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~ ISL(t) 
= sin WLt (2-1)

where = 2ir • 155 0.075 MHz  + AW L ,  and 
~~L 

is a frequency error
caused by osc illator instability in the satellite or at the Rosman

Earth Terminal (depending on satellite operating mode). Given

that the channel is modeled as shown in Figure 2-37 , the rece ived
signal at the maritime terminal is of the form

SLR(t) = a(t) cos WLt + b(t) sin WLt (2-2)

Neither the L-band receiver ’s local oscillator nor the oscilla-

tors in the CW down-converter are perfectly stable. However , the

down-conve rter ’s loca l osc il la tor is ad jus ted to comp ensa te
approximate ly for these frequency errors so that the 2 kHz output
of the CW down-converter is of the form

S2 (t ) = a( t) cos w2t + b(t) sin w2t (2-3)

where = 2ir • 2 00 Hz + Au2 and Au 7 is the fr equency er ror caused
by all of the imperfect oscillators previously mentioned. It was

estimated that Au 2 would not exceed + 2ir • 50 Hz between recalibra-

tions of the down-converter local oscillator frequency. Thus , the

2 k}iz output was always within the bandpass of the CW down-con-

verter and digitizer filters.

The comp lex envelope components of the 2 kHz output are con-

verted to baseband filtered and di git iz ed as fo l lows : F irs t ,
S2(t) is synchronously detected against in-phase and quadrature

reference signals at 2 kHz which are derived from the frequency

standard in the maritime terminal.

After low pass filtering, the in-phase and quadrature baseband

componen t s are of the f orm

I S2(t) cos Wrt (low-pass)
(2-4)

= a(t) cos Au 2t 
+ b(t) sin Au 2t

2 - 7 0
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Q S2(t) sin 
w t (low-pass)r (2-5)

= - a(t) sin Aw 2t + b( t ) cos Au2t

where Au2 - Wr~ 
The I and Q components  are sampled , dig it-

ized , and recorded at 200 complex samples.

It is interesting to note that the effects of oscillator in-

stab i li ty ,  Au 2, are m ixed w it h the channe l  ef fec ts , a(t) and b(t).

Thus , the I and Q samples (and the analog recorded 2 kHz signa l )
con ta in informa ti on per ta in ing  to bo th of thes e ef fec ts. I t is
des i rab le  to include osc i l la tor e f f ec ts w it h the pure chan nel da ta
because , in fact , the transmitter and receiver component character-

is t ics  ( f i l tering , componen t dr i f t , etc . )  cons t itute par t of the
commun ica ti on ch annel charac ter i sti cs.

The recorded I and Q da ta cont a in the informa ti on necessary to

L extract the narrow-band channel model parameters defined above. In

par ticular , the relative multipath power can be derived by analysis

of the envelope of the baseband pr ocess , [12 + Q2]1’~
’2 . The band-

width of the multipath process can be derived by a spectral

analys is of the complex bas eba nd proce ss , I + jQ. These techniques

are d iscussed in Sec tion 3 .

2.3 DATA ACQUISITION SYSTEM

2. 3 .1 Analog  Record ing Sys t em

The analog record ing sys t em for  the eq uipmen t term inal onboa rd
the cutter utilized a Sangamo Sabre II tape recorder. This

mach ine is a 14-track (plus edgi’ track) tape recorder which

uses 1-inch magnetic tape. It has a full set of input electronics

for both direct and FM recording as well as a full set of electron-

ics for  FM and d i rec t reproduc ing .  Thu s , dur ing an expe riment the
equipment operator was able to monitor continuously all pertinent

s ignals  to insure  s ignal continuity and to be aware of any electron-

ics problems. Spare input and output electronic cards were stocked

in the shelter. Table 2-13 contains a list of the si gn a l s  record ed
and the ir channel  a l loca t ion .

2— 71
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TABL E 2-13. TAPE RECORDER PATCHING CONFIGURATION

C H ANN E L S I G N A L

CII 1 ( d i r e c t )  B e l l  AN B F M / I ) P S K V o i c e
CII 2 ( d i r e c t )  B e l l  AN BFP . 1/ DPSK l ) a t a
CII 3 ( d i r e c t )  B e l l  ANBF M / I ) PSK C l o c k
CII 4 ( d i r e c t )  B e l l  h y b r i d  V o i c e
CII S ( d i r e c t )  B e l l  H y b r i d  D a t a
CII 6 ( d i r e c t )  B e l l  h y b r i d  C l o c k
CII ( d i r e c t )  Ma gn avox  Hy b r i d  V o i c e
CII 8 ( d i r e c t )  M a g n a v o x  U b r i d D a ta
CII 9 ( d i r e c t )  Magn avox h l y h r  id C l o c k
CII 10 ( d i r e c t )  T i m e  Cod e HUG B
CII 11 ( F M )  R a n g i n g  Data

CU 1 . ( d i r e c t )  CW M u l t  i pa th Data
CU 13 (EM ) B e l l  Ilvbr id C/N 0
CII 14 (FM ) M a g n a v o x  H y b r i d  C/N

All s ignals to be reco rded wen t t o a patc h panel as d id each
of the tape recorder inputs. Signals were then patched easily to

t h e  g i v e n  t a p e  r e c o r d e r  i n p u t .  The patch panel also provided for

easy  r e c o n f i g u r a t i o n  of t h e  a n a l o g  r e c o r d i n g  f o r m a t .  F a i l u r e  of

one r e c o r d i n g  c h a n n e l  t h u s  d id  not  r e s u l t  in e x t e n s i v e  loss  of

da t a .

2 . 3 . 2  Di g ital Da t a Acq~i i s i t  ion M o d u l e

The di g i t a l  a c q u i s i t i o n  module  ( F i g u r e  2 - 39 )  was d e s i g n e d  to

operate in conjunction with the equipment in the shipboard terminal

and steerable antenna . The module Provides the necessary interface

between the measured analog , synchro , and di gital signals and an
9-track Kennedy dig ita l tape recorder .

2.3.2.1 Module Description - The module time multiplexes , dig itizes ,

and encodes 15 parallel i nputs into a sequences of 8-hit bytes which

are recorded directly onto the Kennedy tape recorder. A block S
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d I agrani o t t he s igna I t 1 ow t hroug h the mc~du it ’ i s  shown in  F t  gu r e
2—4 0 . Samp 1 ing  t i rne  can be set with an external o i. in Ic m l  t line

base. For t h i s  experiment , the int ern al t j u t e  base of SO n s w a s

used a long w i t h  a j 1r t’~1r og rammed acces s  lu g  ot t he 1 5 input s I gna I s
fl~~ an~ I ing or t lint’ ha sO , en l i e d  a ~ha t a cv c  I c  , rep r e s e n t s  one  corn-

p1 et e sniup le of the 10 stow speed inputs (heading . r o l l  • p i t  cit
- and \‘ servo errors , a: irnu t it • el evat lug t line • and X — and I — ix  I

pos i t  ions ) together w ith to samp les of the S hi gh - sp eed inputs I. I’%~
mu I t  1 path , X and V rece I v t ’ r e r r o rs  , , and ret- ct ver lock )

A un ique word of I b y t e  of ze ros  and S bvt es o f  oi t c~ p r o ce e d
eac h d a t a  eve  h e .  F i g u r t ’ 2 — 4 1 )  11 I n s t  rates how t h e  dat  a r e p r e sen t  lu g
one dat a cvc It’ a re  r ece rde t i  on the m a g n e t  i c t ape .  l.a rge r segm ent S

of dat a t t’ rmned r eco rds  cont a in 11 such dat  a ev e  ics . Ilte signal

inputs are e t her convert i’d t o I ‘s conip l enient or b inn my coded

dec imal and then simp ly t lute in u lt i plexed in 8— b i t  b ytes to the
S 

tape r e c o r d e r .  A v I sun I readout  in  e i t  h e r  dcc nun I or  h e x a d e c  j u n  I

i s  a l so  a v a i l  at’ Ic  on the front p a n e l  of t h e  m o d u l e .  m v  O f t’ of t hi’
I S input s I gna Is can be measu red  f ron t  t h  i s v I sun I r e a d o u t

2 . 3. 1 . I Modu I e Per 10 i m n a n  t O  - l i i  c rc  ar t ’ I t ye  ana l  o g i npu  c o 1’ e
b u f f e r e d  • scaled 

* 
and c o n v e r t e d  t o  a I - ii i t , I ‘ s comp I c’ment di ~ i t  a t

w o r d .  These  s i g n a  Is are t h e  AGC , — am id I s e r v o  , and r e c e i v e r
e r r o r s .  The A / P  c o n v e r t e r  has an input d y n a m i c  range of + 10 VDC

and an apt’ i. t n r c  t into o 1’ 50 us

2 .  3. 1. 3 A~C The ACC input of the mnodu Ic v i i  1 accept and c o n v e r t
a v o l t a g e  w i t h i n  t h e  l i m i t s  of • S VDC . AGC comes from the t rack-

ing re~ c i  ~er and has a dvn amn ic range of :ero t o  - S \ D C  . The m o d u l e
b u f f e r s , s c a l e s , l o w — p a s s  f i l t e r s , and i n v e r t s  t h i s  v o l t a g e  and
drt v es t he A . ’ I~ c o n v e r t e r  with :ero to + 10 VDC . The low pass I i i  —

l e t  has  a s l u g  h e  polt ’ at ap p r o x  i m a t i ’ l v  .17 i i :  . The I i  most s I gu t I i
cant h N ire mu It i p 1 c x e ~I t o  the recorder in l ’ s comp l ement  . Tit i s
y i t ’ itI s 0. 048 83  v o l t s  pi’ r b i t resolution for A~ C

1~~~~~~~~~~ . i-~; - 
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I
.3.1.4 X-R ecei v e r lirror and Y - R e c e i v e r  Error - X- and V - r e c e i v e r

err or signals originate in the tracking receiver. The module buf-

fers , low-pass fi lters , and scales by a factor of + 2/3 before it

drives the A / I )  c o n v e r t e r .  The low pass filter has two poles at

a p p r o x i m a t e l y  1 .5  I I : .  The 10 most si gnificant bits are multi p l exed
to the r e c o r d e r  in I’ s complement. This yields 0.0293 volts per hit

resolution of X- and V-r eceiver error. The module accepts a voltage

~ ithin the limits of + 13 VDC .

