o n  of
signal po l . i r izami on and gra / im ig angle. The scat ter  coe f f i c i en t s  for l ior i i om itaI l ~ amid vertu-
c.ullv polari / ed sign , ils were found to he w i t h i n  I or 2 dB of theoret ical  predict io n and.
except f’or the  losc - .mng l e ‘. er t i ca l l v  polarized case. svere a p p r o x i m a t e l y  equ iva l en t  to t h e
product of divergence t : ic to r  and snu o ot h i—ea r th Frt’snel reflect ion coeff ic ient .  The low-
ang le vert ical  po lari zat ion results also agreed ste l l  svit h t h eory svhem i the  rough n ess charac-
ter is t ic s  of the sea surface were taken in to  account .

c. The oceanic mul t ipa t f i  channel  spread paranieters were dete miined as a (‘unc t ion  of gr .i7 -
ing angle. The 3- ant i t O-d B delay spreads svere typ ica l ly  O S  and 3 2  pse~ amid showed no
apprecia b le dependemice on graz ing  amigle. The measured coh erence b a n d w i d t h  ranged
f rom 70 to 3S0 k h l i  ( t yp ica l ly  200 k l h z )  amid dud not e’.h ib i t  a strong gra/ ing angle rela-
t ions lm ip .  Typica l l y ,  f l u e  3-dB channe l  decorre lat ion times were 7 to h O  msec ,m t gr a/. imig
angles of ’ ~~ and 2 to 3 msec at 3Q 0, I)opp le r spreads were s t rong ly  depend ent  on both
grazing angle and aircraf t  headimig. At a grazing angle of 10 0. the 3 d B  l)oppler spreads
were typ ica l ly  10 El i for in-plane fl ight  (to ’.vard the sa te l l i te )  and 50 Hz. for  cros s-p lane
t i i g h t .  At higher grazing angles (~~3O° l . the aircraft  heatf i ng no lomiger influenced Doppler
spreads appreciably and 3-d B values of 140 Eli were t y p ical (‘or in-plamie f l igh t .  l’lie
corresponding value for cross-plane flig h t svas only  about  30 p ercemif larger. Fxperi-
m enta l ly  measured data agreed well wit Ii theoretical  prediction. Measured values of
selected oceanic mul t ipa t h i  parameters are sum mna r i i ed  in ta b le  2- I  -

d. I lie degre e of ’ correlation het sveen the s inmul taneo uis  hor iz omit a l  and ver t ic a l  polar iza t ion
probes was inves t iga ted  by ( I )  d e t e rmin ing  t h e  : un tp l i tude  of ’ t he  correla t ion cod t ’ic ie nm
between the iwo signals and ( 2 )  e x a m i n i n g  ti le phase of the i r  complex cross-power spect r ,m.
In both cases , r i -suI ts are in ,ucc o r th wi t  Ii s-eel or sc,i t i e r  theor y  and ind ica f  e t h a t  t lie ortho-
gonal p ola ru , ai i on m ul t ipzut h i  processes are h i g h l y  correlated . w i t h  the h resne l re f lec t ion
coeff ic ients  providim ig the appropria te  p hm. is e r e l a t i o n s h i p  he ist een t h e  scattered e r m i c , m )
and horizontal  probes ,

e. Data acquire d wi th  le f t— and r i ght—h a m u d cir t ’iu lar poh ari .’at ion 1( P) prohi ’s possessed a n t  rm —
but tes s imilar  to those of l inear  p o l : u r m i a t i o n  probes . I lie to ia l  received scat tered emie r gs
correspom iding no the right- amid l e f t - h a n d  ‘_ ‘P probe s i l lust ra t e d lh~ phenomenon of sea-
surf ace—induced circular polarizat ion se nse ri ’ , i’rs al,

11
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TABLE 2- 1. SUMMARY OF SELECTE D OCEAN/C MUL TIPA TH
PA RAMETER MEASURED VALUES

Typical value at gra z ing

Parameter Nomes Measured range _________ 
angte specif ied

8 15 30

RM S scanner coeff icient (horizor unal polarization) H ‘5.5 to 0.5dB -2 .5 dB -1 ,0 dB 1.0dB
RMS scanner coefficient )vern icat polar izamion) a ‘15.0 no 2 .5dB - 14 .0 dB .9 .0 d B  3. 5 rI B

Delay spread H
3.dB value 0.25 no 1 .8 /i Sec 0.6 p Sec 0.8 p Sec 0.8 p Sec
10dB value 2.2 no 5.6 p sec 2.8 p sec 3.2 p sec 3.2 p sec

Coherence handwidnh )3-dB value) b 70 no 380 kH z 160 k H z  200 kHz  200 kH z

Doppior spread ( i n  p lane geomet r y )  c
3.~lB va l u e  4 no 190 Hz 5 Hz 70 Hz 140 Hz
1 0d B value l 3 n o 35OHz 44 Hz 180 Hz 350 Hz

Dopp ler spread (cross plane  geomet ry)  c
3.d B value 79 to 240 Hz 79 Hz~ 110 Hz 190 Hz
10-dB val u e  l8O to 56OH z 180Hz ’ 280Hz 470 Hz

Decorre l at ion t ime ( 3 d B  value )  d 1 .3 to 10 msec 7.5 msec 3.2 msec 2 ,2 msec

a Strong dependence on grazing angle , especially near Brewster angle. A m 10° grazing angle
b No Strong grazing angle dependence.
c Strong grazing-angle dependence.
d Strong inverse dependence on grazing angle.

2 . 1 . 2  (‘U N U S  \ i u l t i p a t h  Test Resul ts

Omu e of t Ine  most obvious ch aracter is t ics  of the  overland (‘ONUS sca t te r  dat a  is i ts h igh degree
of su gm i :ul s t r uc tu re  n o m i s t a t i o u i a r i t y  - This was readily consfirmed throug h a visual ob ser v at iomi of ses er _ uI
del ay-spec tr :u tin se h is tor y segm ents.  Sirnihar lv . the s ig ts :u l ure  of t h e  chanmiel ’ s delay—Doppler  sca t ter
func t ion  varies n na rk e d lv  wi th  specular -poi n t location am i d ss as used to solate  t~er noul s of ’ ver\ low
sprea t f ing .  mn ode st spreading. hiase th posi t i onia l  sca t te r ,  large i r regular  Dopp ler spectra re turn ,  and m us ixed
s c a t n e r  Iiroi .’ss r e t u r n ,  I hese data  ssere used to pr os Rhc .u f e l i m i e a t i u i n  of the  sa l i e m i t  f ’e a t t i rcs .issoci , i t i ’rl
o i t h  ti’rrai m t t~~pi ’s h a i l i n g  under  t ine  ca tegor ies  of li i ’.i\ v segi ’ l .u l io is  cover , harre mi l d i ’si’ r t l . coast .i l  ls : i r —

hors , large c i t i e s . l , u r ge  lakes , and s is ov.-e osered p la ins  and m ount , i i mi s ,

\ s u n n i i n i , i r \  of t Ine  oh sen’sed r a n u g e  and t y p i c a l  V . i ) u i e ’. of ’ se lected ( ‘ONU S n u u n l t u p a t h i  c l s a n m u e l

pa r.i mnu eter s u s g iven in tab le  2 —2. WI ne ri I r i  Vi ’ rs i n p l ikes or oI l ier  boi l i i ’s of o a I i i  , the sc_u in  er cli  isi ’ I

r esi ’m n h l i d  oce anu ic n t u l i i p a t h  sca t t e r .  R e s u l t s  for oIl ier  ( O N ~ S over land t e r r a in s  l w h e m s  c om iupa re t h
ssi t li t h e  e. ini c i nuu l t i pa t l i  resul ts )  t s pi ca !k e x h i b i t e d  s onuie w l ia t  losscr m iss sca t t e r  cor ’ t l i c i e t i m s . losser

i i  ci .i s pre.ids . ari d sI ig lu t I y I :u rize r cob crc nec ha m il svid t h i s . . \ is ’. s~ st c m ii  a t i c  g r .u /  I rig all pIe, h ead i mug. or

p o la r i i . i t io r i  depend encies  t h u  n n i g f n t  e s i s t  appeared to he i i . i s k e i h  ou t  by t h e  n u s i u s t , u t i o u i a r i t ~ of the
r e cen ’.  cii r e f l ec t ed  sig mi al  -
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TABLE 2-2. SUMMARY OF MEASURED CONUS MUL TIPA TH PARAMETERS

Typical a
Parameter Measured range va lue

RMS scatter coefficient (horizontal polarization) .18 to +2dB ‘9 dB

RMS scatter coefficient tvertica l polarization) -21 to .3 dB -13 dB

Delay spread (3-dB) 0.1 to 1.2 psec 0.3 psec

Delay spread (10-dB) 0.2 to 3.0 psec 1.2 psec
Coherence bandwidth (3-dB) 150 kHz to 3.0 MHz 600 kHz
Doppler spread f3-dB) 20 to 140 Hz 60 Hz

Doppler spread f lO- dB ) 40 to 500 Hz 200 Hz

Decorrefation time (3-dBb 1 to 10 msec 4 msec

aGraz i rug angle dependencies ii) any) mashed by nonstationar ity properties.

2 .1 .3  M u l t i p a t l u  Test Conclusions

M i u f t i p a t h  s ca t t e r  da ta  for the 1-band aeronau t ica l  channel  was acquired and analyzed f ’or
conipre l i emus i s e  set of overocean and overhand test con u di t i om i s .  Analy zed test resul ts  p rov ide  esseni tual
data  needed for  J e l inu i t i on  of a i r c r a f t  a n t e n n a  m u l t i p a t h i  mej ecti on i character is t ics  amid c on i ml l un i ca tuoms
sig n _ u s t r u c t u r e  ihcs ug n .  amid f o r  predi ctioni u) cu m m i u u i i c a t i o n  system per fo rmance  in the mul l  up a th
e nv i r o n m e n t .  I he physica l  opt ics Vector scat ter  model predict ions of ’ oceam i mc m u u l t i p a f h  channel ch ar-
, ic t c r u s t i c s  ,ig rc’,’d c lose l y  w i t l u  t h e  e x p e r i m e n t a l  da ta .  Th is m slode l provides a use fu l  tool (tsr  ex temus ion
and app l i ea t io r n  i s?  t h e  e x p e r i m e n t a l  resul ts  to the  detailed am ia l ysts  and design of f u t u r e  oceanic 1-hand
sate l l i i c - I s_ u sed -~TC s\ st ems .

I l ie ( ‘ON t S n i t u l t  pa th  test  provides an i’x t c m i s i s e  da ta  base rela t ive  to the ovi- rU msd f o r w a r d —
s c , i t t c r  n s u l t t p a t h  e h u a m s n i e f .  I hue i l _ u t _ u  b u s t ’ f u r n i s h e s  s a l u u a h l e  i n f o r m a t i o n  on scat ter  s ignatures  assocu-
.i t e i h  st i l l s  a r a n d of t e r r a i n  f e a t u r e s  suc l u  .Is e l ec t r i c _ u I  h i m  . ac t e r i s ’  i t s .  m a croscop ic  roug lsness (p l a i n s .
i n o u n t a i m u s .  e t c .  I . amid s i’ e i t . u t i o n  cos cr:uL ’ L ’

2 .2 \ 1 ( ) l ) l  \1 I \ \ I i  \ l  l~~\ I I  “ I

, u r i i i u s  n s o r f s u l . u l i i r n  , umn d r h e r u u , h f t i l , i t u , I i i  te~ h n i q u e s  u i . ’ h e i i i g  i n i s i i f r ’rc d l i i  t h e  t r a n s m u l n s s t o m l  of

‘, t s t t ’c, r h u e t t . u I  r l . i t , u .  . i n r l  i . i i i e u r i e  s u u r s e i l h . i n u , ’ i’ si~~i i . i k io u : ~ .i ‘ r i m  i i i .  i l l  s i _ u s a t e l l i t e s . I hi ’ p e r f o m m u s a n e e
of sc s e r , u )  nec .  , l i ~ i l , i l  r h .u t . u  antI  r , u i i e i n g  n t , u t f e n i s  r ep r t ’ s c n u t l m m g  . i n id id . i le  approa c lu es f’or I f u i s  app l u t a —
t h i n  svere i’ s. u I h u , i l e ) I - ) n ,!) ni  tes ts  st em s ’ ~~‘iu f u u ~ t~’.h in thu 5  i i s r ’ r i R , ’ , mnl  m u u t u l t i p a l l u  en uv i r onmulens t  u t s , i r i o t l s

( u ~~u 1 u o p s  u s e r f l u e  \ i t h  \ t l u n u t u 5 .  I I t e f , i t , i  . u i u ) u i h i i ’ l u n~ lutlcd r’ ti ’s ur x 01 si nci’ mim o t t enis  u n f e l l i g i h u l i t y
l i s t s . —~ h i i r s  of t l i e i l , u l  l . i t , u  n ’ , r t l e m u n  p e r f t r r n n u , i n u . r ’ . , u n n , h  I I ) n , i t m r s  i f  n . u m u e u n s ~ u i .  t u n . u . ’ .  l u s t s  

, , -~~~~~~ ~~~~~~~~~~~~~~~~ 
—



Tests were divided in to  two general ty pes :

7i -~ne / Te ’ir . c Type I tests de t cr m im i ed  moden u s pe r fo m m i l ance  over a range of f l igh t  georn—
etries and carrier-to—noise power demisi ty  ra t io  ((‘ N 0 ) us ing cwu dud atc  oper al ional  shol-
dipole an tennas .  Several d i f f e r e n t  headings re la t ive  to t h e  s a te l l i t e  were used an id e levat ion s

a ngles ramiged betwee n 100 and 300. Fhse test ran sgc of ( - N 0 was 39 to 4~ dB-II i  f or
voice modems and 37 to 45 t hB-I I z  for  digi t a l  da ta  and rangim ig modems.

Ti -pc Ii Tests: Type II tests evaluated  modeni per formance  paramet r ica l ly  in t erm s of
(‘ N~ ant I S I  over a wide range oh the two parameters  for t h e  overocean m u h t i p a t h
en v i r o m snl e m i t .  Tests spanned (~~N vaRies b etween 35 and 52 dB-llz in con uh inat iom s
svith S I s a R ie s  rangi n g from heavy n iu l t ipa t h  fading t S 1 3 dB )  to essent ia l ly  n o n f a d i n g
comi th i t iomus  I S  I 20 rIB I .

2 .2 . 1  \ o i c e  \ l or l e iu s  lest  Resu l t s

I

- , Four ih i s t i nc t  voice modulat ion s t e chn iq u es  were te sted : ( I I  adapt ive nurrowband f ’r e qu cn uc ~
modul at ion  A N B F M  I , 12 1  I l yhr i d  No. I ( Q—M PSK I . ( 3 )  Hybrid Ni ’ . 2 (P D M/ P S K  ). and 14 )  adap l ive
de lta  s in c e  n i o d u l , u t i r u i u  I ‘~~ I) \ ’\ I  I . Pc rf o r m i iam ic c svas measu red prin sai ’ilv by t h e  word m n t e l l u g i b i l i l y
scores . u c ) h : . ,c.h wh en u s ing l i s t s  of p l io mi e t i c a l hy  balanced ( P B )  svords ,

I’h s e mu ia t o r  t ln i t l imsg ’ . of the  voice tests inc lude  th e f ’o l l owi n sg :

a. (her  the (‘ ~~ range of 40 to 45 hB -E I z , t h e  r e l a t ive  r a n k i n g  of ’ I lse f o u r  n u o t lem u i s  was

Ily h rud  No . I - A l ) VN1 . H ybr id  N o . 2. and A N B I - N I .  All modern s except  A N B I ’ M  a e hu i e ve .h
ins excess of ’ ‘O . PB svord i n t e h h i g i h i l i t y  at 43 dB— Ilz . w i ths  t h e  I hy b r i d  N o .  I : u c h u l u ’v un g  in
excess oh 7O ’~ word i n t e l l i g i b i l i t y  at 40 dB —II i .

h . \~~i d e t e c t a b l e  u legradat iomi  in t n t e l l u g u h t l m t y  due to n u t u l l i p a t h  W ,ls observed f o r  a n u v  oh i h ue
muio de m uis f o r  S I ,us poor as 3 tI B ,

r .  In h h e  eOmll l t m mle i h  s u i t e  amid da t a  mtu ode. boOn hy b r id  mnor he nuu s  requir e d r u n i g l u l y  3 d l t  a d d i —
t ion i a l  (‘ N 0 to ac h ieve PB svord u m s t c l l u g i h i h i t y  ei~u u i s .u le r m t to t l u a i  of f l i t ’ vo u c c - i i n t l ~ mu so t le .

d. For t h e  h u m u s n t e t h  speaker p o p u l a t i o n  t e s te d .  t h u e  Iwo  male  speakers  svv-re e o m i s m s t e m u t l s  h u i u u i i d
I i i  he mi ior s’ i m u t e l l i g u l s l e  t hami  t h e  t ss o h c m n s a l e  speakers  I h i s  us p n o b a f s l~ d i me  l i i  a u u d i i i  h .ums d—
h i n u i t i m s g  i f  f i ’cts

e. I lie r e l a t i o n s h i p  betwee mi thu c  speech c i n n i m u l u i n u i c , u t u i i n l  u i u i h , x  muieh e r  I S )  I N I I s e i i i u ’ ~i m u rl  W i i l u I
n m i l c h l i g i h i l t t v  % t , I s  f i m i u m i s h  In )  he i u uor l e nu u  dept ’ n u d e i u i  - I lo is . S(’ h \l  cs .u l u u . u t  i u ’ m s s  d i i  no t  , ip pe. ur
to o f f e r  .u u n i s e r s a l  n sodem per t  o r n u n a n u c e  S’s . u ) i i . i t u u i i n  l e e h m s n i i u t s ’ \~ .1 l l i n n l i l l l t t i l t .  I hue i i i -

t u o i n  lst ’t ss i’cm u t he  S(’ INI score m u s h p”s h h i i i h i i ’ t i u i  s c o n e s  i u l u i s t  he • . i ) u h m . u t i l  b r  c_ R h m u u u n l e i u n .



2.2.2 [)igital Data Mo~lenu Test Results

Digital data modem tests evaluated the bit-error -r ate I B E R )  and error burst behavior of f ive

dig it al nnoden is oper ating at I 200 bps on the L-band aeronautical  channel .  The modems included four

implementat ion s  of d if ’f ’eren t ia lly encoded , coherentl y detected phase-shift  keying (DE CPSK ) and one

i mplementat ion of d i f f e r e n t i a l l y  coherent phase-shif ’t keying (DPSK ). The f ’oum E)LCPSK moderns are

de signated [h y br id  No. I .  Hybr id  No. 2 , FAA CPSK , and NASA DECPSK , while the DPSK modem is

referred to as FAA DPSK .

For Type 1 tests the modems exhibited inefficiencies that  ranged from 0 .9 dB ( H y bri d No . I I

to 1.9 dB (N ASA DECPSK ) relative to theoretica l performance on the additi ve white  Gaussian noise
channel. All modems met the AEROSAT system specification of I x I0~ error probability at C N0 =

43 dB-Hz . There was no visible evidence of bit -error-rate pert ’ormance degradation due to mu l t ipa th ,

thus indicatin g that S/I exceeded 15 dB when tested with the three-element slot-dipole antenna
system during the Type I tests. This observation is ccnsistent with the S/I values measured for the
wing-root slot-dipole antennas during antenna evaluat ion tests.

Type II tests evaluated modem error perfor m ance for various combinations of ’ S/ I  amid (‘

Experimental performance data was compared with theoretical predictions of performance herived
t’rom analytical models used in conjunction with  the n iu l t ip a th  channel parameters measured fiy the
mul t i pa th  tests - The Type II measured DPSK error rate p crt ’ormance was in close accord wi th  theoret-
ical prediction whereas the performance of DECPSK modems was slig ht l y poore r than  modeled . Corn-

paring the relative perfo rmance of DECPSK and DPSK revealed that for S I  larger than about 10 dB ,
DECPSK outperforms DPSK slig ht ly in error probabil i ty whi le  for poore r S I  (less than hO d l i ) ,  DPSK
exhibi ts  a slig ht superiority. In either case , the performance advantage was not dramatic , and no clear
preference (‘or e i ther  I)PSK or DFCPSK was indicated by t he data.

In cont ras t  wi th  voice nuodern results ,. the BER performance of all data moderns degraded
si’s ere lv wh enever appreciable m u l t i p a t h  in te r fe rence  svas present .  For ins tance ,  for DP SK and an S I
of I D  dB , ( ‘  N~ n ui us t  he increased froni 43 dl3-l h i  to about  S I  d B - I h z  to mi la unta in  I x l0~’ error

p robab i l i t y .  Since a channel power increase of ’ ~ dli appears to  he pro h ib i t i ve ly  large. e rror-contr o l
coding or mul t ipath -to lerant  waveform desi gn appears to he a necessary adjunct to exi s t ing m i u o den i u
designs if S - I  values as low as 10 dB are ant icipated.

Error groupings were analyzed to d etern u imie the ef ce l l s  t’ men us ory len g fhu  of t lue error pa t t e i  nns
When m u l t i p a t l u  int cr t i . ’re n uce WaS n egligibl e ,  er ror p31k -m is were correl ahed onh ~ over tw o  b i b s . ‘~ s

m u l t i p a t h  in te r fe rence  im iere asc d , obvious error h unc lu ing  oc cuirred u s a m  ~sulh  of fl i t ’ nu o l t ipa l  hu f ad  nip.
rhe i f  I e c t t s c  memory t ime  of the e r ror  process was found to  he 7 f s i t s  f o r  S I  = (i sIlt am i d a h n u u m t  14

( s iN  for  S I  = 2. 5 dli .

_ _ _  _ _
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Testing in the h ybrid voice/data mode for the two hybrid modems showed that the Hybrid No.
2 modems u required an additional 3.5 dB (‘/N 0 to maintain the same error rate as in the data-only
mode. The [hybrid No. I modem needed only an additional I dli at high error rates ) 10 ) while
requiring an addit ional  4 dB at how error rates ( I

2.2.3 Rang ing Modem Test Results

The performance of two dist inct  ranging modem techniques — - TSC digita l ranging and NASA
PLAC E rang ing was evaluated on the L-band aeronautical satellite charunel .  Results of the l’SC rang-
iris test showed that  rms range error was typica l ly  I 00 m at 43 dB-Hz carrier-to-noise density ratio in
the narrowband m ode ( 19 .53-kHz clock) and rough ly 30 m in t h e  widehand mode ( 156 ,25- kHz clock).
These errors are somewhat larger tfs an laboratory-measured values , particularly for the wideband mode.
NASA ranging tests exhibited a typical rms error of 276 m for a forward-li nk C/ N 0 in the vicinity of
43 dB-FIz. This measure is in reasonable agreement wi th  expectation , taking into accoum i t the maxi-
mum tone t’requency of 8575 Hz for this  system.

I

- 
* Both modems exhibi ted rather frequent occurrences of gross range errors due to incorrect reso-

lution of range amb ig ru ity.  These ambiguity errors were censored from the run s error calculat ions.

2.3 A I R C R A F T  ..~N T FN N A  EVALUATION

‘Thut ’ am i ten m i a  eva lu a t ion  test q u a n t i t a t i v e l y  evaluated the in-fl ight performance of ’ ca n d ida t e
ai rcraft am u tem u m i as (or aeronautical L-band satelli te applications. The specifi c test objective was to
determine gain and S/ I  over a range of satel l i te  elevation and relative bearing angles for  the selectable
three-e lement slot-dipole systens , p hased-array , and patc h antennas.

2. 3 . 1 Three- I leniem i t (T OP/ LWS I ) / RWS I ))  Slot-I ) ipo le Antenna  Results

This s y s femut  con s sts ts  of ’ three f lush-mounted slot-dipo le antennas , on e oh ’ whic h  is manua l ly
selected at a gus - i-mu t in se. T h e  system was designed to provide a gain s of at least 4 dli over at least u ) ( )

of tIne upper ht’mn spher e w humle  smn sul t amieous ly achieving a pr edicted large n i u t t ipa th u  rejeet io mi n’ a t i o  ins
excess  01’ h O  dli . Sis fe c u i v e m a g c  is provide d by the leD [.WSI) I amid rig h t RWSI ) I side a n t e n n a s
mmu o u n ted in t he  upper  s t u n g  body (wing—root  I f ’a i r i n g  areas  on each t i t he 1) 1 ’ t he  ai rpl a m uu ’  at  s t a t i o n  ~ (u I .

High e l eva t ion  am i gh e  and lu re i l l  c i i ser :m ge is provided by a th i rd  a n t e n n a  (T o P ) mi i oun te ul m m c m i  t he  top
center l ine  at - l .u  t n o n n  SOS.



At ehesa t iom u ang les above 200. the exper imenta l l y  measure d antenna gain was in excess of ’ 4 d li
for  ess em itial l y all  a i m t m t h u a h  am u gles ex cept  in t h e  forward direction using t h e  ‘l’OP antenna .  In the f ’or-
wa rd direction ~ 200 from t h e  uuo se ) , t h e  TOP an tenna  gain was 3 .5 dB at an elevation angle of 200,
I’h u e peak g a u mi m us e a s t ure t h for  t h e  sid e - is uou n sted an tennas  was approximate ly  10 dB . At the h i gh er eleva—
ti o mi a ngle s . t h e  e xp e rum e ms t a f l v  measured gains f r e q i uen h l v  exceeded the gai n values determined from
scale- model J i u t e n s n u a  ranuge da ta  h~ about  2 dli . -~ t elevation angles near 200. experimental ly measured
gains agreed s t e l l  s t i l l s  amite m u mi a r amige mea sure n i i ent s .  At ehes ’atio n i angles beho sv 20°, the exper imental
ga i n s  nu se as urem su ent s  were quite sensitive to a i rc ra f t  motions a f f e c t ing  the a i rc ra f t / sa te l l i t e  geometry hut
were ins general re ement w it h  range data.  Although experimental scatter was observed in the meas-
ured gaun data ,  there 5 5 _ u 5  no evidence of s ignif icant  pat tern holes or coverage det ’iciencies at any of ’ the
geometries tested. T h e  exper iment a l  data su ggests that  the slot dipoles may be somewhat more direc-
normal in t h e  roll p lane t hi an i  im i dicated by t h e  an tenna  range scale-model measurements but the experi-
memsta l  data sca t te r  and t h e  re la t ive ly  small amount  of data ava ilable precludes drawing t’irm conclu-
s tu ns  on t h s i s  po in t .

Thue c x p e m i m i u e n t a h  da ta  sh owed conclusively tha t  very good mul t ipa th  rejection was achieved
h t h e  thre e-ele rn enit slot-dipole an tenn a  systeni at all geometries tested. T h e  S/I was usually greater
th an 20dB . sv it h i occasional dips in to  t h e  15- to 20-dB range, and a f ’ew more severe drops in the vicini ty
of the rnose svhue n rising t h e  top-mo t unte d an s tenna.  Th is performance is in general agreenient wi th  t h e
p redicted S I sa lue s  based on an tem u n a  range niieas ur en sent s as well as w i th  resul ts for Type I digita l
data  modem test s . sshcre t h e  h i t -e r ror - ra te  per formance  curves ind ica te  tha t  t he  S I r a t io  e x ceeded
15 dli.

2 . 3 . 2 Phased-Ar ray .‘~nt en na  Results

Thus a n t enm u a  us a receive-only ho w—prof  uhe I -b y— S array microstr ip  an tenna , a t tached to t ine outer
fuselage omu t ( ue rig ht  st i le of t h e  a i r c ra f t  at  s t ab  iou 420 to give broad la te ra l  coverage. The an tenna  d c —
mrnen ts  stere ,mrr av ed s e r t i c a l l y  to provide a mu a mro ss  beam in s t he  roll plane.  l’lue b e a u s  eou m l d be electron-
ue ~m l l y  st eere th in e l ev a t ion i  in n im i e i n c r e m e n t s  of ’ about  100 each. TIne peak gain derived f rom full-
sc ,uhe  . u n u t e n m u a  ram s ge m i ie a sure m ent s  is approx ima te ly  12.0 dB .

l)ata acquired f r o m  bot h c i r cular-path  and straight- l ine f l i g hs tpath s shosved that  t h e  phased
, i r r .u ~ pros id es h a p eak gain ob I I to 12  dB ap pro s , umuu a t e l v  broadside. Th is result agrees well w i t h  the
peak g~u is u.tetts’ i_’tt from am\tdnn ~a range measurements .

i n ,u s,ut ~ l~~~’ d e s  u t i ou  a n gl e i i  f 40°, t Ime measured 3— d B ,u, i m u t l u a l  h ean swidt  h was appr ox
i i i .  k I Uh 0, p r u i s i u l i n g  coverag e h et wee mi SO ° and I 50° ‘mi mi the nuose . Fsur f lue sn ssall an s c su un t of sl i t _ u

u s . u n l a h h e  , u i  t h e  host -~ r i’s l r emu sc us f ’ s a i e l h i t e  e l e v a t i o n  anug he I I ~~~ t h e  .‘ x p e r i n u e u u t a h l y  measured nu a x imum s u
l n u i ’s .uh le  g u i l t  ss , ms h~s’t sseenu ‘i f )  ~u nsd  9 5 sI B au th b lue  3 — ihht  . m / i m n m t u l l u a l  hu ’an uwid t l u  W_u s  _ u p pr ox ;mat t ’Is

~~) O \ r  . i / i n n u i u t  ( n i l  a n u g l e s  h.’~ u u i n s h  t h e  3 ’ u f h t  c u t s  en up. ’ po m m st s . f l u e  p u n t  dn’ opped ra p id l y  to l u st or n u c g : u t i s e
s , u lu u c s . N o • u h t t - m u s p b  ss .u ’ m m m a d e  I i ’  nu su - asu i re  s t i l e—lobs ’ f e s e l s  e xp em mnsu ’n t ah l ~ -
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I

The antenna exhibited consiste ntly good n iul t ipa th  rejection , wi th  the measured S I  being in
excess of ’ 20 dB within the use fu l coverage region.

2.3 ,3 Patch Antenna Results

- This antenna is a receive-only sing le-element low-profile microstrip antenna a t tac h ed to the
outer fuselage near flue top center l ine at station 270. The mount ing location WaS chosen to provide ‘I
additional coverage in the forwar d direction which,  it ’ required. could supplement the f ’orsvard
coverage of am u y other side-mounted low-gain antennas that  might be used.

Exper imenta l  r esults showed that  the patch an t em ina had a peak gain of approximate ly  4 dli
forward over the nose at elevation angles above I 5° and a minimum S I  of ’ 13 dli . ‘[lie gain graduall y
decreased as the satelli te hearing angle changed toward the broadside and aft  directions or as the
satellite elevation angle reduced toward the horizon, Gain in the broadsid e and aft-of-broadside

~ 
directions us about 0 d B  at an elevation ) angle of l~ 0. increasing to about 2.5 dli at 250,

I
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3, GENERAL DESCRIPTION OF TECHNOLOGY TESTS

The t. .S. ae rom sautical  techunohogy t ests were conducted by DOT!TSC to provide data (‘or f l ue
ev alu at iomi of adsa ns ced svs t enuu concepts amid h ardware applicable to flue design of ’ f u ture  satellite-

— based air t r at ’f ’ie cou st rol sy stems.

3. 1 TE ST TYPES A N D  L I N K  ( ‘ ON F I GURAT IO )N

Th ree types of aeronaut ica l  tec h nology tests st ere  conducted.

.u. . thult ip atli ( ‘/ u amui ’/ ( ‘/ ,aras - ter i:ation. Pse tudo-no m se I PN ) code modulated s ignals  were
tran sm is i t ted  t ’rom t h e  KC -I35 using several dif ’fe renit an tennas  and various polari z at ioni s .
A f t e r  rel ay by .~~TS-6. t h e  signals were received at Rosman. processed by the SACP equip-
ment .  recorded , amid later analyzed to obtain a ch aracterizat ion of flue m u h t i p a t h  chu a nne l .

— h I/o s/em Ln’ sthu~, tiunu: Several voice. d ig i t ah  data ,  ranging ,  a nd h ybrid voice s l a t _ u  modems
stere tested u s im g s ignua l s  t r an smi t t ed  f ’rons Ro sn sna n t h rough ..\ ‘l’S—( to t h e  a i rc ra f t .  Modern
de modula tor  o t u tput s  svere recorded omiboard t l se a i r c r a f t  amid analyzed to de t em n um n s e  per—
f’or n sam see to m various carrier—to—noise d ensut y  R’ N 15 I ans u t su g n a h - t o - n s u h t i p a t h i  u m u t e r f ’erenee
(S I I  ra t ios.

c . - l u te mimi L u ’ali , atj i, ii - -\ cst sigmial radiated Isy Rosm ’n an i thr oug ls -\ TS—(i tv _u s received by tine
s’a rious a i r c r a f t  anst ennas  um i der t e s t  - l) at a svas recorded arid analyzed to es u h u t a t e  a m i t e n n a

gai n amid n u u l t i p a t h s  rej ect ion .us a f u n c t i o n  of geo n set m) ’ .

All tests we re conducted between t h e  I’ .-\A K(’- 135 a i rp lani e  and flue N AS ,.~ Ro s musams grs sum sd
stat io ns via flue N .-\S .~ ge osm ati o nary Al ’ S— It sa te l l i te  u s imig the ba sic l i nk  conf igura t ions  of f igure  3 — I
With  th c exception of the  posi t ions  l o c a t u o n n  am id con uu ssu n ic a tuons  equipment  I PLA(’L ) r aniging bests,
wh m chn performed rou m sd- t  r ip  ranging i l l  nnso il eni and .m n s temin i a  es ,u hu ua  t in n  t e s t s  were per formed w i t h n  a
omu e - wav  for ts a r d — l u u n k  conf n g ur a tmon .  I lie f o r w a r i f - I m m i k con s f u gura t iom i  was very e f f i c i e n t  m l  t h e  u t i h i z a —
f m o u l  of -‘ I S-t i s a t e l l i t e  test t m nse  since it , m h low et l  several L— b.u nd exper ims i enut  part  icipa ul Is to conduct
tes ts  s mn u u h t a n u e o u s l v  ut  t h e i r  rt ’spt ’~ l u s t ’ mobi le  f o r  I i  xe ,h  I —h a nd te rnun im i a l s . R e t u r n s — l i n k  f ran u sni u ss iomis
fro nu t Ine  K(’ - I 35 wer e used us I lie p r m n ss ir~ mnsos le fo r  n s u l t i pa l  Ii t e s t s  amid (‘or tes t  coo rd m mia t i om s  purposes
d u r i n g  o thne r  tes ts .  -‘ se.u ’s t , u t t ’ buoy f u r n i s h ed b~ t h u e  t. S Na y  ~ t SI. tv _ us  deplov e h b ’rons i the  t S ( (
(‘u t t e r  G a l l a t m n  t o acq u i re s e a - s u r f _ u t .’ sI .uta s l u r u ng  t ( s e  sp r ing  1975 test  serie s .

I - \s’e pt fo r  .i bt ’ss of t h e  mu tua l  tests  (i t t I ne  1974 f a l l  lesl seri e s , f lu e ‘t I S-ti s a l e l h i t e  t r a nsspom sd e r
w.us opt.’r a te sl  ins  t he  e ohn t ’r eni mode. l’(se f o r t s  , m r , h — h m m s k  me be remuc t ’ e a r m n e r  mse e he d for  coln ereu s t  nsn ot hs ’
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ope ration was n ormally tram u sns s i t ted from t h e  NASA / Mojave ground stat io n . Thsis mode of ’ ope ration
referenced the L-hand h ’orw’ar d-hink frequ encies  to a high ly stable ground-h _u sed standard ,  thus  elimi-

— 
m u a t imsg a muv frequency unscer f a im u ty and dri ft associated wi t h  tIne satell i te in ternal  master osci l l at or ,

3 .2 K( ’- 135 T F R M I N .-\L DI - :St.’RIPTI ON

A b lock diagrans of t h e  a ircraft  terminal  showing flue main sig n al flow paths us give rs ins f ug u ur e
3-2 . Se t - cnn r i c k s  iii t h e  af ’f section h oused nu sos t of the equ ipn u ent  fo r  u su oden s evaluation , amite nna
evaluat ions , ant I s~ s len us ca l ibra t ion.  E qui pnie ms t i tem s for  t h e  n su l t i p a fh  tests svere contained in t h ree
r i cks  located forwa rd. Rack msumhers am id drawer locations of eq uu pmemst  mten s ss ire indica ted .  1 hue
FAA data l ink  terminal  was ins t used dur ing  tech n ology tests hut  us uucluded to s h u i u w  isu ajor in te r face s
wi t h  the tec h nology lest in s s t run s enta t ion  package.

3. 2.1 \ i rhor ne t e rmi n al Fun ctiona l Description

L-bamsd signals between the various antennas.  preansp li fiers. transsn s it ters.  and receivers were
distr ibuted by t h e  af ’t anud f ’orward RE control u mnits .  After  preamp lih ication , received L-h and si gusals
svere down s— t ram s s h ate d to II ’ b~- t h e  t wo receivers and were thens tunsed and d i s t r ibu ted  by tIne I i -  t u n i n g
umsi m to t h e  appropriat e msso then s. Motl emis outputs , carrier detector data.  tinie code, and am rcra l ’t f l igl u t

pa ramsueter s svere recor thed 1w a 14-track ins t rumenta t ion  n ssug n setic tape recorder. ~l u I t i p a t h u  t e s t
para us i emers svere recorded by a dig i ta l  recordimsg system . . ~~c Is art recorder provided a tes t  n u o n i t o r i m u g
Feature ami d y iekhed a h ard-copy recor th of selected signals.

I’Ise t e rnsmm s ah desi gn i n corporated a sop lnms t ic a ted test amid cal ibrat ion capabi l i ty .  -‘ ca l ih ra te t h
notse stit ir ee allowetl t h e  operating noise fi gure of all receiving systeu s’us ho he measure d A connpo site
L-h amud test signal s i u snula t ing  t l se A l S - I t  anti A l’S-S dow usl inks  sv i t h s appropri a te  1200—bp s sh i g i f a l  s l a t _ u .
ra nging. n sarrowh ,an sd f req ue nic y —n s od u u l a te d  I N BE M I voice , and PLACE surv eillansee amid r angimsg ( S&R
niot lu latnon s could he generat e st and nn .hec ted in to  the receivi n g sys tem i s  imspuls  for best am i d ca h i b ra t ioms
pumrpo ses .

3 2.2 K( ‘- 135 __l. — I3a m sd Anl e ns u sas

1h se a p p r o x m m m u a t e  locat io n s oh f l i t ’ l.—b _uu ut l  . u m u t t ’u l u s as used om u t Ine  K (’ — 135 test . u t r e r a f t  .mr e shsost ui
ms f u g n i r e  3- \ I , u j u i n  d i i  i r i s of bh n e s e a mu l emums as  are su m nunn s n a rn t e i l  below. V m u f t ’ss o t hs t ’r svi st ’ u sot t ’ u.h , , umnis ’ nn m u . m

po h .u r u i . u i  mo n us rm g ln f—l i _ m u d ci rt ’u la r ,

,m I - r unt f Inu I tu ~’uI t In  - l , m t e m n i , , u  ( I - t i!’)  I hums st is thi e pr incip a l  ans t ens ms a (used f o r  t r m n i s u u u n s s i o m u  oh
list ’ b . ’ m n . u u u u - r s ’f l e ebed  su g m s . m l s  du r i ng  m m u u l t i p m t l n  t es ts  It  n ms hoc a led under  I hu e m oss’ i . u s h u i n u u , ’

3~3
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am id used a t wo—element wave gvu i de array resulting in I -dli ht’ans u~ ud lh ss  u I  200 ni a , u i n n u u t h i

and 590 its elevatio n. Gain is upprox i unsa te ly  o dli amid po l a r u i . uu ionu  u s s ’ I , ’~ n , u l ’ 1 i i  t % . ’ . I

r igbs t— b san s d c i rcular  ( R h  1( 1. l e f t—h a n s d  c i rcular  ( Lh l ( ’  I . amid dsu tl h iu sea r  m t h e  ii ‘ i i i i m u t a h  an ~J
vertical  pola r iza t ion  ports are s inss u l tanseuu s l y accessible ous s.’p , un . i  I . ’ t r a n n s n s u u s s u i  i nn l i n u s ’s i

It is niecluan s ical ly  steerable dowui ward f rom flue Inorizons un d e s  , ut  i l l S  j m ~d t u i  I ’ ‘h i  r ig h t
amid left of t h e  aircraft  nose iii az insut h s .

b. I ’I ir ee—.’l, uten,u a 5Iot—D ipole (L  tt ’.S’/) R tI~.S’/) - / Q/i) .- l , uteii im u Si  l i e u ) I hums  s~ s t en i  i n s i s t s

of t h ree t lu shi—nssount e d antennas.  Side coverage us provided h s~ tbse h e f t  f t  \~ ~I ) , m msd rn g h n t
i RWSD ) side antennsas mounsted in tIne upper st’ u m u g  body Its i n e - m u i o l  I h a u r u n s g  areas ons t a t  It
sid e of t h e  ai rpl amse a t s ta t ion  7( 6. ‘[bu s locations was ebsos eus b ecause of u s e  i i i  t u l t m p , u t h n
reje ctio n due to the shielding e f fect  of ’ t h e  s t i n g .  hh i ghn e l eva t i on  angle an sth lore if  m i u u t  er-
age us provided by a t h ird anstenna ( ‘I ’QP) moun ted  nsear t h se top c e n u e r h u n s e  at s t a t u u m m s  -x u IS  -

e. P/ na.se d— ,-lrr a u ’ (P / I . ~1 )  -I , i tenn a :  Thus is a low—profi le  mierostr i p I -h~ ‘.S , u r r u ~ a n i f e n n s a
u t tac h sed  to t h e  outer fuse lage  on t h e r ight  si de of ’ thne  a i r c r a f t  ,u t s t a t ion  420 , 4 1 ° doss n
f rom t h e  top center l ine .  ‘[he ante i sna e lements  were arrayed serf  u c . u l l v  amid p l i , i sc i  d . c
t rom s icah ly to provide electronic beans steering in elevation in ns u ne unere n su ents  u i b  uh u i j i  ‘ ( 1°
cad s. In  az imuths , the beans swi d t l s was designed to he ahi o t ut  120 0 and sad t u xc.] p o i n t  mu g

a p p r o x i m a t e l y  broadside.

il . Pate/ u (/‘.-I 1)  .- I i i t e , u na :  Th sis an tens na  was also a I o s v—prof i l e  ns i eros t r ip  a nsfem i ns a .  u t  t a .  l ied
to the outer  fuse lage  near the top censter l ine at s t a t ions  270. Fli t ’ n u s o l u n t m n i g  loc .u t  ions  ts us
chosen to provide forward  “ f i l l - in ” coverage (‘or t h e  tsvo-e le n u ems t I RS I )  [.SI) anh e nsus _ us .
Because of ’ i t s  lo w—power h and~ing capabi l i ty ,  it was vised only fo r  receptions .

e. Si./ t ’- tiou,ur ed ilultup at/u (SMP)  .‘lnt e iti ua : ‘I’hsis an tenn ua .  locat ctf at s ta t i om i ~04 and wal er-
h u e  1 50 . hi _ u s a f i x e d  hean ss t h at points app rox ima te ly  I ~~0 he hu s t  th i t ’ huo r izom i amid 10 ° u h f
o f broadside. Gai u s us about I 3 dli and polar iza t ion s  is  sele. ’ ab le  ht’l svt ’c lu du su l  l insear . R I t ( ’ .
or [.Il(’ .

I’. !s’ie/i t l i / I  .S ’Iot—D ip ole (R.S ’I) ’I. .S ’/ ) )  .- h , u t e,,na.: I m ese .m ns t enn ias  , u l t ’ n u s o t m n i f ed  u t  s t _ u I  ions

I I  $5 a pprox m nsa te l v  35 ° thowns f ’ron us t h e  top cens l e r l un t ’. I ) t i e  to t h e  more f a v o r a b l e  o c,u ’
t ioms of t h e  LWSI )/RWS I ) 1TOP slot dipoles . thse  R S I )  1 51) . u n i t emsn i a s  svere used pr in s s a r ih
as back ups am id f o r  , u t u x i h n a r v  t r m n s n u u i s s n o n - r e e e p t t o u s  h u m s c t u i u m n s .

g. Qui u u/—I h ’h s’ (Q i l)  -f mitenna I lie s h u a i h — h n e h n x  a mst i ’u sns a hu t s~ ,- m c o m uical  hea nnu s I t u p . ’ , u p p r o x u .
u u u m f e l y  f ’ t ° ins ss md t lu at t h e  3—iW points .  I’ hue .u ns tenm s .m s u s u e e l s , u u s i c u l I ~ st dd l  u h ” I ~’ t o  pi~~s ide
du s v . ’ r ig i ’ t h rou gho u t f l u e  f o r w a r d  anud  f i n u u ,u i hs td e  r e g i o m u s  of t h e  tupper  l u e m u u u s p h u c r t ’ . \t  t I n s ’
h eann peak.  t hse  g auni  fo r  R h h ( ’  po l a r i , a t n on s  is 1 5 5  dli ss ’lnen u sed at e l e s a t u u u n s  u n u g les, ,tl i cis ,’
a l s o v u t  I

3-7
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h. ( i  u s s u ’ /’ .Sh 5 ( .V/ .  I )  - I u i t e iuu u a . ’ ,-\ lso re fer red  to us an orf b sogomsah nuode ,u t u u~ - thu is an t e u l i s a

\s ,!s u m s s t a l h e t h  , ut  s t a t u o t s  4ts near  th s e  top c enter l inse  spec i f i ca l l y  fo r  ae quu is i t u ons  of ( O \ t S
n u s u l t i p u t h s  da t a  i h u r i n u g  the  l e h r u i u r v  I ~ ‘5 t ests .

rh i e f r o n t  n i s u u l t i p a t l s  an i t e n n i a  and LWSD ’RWSI ) ’TOP slot-di pole svs ten is s  were f ’v urnu shed  b y

Boeing unit iuss t a l l e i h  s p e c u t i c , u l t ~ un t h i s  test  progran u s.  [lie p h ased-arra y uu sd pa tch  a i i f i ’ n n i i s  svere

f u ur u s u s l se t f  ans i! i m i s t a l f e t h  by B at h  Br o th sers ,  Deta i led  des cr ipt  lots anid e v a l v u a t i o m s  oh t h ese a u s t e n u n i a s  nsay

he f ’ovu n si h ins r ,’ f e r c n c t ’s 3— h . 3—2 , .ini ! 3—3 , T h e  side m i u l t i p a t h .  RSI) ’ LSI) s lo t—dipo le .  and q u a d — h e l i x
au s tenun s as  St crc t fese l ope ih  and un i s t a l he t h  by Boe u nug ( ‘or m Is c c u r l i e r  FAA A ’I ’S— S l i s t s  ( r e f .  3-4 1. ‘[lie
cr ,us se .h -slc u u au i t cmsnsa  st us Iv u m n ui she d  b Boeing under a r m earl ier con t rac t  ( r e f .  3-5 I amid vvas first  used by

DOT TS(’ lor t h eir  f’ma l hoo i ’i test program.

