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, Developes a model for estimating in a new way

the statistical distributions of signal atten-

uation , sky noise temperature , and total atmos-
pheric -induced degradation in millimete r-wave
‘link performance resulting from the presence
of humidit y , clouds , and rain in the atmosphere.

The statistical distribution of system outages
is then found for certain hypothetical communi-

cations links using six frequencies and four
elevation angles. To illustrate the compati-
bility of the comunications equipment wi th
small , mobile-user platforms , pointing and
tracking, wei ght and power, radome consider-

ations , and antenna options are treated. It
is concluded that generally acceptable perfor- F
mance in the millime ter-wave frequency region
can be obtained both for small , mobile users

and for wide-band data relay users . See also
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PREFACE

Th is re por t was pr epar ed f or the M i l i tary Satellite Communications

Systems Office (MSO) of the Defense Conu’~unicat ions Agency as the final

report on a study entitled “Feasibility of Military Satellite Coimnu~ i—

cations at Frequencies Above 8 GHZ for Mobile and Wide—Band Data Relay

Users.” It follows an earlier Rand project for the same agency entitled

“Advan tages of Frequencies Above 8 GHz: An Overview.”

These two projects for the Defense Communications Agency grew out

of a Rand—supported stud y entitled “A New Approach to Millimeter—Wave
Commun i cations ,” described in Rand report R—1936—RC.

The current report presents estimates of the degradation of per—

forinance of millimeter—wave links due to atmospheric ~tfects in a new

way and draws consequent implications for the design of future systems.

This information should be useful to designers of future communications

satellite systems in the 20 to 300 Gllz frequency region for a wide di-

versity of users. 
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SUMMARY

This report examines the feasibility of using frequencies above

8 CHz for military satellite communications . Because communications

degrada tion resul ting from atmospheric effects (due to humidity, clouds ,
and rain) is the math limitation to the use of the higher frequencies ,

much of the report is devoted to the development of a model for the

statistical distributions of signal att enuation , of sky noise tempera-

ture , and of total atmospheric—induced degradation in link performance,

as a function of frequency and elevation angle. The model is then

app lied to a few hypothetical communications links to estimate the sta-

tistical distribution of outages due to weather as a function of data

rate and other system parameters . The model was developed for Wash-

ington , D.C. (a region with relativel y high r a in f al l) , hut could he

extended to any location where weather data are available. The per-

formance estimates were made for the downlink (even when the specific

frequency has been allocated for up link use) because it is usually

limiting.

No attempt was made in this study to evolve an optima l counnunica-

dons system ; rather , the basic effort was to examine the effects of

varying a number of key parameters through a wide range.

Six frequencies are considered in this analysis——one in each of

six bands allocated for satellite communications use. The frequencies

(21.2, 31, 48, 101, 152 , and 265 GHz) were selected at the positions

in their respective bands at which atmospheric degradation is most

severe. The performance was estimated for elevation angles (at the

user) of 10, 30, 45 , and 90 deg. A satellite altitude of 30,000 n ml

was assumed In all cases, for reasons discussed later in this suuunary.

Two types of users were considered——small mobile users and wide—

band data relay users. To accommodate a large number of mobile users

located on small platforms (e.g., small ships , small aircraft, and

land vehicles), very small (10—cm diameter) terminal antennas were

postulated . The wide—band data relay users were assumed to employ

10—rn diameter antennas. This range, from 10 cm to 10 tn, is expec ted

to bracket the terminal antenna diameters that will be of interest in

future military communications satellite systems. ~~~ “ T~~~~ ’ ’ ’ —~-
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To estimate the practicality of using higher frequencies , the

atmospheric degradation model was applied to four specific cases——two

for each type of user. In each case, the link availability as limit ed
by atmospheric degradation was estimated as a function of elevation

angle , da ta ra te, and frequency for the selected values of the satel-
lite and terminal antenna diameters. Illustrative results for each of

the four cases appear in the following table.

In making these performance estima tes , we assumed a transmitter
power of 10 W , an antenna efficiency of 0.56, and a system marg in of
8 dB. When either user emp loyed an uncooled receiver , a value of 10

was assumed for E
~D

/N O, the ratio of the energy per bit to the noise

power density. Because the wide—band data relay user has a much more

elaborate installation than the mobile user, the op tion of using a
cool ed rece iver and a more complex modem was also considered. In this

case, coherent modulation permits adequate performance with an E
b /N O

of 5 dB.

The illustrative results in the table show that practical data

rates for small mobile users with uncooled receivers can be realized

with only a 10—cm diameter terminal antenna. When the satellite an-

tenna diameter is held constant at 4.4 m (Case I—A), a da ta ra te of 106

bps (sufficient, for examp le , to provide a 16 kbps digital voice channel

to each of 60 users when Time Division Multiple Access is employed) is

real ized , with availabilities ranging from 98.7 percen t at 21.2 GHz to

89 percen t at 265 GHz.

Footprint width is important as a measure of the area served by a

single beam (which serves a cluster of users), as a measure of the de-

gree of frequency reuse per satellite , and as a measure of the mu tual

interference problem. These issues depend on a particular system con-

cept and antenna design , and are beyond the scope of this study. The

footprint width of the beam on the earth decreases with increasing fre—

quency, as indicated in Case I—A. When the footprint width is held

cons tant , as in Case I—B , the associated satellite antenna diameter de-

creases with increasing frequency, lead ing to a mor e rap id decrease in

data rate per beam with increasing frequency. This disadvantage is ,

however , coun terac ted by the advantage that a larger number of (the
smaller) satellite antennas can be mounted in the same total aperture

---- S -- --, =— -,—S---- -S— --- - .— -
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when hig her frequencies are emp loyed. Thus, at 265 GHz, 158 an tennas
could be mounted in the aperture completel y occup ied by a single 21.2

GHz antenna, giving the same footprint width.

With a 10 m antenna , the wide—band data relay user is able to

achieve reasonable availabilities while communicating at l0~ bps with

an uncooled receiver (Case Il—A) , and at iø~ bps with a cool ed rece iver

(Case Il—B).