2 . 3 . 2 . 5  X - S e r v o  an d I-Servo Error - X -  and V - S e r v o  e r r o r  s i g n a l s

originate in the a n t e n n a  controller. T1’e nodule buffers , low-pass

filters , and s c a l e s  by a f a c t o r  o f  + 2 / 3  b e f o r e  it drives the A/Il

c o n v e r t e r .  The l o w - p a s s  f i l t e r  h a s  two poles  at a p p r o x i m a t e l y  10

U : .  A l l  1 s i g n i f i c a n t  h i t s  out  of t he  A / P  c o n v e r t e r  are m u l t i -

~ lexed  to  t h e  r e c o r d er  in l ’ s c o m p l e m e n t .  T h i s  y i e l d s  0 . 00 5 2 4
v o l t s  pe r  h i t  r e so l at  ion  of X -  and V - s e r v o  e r r o r .  The m o d u l e
a c c e p t s  a v o 1 t a ~ e of w i t h i n  t h e  l i m i t s  of • 13 VDC .

~~~~~~~ ~y n ch r o  Inputs - The f i v e  s n c h r o  i n p u t  s i g n a l s  are t h e
h e a d i n g ,  r o l l , p i t c h , and X -  and V - a x i s  p o s i t i o n .  These  s i g n a l s
o r i g i n a t e  in  the antenna controller. The’- are converted to a di g i-

t a l  f o r :~,it  ~% i t h  t h e  f o l l o w i n g  b i t  v a l u e s .  :~ll  14 b i t s  are recorded

on t he ~enn edv  r e c o r d er .  (See  T a b l e  2 - 1 4 . )

The r e m a i n i n g  S d i g i t a l  s i g n a l s  ( t i m e  code , r e c e i v e  l o c k , CIV

m u l i t p a t h , a : i m u t h , and e l e v a t i o n )  a re  s t a n d a r d  IlL l e v e l s .

2 .  3 .  I . - ‘ime Code - The t i n c  c o d e  consists of 4 2 h i t  BC11 , p o s i t i v e
l o g : c  i~i t h  I ~n s r e s o l u t i o n .  A l l  4 h i t s  are m u l t i p l e x e d  to  t he

~onnedv ic c~’rder

. . 2 . S Rec eiv er lock - Receiver Lock is one hit positiv e logic , is

a i t  1 ~‘ I e x e~I t ~ t h e  r e c or d e r  each high spee~I cy c l e .

2 , 5 .  CIV \ I u l t i p a t h  - CIV m ulti pa th is a l t - h i t  po s itive log ic

~so rd , i s  ~u I t  i p i  o x e~l to  t h e  r e c or d e r  each hi gh speed cvc I c .

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — — - ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TA BL F 2 - 1 -1  . B I T  V A L U E S  FOR SYNC IIRO I)ATA

BIT VA I~UE

MS B 1 180°

1 900

3 45°

4 22.5°

S 11 .25°

0

2.8130

8 1.40o°

9 0.’031

10 (i.35l~t °

11 0 . 1 7 5 8 0

12 0.08 99°

13 0.04395°

LSB 14

- 2 .3.2.10 A :imuth - A :imuth is multiplex ed to the recorder as a 10 -

bi t BCD word. This is sufficient for 0.359° w i t h  one degree  re-

solu ti on

2.3.2.11 Elevation - Elevation is multiplexed to  the recorder is 
S

a 9-hit BCD word with sign hit.

4
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3. DATA ANALYSIS

3.1 INTRODUCTION

The data analysis procedures performed in this report are

des igned to support the basic technical objectives of the ATS-6

test program. These objectives include the evaluation of the

exper imental antenna in its autotrack and slave modes; the per-

formance of the voice , di gital data , and ran ging modems , and the

characterization of the marine propagation channel .

3 . 1 DISCUSSION OF TESTS

3 .2. 1 Antenna Tes t s

The antenna was designed such that the boresight pointing

error would not exceed 12° . This angle corresponds to the l-dB

contour of the antenna ’s sum pattern . The antenna data analysis

therefore consists in part of computing the boresight pointing

error and comparing it against the desi gn specification.

The antenna ’s performance in the autotrack and slave modes

are also compared on the basis of a defined figure of merit.

Section 3.2 defines the figure of merit , wh ich is simply a com-

parison of performance in each mode to that of a fixed position

antenna.

3 .2 .2 Modem Tes t s

The data analysis is also concerned with the evaluation of

the operational performance of the voice , di gital data , and rang ing

modems . Tests were conducted to determine the voice intelligibil-

ity, b it error ra tes , and rang ing pre cisi on at g iven carrier-to-
no ise power density ratios established during the testing.

Typ ically, the data analysis consists of the following: The wo r d

l ists recorded from the voice modem outputs on 1-inch instrurnen-
S 

tation tape are transferred to 1/4-inch tape and sent to CBS

— 
3— 1



Lahoratori es * in S t a m f o r d , C o n n e c t i c u t , for i n t e l l i g i b i l i t y  ev a l u a -
tion . The 1100 h/s data were decoded from the 1-in tape and the

number of hit errors and block errors computed. Ranging precision

was  m e a s u re d  h comnput ing the s t a n d a r d  d e v i a t  ion of t h e  t i m e - o f -
a r r i v a l  of t h e  rang ing s i g n a l .  As a r e s u l t  of various experimental

u n c e r t a i n t i e s , i t  i~as r athe r di f f ic u lt t o pr ed i ct  h ow w e l l  the
modems would p e r f o rm under different conditions. To overcome this

p r ob l em a channel simulator was u sed to generate preliminary

c~:rves of hit error rates versus carrier-to-noise power densit y

ratios , with relative mnu l t ipa t h level as a parameter.

3.2 .3 Mul tipath Tests

The CW m u l t i p a t h  d a t a  were  a n a ly z e d  to  d e t e r m i n e  t h e  r e c e i v e d
c a r r i e r -  t o - m u l t  i p a t h  1-at os , m u l t  ipath D o p p l e r  sp read , and o thei -
p a r a m e t e r s  . The C / M  i-at io was est  m a t  ed by a graphical technique

w h i c h cons i s t e d  of f i t t  i n g  a th e o r e t  i c a l  c u m u l a t  i v e  R i c  i a n  d i s  -

t r i h u t  ion to  t h e  h i s t o g r a m  of the data. A second t e c h n i qu es whic h
used t h e  me thod  of  m o m e n t s  and es t  m a t e d  t h e  rati o f r o m  t h e  second
anti f o u r t h  m o m e n t s  of t h e  s ampled  d a t a  was  also used.

3 . 2 . 4  A n t e nna  P o i n t  ing  E r r o r

Out -’ of t i l e  o b j e c t  i v e s  of the A T S - b  t e s t i n g  l%as to  e v a l u a t e
t h e  steerable a n t e n n a  under var ious  sea s t a t e  c o n d i t i o n s .  T h i s
a n t e nna i s desc  r i bed in  A~’11 1974  , 5) . To ac c o m p i  i sh this , the

a n t e n n a ’ s X -  and V - s e i - v o  p o s i t i o n s  and t h e  s h i p ’ s h e a d i n g ,  r o l l ,
and p i t c h  w e r e  d i g i t  i z e d  and recorded  on a 1 4 - t r a c k  t ape r e c o r d e r .
These  d a t a  were s u b s e q u e n t l y  s t r i p p e d  o f f  the  t apes  and processed
by a P P P - 1 0  d i g i t a l  c o m p u t e r .  A set  of e q u a t i o n s  r e l a t i n g  til e re-
corded dat  a to  t h e  a c t u a l  a n t e n n a  el e v a t  ion and a: imut ii to  t h e
sat e l l i t e  was  d e v e l o p e d .  These  e q u a t i o n s  e s t a b l i s h e d  t he
m ea su r e d  a n t e n n a  a :  imuth and e I evat  i o n  and h a v e  t he  f o l l o w i n g
t o  nii

Subsequent Iv PPSCO I ab et - a t  or it’s -

________________________________________________________ - —~•
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a S in 1 ( c o sR  cos~ cos-: cosP  - cosR sh i P  s i n O  - sinR c o s0  sin ~
)

• ( 3 - 1)
and

= + 
~~~
,

where H is the s h ip ’ s h e a d i n g ,  ~~‘ the satellite bearing from the

ship, a and A : the mea sured elevation and a z i m u t h , r e spec t  i v e l y  -

The quantities P. R , 4, and 9 are the ship ’s p itch , roll , X - s e rvo
position , and V-servo position , respectivel y . The me asured hear-

ing angle ~~ ‘ was computed as follows :

= ~oo - ~ if > 0 V 0 (3-3)

= - if — 0 ~ 0 (3-4)

180 - ~ if <

where  ~ = t an ’(y 0/X 0 )

- a nd X cosP s i n O  + s i n P  co s -~ co st ~

cosR  cos 6  s i n4 ~ ÷ s m R  cosP  cosO cos~~ 
- s i n P  s i n R  s i n O

The c o m p u t e r  program s u b t r a c t s  t h e  c o r r e c t  a z i m u t h  and e leva-
t i o n  f r o m  t he  measured azimuth and elevation to t h e  s a t e l l i t e .
The d i f f e r e n c e s  represent the azimuth and elevation p o i n t i n g
e r r o r s .  An e x p r e s s i o n  fo r  t he  h o l - e s i g h t  e r r o r  was compu ted , si n ce
w i t h  a s y m m e t r i c  a n t e n n a  P a t t e r n  t h e  received si gnal level is pro-

portional to this parameter. This pointing error was computed as

follows and termed the total pointing error TPERR.

TPERR = cos~~ [(cos(S\a) cos (AAcosa))] (3-h )

where  5\A is  t h e  measured  a z i m u t h  e r ro r  and ~\a the measured eleva-
t i o n  e r r o r .  These expressions were progranuned on a PDP-l0 corn-

p u t e r  so t h a t  the  v a r i a b l e s  could be plotte d versus t i m e  an~l
s t i i t i s t i c a l l v  a n a l y z e d .

3-3
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3 .3  MI IL T I PAT II  DATA A N A L Y S I S

The o b j e c t  of t h e  m u l t i p a t h  data analysis is to derive param-

eteis relevant to the  c h a n n e l  model  and to v e r i f y  t h a t  t h i s  model
is v a l i d  for  a n t i c i p a t e d  m a r i t i m e  s a t e l l i t e  c o m m u n i c a t i o n s .

3 . 3 . 1  N a r r o w - B a n d  Data _An ajy~~is

The narrow-band multipath data are in the form of samples of

the in-phase and quadrature outputs I and Q of the CW down-conver-

ter subsystem . These can be analyzed to determine the direct path

powe r - t o - m u l t i p a t h  power r a t i o , denoted C/M , and the I)oppler spread

of the m u l t i p a t h  l a d i n g .

Two t e c h n i ques were employed to d e r i v e  the C/M r a t i o :  the
m e t h o d - o f - m om e n t s  and the  h i s t o g r a m  t e c h n i q u e s .

The received si gnal consists of a steady direct-path compon-

ent with power , C , anti a multi path component of ~ power , M. The
received composite amp litude , A , is characterized as a Rician

v a r i a t e .  The R i c i a n  d i s t r i b u t i o n  is g iven  by

I v~~~~~a 1p ( v )  = V C X P  - J
~ 

(a v)

where

v = ~‘2 ~ a nd a = ( 3 - 8 )

.111 (1 i i s t he r a t  i o of t i le  I n s t a n t a n e o u s  ampi i tu d e  , A , in t lie pre -

sence  of mu! t i p a t h  to  t h e  amnp i i t u d e  of t h e  d i r e c t  pat  ii  c omponen t ,
rite r e c e i v e d  c o f l i p o s i t e  i n s t a n t a n e o u s  ampi  i t m i d e , A , i s  d i r e c t l y

re t a t  -~ ! e t he i eee rded I and Q sam i t  i t ’s  . N a m e l y ,  A .  = [1  + Q~ 
1/ 2

A ’~s im m t n g  t h a t  t h e  r e c e i v e d  s i gn al is  a R i c i an fa d in g pr oc e ss ,
t h e n  t h e  C/ M r a t  i o ca n he tier ived  d i r e c t  lv f rom t h e  a m p l i t u d e
s ; m n m p l e - . I n  p a r t i c u l a r , f rom L i v  et a l .  ( 1 9 7 3 ) :

3-4
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and A are s~unp It ’s  of  t h e  t ’u v e  1 opt ~ o f  t lit’ f a d  i n g  t a  i - ri em -

Cumu I a t  i V t ’ ti 1st  ri h u t  i on s  o t~ t he i i ts t an t  a i t eou s  r e t  e i  ~‘ed amp I I

t u d e  were  a l s o  p Io t t  ed . These hi st og ramu~ can he u~ etI to tIt ’ l- m Vt ’

es t imates of C/M by & - orn par  in g  t h e  expt’ r in te n t  a I i - e sum I t  s w i t Ii
s im i i  a r i  

~ p lot ted ii i s t  og rain s o t~ a p u r e  t heo ret i ca I RI t~ I an p roc t’

at various C/?’! ratios . Figur e 3 - i  i l l u s t r a t e s  t h e s e  theoret i c a l
hi St ogram s  for  d i i  f e r e n t  v a l u e s  of  C/ ?~t . The c u r v e s  w e m — ’  g t ’n e r a t  ed
by m t  e gr a t  i ng  t h e  R I  t• I a n  d ens  it ~i (v ) ; i . t’ . $ i t ’  I a t i y e  I i eqtm eut v

= Q (xl = r ex p  ( (v  ~a ) / I ) I (av )dv - The mod i lied l~e~ Se 1
f u n c t  ion 1

~ 
(av ) was a p p r o x  ima t ed w i t ii the ~isvmp t tit ~ t e~~p i e s  ion ,

I ( av  ) fom - j y  - i t )  ( - 11)
~
‘
~11av

Fot- values of a~’ it ) it s ~er i t’s  e xp re ss  i eu was used ami d t t’ rm t u t a t  e~I
when t he rat i o of  the nt  ii t ii (ii - I ) t ii t e i-rn was le ss t han  1 0 

- 

.

p r o g r a m  t o  t o m n p u t e  and plot t hest ’ e u r v e ’~ ~i i  ‘~o ‘~h m I t  ed ‘a~~li c u r v e
a long the hem - i out a I ax I s ~o t h a t  0 dit a I w ay s  t o  inc I ded it i t  it t lit’

~~ per cent l Ie . Tb is ma~Ie t- ou n p ar  i Sti ll L i t t lit’ i i ~ S l o p es  , t i t t ’ h i  s t  t ’

g ra in  techn ique tot t iet e m m  in  t u g  ( ‘ ‘ N , mu ch  eas  It ’ i- . i i t e  t-o mpa i~ I SOfl

i s  matte bas ed  on t he hi St og i - am S I opt’ in t he V 1’~ in it v of t he med t i n
a mp I i t  t ide p o i n t  . Iii t h i  s w a y  , the expem - inte nt a I da t a e in hi’

as so~ I a ted wit It t heo m - e t  t e a  1 R ~ t m an p ro c  es ’~e S 1% I t  ii ‘~ pet~ I I I L  ( “I
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The experimen tal cumula ti ve dis tributi ons are also used to
determine the fade depths wh ich corr espond to the 90 percen ti le ,

the 50 percen tile , the 10 percentile , and the 2 percentile of the

distribution for various satellite-vessel geometries.