3.3 ROS MAN TE R M I N A L  h - Q [ I P M E N ’ l ’

A f ’un i c t io iua l  block ih ia gru n i  of t l se U . S . a e  ron i a u i t t c a l  L-hand exper iment  equ ip m em s l  us sh sowus in
f i g u re 3-4. Th is diagran i  i n s d i c a t e s  equ ipn u i eus u . f ’vuuue t i o uls ,  signal tlosv paths, su,~nat t \ p e s. and equupn )\ent
rack locat ions .

3 .3 . 1 Genera l  ions of I’ orts u r d - L u n u k  l e s t  Signals

Ba seban id  tes t  s ig i s , u l s  f o r  t h e  modem ev a l u a t i o n s  t e s t s  were generated locall y at f lue  Ros nu i an
gru ~~u i id  s t a t i on .  For soice  nnsoi le nss tests .  t oice and SCI SI t e s t  s ignals  were ob ta ined  h~ rep rod u ue uu i g
pre—me cor ihed  test  tapes  ons au u u t h i o  t a p e  p l a y e r .  Fuchs voice i ssodula tor  o u i t p u u t  a 70-MI hi I I - - c a r r i e r
mu sodula te d  ss j I l t  thue t u n e . ’ an u th  S(’IM tes t  s u u . t u u , u I .  S i n i i l a r l y ,  t l se ranging and h ybr id  mod enus I t  oiee ant I
da ta  I , w h e n  us~il. pro tm de i h  ‘O - M h hi  I I -  carriers h a v i n g  m o i f u u l a l t o n s  un ique  to the p a r t i c u l a r  niodensu .
I l i e ba sehan s d test  s i g n u a l  f o r  . h i g u i . u I  t ha t _ u  nsuodenn t e s t s  ts .us a 2 0 4 7 — h u t  1 200—bps PN s e u f i u e l s c c  l’lsis

s i gn s_uI  St .us Is i p hu as e  m u u o i h u u l a t e d  s u l t o  .u ‘~0— \i lit I F  car r ie r  h~ a modu la to r  c o n t a i n e d  sv i th inu  t he  stub—
carr ier  mu l t i p l e x  u n i t .

I l i t ’ 0-\ I h hi  I I  carriers stere applied to t Ine  st ubearr ier  n u u h t u p l e x  u u n s i t ,  wh u ie h u  forisned the  Ire-
j t u e n l . \  d m s i s i o m s  n u s u u h t i p l t ’x I I - 1)51 I spec t ru m s w i l l s  f lue  sIt - t u n e d  r e l a t i v e  f r e q u m e n s c i e s  amid I c t e l s  The r e s u l t —

, mns i  h 1)51 t t ’ sm spi ’ , t r u m n s  ts ,us i i p — c u u n t e r t t ’d , unu h  t r a u u s n s u i t t e d  to  -\ I S—( t u u  f l u e  s t a t i o n s  ( — h a m si f  t i : u n u s i n s i l t e r
e l f  -x - i a m u t t ’n s i u a

l ) e s u g m u c h i m e  - m m i i !  p . i l h c r n  s h , u f , u  I u u r  t h e s e  I o t ’ u m n g  , u n u t e n s n a s  ire gi s en ins sits i u i n p u u h h i s l i e t h  re p un u -

L—B a nsd  S , u t e l h i f c  1e~~I i i u u u h u i e ~ l est h ’ r i e r u r u u  I e r n n s u u s a l  I ) e s i g i u . ’’ n m s a t e r m a l  s u h n t t m f f e d  u i n u .h t ’r
, , i t l f t u . , f l) I~) 1 — l S (  .“ I l ”  \ i i ’U s i  u~~’S
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At ATS-b , t h e  test  speetrunsu was tra nusla t e d to L-b and and r et r a n sn u uf  ted f~~r u s e  at t h e  s a r u o lus

miu oh i l es .  Dur iu sg  al l  tech u io logy tests  t h e  L-b and down hun u k Irons .ATS-O was received at Rosman and
monsi tomed to ensure tha t  re la t ive  It ’s els u I ’ spectra l  components  were cor rec t ly  n n a u n t a u n e d .

3.3 .2 (‘-B an sd Re tu rns -L ink  Receptions

R e t u r n s - l i n k  signals were received fronis ATS-6 vi a t h e  ~5-ft an tenna  and (‘-hand receiver.  I’hsese
were doss ’n-tr aru shated to a 70-M ili IF and di s tr ibuted to the PLACE ground equipment  IPGL ami d the

TSC experimsu ent equipment  for demo dulaf ion .  Demodu lated re tu rn - l ink  ha seb ausd voice amid data st i -re
d i s t r ib uted to t h e  exper imenters  for re c omdin sg , for  t ransni i ission to remote locatuom u s v i. u fe lep h uonue,  or
for test eoordin sa t io n .  W h uens t h e  m u m h t i p a t h s  prober test was in progress. t l se 70-MU , IF s t _ us  routeil  l i i

t h e  SACP receiver svhsere it was demodulated,  processed. arud fo mmsia t t ed  along wut hs  f u m e  code f~~r
reco rding oni svid eha nt l an alog tape. T h e  TSC .‘\mpe\ FR- I 900 amid t h e  s tat ion .An supex FR-200() tape
recorders tvere vised to record t h ese signals.

3_ i)
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4. MULT I PATH CHANNEL CHARACTERIZATION TEST

M t m l t i p a f h  tes ts  were cou sfigured to measure several imporfan i t  s ta t i s t ica l  parameters associated
with thue oceamsie and overlamud ((‘ONUS I L-ham sd aeronautical ch annel.  Following a brief ’ desc ription
u) f t he data analysis procedures , repr esen tative ex pe r imen tal data are p resen te d and discussed . Oceanic
results are compared withs theoretical prediction based on the physi cal optic s scat ter  model.

4 . 1  SIl L I I l 4 -\Thl ‘PEST OBJECTIVES

For muso h ihe cons mu m u icat i o n systems op erat ing in t h e  v i c in i ty  of rau sdons roug h surf ’aces . f lue
received elect ron sagn setic su gnzm l c on i sust s of the superposition of t h e  t ransmi t ted  direct sigmi al plus ter-
rain-re fl ected s i gnual replicas havu n sg random ampl i tudes , ti me delays , amid Doppler sh ifts . ‘[lie overa ll
test objective st as tu ) c h aracterize the n iu l t ipa th  ~tut ’f ’i c i en t ly  to allow confident desi gmu of bot h t h e
sig nal s t ruc ture  ant I t h e  hardware f~ r aeronautic al sate l li te communication applicatio ns. Speci fic
o h i f e c tj v e s  Ster c I

a. To u m u a h v i e  overocean m u h t i p a t h  data  to obta i n  a detailed delay-Doppler ch a rac te r iza t ion
f o r  var ious  sa t e l l i t e  a i r c r a f t  geometries , signal po lar izat ionus . a mid sea states.

hi . [ii i’s . u l u i u t c  and v e r i l y  an oceanuic scat ter  model .
c. I’o ana lyt e  ov erh umud ( ( ‘ ON t r S  m u l t i p a t h  data to de tern u ine  th e essential c luaracterist ie s

corr e spondnnug to a rausge of sa t e lh u f e !au rc ra i t  geometries , si gn s ah po la r i za f iomu s  . anu d t e r m a i m s
s t_ut  Cs .

V , u h u d . u t  ion cO .u l abora tory  m u u l t i p a t h s  ch u amunuel  s i tnulator vising t h e  acquired n u u l t i p a t h  da t a  has
also h eeni u d e n t u  l ied .u s a h ) (  ) I I S( goal. A nualy s is  of s imul s u to r  r e quir t ’m u u ei sf s  amid processiusg of m n i u l t i —
p i t h  sl at _ u fo r  s u mus u i l a t o r  app l u c a l t o n u s  sure planned (u t  tire e f f o r t s  to he condu cted by 1)0’!’ I S( .

4 .2 Sil L I h I ’ \ l h I  I i  S I  I)ES ( R l l ’  l ION

4 I ~s . i t t ’I h i t t ’ .‘\t ’ ru u ns u u t u i - m l  ( ‘ l n u u u u s e l  Prober l e s t  (‘ons cept

\ block 1 u . u g n , u u n u  u l f u u s t r m t u n s g  t h s e  s a t e l l i t e  , i e r u u n i , u u u f i e a l  c hn u n m n e l  prob er I 5.- ’v( Pu  l est t’omucept  us
s f n u  i t s mu in I e u u r e  4- I . I l u r e t ’ psesm tf o—m suuusu, ’ I P\ I seq uen uc e s hs a v n iu g dif  f ’e memut I m use s It - h u t s  huu l  u u l l m , ’r ss uss ’
m d c m s t n c a l  were g, ’ uis ’ n . u f e ~f I T S t in t ’ ~~~-\ (  I ’  n s o d u l u t o r .  I l i t ’ 5 h u t ’s u I 

~~ 
ans i! 1) 2  were ss’h s ’t’It ’sI to allot s

4-I
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separat iu .sms of flue f lure e siguua ls by correlat ions techuniques  af the SACP receiver. Th ese I’N codes were
PSK modulated oust o RE carriers amid t ransmu u it ted ( ‘runs the  a i rcraf t  as f lue  m u l t i p a t h i  c h ianuuse l  test sig ’
n uals. One of thuese sers’ed as a reference direct-paths signal whi le  the othuer signals served as t h e  mul t i -
patl u elsam inel probes. Th ese signals tvere usually t ransmit ted by downward-hooking antennas  t h at Inad
se lect suhle poinsti n g and polari ,at ion.

At t h e  ground stat iou . flue d i rect-paths  tracker of ’ flue SACP demodulator ut i l ized cohuerem it
de nuuss duh at ions to track t h e  carrier ph ase amid PN code received over t h e  direct paths.  l’hsese ins tu rns  svere
used as delay amid Doppler ref ’eremu ces for thue I I 2 conuplex cross-correlators that  performed cross-corre-
lation operations het sveen a locally generated PN sequence and t lue probing si gnual received over thue
h u sk , Outputs of thue I 12 complex taps were formatted and recorded on wideb and (2 M I ln  analog
recorders for subsequent data analysis .  T h e  res u l t an t  nueas u re ment correspond ed to the sampled inn-
pulse response of t h e  chuanne l .  A more detailed description is available in re f ~ rence 4- h and in t h e  nsan-
ua l furnished (iv thue  SACP prober luardware m a n u f a c t u r e r . Stein Associates , Inc .  I

4 .2 .2 K(’ -I 3~ M ul t ipa ths  Terminal Ins t rum en ta t ion u

A func t i ona l  block diagrans for t h e  mu l t i pa th  test is sluown in figure 4-2. ‘flue SA(’P nsodtu la t sur
gem i erated t hu ree PN -P SK 70-MU, IF sigmua l s t h a t  svere idenit ical  except for preset fins s e delays hi et st i’c uu
t Ine PN codes. The tr iple tip-converter cohereuut ly translated flue thuree signals to l (-m5 0 M h z  to d r ive  th u e
th ree mul t ipa t h s  t ransmi t te rs .  Flue re ference signal ( w i t h  code delay , !~~)

) t V _ u S t ransmit ted d i rec t l y to
ATS-(m via t h e  quad-hel ix  anu tenna .  T h e  ot h er two PN-PSK signals ( w i t h  code delays . 1) 1 sund I ) , )
we re comum sected to t h e  hi or i zomutal  and vertical  polariz ation arrays of the  selected nssu u l t i pa ths  am u t e m s uu a .
A l t e r n a t e l y ,  a siu igle t r sunsmi t te r  could he used wit Is e i t h e r  f lue LWSDIRWS D/ TOI’ slot dipoles or
crossed-slot an ten in i a  or w u t h s  t h e  F MI ~ a n t e m u n a  op erating ins onue of i f s  c ircular  polarizat ions munod e s .
Three HP 435A power meters used in c onj um u ction tv ith directionsal  couplers all osve d flue RE power
ou tpu t  of ’ each channel  to be nuonitored and recorded on 800-hpi seven-tra ck dig i ta l  tape along wi t h
ot h e r  test parameters.

Nominal  R E power outputs  of 20 W were vised for  thu e direct p aths and l sori i ousf al l y  polar i z ed
i ndirect paths svh ul e a I 00-W transm t t ter  was vised for  the vert ic a l ly  polariz ed indirect paths or whuenevt ’r
an op er at u om sa l- t vp e amufenna  was used. 1’Isese levels were based mini flue Task I h imu k a n a l y s e s  ami d wcrt ’
desig ned to provide ades t u ate signal-to—noise rat io  at t h e  SA(’P de un s od ul a to r  wl si l e  nu o f ex ceedin g a
su gna l— t o —uu ois e  r a t io  of — I ~ sIB in the ATS—t u satel l i te  40—MI hi IF ’ ha nudwid t hs. ‘ l ’h Os l a t t e r  cu smsst ra i u s t  t t _ u s

necessary to enstu re t l ua t  n u u l t u p a f h u  tes t  sigm ua ls  would he processed h u n s s ’ . u r lv  by thus ’ .-\i’S-~ h u i s s i l i n g
t r ansponder.

1
~’I n u s t m tu c t i on  Manual  f u r  t h e  Satel l i te  Ae r o n u a t n l ic al  (‘ h sanune l Prober: V u i l u u m n i s - I , S v s t u ’ m u u  I ) t ’s c r u p t i o m u
and Opera t ion , ” comut rac t  l)( )‘l — I S(’-h34 , St e u m s  , ‘~ ssui t m,i l t ’s , I n u e . .  J unse  I i u 7 4
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4.2.3 Mu lt ipath Test Geometry and Scenarios

A typical oceanuic mult ipa th test scenario , as shown in table 4-I , consisted of ’ four legs with
test headings directly toward the ATS-6 subsatel lite , 450 offset , and 90° offset , T h e  reference direct-
path signals were always transmitte d via the quad-helix antenna.  The mu lt ipa t h i  test signals were usual-
ly transmitted via thue f ’orward nsu h t ipath  antenna.  A h imi fed  amount of data was acquired wit lu thue
TOP and LWSD antennas. Code chip rates were typically either 5 or 10 MHz . and the max imum code
length of 1023 bits was used for all tests.

TABLE 4-1. TYPICAL OCEAN/C MUL TIPA TH TEST SCENARIO

Heading Test Antenna
(relative to Relative 

____________________________________________

Way ATS -6), time , Direct Po lari - Az , Elev ,
Leg point deg mm antenna Ty pe zati on deg deg

1 FG 0 OO to 12 OH FMP H&V 0 ~35
12to 18 QH TOP RHC — —

2 GH 315 18to 27 QH FMP H&V 45 -35
27 to 32 0)4 RWSD RHC —

3 HI 0 32 to 38 OH FMP H&V 0 0
38 to 42 OH FMP RHC 0 -35
42 to 46 OH FMP LHC 0 -35

4 IJ 90 46 to 55 OH LWSD RHC —

55 to 60 QH FMP H&V 270 -35

Additional test parameters:
D1 127 chips , D2 = 490 chips.
CR = 5 MHz , CL = 1023 bits.

= 0.2 D1 ~~ec , T2 = 0.2 D
2 

/.Lsec.

(‘ON US flig h t  legs were typical ly  of 20—m m dur a t iom s ,  w i th  te st huead imugs e i t h e r  d i rec t l y  tow ard
or 1)0 ° ot’f ’set f rom flue A’fS—~ . h - us  route data was usu sul ly  acquired wi t h  f lue forward m n u l t i p s u t l n  a n t e m i n n a .
Dur iusg t h e  I ’ehru sury l~)75 tests , f lue crossed-shot an t enna  was vised to si cqu ui re data  duru nug  approac h ,
landing, and t.u ’, u p luases  , m t thu ree a i rpor ts  N am ao ( Edm ouul on , Alber ta ) , 0’) Is ur e (Ch icago) . and J F k
( New York ) on f h uree  suucc e ssut t ’ s l ay s .

- ..~~~~~~~~
.._____ ‘



4. 2 . 4 Mul t ipa ths  Data Acquisit isut s Suun nmar y

Mu l t i pa th  channel  ch aracter i z at ion flight tests sure listed in table 4-2. I)uring the Marehu /April
l°~~ test seri es , a h imi s i ted ansount of sea-state data was acquired by ‘FSC/USCG by means of ocean
Isuiov s launuclu e d fronu t l se USCG vessel. Details of ’ t h e  sea-state da ta analysis are described in volume
IV . appe ndix B.

4.2.5 Sea-State Buoy Data

Sea-state meas urenu enu t data was acquire d using a wave-following sea-state buoy deployed t’ro ns
the USCG Cut ter  Ga llat in.  Buoy ins t rumemuta t ion  inuc luded a nuagmuetic conspass . gimb al led roll and
pitch gyros, amid thuree-axis strap- down accelerometers. The roll and pi tch gy ros provided angular  in l ’or-
mation for de fer n sinat ion of wave-slope dis t r ibut ions , while  t h e  accelerometer ou tputs  yielded data
relat ive to the spectra characteristics oh ’ the ocean sur face .  Snuall-scale u n d u h a t i o n s  l w _ u t  es of ’ lengths
l ess t h a n appro xim ately I n i l  were sensed by an arra of 10 wave staff ’s. During data acqu is i t ion ,  flue
buoy was tethered to the US(’G sh ip and int ’ormatiou i was conveyed t m _ u  cable to t lue ship,  w iuer s’ it
was recorded onu magnetic tape,

Oceamu buoys acquired sea-state slata omu one day in January 1975 and on f i v e  days dur ing
March /April  1975. D u r m m i g t h e  Marc h /April  series , t h ree of the f ive  days on t v b uic h u sea-state measure-
ment data were obtained corresponded to days on wh ich n iul t ip ath  ch annel ch aracterizat ion tests  were
conducted.  Tlue usuu l t i pa th  tests su nud sea-state t suea surensemut s were not , ho w ever . t ru ly  t ime coincident
typic a l ly ,  the f u s s e s  of m u m l tmp a th  test conduc t amid ss ’su-state measurensemut d i f f e r ed  b y severa l  h o u rs .
Addi t ional  sea- state buoy dep loynssenut s were made for syst enn cah ibrat iom s purposes dur ing  Febru ary
1975,

4.3 M U LTIPA r l l  DA I A  RED UCTION ANI )  A N A L Y S I S  I ’ROCEI)URE S

Th us s c c t u u u u u  g ise s a brief slescriptu on of the  data , m n i s u l v s m s  proce dures. Volunsue s 1 anud V p ro-
vide a co mpre h ensi ve i h ise v u s s iomu of t h i s  suhije et .

4 I I  Data Pro cessing Fu n ct i omsal h - h u s t t

Figure 4— 3 shep ue t s  the  p r o ces sunng steps u m u v u i l s c d  i i i  t h i s’ fo rma t t i ng .  redu u ,t iou , a nd . umu a l t  ‘us of
th e recorded nutu l t u p a th  SA(’P si gn s _ u I arrays and f lue  . uur c r su l t - t r j u n snu i f t e r  parameter  tape.

.A f t h u  h3 m ncnng grm , um n uh s l s u f m o n  I , u c u h u f ~ , this ’ da t a  and t ime  h r a c k s  s~ere u r s m t u , m I f ~ p m ocu - sscuh by id e—
ufls ’tr v t r ss ns t  s’ru sl I I I  I I equ m npussenf  f f u , u t  u u u u u i i ’s thus ’ p la y ed — back ser i a l  d a f , m  t h r o u g l u  i t s  pu Iss - so ds’

4-li
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TA BLE 4-2. MUL T/PA TH DA TA ACQUISITION SUMMARY

Elevation Test
Date , angle , duration ,

mo’day-yr deg hr mm Remarks

A . Oceanic
9-24-74 30 1 +00 Nominal

10-24-74 18 to 23 1+00 Nominal
10 - 28-74 8 to 12 1+00 Nominal

11-14-74 3 to 8 1+00 SACP receiver data sign bit inoperative causing all
11-15.74 8 to 13 1+00 Doppler data to be of one polarity. S(r ,wI function
11-16-74 3 to 8 1+00 could not be calculated . Delay spectra data unaffected.
11 - 21.7 4  19to 23 1+00

1-23-75 3 to 8 1+00 Partial data acquisition , faulty 100~W PA )30-W TWT
used)

1-27-75 8 to 13 1+00 Nominal
1-28-7 5 19 to 23 1+20 Aircraft maneuvers due to weather avoidance
1-30-7 5 3 to 8 1+00 Nominal

2-27 -75 30 1+20 Nominal

3-25-75 15 0+20 TOP antenna only
3-27 .75 10 to 15 1 +00 FMP antenna fau ln
3-38-7 5 3 to 8 1+00 FMP antenna fault
3-31 - 75 l Ow  15 1+00 N o m i n a l
4-02-7 5 7 to ii 1 +00 Nomuisiu l
4-03-7 5 16 to 21 1 *00 Nominal

18 hr Oceanic Test Hcnuurs

B. CONUS
9-19-74 30 to 45 4+00 Eastern U.S. , nomuisa l
10-30-74 30 to 45 4400 Eastern U.S. , nominal

30 to 45 4+00 Northwesn US., 50’ - of da na acquired

2,18,75a 16 to 27 4+30 NW Canada to Edmonmo n , 50-’ - of data acquired , nu

u seful aurporn l u nd un q  ulana
2-19-75 ’~ 27 no 40 4+30 Cu’nnraf Cavsa fa in O ’H ,m n ’ . nominal
2,20,75

a 28 to 37 4+30 N. Quebec no JFK , nominal
25.5 hr CON(JS Tn’.t Hours

a Acqumr (,d data w ith both f an  aiud penc i l beams of ATS -6

‘I’.

- -  -
~~~~~~~



modulated (P (’M) sub systensu fo t i se programm u sab le data d is t r ibut or  (P 1) 1)) . ‘Flue PDI) merged time
words w i t l u  t i u c slaf su ansI di s t r i h utes l  the inf ’ormat ion to one or bot h of t h ue PDP 1 1 - 4 5  eonspu t er ’s
unsp l i t  u iu i tpu t  ( I / O )  buses. Flue shtu a l PDP comp t uter  sysfenu perfornued t l sree basic  l ’u m u e t u o u u s :  ( I  ) con—

se r s i o m u  oh t h e  amu ahog—recors l ed slat _ u tapes imito d ig i t a l—forma t  computer—conu p a t ible  tapes. 12 )  quick- look
pr ocessinsg of ’ t h e  n s s s u l t i p a t h s  data . am ud ( 3 )  ea lcu laf ion of th u e time-ordered de lay—s pectra  ar r _ u~ s tha t  were
used to generate thu e t in uu e  lui st ory of the n u s u l t i p a t h s  c huan uus e l  delay spi ’cf r u .

1)etai lesh amualys is  of ’ t lse prober data tvas perf ’ssr nssed in thue (‘DC 6600. I I sis analysis provided
a eom prehsemusiv e chu a rac t cr iz at io n of ’ thue m u l t u p a t h  ch annel.

Se t-state buoy dat su was ana lyzesi by ( ‘NR . Inuc.  Anu su log tapes were stripped am u si r e f o r m a t t e d  at
.u DOT - I S ( ’  fac i l i ty .  E) ets ui l es l processing, as slescribed in appenud u x B, vo l unnue  IV , was  p erf ornss ed sins t h e

DOT ”I’S( ’ I’I)P hO computer.

4 .3.2 A l g o r i t h m s  E xecuf iomu Sequence

T h e  al gor i t lum execut ion sequence for processing t h e  n i u l t u p a t l u  c h a n n e l  d a t .m u s g iven ums figures

4—4 ami s h 4-5. (“ sn smneu sts  re la t ive to selected outputs  or pr oce ssu nug b locks are guvenu  below.

-/ .~ 2. / Qii i u ’k—I. oo/ ~ Ru ’aI— i ’inu ’ I ’Iau ’I;uit ’I~ 1)ata .-lnalu ’ .ci,t ‘l’Iu is s~uick —h o o k o u t p u t ,  d i r ec t ly  avsu m l ahl e
from t h e  PDP 1 I 45 syste m , provides hothi oscilloscope display plots amid hnard -eopy nuu n ne ruca l  ou tpu t ,
h : ru snn t h s is  inu f ’ormat ionu . thue operator may in i ves tuga l e  slat _ u q ua l i ty  and sv s tenns  par sunseter s  amus l nss av
i denut i f ’y slata i ntervals of special u mutere s t .

-I .~~ 2.2 ReIo rn , na t teu/  Si  ( ‘a” I) i ,u~it ~zI I~qne.s Ausahog  source tapes art ’ processed to provid e conuspui te r -
com pa t ib le  d ig i t a l  f , u p es

4.3.2. 3 I) elat’ —Spe - i rui lOot ’ / I o l i u , ’ i -  For all  per i sds of s a l i d  da ta  s’oll s’c h moms . I l l s ’ s u , u l f e u  e h n a n u m s e l ’ s

uhs ’l , iv powe r spi ’cf r sul de u ss i t y  ( pssl I us de tern uui mses l  u s  a t u n i c  r u n n i n u g  mu on swer la pp uu ug  m u sans u ie r  w u t h u  psul
es t u m u sa tes  l~e nnuu t  c s i l cu la f es l  ovs’r a 2-sec iuu te r v a l .  I ’Ise t s u t p u u f s  t h a t  occur omsce s’ t e u v  2 ses’ are guv e mu inn
h o t lu  u s um us eruca l  s uus s h t l sr s’e — dimus u ’n suons ah  plot fed  f o r m s s a t s . Respes ’tuvs ’l y.  t h i s ’se daf t prov miii ’ hot In a qu a ns—
t u t a t i s i ’ ansI a s’s s u u u p r e h s e m u s u s . ’ i i s i ’r v is ’ts descr ip t ions  u I  f l u e  c l nanunss ’l’ s t u m u s s ’— v a r u a u s t  ds’l.u ~ -s p c c f r .u
c l i , u r . u e fc r i s l  es .

-1 3 2 4 I) eh im- f l i up , m l t ’r Sc - l i f e r  / ‘~u ii u ’r Spc ’ u Int l  I) n ’i i t if u - S~r .~~) I hums f u u m s c t u i u m n  ru ’ p l e s e u u l s  f lue  s l u s f t u -
b t u t m o m s  of u h u f t u u s e ) t  s u . u t f u ’ru ’ul power .u r r i v in g  at l l us ’ i e i C l t i ’r w n t h u  I ) opphs ’u l ru- u f u u e ? u c v  w m u d  tu n i s’  u l e f . u \
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For the zero-mean complex Gaussian random scsutt er process . Slr .w) complete ly  charact er izes  t h e
chan nel statistics.

4.3.2.5 Integral and I ”ou,rien Operations on S(r , w)  i hse s ca t t e r  func t ion  SI r .w) contain s all t h e
ingredients needed for the derivat ion of equivalent  amsd lower order channel  parameters . So f t ware
modules are contained w i t h i n  the (‘DC obOO routines to derive f l u e  j o in t  t i m e - f r e q u e n c y  autocorrela -
ti oms f u n c t i o n  R(~~~2 ) , t ime au tocor re la t ion  f u n c t i o n s  RI E,O I, f requency autocorrelat ioms f ’unct i om s
R(O .~

’Z ) .  Doppler spectrum D (wf , stelay spcctr uu t n Q ( r) ,  amid to ta l  mis scat tered energy —.. F h — >.

4.3.2.6 (.‘Iuan ne/ Spread Parameters From the D ( w ) .  Q(r) .  and R(~ .O) and R(O ,~2) distr ihu-
t ioiis . lower ecluehon f i rs t -order  channel  par anseters such us the l )opp h er  spread , delay spread . deeorre-
lat i on ti m e , a nd coherence bandwid th  of the scatter channel  ar e est insated.

4 3.2. 7 Voist ’ Determination and Remova l (NDan dR ) Flue u i u f  p u t s  of t h e  SA( l’ n i u u l t i p a t h u  correla-

tor conta ins  ihesire i l  signal data , spurious sign s_ u ! ternus , fos s -pass a d d i t i v e  tisern ial nois e , and rece iver
ar i t h m e t i c  noise. (Jnus fer m su , urm sul  SACP operating con di t ions , the NDa n uJ R algorithm s f a f i s l  i c , u l I ~ e l u n u u i -
nsat es these noise terms from t h e  da ta  on a tap-by- tap  )s :u s ts .

-/ . 3.2. . 5’ ,in ten , u a—Pat te rn-Lff t ’u ’t.c Remoi ’aI - t )esugn c r i t e r i a  for t h e  f o rward  n i u l t i p s u t h i  an t enn ia  were
esta bh islued to provishe a ras l i sutiom u pa t te rns  w i t h  nearl y u n i f o r n i  coverag e over f l u e  e f f e c t i v e  s c a t t e r
region. Ihoweve r, f o r  eert su in fh i ghs t  d i rec t ion he sudings , f i s e  f i d e l i t y  of ’ t l se channe l  m e a sur enss u ’ms t  nuay he
enlsanced by a p p l y i n g  the suntensna — et ’fects-r emus ov al  a lgor i thm.  I l u i s  rou t ine  oper at es  on t h e  u io ise- f  n e
SI r ,w I esl m ute  to provide sun e q u i v a l e n t  s ca l I e r  f u n c t i o n s  f I n a l  svouhd he r u i e _ u s i u n u ’d w i t h  a p er l e e t  1m m—
I orn s— ga ins ann h i’ n n m i _ u -

4. . i’. . ‘I /~qn .-lmp/u’luu/t ’ and / ‘/h ISu ’ / E s t r j b i g ij o n c  I ) e f e r m u n i m i , m t u o m u  ot thue  f ’un d au s se n i t a l  s t , u f u s t i c , u l  prop—
ci t ie s  oh f l u e  s i , i l l u ’E r roei ’ss re q uu i r e s  t h u a f  f l u e  ru ’ i i ’ i t u ’ ul s i g ns , u l ’s f u n n i e - d o n u n s u i n u  f l u u c t u a f u o u s s  he c h i , u n , u ~ f u ’n -
ted.  Fl u e p r o h a b u h u t u  u f i s u n u h u f u o n u  and i f s  ,i ssu ~~~i s u f c’ ul muse_ums unu d  s i r i . u u i e e  f o r  t lus’se f luus ’ t u a t u o n s s  are

der ived  f o r  es u ch n t ap ’s I co n uupo m nen t . () eonnp orsen t ,  and pl us e ang le. F l ue  rr oeu ’s s s  composi te  s ignal
may , u l s i i  he subjected to l l u c se  opu ’ r a f u o n n s . h \ p e r u n n u i ’ u s t a l  u h i s h r i b u m l u u u m u s  ire c iuu s iparei l  to t I n e  r e s u u l t s
fo r  f l u e  eo nsuph ex  ( , . u u i s s i , u i ch i an m ie h  s i _ u  t he  ~~

‘ g i n o d m s e s s — u n f — l m l  l e s t .

4 3.2 , 1(1 l i f  Pr u ’~ ( r i o , c — ( i c r n e / u l t l i n i u  I ui ’ degree of e u u l e r u ’ i R t  I i ’l sve emu . u m s \  t o  f . c p s  mis .u p u n

f i t  d i r  t ap  h , u m ik  cur  ins c r u i s s — p o l a r u i e i l  hs ; u muks u . i’ - oun s’ h i o n u ,” o n i f a l . thse  t u t h u i ’r v e r t u ~- s u l l  us nui i ’us u r i - i l  f h i r u s u u g h i
muse u d f Ine  m n i s r m u n i f n i u ’u h c- ross—s - o r r e h u t m i s m u  i n  . i n i . ~~~~~ ~
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4.3.2.11 Tap I and Q D epends’ner l’or ramudonu r o u g l u - s u u r t _ u e e  scat ter ing where the e lec t romagnet ic
wa v e  undergoes deep phase issos lulaf ion at th u e mu l t i pa t l u  umute r f ace .  we e x pect t h at t h e I sm n d Q connpo-
nents  of flue received signuals are s t a i i s t i c a l l y  indep endent .  1 I sis condi t ion is exp lored by det e rn u in ing
th uc zero-hag nornna h i z esh correlation cos’ f f i c u e n s t ,  R 1Q ( O) . hetweens a t a p ’s ort h ogonal components.

4. 3.2 . 12 Ta p —Guthu .-hi itoc- orr e/ ati on I ”wu ’tion: L ( r .~ ) An e s t i m a t e  of the chu annel ’s tap—gain auto—
corre lation funct ions , t1lr, ~ ) , is de rived , Th is f ’uncf ions measures thue autocorrelaf ion funct ion of the
mul t ipa ths  process onu a t ip-by-tap basis stnd is available (magni tude )  as a t l sree -dimensiona l output  plot
f rom the sof ’twa re package.

4.$~2. / 3  Si tu ’~n ( ‘alibration Parameter Data Magnetical ly recorded da ta  pertainim ig to receiver
sy ste ni operation l eg . ,  direct  amid mul t ipa th  channe l gai ns), t ransmit ter  power an up li f ’ie r outputs , and
aircraf t  I liglut paranieter  descriptors are computer  reduced to aid in the norns ah iz sntion of the scatter
channuel  power ret u urns.  Th ese sl at _ u also serve as a d sta collection integri ty  nsesisure sunud are used p ri-
mar i ly  to augment  thue hogged flig h t test da ta .

4.4 O(’ I -.A\ l( ’  yl t~L T I I ’ A r I h  TEST RE SULTS

Prishes of thue oeeam iu c n u u u l t i p a t l s  nss e sh iunsn were co u sd u me ted on 18 separate oceasionu s eov erim i g a
r:u nng e of e h e v u f i o n u  su isg les f rom .~° to 32 0 s unu t h a v smn i e ty  of Nortlu A t l a n t i c  scm condi t ions . Re sul t s  i l l u s—
tr su te  thie  d e l av — I ) opph er  scat ter  I u n c t i on  ouf pu t s  fronis  E” ouu r i cr  and ins tegral  o p e r u t  ions au t Ine  sc ,u I t e m
humi d  moms l e g . . d c l i v  sped ra. at u tocor reh atuoms  fu u n e t i o i u s , t o t a l  sca t tered  eusergy , e tc .  I: t I ne  spread , ul u~’s
of f lue  sle lay spec t ru ,  I) opp ler spe ctr , u . sm nud a t u tocor re la tnon  i t une t ionu s :  sunud ch u a racter i ia t i on of the com-
plex reee m ver ’s ti me-dons -aims s t m t i s t u c s .

L m nsear  p ola r izaf  ion results  ire compared w i t l u  pri’d i c t iomss  b used onn s u u r l a c e  i u i t eg r s u t i o ns  of t h e
pb u ysica l  optics vector scat her model as u p p h u s ’u l l u  a very ro u ug h u su rf ’suce pu i ssess inug s mut  su i t  ro t si c slope
dis t r ibu t ions  of the  ( u u u s s u , I n s  f o r m .  Whu e n i u p p l i c a h u h i ’. h u e  n u n c . us iu r e d  chnansnse l  par s umu s s ’t c ’rs i i i ’ also cons-
pared w i t h  thneore t i c s uh  pre du s ’ l u c u nus based on flue  ‘‘steepest sieseen f ’’ soluf  ions lo l Ine  n t s tegrsu l  u i r u n n u i l s n —
l i o ns tbna t  develop uns u ler  thus ’ ~losi ’ f — l o r m n  uppro as’) u to t l se ehi su ms n ne l  c ) na r ad l s ’ r u , a f n u u m m .  O u u l v  a f i n u n u t e d
a ul so uu iut  of st’ , i - s l _ u f t ’ u s ’ s u s u u r e n n u s ’ms t  u m n f o r n n a f u o n  . ,ucq tu i ns’d d u u r u mug I lse ‘cl ,u s ’ls 1 1 7 5  u s f s , t v _ u s  , i v m i l a h l i ’
~ i u u i - i’ tine si’ u — s f l I e  m n s c . m s i u r e n s u i ’ n u t s  amid f l u e  r u u u i l t i p s u t b u  f c s f s  ssi ’ru ’ nueve r  t u n i s  t i n s n e  e c u i m i c u d s -mu t , a u n i t — f  u i - o n u s ’
ciu un u p ;urn so n s o f c~~p e r i n u i e m i t . u l  re su l t s  amid f l u u ’u sr y l i i i  _u spes’ u f u e  nueasuure d s c m  c u u u u s h i t u c s m i  ss . us  ns o f  pu s s i h i I u ’
-\ n . u i n g s ’ il  ruuus  slopes , m uu u h  ,un : m s s u u n u u ,’u h ‘ ‘ t y p ica l” v s u h i i i ’ ssi’rs’ fh us’rs ’fore usesh f u n - f l u e  h u m l k  u t  t i n t ’ s u n s - l a

I i n n  b5’f O c t ’11 s’\pi ’nuuT u enif  , umsd f h 1 s ’ u r ~ - h i ts ’ se -s f  , u t s ’ m nni ’,u su ir e n i u s ’msf da l i ss ,u s used I i  v , u h i u h , u i u c c m s  of th i s ’
r .u , u g e  of scsi slopes m u d  u c l h u e r  a s s u u n s p h u o m n s  n s ’ l . u l u s ’ 10 sea—slope s l n s l r i b u m i i u i i u s  i n u c o r p u i r , m h u ’d inn t h i s ’ i n u p i u f s
I i  t ime  p f i 5 s i t . m I  p 1 I t s  s u ’s luur n s u u h e l  ~- .il ~- u u I . m f  i t s

4 I
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4.4. I Delay-Doppler  Sca t t e r  h - u m i e t i o m s :  SI T.W )

I or oceauuic s e _ u t t e r  sit L-hanst f ’r equeul eue s,  t l sere su re sc ien t i f i c  reasonus I h_ u sed on the fu me— s enes
.u u u . u l v s s ’s of sec. 5.4 . vol. V I t o  bel ieve thu _ u t  f lue  ms i u l t ipj t h  chuannel  us adequatel y described as a /ero-
nusea us complex Ua~iss i , uns process . Since t h e  s’xpe runs s em itsu l test conu sti t iouss are processed in t ime seg-
m usents onu thue order of ii  see . sve m i s _ u also sussui sse in gemser a l t h at t h e  e f f e c t i v e  scatter region travers es a
surf ace area u~v e u wh n i e h s f lue s u g u s u f i c a u s t  e lectr ical  ansi s t a t is t ica l  ph ysical par sunsu et ers arc re la t ive ly
i n v s m r u . u m u t .  t . n us ler  t h e s e  e o n s d i t u o n s . w hu ie l u  suppear to he representa tus  e of f lue  c l i su mimsel  s i , m l  s t ud s , f lue
de lay -Dopple r  s d 5 u t t e r  l t u u u e t u o u i  Si T ,Cc) ) con sip lete lv c luarac teruzes  t h u e  s t a l u s l u c s  of the ch naninel  I r e f .  4-2 1

Sm r.sc I r eprese u sts  t I ne  pu ss cr sped rat  de us s i t v  of r u s t u l t i p s u t h  emuergy s u r r i vung  at t iue receiver w u t i s  ds’l su v r
,uus d Doppler  l ’rs’que ts ey ~l t i l  I w. It  is de r ived  I sv t . uk iusg  t h e  Four ie r  f r au i s fon n  of t l se coniplex ihs ’ l _ u \
t sm p processes.

Several f u m i d s u n s i e n t a l  obsers _ u l u u .s ts s  I save beets msiad e r d _ u I  ye to t h e  emsergy d u s l r u b u t u o n i  dcp end enu-
cu e s  u t  SI r ,W I t up on i g r a / u t u g  ansgh s ’ , f h ig l u t  d i r e e t i o m s .  ami d po la r i za t ion .  Fyp ica l ly .  t lscse f u n c t i o n a l  reha-
tu o ni sh sip s  are ruio s i s’5u s i lv  shu scusseil us leis the s e _ u t t e r  f u n u c t i o n  is redsuced to lower ech elons rels u t i ons hu up s
s~u dhs Is  f l u e  l)opp her sp ect r a .  spread s. etc .  Obser v. utiou is re la t ive  to the Iosver sunder parameters sure found
in foh lo svuisa  sect ion s . Ins  t h i s  s e d luo ns  us e discuss  sou se ot t ine niore d i s t i n c t  propert ies f l u _ u t  l s .mve bs’e ni
deduced I ron u s f lue  SI T. W I u i f r si’rt ~j f i o ~ s

T lur s ’ e —s hi uss e nssuo us , u l p lo t s  i t  h u e  exp s ’n imui i ’m s t su l l v  d en se st  s . a u t e r  f u u n s s ’t ion sire presented iii vo lun sse
V f o r  .u c t u n u n p r e l u s ’n u s i s e  range I f u ’ ,l p.. u r a m u i e t e r  p e r n u u u u t a f u o n s s .  l ) r a w m n u g  f ’ro mui t h i s  source, use pre sent
sam ple SI r .~c I ih us t r ib su t ion s  for  thus ’ uns i i l — grs u i i us g  suns gle I 11 1) to I f i 0 I. i s on i z ons t a l  po la r i za t i ons  probe.
Ih se s e sfsutsu , s v b si c l n  also im ss ’ILi d e  f l u e  u m u s i d i m e u s s i o u s s u l  spectra a u t o c o r r e h a t i o n s  h u u n i e t i o n s s , s u u e  g ivi ’nu iii lug -
iur es 4—~ sun sh 4_ ’7 b r  f l u t I s t  s c d f o n s  correspouss lunug 10 t l se m n - p hsun i e  and enoss-plaiss ’ dir es ’tions . r e spe c t i se i~

Fronu t ls s’se f i g u r e s  suuu s h  f l i t ’ Si r .w I d a t a  s’ns s euns l i l s ’ of u & i l u u i i i e  V . it  us  n c ’ , m d i l ~ obss’m’s s’d t i m _ u t  f l i t ’
s . .mt t i’r f u u n u e t u o n s ’s emss ’re ~ d u s t r u h u u t i u u n  ins t hue  I ) opp hs ’r v a r i ab l e  s’oord uu uate  i’si i u l s u l s  .1 pr us nuo uu isc e d
dep emsdeus ts ’ sup ori f l u e  c i V i c  (i ii of t h e  , i u r c r , u l t s  se lo~- u t s  u s -d on .  For rci ss ’pl s i n ue f lut is t  s l u i e c t u u n ss i i  s ’ .

— I .~~ 5 tl~ ung b ros u dsu i l e  to ,.\ rs—o d u r e c t i i i n u  I . Si T , W I pu ssessu ’s a h ighs ul t ’gns ’t’ ii Dopp ler cuiu r s h i n , m n s ’
s v u n n n u e t r ~ - Ons thu s ’ u s t l u s ’r h ansh , Io n t l se 45 an u d un—p l sumue se l o 5 - i t y  d i r e c t i o n s  t h e  a c ym nnie t r y  of f lue s s , i I
ter  I t u u i c t i o n u  becom uue s  u i u e r e a s u m n g l v  s u g n i i h u c a m u u  l uu  l a s t , f ’ sr t i n s ’ u ms—p l ,u mue  s , msi ’ 515’ nnot e  t I n _ u t  ,us f lue  ds’f s u y
I _ u p nunss he r  um i eresuses . t he nus ’g, c t u s c-f neq u uem i c v dmsp s ’rsm o ns of  a pa r t i cu l a r  t a p \ l)opp ls ’ m - spe ct rumun in-

c us s’s .m~ e u s r t l i n e l s - in u c n u s p . u l u - . u l . lh s c po sil  u s c - I  I t ’d I i s ’T ld \  r . u m u gs’ u s r a t hs u ’r I m u n u i t e s h  ,uns d Iu , i s  ,u t s u n n c l w u s f t l u
t i n _ u t  us nc’ h , m t m v ~ l~ ui s , u r r , u m n t  f r o n u n  t , m t ~ t o  I . up .  \~ s ’ also m s o f s ’ t h a t  f u r  a p . u r l i 5  u u l . u r  m m n — p l , m m u e  ~l el .m ~ I sup f r I .
t h u s ’ rs’s i u l t s u m s t  l ) op pl er  s p e c t r u m s l i_us  Its v e r \  u f i s f u n i s  I sps ’~ 1 m m !  ‘ ‘ h s u m n u p s ’’ f h r . u I  , r i  s’s l s u s r i I t o  f l i t ’ uu l ip s’r and
h i sser f r e q i u s ’ r ~~s h m m i t ~ u s e r  u u I i i ~~I u p l u v s i c , i I R  p os s ib l e  i u u u u l t i p , m t l u  u s  rs’ t u u r ’ n c d  1 1 . - s . u u r c r . u l i  l u e , u u h u i u r . ~
sh c ’ p e u u d c u s e i t ’s ,ur s ’ i ns ~m g r e e m m u e n u t  w i t h  the m ci t l e l - pr s ’ s h u e t s ’ if r e s u l t s  I I s c s  l i i i  4 5 - r i  - u s  o u t h u n s s ’d t l n u ’ne .
u se m u s as’ . u s s r i hi’ thus ’ spe 5 t r , u l  ‘ ‘hsu u mp s ’’ f f bs s’ u n — p l ~u m u e  d , u t . u  si ’ I s  I i i  thus ’ f o l h i u u t  r u l u  t u s u i  f , m u f c u r s

a. I - or  ! i - p I . u I r c  l im ut l u t  h i t ’ I u i u n m s . lhe  s u u i h , u c s ’ s’ hs ’ nnn s ’n ts  u c s 1 5 i r I s r I id  I o n  i t u l r i i i r C  s’ n s e m L ’ s  unn I u r
i l ls ’ i L ~’f5 t’i ,os sh l i s t e n  l )opp k ’r  l i m u u , t s  of l . u i  l i t  u l . m r  u f s ’ l , m~ i m P l ie . u l u i n n e  m i m e  ~‘i , u I  i i i  Is’ h s , u f i u
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joining the stubai r c aft and subsate lh it e points and thus may be shown to have a sign i fi-
cantly larger scatter cross section than an sy of ’ the other elements that return energy into
the delay tap.

h . The second and perhaps more important factor is a consequence of the large area
(maximum f’or eachn tap ) that  gets mapped into the extremit ies  of a particular tap ’s
Doppler spectrums , This occurs since Use delay constours and the contours of maximum
Doppler s l n u f t  have tangent ia l  intersection , Mathemat ica l ly ,  this is e s iuu iva l enf to maxi-
miz ing  flue Jacobian (ref .  4-2 ) of ’ the t ransformat ion t’rorn surf ’suce spatial  coordinates to
the slelay-Dopp ler coordinates of the receiver.

The phenomenon described in i tem b above hiolds valid for all fligh t test directions: however , as the
d irection nusoves increasingly away from the in-plane case , the tangential intersections between flue
delay eous to urs anus l the i r  e’+t r eme Doppler contours move fur ther  away from the great circle path and
are accordingly uss o cus mt e s l  ss th u rcdtuced scatter cross section ( i .e. . svc hsave a tradeoff hetwe enu area
i ntercept and the at tendanu t sca t te r  cross section ) . For the how delay returnus associated wi th  th ie 45 0

sum s d cross-plane lneas i ing esuses , we are suble to observ e t h at t h e  area intercept factor outweiglus the
reduced sc u l l e r  cross section and produces a d i s t r ibu t ion  tending to be h eavy tailed : t h e  opposite
appears to he true or the  large delay tap values.

With  respect to flue grazi ng angle dependence of S(r ,w) , it li_us been observed that a de f in i t e
decrease in Doppler sh ispersiom s corresponds to a decrease in gr :uzing angle. A decrease in grazing angle
is also accompanied by sun inueres u se in t h e  asymnuetry properties of the u i-p lane scatter funct ion.  ‘rh u is
factor  is responsible for increasing thue dissim ilarit ies between thue su l terns t te fli g h t  direction S (r ,sa )
f u n c t i o m u s  ,us t ine gra /u n i mu sing le dc cns ’su ses . Note tha t  for anu tipper grazing ang le l imi t  of 900 th ue scat ter
f unct ions  will not be ins f lueuuced by t h e  directiom u of the  f l ight  velocity vector.

To properly interpret  t h e  in-p lane mid- to low-angle l) opp h er spectra ch aracteristics , it  is impor-
tant  to note t h e  behavior of Str ~~~) ’s positive-f ’requency spectra “humps. ” Referring to figure 4-b . for
example.  we observe th sut the sc_ utter  funct ion ’s posit ive- fn c quenuc y shuou l der quickly  beeonses asymp-
tot ic  to ,u re la t ively l ow—fr eq u mency Doppler value.  Thus al l  r e turns  w i t h  sig ni f ’ica nt energy f rom fist ’ sub—
ss ius ’ h l u t e  smile (i f th se sps’cular po in t  li , ms ’ e nearly ude u s tuca l  l )opp h eu ’ sh i f t s  amid produce a resu l t au s t  eonsup os—
m I d  s ignal E)opp ler sp e e t r tuu u m wi th  a very pro t souruced peak d s ’n s i l y .

Thue cs u p , u h u h i  t~ f un s i n s u u l t : u m s e o u s l y conduct  hor iz ss n t _ u l  sund v ent  uss sm l  pols u r i z a tuons  su rf suds ’ probes
allows one to draw c or sup s u n us o ms s  hetwe emu t h e  two probes tu mss l er  i ihs ’ns tue a l  su mr facs ’ cui n s i l  tj omss . .- \ i n , u l y s u s

— u u f  the  suppropru , u l s ’ shs ub . u  ss’ f s  of s i u l u u r u u u ’ V revea ls t i ns u t l ine  vs’ r t u c ’ su l anud  l n o r n z o n f s u l  S r ,w I  f umut - f i o ns
hi.u ~ c’. us - u f i s  f lue t’\ s u ’ p l u u i n l  of  t h e i r  suh so lut e n nssug n - sn l u d es . q ui ts ’ su nssi l sur  d us t r i bu u t i cu ms s u l  shuaps ’s. For th is ’
h is ser g r _u i nn g  . c mug l i ’ r v m u u l r l  m c sn , we arc- ab l e  i i i  dus c s ’rn n l i ns u l f Is t ’ rs’ l su tuv s ’ weigh ut in ig  h e twe e mu a l s m p ’s nui ’ uz ,m-
t i s u ’ sm n d p u i s n l u v i ’ I)opp ler r e tu rnus  is larger b r  Use vs’r t is ’:u I p c u l su r i , s u fu o uu  ds ul:u f b ss um s i t  us for  flue lu o r mion ta l
p in har uts i t uons t’u u u u m s t s ’ rp s mrf  I i u u s pls s’nm n n u e n o n u  rs’s u u h i s  t ron su thus’ f s u c t  t h n a l  sis ti s s’ sc su t t s ’r clens en t s  u u u i s u ’
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toward flue suh aureraf ’t location ( i c , .  negative l)oppler returns ) .  t l seir hoc -al elevation ang les im s c rease as
opposed to a dec rease for location s progressively closer to t h e  subsa tet lute location. Since t h e  vertical

reflc ctis u n coef ’fi ei eust ( for  grazing angles greater than flue Brewster angle ) increases wit h an increase us

grazing anig le wl sule thu e h sori z om u tal  polariza tion cocl’f ’icient is relatively constant , the negative Doppler

ret urn for a par t icular  tap will  luave su larger ratio oh ’ vertical-to- h orizontal scattered energy than the
positiv e Doppler returuss .  Tiu is phenom u senon. discussed in more deta il in sect Ions 5.2 .6 , volume V . us

rs’t ’erre sl to as “ Brewster su mug le fl I l—u mu . ’’

4,4 .1  Del suy Spectra. l)oppler Spectra. Tins se sund Frequency Autocorre h sn t ion Functions

To oh t aim u an al ternate  representation and ,  i n som e eases. an easier interpretation of the multu-
paths seatfer  chssu rsu eteristucs. thue delay-Dopp ler scatte r func t ion  was subjected to a variety of ’ integral
amid Fourier operation s U i _ ut yielded the t’ollowing channuel  parameter estimat es:

Delay spect ra
Frequency autocorre l atuon f u m s e t n o n
L)opp ler spectra
Tunic autocorrel atiomu funct ion
‘I’ot ah  rms scat tered energy

A stu ms iniar y sliscussions of t lse f i rs t  fo s u r  parameters is given in t lu e f o l lowing psuragra phss (total
rms seal tered enuergy us covered in sec. 4.4.3 ) . A more detailed discussion and a comprehensi ve set of ’

data are contained in volume V. in siddition to the above. thue joint  time-frequency autocorr e latu on
f u muctiomu is also treated in vo lt un u e V.

4 4 2 . 1  De’!a~ Sp ectra : Q (r)  - E sti m ates o f th u e mul t m p:u t bs de l ay spectra , Q(r ) ,  are ohu taun ed b y unte-
g r . mf r ns u!  t i ne “ m u ouse-re u u s oy esh ” de lay-I )opp ler scat ter  func t ion  over t h e  Doppler vsu r u abl e. Th us Q(r)
represe nts t h e  pus ts er spectral densi t y  of thue scattered signal con iponuen s f thnat  arrives at t h e  reeeu v en

u t f i  delay r .  Iii  t h sus  report we ss’lee t t h ue spe cul su r-point re turn sis the zero reference value.

.~ n s obvio us e l usur sucl e r is t ie  of the nueasure d delay spectra us t h e  fac t  f lu _ u t  there u s very l i t t le
observed fl ig ht  sh ir s ’t’t ion or g r , m ,.’unsg sung l s’ inf luence om u the enui ’r gv dish rnhu l m o n  - T h e  fl u g hu t hnr e e t  m oms
u ndepeusde u see us . of d u i u u r s e  s’’spt ’cted We sul sis  no te  t h ua t  b r  su constam u i s u r f a c e  slope eond i tu o ms ,  f lue

nsode l pr e duc tuoms s  I b u s t i n  spectrsu s um u d sprs ’ s u u h s f  of ss’s’tu o ms  5.3 sunsu n l s u r ~ presh uct  su r el sutuve ly sn s su ll  g r s m/m n ug
, u n uuule u n l l t u enee.

I’r obcn p o l j r u i . u t u u i n  u n l l u en c e s  usn l Ine  r e f l e c t i ons  process sure observed to produce shi ’ h , u ~ spe c i r su

f i r ss’rf mea l  pol~u r m i , u I i o u s  t h ~u I ire uusuuc h n  iu t ’ .msue r  ta ul esi fb i _ u n  t h eir  hsor u , omuts u l  p o la r u i su t uo n  c o u n t e r p a r t s .
I u m r t l i e r m n i n n r e . t h is ef f i s t  l ’es i mns e s more s ign i l  i c _ u l u t  us the grs u /unug  sun i g h s ’ sls ’cn s’.u s i ’s
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~~~~~, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -



A comparison of flue experim ent su l d suta wi ths  thue t h eoret ical ly  pres l ict ed delay spectra reveals
th u _ ut f lue subov e observafio us s are f s u ir l y  well duplicated by flue nsiod cl , u s  gemser s ul , t h e  u is su deh re sults
appea r to ex h ibi t  t h e  greatest degree ssf ’ si n u i la r i ty  to thue measured spectra fo r  f lue  sus sunsed ss’ ,u - s lo p e
comuditiom s of 60 .

4. —/ L’.2 I ’r equs ’m-m -luituu’ or r e laf i u ,, I- um t iwm: R ( O .~ Z)  - l’he Ireque n scy suu toeor re l su t i om n f ’umue t us s nu ,
Rt O .&2 ) . represemuts t h e  degree of correlations between two received sig uu su ls . sepsuratesh by ~2 huer t t .  t hi s u l
trsuv e rse ud enu t i e a l  paths throiug l s t h e  e luannel .  Ins t ls is report , t he direct  l u n ’ue —of-sig h st stgnsu l comisp on ss’nt
us s ’.vu /ziuh ’d and t h us Rb t) ,~� 1 is o hf _ um n e d  in a s t ra i g ht f ’orw s ur t f man u mier by tak imug t h e  iniv erse 1-o uri en
t r a m s s t o r m  of t lse niu l tup s u ths  slelay spectr ium su .

r As fo r  the de lay -spectr su ch ara cter is t ics , we s hst’rve th _u t t h e  u ssagn u itud e ot  RIbJ ,U I s’ x l u m b u t s

si l iumos t  no dep emideusce on :u mrer s uf t  heading or systeuss graz ing am u gle. ih ue ore t i e a l l y .  au rc r s m f l  I sesudi ng
should Isave no inf lu iemie c at all on the sh e l suy sps’ctra ui r  t h e  f re q uien ic y  s uuu t oc ’orre l su l ions f u u m s e t i o u s  I lsess’
res sults are in accord wi th  nusodel predictions tinder t l se comustrainu t of a conusfan i t—sesu -s ur l su c e  m iss  slope.

Prober polarization us observed to have by far t h e  nuost sug uu i f ’ie sunn t  effect oms t I ne  f r e qus ’nuc y ,u~u tsu-
cor relation lu unsct i o m s .  wi t h  the luo nu zo u stal results being heavie r tailed I lsans t l ne i r  v e r t i c , u l  po l a r i z a t ion s
cou nterparts .  Thue exte ul t  oh ’ t hus  e f f e c t  is seen to ius crease fo r  a de cresu se ins gr sul in ig s u mugle.  \ u 5 . u u n r  t lsese
re su ilt s arc us agreen senut  wi t l u  t h e  model predict is suus and are i f u r e e t l y  nelsules i  to t ise obserse sh p su h . u r i i s u -
tu o n eff ects  ou s flue dela ~ spectra t ve r t i c a l  po laruz s ut i ou i  spectra Inesu s icr  t a i le i l  t l nsu m s f l u e  l u o r u / u s n u l s u l  rs’s u u l t s  I

—J .4 . 2,,i Dopp ler .Spt ’u ttsi I) ( sc l  .-\ Doppler f requue n sc ~ ‘d umb I is i n u t h u i s ’e sh u u p u u m u  t I m e  mush i s u s i u u , u l  r i l l i p r i -

u S ens l s  oh a se ,u t tercs l  sugns il  svhuenu su r e l a t i ve  m u i ot u snu es, u s f s  be t ws ’em u t h e  rough sU n l .u ~~e , u uu d thus ’ in  sm m ss m u u i l f s ’ m
receu s en t c rnu su m s ,u l s . In geusersu l ,  t h us I req u u e n c~ ‘dsif ’t is  exp r e s se d  us t Ine  summus oh  t SS sui t s ’ rmn ss . o nus ’ , u r us in uu !_

~ f rom flue su i r l  ace d v u i , u i u u i c s  _u issl t h e  o t l ser  being d ime 10 ternim u ssul  u su o t iomu r e l , m f u v s ’ to sumu n m s s t 5 u u u t . u n i e u u u u s I ~
s ta t ic  su rf ,uee In o u r  c.usc thue  -\ I S—ti s s u l e l l mte  us s t a t io us a r y  zu us s h f l ue  v t ’ h u s c r f ~ 01 f l u e  k ( — I  ~~ t i  . m u r p l , u m s s ’
us s u f f i c i e n t l y  large t uu c u i m u s u s h e r  the  o c e su m suc su r face  tu ) h e  f ’noit’nu ,  I l enuce ,  t h e  I ) u u p p l t ’r s l u n h i  , u s s u u c u , u t e s l
svut hs  ,m p s u r t u c u u l , m r  su rf m e t ’ sc u l l e r  eleni cu s t is su f i u n c t i o n u  u u m u l ~ of , u u r c n , u l f - i u n u t ’is ie ~I s\ s k i l l  p , m m , u m m u e l t ’rs \ i l

e s t i m a t e  cu b t i n e  t o t a l  s s , m f t i ’r s ’sl suu1n , m f s ’ Doppler pots -cr sps’ t f r s u l  uhs ’ i u s u t ~ - l ) I t ,; I . us u u b t a u n s ’th b~ u m s l u ’ e t . r i -
n i L’ rI ms ’ Si n’. cc I Iu nt ’t mu in ou t ’ r i t s  sfs ’l ,i~ , m n . m I i t ’ - Fl u~’ I )u pp ls’r c um i in t l m i i , I t s ’ ,u nu ,i f s) ~’ cc. is s’si .m f i l m  sIn i’d

rels i t i s e to t h e  f r e q u e n c Y  u i f  f lue duree l  h u ne - m i f - sug h i t  sugnusul  I d i r i r c s s - p h . u u i s ’ f l i g l n t  d u n e c t u u i n s , t h i s  r i- I cr -
s’nce u s i d e u s t u e s u l  10 t u n e  spcs’u ml _ u r ’pom m s t Dopp ler  s l n u f t  s s lus ’re ,ms f o r  i m u — p l a n s e  s l n m s ’c t i o nus .m i I i I I u ’ I s r r t i . u h  l ) u i p —
pIer omu f l u e  ors l er of 4 I h i  s’\ i s l s  be t sse s ’ n i  thue  sp e cu l .mi  po m nut  , i f lui  s h i r t ’s- I s m g m u , u i  ~‘.rf  h i ’ .

l ist ’ e’sp i ’ ru nuus ’ n u t . u l  i f , i f _ u  si.’ f s  show t h u s u t  t hu e  ch ss m m um se l ’ s l ) u i pp hs ’r sps’ + t r n u n n n  is su ’i ui ep c ’ n u s h e n u t  u d nu
g n , u l i uug  , u m n i i h s ’ ,unsh l l u u ~h u l  u h u r e c t u o m s  svs t em nu p s ur .m n n n s ’t ens . -\ s  w o u u h m h  be exp s’s’ts ’cf I r u i n n u  f i n e  t i l l  n t ’ s p i i i i t f u n n ~
‘iI T . u ,,.S l  s f i s t r u b u i t u u i u n . f In e  Dopp ler sp cc tn u ur uu is  i u u g l n l ~ s~ mu s nu ss ’ i n u s , m i  I u u r  t h u s - r us s - p l . u i r u ’ f l u g f i h  ct ’ u i I i ru ’ l i r

suns ) rese mble s a , erm u— m s ’suus ( • , uuussn , m m s s h u s t r n h u t u o m s  ts m u s s ’ s . u n u . m n i 5  ~
‘ r I s c d isc ’ s vs i l ls .u sls’c I r ’ , usu ’ ins  ci u / u n i t s
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angle. These chsur aeter istic s also apply fa i r ly  well to the 45 0 tlu g b u t  d i r ec t ion :  however , ther e  us a t in -

dency for thse negative-spectra reahns to hu e s l ight ly more dispersed and thus h ueav us ’r tai led t han the
positive region. On the other hand . f’or the in-plane f l ig h t  direct ion the Doppler spectrunu us hug luly
asymmetric , w ith the dis t r ibut ion being very heavy tailed in the nse gafuve - f ’requency region and pu sses-

sing a spectral max imum that  coim scides closel y w i t h  a t’req ue ms c v uppe r l im i t  in the positive Doppler
realm above whic h flue energy dis t r ibut ion bias a preci pitous f a l l o f t .  I lnese mn-p l s u n se geometry a t t n b u t e s
becom e imu cre asi ng ly pro n oun ced sus f lue gr su / ing  angle  decrcs m ses . In f a c t ,  at the lower grazing ang,le
values , t he I)oppler spectrum has amu ex t reme hig h -density peak at a very low positive l)opp le r value
abov e which no energy exists and an expone uu tu , m l - l i ke  decay for  thse energies wh ose fre quencies  lie
below the Dopp ler upper h inu i t .  Th is phenons u eum n results in s y en loss Doppler spread nueasure for  t h u e
lo w-a ngle , i n-plane geometry conditions.

With respect to Doppler spectra po ls u n i z sm l ion dependence. th se v er t ica l  po l arn7 atuon resul ts  have
a sign iticanthy higher percentage of energy in t h e  n eg s u fuv c - - t r e ( f u m e n c y  portion of t h e i r  dm s t r ibuf  ions fbi _ un
do the corresponding horizontal  rs’suu lts ,  especiall y fo r the low-grazing-ang le consditions.

Unlike the results for  the delay spectrum , t he suntenmia pa t tern  inf luence on th se Doppler spec-
tru m is shown t i n  vol. V I  to be si gnifican t enough to meri t  considerat ion ,  Specif ical l y,  fo r the in-plane
flig ht geometry case we expect that as the graiisug angtc st ecri’sises . the Doppler spectrum is suh i i es ted

• to an ou ’ers ’.u (j , n u ti op u bias ins the central  portion of i f s  n eg:mtiv e -f ’requuene y realm. I h i s  impl ies  tha t  su —

region on t h e  suhaireraf t  side of the speetular  po int  rec env u ’s nuor e a u stemi n s u gain t hsm n us d i rected toward
t h e  specular poini t and results f ’rom is sm ntenn s u beam point ing f l u c ’fo r s As a q u a n t i t s u t i v i ’ measure , Ihe loss -

angle (7~~I ins-plane Doppler speclruns t’or sm l y p ica h csuss’ us pred icled to be his u ss ’u f h roughl y  f l U  sub i t s
spec t r sm mud-d e cuhe level and +30’ , sut I s  lower dec u le  bevel ,

4. 4 2 . 1  Tim s’ .- Iu , t oc orr i ’la tion l ’ui uu ’t ion: R(~ , O) R b ~.0 I , t lse f i nue  suu u toco r r e l a tuo n  f u n c t i o n  of tise
mul t ip su th  ch annel , represents t h e  ilegree of e uu rre l s uh ionu  b etween Iw o  r ece i s  ed signals Ih i a t  a r r uvs ’ at t he
receiver sifte r h s ’ iu ug t r _ un sr s i i t  ti’sh , u ,  cw si gnals wi th  iden l iesm i  f ns ’ q i n e n d i c’s hu t  offse f  mus f m int ’ by ~ si c’

onds. We restrict  otir a t t en t i on  e u s t n r e l y  f o  the ms su u l t i pat h conu spon u ent oh the  chi sinu s el m d  tbs i is  t u b i t su u iu
f lue RI~ .O) i’s l i nm is u t e  liv p erf ’uu rn s mm u V s uns i u lvc ’rse Fu i uu n i s ’ r  t r s u m u s t u u n n u s  d i ms thus ’ sc’s u t f s ’rs’sl si~y m u , i h s ’ Doppler
spec t  ru m n u s .  -

I h u s ~ R(~~.U )  d u s f n n h u u t i o n u  hs .ms c l u s i r , u ~ t e r i s t i + - uh t ’p e m lul i ’ u u t r ( ’s u pon , u i r c - m s u f l  lus ’ s ucb un g . g r s u z n i r c  ang le ,
s m n ssl  probe p i ’ I s u r u , a l u o u u .  \ t h u l e  tins ’ us l lu uensc e of t i n e  .u ims r sub ’I ’s f l i g h t v e c t o r  uhmrs ’~ I n i s m s  us i u u u f u s i - :mhl ts . ml us
m in t  n earI ~ is u h u s t n n i t  u s i i  is  fo r  t b s e I i uum’i s ’r t r , i m u s f ’o m j u n  of  h~f E . t b I . I fu s ’ J )opp ler  sJ’ s’s t n u m s u  i i i  gs’usi ’ us m l .
uss’ note  t i l , u f  t u e  uuu— phs umie  f l i c i u f  s h ur es - I r u i m u  pr o dui s ‘s .i t m nss ’ s u u u t os ’r n r ~’ h . u t i o m u  f u u n u s - l u i i n I l i ut .mppu ’ .ur s t o Os’
hi t ’ s ue r  t . u u ie sh  t l us u ms  i t ’ . ~r o ss—plsu n e s’ o u n t c n p s m m  t .

\ ‘. expectes l , f lue  s’ l e v , u t u o u s  shs ’ps’m s d s - n n t ~ u I  Ri~~, () I us su ’ e m m i i i  p n o u l u u s e  .in i n n d n u ’ ,isu ’ nms s p n s ’ad f i n
ds’ere .mse m r s gr , u z mn g single -\ Is is , us onus’ us u n u u l i f  pnc’di s I I r umn n i  t h i r  I ) u u p p l e r  spectra  iuc ’ s u ’ mi ru ’ un us ’n ts . I b i s ’
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ho rizontal sunud vertical polarizations R(~ ,O) results becotsue increasingly dissimilar sus thue grazing angle
decreases , withs the luori zonta l  restults ex luibi t ing nuuc ls shower decay thsan the i r  vert ical  polarization
coiu nferpar ts .

The e ffects of antenna spatial f ’i ltering on the in-p l smne R(E .O) estimates are givenu in volume V.
The hi glu-angle data is relat ively uninfluenced by the antenna pat tern , wluereas t h e  low-ang le data
exhibits  effects tha t  are consistent wi th  the observed e ffects on flue Doppler spectrum. In other words ,
the Doppler spectra overestimation prod u ced by the antenna perturbatioms is translated inuto a t ime
sm utocorrelat ion function effect that  causes f l u e  d i s t r ibu t ion  to decay too rapidly ( roughly  30’ at t h e
ori gin) .

44 .3  Total RMS Scattered Energy

I’o re l su te t ise in te n si ty of ’ fl ue muul t ip a t ) s  scatter process to a quans f i t a t ive  nseasure , the ch annel
meats squmare scsil t er  cod I m e n e n t  I I ’ ) Is_ us beets derived f’or bot h h or izontal ly  am id ver t ical ly  polarized
data. T h e  term I’ is delumsed as t h e  ratio of to ta l  eusergy scsutt cred i n to  the receiver re l sut i v e to t u e
energy incident  u nponu t h e  surt ’ace smnud is obtained from t h e  t’ol l owing formulat ion:

u =
~~~~~~ 2~~~+H . dB