The model indicates tha t the performance degrades rapidly as the

elevation ang le a t the user fa l l s  bel ow 30 deg , especially at higher

frequencies. Thus , f or example , in Case I—A it was found that , wi th
an availability of 98 per cen t , the estimated data rate at 30 deg ele-

vation exceeds that at 10 deg elevation by a factor ranging f rom 4 at
21.2 CHz to 3000 at 265 GHz. It is clear that, for communications

systems which must operate during rain , the higher the f req uency the
more important it is to avoid elevation angles below 30 deg. This can

be ac comp lished by putting satellites in inclined orbits rather than
in geostationary orbits. Operation at elevation angles above 30 deg

has the additional advantage of negligible atmospheric scintillation ,

decreased vulnerability to detection , interference , and jamming ,  and

decreased blockage by surrounding objects such as terrain features and

ship masts. Inclined orbits also have the advantage that they can pro-

vid e full earth coverage. A number of satellite constellations were

examined to determine their ability to provide Continuous worldwide

coverage with elevation angles above 30 deg. It was found that , for

example , a constellation of nine satellites in circular orbits at

30 ,000 n iui al ti tude (60 deg inclination) provided elevation angles

above 30 deg an average of 99 .7 percen t of the time to observers any—

where on earth. The desirable features of this constellation led to

the 30,000 n ml altitude in the illustrative examp le. ‘

The length , width , and area of the beam footprint on the earth ’s

surface were (~I1lculat ed as a function of elevation angle , satellite

altitude , and heamwidth. The illuminated area is nearly elliptical

until the edge of the earth is approached , and approximately doubles

as the elevation angle decreases from 90 deg (overhead) to 30 deg.

The tradeoff between complexity on the satellite and a~t the user

terminal (while maintaining constant link performance) is examined.,
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s~’h~’rn~’s - A I t  t’ru at  i vi - lv • in al i t  enn .i  “ 1 i t -si ’ .‘ I ,-o i i  i c - i l  - lm , ~ t i ~~t ccl . s im i t ~l d, -d

p i r a h a I I c  s in g  la~ he itti ,in t i’nuas rn.iv bt amp I o\’t’d . Ihasa can  p rm ’,ht i ,’ t f - m c  —

i t side lc’bt’s wh I m I t  ir e  Sm ) d}3 he 1, ’’~’ the i’.-ah  m ’ t  I lu . m i i i  t’ t-am 1, 1 or  uit~c i u i

bt~.ci m i n s  in e x c . -ss  at ~( d13 )

S
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I .  INTROD U CTI ON

The many attract lye f e a t u r e s  t h a t  lu s t  Ify the e’onside’rmit ion of

frequenc les above 8 GHz for military earth—s atellite coimnunicat ions

(MILSATCOM ) sy s tem s have been examined In det a i l  in two Rand study

p r o j t ’ct s fo r  the 1)efense Conunun icat  Ions Agency.  These h igher  f re —

quenc Ii’s of f a r  r e l i e f  from many of the problems faced by curren t MIL—

SATCOM systems , w h i c h  operate  a t  UHF ( 2 2 5  t o  400 MH z) and SHF (7  to  8

GHz)  - as discussed he low.

The’ b a n d w i d t h  ava I lab Ia f o r  MT LSATCOM use in t h e  lower f reqtue ’ncv

hands is inadequate , which has l ed  a severe fre’quencv management prob—

1 ems. Fur thermore , t heat’ problems ara apt to became’ much worse’, he—

cause ’ the  demands for spec t rum a l l  oca t I art a rc  grow lu g .  At  the It ighi’r

fr e ’qut ’nt ’ie’s c t)n sldc -red In  t h i s  s t u d y  ( 2 ( 1  to  2t m 5 CU z ) , the available

b a n d w i d t h  Is l a rger  than In the 7 to 8 CHz reg ion 1w a faa  t ar  rang ing

f rom 2 ( i n  t he 20 to 30 CHz hand ) t mu 30 (In the 2 SI) to 265 (“Hz h and ’t

These wide  rc ’gions are , moreover , present lv unass I gned . WI de ’— han d dat  a

re 1 ,uv users  t y p i c a l ly  r e q u i r e  da t  a ra t i’s of I ~~ t ~ ~~ hits per Si~c 0itd

(b ps) . Equl pmc’n t op er at  lug at it ) ~ bps anti h a v i n g  an a n t  m l  am aapab h i l t v

has bean dc-mona t r at e d  In the  labor s  tor~’ ; I f  t he’si’ CISC’ r i-i con I d  he ’ moved

to iii. ’ It I gilt ’ r f r e~q uI t ’nt ’y bands , they  w o u l d  an ov a grea t  c’r :iva l i a b l e ’
handy h il t tt • whil e’ l e ’av lu g  itch I uid more- room f t r  mob I 1 a users

Svs tc’ un s ape - r a t  l~
g a t UHF and SHF are p r a b m u b  l v  S t i scep t  lb  Ia  to  am—

m i n g  by a dci, arm I ned c’nt ’mv opt’rat lug U ram a sanc ’ t its cv . The’ narrower

ha ,um s cub t ~i (nab 1 a (wit ii the’ same’ ant anna s I i- )  at  the h I ght’ r U reque’nc I cS

gr c’a t lv liii ’ r e ’ase’ lam rt ’s is Lance aui t i  m ’itvert nc ’Ss and a l l  L’V 1st a prob ie’rns

c f  i n t e r f e ren ce .

Al th ough oh t a l  ned a t  the c o s t  a U we’s t i t e r — i udut-ed outages • the ma g—

iii  Ludes of impr t t v e.me.n t a t  the hI ghe i’ f r eqlld ’nc - it ’s are I m p i t ’ s  a t  V a .  i t

Is h i t - n ’  for e ’ Impor t  an t  to c ’murc ’ f i t  I I  V exam t u e  the ’ h r  ft- as lb  h i l t  v In sate- I —

I I t t -  t’ommtufl ie ’mi t h a l t s  av a  t c’ms , t he piurpa st ’ of t he  p r esen t  i-u tud~’ . A tech—

no logy level I s it astumt’cI that e’oti I d he’ ft- as (hit ’ thur lug t i lt ’ ne’x t 10 to

10 vt ’ars . Ho Li i  I I  xe ei (wi  dc -— hand d a t  a re- I ,uv mind grc uu iud  ( gro u n d t r i t t a —

p or t n h  I a - ground  vt ’lt I e ~l u ’, shi p, and ~i I rt - r a f t  tu s , - i ’ s ar t ’ ca n a I tie ’ i-ed
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Al though weather— lnduc’ed ou t ages f a l l  o f f  rapidl y with Inc reas  lug a I r —

c r a f t  a It I t it le • the ’ present s tudy  t ri-a t s  the ’  wt r st  c a s e ’— — t h e  a i r c ra f t

ar e assumed to be “on the  deck. ”

AThO SPHF,R I C EFFECTS

Because the  p r imary  f a c t o r  in d e t e r m i n i n g  the f e a s i b il i ty  of cm—

p lay i n g  h i g h e r  f r e - qu e -n c ie ’a in s at e l l i t e  consnun i t ’at ions systems Is the

p er fe rmance degrada t ion a s s o c i a t e d  wI~~ a tmospher ic  e f f e c t s  ( w e a t h e r ) ,

much of our s tud y has been devoted to th i s  s u b j e c t .  Calculations were

limited to t h e  d own i Ink , s ince t h i s  l i n k  usua l lv l i m i t s  sy s tem p e r f o r —

Inane-a .  ‘rhe spec i f  Ic f r e q u e ncy  bands couis I dared ar e  l i s t e d  in  Tabi e 1.