The I and Q samples are analyzed using a fast Fourier trans-
form (FFT) to de ri ve the baseband powe r spectrum of the rece ived

S CW probing tone . The observed spectrum includes the direct path

component and the mnultipath compon ent , bo th of which  may be
Doppler shif ted by the effec t of ship ’s rol l  mo ti on.

3.3.2 Wide-Band Data Analysis

The wide-band probing data was processed by a “quick look”

computer analys is , wh ich was implemented to provide the desired
S delay power spectra t ime histories . The analysis procedure also

provided correla ti on bandw idth, Dopple r sp read , and del ay Dop p le r

sca tter func tions.

3.3.3 Voice Intelli gib i l ity Tes t ing

The determination of voice intelligibility, as a func ti on of
C/N0, via a satellite communications system , was on e of the go als
of the exper iment . Three modems were used , two of wh ich had the
capabi lity for the reception of a signal which contained both

voice and digital data on the same carr ier. (See sec ti on 2 .2 .4
for a descr iption of the modems.) Thus , voice data were received

in two modes: a s imultaneous mode in which both vo ice and digital
data were received at the same time and recorded for future analv -

sis , and a voice—only mode in which voice signals were received by

themselves and also recorded for future analysis

A single test consisted of recording the C/N0 ra ti o dur ing
the reception of a list of 400 phonetically balanced words. A DC

vol tage whose value was proportional to C/N0 was recorded simu l-

taneously. Thus, by evaluation of the recorded data intelli g i-

bility versus C/ N0 could be determined . The determination of

in t e l l ig i b i l i ty ,  which is simply the number of correctly inter-

pre ted words rece ived , d ivided by the total number of words

3 - 7
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rece ived , and expr essed as a percen t , is done by a lis tener panel.
This panel consists of a group of 10 persons trained to listen to

the PB word lists. Thus , for any run :tn average intelligibility

v e r s u s  C/N0 can  he t l e t e r m i m i e d  ( M i m er and Go lab  , 1975)

Cal ib ra t ions were mad e for the modem s in wh ich the C/N 0 in-
strumentation voltage was  plotted versus the C/N0 mueter reading

from each modem . Also , the meter C/N0 was plotted as a function of

th e actual C/N0 (see F igure s 3-2 and 3-3). This was necessary to

i n s u r e  t h a t  d i s c  repanc  i t ’s  be tween  m e t e r  r e a d i n g s  and a c t u a l  C/ N 0 ’ s
were accounted for. The actual C/N0 was calculated by measuring

the carrier power in the channel and then measuring the noise itower

in the channel through a hand pass filter whose noise bandwidth was

40 k l l z .  T h u s :

C/ N 0 ~~C~ LIB 
- 

~‘ N~ dB + ~~ d B - I I z  (3- 13)

where P~. = c a r r ie r powe r

= n o t  se p Ow e r  ii i  40 k l l z  b a n d w i d t h .

The PB word l i s t s  a l o n g  w i t h  C/N 0 v o l t a g e s  as r e c e i v e d  at  t he
d e m o d u l a t o r  o u t p u t s  w ere  recorded in real-time on 14-track tape

for later analys is. Selected tapes were then reduced by re - record-
ing onto 1/-I in ii i gh ou t p u t  , low no ise t a p e .  These t apes  were
sent to CBS Laboratories for intelligibility scoring.

3.4 DIG ITAL. MOD}~M DATA RFIMJC T iON

Th i s  sec t  ion d i s c u s s e s  t h e  t i a t a  e x t r a c t  ion  and r edu c t  iOn pro—

c ed u i-es  f o r  ti i g i t a 1 mod cia dat a co 11 e c t e ti d u r in g t he ma t- i t  i inc —

satellite tests. The forn t  of t i le  d a t a  i s  d i s c u s s e d  f i r s t , followet i 
S

(iv methot i s fo r  d e t e r m i n i n g  p r o b a b i l i t y  of e r ro r  ve r sus  s i g n a l - t o -
no ise ratio , and block error statistics.

3. -1 . I !) a t aj  m mit l Re t -eve ry

1)1 g I t a I uuiodem pt-’ r fo runance i s mac a sum red by t m-ansm i t t I ug a known

PN sequ enc e  t h r o u g h  the t- o mmu uni c at lout channel and ohserv ing errors

1 1 ’  
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ill the received anti demodulated PN sequence. T h i s  was  done in

S real- time on board the Coast Guard shi p in order to obtain pre-

liminary system performance estimates. The received sequences were

also recorded for l a t e r  detailed analysis. Antenna p o i n t i n g  dat a

and multipath data are also recorded during the modeun tests and
can  be correlated with modem data in those cases where antenna

po inting errors or multipath may have been of sufficient m a g n i t u d e
as to in f l uence modem p e r f o r mance .

In order to facilitate recording of the received PN sequences

on an inst rumentat ion t a p e  recorder using direct -mode eq u i pment ,
the dig ital sequences were Manchester encoded. l’ite received clock

output of each modem under test was also recorded for f u t u r e
analys is . Three different modems were tested simultaneousl y using

the same satellite down-link signal. Thus , six tape tracks were

used to record the three Manchester encoded received PN sequences

along with their associated clock signals. In addition , a n a l o g

S 
s ignals we re re corded fr om C/ N0 measuring circuitry on t he  two

hybrid modems . Finally, a time code was recorded on a l l  analog

tapes.

Recovery of the Manchester encoded tiata is s t r a i g h t f o r w a r d
using the circuitry shown in Figure 3-4. For a single channe l
(modem) as show n , Manches ter encoded da t a , clock , time code , and
ana log C/N 0 signals are simultaneously reproduced  by the instru-

mnentation tape recorder. The data and clock s i g n a l s  are itrocessed

through comparator circuits for TTL compatibility i n  r i se t i un e  and
amplitude . The clock signal is then rephased to the data s i g n a l
to compensate for differences in head skew in the recording amid

reproduc ing tape recorde rs. The rephased c lock signal is then
excl usi ve OR’d w it h the da ta s ignal and the resul t enters a

Hewlett-Package 1645A data error analyser. The a n a l  ser  compares
the inpu t PN da ta st ream w it h an i nt e rn a l l y  g e n e r a t e d  repl ic a of
the transmitted code and tietects bit errors , b l ock e r r ors , clock

sli ps , and carrier dropouts. This information i s  pri nte d on pape r

tape in parallel with the time code information . The C/N0 s i g n a l
is simultaneously recorded on a time coded s t r i p  chart recorder .

3 - I l
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PN sequence transmission from the satellite was continuous

for t ime intervals on the order of 20 m m .  and longer. However ,

test conditions were varied on board the vessel during these trans-

mission intervals. In particular , the effective carrier-to-noise

power density ratio was changed by the addition of a calibrated

amount of noise to the received signal. The C/N0 ratio was thus

set to 36 , 38 , 40 , and 42 dB-Hz. Furthermore , the antenna and/or

mode was selec ted to be e it her autot rack , slaved to ships gyro-

compa ss , or low- gain antenna . Some of the data were recorded with 
S

the steerable antenna boresight intentionally reduced below the

elevation angle to the satellite. Finally, some da t a were recorded
w ith the sh ips heading changing through 360° with constant C/N0.

In the dat a ex t rac tion process , error rate , and b lock  erro r r ate
performances for the various combinations of C/N0, antenna con-

• figuration , and ship orientation are extracted . This is accom-

lished by reference to tile test scenarios and test log to deter-

mine the test sequences carried out and by utilization of til e time

code which is recorded on the analog instrumentation tape . The

block error and bit error statistics are used to estimate the error
S distribution statistics. However , the errors must he digitized

and analyzed with the aid of a computer to determine complete

error distribution statistics. This subject is discussed in more

detail in Section 3.5.3.

3.4.2 Measurement of Bit Errol ’ Probabilit y

The ac tual m easuremen t of bit error ra te , or equivalentl y ,

probab ility of error , is straightforward. In particular , the

formatted PN sequence was analyzed by a Hewlett-Packard l645:\

error analyzer. This device provides tiir ect measurements of b i t
e r ro r  r ate , block  error ra te , c a r r ie r losse s , anti clock slips. The

data reduction equipment as currently configured includes three

error analyz ers so that the performance of the three modems under

test can he measured simultaneousl y . Furthermore , three tiata

printers are used to record the results obtained at  the end of each
measur ement interval. Normally, the measurement interval is chosen

so that 100 or more errors arc observed . Thus , when C/N0 is such

3 — 1 3
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that ‘
~e 

l0~~~, the time meas u remen t interval , ‘m ’ should encom-

pass 106 bits or

106 106
Tm 

= 

~-w— 1200 
= 833s , (3-14)

assuming a bit rate (BR) = 1200 bps. The error analyzer provides

for such measurement intervals automatically. That is , it con-

ven iently counts the number of errors in a fixed number of bit s

as an integer power of 10; i.e. , iO~ bits , 10~ bits , etc. It

should be noted that in order to reduce the percentage error to 1

percent , a prohibitive amount of time is required in some cases ,

particularly for error rates less than io 6. Such effor ts are not

justifiable in terms of the added insight derived.

3 . 4 . 3  E r r o r  D i s t r i b u t i o n  C h a r a c t e r i s t i c s

Two type s of er ror c ontro l procedures are env is ioned fo r

maritime-satellite links. First , one can employ the block retrans-

mission approach. In that case , a block check sequence is trans-

mitted at the end of each data block to enable error detection at

the receiver. If an error is detected , a message is sent from the

receiving end back to the transmitter via a return link requesting

retransmission of the block which contained the error. The block

is then retransmitted until it is received without error.

Alternatively, forward error correction procedures can be

employed. In that case , the role and character of the block check

sequenc e a re exp anded so t h at er rors in a b lock can be de tec ted and
corrected at the receiving end . Convolutional coding techn iques

can he employed to provide continuous error detection and correc -

t ion.