~

whu cr e :
= nse sun s square m isul t ips u th  povver ohtained t iy in tegr a f imsg  S(r,w I over i ts  clef s ly anus) I )op—

pier s’sm ri suh les
< i I ) s~~. = means square direct-patt i signs _ u t obtained by cohe ren t ly summing t h e  direct  tsu p o u t p u t s

to horns  a composite sugnsu ! . whuich  in tu rn  is subjected to su f lue -an square csu l c u u l s u t i o ns
( I ~‘l = s u d t u u s t n s e u s t  f ’suetor  to acco tu nu t fo r  sh irect  sund ind i rec t  c l ss unn u el  gs u in d i b ’f ’erenees , etc.

Fig u re 4-~ presem ut s  t h e  exper imens h sm l ly  derived v - su hu ue s of I’ 4us a f ’uu ue t ion  of grazing angle.  ‘\lsci
slnoss mn sire s c u l l e r  nssods’I pred m ctious s repre se mst m ns g expected nc’ s i u l f s  for assuunsse d rusu s se su s lopes  of ~~ amid
1 2 0 Ins gs’m u e rs ul , f lue  s’xp eru u s senst al  suns d lhse oretuca l  I’ v’a lume ~ predic ted  by flue p l svsus ’, u l o p t i c s  ve c to r

s c m  I t s r  nssoslt ’ h ,m n s ’ in close m dci  in c h .  W5 ’ note thssmt for gra z un i g  , m mu g l e s  gre suter  t hs su ms rou gh l y I (} 0 u hue n s s o sheh
predicts m i s  scsi slope to h i s  s’ .m se r \  s n u a l l  ef ’f ’ect o i m t ine  t ( s f a h  emuergy cont s’ m u t  of Ih ue scsu l teres h s ignus ul .
Al t luo ug )n this ’ sc. u i t  s r  coef l i t  c i i  l

’
s ds’ps’nsd s’mn c~ u up o mu st ’ ,u s lops ’ cou ulsl  miot his’ sit ’ t e r m s u n n u s ’d ex p l l ~ i l l s  s’\ ps’r—

u n s s e n t s u l h ~ h ec suu u se scsi-slope n u n c s u s u u r t ’ nu u t ’ i n t s  us u l h u  ,u ouus ’— t m u — t u n u s ’ co r r s’s p m i n s d t ’mu s ’e w u t h n  t i n t ’ u u u u u l l m p s u t l u  n t is-

umrs ’ussc m sl s  s t _ u s  n so t  ,mv .m u l . u h i h s ’ , t u e  s’ x p c runnn e m u f su l  u h u f , u  f o r  f ines t ’ i’hi ’ v , u l m o u u  , m i u g l s ’ s skis’s sup p s’su r to lit ’ s’o uusmst -
s’m s t  w i t h  t h u s  u i h sc’n s . u f  u u i u i  ‘~I t h e  t u u v t & ’i g r su iu nu u!  s unu g f s’s . h i u i w u ’v s ’n . the r m n u s  si m l t s ’n sou l l i t  t h i s  s f0  m u s t
supp csi r to he t u u t . u h l ~ u r u u u i u m u m i e  noon t ins ’ se _ u—si t ups ’ u m u h l u e n s ’s’ , I cu .musu ’ hc ’s ins f l u e  s u n l i t ’ . i i i  thue h t n e s u  ‘.1
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ansg le I ~~tu 0 f , the y~ n t i c s u h l v  polarized F s-al o es  t end  to unscrease wi l l s  an increase in slope. wh ereas t h i s ’

oppsssute occurs for hor izon ta l  polar iza t io n . l uu t h e  l u m i t  sus t h e  surf  ace slope approsue h ses tero . f l u e  l h u c ’uu -

retuca l curses ts ike oms vs ulu u e s predicted b y t h e  r e l s u f i o n u s h u i p  l ) R i 2 , vs l ien - c D i s  h u e  sp h i e r u c a h - e s m r t h s  reflec-
tions coe fficient  ,insd R is f lue sn i oo tls—e : i rthn Fresm se l r eh lectuons cos t l i c u s ’ i i t  as evs uhi u _ uted  .u l th is ’ sps’tuu l sm r
pom n st .  I’lsms res ult  corresponds to t h e  ‘‘steepest descent ” eh u ) se s l— fOr m in tegra l  so lu u t  mon to  t h e  s c . u i l s ’r

phsemuo me n sssnu t r e f .  4— 3 I and . w i t h  the except ions  of t l se vem - l ical ly po l:ur iz ed data  in s t Ine  v u c i n i i t ~ u ) f  t he
pseudo—Brewster ang le , y ie lds  pres h icted I’ re ls ut ionus i s ips  thu _ u t  agree qu i t e  wel l  vs i  Iii bo t h  t ime  t i ueo r s ’ tmca l
and exper u m ems t a l  resul ts  of f i g u re  4-~ -‘st  t h e  p s e u u d s - B t e u v s l s ’r angle.  t h e  e x p n e s s i u i i i  l ) R ,  f o r  t e r m -
cal ps ul sur u za t i omu us omu the order of —20 dB, wh ich is seems to tie r u u i i g h i l ~ S sIB be low f lue e x p e r i m e n t a l
data and t h e  s ca t t e r  nuodel surf  ace in tegra t ions  r e s u l t s ,  Si n ss i i smr depar tu res  lus u v e su l su s  h e emu c u h s e rv 5’d f o r
numerous VHF experiments  (ref .  4—4 1 as well as for suns A I S-S F-bantl mu n ul t i p a t h u  cxpc ’n ins s c n l  ( n e t  - 4 - S L

4.44  Spread Val u es oh () ce sm n u uc Sc_ ut t en  P sur _ un m ie te rs

Some of t i se nsu ost useful sm nsh fundan se n t s i l  n se_ usurs’s of t h e  n s s u l t m p a h l s  p l nenuomu s emisu  r e h smte  Is) f lue
spread values associated wi th  t l se sc a t te red si gn su ls ’ delay spectra . I)opp l s’r s p e d l r _ u ,  f imss e  _ u u i t o c o r r e l a t u o n i
func t ion ,  anud fres h uensc y smutocorm eLmt io u n  f unc t i on .  I ns t h us s c d l u c u n i . thuese  ds u t su .ini ’ c i t  cii  I sir b s n f h i  luori—
zonta i  and ver t ica l  p o l a n i z _ u t m o n  probes .ms eonss lucted clurinig f l u e  umu—p l sumse  au th crssss-p iane fl ig h t cf i rs’c—

— t iofl s. I’ uir the theta ’.- anti I)opp tec spc’ctcsv , t i-i c tustat  ‘ssv us -s itt ctl 5- sms ’msi IO—tl ~ spresusi s are pr est’ns t ei l
wh ereas om i ly the  o nu s ’ ’si sh eth 3—sI B spre_ush us guveus  f ’om t Ine  s uu t o co r r c l su l i s suu  t u m i c t i o m i s

Ins e o ns spsur ui u g r Ise exper m n is en stal  spre su sh results u v i th  t iueo m ef ie s u l  e x p ec t s ml i o mu . p ni mu l su ry  en u s ph ususis
is place il ons p res h u e tmons  deru v esh I r ims l ine  su rf sued iu s te g msut  ions sc. u l I cr  mss othe l I ses ’ sc’d - Ii of s oh.  \ I
Model results generate si for  rms total  si .u shui pes  of 30

, 00, sum id I ~~ u m u d u c ’ate thssu t t Ine  misa ~o r u l y  c u b  h ig h i
tCst cond i tu on ss  were , u s s u r c u , m l e c f  us i l l s  t h e  h i g h e r  slope v a R ie s  I l emuec ,  ins t h is sec t ions  su e um se  b l u e  us i i  .ug e

u i b  the  model p r e d u e t n u s m u s  f o r  00 ,un s s l I ‘.0 se ,m s lops’s as our  t h us ’ore l u c ’ _ ul e x p e c l s u i u u u n u  s t s u m s s h a i u I - \ h b h u u i u i g i s
th i s  proced urs’ us usui r  ni~ o r t i u u s . ou se nus , u y es i uss i u fer  1 to  he rt ’pmes em sl su l  i t s ’ u u f  usiodel re su l t s  csir ns ’ s p u i n s d i m u g

tus rms sea slopes of nou g ln l~ t) (5 I

-1 —1 4 / I k ’ / i r  .~pr u ’,i~/ Ds’ba ~ spr e . u u h s  lu i r  t i n t ’ l n u u r u i o n b . r l  .m nsd ss’ n l i c s m i  p i r h n i , ’ . u t r ’ r i  p nu i h u c’-. ,u rs’ c I u s ’i ’  ins
f igure s 4_ V .i nush 4 —I  I ) , r es pect nvel ~ . fhe s o h u t h — l u m s e  i s ’ I . u t i o u s s h s u p s  I u i u u i s f  i ns  f i ne s t ’ l i g u i r s ’s s’orr s’s pu i mu sl  to f l i t ’
sc .utte r ruso slcl surf  .ict ’ u n i t eu z m a tnon  prs’i h i c t m o n u  us s’v _ u l u a t c t l  i i i  l i n e  , u \ t ’ i 5 r ~’c of f l u t ’ ~~ s u m u u h  f 2° m i s s  ss’.i-

slope co u ss h i tuons  ‘s s e r ~ uue . m k m n ’ . r e , l s e  in s spresid v.ul uu e f o r  ins I n c re a se  ins e f s ’ s smt mu i m s  .un ~ k’ u s e x h i i l ’ , l e u h
by th i s ’ b n o r u R u n u f . u b  p r i l _ u  n i l  i i i  ~I , u u . u  .~u uih f i ~ l i ne  d l i  -.p i s ’ u th s . u h u i s ’s of l ime s t ’ t  l i t  ml p r ’ l . u r n i . u i u o n i  c I , i t , r  I
fl ue l u-d R ss ’ r f u c , m l  p m u l s i r u i s u t m u i r s  re su l ts , Wi ’ ohss ’ r s e  . u sui n ul l  l i l t  i t ’ i s c  inn t h e  ‘.~‘ ne. m ch l i i i  e i . r i i i i c  .mmsg les mu

\ i f e r n i , u t u v t ’k . lOs ’ e x p e r u u u i e n s t s u l  resu l t s  t i n  he c u i m u u p , u i e c l  vu m l i i  muuos hi ’l pi C c 0 ,  I i u i i i s  c i i  sps’c u b  i s ’.t’ , I

t . u l u i s ’s ‘i i~c hu nuu od el pres hus - l uo u ss  .m e  L ’ u u ,’ u i  i ns se, f c i i i  ~~ u I  f l u n s  s c i l i m m u n s ’ l u c i c l s Ims5 u i sss ’u h ins i i i u ’ i t ’ cls’ t , u u l
inn s u r f  ‘ s i
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I

the v i c i n i t y  of the p seudo-Brewster anighe.  Both  of t h e s e  r e su l t s  are predicted by the scsmt te r  nsuode l ,

w i t h  t h e  Brewster ang le e f f e c t  also being i l lus t ra ted  mi ld ly  by the vert ical  potanzat u on 3-d R spreads
T u e  spread increase ho r  the  vertie .i l poha ri /smtis ) n pr o be irs f lue  v i c in i ty  of ~~ is related to t ine  same

phensomenon re ferred to pre vuous ly  a’ ‘‘Brewster sing le f i l l - i r s - ’’

For e leva t ion  _ uui gles heiweenu 100 and 3 f 0 the  hor i i onta l  po lanzat ion s 3- su mud l u-d R spread

m e. msuure s sire f y p i c a l l y  0,7 sunsd 3.0 j~sec, respect ive ly :  or t h e  vert ical  po lari i~ t o n  case , these m easures

sure slig ht ly larger and t ak e  on typ ica l  v a iues  of 0.9 smrsd 3.3 psee The dispersion associated with  the
exper in ien ts i l d _ u f _ u  us ascribed to day- f  o-dsmv ch anges inn t he  surfaces rms slope

4 44 . 2 !- r eq nienem - ( ~u / ~(’fl’/i( ’( ’ / ?a p uu/is’ j uj ili Flue tennis  coherence b a n d w i d t h s  u s  um sest to describe the

spre ad parameter  ns ue as u ur e .ms s ocus il ed w i t h u  f lue  u s i u l t i p s u t h ’s f re qu men cy smu ’t oe orre lal uo n fu m s c t u o n ,  Iii

essence , i t  pros tiCs us us i l l S  .tui u pper lns ’t l u u encv  l u n s m l  or  wh ic h  two s i m u l t a n e u s i u s h y  t r a n s m i t t e d  L—bamssl

carriers nsav he sep snrat e sl  ye f  s f 111  u sseet 51 s p e c m f i c ’sI degr c ’e r i b  co r re la t i on  at t h e  rece i ver .  For th i s
presenta t ions  we are concerned vu i l l s  l I st ’  3-sIB eo hm eremsc e  b _ u n s d w m d t h  l i e , ,  the  rs’c e u s c ’d su gissm l s  have a

corre la t ion coeff ic ient  of 0 5 ) .  We deal onsl y vs f l u  t he  se a - re t uu rned  ensergy and do nu o t  inc lude  t h e
e b l e d t s  of the excess t ime slel.uv be tween  f lue  s p c c u i f . u r - p o m n t  r e t u r n  sunid thue  d i recf  l ine -s i t - s igh t  sigmism l .

For dirs’cl pl u ms m u l t i p a t h  si gns u l anal yses . Ih i s  excess d i f l e r e n t u . m I  delay is very s i g n u i h i c a n t  and h ence one
ca n not disc the  resul t s  pr cst’m sf e d b sc’ reu m s to direu - t /u  prc i h u d l  t I ns ’ cohc’rems ce b a n d w i d t h  of the  composite

chan nel.

Figure 4 - I  I c i m m i l a u n s  is a t u u nse t ion i  c u b  c s ’ c . u l u u u u i  soug ht ’ f lue  e x p e r u m s s e m s t a l h y  n seasured 3-d B coh en-

emuce h , i n i l w u c h l f i  v , m l u u s ’s f o r  bo th  I m s i n u z u s n i t a l  amud  u e r f  m ea l  p o l a r i / . u t u c u n i  probes , Beca uu s s ’ t h e  l re quu s’ni cv
. m u u t o e o r m e l s u t m o m u  fumis liols u s s f e n i v c ’ cf solely Irons t l se c t s s u munne l ’ s d e l ay - s p e c t r a  d i s t r i b u t i o n , ii us h o t  - 

-

t l epend emit  sin _ u m r p l a m u e  i ue . u s tu mug .  I h u m s  t h e  nesu l ls  f r o m  h o f h u  ii i— smns d c ross—plam i e  geometr ies  lsavs ’ Iie ems
combims ed.  I t  us ohst ’ rv s’ ui t hs . u t  l I m e  exp t ’r in s em i ta i  n e s u i l t s  range I noru s a low of 70 k I l t  10 a highs of .~X ( (

k h I z . w i t h  a Pt pica l  v , m l u e  h i c u n g  a p p r o x i m u s a t e l y  lOt) k Hz .  The data f rens h  does nnot e x h u u h i l  a str u ng
depensl e nsee u up us n u g r su l i n g  ang le , a l thoug h ws’ do not e  a s l ight  tend ency fo r  the results l u i  m i screa t e  w i t h
, m ms incre ase in g r a l i n g  ang le. l’h is  slepe nd en ic ~ is in , mc c r i r s l  w i t h u  the nusd e h  predict  uuimu cu mn ve s . ushui c l u  .m l s u i
prs’du c t  , m 3-dR cohuc ’r i ’isce hs u n uoh wic l  lb  v sm l u e  t i u s u l - r i v e n  t h e  rs u n sge of e le vsu t ion  angles c i t  u n t s ’i c ’ sl , is on t h e
‘c.lfl id or der us I lie av ersu c ’s’ u V h u e  e xp en u m c ’ n i t _ u i  n e s i m l t s .  ‘It e .u lv i i  r i h u e m s e  t h u a t  Ic in t he  lows ’ r g r .u / u n i g  m m s g l s ’s ,

m I s c v c r l i c ’al p u i l . m n i / . m f r , n  rs’ s u u l t s  s u n ’  g e u i e r , u h h v  f r i t t e r  t l s sum s  t h e i r  l u r i r n i o n i l a l  p o l a n u i . u b u c i u s  c-o un ts ’rpsur t s
wh us ’rc ,is the  c i p p u ) s u f s ’ t ns’nt i sup pe ,urs f o r  t ine  hanger gr .u /1 mug s um u ghs ’s -\g .m us,  t h in s  u ubse rv . i  I r ims us ins _ugr e s’rnem s I
w i t h  the nuosle l l i ned s t  iou  rc’suu l  t s .

I~ ~/ I D i ippl i -i S ,r  i i  R e s u l t s  f n u i i u s  f l i t ’ s p m s ’ . u sh i i u c s u s u u n e n s i e m u t s  on f l i t ’ n u i u m l f i p . u t h s ’s I ) r ’p p f e i  spec I m . u
,ur s ’ givt ’ mu i n bi l su u r t ’’. 4 - 1 2 .  4 - 1 3 , .umsd 4 - h  I F l i t ’ h m r s f  i \ u , r  I n c u r s ’s cu i r r e s p us i n c h  t o  u m s ’ p l sun us ’ f l u g i s l  c h m r s ’ c tu s in sv
f o r  ho r i z on ta l  and v s ’ r t i c , u l  p n r h . u n u i , i h i u i m s  p r oht ’s . ru ’sps’s f i t s  h~ - vu h m e n e , u s  I f u s ’ t h i r d  ss ’I pn s.ss’ms t s  f I s t ’  cnu i s s-
p l .unt ’ ‘~p re .ush s  f o r  hot lu  p o h . u n i e _ m t u i i m u s  I mc ’ sou th c uun ve s  mu s m ’ .  In fi gu re m c ’pr ess’m i l p r e d u c f u o n s  ds ’ni s u ’d f r o m
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Figure 4-12 Oceanic Doppler Spread Results — Horizontal Polarization, In-Plane Geometr y
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Figure 4-13, Oceanic Doppler Spread Results — Vertical Polarization, In-Plane Geometry
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f lue  s t ur i suce i nu t eg ra t i onu  s c . m f t c r  nuos le l As prt ’ v u o u u s l y  discussed, thue model results  p lo t ted  art ’ f l u e  smver-

ags’ of pret h ietis siss f o r  m iss sea slopes of (i0 amus ) 12 0 and thus  represent a h irst -order su pproxun l a tu o n
eorrespo usdins g to ant nm u ns  slope condi tu o mu of 0) 0 (see disc ussion and footnote , p. 4-23).

For all  four  con suh imsat ions oh prober polar izat ions  and su i rc raf t  f l i g h t  direct  moms , the  c’ xp e r u m e n t a l
siatsu tre uu ds ansI nss ssst eh p rcs f ic t iouu s are in f a i r l y  clsi se agreement. Ins ps mr l iculsir , i t  us u ib se rv c ’d thu _ ut -

_ u.  ri se s) sit a t r r ’uss h shows su d e f i m i u tc  in i cm c as e  iii Doppler spread for  an increase in g raz ing  angle.

ii . Bsit hs thue  10- sm n u d 3-dR Doppl er spread valumes  are appreciably inshluenced by hligh t direc-
r i o n i . s s ut l u  t Ine  ins-plane geon i setry (especia l ly  f ’or the lower grazing single condi t ions )  pro-
ducing snsall s’r spreads t ls ans t h e  cross-plane conud i t i on ,

c. For t ine  un-p l s imse  da ta  ens euu uhhes , t h e  spreads corresponding to sert ical  po l ar iz s u t iom i  are
t y p i c , u l l ~ sin g er  t h a n  t l u e i r  h uoru z ou s t s i l  counterpar ts .

I ssu f j u n h v  s i g m u u h m e s m n u t  l a c l or s  sire pr e sh ic ted  f o  provide Sims c c r u ’ru ’ u / inua i i c c, i b ias tsi the u n — p l a n e
lou v - ansg l e I )opp ler spre ,u sl expe r imen ta l  mcas iurems ’nts ,  One fac tor  relsites to tine suntenna ’s spatis u l  hI-
t c nm n g  e t t e ct s  whic h .  sus shu r~v n ins section S o  ol v ohu in si e ~~

‘
. re su lt in overest ima r ioni biases on the order

~f ~) - anud lV~ for f lue  h its -u! r , m / i n i g - .u i i g he Dopp ler spre sid 3- ,insd I 0—d R nueasures , respect ively.  Anteu sn i a
ps’ r t u u r h , m t i o n i s  b r  thue  h s i g h s — grsu , m us iz— ansg le  com i duf  u u i n s s  are not n sear ly  so s ign i f i can t , w i t h  thue  3—d B nue _ us ure
being unsttc’res tmn si ,u tcd by I i .in sh t u e  t O-sIB spr e.u c .h measure being overestima ted by S - The second
c i t  e r e s t u m s u t  mo m hu , u s  l s u c l& i r  p c r t s umn ss  to s umr cr s u f t h seadimig meanders tha t  wo u ld cause t h e  f l ight  d i rect ions

o’c t u i r  i i  tics u , m t e  susniew h usi l  f n u umsu f lue  tn_u s’ i mu- p h~un se g e c i m i n e l n y  couudi t ionu . As discussesi previous l y ,  t he
I)opp ls’r spec t runs  t u r n  h u i s s - g r . m ,’mnsg - am ug h e mn-p l s unse  Ili g hut d i r e c t i oms condi t i on ’, is ue r ~, p esmks ’d and th ins
pu isss ’ssc’s ,u r c l _ u f u v e l ’, s m u . m l l  sprcs u d un e , usur e  .-\s t h e  f l ig h t V e C f r u r  n iovs ’s ,m w s u v from si the  in-plane  three-
t mous ,  f l u e  spec t r lu nn  hecomsues u u i c r e . i s u m i g l ~ nsiore ( _ u u m s s m j n — h i k t’ ,un d eon sscs~u u e n t l y  iv ,mss u c i .m l e o l  s c u l l s  sm

l surgcr spread v a lue.  .A ss u inuu mug t hue a i r e r a f  t f lughu  t vet’ lor us c r 1  1st ’ t tiy ‘7~~ I nu )ns f i n s ’ un -p l :m u ss ’ di rec’t ion ,  the
sca t t e r  rssi idel oh sections 4 .5 preci nct ’. t h u _ u t  lot a ~° m u ’ .  sur f a c e  ‘4ope th e l ) mu pp l s ’r spns ’ads fo r  fl ue 10 0

su i t i n g  sing le geo mus ct r v  ire h , m n s u e r  t l n . m m u  t h e i r  u m u - p l s m n m c  . - , unms l  I 0—d R c o u u n i t s ’rp s m rts h~ ~ u l  suns l 47
u e sp s ’’. t i t e R

4 4 4 4 / )r  c u r  I ,a I io , r  / i i ~ ?i l ) e cu i r r t ’ I , m t u u s n s  t u ; u u s ’ r r ovides  mis w m t h m  , uns  u up pc r  h m n s u u t  on t In e  t h I n s ’ ss ’ p , m m , u -

l m o u u f o r  ush i e f i  155 ’ 1 - h i n d  c. , u r n u s ’n s . t r s m n s m u n u t  ted sit l ine  s, u u n e  f n t ’ u~m is ’ m u s y , w i l l  s t i l l  nuu c s’t ,m sps ’ s u f m s ’c I degrs’s’
of r I u c ’ n o ’ u i c , S , m t  l i i i , ’ recs’m s s ’ r .  I t  i s  sh s ’ rn vs ’cl f r o m n u f I s t ’ t m n u s ’ smu to co r r c l a t i s i n  f u u m i e f u r s n  of thus ’ ms sm. m l t u p _ u t i s
sh ,u nr s c h , .u ns sh for  i i n i s  • h u s t u i n nu s ’n s t us s’ h i a t t ’ ss’ls ’ctes) t i n s ’ 3-dI t  sprs ’s i s h n ui e , msimrs ’ ( i s ’.. t h i s u l t u m s u s ’ sepana i io nn
vs - I si s - tn p u u t s l u u s -es a n i u r r n u u , m h u j o ’u f , c i i  re b , u l i c i m i  c m r t ’f i mc is ’ n ut  l ’ r b \ t i ’c ’I i  f lue t s vm m s ’ss ’i s e i f  s u g u , m h ’ , c r 1 ( 1 .51 . As in
f l i t ’ ~- m sise ren n s’e b , u m u u i s c u d t h  t ir t ’s e m u l . m t u u i n u , vu s ’ rc’s l i r c I u r t u r  , m f i s ’ m s i i u r m s  t’m ul i r s ’h ~ t o  t h u s ’ u u u u i l f m p s i t l n  s i m . ’ n i s u l  su nud
s I r ’  u r n  m ms s - h m u o l e  , mmn ~, s’ i f s ’t’fs  f h u . u u  s o u r u u i s i  .mrus s ’ i r u t m u u  f l i t ’ p i u s c ’ n i s s’ of su d i r 5’5- t hi n s’— n i f — s m g i n f  rs’cs’ivesl

‘ur p in r.’ ii
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Sinsee t lue tun ic  suu mfo c or r e la t ioms  I tu nse f  ions us derived exclusively tronu the rsuu l t ip _ u t i s  l)opp ler spec-

l r u m n u ,  omue expects t l ue decorre laf moms t i m e  usseas u urenu e nuts  ho  e x l u i h u t  a t lig ist di rection dependense c . For
t h is resusois t lue  r e s u l t s  are segregsut esl inuto  cross- amid its—p lane tha ta  s d ’ ,, whuuc h u  are preseusted for bot h n
p ol ,u r i i . smth on s in fi go ume s 4 -I amid 4 -I  ( , respectively Also contained in t h ese fig ures sire t h e  spread re lsu-
t i ( i m ss h ’uu p s  sis slerivesh fromss f lue  su r face  hm i t s ’grat io u s p h sysucs ul  optics sc su t te r  nuodel.

f lue expe ru m u s e nta l  resu l is are ins r e l a t i ve ly  good agr eensuenu t w i t l u  t i seo retucal  preduc t ionus .  I-or

bot h  f l ig h t geoussetr y dire c t i omss , t h e  t I _ u t _ u  f r e u d impl ies  a decrease in decorre lsut ion tinse h or  sun m uscresm u e

i n el ev sit i ss n ans g l e. 1vp i ca l ly ,  flue shafa set averages imply decorre h al ion values ciii the order oh 7 to 10

nissec amid 2 to 3 nnsee h o n gra / in ig  am u g l es  in f h se  v i e m m s m t v  oh 80 and 300, respectively.  It us also appsurems t

t h u _ u t  t h e  vert ical  polarizations probes sund t h e  cross-plane flig h t st i rec t mo n produce nuodesthy snial ler
decorre ls i t i omu h isses t I n _ u n  t iueir respect ive ort h sogo u sal  par sunsueter ec ) um nterp ar t s .  Th us l emidenucy  appe smrs 10

he uii _ u ’, u msuh i es l  f o r  g r _ uz h n ug  .un g l s ’ s in t he  s - u c u u i i l y  of tIne Brewster au sg l e.