Table I

FREQUENCY BANI )S USED TO DERIVE OUTACE 5TArI sTIcs Z

-~~

of User  ~J l i ~~~~~ ~~~lJj~j ,j n k

Fixed (wide—b and data r e l ay )  10.2 — 1. 30 — 31
102 — 105 - 92 — 95
150 — 140 — 142
22 0 — 230 220 — 230

Mobi le 20.2 — “i . ’~
30 —

43 — -1 ’-’
95 —

142 — 150
250 —

spe c’ if it’ frequencies used In the com p u t a  t I tins are’
in I t a l i c s .

The-se mob li t ’ ha nds ar c  not Vt’ t ass I gnat ! to  c’It  her up—
l i n k  or down l i n k .

These t , I i l c j S  , u I’d’ a stubsi- t of t tio~~e’ ~ I I  acs t i-il for  sa t t ’ I I i t  a opt -ra t Ian  In

R e f .  1 and a re ’ I l l u s t r a t i ve  of those In the  hi gher frequency reg ion.

liii’ s i x  I t a l i c i z e d  freq uenc lea e ’xpe ’nien ce the  most se’vi ’r e’ atmosp heric

degrada t t on  in the - i r hands ,  For c’ttnipar isoit • the  p er f c ’m rmaute’t’ at  8 CHz

is  i l  so g iven .

‘I

________________________ _______ - 
- - - - - 
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ORGAN I ‘/.A’I’ ION 01” ‘l’HE REPOR’i’

Sec t  ion  I I  lest’ r ibes untudt’ I t hat c-st Ima t i ’s the stat 1st i t t  I di s—

t r ihut Ion • a t  va r  lotus t re’qetc-nt’ I as mind e’ ti -vat [cm angle’s , ci i the’ twtu

Wemi titer— rt ’ I t t  e’d f aa  t ctrs  l Int It lug  svs  t c-rn per t’tt rnuane’a : svs tent tup e ’ra  t I iig

t emp e’r a tut ’ t’ — ~hjc ’h depends din the ap p a ren t sky t ernpt’rat  nrc- , anti si gn mt I

m i t t  e-ntt a t 1cm . The urn -t il e I La dcv.,’ lop e-cl for one part I t ’ t t  1 a r  ge’c ig rap ht i t ’

I east ion (Wash in gt e un  , I). C. ) 
- h u t  c’otu Id he ext e’nded o ,uitv I ac ,i t I cult

where appropi’  I ,t t i ’ we- mt L i te r  a t  a t  h a t  i i ’S mire- av~u II ab l e’. The ab (lit v t o

p r e d i c t  p e r f t u r n t m u u i i ’e de’g r m t d a t  h u t  as a fu u t ’t ion ci i  e’ t m - v u  lo ut a n g le  is

t in t ’ m i t  t itt’ at rang pa tnt s of  t h e ’ inc-tile I ; we know at  no t i  L iii’ r rn t ’dt ’ I w i t  hi

th u s amu pm uhi Ii Lv.

St’at ion III  app h l i ’S t h e ’ ri- st i lts a! ~~t ’ d t  b i t  I I 1 -  I t y p a t  htt ’t i t ’S I

t’ornmu tt m ’ . t  t i c~u lS sv s t ems sit it mu b I ~‘ f o r  s.,-rv lug sins 11 mciii II a users ;iitil

d’s t lunat e - s t h e i r  p e ’r f c - t r m m u n c c  St mi t is t ic ’S.  In  ~~t ’ c ’ t I a n  IV , a (i n  ii . t t -  t eS tS  ( c i —

t ’ra L i  an i s  g i v e n  tel sy st em s  t a l l  are -cl t o  lilt ’ nat - cia a f w i cit - — h a n d  dmt t a

re i . tv  u se r s .  Ihe ’ s.,’ s t a t  t a t  las prtw ide’ a baa is for C’s I inst lug t t i t ’ prac —

t I c’S 1 u t  i l l  Lv of the  ii I g itc -r U rt ’q uenc i t ’s . A I t iiaugh I li e ’ re -sit i t s  app l ~
‘

d ’n l v  t a the ’ spec ’ if Ic ’ hvptit hat I emi l svst t’uns sal e i ’ t e -d , sc - a l  lu g L i t  a t  liar

paramt’tai’ Vii lil t’ S , I. a - , o t h e’r s v st e ’fltS - is a s h itip lt ’ p ro e’e’as . A ci iscets—

s Ian of t rm tdc ’o I f s  between pai’arnt’ t a r s  Is [tic- i titled in Si’e’ t i on Ill

Pt’ r forinau ue’e’ Is a se -n at  t i ye’ fiunt - L i mm a U tt it ’ m ung 1 e of ci avat Ic’ut to

I itt’ sat  all I t t ’ — aspi- c (mill v at t i le ’ ii ight -r t’ t’t - t lu a n c ’ as , w he r t - p e r f o r m a n c e ’

dt ’gr m u dc ’ a rap it ! l v  a t  low a l ava t (t in  aug I c’S bee’ausi ’ at  i tic r amis t ’d a Int o—

sp ht— r I c ’ ~i t t e ’nua t (ti n and a k~- t i e  hat’ . ‘(‘ha avdu I tlant’c’ of low e ’ i t - v a t  I t ’n

aug It ’S at fers a numbe i’ ci t’ cut iiet’ adv mi n t age’s. For i’xmnnp it’ - z- elr ,um t lvi’

Index  m iflanimu lies , t i’ctti h 1 e’Some’ a t  I OW a i t -va t  ( cii i aug It’s , e’Ssc’il t I mill v d i s—

appear  mib cwt’ 20 c!e~ .,‘Ievm t t  ( m i i i .  Far all ua -rs , both t lie’ t n t  ~‘rf ~’t-e utt ’t’

to and from at her svste’ms are gre- mi t  I v  r edut ’c ’ii . For nil l i t  ar ~’ users ,

~ ide’Iahe’ de ’te ’at  ion and jamming by an euuemv on or near the earth ’s st i r—

f . i t  a ,i r e mart- 11f f  i t ’u i t  a t  at lie r titan how e’ 1 c-vat  ion aug it’s. i’he’ m uvc u I d —

ant’ a of low i’It ’va t Ion ming les m il  so a l l  avis t.,’s mu numhc’r o I’ instil l 1 a t i  ott

prob  i c m s  e’ne ’c”untvred by mob l i t ’  ust ’rs ; t i tus  • f o r  examp it’, ohst ruct  ion

of t h e  beam by ti le ’ sup er s true’ t u r e  of a sh i p is loss  t rctuh 1 estime’ a t

h i g he r  t ’i eV ~i t l O f l  an g l e ’s . l’he’ an t enna  c’an be ’ ma rt ’ deep ly ree’esse’d Irt tc i

the  use’ r p1 mi t  f orm whit -ut low c’ lava t t an  ming le’s mire ’ not re-q u i  red , reduc ing

both  t h e  .ut’re,dvriiun i t ’ drag produ ce- ti liv r mt d ctmt- s on ~i I  rc ’ r a f t  mind t h e ’  a! m’ e ’

-~~~~~~~ -5--~~~~ --. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- __j±
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cut ’ t hue’ a l l  hut-tile t t e’ presen t  i’d liv in i i  i t s  u - v ve ’ii [e ’ i c - s .  For usc’r s amp I oy I tug

I auutl—bmise ’d at  .it tons , t iie’ I I i l t ’—t U — a i g h i t ohs t r ite - t I tin p rcidut’ed mu t t iut ’

h c r  i ian h~- b u i l d i n g s  m ind t t - r r m i  in  I c ’ ,t t  l i re - s I s  also r c ’duc ’ e-d .