The selection of an appropriate error control procedure

depends on the di striubtion and density of errors expected on the

communication l inks. The interrelationship of these factors will

he discussed next .
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3.4.3.1 Block Error Statistics - Block error statistics are used

to determine the error performance of a system in which block re-

transmission is employed . For example , cons ider a system which

t ransm it s BR b/s and wh ich ut i l izes a data block of Nd bits . The
total block s ize is N = Nd + Nbcs where Nbcs is the number of bit s
in the block check sequence. The probability of block error is

The probabil ity of requiring two retransmissions is P~~, etc.
Thus , assum ing that no time is lost during the retransmission

reques t , the time required to send Nd bits is

td 
= + 

~~~ (Pb 
+ p~~ 

+ p
~ • . .)  (3-15)

or

N ..t d = 
BR (l-Pb) 

(.t- 16)

The effec t ive throughput ra te is then

N N d(BR) ff = = 
N~+N~, 

(BR) (l-P b ) (BR) ( i -Pb ) (3 - 17)

when Nd >> Nbcs . The block error rate could be derived directly

from the bit error rate , 
~e’ 

prov ided that the bit errors were

random and independent . In that case ,

= 1 - (l— ~P~~~ NP (3-18)

Unfor tunately , the bit errors are not always independent . First ,

it is noted that d i ffere nti al encod ing techn iques are employed by
most of the modems being considered for the maritime-satellite

application. This means that typically er rors occur in pa i rs.
Thus , the block error rate is lower than that predicted by Equation

3-18. In fact , the block error ra te is approxima ted by

1 _ (l
~ Pe/ 2) N NPe/2 (3-19)
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In some cases , c h a n n e l  fading causes the errors to occur in larger

b u r s t s .  As sume f o r  example that the channel or some o t h e r  char-

acte’rist ic of the system c a u s e s  errors to occur in bursts of k/bi ts~
i.e. ’ k errors occur ovem - a short inter val of say 2k or 3k hits.

1 hen t he b 1 o c k e r r o r i-a t o c a a be a P P r ox i ma t ed (iv

1 - (l~ P~ /k)
N N Pj k , N k (3-20)

A t e a s o n a b l e  est imitate of the value of the e f f e c t  i v e  e r r o r

burst lengt i-i , k , can he obtained empher ica liv from bit e r r o r  and
block er r om data. Fi gure 3-5 shows the relationshi p between bit

el-rot - r a t e  an d block error i-ate in a land-m ohi It’ 2411 (1 i S  data

c o m m u n i c a t  ion  sy s t e m .  Ea ch point plotted in the fi gure represents

the i - i t  e r r o r  rate and block error 1-ate o b s e r v e d  in a s i n g le  i-un

of l O~ hit s . The block length w a s  set at 1000 bits. The ~oljt1

curve is a plot of Equat ion 3— 1 9 with k = 1 and N = 1000; the dashed

curve i s  t h e  same e\copt k 5. Ihe f i g u r e  sh ow s  us t h a t  at  l ow e r
error r a t e s  • e.  g . , 

~e 
= io  ~~~~. t h e  erm -ors are occurr j u g randomi y

a nd i n d e p e n d e n t l y .  On t h e  o t h e r  hand , as error rate increases ,

e.g. . 10 -
~ 

~ 

1’e 
-- 111 , the e f f e c t  ive burst length increases to say

k = - - At h i g h e r  c i -r a r  r a t e s  k cent inues to increase.

1’he 
~~ 

I i t t  ed outputs o t~ the UP 1 ~4 S~\ error a n a l y z e r  w e r e  u st d
to g e n e m - a t e  g r a p h s  of the form shown in Eigure 3-S. The result ing

g r a p h s  yielded i - ei- -’ ouiah le est imates of the crier burst 1en~ th . k ,

as a function ot hit et- r~ r i te , s a t e l l i t e  elevati o n i1~~~~~ e , s e a -
state , and other env i r enl ent  a I fact ors . S

The est i mitates obt  i i n c d  i i i  this way ~cre In ~~~ r oved  and c o n f i r m e d
(iv m - e con  f i g u r i n g  t i i t ’  ci- i -or ana v ze m to m ’~~~~t ~u -c the block erro c

rate for 100 hit bl ocks . (The bl ock length is determined by in-

t erna  I st rapp  i u i g  c o n n e c t  tol l s i n  the error aum a lv: or. ) These d a t a
can he u sed  direct lv to  e v a l u a t e  the pot t - ’nt i a I improvement s oh —

t a m e d  by t lie imp I emnent at ion of “me re soph t i c a t  ed fot-ward error

co r r e c t  ion cod ing t e c h n i q u e s .
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3.4.3.2 Fi-ror Distribution Statistics - The block error stat i s-

tics yield rough estimates of the error burst length as a function

of env i ronmental conditions. The applicability of various error

correcti ng coding techn iques is critically dependent on the burst

erro r length. For example , a (24 , 12 ) Gol ay code can corr ec t
errors , provided that no more than three errors occur in a 24-bit

block. Similarly, convolutional codes can correct a short burst

of errors , prov ided that a specific interval before and after the

error hurst is error free. For example , a Bi convolutional code

can c o r r e c t  an error burst of length 4 given a error-free gap

~: is .

More detailed error distribution statistics may be derived

from tiit ’ maritime-satellite experimental data to aid in the selec-

tion of  an optimum error correction techn i que . This work , however ,

S is b ey o n d  the scope of the present program , and the f o l l o w i n g
pa r a g r a p hs  therefore const itute a recomnmendat ion for further work

on the existing data base.

The derivation of detailed error distriubtion statistics is

achieved by dig itizing the error sequences observed and then analyz-

ing the error burst and error-free gap statistics. Figure 3-6

shows a block diagram of equipment for error digitization .

I )r the purposes of error gap c l i s t r i u b t i o n  a n a l y s i s  a s p e c i f i c
bur st length , b , is defined . Each burst begins with the observa-

tion of an e r ro r  and continuec , by definition , for tile next h - i  h i t s .
Ihe n e x t  burst cannot beg in until the end of a given burst. The

error- free reg ions between bursts are defined as gaps .  Fi gure 3-7

illus trates these definitions for the case in which h = 4 .  Compu-
ter processing is used to derive histograms of error burst density.

When b= 1 , the histogram will  show tile percentage of tile tine

t h a t  t he  number  of errors per burst is 1 , 2 , 3 , or 4. These histo-

grams should he generated for burst lengths in the range l~-h< l 0.

Simila r l y ,  til e computer processing should derive til e cumu lative

distri hu t ion of the gap length ; i.e. , the percentage of the time

tha ’ the gap leuigth exceeds a g i ven  v a l u e .  Gap length distributions

s h o u l d  also he derived for bur st length in the range 1 — b - i D .

3-18
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The error bum -st and gap distribut ion statistics can he used

to evaluate candidate error correct ion coding techn i ques for man -

t ime-satellite a p pi  icat ions .

3 . S RANG I NG MO1)EM rEsTs

3.5.1 Test Ob j ectives

Tht’ primar y t e s t  object i ve  wa s  t o  d e t e r - m i m i c  the behavior of a

di g i t a l i- tinging modem in the presence of noise amid mmml t i path iu it e r—

ference under real and simulated condit ions. Tests were per formed

in the lahoratoi- y using the satellite channel simulator amid in the

field under actual satel lite channel conditions. The system pci--

formance variables of pr imar y iu iterest are clock loOji jitter , whi ch

represents ranging accurac~- and sub-frequenc y correlation error ,

wh icii is the modem ’s abil i t i  to resolve range amub i gu i t v  -

3.5.2 Test_ Geometry

Three ident ica l rang ing modem s were  c o n s t  ruc t ed and i mis t  all ed

(1) on hoax- d an FAA aircraft , ( 2 )  on a Coas t  Guard  Cutter , (3) at

the ground stat ion at Rosu na n , North Cai-ol m a .  This configuration

a I lows a comparison of dat a c o l l e c t e d  at  t w o  Icc  a t  i oil s , t he a i t -  -

craft and cutter.

The rang ing code is gene i-at ed at the g m - o um id stat ioui , modulated

on a carl-icr , up-converted , rece mved at  the satell ite , and re-

transmitted back to earth. The down- 1 ink is received a t  the cuttet-

and the aircraft simultaneousl y to allow c o m p a r i s o n  of d a t a
s a m p l e s  a t  both locations.

3- .~(1
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3.5.3 Test Procedure

The test procedure was to t m -ar m su mu i t code ir-oumm t h e  g m - ou m id  sta —

t ion and te ce ive i t  aboard the Coast Guard cutter under . controlled

carr icr- t o  -noise powel- ~teui s it \ i-at io s
- 

Foi eac ii rang lag expel- intent day , range dat a were accuunmnu lat ed

us ing both narrow - and wide —b am iti codes , a t  several cart- icr—to —no i so

powcm de n s i t v i-a t  t o s.  A p p m - o x  h u n t ely 10 miii . of dat a was taken at

each test cond i t  ion . I’ite sequence  v a r i e d  fi-oumi day — t o  - 
~Iav , depend —

ili g out t he scenario. The C/N , paramt ’t e m -  w a s  t a m i  ed aver the m a m m g c
t u-oun -18 iB -ii: t o  3~ dB— U: . Each rang iuig exper iuncui t , how ever ,
a lwavs Inc luded hot Ii w ideband and narrow — hand code formats . W i d e  -

band code has a c lock frequcuic v of 1 S~ - 2 5(1 kIl: and mini -row - hanti

code has a clock frequency of 19 .5312S kIt:

Since tiit’ clock—t r acking loop det ermines the over a ll pet--

tormauit-e of the modeun , exp er  i m u ue n t s  we re  c omi d ut - ted wit Ii increased

powet- in t h e  c loc k comnpomie ui t of the t-o dc , co u m mpa i - i  m u g equn liv
weighted code componeu lts against a code in which the powe r in the

clock comnponeu lt was doubled . The di 11cm-eat code formats ai- t’ de-

- m e d  as follows : format I — equal lv we i ghted na n -ow—band c o d e ;

form a t 2 - equa l lv weighted w i d e - b a n d  c o d e ;  fo t -m a t  3 - u i a r t - o w — b a u i d
clock powet- doubled ; f o r m a t  4 — w i d e — b a n d  c l o c k  j o m ~ ’r doub l ed -

The carri er-to-noise power (lens it >- ratio was det e rmmm ined by f i  u - s t
feeding s igna I followed (i\ S u mo i st t im r ough  a ca I I b r a  ted I I I  t em - and

then uneasu r i n g  the powem- of each each independent Iv to c a l c u l a te  C/N a

3. 5.4 D a t a  Format t i uij~

The m-ecorded ranging data couis ists ci’ a serial 4 0 - h i t  word
c I ot -ke d out  a t  a rate ci 4/s - l i i  i s sei- in I hit st i-cain a p p e a r s  tm t

two connec to u s on the tmo m t t ~~ nc I as  N I~ (Non — i-et um - n — to - -
. ore) dat a

Manche ster encod ed t o m  i- e co rd  i ug ar m t h e  auta log tape . Nl1 d:m t a

all ow s the e h s c i v a t  ion  (out aim osc i I tos t-ope) of the co r r e c t

func t Lo ul l uig ot the i-aug in g umm o dt ’ u mi w i t li a word sy n c  a I so p i -o t  id od
on the (u-out i~ a m ~c I - The -i tt — bit word i s composed 01 the I o I I ow i m mg

T iit ’ t i m - s t  ‘- I) it s am -c a preamb to s e q u en c e ,  r e p r e s e n t  l u g  m f l a g .
The n e x t  ~ 

- b it s a m e status lu t I omm a t ion t 0 i m id i c i te lock o I the

3 — J
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various loops and funct ions in this order: Bit 8 indicates the

70 M u :  loop is locked im i phase; h i t  9 i n d i c a t e s  t he  70 MI I z  loop
is locked out of pha se; b i t  10 indicates the clock loop is locked ;

S hit 11 i n d i c a t e s  c o r r e c t  c o r r el a t i o n s  have been made; and hit 12

is not used . Bits 13 through 20 indicate the code format. Bits

2t) through 40 represent the r ange  reading in binary ; the least

significant bit is the last hit of the data word and is equivalent

to a 25 ns quantiz at i on  in the range measurement process.

3.5.5 Data Reduction

Ranging da ta we re col lec ted on ma gne t i c tape and stored for
future reduction and processing. In order to strii) data off the

magnetic tape , a special data reducer was designed and constructed.

It contains a clock tracking 1001) which phase-locks to the 305 Hz

data clock and tracks it throug h any tape speed fluctuations. A

new clock is generated which is phase-locked to the transitions

of data contained on the tape . It is then possible to reverse the

Manchester encoding procedure to extract NRZ data. There is cir-

cuitry which recognizes the preamble sequence and primes registers

to accept the range data in binary and the status bits. Range

data in binar y is converted to decimal and printed out along with

the status hits on paper tape. Range data in the form of serial

pulses , each one equal to 25 ns time intervals , appear  a t a f ron t

panel connector. This is then sent to a computer for processing

and computation .

3.5.6 Data R e d u c t i o n  P r o c e s s i n g  T c c h n i q ue

The recorded data must he processed to remove the ti-ends

caused by osc illator dri ft and vessel mnot ion . This is achieved b

c a r r y i n g  ou t a lea s t —squares f i t  to  t h e  data.

The st ead~ 
— state t rend in the dat a c au be expres SCsI by the

f o r m
3 + i)t ( 3 -  2 1 )  

j
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where r is  range and a and b are co n s t a n t s .  We d e s i r e  to det e rmine
opt imum v a 1 ti es t’o r a and b suc ii t h a t  t h e  d i f f e  reri c e be tween  t he
range r and the act ual measuremnent S of range , r k , made a t  t ime

t k i s  m i n i unu mn iu i the mean - square sense.

The solution to this p r o b l e m  is  w e l l  known . Specificall y ,

a s s u m i n g  that t k and ~ k 
at- c i -au idom v ar  i a b l e s  and t h a t  there are n

measur emen t s , t h e u i , *

(X t ~~~Zr 1 -
~~

t i I(
~~~~~~~~~~~~~~) - -