4.4.~ (‘r o s s—Polar i z a t ion .ioinst S ts m l  st i es  and Pouver Spectral Denisuf

r luu s  Sect i ons exs m ns m n e s  f lue  j o in t  s ta t i s t i ca l  sunsd power spectra l  de nisu ty  be h avior ~ f t i se i is in iz ont ;m l

• 
amid ve r t i ca l  t ap  pr snce sst’s . Ilenice . a portion of t l sis t a s k  us med oiced to onse of e s t u u s s a t u n g  the consip lex
FI—\ cs rre l s i t i o m s c o e f h i c i e n u t fsi r t lse t ap  ou tpu t s , i .e . ,

< i l V ~~’
~ I I V  2 2 u 

-

I’ - : i i i  ~r \~ >1

I l i e  _ u I ’ c r ss ’ s f u m s m n s t i t \  i n s l i c , u m c ’s f l u e  p h s y smes u l  c oo up lm msg  he tweemu h u o n u i o m s t a l h v  smn s h s e r f  u c s m l l ~ fr c r h . u i -

u i e th  r e t u r n s fo r  a s inu g le  delay e om l fo uur .  Ins s m t t e u s n p t i n s g  to derive a n s _ u l y t i c s m l  nss su dcl ’. l i i i  t h e  n s u u m l t h p s i t h n
st - a t t e r u n u g  m s ues - i n s u m s i s n u n .  t l n i s  psur s m n se te r  p b s u y s  Sums i m u u p o r t a u s t  rohe .  \ I u u l t i p a t f m  ms sod s’ls c u r r c m u f l ~ un uuss ’
m m u u p b i 5 - u m l ~ , uss u umuus ’ I hu s m t 

~ h I ~ ’ us u n i t y ,  i s ’ .. t i n s u t  a sur l smee c’ smpa h i l e  sit s c . u l f e m u n g  s e r f  i c s m h l ~ r u i l , r m u , e r l  sug —

msa l s  st i ll h i k s ’vu use s s .uf I c r  l u o r m , o n i t s m f h v  p o l ,m r u i e d  s u g u . i h s . s i h h e u t  us I t t  su t Ot Ier s ’nsf u n u l s ’ u u s u l  imu s s h  j ih us ise
.mi lc ls ’ I n s  e e n n c r ,u l  f l u e  s’” 5 p e n m n s s e m s t~u l h y  sls’ru v s ’ sI p 1 r~- us ue smsuu rs ’n us t ’n u ls i nc ins .i~ s c i r s l  ss thu  l i n u s  , m s s u m n n i p f  r u n t

A l l e r  , u p p i i c ~u t m srn u  of ,m i sdu is s ’— c uu n l sp s’msssut i o mu pro cedu urt ’, r e s u u h t s  uvs ’r e u u b r s s ’r vs ’sl to r , m n i g e  h r c l u s e e n  ( I  ~~ , unuo l
1 c l ~ s o u t h  sunu , r u e r , u r ! s’ v s u h u m e  of ( h u ) ‘c h i C  sussocm. r lc d  vs l I t  f i n e  t o t _ u I  . u n : u h ~ v m s  ch , u t . u  r i sc ’

I hue s u r i s s - p u i v u e r  spt ’ c h r i m m u u  i l  f I5s ’ b h  smus o l  V p o l . u n u i s u f  turns  I su p p r u i 5. s ’ssu ’ s u t _ u s  mi ss’s) f u r  f u r ’ s  sIt ’ m u
e s t m n n u , u f s ’ oh f lue  rs ’ l , m l u s s ’ p hu. iss ’ s h m b f s ’reu ss -e in u s i uuc s ’cI umpon n  f i n s ’ o n t hu tuuu o ns a h lv  t i oI ,u ni , s’d s ig m s, u ls ( i t  t i l t ’ i c l f s’e-

t u n s g  n m m e s l m u n u u .  -~ I t l n u u m m g h i  s’, s l r ,’ f l m  h i , i s  c l  l e~ us  uos ’nt ’ m n ’ i I r, c i r i i n r s’nt s , u l t ’ sl f i n s ’ i n s ’nsd oh l i l t ’ s h s u t , u  p i c r t  l u t e s  suu lr .
s t , u m n i i , u l  ~ugrt ’erus s ’ms t s t u f h i  ms-st i l t s  prs ’ u h i t - ) t ’ sh hi~ i l l s ’ i u s ’sm u s ’ l i e l h u ’cf m m i i i  c c u e l l u s  r o u t  n s ’l s i l m u u n s s h u ; ’ s .
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Figure 4- 15, Oceanic Decorre/a tio n Time Results — In-Plane Geometr y
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Figure 4- 16, Oceanic Decorrelation T,mp Resmilts Cro.s.s Plang Genmem’ry
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4.4.6 (‘ircular Po lsuri zation Results

Ins t h e  desi gn oh operationa l as’ronuautica l  satel l i te  s y s t e n n m v . e l l ec t s  oh t Ine  u i cs ’ s m n n u s  n u sum l t  u p _ u t h u

in ter lace  on c i rcu la r l y  polarized uvs m ves are of pa rt icular  impor tance  Ac cs i rdun i g l v  - several  r ight-  and
Iet’t — inand circular polarization probes of t h e  oceanic surhace were eonsd oueted d ui n m u u g t Ime l a t t e r  p art  oh
the fl igh t test series. i- rom ss t h e  st suu us ipoint oh t h e  physical optmes vector sc_i t t s r  f o m u s i t u l a t  u u u m s . i t  us nsoi

necessary to) per t ornss nuue - ‘ a l te rations to inuc lu ude t h e  d Ied ’. of sinus, guvemi  receu s s ’ d i r  f r_ un ’ ~u ssmt  p u i l , i ru ,’,u-
t io n vector. Its general , mu~odel predictions hor t lue LI l ( ’ sun ud R i I ( ’  p rober c o u s h u g u r a t u o n u s  y ie ld  sf ’ t ’~~t n _ u i

sh is t r i h utuons  ansi au tocorre l s i t ioms f um muct iomus  thu _ ut  are sery similar  to t lse es i r resp o sn ic hu t ug  p a r a m m u e t e r s  ,mss u m -

ciate d wi L l s thue l inear  p ols m m mz su f ion ensulatiouss.  S imi l a r ly ,  t h e  predicted s , u i uus ’s of t h e  e u r e u l a r  su it1 h u m n t ’,ur
polarizations spresid parameters are in close accord . . -\s expeehed , t ime onue ,ure , u ins so f m m c h m  f lue I I h ( . uuu s i
RIIC poharuzatious ins h luueu i ce is oil si g n i f i cam s ee  re l su t s ’s to t lue f s u f a l  m i s s  scsu t tered s m u s ’rg~ co nfens t oh t i ne

s u g m u s u l .  Because this ’ s: i t clh ut e  _ uns ten u sa  us R I I ( ’ , tise p su hsu rm / .m t  moms ss’ n t s s ’—r t ’u e rs .u ! ~sr sips ’r t us ’s c m l  t h u s ’ s l u t l , u s s ’

cause flue s c s i t l c r e th  s’m t er utv  co rresp o nsd u nng to probes tr : unu s ms u ut  ted w i t  hi L.I l(’ pol . un u / , u f u u ) m u  10 his’ rs’cs’ ms eu l
w i th  less loss t l namu for probes fram s suu si t t e sh  w i t h  R ih C  p o s l _ ur u t s u fmoms.  F l i t s  ptu cuss nnss e ns o ns us prs’t h m c f e d  f o r
all grazing .m ms g les greate r th s am s flue p secudo—B resvster ang le sumud sh sou ld  hieeome msn u sr c  s m g m i m f m e a n s t .us f l u e
grazing ang le increases.

A sunsm a ry of spread paranu eter  measures and total m i s  su g ns , u I emserg ~ co ntenu f  oh ta m n ue d  four si
nuu mbs’r of c i r cu la r  polar i ta t io us probes is g ivens in tsu tile 4-3. W m t h s  t u e  ex cept ions  di! t h e  ss , l t  ter  s-oct h i —
c ie n s ts , t huese datsi sure in suecorsl sv itbs t h e  l inear  polarizat i oni  spread results  guvenu pr e vm oum s l~ - I hue s c s m t l e m
coe f l i cu en t  museasuren sns ’ u u t s  num s m ~ lie compsures l w i t h  m ss od el—p r e dic l e d results  i l sa t  suppesun wi t  hu m f l u e  p .m renu-
I l m s ’sc’s in tah ls ’ 4— 3 - his gemss ’r suh , t ine ex perm u ssemil  sul amid tl ieore tue _ uI  cod l u e i e n i t s , i r s ’ r eh , u t  u s t i  c l u i s e  - I b uy-

eve r , t l se RI  I( ’ coe I I  i c t c ’u i l s  sirs ’ I t i u c , u I l ~ son sss’whsa t  less t h s _ u n s  prs’dm etesh vs l t s ’rea s t h e  u pps i s i f t ’ gs’m se r suh l ~
tuo lt l s s , i h u s l  f o r  f lue  L I I ( ’  resul ts .  I m i s  uihsem ’s sut ics n  could vt u g gc ’sl h i s si f t i n e  -\ I S-li a n u t e m s i n a ’s p o l a r i i s u f m u u n u
may nu i t  he p e r l e e t l y  c i r euu l su r .

Ph I \ S l (  - I tiP I It ‘s S( \ I I I  R \ IOI ) I  1. P1( 1- l ) l (  l IONS

On us ’ 01 f l i t  u sn _ u b i r  i i h l s ’ c f u u s ’s r i b  l i n u s  exp t ’ r n m u u e n u t  vu _ u s  t o s u i h i s t 5 u n s t m s u f t ’ a s e . u t t e m  n n u os l s ’I I b m _ u t  s t i l l
.i~~ t u r , m i e i ~ pr s’ u l u ~ t I r e  ; u u u i l t u p s m t b i  d r u m s - h c h i . u r s m c f s ’n i s f u c s  ti s’rf  m n s s ’n u f 1 c m  f u l m u n e  u ips ’ n , m f i o m s s u l  i n 5 e , m n m t c  , i e n o —

i5.I u i f t s  _ i l  s,i ts’l f i f u , ’ .v s t r ’ n i i s  I xp s ’n mun i s ’ m u f , m l  ms ’s u u l f s  b u s t ’ )u s’s’ n t  corrs ’hs i f s ’d vs t i m  t t m e u i i o ’ t u c - _ m l Ir rs ’d u c f t i n t ’ -, ir ises)
ir i s ~m ~u u r f . m ~e i i i t o ~ ! i _ u I i u m i l  u n f  th s e c l5us ’.u~ ,ml phu ~ sis ,uh op Ines  st ’ c f o m  f o m n s i u u h s u l m o m u  s c , u ! m c ’r unn o slci  S55 l i m i t ’ .
1 . t l n rou g l u  I ~ . —l c u m l n f . I mni mu us n s ls ’I prs’s l m s f m o n u s  c m l  sel s ’s-te sl ch am i ns e l  p . c m , m i m m t ’ ) s ’ m s  f i n n  su s m n u r - l s  of  s~ s tcm n s

o n s i u g u u r _ i f m o m n s  , u unu h  , u ssu un u ns ’sl su rf si d e c h , i i . i c  i s ’ r m s t u c s  I s’st ts, mr .m mnss ’ f s ’rs m n n ; s u u f  to  t h i s ’ m u u u i c h c ’h I f , m h h c  I I )
ws’re so’ls ’c f co h 1 m m  pros i~l~’ ,u s l m m s c  s’ u n u u u l , u t  m u n m u  to t h u s ’ s’ u pc’n , n n m s ’i m l . u h  s m m i i c l i l  m l i l n s .
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TABL E 4-3. CIRCULAR POLAR/ZA 1/ON SPREA D AND REFLECT/ON
COEFFICIEN T MEASURES

A c Delay vpread Coh erence D oppler vi r ru ’ au h Decorr Scatter
Date , Pofar m- Elav , beaching, 3 d B , 10d B, BW , 3dB , 3dB , 10dB , t ime , 3 dB , coeff ,a

mo-day - yr ta t t o o deg oleg p sec p sec kHz Hi Hi msec VS

2 27-75 LHC 32 0 093 2. 74 234 185 383 2 6  
— 

- 3 11
1 - 221

2-27 - 75 RHC 32 90 088 3.26 207 178 440 19  - 14.6
1 16.8)

43-75 LH C 21 90 058 269  203 143 313 2.5 -3.3
(-3. 0)

4 3 7 5  BHC 21 90 072 260 203 113 257 2 6  -13 1
- - 1 - 1 3 2)

4-3-75 L H C  19 
n 0 077  3.02 234 131 222 - 3 .9 -7 . 7

- 1-3. 21
4 3  75 RHC 19 0 — 0,54 2.15 351 119 174 5.2 -113

- 

- 

I ( - 1 2 71

3 - 31  75  
- LHC - 1 5  90 0.76 3.37 168 113 260 3.1 -6.2

- 

- 
14 . 11

331 75 R H C  - 15 90 0.57 2 . 57 196 92 211 3.7 - 1 2 4
- 1 - 1 1 . 6 )

3 - 31 - 75 LHC 14 - 0 0.65 282 210 43 148 4 4  -6 .5
- 

( -4 .5)

3 3 1 - 7 5  RHC 14 0 0.59 2.30 237 37 111 6.7 - 1 1 . 5
- 

I ( I l G i
I 

-

__________________ ___________ ________ _________________________

.c 0 n r u n n l m l . . un  n , u r m ’ n n l hn ’scs rs v a l i u m -’ p i n - l u  1 . 1  t r y  I l - n ’  p hysical u r u r m r r s  vm,clo i  model . M odel p r e d u c m m o n c  shown ,u i c  fo r  a
‘,m ’ ,i slope of 9

TABL E 4-4 . INPU T TEST PARA METERS FOR PH VS/CA L
OPTICS SCA TTEF? MODEL

Test parameter Desc n ip tuon

A r r c r a f t  a l t r t sud e  10km
Amrcra f t  speed 200 rn/sec
A .rc raft heading Toward satellite; great circle

path tin-p(ane l
Broadside to satell ite; qreat circle
path (cross-plane)

A ircraft antenna polarization Horizontal , vertical
ATS -6 antenna po ( ar nz a tmo n Rug hn-hand circular
Grating angles 3°, 7

0 13°, ~ g
O 25°, 31°

Surface ty pe Sea water
Surface rms slope (tota ll 30 60 120

-4 ~-1 
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4 ~ I \ lo sfe l  I )es5 r i p1 ms i mn

I s i r t h t ~ 5- ,ms c of 1 — I m a i s s l  a e r o u n , u u i t i s ’al s a t e l h u t s ’ oee_ un i i c  st- _ u t t e r , the  s u u r l a s ’e w i l l  , m l nu nmis l  sm l s o sm ~
_ ipp e ,mr I s ) t ie ‘5 s i  r o u g h . ’’ -~ m i s m h ~ su s u I  se su t te rm i n g I ronus v cry r os ug hu sij rf  ,m ses us u i s u i s u l l y  shs ’ u e l o p t ’d

fhr o uug h s  f h i e  p h y s i c _ m I  opt ic s  t .u mu g emsf — p la m u e  unset  Inod l c t i nu i m n uo n s hy  sailed t ine K u m e h m i n o l l  app r o \ un t s s m tu o n i  I .
u s c  t In e ss ’ 5- f o r  h s i r m s s u l _ u t i o m s  01 u s e  p h s v sics i l  o) p t i e s  n sno ide l sui sd are t l uus  s u s I e  to propc ’ n h \  a c c o u u m s t  l c i r

t l u e  s’ l e e t u o m i u s u g u u e t u s ’ p o l , u rm ,’ a tus i mu  sh epen t s l s ’ m m c t c ’s of esuc ln p s i r t u c u l _ u r  sea t t e r i u sg  lacef  dims t Ine  suu rhsmce ,  S u t —
lace m n u n e g m . u f u o m n  u s’ c l i i i i c i u m e s  s l e te m nisum ue  thus ’ s c su t t e r  cross ses’ t moi u ,  l) opphs ’r sh i f t ,  s m m s d f u msi e  ds’l ay , issOsi-

.utet l w i t h s  es ucl n .ur e. m . t i tu s , m h l c u w u n n g  t h e  c hu s in i n s e l ’ s c t e h _ my— t ) oppler  sc ;mt ter  h u n c f m o m u . SI T , W) ,  to be eons-
s t r u u c f e u , l .  1 r cu m t u  si ~.cd I, ins t e gra l  amid 1- o ut ruer  t r4 um s s f o mnms  oips’rsu t m suis s  d e t e r nu u ine  t u e  c i ss mui n sc’l ’s tun is - Ire-
o I u u e mss ’~ , u u u t o c o r r c l _ u u u o i i  f u u m s e t u o m i . del suv spee tm uu m s i . l ) opp l er  specfmuuss ,  f m m n s e  au toco m re l s u t i s i ms  f u m u c l i u r m u .
h res t L i s ’ t i c~ siui lo s ’o r re l . u t mous  h u u m s c t i o n u ,  t o m t . i h  c m ie mgv s’o ns ten s t ,  _ uu sd spresud v , u l t m s ’s 1) 1 f lue  u u u i i d m n n s e u i s i o u i a l  ~hi ’ . -
t r u h u u t u s i m u s  - \ s h s h m t u u i i u _ u l  s l u s s - u u s s i c n t i  suitl ss’us ’r sml rs’ls ’m s ’m i ~- s’s arc’ u i se l t i d t ’d ins u u i l u i t s s ’ V.

4~~. , \losiel Prei . h m s ’t ioui  of I)s’ h , iv — l ) s pp he m S s . c m f c ’i’ I - u nsc ’ t ion i

I Its ’ sh t ’hs i \  ‘l ) s pph er  s C , u l t c ’l f u m u c t  moms se r u c ’s .us f l i t ’ h s s t si s ’ s~ s l s ’ l i i  t i n s e l  mom s I rons  us l O ch o f i n e r  msi sls’h
preslie tuc sn ’. ~~~ ds’tmsed ( ssn’.eslus’nutl\ . th is func t ions  h ,is been geos’-r sml et l 1 or su l l  p su r s u m u se te r  c o u i i h r m n s s m t m o n s s

— de h un ue smtech  inn  t , mh s h s ’ 4—4 su m u m i u p r e l i e n s u v e  ss’l of Sl r . c~ i nu sode l  r e s t u i f ’ .  us g ivens  ins u o h u u m i m e  V J o  i h l i u s t r s i i e

port  moms c m l  f l u e  l o t _ u I  c’u i ’ ,s’u s s i r l s ’, uu c ’ pmt ’s e mit  ‘m l T . ~ ci I s h t s l r m h i u i f u o n i s  s’cirmt ’spomsdums g to su i n o r i / o n i t s u l  p ol sm u
t a t io n s  p r ohi t’ ,us 5- u m n s l  i g u u n s ’ sh l ’or Si I .~~~~ g ra / umsg  , mms g l s ’ . cou pled vs thu  I ,~° _ u Is t i  ~d m  m u s s sc’.r - s l n i p u ,’ co n i s h s l  u n I t s

lisese sh , mta .  g i v e n  fs i r  bo t h  u n — p l s mn ss ’ s m u nc h c r s m ss —pl4mm i e  f l i g h t t l i r s’ c l t u n m m s . . m e  u l h t u s l r a t s ’tl ins l i r . ! uu t e s  4 — i  7
t h n r o u u g l m  4 —7ft  h iu  t h u s ’ I r m h l c n v u  m u g  ss’ c f m o m s ,  th i s ’ m n i t e g r s m l  s m m s sh l - o i u u m u c ’r o p e m s u f i u n u i s  o nms I l l s ’ n u u o s i c h — p n s ’ sh tc l s ’sh
SIr,t c I l u m m u c l u o s n u  . m e  sl iseit s s s’ch , I x smmsup l s ’s ut s s’sh f u r  t h s s m t  d r s i u m s — ,moii sirs ’ ds’r m v s ’si f m o n u u  f I n s ’ SI r w  I c l i s h m i —

h u i t u c m m u s  c i t  f l u ’. ss’ c f u u i n u .

I lie ~ni rye I n t s u i t h e l  p r e s l m c t i o n u v  ,u g re c ’ c lc i ss ’ l t  v v i t h s  e xpe n in su s ’m u f s m l  resui l ls  sin s) p i o s  s i t ’ s i e t au l e o l
imss i g lmf ouu g r s u / u i m g  , umi g l s ’ . p o h a r m i s u t u o m u , l l m g hu t  s lm r s ’s l m c s n u .  smnm sh ss’ su — s u ur f , u ce  sh d i p s ’ t leps’ n s t l e n t ’u s ’s si l t h i t ’ u i s - s’ , u m u —

ic l c m ru m , a n t l _ s r . . u t l s ’r I — h _ m u s h  ;iht ’ m n c i m u n e n u a .  Omse r e s u s i u l y  r n h s s - r v s ’s h hi s ml  t I n e  I ) m ~ ip hs ’n hn’ s’s f t i e u u c ~ th i s t r i h i t f u u n u t
c m l  t i n e  m c f u u r n m s ’ sl s’n u e r g \  us s l i r i i u n i l ~ m ns h i o m e u n t -e sh h r ~ , u i r c r , m l t  Im t ’s u d u i n g .  I it s ’ u h u s s m i n m u i , u r m f i s ’s hss’ l vu s ’ s’n s f l i t ’ mm—

• ,uissi d n m n s s - p l , m n i e  5) r ,ce I l u i t i c t u o u s s  ums dr e ,u ’ .e  so~ f l u e  m m ii ’ , s lu pe i i i  e , i s . ’ s s m mus l  .us l h se  s m n . m / u m s g  i u u e i c  siecrs’sises .
n i  thus ’ i n - , -, p I r i i ~ us e m n n t h u v  i d u u s u l  s lelsi ~ t ,u p s l r n s s e s s  I ) u i pp ls ’r ~~~ l r .m l l n , m f  c u e  s~ m u u m m u s ’ f m  m s s u i  55 if  Ii

ns ’sps’r , i  1 c m  f l i t  sp s ’~- i t h . m r — p o i i n l t  r e t u r n s  f r s ’c f u u e n s s t  c m l  (I I I , .  Ous t h u s ’ m i f i u s ’r u _ m u s t , I l l s ’ I ) c m p p h s ’i sps’ c . m r ; m  t s s m n -

cu _ m is ’s) s o i f lu f I n s ’ n n i s h i ~ ic ht i , uh t i p s  t u r n  t i l t ’ u i i — p l , u m i s ’ gs’u i nus s ’ f r v  usc ’ i n s  h u u r ! I i i \  ,u s u  m u u i m m e u r ~s- uh . vs f l u  t h i s ’ n u ’ c’ ,u-
I m s s ’— I r e q m m s ’n 5 t  r s’ t u m r m n  b e u uu g  ‘s u g n s i f m d _ u i t l i ~ m n t u i re sln sp s ’rss’ui m h n . u m u  I l l s ’ pc is m f i s s ’— l r s ’c f u i s ’m u e ~ s’. . u f l s ’r

“11 sl n i n u i l s l  I~s’ ui m f t ’uh I h i  I ~n I  cC I us  I l ieu ir e I i~ a l h r , , m - - si  i I n n r n I i  l i i  n ,  I t r I m ” oh r , i m m s h  u,’.~ l i i i ’ n ( i n  n j r p \  ‘ - r  p
p c r i , u i i c s ’ ‘ ‘ I  s e l f , u u i l  l u s i 4 h s ’l ~~~~~~~~~ ts ’sI ‘. )T. cC  ) p i o l s  us e , m u u- ’.s’c l isv I l l s ’ e h i o i u ~e oil  ce l l — s u i t ’ s l 5 u s u n t f u / s u l i u n n s
r u s i c t  in th i ~ m u umi t l s ’l e m n l n i l n i m i . i  p r u m i m . u ! l m s
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, mhi  e levation ang le and sea-slope eondi t iomss  associated w i t h  the  i ts -plane l l i g hm t  geomet ry .

S (r . w)  u s e lus m r_ uct er iz ed by tuv o dist inct  sets of spe c tr ;m l  “isumps. ” For s u g m v s ’n delay tap,  thuese huu m n s ps

c c im r c ’sponsd to the upper amid lower Doppler spectra l imi t s  over v vhue h i  phys ica l ly  poss ible m o u l t i p a t l u

sv ) I ( he returned ; the negativ e—frequency p omt ion is due to se sut terems hocs u t s’d on u s e  s u b au r e r a f t  s ide cit

t i me spec ular point , w hereas the posit iv e -t ’requuency eompont ’mst arises I c m iii t h e  s u i b s _ u t e h i u t e  side of t h e

surface. I hue se observations pertain to in—plane h lig h f dmr e c f  lv t ousa r s /  f lue  s a t e l l i t e ,  su m ins t h us tes t  pr c~- 
- -

g r s un s m.  For in—plane fli ghts  auu c zs f r o m  t he satel l i te ,  the roles of the nega t i v e  amid posit ive Doppler Ire—

qu ut’ncy realms . disciusse d here and elsewh ere , would he reversed I hum s occurs hec at ts e sc_ u I t e r  I rons  f l u e

regio n on the sub tu irer a ft  side of t h e  specular point  wo u mhd ,  in s t hus  c ;u sc . he s u s sc i c i sm l ed  w i t h  p t n s i t u u e

Doppler shifts .  ~
- ;  -

With respect to the Doppler fnequ ct i cv spectral  I sunnp s . 1 sh ould he noted tha t  t h e i r  p c r v t H c ’i 
- 

- -

ins the Slr , t ..t )  realm dep emids onu lv  on the svsteni g e u n n i e t m y  ;mn sd f m s m n i s m i t t e d  t r e d l u en ey  01 t u e  electro-

magnet ic  vu suve.  u s e  ss’s u-su ur t  act’ run s slops’ coi strol s t h e  r e l a t i ve  smms s o ums t  o n ?  s’ ime rgv  unu eac ln spec t r a l  b u m s .

-~u i iticrease in slope is accompanu ied by ;m hl o w oh ’ enu emgy f ronts t h i s ’ lumvu  ds’l:uy t s i p  mi u umbers  10 the  h smghuer

delays amid I rons  t t ie in ter ior  reg ion s of a tap ’s Doppler s p e c tmu u msu  to Use ex t e r i o r  lm nsuu t s  tri m t i se cross-

plane geometry . wit is  the oppcs s i fe  Doppler red i s t r ihu tm o mu o csurmmng for t h e  mn-plane  esuss ’.

4~~ 3 Lnte~ rat and Fourier Operations on S(T,u) t

4 5 . 1’ / I) u ’Ia u Sp e - tr r i  Ti tus  par :insets-m is obl ;i imse si by in t eg ra t ing  thue  nuode l— generafes l  SI r,w I hmunu c -

t io ,n over i Is  I )opp l em var iable ,  Referr i n g 10 the fi unu ures  g u s  s I t ii t hue prev io uus ss’ct mo m s sinus ) ins v c s h u u n i e  ~
allows sine to s m h l : m in i  ans s’v t in sa l e  of t h e  spectra slepemid et i ce up oms the p o i s m n u i s m t i o n s .  g r ; m , nn tg  , m nug l e ,  h i ug iu  I

d irections , sins) -, e , u — s l c m ps’ par _ un Ti e ten - s -\s ex p es- fed ,  I l ue de l a y  spe c l rumni  s t u n s ’ s l i m i t  olepemid ons f i s t ’ velos’ m f u

u c e l c i r  of ’ the  a i rp lane  S e s u - s u u r l s u c e  slope hi cs a m u c h  gre .u fe r  m n h luensee  on I he dela~ sps ’ c f r t u n u s  ths m m s does

gr s m / i i s e  ang ie ;  the h ig h er t u e  ss’su slope, the l ue _ uvis ’r t s u u l s ’ cl t h e  s t r s l r m l s u u f m s u m u  b e c uu nu ses ,  - \ p . t r t  I rc in u  t h u s ’
m e l ; m t i v e  m agnntus l s’ sh i t ’t’ereni ee s , the h u g h -ang le ~3 0 s c’rt c.ul  su nid h u o n u z o n s t a l  pol~m n i i . u 1 i o n  d e l , m y sp s’cf m. u
Isave ve ry  s imi la r  s hi sf  n i h u t i o n s ;  on ths e o ther  hs ansh , t h y ’ i c m u u  - , u i i s ’ I c - da ta  I ~d i 

~ouuple d  u s u t h s  ss ’.m s lops ’s u t
i m~ au th 12 0 p r u N h u u c s - sm v e r t i ca l  p o i l s m r i i . m f m o u s  sps’e tm uu m f l u . m l , u u h s ’ms s o m u u p : i i s ’d w i t h  i f s  h u o m u , o m n u t a h  p u n t m n —
itut  ion counterpar t ,  is v i s ib l y  iu i o rs’ dense in the u n s t e n u o m  rs’ g u o ms  n u l  i t s  sI us )  m i l n u r l u o m u

4. c ,_‘ I- rc ’c/ I o ’num i - I U t H c  m r r r u / , / f j r O j  L i u i i c i ) c n , l  R(~ ,~~
) I ’ ins ’ f ns’q t ms ’ i i s v  , ui u f m m c u i r r s ’ l s u t n o n  f u n u c f  ions us

chc ’r iv ed by t ak ing  the  u n v s ’r’.c’ Fouri er  tm sm n s t omnu c n f  th u s’ slu ’ l. m ~~~i r  tr uuss ; ths u is . n smt i\  of i f s  s m l l r i b u m f e s
m a y  he d e u f t i s ~~c l t r u imnn t i n s ’ prs’s- t’sl i nsm i r h u s c - u ussi r m u . I si ln s’g i ns . u se  i t c n i s ’ l i m , u l  R l l I .~~ I c l m u s ’s no t  shc ’pn ’ui d u m m u
t i te  scclos’u ty  us ’e f or  m i t  his s’ , u i r p l am s e .  -‘t i s u m , s m u u c s ’ t h i s ’ sls ’ l , iy  sp c 5 t r t u u u u  us s’v s ’r~ us i s i s ’ f i O s n l i v s ’ f ist ’ t u s ’u l t m s ’mn ’

u u u l o e o r r e h , u f m o m n  l m u n c t n u i m m  l i _ u s  n u u . m ” . m m u m u m u u u  s m n s s p h l u u s h e  n u n  f i n s ’ l I - h I ,  sc ’p . t n . r l i o n i  v , u h i i s ’, .ms y’\ l ’s’ Is ’s ) . ~ ‘ n t i s
res pc~’t to tIne st’ . u - s u u r l . u c s ’ - s l u n pu ’ s I h e e l s . i f us mu otesi t I n _ u t  .u sly ’crt ’ ,mse ins s lm ipc ’ r s ’s u u l f s  inn .i l innn .i c lc ’ n s u t n c’ m l

4-4( 1 a



t he  RI O,~2 I n i t  p l u t u s l e  s h m s t n u h u u t i o n n .  ‘nt e con t r su s t  t h s is  to the grs u e im i g  _ um s g l e dep enu d ensee.  wh ic h  pros lu ucs ’s
m o  sipprs ’c iahi s ’ o h u l l s ’rs ’i ice  i ns t he  R l l l ~~ I c h i s l m i b u m l u m m u s s  for t u e  c, u st ’s i l l i t s ? r ; u f t ’d hss’rt ’ i ni ,  l’ m n i , u i i / s u f u u i m u
e h I Ccl ’. sims Ri  I i  ~~ I art- _ u i s m c  n n u m t i r s i _ u l

4’ 5~ 3.3 I) u u p p / s ’r ‘n p I r u n c t  ( ‘omnu p _ ur e s l  w i t h  o t h e r  n u u l t ip a t l s  e h s a n n e l  u u n u d i m m s e m s s i o u u s m l  mmm s ’ s u s u u r s ’s co ins—
sidered , this ’ I ) u i p~sls ’r sps’cl m m m u n n  s l i m  mus s ln ~ l s m r ,  f lue  g r e s u f c s l  ds ’ps ’nds ’u t c ~ tupons n r c / n i p  an sg le si t u o l f l i g l u
t iurection s\ sI c i i i  p r  cn se t s ’rs . I t  is , u i s c i  i n u t l u e m u c e d  s u n t i u t  i c a n u t l v  hv thse se ,m ’sur l ;uee mmus s slogc sm ms d issi s a
shi g l s t  slt ’pe m no lem sct ’ t u p u i m i  t h i s ’ f’ c ’ i . u r i / , u l u s i n s  m t ’ f l i t ’ u r u c u s t e u i t  e l e e t m o m u u s m g n s e h i s - uv sc5s ’ ,

R e l s ’ r r u uuu ~ t i n  the  t u n S u r e ’ .  of ’ th e presissu ’. sCctioni smu s d vo lunns’ \‘ sh r n u v s  t h _ u t  hor  cr u u s s -p t . u m i s’ f l i gh u  I
gecimef rues , t h e  I in m l n p i s ’ i  sps ’ c t r m  I i , cu ~’ s l m s f m m h u u t u o m s s  c’ ioss ’l\  ress’ns h l unsg  ls’ r o — m m t e a u s  ( siulss )_ u i i , u v i f h i  s , u r u -
, m l i s c ’ iu sci’ s’.u s t i i ’,i ins a h u n s s ’ar t , m s h t u m n u  s s i l i u  mi t  t t i s i s’.i’.s’ ins m iss ss’ ,m slope.  I h ess’ s’ h s i m _ u c h e n i s i i s - s cs p c s t , u i i v
f u r  t h u s ’ l a i g s ’r scsi s l c m p c ’  irs ’ c l u s t i t i s  t i ~ s h u f  tereu s t t romus  f i ss is e  .usso ~- i. u I e d  vu - i l l s  un — p l ; mmuc ’ ( u g h ?  geo t i u s ’ l r u s ’s
In general , the  I ) u n p p l c r  sli t’s- I r a  , u s s o y u , u t s ’d u v m t h i  t h e  i n—p lamie  l i u g h u l  ci t m c ’ s t u u c i i s  sure l i u g I i i ~ ,u s\  m s un s t s ’ f n t c ,
so u th  t ime d u s t r m b u m t u c , u u s  hs’ mm t g  i t s ’ ,Iu~ ts uu hes i  in s t he  m s s’ g , u m i u e — l  r eo lu te n s -\ m e s ul m amid p n n s s s ’s s t i m n  s fn s’s’ t ’  1
iit_u ’I t i I i .u  t h u _ u t  s u n u n s t ’ u u .I s ’ su thu  .u ? r ’ .’c l t u s ’m i s ’% t u pp s’r ( m u t t  in t h e  p o s t i i v s ’ r s’a l tsn  \ i n m m u c  t h i s  m iu su ’s i n u i u t n s s , f i t s ’
s’u i s’r g\ s l e mi s u t y  f s i l l s  s i l l  imi sm e t c ’ . u f i t t c m i t s  ms s ansmss ’r I t  i’. sib semu’ s’d t h u _ u t  t l l t ’su ,’ a f i m u h s u i t e s  hs’cc i muus ’ nuc i re  p rc i —
mu outiced ,us the  ss’ ,t ~ i c  ps ’ m n s ers ’ ,u ses s u m s u l  nr. u , u n g  , unu g l e decr s ’,us s ’s , I n fstc t , we ms o te  f l u _ u t  ,us the  srppc i si te
s o n s h u t t u m n t s  c ic ’cu i r  t i e . . I c m S S  s l c i p s ’s ~‘u i u u p l s ’d s u n l I t  l m t g hs gm : m lu i t i r  s mm ug le I . f l u e  im s— p i a mm s ’ d i s t r i l n u u f i c i n s  f n s’c c n nutc ’s
u n e m ~ _ isunsg lv  s i u s uu l_u r  t si t h e  ‘ . r c r s s - p ! , u t s s’ c ouuni te r p smr t s  I hue sis’ps’nden ss - s’ of ’ t h e  m m n — p l , m n i s ’ I ) su p pi s ’r sU n s’s m t ’ .t 

—
015 t h i s ’ ss ’. t - s t c npe  p s m r s m m t u e f e r  u s c m l  p .m m t u s ’u l ;ur m mu tu , ’re sf - h or am u increase mis .. l o fn s’ - \Ss ’ ymf ~ss’rs e t h s s i l  ent ’re\
n ear t I me 0— I l ,  cs’ n m f e r  c i i  t ime  l t u t u c f m c u m u  us chi sp ems s ’ti I c iward  l In t ’ s’ \ t m e n s s i h i s ’s m l  t h i s ’ ol~s I t i i n t u l i o i i , sv i t l t  f i s t ’
m n s m n n n u e r  ins v u l m m c l s  l b s  mt ’c h i s l  r i l n t t m i c n n  I s u k es pI . u ~~’ ht ’ i n ug n us : mr k s ’t llv d i f f c ’rs ’ m i l f i n n  t h e  nsegsut t u - e  ,mtiti  p c r s t i \ s

h alves of f l u e  sps’cl r tu ns s , I l i t ’ p c i s i i t v s ’ rea lm hs ’ c m n i u i c ’s u n c i ’ s- .u s u t i g I ~ p e ,m k s’sl , w u l i t  t i n s ’ ps’s u k s h i l l  i m ig  Ic  n u u , um ’d
t u e  hs u g h u — h r t ’d~tt s ’n5 -\ cuts i l  I m m ?  t h e  ‘spes ’t r u unss . whs’ n e s u - s t h e  spt ’cfra l  sit ’ m u s i h v  ins f l u e  i i c ~ t t t u v s ’ - f r t ’s f uuemsc ~
r e p t o i r  hes’cm msse s no ons’ o l i - .~n r - r _ c c i . v o - i f h u  f l i t ’ f s m l h u i f f  mc’ss’u i u l n h i i g  suns s’x l sons t ’t u t i s m l  sI s’s’a~ -

\~v t b  i’ s ’ sl s s’cl 1 c m  l l m s ’ p u i i s u r m l s u f i c i n s  c’ h t s i m , is-t e i  i s l i c ’ . u I  t h i s ’ l t c n p p l s ’i sp e c l r u u l s l . usc ’ l o f t ’ f i n _ u t  I l ue  \ s ’ r t m —
cal . unnd i u c i r m i u m u i f s u l  p n l . u m u / , m f u u ) n l  s I ;mhs m sire mis ~- l ~ m s~’ ,mgres ’n uis ’ms I m r  h igh g r . t / i t i g  sm usg h s ’ ,u nl s l Io muu ‘ . i d 1~~5’’. I n i t

th e  l m n v v — g n , u , u n u � _ , u n t t i c ’ , m i i c l l n i e i t - s l c m p s ’ c r r m s d j h i o i t s . t u e  s’s’mt i c , i i  p c m l s u r t i . u m i t i m u  s l n c ’ ’ . i m , u  i i , u u ’ - ,u m u s tuch u  l t u g h m s ’r
p ercs ’ n t . u n s ’ u i I  s’ i us ’rn. ’\ inn t i n t ’ u i e ’_t , m l i s s ’ p u i m f u u u t s  cr1  I l l s ’ 5 1 1 s f  n u l n i m l u o m u  l h l , m n i  c h u m  i t i s , r n i i c , _ p c ) n t t h u t n g  h s o n n u i o n t i t , i l
spec t r; m.