To avoid [ow c-i eva t i c iu t aug l as , gecist at  iou;urv a rh it s  must  be’ ab aui—

dc med . ‘Fl u e amp levine-nt of I n c  I t oed cu rb  i t s  h imi s c -ar t s  In at  iie ’r a dv a n t m u g c ’a

I or t u t u  tar s ’ Use-cs :  f u l l  c -mi r th  cc u v e - r mige - i s  muc h ieve ’ci , I n t t ’r f e r t -n c ’e he—

(We -c ut , t c i  l , u e ’ c ’nt  s , u t t ’ I 1 it t ’ s ( m i  h,u:~mt rd w i t h  c l a s e ’I v  spac ’c’ d sat  e ’ h I I t  as b u t

gt ’cus t mi t  i anar ~ o rb  i t s) I a i c-elite ’ e’d • antI t ilt ’ d I t  t i c - n i t  v a t  j minim Lug  t I i i ’
s,u t a l l  I t  a f rom I m irge I anuners in a m t i i c ’ t oar las Is (n t - r e- m is t - i l  (hc ’cause ’ t i l t ’

amm e’r ‘ a an t e’nna ‘titu s t neuw t rmic ’k the  s m u t  a l i l t  a) .

FIi ,’st ’ t ’ m i t l S  I m i e ’ r m i t  Icms i e t l  to  Liii ’ e x m i t n i n m t t  Ion , rapcirted iii tiuc ’ f i r s t

p a r t  ( t ilt t u f  Sec t I cm V . of t h e  e’ I t -va t Ion aug Ia  s t a t  1st I c ’S cu U .u W E  cia 1-auige ’

cu f  S, t  t c ’ l I l t ~’ m ’cit iS t a i l  mit  I otis w t th ~u v t e’w to u - I  arm b u t t ug • w it hi am ie ’h , the

prabab i l l  t v  cuf t h e - re’ ,u iw ay s  he ’(  u g at I t - m i s t  one s a l t ’ l l t  t o  in  v law ~hove’

.1 spec i l l  i’d c_ i  t ’vm i t I ciii . ‘then  t hue ’ iuctmb a r of s m u t . , ’  l i i  t i’s ri -qu i re- cl t c) , i S S U t e ’

apera t t t in above min v spec if he ’d a leva t ion aug Ic m ’m ili  be cmi h-cu ~ t ad.  C I c —

aul~uc m u r l i  i t s  a t  m u t t  h lode’s rang log f r o m  10 , 000 n ml to 130 , 0O() n m l  ( t i l t -

l i m i t  of t h i c ’ s t , u b  [e a is  l una r reg ion)  aa w e ’l l  as 2 4 — h r  and 96—hi’ e’l l i i i —

t t e a l  c r h i  t s we-re e’x,imine ’cl .

‘[‘he’ I h ens I titus mind mire- a of t lie ht ’min i foci t p r i n t  c t i  the ’ c-mt r t ii a rc-

d t s e ’ussad and I I  l u s t r m i t i ’d In Sect ion V I ;  the ’ nimi t ht e ’nu m ut i cal  d a t a i  is mmiv

he fciund In the ’ A p p e n d I x .  
-

Couu s Idt - rah  it ’  a t t  I’ll t I on Is g ivan t brought-ut t he repor t  t o  the t rmt dc ’ —

t i f f  among var I acts svs tern pm u rmume I a r a ,  In See ’ I ion V I I  - f t i r  t’x muln p 1 a , the

t r a d e o f f  hatwc-en sate- i I i  te’ e’omp i ex i t v  and tus i -r te- r i n lu aL  ctunt p iaxi tv i s

ex amined . Nit ~ t tempt  is made , however , to dc-sign an opt  inia l 5\ ’st eun .

Ra th t - r , we s tudv the a ffc~e’ t on svs It- rn per for un mui ie -a a f va ry  I ng cc’ r t m u l t i

p a r mu m e t  a rs over rag Ion s  ci I’ t n t  c -r i ’s t to  I c’s t the’ h r  I ( m l  t s . In  Sc’ le t - t i  tug

p;u r mumt’ t a r  vs 1 lit ’s f t - t r  sma 11 m o b I L e ’  dus e ’ i’s — we’ it I mused Liii’ t’iio Ice  i n  favai-

of s imp i i  f v i n g  tile - task of t he’ use’r m u t  t i le’ c a s t  of i uu’r c-ased sat  a1 l i t  e’

comp l ex i t y .  T h I s  b ias  is just ifIed by the’ excel l e ’nt p e -r f c i r m a n c e  r e-cord

of rn.inv t n t  n t -ate ’  sS tt ’ 111  It ’s , wit h’h m d  t a st es  th ,-it • when prc u pc’r Iv di’—

s i gne’et , h i gh r a i l  mTh l i l t  v can he at’hic’yt ’d 1-yen by ver ~’ c’amji 1 cx s m u t  c’l —

I I  te ’S. 
( 2 )  

Tiit ’ micqu l s i  t ion pr ob i t-rn I s  mu I so  b r i ef  lv  d i scussed  In Sc’e’ t 1cm

V I I .