1 = — 

~~ 
~~~~~

-Y 
- 

—

and

S 
ii ~~ (t

1r 1
) - 

~ t 1 ~~~ -b ————-----------‘~
—- -— - - —i-- — — -  (

~ 
-

n~~~~t
’
~ -(~~

t
~~)

S For the case under cons i d e r a t  ion  here , t is not rando m . In

fac t , t 1 is of the fotm

t~ i AT i 0 , 1 , ~~• •  k “• n-i (3-24)

where t o = (1 defines the s t a r t  of t h e  data run . Equat ions 3-23

and 3 — 2 4  can he simplified iu i t ha t  case 1w m a k i n g  the follow ing

subst itut ions:

n - i  
i \T = Q~j~n - f l \ T  ~_~_~_I ( 3 - 2  5)

—

amid

ul± l 
(i \ l )  ~~~ ( n) ( ~ n - I )  AT~ n 3Ai ( 3  . o )

I = 1) -

n n
-I — -a ~~~ r 1 - 

ui 
~ r~ 

( -•, - - - )
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and

h = ~~~ i r ~ - ~ r~ (3- 28 )

F i n a l l y ,  the  l e a s t- s q u a r e s  e s t i m a t e  of t he  range  at  the  k m e a s u r e -
ment t i m e  is g iven by

r ok (4n~~ 6k) ~ r1 + (12k~~~ 6n)~~ i r
~ 

( 3 - 2 9 )

Let us now define the detrended range estimate = r k 
- r ok .

i s a zero mean i-andom variable) - The root —mean - square ranging

error is found in the usual way by solving fo r

~~RMS = - (
~ 

~ )2 (3-30)

The cho ice  of the number of data points , a , to use in a single
S computa t ion  of E qua t ion  3-30 is not  c l e a r .  The channe l  s t a t i s t i c s

are p robab ly  s t a t i o n a r y  over a few seconds;  i . e . ,  n on t he  order of
10 - 20.  A l a r g e  m e a s u r e m e n t  e r r o r  s h o u l d  he expec ted  w i t h  n so
s m a l l .  However , c y c l i c a l  r ange  f l u c t u a t i o n s  due to vessel pitch

and r o l l  m ay be detectable with avet-aging times less than a few

seconds.

A l t e r n a t i v e l y ,  several  t h o u s a n d  s amples can he averaged  in
Equat ion 3-30 . l i i i s seems to  he t he  be t  t er  c h o i c e  becau se  the
results w i l l  he ti i i-cc t lv appl i cabi e to the anal s is  of error of

s a t e l l i t e  based  m iav  i gat i o u  svs  t eun s for mar i t  inie appi i ca t  i o n s  -

Tb i s  la t t e r  al t e n m i a t  I y e  was sd cc ted for the r a n g i n g  dat a

m’ edtuct ion process -

3— 2 1
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4. USCG DEMONSTRATIONS

4, 1 INTRODUCTION

Communications s a t e l l i t e s  for m a r i t i m e  use promise many
advantages in terms of sa fe ty , r e l i a b i l i t y ,  communicat ions  t ime ,
commun ications q u a l i t y ,  and cost sav ings .  The sys tems being con-
templated require the satellite to serve a large number of highly

mobi le , g loba l ly  dispersed v e s s e l s .  I t  is therefore  necessa ry to
e f f i c i e n t l y  manage the u t i l i z a t i o n  of communicat ions channels in
order to obtain reliable performance at a reasonable cos t .  The re-
sultant  system should be compatable with  shi p - to - sho re , s h i p - t o - a i r ,
ground-to-ground , and shi p - t o - s h i p  vo i ce/ da t a / f ac s imi l e  sys tems .

Experiments were planned to de monstrate equipment use in an
operational system . The exper imenta l  equi pment usage was p red ica ted
on previous studies which i d e n t i f i e d  access control  techniques and
sytem management procedures best  su i ted  to ac commodate the
communication requirements of maritime vehicles.

- 4. 2 SELCAL DEMONSTRATION

The t ini ted Sta tes  has propo sed a digital selective calling

system he adapted for mar i t ime  use in H F , HF , and VHF t e r r e s t r i a l
communications . Such a sys tem may be su i tab le  for L-band s igna l ing
and i t s  u t i l i t y  must be tes ted .  The s e l ec t i ve  ca l l ing  (SELCAL)
system to be evaluated was a narrow -band d i g i t a l  scheme for which
prototype HF / MF equipment has been t e s t ed .

The SELCAL unit was designed to enable the t r ansm is s ion  and
recep t ion  of s e l e c t i v e l y  addressed d i g i t a l  t r a n s m i s s i o n s  (GTE , 1 9 3

A , R ) .  The t e rmina l  tes ted by the T ranspo r t a t i on  Syste ms Center
c o n s i s t s  of a keyboard , a 3 2 - c h a r a c t e r  alphanumeric d i s p l a y ,
microprocessor  con t ro l l ed  d i g i t a l  c i r cu i t ry , and F SK modems for
interface with voice communication channels. The operating functions

are programmed into a read -only  memory , and thus the SE LCAL can

be reprogrammed if new operat ing funct ions  are d e s i r e d .

4 - 1
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The SELCAL terminals  were ins ta l led  at the NASA/ Rosman Earth
S ta t ion  at Rosman , Nor th  Carol ina , and on the WHEC GALLATIN.  Figure
4- 1  shows the equipment i n s t a l l a t i on  on the GALLATIN.  The uni ts
t ransmi t ted  s ignals  over an FM voice channel wi th  the c h a r a c t e r i s t i c s
given in Table 4 - 1 .

The test  consis ted  of sending a ser ies  of s e l e c t i v e l y  addressed
messages from Rosman to the GALLATIN and rece iv ing  the automatic
repl ies  from the GALLATIN.  The sequence of messages was repeat 2 d
at d i f fe ren t  values to s i g n a l - t o - n o i s e  inj ect ion on the G A L L A T I N .
No noise was in jected on the return l ink to Rosman. The tes t  resul ts
are tabulated in Table 4 - 2 .

The errors in test  4 of the January 21 se r ies  and tes t  S of
the January 28 ser ies  d id  not a f fec t  message r e l i a b i l i t y . The

- 
errors on test  6 of January 28 resulted in unreadable messages .
Thus , the SELCAL performed well  in the NBFM channel at a l l
ca r r i e r - to -no i se  power dens i ty  rat ios  from 42 d B - H z  to the

S system maximum of approximate ly  62 d B - H z .

4. 3 RADIOTELETYPE DEMONSTRATION

Typical  communication equipment in te r faces  wi th  the s a t e l l i t e
system were planned for demons t ra t ion  of rad io te le type  equipment .
Part of the demonst ra t ion  cons i s t ed  of a r ad io t e l e type  test  set ,
using General E l e c t r i c  TermiNet  300 t e lep r in t e r s , which were
ins ta l l ed  on the GALLATIN and at the Rosman E arth S t a t i on .  The
TermiNet  un i t s  we re equipped wi th  the 1200 baud opti on and tape
casse t t e  accessory u n i t s .  Each uni t  was i n t e r f aced  to a 1200  b/ s
data modem through an in te r face  m odule .  This equipment a l l o w e d
message t r a n s m i s s i o n  from a prerecorded tape at the 1200 b/s
rate necessary on the DEC PSK channel .  

S 
- -

The o b j e c t i v e  of the demonstr at ion was to evaluate  r ad io t e l e -
type communicat i on at 1200 b/s  on the A T S-6 DECPSK channel.  For
t h i s  purpose , a tes t  tape was prepared conta in ing a stream of

identica l characters. The data stream was transmitted from

the tape at Rosman to the GALLATIN with successively greater

amounts of noise  i n j ec t ed  at the r e c e i v e r  to va ry the s i g m i a l - t o -
no i se  r a t i o .  Ta ble  4-3 summarizes the tests.

4 - 2
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TABL E 4 - 1  NBFM CHARACTERISTICS OF TUE SELCAL UNIT

PARAMETER VALUE

Center Frequency (Hz) 1900

Frequency Shift (Hz) t 425

Data Rate (baud) 600

TABLE 4 - 2  SUMMARY OF JANUARY 21 AND 28 , 1975 , SELCAL TESTS

)ATE TEST C/N0 e pIESSAGES * MESSAGES ERRORS
(4B-Hz) SENT RECEIVE D

ran. I Max. 50 50 0
21 2 51 50 50 0
.975 3 47 25 25

4 44 25 25 2

ran . 1 Max. 50 50 0
28 2 48 50 50 0
975 3 46 50 50 0

4 44 50 50 0
5 42 20 20 4
6 40 20 20 11

4 .4
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Th j s  t e s t  sequence has de mons t ra ted  the t r a u s m i  ss ion of d i g i t  . t l

data at 1200 h/s over a 1IECP SK c h a n n e l  us ing  comme i - i c  a liv ava i lab I e

dat a c om m u n i c a t  ion  e q u i p m e n t  - The l i n k  was found acceptable .m t

carr icr— to— noise power dens i tv rat ios of 40 dB- II: and h ig her -

:\L i t omnzi t ft control of ~he r e c e i v i n g  data terminal w a s  a l s o  d emon s t  m a t e d .