-t 5, 1 ( i l i u m ’ f~~ ? n r c c u r  / r i l , m m / ) / I c / I c  11,01 m E n u )  h - s e n  l l i u u u m g i u  l i m e  y l u , u m i u u s ’l ’s l u l l s ’ ,i t t ? c m  m l  rs ’i . m f i u m i l

I u u m l c ’ l i m > mu us rs’ l su f s ’o h 1 c m  l i t ’ I) o [i p ls ’ m ’ ~I ’s ’~ I u ’ i u l n i  ny  Ou r s  m m ?  f i n e  I c f l u u t y ’t ) l’ , u i ) s l O l i i l  555 ’ m i l n ss ’ u v c ’ t I i . u l  I t s  ~h us
f n m h t i f u o n n  i i . m s  I l l s ’ s , um n ue  ~c t i c i , u i  ‘ i i , i ~~’-, I n n  h u r t  i i  c l u c i i 5 s ’ s i n )  . m u i c . i , u l l  l n c - .u c f u i m s t  I i m u u s m ,’ v c r , f u n  I l l s ’ i s m r ’ c - s c m
si r m p c ’’. . t he  m n — p t , m m n s ’ h ’ tI E . U I  h i l l s  m u )  d l e c u ”.s cm r t t ” .itls ’r , u b lu  ‘ . I c r \ u s t  Ihu , u i s  f l i t ’ s l m i s s - r I u u s s ’ d n c t n u l n i t i i u i i n  l~i
gc’ r n s’ r . m i  .i s ’, s l s ’ i i i m i i c  u u l c i s ’ r s c - inn  f i l e  c f i ’ . I n c i s i c n  n ol RI~~.l ) I  us , i s s m n s m s u t s ’ si vs i l l )  i I c , l c ’ . u ss ’ i l l  I h i ’ sc m — s l u r -
l ,uce ‘ . i r n p u’ south .1 ~lc ’~ r e _ u s 1’ i n )  l i e  e r . i l u n u g  m inn i e ,  \ l s m , .is u u n m u t h s h  I~s’ s’ \l ’ r c  c m i  l u m n u l u  l i i i  I )  r t n i ~ I s - i  s l k’ r f i t
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o b s e r u a f m o m u s . t h e  h so ru z omuta l  amid ve r t i ca l  p o l s u r m z a t u o n  RI E , W mesu u l t s  sure I s u u r l ’ s s u m u s m i a m  except  hor  t h e
l ou v— _ u n sg l e ,  t i u g hi—s ho i pe  c o m u d u t i o u u s  so lu cr e t h e  bs o rj io n t s i l  po la r i t s m t iom s  lumie t iou s  ex h i b i t s  a m m ut us ’hi s l u m v s c r
s ts ’ a , u ~ t h a m i  i t s  s e m I  us ’s ml p o l s u m m i 4 m l m o m u  c t i uu nu t e rp su r f

4 ~ i u ( ~Il R tl,°r ,~ c . u [ ? s r s c l  I . m t s ’m’ ,n5’~ Moidel p m e du e t m o n i s  oh ’ ilse se , u -m iu r t , uc s ’’s t o t a l  scatt ered s ’uu e r g \
ms recei ve sh si sem f l u e  s :u t e h l i t s ’- to i — a m rphz mn e  l i n k  sure prs’sen sted ins f i guurs ’ i-~ I - h hs j s  da ta  hsa ~ beets nuo m nua l -
ized r e l _ u t u s  e to ) f lue  energy cc civ sd diver  t u e  d i rec t  hum i e - of - sug h s t  pa t h  w l suc h s ,  for g e o i ’ . t s m t t o s n m s m r~ sate l l i te
,u h t u t u i d e s . us i u n s e l ~ e s t t i i v  ,u le ’u I to a n i o m n u u s i h u z a t u o m i  w i t b i  m s ’sps’cl to t h e  en s erg\  m m s c u d e n t  r upomu t h e  s u r h a s ’s’.
Ou se c c i n - ,cr u  S’s f h i s u f  se_u sh supe  Is_us .u v e r y  musums o r  ef ccl  015 t l i s ’ h igh er gm _ uz iu s g  sunughe  I ~ I ~0 ds i fa ,  F u im the
l m n u v  - n r ; ’t u n n - ~c m i g !e mesuuhts ,  u se muote  t ha t  t h e  vs’rt icsm l p o h a m m z s m t u o m u  cot ’ I I  t c l s ’n t s  iemsd fo  i n l c r c ’,u sc u vt  l b s  an
u t ucre .u s e  ins se,u shu ips ’, svh is ’rea s f lue oppos i te  d e penndemice  hn o i l d s  f r u i t ’ t in  t l se I m o n u z o n u t a l  p o l su r i i s u t io n i  ms’ s u u h l s .
Use h c iu s er  t I ne  se ,i slope . t h e  closer tise s c s u t l c  eoe t t ’ icucnu f .mpprosic h ie s t ine  ci ,tss t ~- , u h I r es mse i s i n o s n u i t  t i sit-

es m rt l s  n e t l ee t ioms  c o e f t i e m e i s t  resul t  .us mr io o l u t ie sh  ln ~ t ls e s p b uer i esm l—e smrf l t  sh vs ’ i ns ’ms c ’e l s m c l o m ,

4 5 . 4  Spread \‘;m hs u e P r e sl ic t iomu s

M cm sfe l - p r e s h uc t e ch  spread u .m ir u e s  tcs r the  n sutt iç ’ath channe l”.. y t e lsu ., spect ra , Ireqsienev ,mut u seu ,snrs’-

: ha t  ion t u m u c t u o n u ,  Duspphe r  spectra , sins ) t m m u s e  sm u i l c i c o r r e ha l i ons  I ’uu n c l  r u n  sure prt ’ss’n ts’sh ins t h u s  sect j oins
I ) e i u n s i f u o n u s  rs’r ? . r m u m m s g  t u u  f l u e  spre .icl ji , u r , t u u t s ’ t e r  m i tesusu ime s g iv en mu sc’ c f u u n t t  4.4 4 s m p p h y  s u u u s i l . m r h ~ 1 cm t h u s’
mo she i pres lucu  r m m r i s ,

Ru ,’ su u h t s  sirs ’ p r e semifesh  nrsup b u u c , m l h v  .us sr I m u i s s - f io n oil ’ g r s m /u t s g  sm ns g I o ’ ~30 I t )  3 1 0 ) t n t  ss’ .i s h c n ~n s’s c u t  ~~~‘

(~0 smm ud I 2 ° (ibsers s u l u o l i s  p e r t , u m n u u m u g  to ) the spr~sid m su e ;m si ur e  c h u , m r s m c f e r i s l  ie ’. ,m i  s’ s u u i u i n s s m r m , e d  below -

- / -l / t i n / t i  ‘ n / i c - a c t  I )s ’l , u y  spr e _ u sh u m I t t s ’ ’. sire p re semu fed  us I u g u i r s ’ s 4- , 2 sinus )  4— , I

u \ i i  r . u I  I hue _ i s hung  Ii , us no s I  f e e t  tins pars m n i e tems , u s ’ .mn~ i , u l y ’sI w i l h i  h u e  c l d . u ’ s  sp e c l r s umuu  -

1k I n m t  i n c n i b u  p c i l s m n i i ; m t u o n s s  ,m ms t h  I c m ~ u - ? m m — n i r n r h y ’’, l  ss’ ,m s l u mps ’s I s ’ . t i p  t o  I c ° I , t h u s ’ I-  smu id  I ( I~oi l l
n t c l , u ’m spms ’5moh s ins ’ rs’ l , m l m u e h u  i u m u i m u f l u u t ’t u cs’d i n ~ t h u s ’ c’ r , r r ’ u i t s ’  , u n r t l s ’ p sur s m nuss ’ f e r .

i - or f l i t ’ l , u t  c c i  s lop s’s . I l l s ’ sL I m ’ , s I ’ i c ’ , m m l ’ .  c u d  m m  u r i c r c , u s n ’ vi, m l i i  g r , m ,’u n n g  . u u m g i s ’

oh I bis ’ i n ’ : r i i i i , ’ m  bs’ f u u o ’ c ’t i  l I n c ’ ss ’m - t i s - .i l , u n s l  i u c m m i u i m n f , u l  ‘ . ; n u s ’ u c i s  u r n  i r ’ , t ’,n _ ’’. s s m l f h n  i i i  Or  i s ’ , m s m  l I t

g r , mfu t l i !  .mn ~ k’ n m n  , m t h u ’ rs’ , m ’.c’ i l l  ss’ ,m s h c n f n c  l i i i  f i n s ’ I u nsv s ’ i c i , l / u i u c ’  , m u i n t l c ’ m i l d  l u m e l i c ’ m s b u n p c ’s m i t t ’
ss’ r hm cs i l  p c m l , m m l l , m t i u s n  l i t _ i  m u  g e muen _ ul  h _ u s c  l s u l g s ’r I — , mmi s l  i t h — d I t  s p i s ’ , t c l  s , u l i u c ’s
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Figure 4-22 Model Predicted Delay Spread — Horizontal Polarization
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e. All spread measures increase w i t h  an increase in ru ss suunts m c e slope ; t ine  f ’u umi e l iona l  td i rm l s
of (h ue increase , luowevs’r, does not appear to hs’ systen ssm t ic

4.5.42 L’o/u ’r u ’m- s’ Ba,mdst ’zdt/ , Figure 4-24 il lust rates model resul ts  hum thu e coh ue reusce hsu nsshw i d t hs .

a. For t h e  hsi gher se_u slopes. (lie 3-dB coher ence b an sdwi d t lu has a s-er ~ we_uk depenuden sce
u pon grazing sought ’. whereas the 30 sea slope yiel ds a 3-dB eoiuere nu ee b su nsd w id t l s  f l u _ u t
i ncreases ratiser sharp ly (‘or su ms increase in grazing angle , ‘[hsis result is son ue whs mt in oppcm-
si t ion to that  obtained (‘or the ds’lay spread pamansu et er ,

b. In general,  the ho r izonta l  and vertical po l ami z _ ut i on  d a t _ u  are quits ’ s i m i l a r .

c. Coh serenuct ’ ha ndwio l th  thecresuses w i t h s  an increase in sea s l m i p e .

d. Fo r t h e  12 0 sea-s lope case , Sm 3-dB cotuerenee b a m s d w u d t h s  of ro r u ig hul y  -~~~ k hhi  _u pp s’_urs to tie
typica l  t’or gra zm n sg angles lying between 3° am u d 3 1 0 ; flue  b° slope da ta  ~‘meld s  3-d B t’olns ’r-
enee h a u i d w i d t h u s  r anging t’rons r oug tui y  200 to 2 75 k I l t , w i t h  Ih ie  i ni g isem v s u i u u s ’s h iei t sg , l ssui -
elated v v mths (hue larger grazing angles,

4 5 , 4 3  D opp ler Sprc ’c,d I) opph er spread nsodel p red ic t ions  sire given in f ig o mnes 4-25 . 4- ln sin u s) 4-

a, Bot h f lue  3- auss l I 0—d B spme smd n sea suur s’s uu scr e ase ms u ons o ton sie smh lv sun’ . sm l u mse t i on  oh s h e ’ s  a l m o n u
single for sil l  three  sesu slopes ,

b. ‘[hue spreads associ atesh w i t  is f lue  c ru i s s - p l sm u u e  dats u Ims erease w i t h  an t n u c m s ’_u ss’ m u  ss’ , u s l n i p s ’

e. For t h e  u t u- p l su tu e  g e c i m u s e l r v  csuse we ohseu ~ e a r a t h er iumse x ps ’ct esl sh u i p e  sleps ’ u u s i ~ i s  \ \ . m u u i s ’-
ly.  t h e  largest slopes tlou not ml ’ s ’ , .m~ s cusm re spouu d to f lue  largest  l) opp h s ’n s ; n i s ’ ,t sl s  I I i i ’ .  c ’ c c u u n s
for  hi oths f lue  3- ansI  I 0-sIB s p n s ’ ; m ( h nuss ’s m s uur t ’s sinus )  lo r  hs i t h i  p c u h s u n m / s m i ) o m m  n u u u n u ls ’s ,

sI , (‘otnupsur i t i g  t h e  m u n — p ls umse d s m f s u  u v u t h i  t hu s ’ s’ r o i s s — p lsum us ’ si s u l s i  I s ’s s’ , u h s  I l l _ u t  s h i s s u n t i u l _ u t  i f  us ’s h e i st  s o i l
th is ’ h u u o u  ss’ls s l ec te , us u ’ f o r  sun s u u u c r s ’ ,u se um s chs ’u , m i i u i us m u d s ’ m u c h .1 c l s ’s ’ r s ’, u s s’ ml su ’ ,i s l u m p s ’ 
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Figure 4-27, Model Predicted Doppler Spread — Cross-Plane Geometry

4, 5, 4 ,4 Do’c ’orr elation Time - Figure s ~~~~ 4-2~ , and 4-3() prese nu l nssod el- predmched results fo r  slecor -
relation t ime.

a. Like the coherence b ans lwidth rt m e sus sures , the decon -re lations t ime spread v . m f  t ies  show sys fe-
matic depe idencie s upon grazing angle ami ol rms surface slope , i . e . ,  t lse decorre la t iomu
tumes monotonically decrease for an nmuem u ’a s s ’ in e i f h e m  the slospe or grazun u g _ u n s gh e .

h. For moist of the grazing amig les , th ue decorrel a tmon tim u se decreases ins sm n i anuser  t h u _ u t  us t u i  .1

elose approximat ion rel a tesh lip uu ’ur !t’ to an i nus ’rease ins ‘.s’ .u s lope.

e. l ime u ire r a l’t hnead i ng  us seen lo u  nus i lshl ~ un u hl uenuce de correla l ioun f i nse , w i t lu  f l i t ’ umu — p l s i nus ’ s is m l , m
hemusg sh ig f n t l y  hs igl ss’r t i nsuns t ins ’ cnoi~s— p I s m mn e r e s u l t s  ( p 5umf i s - uu lsur lv  f o r  f l i t ’ large ss’su — s l ope s c u l l -

s l i t  i c i m u s  I ,

d. In gs’ mus ’ rs m l , f l ue s’s ’r t u csul  ,uu u s l h m o n u i o m i t s m l  p m s l s m n u i , u f m u i m n  r esu u l t s  suns ’ m u m close smg n s ’s’uu u t ’ uut  - I t u u \ t m ’v s ’l

wc m uot s - that  l m u r  t h e  un u m  and I 20 slops ’ s . i ss ’s t Ine  v s ’ r h u s ’al pol~u n u i s m l m c i m s  u f , i f , u  ls’nols lo  m i S ’ s’
s l u g i n t h v  I m u w e r  c l s ’s m i r r s ’i sm lu’m nn l i n u s ’ I h u , m u s  f l i t ’  h i o r m , c m n u t , u l  e o i m u i s . u l s ’n s t  l v s u f h n  t h i s ’ s’ \s  s’p I m i n i  c ih

l Ine .~~~‘ m u r ; u / u n s g  sung lo’ s- o m u u h u t u o m s  s’ouup ls’sh us t I n  t h i s ’ 1, m n s u u r h _ m s s ’ s lumps ’ )
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4,o CONI S M U L T I P A T I I  TFST RI SI L l S

~~ e x t e u s s u v e  ihs i ta Is_use of CON VS horws mn d - sc _ u t t e r  r m s u u l t i p a t h u  Is _ us beems ob t a i n u e d .  ‘ I u s  c o h l e c t i c i m u
s m n v cm s  a range of gr .u / i t scz  angles f ’monu 22 0 to 4~~c n  sund ,u v a r i e t y  oh te r ra in  electr ical  c h m , m r . u t t s ’ r m s l i e s
( lakes  to dry su u ow u , so ur face  roug h ness ( f la t  p l a in s  to n i o m u n s t a i m u s  I . sinus ) u e gt ’t s u t i o u u  co i ’se rs tg s’ ( h i e , u v m l v
lo rs’ste ih to barrens I . Ins s u s hdmtuon u ,  sevs’n sm l h o u r s  i l l  da ta  pe r t a in ing  10 n i s u u l t i p s m f h s  r e f l c c l i omu s  shining f lue
.m p p r c m , m cl m , t a X i . .mm ith l , u k s ’m n l  I p its ises sit I sungs ’ s m i n p o m t  ems v i r c u mum ulen t s  w sms oh f _ u im uesh .

Else d _ uts m h smse f o r  t i m e  ( (J\t  S n s u u u l t u p ; m t f u  s I m s m n s n u e l  s’h ss un sm s - h e n m / s m l m o m s  is o n t s f s m i m s e d  h r u u m u s  f i t s ’ Se t m t e tus _
her V) s in ssh Ocfs i he r  ~() j d ) T 4  f l i g h t s oss’r f l u e  s’sm st s ’rm s L i s u l e d  S l , m t s ’s; f lue Fehi ’usum v I S sm ith l u l , I n 1 ’ 5

h ig h ly u n u s ’r e e m u t n , u l  ( , u i u , u c h , t ; s u m u s l t h u s ’ Fs’ h n i m . u r ~ 20. ~ c ) 7 S  f l ug l ut  o n s s ’l s’ , mshs ’nis (‘ s imus i thsm s m ns sh f l u e  t - S
Per t inent  sv’m te n u p . m r . u i u i s ’ t s ’rs sir each n i l  t hue  h l u e l m I  Is ’sl s  sums ’ h t s f ~’~h mu t _ u h l e  4-~

u s e  I - e h r u u ; u r v  l i u g h t s  s’m uupbss u s u/ s ’sh sh , ml . i  , m s o f u u u s u f t o u s  fs u n s . m r m m i i u s  s m u u u s s - s m n v s ’ro - s l I s ’ rmsm m mss  ( f i a t  am ush
m u s ( i u n s t , m u n o u u s ) .  l . m k t ’s I f r c u i s ’mi anti  hu s i um of  I , and si i rp omt  e n u s u m c i n u n n u e n s f s . ss- i ss’ns’ ,us Ih se  So ’ p l s ’muu h - r s’r .m nis l  I )

~ l m n h m s’r
‘e n s ’’, g a t iu s ’ned o I , u m s m  t r i m s hi t ’, i s u I~ u s ’es’ f s m f i c m i t - s m u s o ’r s - cl I e r r , m u m u  h l ’s ci l l u  f l ; m t  ;m mus l l u i o i t u i u t , u u n u n n u n s  mush  s m n .) ’, l , u l

h u anh i mi r  I , u r ~e c m l v  e m u s u m m i n s n i c c ’ nn  t s  ( u ,’ .mi - \s’ m ,n n \ ork I

I S ) )
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TABL E 4.5, SYS TEM PA RAMETERS FOR SELECTE D
CONUS TESTS

Test pa rameter Description

Aircra f t  ground spe ed App roximately 190 rn/sec

A ircraft  barometric a l t i tude  App r ox imatefy  31 ,000 ft

E l e v a t i o n  angle 30° to 40°; September 19 , 1974

40° to 48°: Octobe r 30, 1974

22° to 27 ° ; February 18, 1975
27° to 39°: February 19 , 1975

28° to 37°; February 20 , 1975

Probing rate 10 M H z  for September 19 and Octobe r 30 , 1974 ,
and the air port  envir onment  probes

5 MHz for en route portions Febru a ry 18 , 19 ,
20, 1975

4 c m  I I ) e L uv- S pe c t ms m I muse I l i s t c u r v

I his ’ c bs s uusn u e l ’ s o hs ’l s a ~ —s pe s 1r su  l u m s u e  h s i s f m n t \  ( _) i t , T I pro s sl s’s , m p5mmt u s i l i l l u i s t L . m l ) m u s o i l  t t i e  f u m e —
s _ u n m a n s t  mu . i t um rs ’ of t I n e  ( ( ) “ s I , S n u s u m l t i p a t l u  prc ih es .  I u s  s u d s h i f i o m m i . Q( t i )  l i i , u \  l s ’ t uv s ’d to u m l s t , m t t u  su ns c u u s ’r —

s i s ’su cml  t h e  uuss i gn su lu us t s ’ sm ith sh- ,’j , m ~ — s ps’ s- l r , )  e l s: i rsms ’t ’ :nu st ue s  , ls sc m s t , i f s ’sl us f b i  ~- ‘ i uo ’ u , m l m i s ’d fs ’ m rs uu uu  ~I i . m u . m ~ I s ’r—
cs l i ~ ’’, m m u n ’n svhs ichs f I l e  sps’ c u u l . um p o i m s t  t , u s t ’rss’ s . I c m ?  t h us r s’ , l s n m i i . s i l l  m n t s ’nu- sul s n u l  ‘ . m h i s l  s l , i l , i  , i c s l i t i ; s ’ ol I i . m s ~ ’
h~es’ns ‘u u i b ie c t e s i  t o sL ’I ,i~ - sp s ’s- l m . m  t u n u n e  h u i s t o r ~ , ui u .u l ~ ‘is . In s t smf su l . thus  ms’ ; n i s - so ’ m i m s  s u p p u m u \ i m n s _ u f s ’l ’s 12  h i s i t u i s

u n l  e x per m nuuems t t un i s’, I um s l t s c , ( tss t Im ~’ sl e l , m ~ —s pe c ,’fn’ a f m n s u e  h m m s l m n r \  s l s t f , u , sss ’ m u s s ’ ss’mi r s ’ o~, m t s ’ sf f l i t ’ I c ’ r r , u i m i
t~ pt’s 1 1 1 1 m m  t h i s ’ f o m l l c m ~u i m s c i  s , m t s ’ s!c n r m s ’s u s ’ci s’ t , m m i r n n u — s - o u u s ’red,  s u i c m u u _ r c r s c .’ u s ’ sl p l . u i u i s . s i u n msm ._ s ’ n m s s ’rs ’ oI n u s c i t m n u t s u i m u s .
l _ u i ’ es si/ s  I s i k s ’s , s c c , u s l , i I  h m s m n h s u m m s . l , u nci s’ i n u s i m t s f n i , m l  s t I l t ’s , s tuu t l  resuds ’ n u t m z u l  , m m s ’ , i s  I l ls ’ s,i l n s ’ n sf (,_)I t.T ) ) s ’ ,u l m i t s ’s

of e_ u c fn  of t h u s ’se c i  l s ’t i m n u i s ’s a me si i s cu uss t ’ sl hehc isv -

u’ m I i , ’ ) m m i l — (  u i i ’ t ’ j t m /  ~~i e , i , i I  , m ! u u p l t ( i u t h s ’ r c f ( m n - m n 55 , 15 u s’l ~ lmSsS , I n m o s t  Ii  k5 ’l ’s t h uu e  10 l u m h i , u e s ’
, uh i ’~c u r p f u u i u u  c m l  f l i t ’ s’ h e c l i m m t u i , m c i t i s ’ l ) s  v s u s e ,  I his ’ m m l n , , n . u ’m c , u l n l s - s m n m u s i l  51 rums - f t in t ’ us us r c l , u l t s e l \

t m m u u t ’ ) ms s , u n i , m m u t .  s’’. s s ’p f f o r  u n l s ’ r s a l s  vs lus ts th i s ’ sps’s’ m m l s u r  p c m i r u t  1 r . m s o ’ m s t ’ c l .1 s i n s , u h l  m i s t n i l  I m u m i f u
r s ’ l l m c l t s t I ~ ( c m i . .  l , m k ~’ . r i ss ’r . u m m .u sl . r n n ,’ I’, i m u u f t ’ mc i p p uu s ua l .  B’~ s m , ; i I l n . u r u s u n i i . f h i s ’vs’ u m n f s ’rs - su l ” ,

pr o s h m u s -e c l  I u i u ! I i - t ’uu s ’r siv t m m u m f s u p  s m i ’ n i , u l s  I l i u m  a p p - m i  ,ms ‘‘ s t u m k s ’s ’’ s u n p s ’ n m m u m p ous s ’sh u p o n  l m n s t - ls ’Ss ’ l .

n u o u I t ’st f ~ sprs ’ sms l n m5 k u i r n n u i n i s l  i s ’ I t u r m i  

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



,~n o mv _ ( o u . onr ccd Plains: Snow—covered pLi mu s s pr suduc es )  rs. l s m t u v c l n , in tense  loss -spr estd r e tu rn .
w i t h  a modest amoun t  of si g m s sm l  s l s u t  i m m t i , m n  I ’. - I l i t ’ d e f o l i a t e d  dec iduous  trees ins t h e  ‘‘ mit ts-
len um sg region ’’ u su u a l l y  ef t ’ect ive ly  a t t s ’m su i ated or h n u i s u s l l ~ dispersed. t h e  sugnal .

Snouv_ (’oimer o~d t lou n tains: Re tu r n s s  wems’ l a u r l  sI r on n i mi , uu - i t hn  sprt ’:m sh s mis -~ s i s m u i t t ; m l l ~ sonue—
whu _ ut  equmv su hen t  to the higher graz ing angle oceanic dsut a .  Im u m s s t b l ~ due f r i  t i se  large -me suls ’
size of the scat tering e lements , t l se delay spectra ex h ib i t ed  a hi ghs degree of g r anu o t I ~u i u t ~
and nonst ation’uani ty.

Large Lalses (Liquid) :  In t h e ir  l i qu id  s t a t e , large lakes produicesi Q( f ,T I a r r ay s  w i t h  a t t r m -

hutes very s imi lar  to the oceanic lest  probes. Spec i t i ca l ly .  the si gnal s t rength  w i ’. ‘c r c
large (roughly equ u i v_ u le n t  to time Fresmuel r e f l ect iomi coe f f i c i e m ut  m s s _ ugni tude  I smtsd ,  f o u r  t h u s ’

conditions encountered , the s t u n t  suet ’s p r o d u c t ’s) _u l - r i c u . i t l l y  d ispersed re turn s , ‘ I h ess’ ch iar _ uc-
t e r i s f i c s  were essentially inva n i _ umi t 015 cr f lue d u ur su t i o t i  n i l  t h e  p r oub es ,

/ ,args ’ L a / u,u ’ s- (I .~ro:e,z) : TIse s iu o uv-co n vered  Isurge lakes pois scs\ sigi satun es s i ms si ts u r  to thu o se of
th t ’  ti _ ut smuow—covered ter ra in .  Lakes t h at wt ’ ms ’ p s u n t i s i l l y  f r o z e n  I s’ c! ., su I t ing  t h e  s i nore h i nse  I
produced larger spne snd s th u _ un those to ta l l y  fro z em s suns )  covered ls~ snosv .

(~ iastul h arb or s- : For t h e  re l s mtuv el v  snu s i ll s mns s ouu n t  o n f  s- o n s u s t . u l  husir b or thsi t m g _ u f l u s’r esh , t h e
Q(t ,T )  h ’u m n c t i o n  reve aled chuarac te r i s t i c s  s i m u l s u r  to those  of this ’  oceanic amid lam g e-l smk e
pr obe s. I h i s  imp ln e s  a l sm gh s—e ner g y ,  hm ro a d l y  dispersed s ignal  t h u _ u t  is s m u t t y  s t ab le  excep t
ton the shoreline areas .

l,mdu.vtr ic:l - I ro am . I ) e I , m y — s p e c l r a  s ignatures  fromsu i mush u m s t n i s u l  , mi is l  b t us ius cs s  sirs ’ ,u s I ’ , p u c u h l ~-
e x h s u h m t e s l  very l i t t l e  spreading.  w i t h  the  h u l k  c m l  f lue  ns’ t t mrn i ed  eu is -r e\  n t- t u g e onuts minses )
u v u t h i u m i  11 . 1 or 0,2 ~isec of f lue  specu l smr -p o iu i t m el u u r n u .

Rt ’ciil s’p itwl I l o r i S  Flue r e s m s h e m u t u s u l  ars ’.is p n o m h - r s ’ sh du r ing  a l e s t  su ns l - s’bru _ ury  20 . I t )7  
~ , p 1 m m -

sluiced n u s t u l t u p a t l u  s n g n a t u u r s ’s s h i s l u m i c l l \  d i f f e r e m u t  f r o n uu  l l i m m s s ’ m i t  t I ne  i m u d u u s l r i s u i  c r c _ us  I pt-
sal ly , thus ’  rs ’sns ls’ m s t i _ u l  r e t u n r u t s  dish su i t  have sums o v e n u v l s e l tnumnmuu .m u su s m uum n t  c m l s’ u l e r m n .m, in ti m e s~~s’s’mi -

I s u r — p u m u m u t  t i p  south s i s ius ’ f h s ’ sm ppe . mr _ unu t -e uI  I ’ t’ i m u g  e m l h u e r  i n t g h t I ~ sm f f s ’ i s tu s u fe s h  mr I m r u i , m cl  l~ du s-
persesl. I l is ’so ’ clu , m r sms ’ t e r umn tu c s  , mi r .’ som n t ’ut ’wh smt s m u u i u l , u n  I n n  l ls c iss’ c m l t h e  su, ’mt s’ I , m f  m n - c c ’ s  c - r e d
t e r r a u u n  probes .

h - u _ m n 5’ 4- . I , t a kenu  Irons thu s ’  I c ’ I m i m i , m i u n 20 . l n ) 7 ~~ , t i u g h i l  n n s s ’ i  \ c ’\m ‘1 c m n ~, SI _ u t s’. i l l u u s t r . u f s ’s t h i s ’  mu omm n—
s l , l l i n m i l , t t \  b eh av io r  n i l  st - s i t  l s ’r f r o muu  t e r r a in  f l u _ u t  us pr t’c f u s m u u i m i , m m u l l ’ , s u i m n S s  c n m v s ’ rs ’ cf I lit ’ l u s t  2 — n u u m u u  so ’ s’
nus ’u ut  ( l u g .  I I s u ) p n m u u u s h s ’s u u s l s ’ n s , u l s  s ih l , mk ~’ I h u u g h u — . mm mip h i l u m s f t ’ . h r u u u - sprs ,i cf I , mnu u l  u o ’n’s’ t , u l i i m m n  l h n g l n l v  , u l i c ’ u l t i
,i ts’s l )  r e t t i rn s , [ hu e ss’cm it ss h 2 - m i m i  st ’c si l l s’tl t I l t g .  I - l i i ) u h l t i s h r . u f s ’s n o — . u m u n p l u t u d s ’ . l n m n u , u m l  s p m s ’. i u f u u u g  .155c m-
s t , m f e s i  w u t h i  t oughs s u u m m s u - s - n u v s - r o ’o f sir p u r t i s u f ! v  ss ’ ui s ’ l . u l ) m i u i - v - m i s o ’ned
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46 . 2 CONUS Delay-Doppler Scatter I ir ict ions and Associated Parameters

As one would ex pect. when a high degree of nonstationarity in the channel delay spectra is

observed , there ex ists a corresponding degree of delay-Doppler scatter lunction . S(r.w). nonstation-
a ri ty.

Typically. Str ,~~
) was derived over a 7-sec time interval. In many cases the surface charac-

teristics being probed wi l l change appreciably over this t ime interval. Hence, the scatter process cannot
be considered to he stationary under these conditions, and thus it should not be assumed that S(r ,~~)
represents a complete statistical descript ion of the channel.

Figure 4-3 presents an example CONUS S (r , w)  distribution, accompanied by the multipath
delay spectra , frequency autocorrelation function. Doppler spectru m, and time autocorrelation func-
tion. The S( r .w )  function presented in figure 4- .~ corresponds to the 7-sec segment bracketed on
the QU.r) function h g .  4-3 1 ht. lhN particular example illustrates a high degree of dispersion in both
the delay and Doppler domains, which h characteristic of rough snow-covere d terrain. The flight direc-
tion was in-plane and the grazing angle was roughly 36 0 With the exception of the perturbation near
the origin of the distribution, which produces a double peak in the delay spectra , we note that the data

4 for this set is to a first order tai r l~ equivalent to a high-angle oceanic scatter function. In fact, the
Doppler distributions are seen to he quite similar in shape.

4.6.3 RMS CON US Scatter Coefficients

The multipath signal’ s rms scatter coeff icient . I’. is defined as the ratio of ’ total received
scattered energy to the energy incident upon the surface. This parameter provides us with a quantita-
tive measure of the total sc atter intensity.

Figures 4-33 and 4-34 present the experimentail~’ derived values of r for horizontal and vertical
polarization. respectiv e ly . These data are given as a function of grazing angle and are accompanied by
theoretical Fresnel smooth-earth retlection coeff icient curves and a series of mid-angle results obtained
from the \ TS-5 L-hand experiment (re f. 4-5 ) . The ATS-5 results have been included in this presenta-
tion since they provide information over a range of grazing angles ( 150 to 200) for which (‘ONUS data
were not acquired with the A TS-6 satellite.

It is well known that the water content of a sc at ter  surt~ice is perhaps the most significant single
parameter influencing the magnitude of the Fresnel reflection coefficient. We believe that the CONUS
flights traversed surface areas that varied markedly in the ir water content thus the theoreti cal reflec-
tion coe lf icient relationships have been plotted I~ir ,i ~ar iety of electrical ch .irac tc r isti cs on each of the
figures. Numerical subsc r ipts on the data points allow the data to he cross-referenced to te st locations

by means of maps showing the calculated path of the specular point during each flight tcs t (presented
in vol. \ . sec. 7i .
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In general. the data points are fairly we ll bracketed by the and 1’v relationships corre-
sponding to the above parameters. Horizontal I’ va lues as low as — 1 8 dB and as high as +2 dB were

• observed, whereas the vertical coeff icients ranged from — 24 to —3 dB. On a total point basis, the vert i-
• cal coefficients arc more biased to the high side of the theoretic al predictions than are the horizontal

coefficients. This is especially true in the vicinity of the Brewster angle and is most likely attributed
to the concept of “Brewster angle i!l-in” and to the influence of depolarization , which is a natura l

• phenomenon af f ict ing multipat~. components returned from locations that arc not on t he great circle
• path joining the suhaircraf t and subsate llite points.

Only a small number of va lues corresponding to scatter from regions completely covered by
• vegetation base been included since these returns are attenuated to a low level that usually transcends

the precision of the system capabilities and are therefore of lesser interest to the designers of an opera-
tional (‘ONUS system. l)ata points with subscript numbers 2 and I for the horizontal and vertical
reflection coefficient data. respectively. are two examples illustrating the influence of heavy vegetation
cover on the intensity of t he returned multipath signal. This particular result was obtained for the
September flight te st ~‘irobe over the eastern United States. The observed r values are roughly 12 dB
below the result one might expect for typical underlying soil conditions (slightly moist soil). On many

• other occasions for the fal l flights over vegetation-covered terrain . the delay-spectra time history infor-
mation indicates I values substantially below those associated with the above two examples. In gen-
eral. the scatter coefficient data included in this section for the non-snow-covered terrain (fall flights)
corresponds to selected time segments during which the Q( t . r )  plots indicate the presence of a si~ iifi-
cant amount of returned energy . Using detailed map overlays , these data segments can almost always
be correlated to time intervals during which t he specular point traversed nonforested regions such as
small bodies of water, highways. manmade structures, or rock outcroppings.

4.6.4 (‘ONUS Delay Spread. Frequency Coherence Bandwidth. E)oppler Spread, and Decorrelation
T ime

The CONUS 3- and I 0-dB delay spread values were determined for a variety of terrain profiles
to pros dc a measure of the time delay dispersion characteristics 01’ the multipath process. The 3-dB
delay spread values ranged from a low of approximately 0.1 ~sec to a high of 1.2 p5cc. whereas the
l0-dB measures ranged between 0.1 and 3.0 psec. In general. all data sets exhibit very little dependence
upon grazing angle, a result that is in accord with model predictions for a Gaussian surface. The data
ensembles exhibit a rather large variance , most likely du~ to the gross inhomogeneit ies of the (‘ONUS
surface , which tends to mask any small grazing angle dependence that migh t he present.

The I requen~.~ coherence bandwidth represents the upper f requency limit to which two trans-
mitted carriers may he separatcd Y e t  still meet a specifi ed degree of correlation (i.e.. 0.5) at the receiver
Fxperiinental results for both horizontal and vertical polarization were segregated into fall and winter
flight tes t s  categorie’~, and a high degree of dispersion was observed to exist in each dat a ensemble. This
follows directly from a similar delay spread observation , and most ce rtainl y relates to the wide variet y
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of terrain characteristics encountered in the (‘ONUS environment. Comparing the delay spread
results to the coherence bandwidth measurements provides a general confirmation of the “inverse
proportional~ relationship that exists betwee n the two measures. Since t he overland scatter process
is , on occasion. inultimodal. the relationship should not be expected to hold valid for eac h and every
data point of the ensemble.

Considering all (‘ONUS test conditions , the range of’ coherence bandwidt h measures ranged
from a low of rou~hIy 1 50 kHt to a high of ’ several MU, (the re-~ Iution capabilit ies of the prober
chip width duration establish an upper limit to which coherence bandwidth may be measured). For
the fall test series. a median coherence bandwidth measure of roughly 750 kIlt was observed , whereas
the winter results produced a somewhat smal ler median value of approximately 600 kHz. As discussed
in volume V . these findings are thought to be indicative of the terrain regions over which the winter
flights were conducted as wel l as the criteria used to select time intervals for the fall test series data
analyses.

The two-sided 3- and I 0-dB CONUS Doppler spre~ds for vertically and horizontally polarized
multipath probe signals were determined. The 3-dB spreads are given as a function of grazing angle in
figures 4-35 and 4-36. Results are segregated according to flight test series (fall and winter) and air-
craft velocity direction (in-plane and cross-plane).

With the exceptio n of data points 50. 56 . 59 . 60. and 74 (which represent data col lected over
Lake Michigan. Lake Superior . and the Adieundacy Mountains northeast of Montreal, Canada). the
majority of the Doppler spread observations appear to have 3-d B spreads that lie between 20 and 1 25
H,. with a typical value of approxi m ately 60 U,. The I 0-dB spread measures were observed to vary
over a wide range of values, with the majority of the points falling between a low of 40 Hz and a high
of 500 IIt . A  slight tendency for the spread values to increase with an increase in grazing angle was

• observed. This relationship is in accord with theory however, it is believed to be more indicative of
• the terrain type differences over which the high- and low-angle fl ights were conducted.

• Spreads associated w it h (‘ONUS specular-point trajectories subtending large lakes and winter-
mountainous regions correlate well with the observed high-angle oceanic results . In particular , the
previously delineated points correspond ing to f lights over Lake Superior (50 and 60), Lake Michigan

• 56 and 59t . and the Adieundacy Mountains (74 )  provided typical 3-and I0-dB spread value of 200
arid 450 lIz . re~pective ly . Fhese ma~ he compared w ith typical high-angle (31 0) oceanic 3-and lO-dB
spreads of I 70 and 300 II, .

Ihe (‘ONUS 3-d R deco rrelation times were determined as a f’unction of ’ grating angle t’or both
the horizontal and vertical polarization probes. The data sets were segreg ated according to test series
fall and w inter) and aircraft heading tin-plane and cross—plane ) . lhe decorre lat ion t ime param eter

represents the tipper time limit separation to which two identical freq uency L-hand carriers may be
spaced. ve t sti ll meet a specif ied degree of coherenc~ )0 .5 at the receiver.
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The measured decorrelation times of the (‘ONUS multipath signal spanne’.~ a w ide range of
values. The trend of the data did not indicate a pronounced grazing angle, polarization. tlight direc-
tion, or tlight series dependence. For all but one data point , the decorrelation t ime measures lie
between values of I and 10 msec. and we may ascr ibe an average value of roughly 4 msec to the total
ensemb le.

4 .6.5 Airp ort Multi path Environments

Multipath airport environment data svas gathered on the approach. landing, and taxi phases at
three airports : O’Hare International (Chicago) , JFK International (New York ) , and NAFEC , located
northwest of Atlantic City. Nesv Jersey. All probes were conducted with a 10-M Hz chip rate and used
a single low-gain crossed-slot antenna located close to the top centerline of the airplane. This antenna
possessed nominal LHC polarization characteristics and thus provided an enhanced multipath return
at t he expense of a direct signal polarization mismatch relative to the RHC polarized ATS-6 uplink.
For all three airports the elevation angle to ATS-6 was approximately 390,

4. 5 .5. 1 Run wai’ Ta.vi (‘onditiwis With the airplane on the ground and conducting typical taxi
maneuvers , the returned signal structure generally had the following attributes.

a. Significant amplitude tiuctuation was observed on the received direct tap 3 signal for the
crossed-slot operational antenna. This may be attributed to a number of factors , such as
building shielding of the direct line-o f-sight signal , antenna pattern variation as a func-
tion of aircraft orientation , and inter t ’erence (both constructive and destructive) due to
multipat h arrivals falling within the direct tap bank.

h. ‘Very little multipath energy was returned with delays greater than 0.2 psec from the
direct signal arrival. The level of multipath energy with delays greater than 0.2 psec was
at least 20 dB below the direct-path signal.

During the February 19 , 1975 . airport test sequence at O’Hare (Chicago). signal amplitude tiuctu-
ations described in item a above were observed. Results also indicated that the hulk of the delay
returns arrived no later than 0.1 or 0.2 psec after the direct signal , further illustrating item b.

3W ith the aircraft on the ground. the I O~MHi ch ip rate the highest available with the SACP equip—

rnent) resolution is insufficient to completely discriminate against terrain and building scatter returns
on the basis of time separation. Some of these inultipat h returns therefore fall into the direct-path
t aps .
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4, t .5. .lppr oadm and Landing .tla,ze ui’ers Due to fairly rapid airplane altitude and attitude
changes , the rnultipath characteristics in the landing and approach phases of an airport environment
are somew hat dift’erent fro m those associated with en route (‘ONUS condit ions. Prior to, or during,
its final descent, the airplane mna~ pert ’orm one or m ore rather steep banking maneuvers. Perhaps the
most significant impact of these attitude changes relates to the potentially large antenna gain that may
he directed toward the effective multipath “glistening region” during banking maneuvers. An examp le
illustrating such an occurrence is given in t’igure 4-37 , where a delay-spectra time history for a 2-m m
tlight segm ent in the vicinit’, of ’ the NA FEC FAA airport is illustrated. At 14 24:30 the airplane began
a banking maneuver (toward the satellite ) and we note a very perceptible increase in the multipath
return , which is accompanied by a corresponding decrease in the direct signal component. It is of
interest to note that the direct signal decreases not because of a decrease in antenna gain but because
of an increase in the polarization m ismatch between the satellite polarization vector and that of the
aircraft antenna becomes maximum for look angles directl y above the airplane). Although the antenna
and the m ode in which it was used for this probe (with its circular polarization sense reversed on the
direct path) are not representative of an operational system antenna , it does provide a vivid example of
the banking eff ’ects on a receiving system signal-to-multipath-interference (S/ I) ratio.

4.7 NIULTIPATFI TEST CONCLUSIONS

Forward-scatter L-band mnultipath data was acquired for a comprehensive set of oceanic and
(‘ONUS tes t conditions . The oceanic flight tests subtended elevat ion angles ranging between 30 and
32 0: the (‘ONUS probes were conducted between elevation angles of 22 0 and 4g0 Analys s of t hese
data has concentrated primarily on determining the channel ’s delay-Doppler scatter f’unction and its
associated integral and Fourier parameters. In addition, for the oceanic multipath channel , a scatter
m odel was validated, the spatial filtering effect of’ the prober antenna was isolated , and selected
data sequences were processed to determine time-domain statistics and cross-power spectra .

4 .~ .I Oceanic Multipath Test

A major portion ot ’ the oceanic mul( ipath analysis eff ’ort was directed toward verification of
an appropriate scatter model th.it could extend the experi mental results to the prediction ot’ perform-
ance for future aeronautical satell i te syste ms. foward this end, a vector t’ormu lation of the widely
accepted phys ical optics very-rough- surface scatter model was used to correlate theory with experi-
mnent . In app lying the model, the scatt e r cross section . coupled with complex polarization transmis—
s h ill coef f i c ien ts . w as numerically integrated over the total effect ive multi pat h surface. Model pre-
dictions were gene rated for a va riety of surface rms slope conditions and were shown to closely
emu late the measured multipath channe l character ist ics. l’hese predict ions and the corresponding
comparisons we re conduc ted it the leve l of ’ the dehi~ -l)oppler scatter function and its associated
lower order in tegral and Fourier parameters.
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- The delay-l)oppler scatter function . S ( r , M , was found to be quite dependent on grazing angle .
am rcraf ’t heading, and mis sea slope. Sea-slope dependencies were investigated mainly through use of
the model predictions. These predictions were based on an isotropic slope distribution processing a
Gaussian form . Sea-slope distributions used in model predictions were verified by sea-state buoy
measurement data.

With the exception of the absolute level of its power spectral density . S (r ,w)  is only mildly
dependent upon the electromagnetic polarization (horizontal, vertical, or circular ) of the incident
probe signal. Th is is particularly the case for the h igh-angle data , whereas at the tower gra7.ing angles
the effect of the vertical polarization reflection coefficient ’s spatial variation is in evidence. The sea-
surfac e slope strongly influences the dispersion in both the delay arid Doppler coordinates , More
specifica lly, an increase in finS shape results in both increased delay dispersion and Dopp ler dispersion .
The distribution of energy in the Doppler coordinate is also a strong function of grazing angle and
aircraft heading. As the flight direction departs from the cross-plane direction, the energy distribution
in the Doppler realm is no longer sym m etrical with respect to the specular-point f’requency . This
asymmetry increases as the flight direction approaches tile in-plane condition and results in the negative-
frequency rea lm of S(r .ca) being significan tly more spread than the posit ive-f ’requency region.4 Eleva-
tion angie et’fects are prim arily related to the Doppler frequency ; for a decrease in elevation angle .
t he dispersion in the Doppler coordinate also decreases , while the asymmetry of the in-plane S(r .c~.,)
function increases. Hence. S(r ,w) has maximum asymmetry for a combinat ion of low grazing angle.
h igh sea surface slope , and in-plane flight geometry.

When S(r .w) is reduced to lower order parameters via integral and Fourier transform opera-
tion, its properties are generally more self-evident. Using these techni ques. the channel ’s delay spectra .
Doppler spectra . frequency autocorrefat ion function , and time autocorrelation function have been de-
rived. The observed delay spectra exhibit the expected monotonic decay as a function of tap number ,
with the specular-point tap possessimig the maximum density. The delay-spectra data showed no signifi-
cant dependence upomi grazing angle or flight direction. Model emulations show that the dispersion of
the delay spectru m increases substant ially for an increase in surf ’ace slope. The Doppler spectru m
measurements exhibited a Gaussian-like distribution associated with the cross-plane flight con ditions
and a very asymmetrical “ramp-like ” relationship for the in-plane direction. For a decr ease in grazing
angle , the variance of the Gaussian Doppler spectrum decrease s wiìereas the ram p slope of’ tf te in-plane
distri hutmon increases , with the spectrum possessing an abrupt upper frequency limit. Again, model
emtmlat ion shows that an increase in sea slope results in an increase in the dispersion of the Doppler
spectrum. The f ’requenc’, autocorrefa t ion function and the delay spectra are a Fourier t ransf ’onit pair:

fhic frequency rea lm corresponding to sCat Icr from the region on t u e  “suhaircraf ’t ” side of the
specular point will exhibit the larger spread . For these le s t s .  (lie in—p lane flights were toward the
satellit e , and hence the negative—frequency realm shows the large r spread . For in—plane f lights aw,i’1
f’rorn the sa tt’llite . the pos itive—frequency realm would ii ,ise the larger sprL ’.ill.
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similarly, the time autocorrelation f’unction and the Doppler spectra are another Fourier transform
pair. ‘fhus the time and frequency autocorrelation f’unction dependencies upon grazing angle, flight
direction , and sea slope are extensions fro m the above discussion (i.e.. an increase m~~spread of a function
results in a decrease in spread of its Fourier transform). These inverse relationships between the Fourier
transform pair ele m ents are clearly visib le f’rom the calcu lated data. It is of interest to note that , com-
pared with the Doppler spectrum properties . the shape of the time autocorre latmon function is not —

nearly so dependent upon aircraft heading. However , it is apparent that the in-plane result is somewhat
heavier tailed than t he cross-plane result, as expected.

The total energy content of the scattere d signal ~‘nd the spread measures of the above spectra
and autocorrelation functions represent the lowest echelon of channel characterization and were cal-
culated as a f’unction of polarization and grazing angle. Horizontal and vertical polarization total
scatter coeff icients were t’ound to be within I or 2 dB of ’ results predicted by the physical optics vector
sc att ~~ model. The expv’rimnenta l scatter coe fficient dependency upon sea slope wa~ not determined
explici’ly because sea-slope measurements were not available for the exact times and locations of the
multipath tests. The model predictions , however , indicated that tt t e scatter coef ’f icient magnitudes f’or

grazing angles above 100 were only weakly dependent upon sea-surface slope. Wit h the exception of ’
the low-angle vertical polarization data , the scatter coeff icients are roughly equivalent to the product of ’
divergence factor and Fresnel smooth-earth reflection coefficient. The low-angle vertical results are
some 3 to 5 dli above this relationship: this is not unexpected and may be explained by the concept of
“Brewster aogle fill-in.” which is discussed in more detail in section 5.2 .6 of volume V .

Channel spread measures were presented as a function of grazing angle. No appreciable grazing
angle dependence was apparent for the delay spread data Average delay spreads were almost constant
( less than 20~7 change ) for grazing angles ranging between 100 and 300. The 3-dB delay spreads ranged
t ’rom a low of 0,25 ~sec to a high of 1.8 ~sec and had a typical value of 0.8 ~zsec: the lO-dB delay
spreads ranged from 2.2 to 5.6 iasee ’~~d had an average value of 3~~~sec. Similarly . the 3-dB coherence
bandwidths did not exhibit a strong grazing angle relationship and were observed to vary over a range
from 70 to 3S0 kl- lz, with the higher values being associated (very weakly ) with the higher grazing angles.
l)oppler spreads exhibited a very strong dependence upon both grazing angle and aircraft heading. For
the in-plane geometry condition, very small l)oppler spreads are associated with the low grazimig angles:
for example ,,i t a grazing ang le of ’ ~0, typ ical 3- and l0-d B spread measures of 5 amid 44 lIz were measured.
fhese results are significam itly lower than those obtained for the cross-plane fl ight vector and are in
accord with prediction. i’his phenomenon does not imply a low sea surf~’ce slope: in fact , as shown by
t h e  model predict ions , the low-angle mn-plane Doppler spreads may actually decrease for an imicrease in
sea slope. At t h e  hig h end of ’ t he grazing :mngle range ( ~~3Q0 ), the flight direct on vector lids very litt le
influence on l)oppler spread . w i th  both data sCts taking 3- and l0-dB values ol 140 and 350 lIz .
r,’~ pc~ m i v c l ~ - \tc.isu red s a lim es Of se lected oceanic mnii ltip:ith par :mmete rs were summarized in table 2-I ,
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Ant additional dimension of the interrelationship between the oceanic surface and the comp lex
vector nature of electromagnetic propagation was investigated by determining the degree of correla-
tion between the simultaneous vertical and horizontal probes amid by separate ly using right- and left-
hand circular polarization probes. With the exception of the received signal’s absolute amplitude, the
circular polarizat ion data was shown to possess attributes similar to those of the linear polarization
data. With respect to the total received scattered energy dur ing tests with circularly polarized (CP)
probes. the results illustrate the phemiomenon of surface-induced polarization sense reversal. This is
evident since probes transmitted from the aircraft with LHC polarization are received more favorably
at the right-hand circularly polar ized satellite than probes transmitted with RHC polarization. The
degree of correlation between the probe ’s horizontal amid vertical polarizations was investigated by
determining the a m p litude of the correlation coefficient between the two signals and by examining
the phase of their complex cross-power spectra. In both cases. results are in accord with vector scat-
ter theory and indicate that the orthogonal polarization multipath processe s are highly correlated ,
with the Fresnel reflection coefficients providing the appropriate phase relationship between the
scattered vertical and horizontal probes.