— 
~~~~~~~~
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En es t ima t lug t h e  fe a si h l  I i t v  o f us lug hu igher fr e-q u a n t ’ Ic ’s  f o r

s a t e l l i t e  common ie’at  ions - add it ions I f a t - t ar s  must  be ccins ide-re -il - saint’

of w h i c h  are addressed In See’t loi~s V I I I  t h roug h X i i .  Sec ’t ion V I II

t r ea t s  p o in t i i ’ig and t r ack ing  prob l ems . Si’e’t ion IX d i se ’usses tite ’

weight , size, and l o c a t i o n  c o n s t r a i n t s  imhnised by the ch a r a ct t - r ist i c s

of the user p l a t f o r m  and Its environment , and the r e s t r i c t i o n s  imposed

on thue s a t e l l i t e  equi pmen t by the  need for  c o m p a t i b i l i ty  w i t h  the ’

s p m l c i ’ s h u t t l e .  Special  a t t e n t i o n  is pa id  to the prospects  fo r  pro-

ducin g h i g h — e f f i c i e n c y ,  hi gh—po we ’r  a m p l i f i e r s  op er a t i n g  a t  the hi gher

frequencies , s l n e’e these components c o u l d  domina te  tilt’ weIght and powe’r

re’qu I remen t s of the  l I n k .  The ava l i a b i l i ty  of siti t mu h l e radcumes mind

antennas Is a l so di sm ’cissed. Sect ion X t r e at s  the’ comp le’x i t \ ’ , r e - l i —

sh i l l  tv  - mind lifetim e of systems oper at  tog a t  hI g her f ri -qu ena le ’s , and

Sect ion XI  reviews gaps in t e c i un o l o gy  at t iue h igh e- r f r e ’quenc t e a .  T h e

cone’Ius Ions of the study are enumera ted  in  Seat  ion X I I .

I
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l l  . A I ’MO SI’U ER I C EFFEC’I’S

Atinti~~ç chtt ’~’ t m ’ ‘cJrn tuc) ltt ’ui t~~ , sijt - ht  as btu uuu id It v — e’ lands — and rm u I i i , t ’m u i i

di -g r , uc t t ’  Liii- h ut ’r foninmunaa c u f  cmi rt h— to—s -it i ’ll i t t ’ t’curnniun I em i t i outs s~’ at  ems .

Tb is dt’gracl.u t i t u t i I a p ,u r t i c - t i l  mi r  l v  t u ’c uuh  1 e’saine ’ m e t  t itt’ hi ghic ’ r in I t ’ u’ m u W , i ~ ’ c’

I rc’qiiena it’s m ind has hc’e’u one at  the’ pr i m m c r y  hmi cr1 a rs t cu t hi I r amp 1 c - t v —

mc ’ut . Ac - c’m u i ’din g l v , i t  i s  t’ mi re ’ f u l  Iv  e’xamine’d in  t h t s  c ’a s i h i  1 t t v  s t l i c i - ~ -

At n uc m sp he- r Ic ’ c t  t i c’ t s tie - g rade - tue r feurniance’ ii twc u wm ivs  : t h e  t ’cun lm c~—

iii c i t  l o tu s  si gum i I i s  mitt t’nua ti -il - and ( l i t -  tu pc .ra t I ng cur  a f t  i- c t  I v t ’ svs t em

net i se’ t t’mpe ’ r mu I ur e-  me-ash tt-il a t  I hit ’ t’i’c ’.,’ iv t ’r  1111) 11 t is b it e -r i -m us e-il hic’ c’atiSc ’

ha _ ipp a ri- li t s ky  t i - m it t - r a t t in t’ i i i i  g lut ’ r. I n  l i i i  a Sc ’c ’ t I on , mu macia I Is

dc’vt ’i op c ’ti f o r  ge - n i l ’ s t lug the’ prcuhimi h 11 it v di St  F I h u u t  ion  m i t  b m t  ii t ilt ’ m it tilt’—

sp hi’ u ’ ( e ’ m u t  t a n t u , i t  ( t u t u  ,iuiti t il e - t a t m i  I avs tt’tn degr~itl mi t (m u t t . i iic ’ l t u d h u u g  tile ’

c ’ t I  ‘m ’ t s a t  sky  it o I s , ’ - A l t hutu t ug h  t he ’ made-i I s  I or t~,u sh  I uu g t cuil  - 
I) . C.  i,’ c ’ , t  —

l i e u ’ , i t  m ail  I d  lie eXt &‘il cie’ tI to iutv a_ c m u c ~i’ , t l i l i  It ’ i’i ’t~ 1c m t a t ’  w it ( c l i  sit i t  mi t ’  I t ’

w a , u t  h t e ’ u ’  el _ i t t  ,t t ’c iv,i  I lmih l c ’ . -

W l’,A TIIE R MOt 1E1 ,

I h i c ’ Wc ’ m i t h ~ r m ade - I t’cu r W i  S i  i i u g t  m u tt , P. C . das ~’r I h am l b u t  Sc ’ I’. I i s

ada pt  c -c l  m i s  ui i n p u t  t o  our W e -m i t b ie r e le ’grach mt  I ( m i i i  moth’ I - ‘l ’lt e ’ c ’ssc ’iu t i , u l

I t - a t  t i re ’s  t uI  t i lt ’  mad i t ’i t ’el We ’.i I l i eu’  m ode I ,t  i ’ , prc ’Se-ii t i’el in Tab Ia -
‘ ; a l l

~i tmc m spi ie ’r  l c ’ aonel i t  i c u t S  O c t ’11!’ F l 05  in Wash in g  t cifl  • 
l) .I ’ - ~t i c ’  gr oupt ’cI t n t  ci

ii (tie ’ c ’ a t e ’ g t u n i e ’s h u m t v i u u i ~ w a i l — t i c - f l u t e -t i p ht\ ’ s l c ’S I m ’h i m ii ’ . u m ’t t’l ’ i st  i & 5 , , i f l c i  - ì

sj ie ’ d ’ i f  i c  e’c unc h i t  (c i ii i s  Sc’ i c c ’ t i - t i  t ci r ap  I ’ ,’sc ’ui t e ’mte ’ii t ’m i t c ’gc’ i v  . Fl i t ’ a I tuck l

I v j u ~-s In  t hi I s , u i i  i t ’  hi m iv t ’  be an ccm n v o r  I t ’d U rc um those  t limi t won i d  b -  ri ’—

pa r t i-il liv miii t uh sa rv&’ r t m i t l i t ’ m ’ m l ’rt ’spc mnei I u u g  Pal rnia nm l I 1mm ‘‘ t
-
~~ I’ ’  m~~tci

‘‘C— ru ’’ m cu dt ’ i s  ( S ac ’ Re’ f s  - 4 ,uticl ‘u ’I . ‘h ’hue ’ c’ lo t te1 t h u  I a k i i c ’~~~c ’~ a r~- 0c m b itS I

va 1 t i c ’S • .uS ,ir e ’ t h e ’ t h u  I ~‘k t i ’ss~’s cut
’ t lie i’s t I , t \ ’ c ’ u ’s .  ‘i ’ht ~ u , i  in 1_ i I 1 i’,i t c ’S

,i r~ - app u - ’ x i f l i mt t  c~ I\’ u ppc ’r Such I cuwt ’r qua  u - c  l i t ’ cia I l v cm i i  c ’s . ‘lilt ’ l i s t c m ’ 1—

tu mn a t  ‘I’m ih  I c ’ 2 c - a t  i mna t c ’s C bc m u t i u i c u , u  I i u r o h m u i m  b I i t  ~ ‘ of c m c ’ m ’ mil ’ t a i i c ’ c ’ — liv h c m i t t ’

c u t  t h e ’ v i i  t o t i s  , u t m c ’ s p h i e - r  i t ’ c a n t )  i t  Ions . I t  I s  h u as c ’c I  out  I i  ‘i i i ’ s c i i  cl, t t ,i

g.m t h e - r e - ti i t  t lie’ W m u s h i  I ti c t o u t  • 
I) . ( ‘ . N a t  I c u t i m i  1 A I r i - to t - I - i’ha pu ’ ’is ti ’ i i  i t  ~ ‘ a I

c ’ ie’mur — t ~‘—- .c ’,tt t i - r e - i l  c’lolitIS w , i S  ea t  i m a t , -~I ,tt -‘.0 p c ’ r m ’ c ’ u u t  - l’ , i a a c i an i ic m t t i ’ l v

r eport  a c m i It -as I i i ,  i i i  f t ’ m u i ’ — I out t h i s  m~ U I lie ’ sky hu t’ I ng m ” ims c ’turacl h— v a I e th ic 1 S.

Tb i s  -‘i t )  pe ’rc ’ i -nt w m IS , i ss i i n ue - cI e ’q iu m i  1 l v  ‘_ h l v i  dad t u e ’t we’e ’it ‘‘ c i  c i i  ‘‘ m in t i  ‘‘ C— I 

——--~~~~~-- - — 
~~~~~~~~~~~~~~~~ 