4 .  4 SEA R C H - A N D -  RI ~SC( IE D E MONSTRATIONS

The ATS- ~ S a t e l l i t e  Mar i t  ime S a f e t y  E q u i p m e n t  demons t rated
the search - and - rescue (.SAIfl appl  i cat  ions  of s a t e  l i i  t e  c o mm mm un i cat ions.

On Ma rch 1 and 2~ , I 9~~5 • I1SCm~ search—and 
- rescue  demons t ra t ions

were per formed us i ng the AiS - ti sa t e l l  i te - I ’he purpose was to

demonst  i -a te  t he  a d v a n t a g e s  of s e a r c h - a n d —  rescue  cocrdinat ion us i

s a t e l l i t e  c o m m u n i c a t i o n s .  I search-and— i-escue incident was s t a g e d

f o r  t he s e  d e m o n s t r a t i o n s  w h i c h  i n v o l v e d  t h e  fo 1 l o w i n g  I T . S. Depart -

t~t en t  of T i - a n s p o r t a t  i o n  a g e n c ie s  II SCG • FAA , and OST . The Eu r o p e a n
S pa c e  A g e n c y  also p a t - t i c i p a t e d .  F i g u r e  4 - 2  i l l u s t r a t e s  t h e  scenario

f o r  t h e  s a t e l l i t e  s a f e t y  d em on st  i- at  ion  c o n f i gu r a t  ~on ~Gutwe in et
S al ., l 95).

ES•\ tit i i i  :ed an i—hand Emergemicv P o s i t  ion I n d i c a t i n g  R a d i o
Be.m c on (EP1R1fl buoy . d e v e l o p e d  h t h e  F e d e r a l  R e p u b l i c  of  m. e r i t i a n

t~~oe h c1 . l 9 S A ,B~ - Th e EP 1 RB is a dist i-ess a l e r t i n g  d e v i c e
capable of t ransnm it t ing the LI is t ressed vessel’ s c a l l  s ign V t a  the

1.- band sat e llite link and prov iding a homing beacon a t  t h e  intern a —

t iena 1 LI i s  t res s  f m - c q u e n c v  ~ 21 82 kIl :  ) for direct ion finding and

f i n a l  vectoring of seat-ch units - l’he EP1 R B  i s  d e s  i gned to become

cue i-g i ed upon imme rs ion in the sea • 
01. i t may be umanu zi l1 ~ ene i-g i ed

A photograph of the buoy is shown in Figure 4- 3.

The search— and— rescue demonst i-at ion was in i t i a t e d  1w deploy mu g

t h e  bu oy • e q u i p p e d  w i t h an EPI RB device , in the g e n e r a l  a rca of

the :1 0 1 C 5  I s  lands - The l P I R B  transm iss ion  was  in it i a t ~~d upon
1~uov de’~lovment receipt via satellite of the  1 P 1 R B  ~l i s t  r ess  .mlei - t

signal at the N A SA / Rosmnan Eam -t h St at ion in it i .mted the sezi m- c h— and—

rescue c o o r d i n a t i o n .  This pr ovided the vital ft i-st step in the

seam -ch - and r e s c u e  e f f o i - t t h i - ough  i n d i c a t i o n  t h a t  a d i  st m -es s inc i dent

ha L I oc ciii - retl
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P et - S on n e  I a t  t i m e  NASA/Rosman La mt im Stat ion re 1 awed th e el i s t re- -
a lert and ship call let ters • v i a I and line , to t i m e  U . S. Coa.; t Gun rd

Rescue Coord m a t  ion Center (RCC) in New York Ci tv - The comm mput er

at the Automated Mutuo 1 - Ass  i s tan c e  ~‘esse I Rescue Syst ciii (AMV ER )

de t ci - mm m i ned the ident it v and the immos t 
~ 
i-obab Ie pos i t 10mm 01 ti me ’

dist ressed u n i t  amid lo cations of the mmen rest ava i lab Ic’ ve~ se I s
0 t~ opport un I ty  • wh ich were t h e  GAI I.AT IN o r t h e  OTTO h A h N . Fi m e

Rescue Coordination Cente z- es t a b  I I shed i mmmn m eel I i t t  e’ commmnm un i cat ions

with both vessels v i a time Al’S-ti sate lii  te • detem-ni m e d  the ii . ~ 05 i t i 0n~
i n i t i a t e d  ~i i i-cc t ion fi tiding , and ass igned search areas to each mob i he .

The New Y o r k  Ci tv Rescue Coord m a t  i o n  C e n t er  (RCC ) then took

action to determine whethem - any aircraft were in the v i c i n i t y  of

the LII s t r e s s  p o s i t  ion . RCC contacted v i a land i i tie the Nat t o n a l

lvi at  ion Lime i I ft i es E x p e r i m n e n t a  I Center ( NALLC ) • wh i i-h w a s

p a r t  ic i pat  ing  as a s i m i m u l a t e d  Oc emi m i  i c Aim - Traffi c Cont 1~0 I ( e n t e r

with the ITS—ti spacecra ft - NAPEC iii foi-nmed RCC abo u t the a i rc taf t

of opportunity in tim e area of time LI is t ress

The two  iii t p l a n e s  u n d e r  NALEC air tt~ m Iii c cont rol wem -e the

FA A KC — 135 and the PSI Comet - Si l ice  ~~8 i - t  ei I the an on I e s  ithon id

the FAA and PSI at cm -aft - coims 1s t ed of automat ii~ a i m - c m - a f t  po sit ion

d a t a  t r a n s i m m i s s  ion equ ipnmen t , a si t u at  iou di sp l a ~ o f  t ime a i i- c m - a f t
in the eli s t m-ess a m ea was  av a  i lab Ic to time a ir t r i m t~f I c c o n t  roil er -
A l l  m o b i l e s  were t i -ansm i t t  t u g  amid i- eec i V t u g  f u l l  ~hip l o x  on a c o ni m imom i

en erget i c ’-  L - band chaimn e 1 - Ti m i s  a i i  owed full dimp I ex I - band

commurm i ca t  ions  among  a l l mob i I e-~ min d g i-ound I ~~~ I ~t i O S  t i m  a con  -

fe i- cncc con Ii gu t - mi t  i o n .  The nm oii l i e s  inte l-connected in t im i s manuel -

were : GA I,I ,AT IN , OTTO IIAIIN , FAA N C — 1 35 • i S A Comet • N AF1 & • and NA SA - -

Ro sman , w i t h  RCC L I I  r e ct  i n~ t h e ’ cut  ire o p e r a t i o n . R t C  reqties ted ho t ii

a t  r c ra  f t  ‘~ t o  d i  i-cc t ion Ii mid on the buoy Imom n i mi g ~ i gun 1 . TIme c l i  rec

t i on f t  itch flg 1mm to t-ma t ion and mi m i - c raft posit tol ls were relayed hack

t o the RCC • Tim i s  p roy  ided a nmo Ie~ ac- c-ui -a t e’ ft x t I m aim t hum t av .i m 1 mib le

f rom t h e ’ AM V FR preci i o t t  otis.
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The KC- 1 35 , becaus e of aircraft low al t i tude r e s t r i c t i ons ,
could no t do any low altitude visual searching but was able to

direc t ion find at nominal aircraf t al titude . The Comet t ried a
low altitude visual search , be4 t though the electronic search

indica t ed the buoy posi t ion , the visual search was in vain. In

ac tual condi t ions  commerc ia l  a i r c r a f t of oppor tuni ty w i l l , in
genera l, assis t by providing direction finding services but will

maintain assigned altitude and course. Position information

and si tuation reports were immediately available at the RCC who

was able to converge the OTTO HAHN and the GALLATIN to the distress

si te and successfully recover the buoy .

The en tire demonstration took place in a period of time of

abou t 3 hours. While it is recognized that in a typical situation

no t al l  mobiles wi l l  be coordina t ed a p r io r i , the tests were

ex tremely successful in demonstrating the rapid access of satellite’
S emergency communica t ions , the ab i l i ty to have a ll m o b i l e s

communica te wi th each other , the ab i l i ty to m in i m ize  confu s ion
through such communicat ion, and finally , the ability to direct

a search-and-resc ue emergency of all participating vessels over a

lar g e area , thousands of miles dis tant from an RCC and an ATC
cen ter.

The ATS -6 search-and-rescue simula tion became the “real  t h ing ”

on the nigh t of March 20 , 1975 , when a non-par ticipa t in g ve ssel in
dis t ress , the NORTHERN WORKER , suffered rudder and engine problems
during a storm . In addition , the si gna l sideband radio aboard the
NORTHERN WORKER was inoperat ive. The following day , the WH EC
GALLATIN , in the vicinity, radioed the New York Ci t y Resc u e Coor-
dination Cen ter via the L-band ATS- 6 spacecraft link that it was

escort ing the dis t ressed vesse l  and informed the RCC of t he nature
of the problems , current s tatus , and posi tion information . The S

GALLATIN also sen t a teletype message via high frequency to the N Y C
RCC. The informa tion gave the RCC the required data necessary to

proceed wi th a rescue if necessary . RCC kept a vig i l  on thi s dis-
tress problem along with the GALLAT IN during the conduct of the

ATS - 6 search-and-rescue demonstration. The NORT HJ RN WORKER mach e

it safely to por t in the Azore s under IJSCG cogn i z ance.

4—11 1