With respect to investigations pertaining to the complex Gaussian WSS US properties of the
oceanic multi path process , we have, after rather extensive testing . statistical bases for support of bot h
the comp lex Gaussian statistics hypothesis and the assumption that t he scatterers are uncorrelated.
Also , the channel’s wide-sense stationary characteristics . which were examined over a relatively short
Limnespam i. appeared to exhibit time-invariant statistical properties. While this test was by no means
comprehensive , it is thought to be representative of expectations in that the scattering physics are
imif luenced primarily by the surf ’ace ’s slope probability distribution function (pdf). whic h changes in
a maim er roughly proportional to tile square root of the wind velocity. Thus one may confidently
represent the oceanic channel as a complex Gaussian WSSUS scatter process. Under these condit ions
the S(r .w) function completel y describes all statistical attributes of the channel. Since t his function

— and the lower order measures are well duplicated by the physica l optics vector scatt er model, the
results of ’ this test miiay be easily extended and applied to the detailed anal yses and design of future
oceanic L-band syste m s.

4.7 .2 (‘ONUS Multipath Test

One of ’ the most obvious ch aracteristics of the overland (‘ONUS scat ter  data is its high degree
of signal structure nonstationarity. This was readily co nfirmed t hrough a visual observation of several
delay-spectra ti m e history segments. Similarly. t he signature of t h e  channel’ s 1~elay-l)oppler scatter
function varies marked ly with specular-point location and was use d to isolate periods of very low
spreading. modest spread mn~, biased positional scatt e r, large irregular Doppler SPI’ctr :i return , and
mixed scatter process return. These data were used to delineate the salient feat ure s associated with
terrammi is pes t’a lling under the categories of heavy vegetation cover . coastal humrhors, large cit ies, large
lakes , ami d snow-covered plains and mountains .
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The above properties of nonstationarity appear to mask out any systematic grazing angle.
flight direction, or polarization dependencies that might exist for the channel’s rms scatter coeffi-
cients and spread parameter measures. A summary of the observed range and typical values assoc iated
w ith the unidimensional channel parameter’s was presented in table 2-2.

Data gathered during the airport environment multipath probe were analyzed for test
sequences entailing runway taxi, handing, and low-a ltitude-approach airplane maneuvers. These
probes were carried out via a single crossed-slot low-gain antenna whose polarization was left
circular, thus providing enhancement of the multipath signal at the expense of the direct signal.
Wit h the airplane moving on the ground, the received signal structure possessed two rather distinct
attributes: ( I) fairly large-amplitude fluctuations of the energy received in the direct line-of-sight
signal taps were observed (possibly caused by small delay multipath components) and (2) only very
low levels (at least 20 dB below the direct-path signal) of multipath power were observed for delays
greater than 0.2 psec relative to the direct signal arrival.

For the approach and landing phases of the airport environment test , the data has been used to
identify several fundamental characterist ics of the direct and multipath signal components. As
expected , airplane banking maneuvers produce substantia l changes in the relative direct and multi-
path signal levels. This was illustrated by an example that showed the antenna ’s S/ I parameter under-

• going a change in excess of 20 dB over a timespan of approximately 15 sec. Wit h respect to the
influence of the aircraft ’s altitude decrease during the descent and landing planes. a corresponding
decrease in the differential time delay and a relatively large positive differential Doppler frequency
shift between the direct and multipath signals were observed. The differential delay is proportional
to alt itude only, whereas the differential Doppler depends on angle of approach and aircraft velocity.
For the JF K approach at an altitude of approximately 0.7 km , a 34- lIz differential Doppler was
measured. One further observation relates to the noted tendency for the multipath signal’s delay
spread to decrease with a decrease in altitude. This is in accord with theory, which predicts a delay
spectrum dispersion proportional to the altitude of the airplane. 
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S. MODEM EVALUATION TEST

A description of the modem evaluation tests and summary results of the voice , digital data.
and ranging experiments are prov ided in this section. More detailed information may be found in
volume VI of this report.

5.1 MODEM EVALUATION TEST OBJECTIVES

Various tec hniques are being considered for the transmission of voice. digital data, and ranging!
surveillance signals to and from aircraft via satellites. The general objective of the tests here sum-
marized was to evaluate the performance of several voice, digital data , and ranging modems repre-
senting candidate approaches for this application, Specific objectives were:

a. To evaluate modem performance over a range of flight geometries and C/N0, using the
candidate operational left wing-root/right wing-root/ to p (LWSD/RWSD/TOP) swi tchable
slot-dipole antenna system. Experimental performance data were compared with theoreti-
cal and laboratory baseline data to assess the effects of the overocean flight environment
on modem performance for a representative set of conditions.

b. To evaluate modem performance parametrically in terms of a wide range of C/N 0 and S/ I
va lues for the overocean flight environment. These experimental data provide quantita-
t ive measurement of modem performance degradation for various degrees of oceanic
mult ipath interference. Experimental data were compared with theoretical prediction and
with performance measurements made using a laboratory muhtipath simulator.

5.2 MODEM EVALUATION TEST DESCRIPTION

5.2 . 1 Type I and Type 11 Test Categories

The modem evaluation tests were divided into two general types:

lTvpe I P erJ or,nan( ’e With ,4 ircraf t Operational .- l p z t e~nnas: These tests acquired modem
performance wit h operational antennas at satellite elevation angles ranging from 10° to
30°. Bearing angles relative to ATS-6 were approximately 45° , 135 0, 215 0 and 31 ~ 0 ,

5-I
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The imiherent signal-to-mu ltipath-interference ratio (S1’l) for these tests is dependent
upomi the polari iatiom m amid gain characteristics of t he airborne operational antenna and the
magnitude and polariiatioii characteristics of ’ the sea-re flected signals. Type I tests evalu-
ated mimodem performimance over a range of(’ N0 values combined with the S/ I values
inherent to the antenna system f ’or the geometries tested.

T’m ’pe II - Pe rfor ~nwmce W it/i Various Levels of Oceanic .llult ip a t/z Interf ere nce . Type II tests
used the quad-helix antenna l’or reception of the direct-pa th signal and the side multipath
antenna f’or reception of the sea-reflected mnultipath signals. After preamplification .
these signals were combined at RF in the desired power ratio to simulate an antenna with
a specified SI ratio. All flights were approximately broadside to the satellite at an eleva-

tion angle of ’ I ~ 0 , This constant orientation was used because the SMP antenna pointing
was fixed. The test parameters varied were the direct-path C/N0 and the combining ratio
that determit ines S’l . Tests spanned (‘(N0 values between 38 and 52 dB-Hz in combina-
tion with S/ I values ranging from heavy multipat h fading (S/ I = 3 dB) to essentially non-
fading conditions (S/ I > 20 dB).

5.2 .2 Airborne Terminal Functional Description

A simplified bloc k diagram of the aircra ft terminal is shown in figure 5-I .

.5 22 , / RESignui R outing - The RF signal routing norma lly used f’or Type I data acquisition is
shown in Figure 5-I .  The RF switches selected time desired operational antenna ( LWSD or RWSD).
and the variable attenuator preceding the preamp lifier al lowed the C/N 0 to be set at the desired value.
The PLACE diplexer was normally bypassed as shown.

For Type it tests. the quad-helix antenna received the direct-path signal while the side-mounted
mitult ipath antenna. in its horizomita l polarization mode, received the sea-reflected signal. The direct-
pathi (‘ was ~igamn set by the variable attenuator preceding the preamplifier. The outputs of tIme pre-
amplifiers were routed through two variable attenuators preceding the RF combiner , whic h allowed the
S I ratio to be adjusted to the desired value.

It needed, a voice link t’or test coordination could he transm ’nitted using the PLA(’ E trans m itter
connected to either of ’ the bac kup slot dipoles ( LSD or RSD). The use of separate antennas for traits-
mi ssion .immd rece pt i o n tunct ions not omily allowed receive channel losses to he m inimized but also
guarded against t h e  possibility of interference in the receive channel due to diplexer lea kage during
transm itter operatio n .

5-2
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5,2.2,2 .4 ir craft C/N 0 Measurement -- For all m odem evaluation tests , the transmiss ion format
included a cw carrier at a power level equal to that of other test channels. C/N0 measurements were
therefore made on this channel to infer the C/N0 on other channe ls. Frequent independent measure-
milents were made by separate operators at 70- and lU-MHz IF points using an HP l4 lT spectrum
analyzer and HP 3 I 2A wave analyzer. These measurements were used to establish and monitor the
desired value of the C/N0 test parameter during flight tm~st conduct .

The cw channel was also processed by an envelope detector in the carrier detector unit. This
output was FM recorded for off-line computer analysis to determine C/N0 and S/ I on a more con-
tinuous basis in support of the detailed data analysis.

5.2.3 Modem Evaluation Transmission Formats

The principal forward-link transmission formats are given in table 5 - I .  Uplink signals were
transmitted from Rosman at relative power levels such that the L-hand downlink channel powers re-
ceived at the airplane (with modulations applied) would be equ al. Special precautions and monitor-
ing techniques ensured this equalization.

Four different voice modems were tested. The test configuration and transmission channel
capac ity allowed for the simultaneous testing of three voice modems. During the last 2 months of the
test program, all four modems were available . Severa l transmission format options. as indicated in
table 5-I , were therefore used for testing the four available modems.

Five digital data demodulators , all utilizing derivatives of phase-shift-keyed signaling, were

tested. All digital data demodulators operated on the same PSK downhink test signal . eliminating am my
uncertainty regarding unequal m odulat ion quality or unequal channel downlink powers . The cw
carrier at I 550.6875 MHz was normally the signal used for aircraft operator and carrier detector unit
C/N0 measurements.

The voice/data test mode evaluated performance of ’ the two hybrid modents in their hybrid
voice and data (sinmu ltaneous) modes . A separate PSK data channel was transmitted for use by the
NASA DE(’PSK demodulator.

During ranging tests , two different ranging moderns were evaluated: DO1’/TS(’ digita l ramig ing
(in-house DOTITSC development ) and NASA PLA(’E surveillance and ranging (S&R) . The ~~~~
S&R tec hnique was tested on a single-link round-tri p basis v ia the .~TS-t~ satellite. The I)OT’ ’I’S(’
digital ranging modem was tested on a one-way single-link basis , wit f t all measurements made omi board
t he aircraft and recorded for off-line analysis.
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TABL E 5-1. MODEM EVA L UA TION TRANSMISSION FORMA TS

channel frequency, MHz
Test mode 1550.000 1550.075 1550.250 1550.600 1550.675 1550.6875

Voi ce (1) — CW ANBFM Hyb 2 Hyb i —
Voice (2) — CW ADVM Hyb 2 ANBFM —
Voice (3) — CW ANBFM ADVM Hyb I —
Voice (4) — CW Hyb 2 ADVM Hyb 1 --
Digital data — CW NBFM — P5K CW

Voice/data — CW Hyb 1 Hyb 2 P5K —
V/D V/D

Ranging . NB (1) CW S&R ANBFM RN — —

Ranging, NB (2) — S&R CW 
~N P5K —

Ranging . WB CW S&R ANBFM Rw — —

Legend:

ANBFM: Adaptive narrowband frequency modulation
4 ADVM : Adaptive delta voice modulation

Hyb 1: Hybrid No. 1. voice-only mode
Hyb 2: Hybrid No. 2. vo ice’on ly mode
Hyb 1 (V/D): Hybrid No. 1 modem, simultaneous voice and data mode
P5K: Digital data 1200-bps phase-shift -keyed test signal
NB. WB: Nan’owband , wideband
RN, R

~~: TSC dig ital ranging: narrowband , wideb and
S&R: Surveillance and ranging (NASA PLACE) .

5.2.4 Modem Evaluation Data Acquisition Sumimmary

Approx imately 85 hours of modem evaluation test data (65 ’ Type I. 35~ - Type II) was
acquired over the 7-month period between September 1974 and April 1975.

Modem evaluation test legs were strai ght-l ine segments of 23-m m duration. The first 3 mint
of a leg allowed for aircraft turns, antenna selection , and (‘/ N0 (and S ‘I. w hen applicable ) setup.
Data were acquired during the last 20 mm of each leg. ‘I’ype II tests required an aircraf’ t heading of ’
110 0 relative to the A TS-6 direction at an elevation angle of 150 . Type I test legs spanned a range —

of satell ite elevation angles between 10° and 30° at aircraf ’t headings of 45°, 135 0. 225 0
. and 3 1 5 °

relative to the sate llite direction, Tables 5-2 and 5-3 sunimarize the l’ype I and II modem evaluation
tests conducted. ‘rhe tables identify time number of 23-m m test legs tiown for each type of te s t
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TABLE 5~2. MODEM EVALUA TION DA TA ACQUISITION. TYPE !

Number of 20’ciin runsEl.vatmon 
___________ ____________ _________ ___________ _____________

Data, an~ e, Voice Voice Hybrid Digital
mo-day-yr dug (no ADVM) (with ADVM) V/D data Rang inga

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 12 - 15  - - 3 1 2
1114-74 9-16  4 - - 3
11-15-74 15 - 17  2 - - 2 1
11-16-74 9 - 1 5  4 - - 1 2
11-19-74 15 .17 - - - 4 -
11-20-74 9 5b - - 4b
11-21-74 15 -17  3 - 1 1 -

1-23-75 8 . 15  4 - - 1 2
1-24-75 15- 18 - - - 4 -
1.27-75 15 - - - - 1
1-28-75 15-22 2 - 1 1 -
1-30-75 8 - 1 5  4 - - 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 - - - ‘ -

4-1-75 10 .17  - 3 1 -
4-2-75 10 - - - 1 2

a LOW percentage of success due to erratic modem performance.
bGrOUfl d test parked at Azores.
C NO ADVM data.
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TABLE 5~3. MODEM EVA L UA T/ON DA TA ACQUISITION, TYPE II

Number of 20’min runs
Elevation __________ ____________ __________ _________ ____________

Date , angle, Voice Voice Hybrid Digital
mo-day-yr d.g (rio ADVM) (with ADVM) V/D data Ranging 5

10-24-74 3b - - - -

10-25.74 15 - - 3b 1b

10.28.74 15 3 - - - -

11.13-74 15 - - - 4 -

11-14-74 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 IS 3 - - - -

1-28-75 15 3 - - - -

1.30-75 15 - - - 3 -

3-25-75 15 - - 3 3 -

3.27-75 15 - 2c 
- I

3-28-75 15 1 - - 2 1
3-31-75 15 2 - - 2 1
4-1-7 5 15 - 3 - - -

4- 2.75 15 1 - 1 1 -

a Erratic performa nce of modem .
bQuest iona ble data due to RF power combiner fault.
C NO ADVM data ,

5 3  I) .~ l . \  R E l ) f .( ’ I ION ~\ l) .
~\~~l \’Sl5 PRO(’l/l)URI:S FOR MODE~i F~ ’A LVA ’flON TESTS

Figure 5- il iag ra mmis t ine t1~~ ot nest da ta for ti m e mnodem n eva luation t’xperimi.’m lfs from the col-
lection phase on t i me K( ’—l 35 through ~‘o mp ufat iomm. For each of ’ thi’ vo ice. dig ita l data , and rangit ig
t es ts . amma log mmms tru nnentJ l i omm 1:1 1)1’ s ‘~ en ’ returne d to Seat tie . digiti,ed. amid f’ormatte il onto seven
track digital tape ant I i recessed hs a general—purpose cuiiiputer . , ‘\lso , strip charts amid logs const rue-
t~d rn the airp lane were collated to aid in interpreting time processed results ,
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5.3 .1 Determination of C. N0 and S I

The carrier-to-noise density ratio , (‘ - N0. and direct-to- indirect s ig na l ratio , S l ane the two
primary variables in time modem experiments. Ant automated procedure to determine these channel
parameters was devised t h at was com nm nom m to t he three modem ev alu.mfmo n tests . On t he Kc’- 135 ,
linear envelope detection of ’ an ummmodu lated L-b am md carr ier st as per f or m ed continuall y and the
detector output was recorded on instrum mm entatiom m tape. ( ‘ ire ful c liammnel setup ensured that time power
contained in this probe signal was equal to that 01’ time modulated carri ers under test thus iitc,isure-
ments on the probe signal y ielded reliable esti m ates of the cf m anm m e l conditions t ) r  iearh~ c hannels .

It can be shown (sec. 7 ., vol. IV) th at the low-pass spectnim o m t he envelope dene ~ t o  output
can be expanded in ter m s of t he input RF spectrum. w hich in turfl provides the reI.i t i~ e signa l, mu lti-

path , and noise levels. The contributions of ’ each are thus revealed i i i  time freq uency domain, w hereas

time-donmain anals sis does not uniquely y ield (‘ N0 and S I.

To perform the spectra analys is . the detector output t~:is samp led 1024 limes at a 2 - k u ,  r.it~
every 15 sec throughout the test. These samples were then input to a discrete Fourier tr .iii~tor in ron
tine, which supplied smoothed spectral estimates every IS Sec. Relat ing these spectral es t im ates back

to theoretical depemidence on C’ - N0 and S I t hen allowed these par:iiueters to he dete ninm mied at re~IIlar

intervals. The accurac y ascribed to these parameter values is +0.5 JR for C’ N ) and + I JR for -~ F

In additiom m . supplem ental (‘ N0 imm easureml ien ts were perfor m ed om mboard the K( ’ - 135 during t h e
test using a spectfli mfl analyier.

5 .3.2 V oice Data Reduction Procedures

Analog voice tapes were transcribed onto I 4- mm . audio tape with annotative m aterial t’or use

h~ CBS Laboratories in scoring word intelligibility - Sessiom i reports were  returned t o  Boeing or com-
pilation with other test data and documentation. Also , .i sma ll number ot S(’I M signal trans iniss ioiis
were transcribed for conmputer processing by NASA .

5.3.3 I)igital Data Reductio mm Procedures

For each of l iv ~ mmm ode nms . the output hit s tream mi was packed on dig ita l tape .iiid imial ~ ied i i i  the
CIJ(’ t.t OO. Error am mals-s is ot e t c h track was pert ’ormed h~ sym m c hromiii.ing .i replica l’N sequence t,t tIm e
rece ived sequence. Fins ti o nme , tabulation of time error st, it  istics w as perf ’or mmmi ’d (or 1’.ic Il C ma nue l - Pni-
marY stat ist ics were number of hits processed . number of er rors , hms to g r.im mi s of the spaL ’i mm g h1’t~ ccii
errors , and hiisto g ram iis ol the nunmmhe r 01 errors per conti tzuoiis 24’h t block. .-\verage error pr ~l’.i hil im
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was provided by t he l’or mmm er two q uam mtit i es . w hile information on the ch annel ’s memnory structure was

provided I the two hmistogranis . (.‘haimm mel signal-to-noise density ratio and direct-to-indirect signal
rat io were obt am mied wit lmin the sanme computing run. ammd time date was compiled manually.

5 .3.4 Ranging Data Reduction Procedures

For both USC ranging amid NASA rammging tests , the reformatted tapes were read to construct
a ra m mge versus time array. An imm itia i fit to the data ssa s performed ammd obvious “blunder” errors were
censored (those having greater than lO-knm error ). A second least-squares-cu rve fit with a second-
order polynmomnmal wa s t iiem m pert ’orn med. and the deviations from this reconstructed trajectory were
taken as the measurement error. The array of errors was then processed to yield the rms mneasuren ment
error, and ehi-squared good mmess-of -ti t tests for a norm mmal error distribution were performed.

It is noted that t h is process determines error statistics relative to a nominal trajectory fit to

the data and not relative to any absolute range measurement. No adequate means of providing the
range calibrations and signal synchronization necessary for absolute ranging was available.

5, 4 VOICE MODEM EVAL UATION TEST RESULTS

Four distinct voice mm mod ulation techni ques were evaluated for a variety of aeronautical channel
conditions , Performance was measured primaril y by word intelligibility scores achieved using lists of
pimoneticaily balanced words. Variables in the tests included C- N 0, time ratio of unmodulated carrier
power to noise power dem isi ty (iii dB-Hi. . and S/I . the ratio of direct signal power to total scattered
multipath power ( m m  dB) .

5.4 .1 Voice Modem s Tested

Time four vo ice modems tested are referred to as adaptive narrowband frequency modulation
AN BFM). Hybrid No. I (Q-M/ PSK) . Hybrid Nt). 2 (PDMiPSK). and adaptive delta voice modulation
A DVM) . The two hybrid modemns may operate in eithervoice-only. data-only. orsimultam meous voice

data modes . Characteristics of eac h are provided in volume V I.

5. 4 .2 Performance Evaluation Met lmod

The most useful measure of pert ’ormance for speech transmissions in time .~TC environment
is  the achieved intellig ibility Thus . the Voice experiments nmeasured the percent intelligibility assocm-
ated wmt i m unrelated words for different test conditions

5-10
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Un perform t hese t C s t s . phi ommetical l y balanced word lists were recorded on I 4 in. tape by CBS
Laboratories us immg a hme r i m a n e nmale and tem mmal e speakers . .‘~ s immg le intelligibility test involved tour sepa-
rate spea kers . eac h rea d immg two SO-word lists , nmma k m n g a 400-word test .  List scram nhf m ng was used to
m m mi n tmmm i / e lea rm mi ng h~ time listener panel. I he words were spokemi at a pproxi nmma te lv 2 ,5-sec intervals .
and t ime tot ,i l test duration, over whi c h conitit ions were nmainta mned con sta n mt.  was rough ly  22 nun.
Figure 5-3 illustrates the tape form at for all sessions .

lime various demodu lator outputs were recorded ott instrumentation tape on the K(’- l35 .
these tapes were re t u rned to Seatt le . am m d time t h ree separate voice tracks were transcribed , along

s~ it im identit ’icatiot i ,  om mt o 1 4-ti m . au dio tape t hat was forwarded to (‘BS Laboratories for evaluation .
Fime carrier detector s igm ma l wa s digitii.e d for anal ysis o f C N0 am id S I channel conditions. Timis pro-
cedurl’. coniniomi to :tll e x periments , is described in sectio n 5 .3 For each test condition and each
nmoe lenm unmder evai uatioim . CBS provided immean intelligibility and various other stat ist i c s . A  trained
hmsiem m e r panel of ’ hO persons was enm mp loved in t h e  eva luatio mms .

5,4 .3 Type I Test Results , Voice-O uR Mode

‘[est resu lts for Type 1 voice-only m odes are sunmmari,.ed t’or each modem in l’igure 5-4 . The
curves shown are actually “best f i ts ” to e xperi m ental data ohta ” ned over t he severa l months of testing.
It is obse rved that at los~ C valu es : e,g.. 40 to 43 dB-I-i,., the h y brid No. I modem perlornms com i—
s is temmt ly best. fol lowed hs A L)VM ) amma log ), the I-lvbrid No. 2 mmmodem . amm d AN BFNI. The latter t lmree
ex hibit a rat h er dr am atic decrease in intehh igib ihit~ wi th decreasing C’ w l mml e time Hybrid Ncm . 1
m mm o d em mm de g rad _ i t io m m is ‘‘ set tC r .” Timis re lative ranking is presers ed at h i gher signal-to-noise ratios (up
to 4’-) dB-Ff , except t h a t  .AD~ ’M s ee m mms to out pert ’orni Hybrid No 1 slightly at these higimer C’ N0
v.t lues . Uhis night be expected, sim ice at high C N0, w hme re ti m e channel bit-error rate is small, time delta
tm nod ulat mon pert ’ormatlce is hm m n it e d primarily hr time quant i/ation distortion. In any case, t iti’ re lative’
differem ice , it any, betwce nm the two methods at hmigh C’ N

~> is sm imall com impared wi t  ii time sampling uncer-
ta int\ - amid hotim metimods provide imi gim—qua l ity speech pert ortmma nce 1mm t h is range.

A u ohservati o im not apparent in time plots of PB word score is the relative intelligibility of male
and fe male speakers . C BS results are segregated to s hmo sv score s for both sexes , and it is readily ap-
pareu mt thmat mmm ale speakers were moor e easily umm de rstood , Relative scores were a less perce mmt better on
t he .iverage at high (‘ N0 va lues and typically (~ to 10 better for poorer signal-mo-imoise rat ios . It is
shown itt vo lun te ‘s I  t hat these dii t c r c i m c e s are s t , it i s ’ ic ,thi ~ sigm mifi eant j i m re lation to time experi umm e mm ial
errors am m d were app licable to all immod em ims tested.

It is sugge sted timat time erL’,i(e r i imtelh ig ibih it ~ for mmi a le speakers is due to time audio b a m m t f— hmuu mit in g
i u m s o ls ed mit e_ icl modem. Since fL’nia le speech spectra have er~’aic r humg h—tr c que nc ~ energy, hand-
limiting cou ld he c \p l ’c tc ~l to induce a greater bo ss in speech i m m tt ’ lhm g mbthm ty tor t’t’ mnu a ll’s t hiat i f ( .)r riu, ik’s
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ADVM (Dig ita ib
Hybrid No.1
Hybrid No. 2

90 -

ANBFM

8 0-

>
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‘a.
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I

~~ ::~~~~

Number of points for
ANBFM 34

Z 
,~~~ Hybrid No.1 36

- Hybrid No, 2 11
ADVM (Digitaf ) 11
ADVM (Anafog l 10

30 Note: Hybrid no.2 performance
corresponds to spring 1975 tests

20 I I
37 39 41 43 45 41 49 51

C/N0, dB-Hz

Figure 5-4, Summary Comparison of Voice Modem Performance, Type / Tests
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5.4.4 Type Ii Test Results. Voice-Onl y Mode

‘rest set up. conduct . and data reduction procedures were exactly as for Type I tests , except
that a higher level of scattered signal was injected into the receiver. The measured S ‘I (direct-to-

indirect power ratio) ranged from 3 dB to about IS dB . while (‘/ N 0 was varied over the 40 to 50 dB-
Hi range.

Figure 5-5 compiles the m ean PB word scores achieved by the Hybrid No. I modern versus
(‘ N~~. with the number associated with each point deno ing the nmeasured S:l to the nearest decibel.
Type Type Ii scores agree well , both in absolute and relative perform~ mce . with the Type I scores for
all values of S. I. To emphasize the relatively large insensitivity to rmmu lt i path level. the best-fi t Fype I
performance curve Imas been overlaid on figure 5-5 .  Tlmis same finding has h eld (‘or t he Hybrid No 2 .
tIme ANBFM. and time AD\” M modems. alt lmoug lm time amount of testing with the latter was less.

Thus, whereas the perfor mmiance of digital data and ranging systems can he drami matical ly reduced
by relative mnultipattm levels of say -6 dB, the intelligibility of analog voice techni ques is not visibly
degraded for S I as low as 3 dB. Intuitive arguments are offered in volume V I for this phenomenon.
Basically. we believe the immunity of intelligibility to multi path is due to the denmodulated multipath
noise being in the subaudio frequency ramige , as well as to the known fact that fading which is short
term relative to phoneme time dmmr ations does not inhibit perception radically.

5 4 .5 h y brid Modemm i Performance in Combined Voice and Data Mode

Figures 5-6 and 5-7 sh ow performance m easured for the Hybrid No, I and 2 nmodemns when
operated in the bmy brid mode. i.e.. speechm simm iultaneous with I 200-b ps data. By comparing perfo rm-
ance with figure 5-4 , it is observed the presence of data modulation degrades perforn ance at le’ast 3
dB. Simice the data and speech carriers are in phase quadrature for each modem , the potential f’or

coe hannel crosstalk ex ists it ’ carrier phase tracking is imperfect. If this tacto r is ignored, however , a

3-dB degradatiom i c aum he predicted for Hybrid No. 2 since 50-50 vo Ice/data power sharing is in effect
in the hybrid mode.

For Hybrid No. I . the relative dm 1 f ’erence to he expected is less clear , Aim approximation may
he gained by noting the rms p h ase modulation in voice-only cases is SS°, w hereas it is set at about 400

for t ime Voic e data mimode . In terms of demodulated speech power. the relative difference is them m about
2 .4 dB . Since both modems bm,ive additional degradation due to crosstalk , it is not surprising to find
the lmv hr md mmiodc re h umr m tm g at least 3 dB greater to tal C ’ N

11 
for equal speechu intelligibility .

5-1 4 
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5.4.6 Voice Test Conculsions

After analyzing inte lligibility scores for the four speech modems , the following major con-
clusions can be drawm m .

a. Three modems exceeded 709k PB word intelligibility at 43 dB-Hz: Hybrid No. I (Q-M;
PSK). Hybrid No. 2 (PDM/PSK). and the adaptive delta voice modem (ADVM) . The
ANBFM technique failed to achieve this performance, though not b~ tar . One modem .
time Hybrid No. I. achieved PB word intelligibility in excess of 70~ at 40 dB-Uz. Over
the range of 40 to 48 dB-Hz. a relative ranking of modems would place Hybrid No. 1
first , followed by A DVM. Hybrid No. 2. and ANBFM. It should be emphasized that the
evaluations pertain to word intelligibility only and do not explicitl y include pleasantness
of sound. synchronization time, dynamic range . etc. Also, the two male speakers were
consistently more intelligible than the two female speakers . probably due to audio
band himniting effects.

b. No apparent degradation in word intelligibility was observed in spite of relat ivel y
high multipath levels. Results for S I  3 dB showed little difference t’ronm the no-
mmmu ltipath performances f’or all modems tested. This is believed due to the natural wave-
f’orm redundancy of speech and the fact t h at time distortion due to  muhtipath us largeR
subaudio.

c. When operated in the hy brid voice, data nmode , bot lm the Hybrid \~ I and 2 modems
required roughly 3 dB additional C ’ N1, to achieve the sanme mn 1elhm g mhmlm t ~ registered in
the voice-only mmmdc. as expected.

d. Though less costl y to conduct , SCIM evaluations do not ..ppear to prov i de a universal
performance evaluation since time relation between S( IM sto re and s~ord m n tehimgihmhm t ~ is

modem dependent. Further discussion and supporting data are found in .ippendis -\ f

volume V I.

5 . 5 DIGITAL DAT.-~ MOI)FM ILSF RI St ’ l ,  I S

rhms section summarizes result s obt .,mned mm the ~~r ? ‘ r , n .u r i~ - I  s e i~~k dat a m C ’ J ’ s  ‘~

mng at I 200 bps in variou s aer o n immm tic im l s a t e l lm m e I i.uum ne i ~~J ’ R l u T u o i ’ ~ I b1 - ut u~ dt ’ms r~- m ’ u ’ s. m i ted .i~
mmp ler mme nt at mon s of d mffe r t ’ nt m~hl~ emtco dt ’d. ~~- ‘ ‘ i t Is ,ft ’t , ’~ ted p i ma s e ’ shu, ( T ‘ , - ‘ Ii i I PS j n.~
dm ft e re ntm all y coher emm t phase- shif t keying l)i’SK . I c ’ . t ’. v. ‘ r e ~~‘n,it i~ te d in t P u , Ki,~mn,s n ~ I S
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~
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~~~~~~~
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5.5. 1 Digital Data Modems Tested

!!t ’/ , rid .Vo . I This modemn im plements DECPSK. In the data-only mode, detection is
performned with ‘a Costas-type (B L = 130 Hz) demodulator and baseband matched filter-
ing. Colmerent AGC is emp loyed and IF bandwidths exceed 30 kHz in all cases. The unit
can operate in the combined voice data mode, for which demodulation is a’~complished
with a narrowbammd second order pimase- lock loop tracking a residual carrier. Bell Aero-
space Conmpammy mnammufactured the modem under contract to DOT/TSC.

Hu ’brid ,\~ 2: This unit was developed by Magnavox Research Laboratories under DOT!
TSC contract. DECPSK is again tIme data mmmodu lat ion and detection strategy. In the data-
only mode, time modem uses Costas loop (B L ISO Hz) demodulation and baseband
matched filtering. Cofmerent AGC is emnployed and RF, IF bandwidths exceed 50 kHz.
This unit may also operate in a hybrid voice /data mode by placing one-half the signal
power in a PDM speec lm signal in phase quadrature to the data carrier.

,V.-1S.-l DECPSK: This modem also perf ’orms DECPSK transmission with a Costas-type
dem odulator, The predetection filter bandwidtim is 15 kHz and BL 450 Hz - Operation
is data-on ly at I 200 bps. The unit was developed for NASA by Bell Aerospace Company

• as part of time PLACE progranm.

1-14.4 (‘PSK: Time fourth modem performing DECPSK was developed for DOT!FAA by
Philco-Ford Corporation. The modem operates at either 1 200 or 2400 bps with a Costas
demmmodu iator (B L = 2 10 Hz) - The signal processing is largely digital , including the
carrier and bit timing loops and the integrate-and-dump detector. Coherent AUC is used
ammd RF IF bandwidths are sufficiently large to avoid hand-limiting distortion.

E.-l.~l DPSK. This unit represents the only tested version of DPSK. Detection requires
carrier phase stability over only two-bit mmm terva ls. Time center frequency is continually
estinm ated b~ a quadricorrelat or automnati c frequency control circuit, and a sigmma l-deter-
m ined .-~~

(
~

( ‘  is used. Phmilco-Ford developed time m ode m i’or time FAA ATS-5 experiments.
rime ummit emn pIu~~s largel y digital signal processing.

All of the mno demm m s are devo m~ of nonlinear processing ef fec ts such as lmard-limiting a t  IF , and
mnte rsymh ol m nter fe reuu ce due to hand -l imm mitmum g m mmay be ignored for all I 200-bps data rates tested here.

5. l m)



5.5,2 Test Methodology

For all modems and test conditions, a maximal length 2047-bit sequence was used as the test
pattern. Tlmis provided a signal having adequate randomness properties, which was easy to replicate
and sync hronize in a general-purpose computer for error analyses. 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.

Since all modems operate on versions of PSK signaling, a single data signal was sufficient for
transmission from Rosman. This eliminates the uncertainty arising from power balance of several PSK
carriers and minimizes intermodulation effects.

L-band signals received on the KC-l35 were detected by the five modems. Binary outputs
were recorded on instrumentation tape and analyzed as described in sect ion 5.3.

5.5.3 Type I Test BER Performance, Data-Only Mode

Test results for all Type I test series are presented in figures 5-8 through 5-1 2 for the Hybrid
No, I, Hybrid No. 2 . NASA. FAA CPSK , and FAA DPSK modems , respectively. The reference
theoret ical curve ’s appropriate addit ive Gaussian noise environments are given by

= erfc I(CT~
INo~

12 1(1 — V~ erfc I(cT/N0~ 1)DECPSK

= 1/m exp F’ (CTIN0)j DPSK .

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

erfc (x) = 2/(,r )½ Jf e~~ ’ dZ -

All data points represent the recording of at least 10 error events , except as noted for sonic
points with very low error probability. Also , some interv als were recorded in which no errors were
observed. rhis data is plotted at P~ = 10 6 , wit h time number of bits processed noted.
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All mmmode mns exfmi hited time exponential dependence on signal-to-noise ratio expected for non-
fadimi channels. Relative to time respective t imeoretm eal per formance. the modems exhibited the fol-

lowing imiet ’ficie ncies at an error probability of

Hybrid No. I 0.9 dB
Hybrid No. 2 1.2 dB
NA SA DECI’SK 1. 9 d B
FAA CPSK (E)EC PSK mode) 1.4 dB -

FAA DPSK 1.2 d B 1.

These inefficiencies can be attributed to imp lem entation losses, such as nonideal matched filtering.

and carrier am md bit synchronization jitter.

Note also that at 43 dB-H,.. cad s m o dem m eets the current AFROSAT syste m error rate

specification of 1 x lO~~ or less. The NASA DECPSK and the FAA DPSK moderns barely meet the

specification . while the others exceed the specification with a margin of at least I dB .

Since the error probability performance exhibits no divergence from t~~~~~eoreticaI non-

fading performance as C N o increases , we may conclude there is no appreciable mnu ltmpath fading

phenomenon for the Type 1 test s . By inference from results of the next section. we may com ic iude time

S I aclmieved by the antenna syste m exceeds about IS dB. This conclusion is confirmed by result s
of t he antenna tests, w imi ci m were designed to explicit l y measure S I. [he top-left-rigimt slot-dipole
syste m cons istently showed S I > IS dU

~.5. 4 ‘r~ pe LI lest BER Performance. Data-Only Mode

Results ol lv pe II t es t intervals are now presented. In contrast to time t ype  I tests , a control-
lable level of mim iti pat h ss .Is injected into t he received signal composite. Thus. m odem performance
\~j s deter m ined as a function ot S I as well as ( N

0
.

‘[0 mmm ininmiie exper iment vari ables , a ll t e s t s  were conducted at a cuni r rumn elevation amm gle IS O,

With time aircraft a ltitude kept in time ~mc inity of 3 1  .000 It , time delay between direct and specu lar
returns is I u 3 ~sec. Tius represents only a small frac t ion of time tot a l  hit interval (~/ 33  uso ’c A t  t lm is
e k’v ,itiun ane le. nmimltip .oli dt’Lo~ spread m immu s l0— d B value) is appr mxmtn a t e ly  4 ost ’c . I imu s . or ,ml f

prac t ica l purposes . t ime ir i te rs~ mmho l mnt l ’ r f e re i mce due to muit ipath is ol mmcg lig ihle im pact

I Relative to DPSK t ( i1 ’ mo t i c . i I  sshic im is a hunm t U u dli less e f f i c ien t  than l) l- (PSK at ((H error
proh.mhm Iit~



(‘omm nemm sur ate with  time scattering theory described and verified in volume V . t he channel mna~
then he mmiOlk ’Ied .us lois lie aim uim d istorted direct-path si gnal. plus a signal passed through a linear, time-

sa r~ m i SC ci tan ime i s~itii comp lex Gaussian statistics , pius additive rccv ’mver noise. Presentation of time

DPSK results utilizes aim ami a l~ si~ ui this c hannel m odel that accounts for phase decorrelat ion due to
nonzero Dopp ler bandwidth ( re t  5 - 1 ) .  i’his model ~‘. as well verified in ATS- S test results for 1)PSK

ref. 5-2 )  a imd is used agamn h ere.

l ime bi t-error probabi lity I ormulation for DECPSK is less concise, since performn amm :e now

cr itically depem ids mm time behavior of the colme rent reference loop. Time simp lest treatment is to assu m e
t hat the carrier pfmase trac ki mmg loop estit imates the comm ipos ite signal pimase perfectly. By again assimimling

t hat fading is slow over a bit interval. nunmerical mntegration can easily provide error probability versus

C N0 and S I.

Perfect trackin g of the composite channel phase imp lies a ioop bandwidth much greater than

the multi pat h Dopp ler ha mm u. lwidt lt . Increasing BL su hpects time loop to additional noise J itter and

ev emm t im a i t imres lmo ld plienom e mma. Ai m intuitive approach presented in reference 5-3 models the detec-

t ion perf ’urmm mance to r BL mm t ime order ol time fading process bandwidtii. .-\ param imeter -y is defined as

0 B

BF + B1

so timat ‘y 0 indicates that on l’. t he Jire ~ t s ig i m .j l plias~ is est imate d. ss imereas ‘y I indicates perfect

co i lopos i te phase is in ef f t ’ c t  .~~-~“um unl ri r m g rouse C t l L ’ c ts  I f  o~e ,issilmne BF = 50 lIt , typica l of time

f çO L’ICVitiOim co i m ol i t iomms .

130
-y — -—— = 0 . 2- ISO

si f l o  all mo dems imas e tracking loop ban dwidths cx ce e d m m m g 130 H,. Thus , t o  present I p
~

’ II l o s t

r , .- ’,o~Its . ss e use curv es for y = OTS in r e te r em i ce  5-3  .ms a c o mm im m moi m standard. I h~ per i or mmmar m ce is not

dramatic a lI~ di f I ere m mt fro r mm t im e pe r fec t  e st im mm a te case except  at sc r ~ large ~‘ N ) 10 )  ,i~~oiult or t im e

e rror—r a te u , i cm m ml i ’ ,_ m t oo n  due to  d i f fe ren t ia l  dec i,di rmg. tim e error proh abihi f ’ .  has ho ’cr i  se . mlo ’ ol h’. 2 ,os aim

.ippro x ima tmo i m

1— icoi r es S — I  3 tI~r oo i e to  5 - I  — presemm t t ime measured hit-e rro r late tom e,m~ t m m mm od e m mm f o~ all is  pe if
t e s t s  -\~ or 1% p~

, I t e s ts , t hose nte rv ,m ls im avim t g l~’ss t i m _ mu i i  c rr ° r ’ , ire nof~’oj . an d r r re r s , o l ~ hi , us i m m c mmi i

lo’ ,’ , i’ . co t errors ire also

0 ç. ’7
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Since S/ I was a variable that could only be approximately set during flight conditions and
estimated off-line later, the observed S/ I values span a continuum from about 2 dB to an excess of 15
dB. To concise ly present the data , the results have been grouped into cells of a particular S/ I + I .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 uncertainty assoc iated with each point, but merely the grouping uncertainty. As stated
ear lier, the estimated measurement uncertainty for S/I is I dB,

The performance of the Hybrid No. 1 , Hybrid No. 2 and FAA CPSK demodulators is not
apprec iably different for larger C/ N0 values and for all S/ I. For those cases where S/ I is large and
C/N0 relatively small , the Flybrid No. 1 modem is slightly superior, followed by the Hybrid No. 2
modem and the FAA CPSK. This is consistent with the findings of Type I tests , with their essentially
large S/I conditions. The NASA DECPSK modem performed poorly relative to the other three
DECPSK modems. This was especially noticeable at low S/I’s and appeared in the simulator data as
well as flight test data• A plausible explanation might relate to the NASA modem ’s B1 of 430 Hi.
implying poorer threshold performance in noise, and this is accentuated by heavy fading.

it is also observed that BER performance is slightly poorer than that predicted by the -y = 0.75
t heory. 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. 5-13 , 5-14 , and 5-16) , this corresponds to a factor of only 2 to 3 in
error probability for these cases. Agreement with theoretical at higher S/ I is wit hin time experimental
uncertainty. We note that factors acting to make perf ’ormance poorer than that predicted are the
implementation losses for each modem in the nonfading environment , as well as time cycle-slipping
phenomenon that is unmodeled by the reference curves. Empirical observations showed this was
indeed significant for fmeavy-fading cases.

DPSK results 1 fig. 5- 17 ) are in excellent agreement with the slow-t ’ading model predictions 2
(ref. 5-I ) .

The relative performance of ’ DPSK and DECPSK is also of interest. By comparing the actual
error probabilities of the three better DECPSK modems wi t im the DPSK modem, it is found t lmat:

a. For large S/ I ( gre~ter than about 10 dB) , DECPSK outpert ’orms DPSK slightly in error
probability, hut less t hami an order of magnitude over tIme range tested.

b. For poor S ,;l. say k’s’. than 10 dB , DPSK begins to ex lmihit a superiority, hut again not by
a farge factor in bit-error probability.

2 rhe paranmo’tcr p in figure 5- I 7 is a m easu re of eharmn el ga m mi correlation over a hit period amid is given

I-p ) — ir BF T~ . A dditi ommal details are a~ ,miIahle in time refer ence ,
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These results can be exp laim med intuitively. For large SI, time cimanne l is essentially nonfading
and it is well known that DECPSK is slightl y superior to DPSK for such channels. Section 5.5.3 pro-
vides data in this regard . As S;I decreases . however , the ability to maintain the stable coherent ref-
erence for DECPSK is diminis lmed. DPSK is relatively unaffected , however , as only relatively crude
frequency accuracy is imecessary. Thus a crossover in relative performance is not surprising. An
identical observation fm as also seen made in reference 5-4.

In ternms of the syste um design for the I 200/2400-bps data channels. imo clearcut winner emerges
unless the channel character is decidedly either nonfading or very heavy t’ading (Ray leigh-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 eI’fected by careful design techniques.

5 .5.5 Error Burst Statistics

Wimer eas time previous results have disp layed time average bit-error probability over a period of ’

nminutes , time distribution of the error events in time is also im portant. Time tendency toward error
bursting. if present a ffects the relation betwe e mm bit-error rate and character -error rate, for example.
.-~Iso. such informatio mm may be used to design error control schenmes for the specific cimannel conditions
involved.

In the presence of additive wimite Gaussian noise and without fading effects , time correlation
structure of time error patterns associated wit lm the various modems is well understood. For time
DE(’PSK-tvpe st rateg~ - errors occur with high probability im~ pairs. This arises from the fact that
dec isio mms are time result of differentiall y decoding m atched f’ilter decisions. whic im are approx inmate ls
independent. Single isolated errors are ratimer infrequent and can be explained only by a carr ier-loop
phase-slip evemm t. For true DPSK detectors . tfmi s strong propensity for paired errors is imof observed.
although the decision is based on the phasor difference over two successive signal intervals. Single
errors still predominate time DPSK on mmo nfading channels , except perhaps at very 

~~~ 
signal-to-noise

rat ios I ret ’. 5- Si .

Figure 5-I  ~ provides block-error imistograni data f’or a Type II test immt c rv at f ’or various S I
comm ditions. C’ N~, was held approximatel y co mmstant oser tIme test. We observe il ma t for S I  = ~ dB .
t ime imistogram s for both DFCPSK .mnd I)PSK are rou ghly I he saimme: i.e.. fmave pr edomm mi m m am m t l~ paired
errors tor E)E(’PSK and predomninaimt lv single errors for DPSK. For hot lm detection strate gies , t ime
mse rag e error probabil ity inere,ises as S I decrease s . Also , for I)ECPSK . t Ime ~re domimm ant error
mechani sm cim .inges fr o nm isof af ed paired errors io single errors per block. i m m Lf icaf imm g that carrie r-
loop cycle slipping is hecon miimg significant An e\a inple ‘ bowing sim ila r beh avior , wi th ( ‘ N0 .ihoul
4 3 dR-H, , is gisen in vo l mime VI .
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An alternate viewpoint for studying the memory, or interdependence , of channel error patterns
is that of the spac ings between errors. If the error process is truly memoryless . the spacing, or waiting
t ime between errors , is geometrically distributed, That is

Prob fspacin~ = ki = Pe U Pe)
~~~~ 

= 1 . 2 . . . .

where 
~e is the average error probability. As the channel or m odem induces memory, the frequency

of lesser waiting times increases relative to that of a geometric distribution.

Figures 5-19 and 5-20 show error spacing distributions for the Hybrid No. I and DPSK
m odems for two distinct channel conditions. These have been calculated by counting the nunmber of
times the spacing between errors was k, k I. 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. t he
distribution of spacings assuming a memoryless process with the same probability has been plotted for
contrast .

Figure 5- t9 is for a Type I test with C/N0 = 38.2 dB-Hz and S/ I > 20 dB. We observe that the
error process has significant memory over two bits in eac lm case; therm the probability of spacing k >2
falls off with slope characteristic of a memoryless process. Of course, this is the expected result f’or
additive-noise environmnents due to the detection involving two adjacent hits . Also note that for
DECPSK . given an error event , the probability is one-half that another error follows , which is in
agreement w ith theory (ref. 5-2) . On the other hand , the corresponding probability for DPSK is
0. 1 86 . meaning bac k-to-back errors are less likely. This value is in very good agreement with the
calculations of reference 5-5 (0.19 at C/N0 38. 2 dB-Flz).