-
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plus hum Let a tmosp here , ’’ wi t t i  lit’ c i  c-a r p ar t  ion b e ing  aqua l i v  ci iv id e d

between ‘ ‘ lOW , ’’ ‘‘ me-il innu , ‘‘ mmd ‘‘hi gh’’ Iu tin i Id i ty  .

Table- 2

WF :ATIIER 1-IODEL FOR WASHI N (; T ON , D . C .

P r o b a b i l  it s-
m u f

Atmcusp hen i e ’ ç c m d i t i m i u i  
-- 

Oce ’u r ru n a a  
-

Clea r
I)rv 0 . 066
Me dium h u m I d i t y  0.067
H u m i d  0 .067

Cloudy—p ius—humid
C—I (0.  l km thu tm ’k )  p lu s  h u m i d  atm cu sp h ier c ’  0. 20
C— S ( 1 . 5  km t h i c k )  p lu s himiid a t m o s p her e  0.48

Rain
k— I , I mm/h r (2  km t h i c k )

p lus  C— S ( 3  km ) p lus  huumid atmosp here 0.04
R — 2 . 5 , 2 . 5 m m/ h r  ( 3  km t h i c k )

p lus C— S (4 km) p lus  h u m i d  a t m o s p h e re  0. 04
R — l 0 , 10 mm/hr  (3  km t h i c k )

p lus  C — S  (4 km ) p lus  humid  atmosp here 0 .035
R — 5 0 , 50 m m/ h r  (3  knu t h i c k )

p l us C— 5  (4 kin ) p lu s h t u m i d  m t t m o sp hcre  0. 005

Pree’ i p i  t a t  I on ( ra  in  - dc i  z z i t ’ , mind  snow e’omh ine’d) occur red  ;ipprc ux I—

m a t e l v  12 pe r cen t  of the t i m e . Snow was ignored  on t h e ’  b a s is  of i t s

low f r e q u e n cy  of occur rent -c in Wa sh in gtc u n . H o u r l y  r a i n  r a t e  d at a  we -r i ’

d ivid e d  I n t o  four  c-lasses ( 8— 1 , 8—2.  5, 8 — l i ) , and R — 5 0 ) .  The r em a i n i n g

48 percent was assi gned to the,- broken clouds and ov erc m us t  c a t egory ,

described as “C— 5 plus humid atmosp here . ”

This type  of breakdown can onl y roughly approximate the probabil-

i ty of occurrence (ci .imulative duration ) of weather states hindering

propagation .

Zenith Att en u a tion Produced by Selected Atmosp heri c Condi t i ons

The att enu a ti on produced by the cloud tvpt’s and rmuin rate’s speci—

fied in Table 2 has been emi l cu l at e d as a function of frequency by Dei r-

mend jIan .~~
4 ” 6~ Measur ed data on the attenuation produced by the three’

_ _ _ _ _ _ _  

.



httt n t t ~ i i t  v couc h  i t  l e ’ilS a t  ‘l’, u i u Ic ’ 2 , ~~t V a t  (O t I S  I t e ’ q t l e ’ u i m ’ I c ’~ ’ , i U c I  c i  c ’ V , i  I I c ’u i

we re ’ g a t hi ’ri -d h ’ M, ’~ c t ’ , W h i m ’  a u t m m.u- I : m - , I , i l  1 , i V , i  j l a h u l e ’  m l i i

a a u t , - c ’ r u u  i u u g  a [c ’ , i t  ,i i t  i t  t t ’ tf l L i t  t~ -u t i t r m ’eug ht  l i i i ’ c - It t i r i  , i t m a ’ - 1 ’ h m t i ’ .

I s  i u i ~ t h e - li t ’ 1 Fi S t i c 1  j ( a i m  _ iu ~i Me ’v c - r  c i . i t , i , l i i , ’ - i t  I m a i m - m t  i~~’ u i  I m~ - i i 1 m i i i :

a t  t b ,  ~i t u u i c ’sp hii ’r t ~’ m m ~~ i c 1 ( t  lo ui s ’ i n  1’ ,i b i t ’ 2 ~~~ , m l c c i I , i t  c c i .

h i m ’ t c ’~~i i I t S  s iu cu w n  j u t  t , i i ” l c ’ I , , i i ’ e ’ , ‘ c i i  i t  i t  t c ’ u u t i , u t  i a t i ~m ,i~ ( l i e ’ I t c ’ s h i t c m m ’

e’ I i ’s c i t  l i l t  c ’ t e s t  - t t i i ~ l i s t  am ’ 1 omit iii l , i ~’ I c  — oh ’ t ,i t fl i t1 ‘~s’ i t  Ii ( h ,  ,t ~i

s ’t  l i e ’ 1, 1st  i a  l unuu i t t  I i l ’  I i ’ ‘ 
- i nch i c ’ , l t  c ’S t ti c ’ pi’ a iu ~ih i i  i t  \ I l i st  I ia V _ m t  —

e’nu.i I I c ’ui v,i 1 h i t ’s , i  i c ’ c ’Xc ’ i,t ’ti e c i .