~~~~~~~~~~~~~~~~~~ 
~ — : :  —

~~
-
~
- — —

~~~~- - --—~ ---- S.—.- -~~~~-



- - - --r -
~-- - - . .---.----— - -

-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The ATS- 6 Satellite Maritime-Safety Experiments demonstrated

the search - and-rescue applications of satellite communications . The

en tire satellite experiment and actual search-and - rescue operations ,

involving ANVER and an opera tional rescue coordination facility , were
wi thout preceden t and , moreove r , were h ighly  success fu l .  The
resul ts of the maritime safety tests have confirmed that safety

of life a t sea may be significantly enhanced when future aeronautical

and mari time satellite systems become operational.

Another significant precedent was the es tablishment of direc t

satelli te communications among several mobile s separated by large

dis tances well beyond radio line-of-sight. Conference networks

were provided at the recently designated L-band frequency of 1600

MHz. These ne tworks permitted instantaneous access , two-way
simul taneous (full duplex) communication s among several ships ,

several aircraf t and various ground station coordination and

con trol cen ters .

In exercises utilizing an emergency position indicating radio

beacon (EPIRB) , the ab i l i ty of a sa tell i te sys tem to provide a
world wide dis t ress aler t ing capability was demons t rated. The
EPIRB promises to be a low-cos t dis t ress alerting device. A

S 
worldwide service such as this is not currently available to

ships in the presen t maritime radio distress system .

Ano ther unique accomplishment of the aeronautical and maritime

sa tellite experiments with the ATS-6 spacecraft involved rescue

coordina tion of AMVER predictions with flyover air traffic

identified by a Simula ted Oceanic Air Traffic Control Center at
the NAFEC. The Oceanic Air Traffic Control Center was able to

remotely command and control the flyover air traffic while

several thousand miles ou t over the ocean. Future aeronautical

and mari time satellite systems could provide substantial benefits

to the safe ty of t ransoceanic ship or air t ranspor ta t ion . More-
over , radio position de termina t ion sys tems , based on t r i l at era t io n

to several orbiting satellites , co u ld g rea t ly improve the posit ion
predic t ion capabilit ies of AMVER , which are current ly derived from
sai l  plans and rou tine position reporting. Time for area search

4- il
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is a direct  funct ion  of knowledge of pos i t i on .  Commensurate
advantages w i l l  accrue to saving l ives  by vir tue of the prec is ion
inherent in s a t e l l i t e  posi t ion determinat ion.

S Wi th regard to technical performance , the satellite search-and-

rescue utilized voice communications for coordination. The quality

of the L— band satellite voice from all mobiles exceeded the quality

of typical high frequency systems and was comparable with a high

quali ty maritime line-of-sight VH F-FM voice link. The constancy

S 
and reliabili ty of the L-band satellite voice communicat ions also

exceeds the performance of high frequency voice. In future
mari t ime sa tellit e sys t ems the predominance of t ransmissi ons will
be via teleprinters . High speed data transmission , a t k ilob i t

ra tes , is also possible with L-band satellite systems but not

wi th high frequency because of the inherent limitations in data

transmission rate via high fre quency.
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5. RESULTS OF EXPERIMENTS

5 . 1  INTRODUCTION

This section presents the results  achieved dur ing the ATS- 6
mari t ime—satellite tests. First , medium-gain an tenna performance

is described and discussed. It is shown that the antenna provided

bet ter performance in the slave mode than in the autot rack mode in
mos t cases .

The charac teristics of multipath on the mar itime-satellite

test link are presented . The collected data indicate that the

mult ipath reflec t ion coefficient is typ ically around - 8 dB , wi th
slight dependence on sea-state and other conditions. The data

- 
also indica te that the umultipath is not specular. In particular ,

it is shown that the majority of the multipath energy comes from

angles jus t below the horizon rather than from the multipath

specular poin t.

The voice and da ta performances of several modems are reported.

In general , the modem designa ted Hybird 1 provides the bes t per-
formance in the voice mode , the data mode , and the voice p lus  da t a

• mode. Voice intelli g ibili ty was better than 80 percent for all

test conditions for this modem . It was observed that nmultipath

had li ttle effect on intellig ibility , an expec ted resul t based on
labora tory simulation results. The data performanc e of Hybrid 1

was superior , It provided a bi t error rate of 1 x 10~~ a t 43 dB-Hz

when carrier- to-multipath ratios were in excess of 15 dB. Data

performance was effected by the present of multipath. In particu-

lar , it is extrapolated that when carrier-to -multipath is on the

order of 11 dB , a carrier- to-noise power density ratio in excess

of 48 dB-Hz is required to provide 1 x l0~~ bi t error rate per-

formance -

The ranging modem tes t s reported in this sec t ion demons t ra te d
that measurement precision in the order of 100 m is achievable at

40 dB-Hz using the DOT/TSC digital rang ing sys tem in its wide-hand

mode.
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5.2 ANTENNA POINTING ERROR

One of the objectives of the ATS-6 measurements was to evalu-

a te the performance of a med ium ga in antenna and to compa re two
methods (slave and autotrack) of antenna stabilization . Antenna

perfo rmance was evalua ted by comp ut ing the total point ing erro r

and its components in azimuth and in elevation. Comparisons of

slave and autotrack performance were made using a figure of merit.

Fi gures of mer it are ca l cu l a ted separa tely fo r  po int ing in a z i m u th
and in elevation and are defined as the ratios of the standard

dev iati ons of the corresponding pointing errors in the absence of
stabilization (simulated remote operation) to those achieved with

stabilization (slave or autotrack) . In addition , the received
carr ier-to multipath ratio (C/M) was calculated for each test , so
that C/M represents another parameter against which antenna per-

forinance can be judged. Figures 5-1 through 5-18 show representa-

t ive examp les of antenna performance in the slave and autotrack

operating modes. Figures 5-1 through 5-3 are time history plots

of the total pointi ng error (TPERR) , eleva t ion error (ELERR) , and
az imuth error (AZERR) in slave operation . These data , co l l ec ted
on March 27 , 1975 , are representative of a medium sea state condi-

tion ; i.e ., 6-ft seas were reported. The time history of the

ship ’s motion is illustration in Figures 5-4 through 5- 6. Figure

5- 4 indicates that the ship changed course from approximately

344 0 to ~90° during the test segment. This occurred about 600 s

into the run . In Figure 5-1 , it can he seen that the slave mode

tracked out the change in sh ip ’s heading ; in the s imula ted remote
mode , the antenna ’s total pointing error and azimuth error in-

creased considerably , as shown in F igures 5-7 and 5-8 , although

the elev at ion error , Figure 5-9 , increased only moderatel y .

If we restrict our attention to the first 9 Thin , of the run

(i.e., prior to the turn) the corresponding fi gures of merit are

IA: 
= 2 . 2  and F EL = 2.3.
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The a u t o t r a c k  mode was used on t he  same day , March  2 7 . The
performance of this mode is illustrated in Fi gures 5-10 to 5-12.

The corr esponding sh ip ’s motion is shown in Figures 5-13 throug h

5-15 . The sh ip 1 s course was approximately fixed at 290° during this

test run. Figures 5-16 through 5-18 show antenna pointing errors

under simulated remote conditions. The corresponding figures of

mer it for the autot rack run are FA: = 0 .7 6 and FEL O 64. We note

that under the conditions of low elevation ang le (9.5°) and medium

sea state (6-ft wave hei ght) the slave mode was more effective in

providing antenna stabilization than was autotrack. In this parti-

cu lar case , the multipath was relatively severe with little antenna

discrimination against the multipath and with the specular point

occurr ing w ithin approx imately 1 dB of the peak of the difference
pattern (see Figure 2-14). The C/M ratio measured during this run

was 11 dB.

Table 5-1 summarizes the antenna data obtained during the

S 
spr ing tests. (Reduced data are not available for the fall test

S series because of a nonlinearity in the roll amplifier used to pro-

v ide gyrocompass signals to the antenna during those tests.) Data

for tests during which the ship was following a circular course are

presen ted separately for time intervals during which the relative

bearing to the satellite was within + 45° of the bow . This test pro-

v ided s ignal levels and multi path data when the view of the satel- S

lite was obstructed by the ship ’s supers t ruc ture. In addit ion , si g-

nal reflec t ions from the sh ip ’s supers t ruc ture were expec ted to he
present in this test. The antenna was located near the stern of the

ship with an unobstructed view of the satellite in all directions

except forward. The geometry was such that the elevation angle from

the antenna to the top of the air search radar located at the

top of the aft mast was 28° and the eleva ti on an g le to the top of
the exhaus t st acks was 8° . Look ing forward into the ships super-

structure , the view in azimuth below 8° elevation was limited by the

exhaust stacks , wh ich subtended an angle of + 10-1/2° from the how .

Conse quent ly, for satellite elevation angles below 8° and w i t h rela- S

t ive bear ings of + 4 50 , scattering from the exhaust stacks would

or ig ina te at approxima tely 35° o f f  bore s ight , which is at least -iS

5-21 
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TABLE S- i . SUMMARY OF ANTENNA POINTING PERFORMANCE - SPRING
1975

KAy F lIE I GillS 1 FT to 20 FT

SATFLLITF ELE\’ATION ANGLES : 8. ° to 390

C/~’I RATIOS : 6.9 dB to  21.2 dB* 
S.

H E A D I N G I_i :  0~ o° to  3.6°

ROLL ~‘ : 1 .1° to 5.2° (PEAK R0LL=1~’.5°)

PITCH a : 0.5° to 2.0°

1:I (;EIRF OF MERIT SLAVE AtJTOTRACK

F A I M I J T H )  1.0° to  8.5° , A V . 3 . 5°  0.5° tO 1.4°, Av =1 0°

F (FLEVAT I ON) 1,3° t o  5.3 °, Av . 2 1° 0.5° to 0.8° , Av .= 0.6°

a~x I~~iM POINTING
S ERROR W H I L E

LOCKED 3 3 0  to 84° , A~~ — 5 ._ 9.9° to 14.8° , Av~~ 11.9°

*
C/M ranged from 10.3 dB to 13.1 dB during autotrack measurements .

dB down on the antenna sum pa tt ern and outsi de of the peaks of the
difference pattern . Specific comments for data taken with the rela-

tive bearing to the satellite within -‘- 45° of the bow are pre sent ed
separately in Sect ion 5.2.2. The following general observations

ma y he made  from an examination of the data presented in Table 5-1 :

1. The slave mode of an tenna sta b i l i z a t ion ge n e r a l l y  gave C

super ior performance to that of the autotrack mode. Figures of
me rit were always greater than units- for slave while they averaged

only LO (azimuth) and never exceeded 0.8 (elevation) when the

antenna was operated in the autotrack mode .

2 .  The maximum total pointing error never exceed 8.4° in

slave versus 14.8° in autotrack. Thus the slave mode of operation

was capable of maintaining the satellite within the -1 dB contour

of the sum pattern (approximately 11° o f f  bores i ght). The maximum

5-22
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pointing error in the autotrack mode ranged from 9.9° to 14.8° ove r

13 runs of approximately 10 mm duration each. The average value

of the 13 peak pointing errors (i.e. , max imum values for each run)
was 11.9 °. This corresponds very closely to the -l dB contour of

the antenna pattern .

5.2.1 Spring 1975 Test Program

Th is sec tion presen ts a more detailed summary of the antenna
data collected during the spring 1975 tests. Data are presented

for 6 days representing low , intermediate , and high satellite ele-

vation angles and covering a wide range of sea conditions. In

cer ta in instance s in the slave mode the antenna was intentionally
pointed at double (20), half (0/ 2) ,  and one- quarter (0/4) of the
satellite elevation angle. These tests allowed us either to re-

ject multipath (20) or enhance (8/2 and 0/4) the effect of multi-

path scattering from the ocean surface. The tests were generally

run with the shi p either following a circular course (360° in

approximately 10 minutes) or steaming with the relative bearing

of the satellite approximately ~ go0 from the bow . In cer tain
tests , however , the ship maintained a cons tant heading w ith the
relative bearing of the satellite significantly different from
+ 90°. These runs are denoted “cons tant head ing” in Tables 5-2

through 5-7. Specific comments with respect to individual test

days are given below .

5.2.1.1 February 26, 1975 (Table 5-2) - The 17- to 20-ft wave en-

countered on February 26th were substantially greater than those

experienced during the other test days for which valid antenna data

are available. The standard deviation of the ship ’s ro l l generally

ranged from 10 to 3° during the March and Apr il tes ts , wh i le two of
the three runs on February 26th were made with roll standard devia-

tion of 5° or grea ter , with peak rolls exceed ing 14° . Correspond-

ingly , the standard deviation of the elevation error in the slave

mode was greatest during the February tests. Antenna performance

was plotted during 1-minute time segments centered on the times at

wh ic” maximum roll amplitudes were encountered during the February

5-23
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tests - The plots for one of these time segments are presented in

Sec t ion 5.1.3 and correspond to the first entry in Table 5-2 . In

t Ii s case , t h e  maximum ro 11 amp ii t u de w a s  14 . 3° versus a standard

dcvi at ion of S. 0° for the ent i i-c I (I - m i m i t e  r u n  - W h i l e  t h e  r o l l
amp l i tude was on l v  about ha I f of the max m u m  (30°) set forth in the

a n t e n n a  des i gn goals , the rol 1 ye I oc i t  v reached 9. 2°/s and the i-o 11

accelerat ion reached . 8°/ s versus design goals of 15°/s and

respect ivei v . ~ouseqLiefl t lv • the antenna data presented

in table 5— 2 are repi-esentat iv e o~ a r ea sona l -’l~- severe test of the

antenna ’s slave s t ab  i i i  :at  ion  ~~~~ stem . -\ I thoug h operat ion o t~ the

antenna in the autot rack mode was  a t  t emi t ed on February 2t- , suc -

cessfu l tra cking could not he achieved . The reason for f a i l u r e  of

the autot rack system to track u n d e r  the favor;ihle mu it ipat ii c o t id i  —

t tons (C/M * 20 dB) created h~- the high satel lit e elevation ang le