Figure 5-20 depicts a case wit lm greater C/N0 and moderately heavy fading. This case was
chosemm since t he average error probabilities were roughly t ime same as those of figure 5-I 9 . h ere, both
modeimms ex lmibit a two-mode characteristic in the density function. Namel y, the density exhibits
relatively large weighting for spacings I, 2 , . . ..  7. then decays slowly in accord with a memorvless
process with s m all error probability. Thus , we may conclude t fmat for (‘/N0 = 41 .6 dB-H, and S I =
6 dB , the ef fect ive meitmory length of the error process is on the order of seven hits at I 20(1 bps.

This information can he used in the design of error-correcting codes f’or inmproving channel
performance. For the above exa m mmp le. the code simould lmave time capability for correcting bursts u t
tm nme duration equivalent to at least seven hits long as well as havi m mg modest random error-correcting
power. If the code rate is one-half. for exarnpfe . time hurst-correctin g power sbmould be 14 c l m am m m me !
.,~, rim h~ Is .
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For evem i lmeav ier mult ipath conditions (e x am tmp le in vol. VI wmt i m S I  = 2.5 dB , (‘ N0 = 47 dB-

I~l,). the effective mem nory time of time channel is roughly 14 bits . Memory timm ies as great as 14 hmts at

1 200 bps are certa iiml y p lausible for the .AEROSA F channels. If one assu m es a two-sided Doppler

bandwidth of the rnultipath process to be 100 11~ . t herm tIme i~~~~t~ t’ decor relation tinme 10 msec .
or 12 hits at 1 200 bps.

5 5.6 BER Pertor ma m ’ice of Hybrid Modem in Combined Voice and I)ata Modc

The Hy brid No. I and 2 mnodenis have time capability of ’ trans nmm tt ing speech and data sinmul-
taneous ly on a single constant-envelope carrier. Fests were perfor m ed to measure bit-error rate (and
speec im iimtelligihilitv I whemm the nmodenms were operating in the imyhrmd mode.

Figure 5-2 1  amid 5 -22 present time measured BLR (‘or the li~ brid No I and 2 modems . respec-
tive l~ . All these tests were conducted iii time Type I condition . m e . ,  imo appreciable immultipat im inter-
fe remmce is present. exce pt for the points tagged wmtim circled S I values .

It is miote d that time experimental data for time u s  brid No . I modern s ito~~s a rallier dramatic
divergence from t he theoretical data-only mode per to r m.mi mc e .ii I -h it- e rr umr rates. ,  l)ata ch annel perfo rm-

ance will , in fact. be somewhat depend ent upoim the .oi,. C channel due to t ime speech - data adaptive
power-sharing teclmn iques e m ployed s~ t hin the modern ii -

~u .~~ nemt imer t u e  .uc ce pta nce test data
furnished by the modem mnar m im t’acturer nor labo rat r~ im meas u ire nient s M,i~iL ’ b~ l)O’l’ TS(’ a fter cot im—

pletion of the test progra lmm show the la rge dus er~~- tu ~ .- ohscrs :~ l in t ! t e  exp e r mi m mem mt a l  data. Laboratory
nmeasurements nma de by DOT TSC ,mre included in figure 5-2 1  ‘ue~er.ui f a c t o rs have been investigated.
including I I data perfor m ance sensitivity to vo ice channel audio input level amid 2 )  possi ble prese imce
of immultipath degradation during [~ pe I tes t s  lo date. miom ie iii t tes C I . i c t L ) rs  appears to he c,uisall~
related to the observed experinmeimta l perf o rr mma nce. amid hence time li~p.u r ut ~ hetwecim laboratory mmmeasure-
ments and field-test data rem imoi ns largely unresolved. It .ippears liket ~ t hat the laboratory pe rfor rmm ance
nmea sur em neflt s more c losclv approximm iate time achievable pe rf o r im ma nc e t i maim does time field t Cst  data.

It sh ould he stated t i mat time results exii ihitt -d imere in perta in to t ime regular utteranc e of PB
ss ords at 2.5-sec m nte rs .u i s . Iii operational u se. w lme re verbal mimessages arc coim v eved . t he data BIT R
during voice char mm m e ’. act ivity immas ’ d iff ’er somewhat iroi m m time rv ’s t m l t s obtained msim mg PB word l is ts
because of tIme d i f fere n t f~ nam ics assoc iated wi th tf ie voice channel modulation for t i me two eases .
During periods ol son c e c hannel inact iv i ty ,  the BER would he L’ss cnt .111 1 imat ac h ieved in time data—
on ls mode.

Tire Hybrid No. 2 iti~ uIerni perfo rnilan mec ( l n ~ ,c~ ‘4 ) scents eo r :c isf e nt with f lie e\ I’ ec te uf ~— dB
s hift dn sc imss cui above . R~ l: i t ive to mi t e data—onl y mmmdc performance al P~. = I O~~. t ime actu a l  dii h.’rence
is a pproximately 15 dB Ac c o r dum mg ii’ t im e f i e ld t e s t  da ta  it is imofed l f mal  se rs loss error probability .
s,l5 I x I ()— ~~~, ss ,is ,ic hi ie s ed wi th  less / N0 or time ilvhrid No . 2 than for time Hybrid No . I mo dem ,  On

Ihe un if ie r hand , t he h ybrid No . I nmodt ’rn was immure e t ft en~ it higimer error ra tes . \ g . iu i m . limese j u m dg —
mne nts pertain to the part icui la r s~’u ’ u~~ Ii dimt ~ cyc le used for t imes e t e s t s .
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5.5. 7 Digital Data Test Conclusions

llme digital data te sts have revealed or verified several significant conclusions applicable to the
configuration of aeronautical satellite data link channels. First , the bit-error rates acimiev ed with
reception via a representative switched antenna system (the top-left-ri gh t  slot-dipole con figuration)

are less than I x I0~ at C N1, = 43 dB.Ht. Time latter corresponds to the current AEROSAT system

speci f ication , and time conclusion holds for four distiimct DECPSK modems and one DPSK mmmodem.
Relative to theo retical hinmits for add itive Gaussian noise environimments . the modems exhibited inef ’fi-

ciencies of ’ 0.9 to I .9 dB. By imp lication, the net S/I achieved by the antenna systenm (‘or time various
Ts pe I geometries exceeded IS dB since nomme of the characteristi c divergence from theoretical non-
fading perfor nmanmce was observed as C- N0 was mncreased .

Wh erm operated omm a Rician fading channel (Type ii tests ), the DPSK modem performed in

general accord ~- i t h existing theoretical res u l t s  and with previous experimental flight test results.
For examp le. if the S I  acimieved by the antenna system is only 10dB , an additional 8 dB of channel
power is necessary to reduce tIme error probability to I x I 0~~. As concluded in other investigations .
error-control coding or multipath-tolerant waveform design appears to he a necessary adjunct to the

e~ist1Jig modem designs if S 1 va lues of on1~ 10 dB are ammti c ipated-

lime perfor m ance of the co f me re n mt - detectmon technique ( DECPSK) was rather different for tIme
va rious modems . possibly due to the different loop bandwidt h s involved and the impact of cycle
slipping. Time bit-error rate versu s C N0 observed for these nmodenis was s lig lmt ly lower timan for the
DPSK modem when S:l ~sa s large. sas greater than tO  dB. as S - I  decreased below 10 dB, time DPSK
techni que ex lmibited better perf ’orm a mmce. In ranking t~te DECPSK imm udcimt s qualitatively. we conclude

that the Hybrid N~~. I modem performed be st .  to l lowed by t he Ily brmd No. 2 modem , the FAA
(‘PSK modemmm. and time NA SA nmode m. Time latter seemed to exhibit particularl y had degradation in a

multipath environment.

Relat ive to the DPSK versus DECPSK question. it is our jud gimment that the difference in per-

f’ornm ance is imot sign if icant in eit h er ’s favor over a ty pical operating region of S/ I and C N0 . Other
factors not evaluated here. suc h as acquisition performance. comp lex ity of desm uti m , and reliability of

operation prohahls outw ei c h ,iimv observed bit-error-rate factors ,

Investi gat ion of time niemnor~ charact e nstmc s of time error patt e r m ms revealed that :

In nonfad inut additive-noise environments . the I)ECPSK errors generatE~ occur in p.imrs

wi mere,is time DPSK errors are predominantl y isolated sing le errors and, less ireqiient l~
paire d error events. Both of the se results have been earfier t imeori ied and verified.
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b. As the level of multipath interference increases, the likelihood of error bursts increases ;
i.e. . t ime short-ternm error probability varies over orders of magnitude due to constr uctive
and destructive interference. Also . t’or DECPSK . cycle slip events become m ore obvious
as evidenced by the increase in frequency of isolated errors. If burst-correction coding is
used for either DECPSK or DPSK, the burst-correcting span should be on the order of
seven bits at 1 200 bps ) 14 code synmbo ls in a rate one-half code) .

Finally, the performance of the two hybrid voice/data modems was evaluated in the hybrid
mode. For time h ybrid No. 2 modem. time C1N0 increase required to maintain equivalent error per-
forimmance was about 3.5 dB due to the equal power sharing. The Hybrid No. I modem exhibited a
more complex relationship; for high error rates (~~IO ~~), speech and data could be conveyed with only
I dB additional power while at the IO-~ error rate , the necessary increase in CiN0 for the hybrid

immo de ‘~as on the order of 4 dB. This is somewhat dependent on the duty cycle and statistics of time
speech modulation that result wimen speech is added to data transm ission (discussed in sec. 5 -4 .5) .
The impact of adding data to speech is roughly 3 dB.

5.6 RANG ING MODEM TEST RESULTS

The fliglmt test program evaluated the performance of two distinct satellite-aircraft ranging
tecimn iques. Measurements were performed using only a single satellite, whereas an operational sur-
veillance system would req uire additional measurements for a 3-D position solution. Also , the ac-
curacy was evaluated relative to a best-fit estimate. rutimer than absolutely.

5.6.1 Ranging Modems fested

TIme two ranging techniques tested are referred to us ‘rsc ranging and NA S A  ranging, the nanmme s
deriving from the agencies sponsoring the respective nmodem developments.

~ i I I TSC’ Ranging ,l iodu ’in T imis modem was an in-house developnmment at DOT Fransportationm
Sy ste m s (‘enter, The ‘[SC modemm i ut iliLes a binary ranging code. which immay be rap idly acquired
relative to the aculuis ition t inme of a brute-force searclm. I’lme clock rate of the code is selectabl e as
I 5~ 2 5 or IQ 53 kH,. ‘rime clock and 1 2 (or 9) hinars suhn m umlt i ples are umse d to syr mt lmesi ,e time code ,
wi t h time highest frequenc y detemm mnmn g ranging precision ar md time lowest lrL -quet mc s det ernm mm ni nm g
unammmhi guio tms r,inge Acquisit ion of the code requires Phase Iockinm g t im tine clock co im m pon emm t . t lm e im
successmv e ls ge rm eratin m g s u m hnmn u lt ip le s t im at are “iii phase wi t h the inco nmminm g code. I lus involves 12
(or 9) Liecm sio ns rather t h an 2 1 2 
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At regular intervals a range measurement is performed by mncasuring the nunmher of 40-MEl,
counts between epocfms of a reference code and time regemmerat ed code. The range nieasurem nent is

fortmmatted along with mmmodem status bits for tape recording and postfiight ana lyses in Seattle.

5 ti 1.2 .\ .- l S. t Ranging .hIu1km Time NAS.-~ rang ing modem iniplenments a cw sidetone raniging
technique developed for NASA as part of the PLAC E system. Modems were located on the aircraf ’t
and at Rosman , North Carolina . and two-way round-tri p ranmge was com nptmted at Rosman. Rosman
continuously em itted the surveillance and ranging (S& R) signal. wlmich was acquired and tracked by
the aircraft modem as well as by other users. Aircrat ’t em issions were in response to an interrogation
signal inserted into the forward-link wavefo rm. In the high-rate mode used for these tests , an inter-
rogation occurs each 6.4 sec.

The S&R signal has four ranging tones (8575 , 8550. 8400 ari d 7350 Hi) utouh!e-sidehand
modulated on a carrier plus a 600-bps Manclmestcr PSK channel m m  ph ase quadrature. Time conmp usite
of’ these is li m ited to remnove envelope var iationm , The signal is co imerenti s denmodulat ed wit h a carrier-
tracking loop that tracks the residual earn-icr. ‘[uric phase f’or each tone is computed by hasehand
correlation wi t h re fe rence tones. A digital computer resolves tIme phase am bigumities implied by the
modulo- 2it measurements and computes Tounu%-tnp range. The 600-bps data chaimncl is used (‘or polling
of various terminals , transmission of onhoard alt i t ude , etc.

The responses received at Rosman were processed and written on digital tape . which im m t u rn ;
was supplied to Boeing (‘or analysis.

5.6.2 Reduction and Aimal ysis of Ranging Data

For both types of tests , range versus tinme arrays were constructed for a test in terv a l  of sL’s, ’r:il
minutes ’ duratio mm. Obvious outliers, or blunder errors . were purge d fro n im the dat. m set .is described in
volunme IV to yield a more meaningful calculation of error standard deviatiomm , Usit i i~ t Ime renni.iining
points , a seconul-order polynoimmial fit was perf ’ornm med , anmd an error arr ay was defined by the devi-
ations betweem i each sam mmp le point and the best —fit estimate ,it t he cin rres ponmdi rmg t i rnm e . thus, time
experiment nmeas ures error deviatio mms rela6ve to a imonninal trajectory. Ihe ntis value of t f mis devi ati on
is the pr imary test statistic ,

Gmiodness—of ’— f ’it t~st5 were perfonimed for bot h mnio den nm exp e r inrm e nm ts to test time .m ss um n m p tn oi m t if

norma lly distr ibuted r;mnige error. [‘lie ci mi- s qu mar ed t es t  w as used . ss if Ii in iea nm and Iri ,m nmce if t i m e iiv pim-
t imet icat distrihuti unt conmputed from tIme error data.
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For the TSC tests , the signal envelope samples were processed as described in section 5.3.1
to provide C/ N0 and S/ I estimates for the channel. The forward-link C/N0 for the NASA signal is
assumed identical to that of ’ the TSC signal. No corresponding C/N0 and S/ I data was available at the
Rosman ground station relative to the return-link channel quality during tests of the NASA ranging
modem.

5.6.3 TSC Digital Ranging Modem Performance

Results presented for the TSC ranging modem are confined to November 1974 through April
1975 test periods. Although data was collected during September and October 1974 , this data could
not be reduced because of 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 occurred
only when the modem was forced to make entire code acquisition for each measurement; subse-
quently the modem was operated in a four-readings-per-second mode where reacquisition was per-
formed only if the lock was broken.

Type I test results for a standard deviation of range error in meters are found in figure 5-23
for both narrowband and wideband modes. Test data encompasses the November 1974 through
April 197 5 test series. Superimposed are best-fi t curves from baseline laboratory data provided by
TSC. For the narrowband data , t he points straddle the laboratory curve but in general lie above it.
Also, data scatter is greater than that attributable to finite-sampling error.

One potential reason for the higher rms error in the flight test environment is the presence of
small amounts of multipath interfere imce, Although t ime slot-dipole antenna system mm used in Type I
tests provides rather large discrimination as determined f’rom spectral ana lysis of the envelope detec-
tor output , even low multipath levels can increase the rms deviation significantly beyond that pre-
dicted for additive noise only. For examp le, with C/ N0 = 43 dB-Hi.. the cloc k loop signal-to-noise
ratio is 38.9 dB (effective tone-power-to-noise ratio in BL). The s igmmai-to-mult ipath ratio may he
calculated by assuming for the present that tIme S/I achieved by the antenna system is 20 dB. Also ,
assuming the multipath one-s ided bandwidth is 50 Hz and noting that BL 1 Hz . an additional I 7-dB
rejection accrues via narrowband tracking. Time loop output S I  timen is 37 dB. This is approxi m ately
equal to the signal-to-noise ratio. Thus time net rms error will be larger t iman that calculated for noise
alone. This points out time potential dominance of multipath eft ’ects in the raimging si stem error
budget , particularly for high-precision systems.
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For time i i i Js ’baiisl case, t ime flight test resumlts have considerably larger rms deviation than time
),, bor .mtor s mme a sui rei mm ei m t s. .-~side f ’ronmm mi mu ltipat h factors described above. two factors immay contribute
to t imis . First, experience svi ths the immodem indicated that the carrier ioop needs continual monitoring
of loot) stress to mlm a mi mtamim o ptmu m um n immod em perlonimiance in the wideband mode. Since the operator ’s
work load preveimted sumch mnomm itonii mg. time perfornmaimce observed imere could he expected to be poorer
t hami laboratory mni e a s ure mn memm t s Secom md . the assunmed secommd-oruler aircraf ’t trajectory may not he
adequate to model tIme s lm ort - te n nmm mn otionm of time aircrat ’t due to ~umst iimg and fligh t  control actions.
fimese pert um rhat iomms are insigmmi ficant when error deviations on the order of 100 m are under stud y.
Iii time ~ idehammd mimode , however, ti me ranging precisiomm is on tIme order of a few tens of meters. ammd
t hese um nm imode led va niatioims could he i m portant. If so. time apparent rnns deviation is inflated relative
to t hat obtained witim exact kimowledge of aircraft motion.

Ty pe II test rc s u m lt s for time TSC m ode m are foumnd in figure 5-24. ‘[lie nuin her adjacent to each
point is time co mimput ed S I ,  Time data is limited to those coimditions (‘or which time S I is relatively
h igh since time cases wit h strom iger rmt ultmpath yielded erratic nnodeimm perforimma nce. presumabl y due to
loss of ’ lock, It ms nmoted that iii both tIme mmarrow band amid wide bau d cases , data points lie roughly in
t ime sa um me Iocatioim se rsu s C N5) as do time Type I data points. This is a reasonable result since time
eff ’ect ive S I of time slot-dipole syst e m genmeral ly exceeded 20 dB for the test geonmet nies flown.

1mm Is pe I aimd II tests , f requent range ju m ps were observed , e ither due to loss of lock or incor-
rect amhmgumi \  reso lu mtm on m , These points are censored from time data set umim less time fre q uenmcy (ml’ occur-
reum ee V. -is tos m large to permit reasonable processing of time set.

It ss ,is .ml s o determ nined that range quantizing effects associated with time digital clock tracking
PLL uas .i si gmm m fmcanmt fac tor  in time to tal error budget. In some cases w itim reasonably large (‘ N,, and
S I. qum amm t i i mn m g is  cleark the donnmi n m at mt ef ’fe c t .

S l i  4 \ ~ S \ R.i ng m nm g Moslem Perf o r n mm .m nmce

SL ’ SL ’ Ti  d igita l tapes sss ’re supplied tim Boeing. spannin g ~ days of rangin g expe n imimeimts: N,ivenniber
I 3 ,ind h o I t~ ’4 m d Ja im um a r~ 23 . January 29 . \la rci m 2~~, March 2S . ansi March 3 I. I ‘i”5 - t po rn care-

flu ~‘X.iiti i i i ,itii)ii, i t  ‘sas decided t h at t ime Janmu ary 23 tape cuiml aimmed mo uis.ui) le data.

Pert inent i n f o inmat imnn m fo r  ti m e remai n ing sI \  t e s t  i n t er s ,m ls is foiiimi.J iii i .ih is ’ ‘ , ( unmta inm ed in s
ta b le .mr s ’ t hrc nnunn shs ’r s it p ints aecc lmte st a nm sl tot,i f nmunimk’r ,s f )miimnts . t ime st~m n m , lard deviat ion i)

r r~ r, t ine c ) ; m ’ s i~ iiars ’ s f eo i , sh i l es s - i i t . ) i t  result mmmd th i s ’ nis’ ,us~ rm ’d lurk (‘ , N
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TABLE 5-4. NASA RANGING SUMMARY

Date , Test Start Stop Totaf Points o~ . C/N0,
mo-day-yr type time time points accepted meters P (X 2>i) dB-Hz

11-13- 74 II 094 1 0946 42 32 298 0.70 42.0
11-13-74 I 0958 1007 79 69 248 0.27 —

11-13-74 II 1011 1016 32 23 332 0.62 44.5
11-19- 74 Il 1203 1208 43 23 225 0.79 —

1,29~75a I 1020 1028 76 76 56 0.35 60
1,29,75a 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.

Several conc lusioims can he drawn t’roimm table 5-4. First, roug h l y  25’~ of t Ime range readings
writte im on tape had huge errors (greater th an 10.000 m) and were thmenfore purged. These large
errors perhaps correspond to incorrect resolution of ’ time ambiguous phases of the f’our tones. Wimat-
ever t he cau se , time frequen mcy of blunder errors would have to he reduced to he usable in any opera-
tiommal sense . Sec ond. t imere is umo strong basis f’or reject immg a umormal distribution of error tronn clii-
squared tests, since only one batch produced a test statistic exceeding time 0.05 significance leve l.
h owever . slime to the summa ll sam ple su es involved, time power of the test . i.e.. time probability of reject-
t u g  t Ime hypothesis when in fact the sa ummples were not imorma hly distrib u ted, is probably mmot large.
in othmer words. mmm any nmear -G aussia mm d istri hutionms . appropriately scaled, nmiig hit he approved by tIme
test - Simmce there is a p hm ~ sica l basis f’or a Gaussianm nnnode l amid it is nmut rejectable fronmm the data , it is
plausible to immv oke its assutmmptionm except perhaps for describin g events Is in mu iim time t~mr tail of ’ time
dist nihum tion.

(‘a lc umlations f ’uuim d in vo luimm e VI s h ow time observed perl ’unnts at mc e us reas om mab ly consistent wi t h
expectat io ims . For total (‘r N,, = 42 dB-Hi . t he  t h eoretica l runs raumge error is 2) 55 rim : f’or forward-
l i nk  ( ‘ N,, 42 to 44 d B— H,.  the average of obse rved stanmdard deviation s is 76 iii Al t h oug h only
t he lorward-link I’ N , was measureul d ireetl~ . link ca lcimhat i i mrms indicate time return i inmk sh ould comm-
tr ibute t i t t le additional rmom sc I hius . 42 to 44 dB—Hi ruum nmd - t ni p (‘,N~, un. m s he e \ ) r ec t e d for nn m sus t of
t iu~’ cases in table 5-4 . and we see t h at time observed stanm dam ’ i,i devi,,tiuni is roue h,hs wimu t should be
expected

5 41) 
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It is noted that the runs range error achieved falls shmort of time cuurremm t A EROSAT system speci-
f icat ion of = 50 mum at 43 dB-ili. (Time nmode umm ob’iv ioimsl y was not designmed to ach ieve this per-
lori imaumce . )~ Sa isf ’actmo n of time speci fmca t monm wit h a tonme-ra imging for um mat will t h us require considerably
wider sigmmai baimdw id th is. Tomme mnmtegra tm on t u ne camm umot be significantl y lengthened due to the neces-
sity to acquire aimd process each user response in 0.5 sec.

5.6.5 Ranging Test Coimclusions

Time f ligh t test perforinam ice of two disti umct ranmging tec lmni qumes h as  beets dete rimm ined over a
b-m ont h test program. Ty pe I tests were performed with operat ional-class aircra ft am mtenn as , Type II
tests nseast mre d pert ormum ance 0mm t ime muitipat im ch annel by inducing various umiulti pat im levels wit h a
secommd antemmim im ,

Res uml ts of t he USC raimgmimg test sh owed th at rms range error was typically 100 nm at 43 dB-
Hi carrier-to-imomse deu m smty ratio in the umarrowband immode ( I  9.53-kHz clock ) . In the wideband mode
I St .2 5-kHi clock i, time rnms error was re duced to rouglmly 30 in at time same condition. Th ese rtsults

are geimera hhy larger t h ma u m correspo mmdirm g laboratory nmeas umr em emmts , particumlarly so t’or tIme widehand
m m m o de.

NA SA ranm~mm mg t e s t s  ex hibited a typical rnns e~~or of 2 76 tim in time 4 to 44 dB-IIz reg ionm , a
perfornm iammce measure iii reaso uma hhe ug ree ummc umt with timeoretica i expectations.

l ime N A SA nmode umm ex h ibited a rather imighm frequency of blunder error , perhmaps due to incor-
rect anumbi guity res olu tm o nm I u s  was also observed to a lesser degree wit hm t he ‘[SC nmmode imm when time
nn mo denmm s’. .u’. oper.m ted im m .m imoshc f i  re mn’.i reacu j u is mt ioul of ’ tIme code onm eac h immeas urenment.

I ire cuirrent -\i ROS - \ I ss st s ’ u um r ,u n m g inme perfornm .ince spec i lme , m t m on V . m s  umol app lica ble dumri ni g the
s h s ’’,men pii,usi_’ ot t his modem
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6. ANTENNA EVALUATION TEST

Time a m mt eu m m ma evaluation test qLma imt itative ly eval uated the in-flight performance of candidate air-
craft a imte numas for aeronau utica l L-band satellite applications.

6 . 1  .
~~ \ TEN N.-~ EVALUAT I ON TEST OBJECTIVES

Time anmte nm nma perf ’ornma nee figu res of merit of nmajor interest are time gain) (which directly deter-
m’nines ach ievable C- N e, ) anmd the ratio of received signal to multipat lm iimterference (S I). TIme specific
test objective wa s to acquire aimd analyze data to detenm mine gain amid S/I over a range of ’ satellite eleva-
tion and relative hearing ang les for time selectable thmree -e len mme nt slot-dipole system. plmased-array. and
patch antennas.

6.2 ANTENNA LVA LU.\TION TEST DESCRII’TION

6.2.1 K(’- 135 Ter m inal Configuration

A simplified block diagranm of time KC-l 35 terminal is sh own in figure ( - l  . Two iimdependent
recei v iumg c i manm neh s ss cre avai lable for sinmultan eous receptio n of ’ time sanme cw downhink ATS-6 lest
signal via two separate aimtennas. Eith er the qua d ime hix or time selected slot dipole could be connected
to time PLACE receiver, am md eit imer time ph ased array or patch could be co umnected to time other receiving
sy ste n im —

A f te r  anmmpii f icat ion ,uimd dowim-cor iversion to h O  Ml Ii . t ime two sign als were t inme nmu ilt ip lexed . at
3-sec ss~ it c h i n g rate. to an envelope detector. Time detected ou tput was resorded for o f f ’-hinc eo rmm-

l uutcr ,mum j lysis to deter immine (‘ N,) and S I for each receiving s y s t e us m. I wi m spectn immm a nm ahs ,ers and
seser ,u h ot her un m si ru m rm ic rmts wer e used for ss s t e rm i im mon mit u r il mg. ea l ihra tiomm , and rea l— ti m mm e perf ’ornmm anmce
nn ie ,ms u urc nrnen ts . ‘~.,u cmght-clia nnn ne l chart recorder provided a h ard-copy log of selected im mflugl m i reference
da t a

t 2 ,2 I c’ s t  ( ~c i I uure t r us ’s am md Sce narios

Both u r ~- muha r  ,insi linsca r f ln g h ntp .mti us \Si ’ n t  asciI t m  as’q uui re ani u ’ nm n m a perfo rnnanL’e data it i’li’s,ilion
anm g les r ,utm g in m g bet w ee nm I g0 amm d 411 11 I \ s’p) I or a few tes ts  con ducted wit h time aurer a ft pa rked on tIre
groun d. all is ’ s ts  V .s’ti.’ uveroceans in order t i  ,uss s ’ss p erf ’orm mm a nc e in this ’ i) S s ’tOs s’,lui in m ui ttup a tl i  s’n ns uro nnie nm i -
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I

I-or cireuiar tlightpati ms. the airplane was flown m m  a large circL’ ( 20-nmm radius) w ith near-zero
bank angle. thus acquiring aumt eum na data on a quasi -co imtmnuous basis. Figure 6-2 ~ ves the basic test
geometrx’ aimd scenario. A test began witim a 6-nu n huimea r-f l igimt segnment broadside to the satellite
direction. During time first 4 immin of ’ this segmem it. time quad helix was co imnected to one receiving sys-
ten) whmi le the phased :!rras was connected to time ot imer . Af ter  time QII pomm uting was optimized and
PHA elevation heani position was selected , final signal level adjust nments were made ; calibration data
was then acquiired witim the carrier detector unmit ummuittip lexing hetweetm the PHA and QH channels.
During the final 2 nmmin of ’ time initial calibration portionm . time QH wa s replaced by time RWSD. At t 0+O6.
the aircraft hegaim a t u mr m m at a planned turn rate of 18 0 per nmi umute. During time turn tIme aircraft heading
was continuously nmonmitored and antenna ch angeovers las indicated in fig. 6- 2 ) were made when the
aircraft hm eadimmg relative to the satellite reacimed time value specified in time te sm operatio ums plan. Througlm-
out t he circular portion of time t liglmt. one receiving sv s te n r m acquired data for time t imree-e lement slot-
dipole ante umna while time other acquired data for time plmased -array/ patchm combination. After the circle
was comp leted. a 4-mu m straig h t-line segment was tiown to allow verification and backup for the initial
calibration period at time start of time test. Time instrume ntatioum recorder was operated continuously
throughout the test.

During time 1974 t’alh series , seven such tests were planned at elevation ang les ra n ging between

100 and 400. These circular path s were diff ’icuilt to fly successf u lly, and the continuall y chang ummg
heading made manuma l C X ,, measurenments (used as a backup check durinug thme subsequent analysis) less
accurate. Dumring the data aumal ysis it was also f’ound timat time “conical ” cuts timrough the phased-array
beans did umot acquiire all the data desired because of the c imaracteristi e beam sh ape of t ime antenna. Time
beam shape causes the elevation beam posit ioum t hat yields maximuim gain to change as tIme re lative
hearing angle to time satell i te is changed. Typically , two or three different elevation beanm positions
were needed to nma im mt ain optinmium reception during a 900 h eading ch ange from time broadside
direction.

1m m the sprin~ 197 5 test series. sonme additional anmt emmum a tests based on linear tliglmtpaths were
designed specifically to acquire data t’or time phased array. For t h ese tests. t ime plam mimed fliglmtpat h con-
s iste u l of seven straig lmt- l ine segnmments . eaclm of I 3—nu n uhuiratio um . Time segimments were offset 0~ , 30°
600. 900, I 200, I ~ØO, and 180° relative to ATS-6 on time rigimt side of time aircraft. Th ese segnm me tm ts
were easy to fly an d were long enough to allow pimased-arra y-antenn a heammm selection optin mmiatuon as
well as manual measurenment of C/N0 and gain calibration for eac h antenima uumder test . I)ata were also
acquired for the t im ree-e le umme nm t slot-dipole and patcim antenna systetmm s during timese tests

rime Iimmear flighmtpaths . h owever , lmad se se ral disad va u miages cor mmpared witim circu lar path ’. - ( i i
less et ’f icie um t uisc was nm ad e  of satellite anuf flig imt time. 12 ) uhata was : isau habhe at 300 a i inmumt ima l  inmcr , ’-

nienuts only. r:mt luer t im anm quas i—cou mt inm uousl y . ( 31  the total f lmg htp;ulim spann ed a umm si c im lar ge u geogn a ph m ue
regions oser whic h ti m e ..\ TS—6 an mten msa gaiim eose m’ags’ nmm ay not be e nmtui’ e ls s ’ufl stant . ar md (4 ’) t ime s lu m mi aim
of time tes t  was t imuc ln Ioumger . inmcn ’ea s i nmg the possihihit of ’ -\ I’S— b RI: power o umt pull ar i,i t io nu Tins’
s u rc uiia r fl ught pat hm was t imer s ’fore umse d for a ll anter mm ma ev aiuu ~u Ii o u m tes ts  f o r  s’.Iiieii time pr insl.u rs ohj s ’s t i~ s’
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was time acqu isitioim ,if data for operational-type anteimn as such ,is t he slot sh ipo les Sc ’ . c rai additional

circular-path tests were conducted during the spnng res i ser ies

6 .2.3 Antenna Evaluation Data Acqu isition Suummnma r~

A suinmu mmar y of time antenna evaluation tests is g i’ .cn in table 6-I

6 3  DATA A NAL YSIS PROCEDURES

Time parammmet ers required for presemmtatiomm of antenna evaluation test results are antenna gain.
signah-t~~multipath interference ratio ( S I ) .  elevation angle. and re hatu s e beanng angle to ATS-6 .

6.3. 1 Bearing and Elevation Angles Coniputation

Time satellite elevation angle was computed from fundamental tr igonometuy using the known
satellite and aircraft locations. The relative hearing angle to the satellite was conmpuited from st rupouts
of ’ aircraft imm agnetic h eading uised in conju inction with the known satellite direction and nmagneti c
var iat ionm at time test locatio um. 

-

A ircra f t roll atmg le strip oimts were exaimmin ed whenever such inl’orrnation was :m ’ .au hable, and data

poi umts were shiscarded if roll exceeded +5 0 I)uring nornially exe c umted fliglmts. the aircraft roll armg le
excee ded +50 on ly oim infrequent oceasio ums: imence. data purges due to aircraft roll constituted omm l y a

snna hi percentage of time data base Aircraft pitch angle was nornimall y heiweeim 40 and 60 (~~~ ‘.~ um pf

during data acquisition . This f’Iighmt att itude is nortmmal at the altitude amid velocity conditions (30 ,000

f t .  375 kn I emp loyed for anten nm a tests No adjustments (or data censoring) were made dume to pitc im
a nmg lc consideratio n s

- 
N, 

ari d S I I)e ter mn m inat mon m

TIme cahcui latmon i i )  ( / N , ans I S I is basic to all antenna eva l uat ion te s ts ‘[lie cw carrier (ran’.-
n u t t e d f’rotmm Ros u nuani ti) th is ’ aircraft vi a -~TS —6 was processed hs tIne envelope detector  nm lime e.ur ru , ’ r

detector u m nmit - F Ims ’ ufetecte d ermve lo pe ouutput was FM recorded aimu l co nmputer a n u s  ied of f ’ iu nme to

ulet e rnm mine ( , N , z m nu l S I \ ,m lui s ’s of S i  up to 20 uIB, w lmicl m rs’ p rese r mt s t Ime nm u htm pa t im resolt ituo n s.m pa-

hilitv of ’ t ime , mn , mh s sus tec imni qu me. can he es ti m ates ) A s leta iled descript ion o time n ma t h ms ’nm m a t iL ’aI ir ,msus fo r

t h us , m nm , i h vs u s amid t i ts ’ ,u Is ’ c~r u t Iun m m s lss ’sI ire gu’ .s’ n m iii volume IV of t i mn s report. l’hs’ data a~ , 1 unu s u iuom m pro—

ces t umre s and , mluru irut hu n mi made it possible to obta in ( N ,,, and .S I , ‘ ‘ .t uu n ia ts ’s as o ) t , ’t i  is s’ s s ’rs 3 ss ’ s for
time an t etmna tests
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TABLE 6-1. ANTENNA EVALUA TION DA TA ACQUISITION SUMMARY

Efev Test
Date , angle , Flig ht duration , Antenna

mo/day/yr deg geometry hr + m m tested Remarks

9-24-74 30 Circular 0+30 SOP, PHA As per figure 3-5
10-01 .74 40 Circular 0+30 SOP, PHA Ftmg htpath deviations due to ATC

con ffict s
10-23-74 25 Cnrcufar 0+30 SOP, PHA , PAT As per fi gure 3-5

— 
10.24 -74  19 Circular 0+30 SOP, PHA , PAT As per figure 3-5

10.29-74 15 Circufar 0+30 SOP , PHA , PAT As per figure 3-5

1 1-21-74 19 Circular 0+30 SDP, PHA , PAT As per figure 3.5
1.21 -75 40 Linear 1+50 SOP , P1-IA , PAT Ground test at NAFEC, various headings

by taxiing aircraft
1.22-7 5 9 ‘Linear 0+30 SOP , PHA Three segments
1-27-75 17 Linear 1+30 SOP,PHA ,PAT Seven segments
3- 25-75 15 Circular 0+20 SOP Bad weather

• 3-27-75 14 Linear t+30 SOP, PHA , PAT Seven segments
4-01-75 15 Circular 0+20 SOP Bad weather

n.3 .3 Antenna Gain Calculation

The relative gain of ’ t he antennas was deduced by commmparing the received power levels at time
antenna term inals. Ahso lumte gain was estimateui by using th us ’ q uad ime hi .x as a standard , since it is
known to provide I 5.5-ulB gain to RIIC polarized signals wim enm opt itm ma lh y poinmted. As a f i rs t  s t s ’p iii

ea lcu lat m rmg antenna gain, t ime value of the receiving system ’s es lumiv a lent noise power , hs-n ms u t s - N,, (in
5IBW ’ IIii. referred to t Ime antenna terminals is determined. Tine app licable equation is

N0 - 204.0 + L( + NE,,3, -

v. here:

Lt = total RI- losses (in dB) hetweens ths’ antenna te rnmmimma ls anul time prea nm m pimf ier irm put ter-
minal. as (letc rruni ned f’ronm RE s um h s~’ sts ’nin ca hibraluon msi u’a surements

= nieasumcuh reseu si ng system ur ps ’ r a tu n n ’ n oise figure (in uhhI I referred to time preamplifier
unsplit terminals



The received signal strength , SA (in dBW ), at the antenna terminals is then ca lculated from the
measured C/N0 and the N0 value determined above : i.e.,

SA = C/N
0 

+N0 - (6-2 )

Time unknown gain. GA (in dB), of an antenna under test can then be determined from

GA GQH~
(S QH -S A ) .  (6-3 )

where:
GQH = known gain of reference QH antenna (dB)
SQ11 = received signal strength at QH output tersuuinals (dBW)
SA = received signal strength at output terminals of antenna under test (dBW).

Quad-helix gain calibration data, i.e., 5QH’ was not availab le for all segments since (I ) quad-
helix az imuthal steering was restricted to +110 0 from the nose and (2) operational procedures and RE
subsystem hardware constraints somet imes precluded acquisition of quad-helix reference gain data.
However, additional informat ion was available from signal strength measurements made during other
tests in adjacent time periods. Tlmese measurements allowed the expected ATS-6 signal strength to be
determined for certain test areas , especially along the modem evaluation Type II test path at an eleva-
tion angle of I 5°, Th ese data have been used on occasion to augment the normal quad-helix anteimna
gain calibration data , especially during those portions of the tinear-pat im tests f’or which time quad h elix
could not be pointed toward the Satellite. Test results timat incorporate time use of sucim data are si)
identi lied.

6.3.4 Reference Gain Antenna

Inherent in all experirneimtally derived values of antenna gain is time assuimption that time ref ’er-
ence quad-he lix antenna gain actually achieved during the calibration nne ’sureimment portion of time
flightpath is . in fact. 15.5 dB. ‘rhe peak gain of the quad-helix antenna was veri fied (‘iv f’uII-scale
measurenm ents oum time antenna range on three separate occasions: once prior to initial imms tallat io um am usi
twice during subsequen mt removals for ante n na servici n g amid rccalihration. Time rnosf recent resa hibra-
tion was in mid-IQ~4 just prior to instal lation for the ATS-6 test program. l)urirmg time im mit i al  ,hs ”.eluq’i-
nment of ’ t he ammt enna , measurements were nmmade using a I /20 -sca le-mm mode h imorn ante n na. in ms ta lie s l imn
model KC- h 35 airc raft . Ihese measurements confirmed t t mat t ine patternm was not sigm si t ica nutl ~ af tcs  is -ui

by this ’ airfrann me for broadside pointing. It is t herefore concludesi that time gainu c imaracter ust is’s broad-
side to time a i rc r a f t  at s’ levat ion angles above I 5° are closely rs ’presc nted by time f ’uuli-sc ,m ls ’ g . m u nm imm ea sum re-
nnment s ref ’errcul t i m above.
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6.4 THREE-ELEMENT SLOT- DIPOLE AN ILNN.\ SYSTEM R ESULTS

This section ) pre senmt c plotted amid t :m buml at ed c ’ : uiuu aum u h S I data for lime slot—dipols ’ . 1

system Gain ami d S I data ds’rived fro uum an t e tmn ma raumge t nmeas uu re me nts are presented for c i i u i p , i r u  ~ ,:i

6.4. 1 Ex peri umm ent ’al Gain and S/ I Data tar Shot Dipuhes

Seven circular-paths flight tests were co nuhimc t cd for time slot-dipole ante um na syst e nm. Fine ts ’~u
• conditions are sunmmm arized in table 6- 2 and selected re suu ]  ts are plotted in figures o-3 t imro uu g fm o-t -

6 4 I / L’.v~wr inmu ’nto llt .t!ea s um r t ’~I Gain Results ohtai umeui for the April 1 and Mardi ~5 - I 0 5 ,

flight tests will be discussed first. Th ese two tests w e re conduicted in the same area at su nom mmi n’aI

ATS-~ elevation angle of I ~0 , Alth ough Imigim-quality received signal strengt h data for time ,u uutenulas
was obtained on each occasion , airc ra ft roll atmd i’ iitch uha ta w. ms not acquired f ’or eit h er of th s ’sc tes ts
due to a hardware t’ault associated with operation of tIme instrumentation gyro sensor Airs’ raf t  hs ’a, I-
ing data was recorded arid confi rms t h at both te~ ts we re  well flown

• Comparison of resu lts reveals gain asymmetry t h at is opposite for time two tests ,  on M:u n ’chi
25 the measured gain ‘.s-as higher for the right-side anten n a. w h ile on April time gau l ‘.5:15 hmi glmer for

time left-side a nte um na. This suggests that the aircraft hank angle immay bmave beeum imoimzero and of ’ , i pps ’ s i t c
polarity for the two tests. Closer investigation tends to confirnm the plausibility of ’ this :mrg u ument.

TABLE 6-2, SL 0 T-DIPOL E.A N TENNA CIRCULAR
FLIGHT SUMMARY

Etev
angle .

Date deg Figure

April 1 , 1975 15 6~3

March 25, 1975 15 6-4

Novemb.r 21 , 1974 19 65
Composite 8 20 6 6

October 24 , 1974 19 5-5 of volume V I I

October 29, 1974 16 5-6 of vo l u m e  VI

Octobe r 23 . 1974 25 5~8 of volume V t l

Septembe u 24 , 1974 28 5-7 a t volume V t !

a
~~,mp~~j t~ plot derived fr om fi gures 6 3 , 6 4 , and 65.  
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On April 1 . tim circular tliglmtpath was counterclockwise as viewed from the top, i.e.. the
airplane Imeading was decreasing and time relative bearing to the satellite was gradually increasing during
the test. The small hank angle for timis circular path wou ld be expected to e ffectively increase the
e lev atio um angle for time LWSD and decrease it t’or the RWS D. On this particular flight, wester ly winds
of ’ approxi nmately 1 50 kn were experienced at altitude. A discussion with flight personnel confirmed
t hat a compensating hankinmg mmiane mv e r would he expected. wlmich would increase the effective eleva-
tion amm gle for the LWSD hut would reduice the elevation auigle during the RWSD illumination portion.
As a result . it is estimated timat the broadside effective elevation angle for the LWSD was approxima-
te iy 200 while th at for the RWSD was rouglmly 100. At the lower elevation angles, the antenna gain is
very sensitive to small changes in elevation angle. The t’oregoing e ffects appear to exp lain the gain
asyrmmmet ry m m  figure 6-3 .

On M:ircim 25. t he circular pathm was clockwise. T he resultant bank angle would therefore be
expected to h ave time opposite effect on effect ive elevation angle for time two side-mounted antennas
increase f’or RWSD. decrease for LWSD). Because wind velocity was less than on April I .any corn-

pensating hank angle due to crosswind should he less for tlmis test. Again, time effects of bank angle
seem to be present in time data of figure 64. Conmparison with figure 6-3 also reveals the coniplemen-
tary nature of t he measured antenna gains . wimich is attributed to the opposite direction of circular
flight for the two tests. T he reason for time Nlarc im 25 sigmma l dropout at 100 left of the nose is not
known. This type of dropout was mmot observed on any other data runs at similar geometries , and
hence it can be concluded that it is due to causes other than t h e  antenna itself.

.-\ third test result corresponding to an elevation aumgle of 190 is presented in figure 6-5, This
t es t  was conducted on November 2 1, 1974 . with tIme circular portion being in a clockwise direction.
The aircraft paran meter data simows that time average hank angle was near 00 for the major portion of
the test. ‘.sith onI~ a few excursions in excess of ~0, The pitch angle was in time range of 30 to

nose-up attitu ide. The resuil ts agree reasonabl y well with the higher elevation angle portions of tIme
March 25 and \phl I tests , huut a him m imer than expected gain was observed t’or the RWS D between 900
and 160 0 from the umis e , For time s’ Iockw ise f lightpath uised. data for thess ’ ang les was acquired (in the
umort imea s t quadrant oh ’ t h e  circle. The test area was near the 3-dB contour of ’ the ATS-(’i anten na pat-
tern l’at t . ’rn overlay s on the test area show thmat mmonu inifor mn ill umm inatiorm liv t ime A ’fS-~ a nt e nna of
I ti’ 3 stI~ i~ Iikeh\ , ssut h the maxmrnu m signal strength expected in time northeast quadrant. ‘flmis nmay
ex p la i mm thme une\ps\ teufl ~ large .mppare nt m m.imn for th is porti smt u of’ tine test  -

\ 5i sn mm pos ut e-gainm pj t !s ’rn ilt ’rt ’ . s d from lime foregoing three test ’ . is shnow m m iim f ’igure 6—6 , lime
IWS I)  sI.i t .m us pr im .mruh~ ta ken f’rorrr t u e  Apri l I tes t ,  t ime RWSI) is s’sss’nm l ial hy t lmat of time Mars h 25 te s t ,
ans i the I OP datd is a weighted combination of ill t h mr es’. h’bm is ru - presents an experimental composite—
gain conic f i r  the shot- d ipol e s~ stenm f’or an elevation anigie of about 20°. For ref ’ere ums ’ s’ . time anmtenna
rargt’ ‘.cale—n m im de l gai n s i i t l i s  i nh t .muuis ’ d tr omi m rasl iatu o rm uh istri hi utuorm rIots us givs’nm and is seenm to agree
rs- .mson.i hlv ‘.~ e lh Wi tim tine e spe nnnme ntal data -

~~ I -~



Tests performed on September 24 and October 23, 1 974 . and a ground test conducted January
21 , 1975 , provide shot-dipole antenna performance data at higher elevation angles. Results for the
ground test are given in table 6-3. Data was acquired while the aircraft was parked at the NAFEC
airport (elevation angle 40°). Various bearing angles relative to the satellite were obtained by taxiing
the aircraft to a new orientation between measurements. Results agree closely with those of the
October 23 test.