~ t A’i’ ED :~l .N i ’ i ’h l  l F N 1 A I 1 C N  in  51b )  F1IROI ’ CH Th i-’ I N I  151- ’ .\ I~~tC~m I ’ t I i~ i

RE SI’ I  - t I N C  I RON ~~~ 
j :~’ t i lt 1, 1- A lilt’S c ’ON PI  t h i N S  

i” rc ’m [ uc ’nc ’\ t, C 1 i . - ‘I ‘l’ ’h~ ih i i 1 t~
A tmc ’sp h i a r  a 

- 

A t  t , ’ i i c t , i t  l out
C c t t i d ft j o u ’  1~ 

~
2 I

~~
2 ~~~ - ~1 

-~ •S -
- 

lOt 
-~ l m 2  I s

( ‘ h c ’, i r  
-

- 
0. 1 0. ‘m mu . ~‘2 I . C 0. q 2  j i  - b-i i i  5 m  

- 
~i cj

Mt - i l i u m  h t i m I e l i t v  ~0 . 1 0 . ~ 1) . ,~2 1. C i  L 2  - 1. I .’ - 2 .  c u  
- 

0.5 -

H u n u i d  C , i 0.” 0.22 I .1 )m ! 1.5 1. -
~ ~~. ,~ - 

0.50

I ’ l cu c i d v—p I c u s - i t i t m i d  
-

i~~ h 11 . 1  0 5  t ) . 2 i 1 I Ot u ~ 1 . 5 1 -  l . - m t ~ 5 .2  - 0 .N )
C- ~m 0 . 2 t m  0. / 7  0. 50 2.05 - m .  I m 12 0. 12

R m u i r u  I 
-

8-I 0. ’m i L i  1 . 1 ~ h . S S 10. - c 2 1 . 2
8-2 - S 0 , st 1 . 4  2 .  ~~~. ‘5 1 1 .5  1 7 . -c 3 1 .2  0 .0 - i

i _ u ’ 4 . 1 ,‘. I I 5 . ’ c i ’ u .5  40 . . ~ 1 . 2 11 . 0 0”
k— m m )  i ’m O  lb 1 4  1 5 /  ‘ ‘~ i i 0’

‘‘ ‘l’hese 5’om id  i t  tons mire ’ dc’sc’ r i  hc’d i i i  u~rc’a t t ’ t ’ dat  a i i  i i i  Tab 1 c’ 2 .
- In  m e t remu tnt - m i t  a t  I awe-c cemmmuuu I c ’S t I c’ui I i’ c ’ c l u i m ’u i a  I c ’S , i t  wOO l e t  h ’

m I t - c’ t’5 s i  i-v t o  h t eak t lie’ “8— 50” c ’ , i I  t ’gc m l’\’ Lii t m ~ , u nunih e’i’ a I solid iv i s  i Oti s -

ext c s ì c h i n g  to  mi t t - it  ii I c ~ii c ’i’ m’ .i in  u’ at  i’s , a ( t i m e t h i e s t ’ , i t e ’ I lie mml i ii c ’ , i S c S

of lute’ re’s t mi t I c iwe ’ r f re-q ue’nc’ I c - s - W i t  ii t h e’ hi g hie ’ u’ frequent’ ic -a aon—

s ide re’d but ’ i c ’, htuw,’v c ’ r , out t ,jg c’s nt iv h~- I n c l t t e ’ t’ di by I i  g lu t t a  in  c”t ’ e’V eli
liv hiest ~’v c lott eI s i t ’ a s m i’d I mug 1 ~ - i t  i s  adc ’qum i t t t~ a t  our prc ’saiit p u r p o s e ’s
(ci rep re-sell t m i l l  he ’,i vv r ’,i m u 1w t h i c ’  a l u g  I i ’ c ’S t t ’g m u i ’~~’ — 8— tmm i )  . N~ u a t his
the’t c ’ is  ntu h ig h t i ’r c’ ,i t e ’geut’ v hem’~’ . ‘I

Sk~ N oise  Te~~~~~r at u i ’ c ’

At  f r e q uent ’ It’S ,ihm u v c ’ 2 ( 11. , c ’ c ’5nt I t ’ Oem isa c ’ , i t i  lit ’ uue ’g )c ’t ’t c c i ;

the ’ c ’f I em ’ t iVc’ sky  noIse ’  ,u i ’i sea front the i ~;i,i I e m i s s i o n  f rom a t nucisp ht- r I a

- ‘

-
j’----’ —‘— - ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~
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~-o t t s  t i t  ut - nt  a.  I t  limes h~-et u sugge ’s I ad t h a t  I ha sky net I se - t c-ni pe- r a t  ur t - ,
- 1, 8 — 1 0 )
I , hi ’ expre’ssc ’d ,es

s ky

1
akv 

= T
1
( I 1”) T

1 
1 h / t  = i’~ [i — i0~~~ 

10] 
- ( 1

whe -re ’ F is  t h e  atnitusp hi - t ~
‘ t i’aiusnu l t t m i n c m ’ , I~ is l i i i ’  mi mtmt i s p h i a m ’ I e ’ I m u S S

I ,e~ t o t , A i s  t h e ’ - i t  fl is u S h u l i c ’ r i m ’ a It ant i_ it t m u u t  in ~h iI , mind  T IS  t ile ’ m i p p m l r e ’nt
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made a t Wal tham , Massachusetts , dur ing the period extend ing from Febru—

ary to July 1963. We used Eq. (1) to convert Wulfsberg ’s reported sky

temperature data to attenuation ; in this calculation , we arbi trarily

assumed a value of 275 deg for the apparent absorber temperature 1 .

The assump tion of any o ther reasonable valu e f or T
a 

would have had
little effect on the results. Wulfsberg ’s measuremen ts were made -‘it

35 GHz and reported as a function of elevation angle. The attenuation

was found to be very nearly proportional to the cosecant of the eleva-

tion ang le , indi cating horizontal stratification of the attenuating
components (atmospheric molecules, overcast, and light rain) at the
relatively low attenuation values amenable to passive radiometric de-

termination.

Fi gure 2 presents similar data fo r  the 15 to 16 GHz region . Again ,

the observations of Wulfsberg indicate that the cosecant law is closely

followed at relatively low values of a t t enua t ion . The t r iangles in
(14 ) -this flgure refer to attenuation measurements by Ippolito , using

a beacon onboard the ATS—5 satellite as a radiation source. These mea-

surements were made at an elevation angle of 42 deg—--the satellite

eleva tion from Rosman , North Carolina——and averaged over the entire

calendar year 1970.

It Is seen from Figs. 1 and 2 that the calculated attenuation

statistics obtained from Table 3, represented by the solid circ’ [ms in

the figures , agree reasonably well with the measured values. The agree—

men t is, in fac t , suspiciously good , considering the d i f f erences in

frequency , measuremen t technique , geographic loca tion , and time period.

As mentioned above, the cosecant law is followed by th~ Wulfsberg

data, which were acquired at relatively low values of attenuation .