of 3O~’ i s  U f l k f l o W f l  a t  the present t i m e .

5.2. [ . 2 March 24 , l9TS (Table 5 - 3 )  - The d a t a  for March  24  a re

prim ar i lv representative of autotrack ope -ation at a low satel I ite

elevat ion ang le (8 . 10)  u n d e r  smooth sea condit ions ( 1  to 2 ft wave

heigh ts) . Ship not ion was very limited , w i t h  s t a n d a r d  d c v i  at ions

of the ship ’ s heading, ro l  1 , and p i t c h  of oii l~- 1 . 1° to 2 - ° , 2 . 1°
to 1.5° and 0.50 , respect ive lv. Under these conditions , the a u t o -

track sstem was able to maintain r e a son ab i good a n t e n n a  stab i 1 it

with st an d a r d  dcv iat ions of the antenna en-or in azimuth and ci  eva -

t ion  r ang i n g  from 1 . 1 ° to 2 . 30  and 2 . 10  to 2.5 °. These ~‘aItie s are ,

however , in icr i o i- to the 0. 5° and I - 2 °  values achieved in s 1 ive

opera t ion , and the figures of ncr it are approx iniate lv ha) I’ of the

con respond i ng ~‘a lues for slav e opel-at ion . N1ot e that the mean

total point ing errors in  autotrack are a p p r o x  imate lv three times

the slave value , p r i m a r i  lv due to the mean elevat ion error 01’

approx m ate I v  5” on aut ((track. Tb is error appears cons i stent

with the mean ele v ii t ion  error values of a p p r o x i m a t e t ~ + 3° f o r  the

au t o t  rack dat a on Mai-ch 2 (‘l ab I c  S - .1) and 4 . (-‘° on April 3 ( T a b l e

It is believed to he due to a comb i nat ion of mechanical

in i sal i gnment and electrical biases pi-oduc ing an offset b e t w e en  t he

mu 11 of  t he antenna *j i f Ic r enc e  p a t  t e i-n and the antenna e I cv at i oil
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based upon the sh ip ’s gyroco mpa ss and the antenna syncho output s.
Such b iase s are not cons idered to he of parti cular interes t be cause
they are easily calibrated out and are neglected in the computa-

tions of the figures of merit , which involve on ly the s tandard
devia tions of the azimu th and eleva t ion errors where in the  mean
values are subtracted out. Operation of the autotrack system

represented in Table 5-3 is considered quite adequate for main-

S 
tam ing the satellite within the -l dB antenna p a t t e r n  c o n t o u r .

Note that C/M was approximatel y 11 dB during these runs. This is

a rather moderate carrier-to-multipath ratio and does not repre-

sent particularly severe multi pa th cond iti ons.

5.2.1.3 March 27 L 1975 (Table 5-4) - The data from March 27 pro -

vide an interesting comparison to the autotrack data of March 24.

S 
The satellite elevation angle was fairly low , 9.5° versus 8.7° on

March 24 , bu t the sea was considerably roug her , w i t h  wave he i ghts

of 6 f t  reported from the bridge and a wind speed of 30 knots

versus 2 0 knots reported on March 24. Note that C/H was approxi-
S m a tely 11 dB as on March 24 , but that the standard deviations of

the pointing errors in azimuth and in elevation were somewhat

grea ter , averaging 2.2° and 29° versus 1.6° and 2 .3° for azimuth

and e leva tion , respectivel y . While the values are adequate to

meet the -l dB antenna pattern requirements , we note that again

slave stabilization provided lower poinri ng error standard devia-

tions by approximatel y a factor of two .

5.2 .1.4 March 31 , 197 5 (Table 5-5) - The tests represented hr the

data of Table 5-5 were run at a moderate satellite elevation angle ,

17° , and w ith relatively calm sea conditions. All these were run

with the antenna operating in the slave mode . The first six tests

were conducted with the shi p steaming on a circular course . In the

first test , the antenna was pointing at twice tile satellite d c-va-

n o n  angle , 20. This placed the satellite on the -3 dR contoul- of

the a n t e n n a  pat tern and provided si gnificant (greater than 14 dli)

d i s c r i m i n a t i o n  a g a i n s t  m u l t i p a t h  s c a t t e r i n g  from the  ocean surface.

The second and t h i r d  t e s t s  were run with t h e  a n t e n n a  p o i n t i n g  a t
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the sa tell ite eleva tion angle , 0, which placed the horizon on the
-3 dB antenna pa t t e rn  contour .  The fou r th  tes t  was run w i t h  the
antenna  e leva t ion  angle set to one-ha l f  of the s a t e l l i t e  e levat ion
angle. The fifth and sixth tests were run with the antenna eleva-

tion angle set to only one-quarter of the satellite elevation angle ,

thereby enhancing the effect of multipath scattering from the ocean

surface. The increased effect of the multipath is evidenced in the

lower values of C/M measured at the lower antenna elevation angles.

The lower value of C/M associa ted with opera t ion at twice the
satellite elevation angle is believed to be due to the increased

change in antenna gain in the direction of the satellite as a func-

t ion of pointing error resulting from operation off the center of
the antenna pattern . (See Figure 2-14.) In none of the tests

reported in Table 5-5 did the standard deviation of the antenna

pointing error in azimuth or in elevation exceed l..S° under the
relatively smooth sea conditions on March 31. Table 5-5 also con-

ta ins data from runs where the relative bear ing of the sa tellite is
within -‘- 45° of the bow (indicated with an asterisk). Specific

comments concerning the effect of satellite blockage by the super-

structure are given in Section 5.2.2 , and the effect of operating

off the antenna pattern boresight is discussed in Section 5.3.1.

5.2.1.5 ~pr il 2, 1975 (Table 5-6) - The data presented in Table

5- 6 were gathered at a moderate (20.4°) satellite elevation ang le ,

but under somewha t rougher sea cond itions (wave he ight of 5 ft
versus 2 ft) than that presented in Table 5-5. As with the March

31 data , the antenna was opera ted in the slave mode ; however , in

this instance , the ship was following a straight-line course and

the antenna was bores ighted on the sa te lli te elevation ang le. As
can be se en from the table , C/M values were quite high (18 to 20

dB) and antenna stabilization was quite adequate. Again , the

standard deviations of the antenna pointing errors in azimuth and

in elevation did not exceed 1.5° , nor d id the maximum total point-

ing error exce ed 5° .
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5.2.1.6 April 3, 1975 (Table 5-7) - Table  5-7  p resen ts  da ta  for
autotrack opera tion at a somewha t higher sa tellite eleva t ion ang le
(27.5°) under moderately calm sea conditions (wave height = 2-1/2

feet). Although the figures of merit were only 0.6 and 0.5 for

azimuth and elevation , respectively, the autotrack sys tem mainta ined
the satellite within the -l dB antenna pattern contour throughout

the test , and the standard deviation of the pointing errors in both

az imuth and elevation remained less then 2°. Unfortunately, no
carrier-to-multipath measurement was made on this run. Little

multi path sca tter ing into the antenna aper ture would be expec ted
at this relatively high elevation ang le , and consequen t l y ,  this
tes t cannot be cons idered a severe test of the autotrack system .

5.2.2 Circular Course Antenna Data

The s ignal level or envelope of the CW s ignal was recorded
along w i t h  an tenna  po in t ing  data  as the shi p traveled through a
c i rcu la r  course.  These data were recorded to illustrate the effec t

of the ship ’s supers t ruc tu re  on the received s igna l  level and to
determ ine the antenna performance as it passes through the cr iti ca l

keyhole position . On March 31 , the WHEC GALLAT IN traveled in a

c ircu lar  pa th and record ed an tenna and CW da ta. Th e ant enna
tracked the satellite , which was at a 17° eleva t ion an gle and wa s
operating in its slave mode . Sea state conditions on March 31 were

moderate , with 2-ft waves. The 17° eleva ti on an g le pos iti oned the
antenna boresight approximately half way up the radar mast when the

antenna was pointed directly above the bow . Therefore , it is

reasonable to assume that any fading in signal level while in this

position was due to the radar mast. At 9:08:22.5 and 9:16:46 , the

5It ~~~ - ’S heading coincided with the satellite ’s azimuth , as show n in
Fi gure 5-19. At these times , there appears to have been signifi-

can t fades in the received s ignal envelope . Since the sh ip took
on ly a few second s to pass thr ough the mas t , the resolu ti on of
Figure 5-19 , one sample per second , was not sufficient to measure

the exact signal fade. Figures 5-20 and 5-21 show the same fading

with 10 samples per second resolution . Both plots indicate a

max imum fade dep th of abou t 8 dB. A fade of thi s magn itu de could
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cause ser ious degrada t ion  per formance  of a s a t e l l i t e - t o - s h ip corn-

S munication link. Since deeper faded should occur at lower eleva-

tion angles , it appears that minimum elevation to the satellite

should not go below 17° if satisfactory modem or autotrack perform -

ance is desired when the ant enna is po in ted at the sh ip ’s super-

structure.

Fi gures 5-22 and 5-23 show the azimuth and elevation pointing

errors over the time segmen t shown in Figure 5-1 9. Although there

appears to be no signif ican t var ia ti on on the eleva t ion error  as
the antenna passes through the superstructure , the azimuth error

has a noticeable shift in its mean value . Both the azimuth and

eleva t ion errors were s u f f i c ien tly small  such tha t the bores ight

error was always well within the required performance specifica-

tions. Since the antenna mount Z-axis was parallel to the ship ’s

longi tudinal  axis  a “keyhole” discontinuity in tracking accuracy

is also expected , as the relative bearing of the antenna passes

the shi p ’s bow . Accordingly, we conclude from this test that the

keyhole e f fec t was not sign if ican t at these eleva tion angl es.

5.2.3 Severe Roll Data

On February 26 , the combina tion of rough seas and the sh ip ’s

course resulted in the ship experiencing sign if i cant ro l l ing .  The
log reported heavy rolls at approximately 7:53. A short segment of

time (1 m m )  centered about 7:55:30 was examined to determine how

well the antenna system performed. Figures 5-24 through 5-31 in-

clude the sh ip ’s dynamics and the antenna pointing errors . It can

be seen tha t the antenna ’s total poin ting error is well within the

11° requirement. During the given t ime in terval , the ship ex-

per ienced a maximum roll amplitude of approximately 14.3°. This

was accompanied by a roll veloc ity and acceleration of approximately
2 . - - -9.2 Is and 7.8s , respectively. Since the antenna was pointing

off  the  s t a rboa rd  s ide , the  X - a x i s  had to undergo identical mc ’tion

to maintain the small antenna pointing error. For sea state con-

ditions that approach the maximum antenna performance specification s

(roll veloci ty of 15C’/s and roll acceleration of ~5 5 O /ç
2
, the

antenna in its slave mode stayed well within the design specifica-

tions.
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5.2.4 Low-Gain Antenna

The low-ga in antenna utilized for this experiment consistently
provided poor , or otherwise unreliable reception . Extensive anal-

ys is and exam ina t ion a t TSC , dur ing the available test breaks ,
failed to identify this problem. Therefore , it was returned to the
manufacturer after the conclusion of the spring 1975 tests series.

There it was discovered that the unit supplied to TSC was incor-

rectly polarized; i.e., the antenna polarization was left-hand

circu la r ly  polar ized , whereas the specified polarization for re-

ception of signals from ATS-6 was right-hand circular. The effect

of cross-polar ization was to attenuate received signals by an
estimated 10 to 15 dB below their expected level. In addition ,
s ince s ignals are reflected from the sea surface with an inverted

- 
- 

sense of polar ization , the multipath component at time s exceeded

the ampl itude of the direct  componen t . Eve n under such adv er se
cond itions , signals were received and data recorded;  however , it
is impossible to make any quantitative comparison with data re-

S ce ived by the steerable an tenna.

5. 3 MULT IPATH RESULTS

This section discussed the results of two channel character-

ization efforts which were conducted as part of the ATS-6 Maritime

Satellite experiment. First the results of the narrow-band (CW)

prob ing effort is described. Then , the wideband prober  resul ts
are discussed.

5.3 . 1 CW Prober Da ta

CW mul ti pa th da ta were col lec ted con tinuou sly dur in g al l  mod em
tests. The data presented in this section have been selected be-
cause they are particularly interesting or because they are Parti-
cul arly relevant to the discussion of the modem test data.

The following notation is used in Table 5-8 and the other C~’

multipath tables. The antenna and/or mode is either slaved

(deno ted by 5) ,  au tot rack ) (deno ted by A ) ,  or low-ga in antenna (de-

noted by 0). in the slave mode , the antenna was not nece ssarily

5-48
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pointed directly at the satellite. Thus , S35 indicates that the

an tenna is in the slaved mode and a t an e leva t ion ang le  of 35 ° .
The ship heading for these tests was usually either perpendicular

to the boresight to the satellite-denoted by P. or the ship

steamed in a circle-denoted by C. The modems under test at the

time of the CW multipath measurement are indicated under “test

cond itions. ” V + D voice + data , 1) = data only, R = ra ng ing,
and PN = wideband multipath probing. The number following the

modem designa tion is the carrier-to-noise ratio setting during

the multipath measurement.

- , TABLE 5-8. CW MULTIPATH DATA FOR SEPTEMBER 24 , 1974
(5 FT SEAS - 35° SATELLITE ELEVATIO N)

An ten na Head ing Tes t 
- 

C/N C/N Fade
Mode Cond iti ons m h Depth Bandwidth

__________ ___________ _______________ _________ __________ 
2% 

_____________

S35 P V + D 43 20.4 >16 dB -1. 7 6.3 U:

A P D 38 18.5  >16 dB - 1 . 8  5 . 5  U:

A P 1)42 17 . -I ~lô dB - 1 . 9  6 . 3  H:

The ta b l e s  show two es ti ma tes o f t he si gnal -to -multipa th

ra ti o. The f i r s t , C/Mfl
, is derived by the method of moments de-

scr ibed in Section 4. The second , C/N h ,  i s der ived empe ri ca l ly
based on the sl ope of t he mu l ti path fading histogram for t he
interval under consideration . A typ ical histogram is shown in

Figure 5-32. The tables also show the fade depth which is exceede !

less than 2 percent of the time . Finall y , the bandwidth of the

received CS mu lt ipath probing is given . This value is d e r i v e d  1
inspection of the spectrum of the received tone. A typical p~~ er

spec trum is shown in Figure 5-33.

It is reasonable to expect very l ittle m ultipath when the

elevation angle to the sat ellite is hi gh. Ioi- example , consid er
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