TABLE 6-3. RWSD ANTENNA GAIN DA TA,a
JANUARY21, 1975, ELEVA TION ANGLE = 400

Bearing angle to Real-time measured C/N0,
ATS-6. deg dB-Hz Antenna gain , dB

16 45.3 6.9

30 46.6 7.6
60 46.5 7.5
89 48.7 10.8

124 48.7 108b
150 459 78b

164 44.5

aData acquired during KC-135 taxi test at NAF EC . Atlantic City, New Jersey.
bDireCt gain calibrator using quad helix was not avai lable , ATS-6 forward-link calibra’

t ion measurements made at other times and locations during the same test have been
used.

6, 4.1. 2 Exp erimentally Measured S/ I • Also shown in fi gures 6-3 through 6-S are the measured
values of S/ I derived from computer analysis of the recorded envelope detector output. As previously
mentioned, the procedure has limited multipath resolution at S/ I values in excess of 20 dB: theret ’ore .
points with an estimated S/ I larger than 20 dB are plotted at the 20-dB level. For all cases , it is
observed that S/I is usually greater than 20 dB. with occasional dips into the 15- to 20-dB range. and a
few more severe drops in the vicinity of the nose for the top-mounted antenna. This S/I perfor nmmance
is in general agreement with predicions of S/ I based on antenna range measurements used in cormjuimm c-
t ion wj t lm the specular-point and surface integration modeI~ discussed in section 6.4.2.

6.4 . 2 Slot-Dipole Gain and S/ I Deterimmined From Antenna Range Measurenments

Principal-polanzation and cross-polarization radiation patterns of the thmr ee—cl ement sl it - dipole
syste m were obtained on an antenna range using sca le- m odel antennas installed on a l(20.scalc.nliNkI
KC-135 . For these scale-model measurements , the side-mounted antenna was installed at station (‘iQ(’i

in the wing/body (airing area, a location sonmew hat forward of time actual installed location (st af ion
7661, These range measurements provided a full set of radiationm distrihutiorm plots and analog gain
patterns. The side-mounted antennas were suf ’ficj enth y characterized to allow calculation of the

14 
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theoretical S/I presented below. Representative gain pattern s (conics) from the scale-model measure-
ments for one of the side-mounted antennas for angles of 100 and 200 above the horizon are shown in
figure 6-7.

A computer program was used in conjunction with the antenima range measurements to calcu-
late the theoretical S/I as a function of aircraft/satellite geometry for the side-mounted antem mnas. The
top-mounted antenna was not included in these calculations because the range ~

‘ ta acquired for the
TOP antenna (RHC and LHC patterns) did not provide the complete antenna cimaracterization req uired
for the theoretical S/I calculations. The calculated theoretical S/I t’or the side-mounted wing-root
slot dipoles is shown in figure 6-8 . Although the S/I computations in the fore and aft directions are
included, the TOP antenna would normally be used fore and aft . The S/I for the side antennas in
these directions is therefore somewhat academic but provides a comparison reference for the experi-
mental S/ i data.

A rigorous detennination of the multipath interference requires integration of the conmp iex
antenna patterim over the total ocean surface and thus a large amount of computer tinme. In the 5/1
derivation of figure 6-8 . we have assumed the “steepest descent ” solution and have characterized the
multipath signal by its specular-point values in order to reduce the computational eft ’ort. The results
presented are thus not exact but are a good approximation . especially for modest sea-slope cases. In
fact , the ab.we approach may he argued to provide worst-case estimates of S/ I since time eart h ’s diver-
gence effect is neglected and time scattered energy is assumed to arrive only fronmm tIme specular-point
region. For grazing angles on time order of 100 , the divergence (actor will atte nuuate time I cotmmpone nt
of ’ the S , I by approximately 2 dB and if the aircraft antenna pattern is integrated over time diffuise sea
scatter process , its well-known rollol’f characteristics (0-p lane) provide f’urthmer tmmu hii patii rejectiomm ,

Some sample calculations of predicted S/ I were made using an integration over the sea sunrf ’acs’
rat her t h an the specular-point model. For the cases tested , a larger value of S I  was predicted by time —

surf ice integration nmiodel. as expected , providing good agreement witim experin mme nta l data. (‘ompara-
t i re results obtained f’or the specular-point and surf ’ace integration model are given in table 64.
l )s ’ t a i i s of the derivation of S/I froni antenna range data are given in appendix ‘%. of vo luimme \‘I h .

ii 4 ,3 Discussion of Slot-Dipole Results and Cons-lusions

l’e rtor muma imc e data  for the three-element slot-dipole antenna system was acquired experimm ient-

~dl~ ovCr a range of s.ite ll ite ehs’vation angles betweerm 100 and 400
, At elevation angles above 20°. time

expc rn nm u en mt a lly neasuirest anmtem mn a gain was in excess of 4 sIB at cssem iti ah hv all ai inmu itim :m l a ng les excs ’p
in lime Iorw. mrd dure~ t uo m m with t he rop antenna. In time forward direel ioum 1+20 ° front tI me noss - i. t Ime
101’ antenn a gain ‘.sas 3. 5 d13 it an e levat iomm ang le of ’ 40°. The peak gain nmeasu irs’d for tIme sishe-
immounted antennas wa s approximm iatels hO dB. At the high er elevatio n angles . time experiu mme nital ly
immea su i red gain f res iniently exceeded time gain values uleter nim itmed from :m nite rmn ia ra nmgc data h\ ,ui iomu t 2 d B.

6-IS
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TABLE 6-4. COMPARISON OF SPECULAR-POINTAND SURFA CE /NTEGRA TION
MODEL PREDICTION OF S- I FOR SLOT-DIPOLE ANTENNA

Surface i n tegra t ion modet
Azimuthal angle, S/f predicted by 

______________________ ___________________

Elevation angle , ~ ftrom aircraft specuta r~pomnt
deg nose), deg model , dB RMS sea slope , deg P edicted S/ I, dB

15 90 17 9 22.0
19 45 20 1 23.6
19 45 20 6 25.0
19 45 20 15 26.8

At elevation aume hes below 200. t he s’\ per ulnc nmta l ga in measurenments were quite sensitive to
aircraft motions aft s’ctung t lme a i r c r a f t  ‘a tehI i t ~ geometry hut were m m  geumeral agreement wit h rammg e data
gain values. ~hthou ighm expennientah scatter w,ms observe s i in the nieasumred gain data, there was no
s” .uu ience of sign ificant pattern h oles or s s se rag e sh eti cueti cies at any of ’ t im e geomm ’metries tested Time
severa l sc t s of data at a nominal elevatio n angle of ahoumt 15 0 illuistrat e t h at gain nieasurement repeat-
ability at low elevati on angles is difficult hecau ise of the s eu m s i t i vu t ~ to a ircraft maneuvers caused by the
characteristic rapid change in gain patt er n s at time lower e levation ang les

The experin ienmta l data s u g g e S t s  tim at time slot dipoles max ’ be sonmmewhmat nmmore dirs’ct ional in time
roil plane than indicated by tim e antenna range scahe- immodel rnea s uure n mmenmts. The exper iummenta l data
sC atte r  and the re lat u’ .c hy sm all am ount ot uhat a available, however , preeluide d r aw ing  firm commc luisio ums
on thus point.

Specifi c iti’ms ‘.sitii potential for causing time experin ienmtahlv nieasuiresl gain s to e\c ee ih t lmose
determined from a nm t e ntma range measurements hmave been investigated but h ave not heeni posit isely
isolated as contributors. Ss” . er.u I possi hiIutms ”~ .mrc discuissed below.

,m. Time overall RU insert ion loss , L t .  between an ante n na and time preamplif ier l’uas arm o n—
cert am nt~ (in all cases less titan 1.0 dB I , Review of ava ilable cahih ratio im data suggest s t hma t
the vahu ie of Ft ta huilated for the RV~ SI) andl \~‘SD RU pat h s nmmay be too large by 0.5 to
I .0 dB. -\s shown by cqu iatuons t 6—I it o  ( o - 3  I, atm error in Ft t ran s lates s f mr s ’ct ly iimt u) a
ci rrc’ ,p i d i  rig error in the calcu ilatesi atmt enna gain. It is t im e re t ’ore ossihIe that calculated
e ,umnl s I r the RWSI) and I~~ SI) are too hmrg s ’ h~ 0.5 to I .0 hB hcc ,uui s e if ’ t his conit ribtution.
(l’ rror contr i bu it i o um due to \F 11~ r c as uurs ’nus’nmt s us believed to he small dime t~ lime h i g h
slegree u t  c o i m sus ts ’nc~ ur m duc utes l  h’. t im s’ c r u iss—s ~5’~’ks availabl e and h u e  hires ’ nmm m nmm hs’r of
uluu ’ , m suir e ni m eu mt repet i t u uuis I

(
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Mote:

1) S/ lvafue s computed in accordance with specular point model . Values are in dB.
2) Conic angle (01 = 800 corresponas to elevation angle of 100 .

3) Slot-dipole antennas located at station 696 in wing- body fairing.
4) Range pattern data acquired using 1/20th-scale model . -

509  10 Ii 11 13 13 14 14 15 17 17 18 18 18 18 18 19 19 20 20 19 20 19
8 9 10 12 12 13 15 14 15 16 17 17 17 18 18 18 18 19 19 19 15 ‘9 20
8 10 10 10 12 14 14 15 16 17 16 17 17 18 18 18 19 20 19 19 21’ 19 19
9 8 11 12 12 15 14 15 16 16 16 18 18 19 18 18 19 18 19 18 19 19 20 -

‘

8 9 11 11 12 13 14 14 15 16 17 17 17 18 19 18 18 19 11 19 19 19 19 - ‘

60 8 10 11 13 13 14 14 II 16 16 18 17 19 18 18 19 19 18 18 18 19 19 20
9 10 12 13 13 13 15 16 16 16 17 1 ’/ 18 18 18 18 18 iS 18 18 19 19 19
6 9 11 12 13 15 15 17 16 19 19 17 18 18 19 20 19 19 19 1 8 18 19 19
7 7 11 11 11 13 11- 15 16 17 1 ’! 18 Ii’ 17 17 18 18 18 18 19 15 1 — a 18
5 8 .12 11 12 13 17 15 15 16 16 1’) 18 16 lb 11/ 17 18 17 21 19 ft 18

‘E ]0 6 7 9 1 0 12 1? 14 I:, 16 19 16 17 :7 17 17 17 h7 18 18 l7 18 i& i8
o 7 7 11 11 1 3 14 14 15 10 IC; to - 1

,/ 20 21: 18 17 17 19 20 1 ’! 19 7 17
6 8 8 12 13 1? 18 15 15 19 17 17 16 17 19 15 II 18 21 20 18 17 20
1 6 8 12 13 13 16 19 16 101 17 17 17 10 17 18 18 17 10 22 17 10 1 ’!
4 8 8 12 14 14 15 17 17 17 18 16 17 17 17 16 1 ’/ 20 IC 0 IC 10 15 - ‘

80 0 5 10 1? 1-i 16 11 18 18 17 17 18 1’! 1 ’ 17 IS 16 18 1 /  17 16 19 II-
180 190 200 210 220

Azimuth angle , ~

50 21 22 21 21 21 21 21 21 21 21 21 21 21 2(1 22 20 21 20 20 20 20 21 19
21 20 20 21 21 22 21 21 21 2 1 21 2 1 21 21 21 20 20 71 20 70 20 21 1 20
2 1 22 2 2  22 22 20 20 21 20 21 2 1 21 20 21 71 21 20 21 20 21 20 I S  19
20 20 21 2 1 2 1 21 20 20 22 2t 71 21 2 1 21 21 20 20 20 19 20 21 19 19
22 20 22 21 20 21 21 22 2(3 20 22 21 22 21 21 21 21 2 1 20 21 21 19 15

~~ 60 20 21 20 21 7? 22 21 21 21 20 21 20 2? 22 23 22 22 20 20 20 19 19 20

~ 2 1 20 20 20 2 1 2 1 20 20 20 20 71 20 20 20 22 21 21 2 1 21 20 21 19 19
~~
‘ 20 19 22 20 20 19 20 20 20 19 ‘(1 20 20 21 20 20 2 1 27 ?1’ 20 19 19 IS

‘v 19 7? 19 19 19 19 15 IS 20 21 21 20 20 20 20 23 21 21 2 1 20 20 21 2 1 -

‘
19 19 18 18 20 iS 2 19 711 20 20 20 2 1 21 20 20 20 20 - ‘cl 2(1 20 20 III

70 8 1” 20 19 19 9 lb 19 17 19 20 20 21 70 Ili 2(1 20 1’? /1 20 20 22 20
16 1~. 10 2 1 19 19 lb 71 10 20 19 15 71’ 20 19 20 20 in IS 26 19 20 ‘si
19 8 17 18 18 21 19 19 18 17 20 20 20 21 2 1 19 1’? 2(1 21  20 77 210 21
17 18 :8 18 17 19 18 18 2 1 19 20 22 21 20 ‘11 20 20 ‘211 ;‘;‘ 20 21’t 2; - 4
16 ItI 17 18 17 16 17 1’) 18 19 21 18 18 18 17 23 20 2 1 21 18 11 — :9  18

80 17 16 I ”) 15 ‘1 17 16 7 17 19 18 ItO IC 0 2 0  1 17 17 1 /  1’/ 10- ‘/ I l -

270 280 290 300 310
Azimuth ,lnqli’ ~5

Figure 6-8. Computed S/i for Wunq Root Slot-D ipole Antenna
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20 2:1 2? 7(1 2 1 20 21 21 20 21 21 20 21 2 1 71 21 22 21 21 2 1 21 21 50
20 19 70 20 71 20 20 20 20 ?i 21 2 1 21 21 2 1 71 27 21 21 7 1 22 21 21
20 20 20 ?il 7( 1 20 70 22 20 21 20 20 71 20 27 21 21 21 21 20 21 2 1 2 1
‘2? 20 15 IS ft 20 70 20 20 20 21 21 2 1 21 2 1 21 20 2? 21 20 20 21 20
15 70- h’ 19 19 2L : :0 20 21 10 19 20 20 20 20 20 2’? 20 21 20 20 21 22
:9 20 ~:l 20 2? 21 20 10 1 20 “1 10 20 20 20 20 210 20 20 20 20 20 20 60~~
18 iS :9 JI ~‘ 13 2rJ S-u 20 20 ,‘l 21 21 22 21 21 21 21 20 20 20 20 2 1
:6 2? c~’ 18 19 20 21 19 19 20 19 19 19 10 70 21 20 ‘25 20 20 2! 18 20 g
16 lb :o :9 II- 5 8’ 19 19 211 20 18 20 lii H 19 19 2? 20 20 20 19 19
18 ti :r- 18 lb 16 181 70 70 10 IS 19 IS 19 Ii 19 20 19 10 19 20 20 19 ‘E
17 :‘; 1.) 18- 18 18 18 19 15 18 19 20 1:1 18 IS 18 19 H Ii 19 2(1 19 18 70 3
10’ 16 21 18 18 18 so 1(1 18 20 19 18 18 IOu 18 20 2 1 18 18 19 20 19 18
l’? ’ 7 I 7 17 1 8 1 1 1 ’1 111 18 18 18 19 1 8 1 ) 1 7 19 18 19 17 17 18 19
16 17 18 15 18 110 11 1C 6 S f -  16 17 16 I f -  8 18 18 101 7,” 18 7 7
110 lb 105 16 18 1 10 I I  1 1  1 ’) lb 18 17 IS 1 ’- 15 17 Ii’ 17 I ?  I f -  17 IC- 16
15 17 1 ’S- 16 17 104 16 111 1? I i 15 104 0 1 ’! t O 17 1 ’ - 1 ’) 17 1’ I f -  105 17 80

230 240 250 260 270
- Azimuth ang le , ~

20 20 0(1 10’ 19 17 18 19 18 15 17 18 18 15 18 8 17 17 17 15 16 15 ~~
19 H 10 1 10 19 10 18 18 19 16 101 0 18 18 19 17 17 17 17 16 15 IS
11 ’ 19 18 1 -1 13 21 15 H 18 101 in 18 111 18 19 18 17 17 17 16 15 14
19 l Ou 19 19 19 L 19 18 18 19 101 lB 114 19 I F’ 18 18 7 16 15 [5 15
19 18 20 101 19 II 20 18 (9 101 H 18 18 144 18 9 17 17 111 15 16 14
19 104 19 20 19 II- hO 18 70 19 lB 18 19 18 18 17 10 17 1” 16 15 14 60

20 2 1 19 9 1- ” 20 19 IS 1. ’ III 8 17 17 7 8 18 [7 17 18 16 16 15
21 104 20 10 21 20 10 7 1 70 20 18 104 17 18 lB 18 17 17 16 16 16 16
19 104 19 10 21 20 20 2 1 21 19 19 10- IS 10 20 18 1 ’) 1’) 17 17 16 14
20 211 2 1 2 1 20 22 711 5-1 2)  01 21 l~ 19 19 1-01’ 20 19 17 16 16 15 IS E
‘21 “0 21 2 1 22 7 1  21 201 2 1 2 1 20 2 1 20 20 Lu 20 19 10 iS 16 15 is 3
(1 /  1 2 2 2 20 211 51 ‘ 2 u u I l r F u I / ’ 2 O L B I I I S  ( 1 1 1 1 8 18 1570

21 22 2 1 20 20 20 21 111 2 1 77 2 1 19 lB 17 17 19 17 20 19 17 17 15
2? 22 71 20 18 17 1 ’) 1 - I 101 101 18 18 22 20 17 20 20 17 tO iS 17 11’
18 15 7 -  1 1  16 16 16 IS 15 5 16 17 17 115 6 1’! 18 111 18 15 17 h-i
16 15 1: 14 1-1 15 1:  13 14 14 14 14 (4 13 14 16 lb 16 17 16 14 1280

320 330 340 350 360
Azim uth ang le , ~
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~~~~~~~~~~~ .“ ---- ,.--- - ---- - -~~~~~~~~~~~~~ .~~~~~~~~~~ --



h. The ammt e nm na gau l s’a h u u  calculated t’rommm t Ime experimenta l data would conta itm a systema-

t ic error. nmak inmg their values too imighm if ’ t Ime actual ga ini acl m u e s s ’sh with the quad-helix ret ’-

e rerm ce anten mn ma w:is less t h an tf me I 5 5—d B value de tern muuum e uh f rou tm full— scale t imeasuremm ients
on the antenna ranmge . It is believed that systeummatic error caused by overestimating the
gain of the refe rence ‘antenmma is less thman 0.5 dB since ( I )  exper imentally measured peak
gains of tIme ph ased-array and patc h ammtennas agree well with expected values and (2) the
quad-helix antenna ~ as remove d and recalibrated on time anitenn a range on two separate
occasions , eac h t inme eonhirmmmimmg thme I 5.5-d B valuie si num p ho ved. It shmould also be noted
t hat any systematic error in the gaini value assumed for tIme quiad-he lix reference gain
antenn ma w ill affect the c -t lcu lated gains for all antennas (slot-dipoles , phased array, patch)
identically. Gain data for t hese antennas relative to each other would t hmeref ’ore be tin-
affected by an error of ’ th is t~~pe

c ’ The scale-model patterns oh’ t he slot-dipole antenima were taken at station 6915. but the
anmt e nnas were as’tually j utsi alled at stat ion 706 of time KC-l 35 due  tu ) in su t ’f’u cueumt space at

— the original design location. ‘limit relocation of antennma s us believed to have small e f fec t
on the patterns at e levation .irighes :uh uis e 10 ° and, in particuilar . sh ould nmo t influence tIme
peak ga ium . Timis factor  is there fore be lieveuf to he only a mitmor contributor , if at all, tu)

t ime h igh er thmanm e ’s pect e d gains observed.

The e xperimentally measured ga in of the TOP anten mna was usuiall~ observed to he less in time
forward t han ut the aft direction. indicatin g tfm a t time nmor nmah aircra f t pitch angie (4

0 to 0° miose up)
may be influencing performance. Tlmis sugge sts t h at a muiore forward location of tIme TOP antent’ia
might result in inmiproved over-time-nose perforniiance at low elevation ammg les.

The experimental data showed commc lusive ly that ve ry good nmmu il tupath rejection wa s achieved
by the three-elem unent slot-dipole an tcnnm a sv s ts ’nuu at all geometries tested - The S’ I svas usuall y greater
than 20 dB. withm occasional dips into time 15- to 20-d B rammge . amid a few nmmor e severe drops j im time vicimm-
ity of the nose for the top—m ouimte d antenna. l’ime hmig hm nmultipath rejecti om m acfmie v es i is due m m  I~art to
the fact t h at the wing-root location prosides natuural immu lti pat hm shieldinig. ‘l’Imis perfor mmmaim ce is in
general -agree m ent wi th tIme predicted S I sa hues base s) on auitenna rauige measure umients. ‘ru e rat her

urge S I u’aluu es obserVed are coims usl ent  w i th rs’s uu lls for I pe I sfug il:il u f : u ta modem te s ts . w f nt’re fins ’ hit -
error-rate perf ’or nmanm ce curs s’ s c loseh~ rese m ble the perfo rm ance predicted f ’or a pure ly as hs hut is s’ ’n mouse
ent s ironn i ms ’nt w it hmout ummu h tu p at h m inmt s ’r) ’erance. lIne I psi I 81’ R cur s es t h u s  confirm t h at S I s’xc s ’e ds’uf
15 dl3.
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o , 5 PHAS ED-ARRA Y AN ’I l’I~~N A  TEST R IO S U I. T S

flmis sectioum presents ga in amid S - I data for time phased-array antenna.

6. 5 . 1  Exp eri mnenmta l Gain and S i  Data for t hme Ph ased Array

Omme portion of ’ tim e phased-array ante um uma data was acquired from ‘‘stra ight—line ’’ f light ss’g-
mmm en t s as described in section (‘ . 2 2 ,  Table 6-5 and figure Ii-’) presen it resuilts for th ree grouups of data

acq u ired on tIme Ja t es and at time locations specified below.

a. Ground test at NAFEC on Janmuary 21 . I ~) 75 - at an elevatio um angle of 400

h. Fligh t test on March 27 . 1975 , over t he North Atlant ic at elevation angles betsveen 100

and 15 0

c. Fliuzlmt test  oum Jaumuary 2 . 1(175 . over t lme North Atlant is ’ at e levation aumg les between 15~
au th IS o ,

Duri nmg eacbm strai uihmt -l ine sesiut ie m m l . t Ime optimum beam positiot i f’or nma xim ummi signal reception

~ as se hec !s ’sh , The heanm positions are identif ied according to the manufacturer ’s tionienmc lature . Since
quaul-lmelix gain calibration data was not ava ilable for all straigh t-f u me segments , time ph ased-array gain

va lues s oi t me t i n t ie s  usc si gnal stretigth cal i i irationm mneas ureme mmts of ’ the ATS-~u downhink t h a t  were made
at ot her times on locat ioims slurimmg tIme same test . I’huese cases have been so identified in table 6-5 .

i-S.c t cs t ~ were a lso conducted on c ircu ular - track anten uia fligfm ls , A suimmmi arv of t ime test condi-
t ions t s r  1 his ’ ss’ f l i ghts is t ahu ila ms ’sI in table (s—6 . Due to tIme an te nu ma ’s location, data were aequ utred onh~
in the rugin t - bu a nd hettm is p liere .

Results f ’or t e s t s  co nidu icted on Septeimihs’r 24 aumd October 29 . 1975. are presentesh nm figures
n - 1 0  ,insl 6-h I , I or time test of  Septenm her 2-l at 28 0 e levation, t he elevation bs’uinn pos ition selected
resulted iii n ear—opt miii h u m  res-ept uoim t imroug huou I t lie flight ts . I’ ht s ’ data valu es plot) e h  iii figure 0—1 ( 1 ,
l i u iwese r , appear to he alm s ,uit I ~l B l’s- hius ~ t hus’ir e spes - tc d ,u hu ues . possib ly tluie to a cahih ratiot error f’or

t h is l u s t  The 5 ’ > r ru ’sp und ino RWS I) data ,icu~u u ir s ’ sf u’ uu ~mcti rr i.’nt lv (p lot ted in f i n .  5—7 , vo l. \ ‘ I I )  ,u ls uu
m id i _  i ts ’ t h i s  possibi l u i V .

h-rum I 9’ res:i h Is a d mi t ’s ~u 1 011 Se pte unthe r ,1- L ( )s toher 29 . a nm f t h e  straig h mt -iui me segn ime nil tests , it
is ohss ’ rv s ’s l th ,it w henm 18. ~‘ Iu ’s , u I 9 ’ 1  heanu p s i l i u li us uipilnl) i ,ed . [hue , irra s provide s gain ui ahsmuii 10 to
12 dB oss ’r a hro , iuis i ute ss ’ u mui r  \ s  the a , u n m u i t hu c iI,uimii s’s t uss .i n u t 1)

0 or I ~{ tO’  t Ime gauui decrs -as e s as
‘ sps ’~~Is ’J the ‘ is ’ i su l r y 5 i  S I bu n thus , i ru t e i in  i ss .is a lwav ’ It escess u s) 20 dli ss hm ei m s ’ver t ime hs’ su nmm posi-

t i ’ u l i  s~ Is - u p t i i n i / e s i  I mis ippu i t s  to hue this ’ ex pec te d result Ot is’ N t husi l.irriI~s ro l l—pl ai ns ’ bs’anm iw idt in amf
time sus ie-lube taper ‘ s i t u  r u )
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TABLE 6-5. PHASED-A R RA Y GA/N DA TA FOR LINEAR SEGMEN T TEST

ATS-6 direction .
deg Optimum C/N0. dB-Hz Received

antenna signal Antenna
Relative beam ReaI’t ime Computer level , gain .
bearing Elev position measured analyzed .dBW dB

NAFEC Ground Test , January 21, 1975

16 40 7 42,9 N/A 149.8 5.5
30 40 6 45. 1 N/A 147.6 6.8
60 40 5 47.2 N/A 145.5 8.9
89 40 4 48.0 N/A 144.7 10.8

124 40 5 48.1 N/A 144.6 10.9
150 40 6 45. 7 N/A 147.0 85a
164 40 7 42.1 N/A 150.6 4 5 a

Flight Test , March 27, 1975

26 12 3 46.6 45.0 147, 7 4.3
55 11 2 48.5 46.4 146.3 5.5
82 10 1 50,0 49.9 142.8 9.4

111 11 2 46.0 454  147 3 4 5 a
147 12 4 43.2 42.5 150,2 18a

Flight Test , January 27 , 1975

18 16 4 41.4 41.6 151.1 4 4 a

44 17 2 42.9 42. 7 150.0 8.7
78 18 2 49.2 49.0 143.7 9.3

111 17 2 51.8 51.5 141.2
145 16 3 47 . 9 47,6 145.1

a ind icates that direct gain calibration using the quad helix was riot available. ATS-6 downlink calibration measurements
made am other times and locations during the same test have been used.

TABLE 6~6. PHASED-A RRA Y CIRCULAR FLIGHTSUMMARY

Etevation angle , Elevation
Date deg beam position Figure

September 24 , 1974 28 3 6 - 10

October 29 . 1974 16 2 . 3 6- 11

October 24 , 1974 19 Not recorded 6-4 of volume V II

Novembe r 21 , 1974 19 5 6-5 of volume V II

October 23, 1974 25 4 6-6 of volum e VII
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Test results for other circular flights are provided in figures 6-4 , 6-5 , and 6-6 of volume V II.
For these flights, the elevation beam position experimentally selected during the initial calibration
period did not provide optimum reception throughout the tests. These experimental data therefore
do not represent the achievable performance under optimized conditions and thus are of limited value.
However, the results do serve to illustrate to some degree the interdependency of optimum elevation
beam posit ion and relative bearing angle discussed in section 6.2.2. This effect is somewhat typical of
phased-array antennas and is caused by their characteristically shaped beam.

From the circular and straight-line flight test data, it can be concluded that the phased al-ray as
mounted on the KC-13 5 provides a peak gain of 11 to 12dB approximately broadside at an elevation
angle of 400, This measured value agrees well with the full-scale antenna range peak gain value. At an
elevation angle of 400, the 3-d B azimuthal beamwidth is approximately 1000, with the minus 3-dB
points of the pattern occurring at 500 and 1500 from the nose. For the small amount of data avail-
able at elevation angles of 100 , the experimentally measured maximum achievable gain was between
9.0 to 9.5 dB and the 3-d B azimuthal beamwidth was approximately 500 , At azimuthal angles beyond
the above useful coverage region, the gain dropped rapidly to low or negative values. No attempt was
made to measure side-lobe levels experimentally.

The antenna exhibited consistently good multipath rejection, with the measured S/I being in
excess of 20 dB within the useful coverage region.

6.5.2 Antenna Range Pattern Measurements for the Phased Array

Radiation pattern measurements were made by the antenna manufacturer , Ball Brothers Re-
searc h Corp. Range patterns taken with the full-scale antenna mounted on a 4-ft ground plane show
that expected peak gain is approximately 12 dB. and roll-plane beamwidth is between 12° and 15 0
for each of the nine selectable elevation beam positions.

A limited number of scale-model pattern measurements were also mnade by the nmanuf ’acturer.
One-tenth --scale antenna units were designed for beam positions 1. 2. and 4. Beam positions I and 2
were selected since t hey are most likely to be a ffecte d by the presence of the aircraft wings. Beam mm
position 4 was selected since it represents the higher steering angles and would allow comparison of
the patterns from the full-scale model with those f’rom t he 1/10-scale model for a position not likely
to be seriously affec ted by the presence of the aircraft structure.

Antennas for t ime 1/ 10-scale model were made usin g etched mit ’rostrip circuit-hoard tec hnisiues
The radiating ele m ents were scaled directly from the full-sized el e n mm e nt s . The feed lines were too
narrow to s~ah~, and therefore a modified feed dircui it was desigm ied and ts ’ st e d for use on time I/ ID-
scale model, [lie elements were combined itm a I-hy-8 urr as w itim appropriat e phasing for the beam
position being modeled,
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The scale-model antennas were mounted on a 1/10-scale ground plane using the same
coordinates as the ful1-sc~le ground plane. Elevation and conical patterns were taken for comparison
with fuU-scale patterns. A / 1 0-scale Convair 880 was used to model the aircraft . After installation
of the antennas on the 1/10-scale aircraft model , the previously recorded patterns were repeated.

Antenna range patterns for the flight antenna and for the 1/10-scale-model antenna installed
on the model Convair 880 are given in figure 6-12 for beam position 2. Since antenna efficiency
cannot be scaled , no particular gain is implied in these patterns. Pattern shape is the only comparison
that can be made.

6.6 PATCH ANTENNA TEST RESULTS

Four circular-path tests were conducted for time patch antenna. A summary of the test condi-
t ions is presented table 6-7.

TABLE 6-7. PA TCH ANTENNA CIRCULAR FL IGHT SUMMARY

Satellite
elevation angle,

Date deg Figure

October 23, 1974 25 6- 13
November21, 1974 19 6-14
October 29, 1974 16 6-15
October 24 , 1974 19 7.4 of volume V II

I
Selected test results are presented in figures 6-13. 6- 14 . and 6- I S.  From these Ilgures it is

apparent that the patch antenna had a gain of approximately 4 dB t’orward ove r t he nose at elevation
angles above I 50 The gain gradually decreased as the satellite bearing amigle chmanged toward the
broadside and aft dir ectiomm s or as the sate llite elevation angle reduced toward time horiion. Gain in Ihc
broadside and nmore af ’t directions is about 0 dB at an elevation angle of 10 0. luic re isunig to a bout 2.5
dB at a 250 elevat ion angle.

Gain data acquired during a ground tesl at N’\Fl (‘  is gi ve n m in table fs- ~~. limit data c hiow s that
gain in the forward over-tIme- nose directiomm at a fmi gl mcr elevation angle is oni the order of 4 hI3 I 3 7 d 13
measured ) , dt ’c re.is un ig lu .uhs s ut 2. 5 dli al’t of ’ broadside. l’lmese resuht s are Lon lsns tenu t  w it h the data ot
figures 6-I 3. 6 — 14 . and ( i - IS  - Antenmia r.inigc data for this antenna w i s  nol is dIaNe f’or inic lu usio m m inn
t his report.
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TA8LE6.8. PA TCHANTENNA GA/N DA TAa FOR GROUND TESTAT4O° EL EV. ANGLE

ATS-6 direction, deg C/N0, dB~Hz

Received AntennaRelative Real time Computer signal level, gain.be;ing Elevation measured an&yzed 

151,6 

_______

aData acquired during NAFEC ground test.
bDirect gain calibration using quad heli* was not available, ATS-6 downli~k calibration measurements made at othertimes and locations during the same test have been used.
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I
APPENDIX A

RESULTS OF SCIM MEASUREMENTS FOR VOICE MODEMS

One method developed for evaluating voice channel performance has been the speech com-
munication index meter (SCIM) (ref. A-I). The technique is based on the articulation index (Al)
concept , as described in reference A-2 , and uses synthetic speechlike signals to measure the signal-to-
noise ratio at the end of the channel at various audio frequencies. This ensemble of signal-to-noise
ratio measurements is then used to calculate the articulation index , a value ranging between 0 and 1.
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 modem 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 universa l relationship between
Al and various intelligibility measures. For the 400-word lists used here , a curve somewhere between
the 256- and 1000-word relationships should presumably be used.

It is observed from the data that the results , in total , straddle such an interpolated curve.
However , a definite modem dependency seems to exist. For example , a given articulation index for
ANBFM corresponds in genera l to a much lower word intelligibility than that for the Hybrid No. I
and 2 modems. Thus , this data refutes a universal relationship between Al (as estimated by SCIM) and
word intelligibility.

If in the future it is desired to use the SCIM technique for meaningful evaluations of speech
modem performance , a minimum requirement appears to be that the Al (as estimated by SCIM) versus
intelligibility curv e be calibrated accurately for each modem under test.
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APPENDIX B

EQUIPMENT LIST AND MAJOR CHARACTERISTICS OF
SELECTED SPECIAL TEST EQUIPMENT

This appendix provides ( I )  an abbreviated list of special test equipment used for the aero-
nautical technology tests and ( 2 )  summaries of major characteristics for selected subsystems. A com-
prehensive list of test instrumentation items (inctuthn g calibration and test equipment) plus additional
design information are given in “U.S. Aeron autical Technology Test Program — Terminal Design ,”
document and design data package submitted under contract DOT-TSC-707 . August 1975.

B. I ABBREVIATED LIST OF SPECIAL TEST EQUIPMENT

A list of selected special test equipment used at the airc ra ft terminal is given in table B-I .
A comparable list of selected special test equipment used at the Rosman ground terminal is given in
table B- .

B.2 MAJOR CHARACTERISTICS OF SELECTED SPECIAL TEST EQUIPMENT SUBSYSTEMS

B. 2 .l  Mult i path Test

8.2 I I Satellite .4eronautical channel Prober (S.-4 c ’P) — Major characteristics of this subsystem are
given in table B-3 . Information in table B-3 is extracted from “lnstruction Manual for the Satellite
Aeronautical Channel Prober: Volume I . System Description and Operation ,” contract DOT-1’SC-
634. Stein Associates. Inc .. June 1974.

B. 2. 1, 2 Three-( ’hap uiel Up-coi:i ’erter - Major characteri st ics are summarized in table 8 .  Informa-
tion in table 8-4 is based partly on measurements and partly on information provided by the manu-
facturer (Aer tec h Industr ie ., .

B-I
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TABL E 8-1. AIRCRAFT TERMINAL SPEC/A L TES T EQUIPMENT SUMMARY

Item Manufacturer/model

Antennas (L’Band)

Forward multipath 8oeing
Quad helix Boeing
Three element slot’dipole system Boeing
Phased array Ball Brothers Research Corp.
Patch Ball Brothers Research Corp.
Right/left slot dipoles (RSD/LSD) Boeing
Crossed-slot Boeing
Side-mounted multipath Boeing

RF Subsystem

Aft RF control unit Boeing
Forward RF control Boeing
RF preamplifiers Avantek AM 1600N
Place Fl/T units Bell Aerospace Co.
FAA L-band recewer Bell Aerospace Co.

IF, Baseband and Recording

IF tuning unit Boeing
Carrier detector Boeing
Aircraft data system DOT/FAA
Frequency standards Traco r 304 D
Aft patch panels Boeing
Recorder interface Boeing
Instrumentat ion recorders Honeywell 5600C
Digital recorder Kennedy 8707
Strip-chart recorder HP 7418A

Multipath Test

SACP modulator Stein Associates , Inc.
Three chann.l up-converter Aertech Ind., C1402
RF amplifiers , 20-W, 1-band Acronetics/Wavecom, Inc.
RF amplifier , 100-W, 1-band Microwave Power Deivces
RF amplifier , 40-W , 1-band Microw ave Power Devices
RF amplifier , 20-W, 1-band Sin~~r , Model 5110

8-2
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TABLE 8-1 (CONCL UDED)

Item Manufacturer/model

Modems

a Adaptive narrowband frequency modulation (ANBFM) Bell Aerospace Co.
FAA CPSK Philco -Ford Corp . (WDL)
FAA DPSK Philco-Ford Corp . MDL)

a NASA DECPSK Bell Aerospace Co.
Digital ranging modem DOT/TSC

a PLACE S&R ranging Bell Aerospace Co.
Hybr id No. 1 (Q-M/PSK) Bell Aerospace Co.
Hybrid No. 2 (PDM/PSK) Mae~avox Research Lab.
Adaptive delta voice modem (A DVM) Bell Aerospace Co.

apart of PLACE modem unit.

TABLE 8-2. ROSMAN TERMINAL SPECIAL TES T EQUIPMENTSUMMARY

Item I Manufacturer/model

Antennas

Antennas and RF system NASA station equipment

IF, Baseband and Recording

Subcarrier multi plex unit Boeing
Interface units 1 and 2 Boeing
Audio panels 1 and 2 BoeIng
Instr umentation recorder Amp ex F Ri 900
Voice tape recorders Ampex AGSOO
Dat. test s.t HP 1645A

Multipath Test

SACP receiver syste m Stein Associates , Inc.

Modems

Hybrid No. 1 modulator Bell Aerospace Co.
Hybrid No. 2 modulator Magnavox Research Lab.
PLACE ground equipment Bell Aerospace Co. (NASA stat ion equ ipment )
Adaptive delta voice modulator Bel l Aerospace Co. Adaptive delta voice modulator

8-3
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TA8L E B-3. SATELLITEAERONAUTICAL CHANNEL PROBER (SACP) SYSTEM FEA TURES

SACP Transmission Subsystem Modulator

Probing rate (selectable) 0.5, 1.0, 1.25, 2.5, 5.0, 10 Mbps

Modulation ±90° pseudo-random PSK

PN sequence length (selectable) 1023. 511,255

IF frequency 70 MHz

Power output (into 75fl1 0 dBm

SACP Receive Subsystem Demodulator

IF interface frequency 70 MHz

Video PN r ates (selectable ) 0.5, 1.0. 1.25, 2.5, 5.0, 10.0 Mbps

Number of multipath complex demodulator 112
taps
Output mult ipath tap low-pass filter band- 37.5, 75, 150, 300, and 600 Hz
width s (1dB ) (selectable )

Output tap dynamic range 40 dB

Number of direct-path complex demodulator 6 at 20 Hz (3-dB)
taps and filter characteristics

Real-Time Display

Display method Standard oscilloscope

Parameter displayed Avera ge power at aach complex demodulator output

Number of outputs displayed across oscil lo ’ All complex demodulator taps ClO-tap selectabl e
scop. face zoom)

Averaging time 1/16, 1/4,1,4 sec

Input dynamic range 40dB

Input bandwidth (348) 600 Hz

B-4



TABLE 8-4. THREE-CHANNEL UP.CON VER TER CHA RAC TERIS TICS

Channel Characteristics

Numbe r of channels Three, isolated

Input frequency 70 MHz

Input level 0 dBm, nominal

Output frequency 1650 MHz

Output level +15 dBm (+3, -0 dBl

Bandwidth (1-dB) ±10 MHz

Up-Converter

Type Dual conversion; local oscillators are phase locked
to reference frequency

Reference frequency 5 MHz , 0 dBm nominal (external input)

First local oscillator 315 MHz
Second local oscillator 1265 MHz
Frequency coherence Local oscillators are common to all three channels

Note: The unit was modified to allow a 55-MHz (+7 dBm) external input to be used as
the reference frequency as an alternate. The overall frequency conversion
(i~f = 1580 MHz) was unchanged when using this alternate.

B . .  ~ ~1odem Test

B. 2 2 I I I i hrid Vu I (Q-1! PSK) Modem Table B-5 lists the major characteristics of the modem.
The information given is extract ed from “Handbook of Operating and Maintenance Instruc t ions for
Adva nced Modeni. ’~ report t 3 8  1-95400 1 . contract DOT-TSC-63 I . Bell Aerospace Company.

II 2.2.2 I!r hrid Vu 2 ( PD.) ! PSK) Modem Table B-~ lists the major characteristics of this modem.
The in format ion  given is extracted from “Fina l Report /Technical Manual  for Advanced Modem
M X 4 8 0 - 4 M l  and MX4 ~ 2 ( fest Set .’ contract DOT-TSC-o23 . Magn avox Research Laborator y .
March l~~74 .
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TABLE 8-5. HYBRID NO. 1 MODEM (Q-M/PSK) CHA RACTER/ST/ CS

Modulator
Audio inputs/outputs:

Tape 600-ohm, balanced (0 VU)
Microphone 150 ohm, single-ended (- 50 VU)
Headphone 600-ohm, single-ended (0 VU)

Data inputs:
External clock and data l200 or 2400 bps,Qto +5V 

7Internal clock and data 1200 or 2400 bps, choice of PN sequences with 211.1. 2 -1 , or
26.1 bits

Modulation:
Voice only Quadrature modulation
Data only DCPSK
Voice plus data Voice and DCPSK on quadrature phase components of carrier

RFoutput :
Frequency 70 MHz
Level OdBm (50 ohms)

Demodulator
RF input:

Frequency 70 MHz, +4 kHz
Level ~20 to 410 dBm ~50 ohms~
C/N0 range 35 to 55 dB-Hz, nominal

Demodulator :
Voice only Second-order PLL
Data only Costas loop
Voice plus data Costas loop

Acquisition and tracking:
Mode Automatic
Range ±~ 

kHz , minimum
Audio outp uts:

Recorder 600-ohm, single-ended, 0 VU
Headphone 600-ohm, single-ended, 0 VU

Data outputs :
Detector type Matched filter (l&D)
Data rates 1200 or 2400 bps
Data signal Differentia lly decoded data
Clock signal Available

Internal error detector:
Data rates 1200, 2400 bps
Codes PN sequences of 26.1, 2~-1, 211.1 bits

_____________________________ 

Adaptive Delta Voice Mode
Clock rate 19.2 kbps
Step size Adaptive , dependent on input waveform slope
Modulation PSK with residual carrier at 7.0 dBO
Carrier demodulation:

Type Coherent, second-order PU,
Loop bandwidth 8L 100 Hz

Processing options:
Digital l&D (matched filter) detection, bit sync derived from data
Analog Linear filtering, bit sync not required

B-b
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TABLE 8-6. HYBRID NO. 2 MODEM (PDM/PSK) CHARACTERISTICS

Modulator

Data inputs :
Rates 1200 or 2400 bps
Levels Bipolar , +1 to +10 V for logical one, -i to -1 0 for logical zero

Voice inputs Low-level microphone at 150 ohms
High-level recorder input into 10 k~2

Internal test data 2~ 
1 .1, (x~~ + x2 + 1) maximal linear sequence

2~-i maximal linear sequence
2~ -1 maximal linear sequence
All ones
All zeros

Data clock output 1200 or 2400 bps at T2L level

. Demodulator

70-MHz signal input 0 dBm nominal (+10 to -20 dBm, range acquirable over

• ±~ 
kHz doppler offset)

Data outputs :
Bit rates 1200 or 2400 bps
Levels 0 V for tog~cat zero

+1 V for logical one
Bit-error detector +1 pulse whenever an error occurs
Internal test data 2 11 .1 (x 11 

+ x 2 
+ 1) maximal linear sequence

2~-1 maximal linear sequence
2~ -1 maximal linear sequence

Voice outputs :
Recorder 1 V rms nominal into high-impedance recorder
Headphone 600-ohm balanced line with volume control

B.2 . 2.3 F-I ..1 ~PSK and DPS K Demodulators These two demodulators were originally desi ened
and optimized for the DOT/FAA ATS-5 test program (ref . 5- ) . The primary design constraint wa~
the need to operate with the discontinuous ATS-5 L-band forward-link signal. ( Due to the spin of
ATS-5. the L-hand forward link was “pulsed’’ ; i.e. . the signal was available to the demodulators in
bursts of 50-msec duration . s parated b y channel “dead t imes ” of 733 msec I . For the DOT 1SC
ATS-b aeronautical technology tcst ~. the demodulators were used in th e ir  original design confii~ura-
tio n (so that results could be compared wi th previous performance and simulator tests )  rather t i m
being reoptimized for the ATS-o test program. Certain demodulator design features , such as DLCP SK
Costas loop 8L’ tracking range . etc. are therefore somewhat different than they would he for a design
specific to the ATS-6 test program.
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A more detailed description of the design and block diagrams of the demodulator implementa-
tions are given in reference B- I .  Major characteristics are summarized in table B-7 .

B.2 .2 .4 PL. 4CE Modem t oil - This unit includes the adaptive NBFM voice , DECPS K data , and
S&R rangin g modems. The uni t  is described in “Handbook of Operating and Maintenance Instructions
for PLACE Airbor n e Equi pment . ” report 6203-954002. Bell Aerospace Company.  Marc h 1973.

TABLE B-i. FAA DECPSK AND DPSK DEMODULA TOR CHA RACTERIS TICS

IF Amplifier and Down-Converters

Input frequency 10 MHz (±300 Hz)
Input signal level -20 dBm, nominal
IF gain control:

Type Selectable , AGC or manual
AGC type Derived from signal
AGC/MGC range 20 dB, minimum

Image Suppressions 40 dB, minimum
IF Bandwidth (3-dB) 8 kHz

DECPSK/CPSK Data Demodulator

Carrier demodulation Costas loop (digital), BL~ 
200 Hz

Acquisition and tracking range ±500 Hz, minimum

Bit rates 1200, 2400 bps
Data outputs Both decoded data and diffe rentially decoded data
Data clock output Available

DPSK Data Demodulator

Automatic frequency control:
Type Quadricorrelator
Frequency tracking range +600 Hz
Output frequency error Less than ±50 Hz

Data detection Baseband implementation of phase’comparison detection
Bit rates 1200, 2400 bps
Data output Differentially decoded data
Data clock Available
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APPENDIX C

REPORT OF INVENTIONS

Work performed under this contract consisted of test support related to the U.S. aeronautical
ATS-6 L-band technology test program. Major tasks included test instrumentation , conduct of the
field test program. and analysis of the data acquired. Although the program has yielded a substantial
body of valuable data which provide a significant extension to existing scientific knowledge , a diligent
review of the work performed under thi s contract has revealed no innovation . discovery , improve-
ment. or invention.
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