This dependence on the cosecant of the elevation angle is to he ex-

pec ted because the, attenuation is caused by humidi ty ,  clouds , and light

rain , which all can he reasonably expected to be horizontally strati-

fied. A t very high ra in rates , however, a considerable vertical cloud

buildup (e.g., thunderhead) is usually observed , so tha t hi gh attenu-

ation will occur at high elevation angles. Thus, the attenua t ion due

to hi gh rain rates is expected to he less sensitive to elevation angles ,

causing the curves representing different elevation angles to draw to—

gether at high values of attenuation . This was borne in mind when

.~~~~~ — ~~— ~~~~~~~-~- — ~~-=:~~-‘~~ ~~~~~~~~~ -
~~-~==~~~~~~
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drawing the dashed lines in the figures , which represen t a “best guess”

extrapolation of the Wulfsberg curves to higher attenuations , wi th guid-

ance being provided by the measurements of Wilson , Henry , and Ippol ito ,
and the calculated points. The combination of the Wulfsberg curves

and their extension represen ts the attenua tion model for  Wash ing ton ,

D.C. at 15 to 16 GHz and 30 to 35 GHz. No suitable measured data are

available at higher frequencies; the attenuation estimates had to be

made solely on the basis of the calculated values. Thus, the sol id
circles were f i r s t plotted for each frequency using the data in Table

3. Using these points and the known trends at lower frequencies from

Figs. 1 and 2 as a guid e, “best guess” curves we~ e ske tched in , repre—
sent ing the best est imate of the a t t enua t i on  s t a t i s t i c s  at each eleva-

tion angle. These curves are shown as solid lines in Figs. 3 through

8. (Th e dashed curves in these figures , together with the associated

notation “uncooled paramp 2000 ,” w i l l  be discussed later in th is  sec—

tion.) Table 4 gives the calculated values of A and T for a few
sky

values of cumulative probability and for the values of frequency (f)

and eleva tion angle (0) at which link outage stat is t ics  are calculated

in Sections Iii  and IV.

The procedure used to build this model for estimating attenuation

statistics is highly subjective and should he used with caution . Until

more da ta become avai lable , however , we must resort to  procedures such

as the one used here. It is recommended that in the future statistical

attenuation data be acquired as a function of frequency and elevation

-~ ang le. The need for such data is so obvious that the neglect in acquir—

ing it is quite surprising.

TOTAL PERFORMANCE DEGRADATION STATISTICS

In addition to attenuating the signal , the atmosphere degrade s

system performance by increasing the e f fec t ive sys tem noise tempera ture

or operating temperature T . Measured at the input to the ground—op ( 15)
based , low—noise amplifier , T can be expressed by the relation :

*If the Bell Telephone Labora tori es sun tracker da ta had been
sorted into elevation bins , we would have a better validation of the
model.
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I d u O S  W1I i oh ar e  po I I t t  &‘cI t OWa t -~J t h~ c ar t  h anti
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d is t i -ihuted , We’ have’ — 

~~~ 
= ~~~~~~~~~ A value ’ ot  1 . 1 2  (0. ~‘ d R )  i s
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From Ref. 17
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Fig. 9— Device noise temperat~ire as a function ot frequency
(extrapolated above 100 GHz)
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I’he’ c ’,-smu ltltl I t - a t  t a t ;  d a t  a rate’ , R , I - i  I i i ’ , ’ ’ t~~c I ’ ,  P h t ) i i O I t  I e i i i , i l  t o

t i l e  p i o tleic ’ t I. I , at ;  w i  I I l-s..~ shown Iii t h e ’  to I lowin g s- s - I  I o n .  i n  (lie’

, i i c s ’ t t , , ’ i i  i t t  i t  I l l o sp ime - t o , I , — I and 1’ 1) . W i t  It  l i i i ’  i (ci ot Ft 1 ( 1)
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.11111 1 f t  i i i ’  • , t t t  t’,il , ’tu l t i  0th I 1 0111 
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‘
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;it uip i i t  it - i t i o l  s t c ’lll~n ’ t  a t  Ill ’,’ iii t in ’ t u i t e ’o o i , ’ti au t h - s i  i t  i , ’t - i- - c ;- ’ h i  0, 11 , i , - I , i
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c ’t l tt tt l l i t  I S c ’ ~ 
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t h e r e ’ f o r e  t ltt ’ up l ink  sv s t c_u i , margin w i l l  be’ p re ’s t e’r ) . I t ’ dt’modu I at I on

and i’emodu 1st ion ~t rt ’ used in  I lie c- cit I c  I I ( I t ’, t he  I vpo  ot  mot iu l  at  ion ,

ti it ’ unodu I at  [on In d ex , and th ,_ ’ t y pe of er r o l ’ cor rec t Ion t’ctd ing  catt  u t l i

e l i  I t’ e F on t h i t ’  up and dctwtt l I n k .  Pvc -i t I In ’ cia t a rat 0 c all be ’ d i f  i t ’  ron I

d u e ’ t (I ot tbe i , i  rd p rtn’ess Lug, suc h as 11111 1 t I p i  ox i iig c- cl gtia I c-c t r c ’uu n us wh I t ’It

or  [gi na te ’ t i l t  d i f  I ereui I up l i nk  beams • i t t  add i t ion , on t Ito up I i  nk  , ‘I

met s t he ’ mod i i~ led t o  Fe f l e e t  t i lt ’  I’,tt t t its t I it,.- ma i n  beam oh t he  ret - c’ I vt ’ r

is d i  re’, ’ I t’ d a t  th e ’  c ’s r I i i  r i  t hor  I b ait i t  t h e  s k y .  ‘l ’litic-c , the t I rs t to  run

i n  Eq _ (3 )  , 1’ /1. F , m u s t  bs - repl ac ed by i /1 ’ 1~ — — a  c o l Ic - i  idc ’ r~u I ’ l v
s ky  c 1, e ’ ; ir t l i  c I-

I a r gt ’r qI l iu l  t i t  v . A l t  liotip tu I in, ’ second It ’ rin v i i i  be’ —n icic ’w l i ui  t r odt i ct , -d ,

and t h e  t h i r d i c -rn w i l l  Itt ’ g re a t  i v  re-duct- ti because t I t t ’  I ar  s I tie lobe’s

of t ile’  s,u t o  1 1 i t t ’ ;li’l t e t t it i l  a r e ii i r e - i ’ tod ;u t  sp u i t ’ e,’ , I i t t ’  I tic’ r eul se  I It I Itc’

I l r st  t o  t in w i  I 1 dom I us i t ’ , u’ t ’su I t  i ug in a net  I i i i’ r oast’  in ‘1’ . lit,. ’ u ’ , —
~ -s

sti l t  i ng  ties ’,  t’ads t t ort i t t  per fo r m a u t  i’e is 1 I k e ’ 1 v , i i t iwt ’vo r , t o  he ’ inn re ’ t hia tt

t-s t  1 st ’ t 1w t h ’  I U I ’  roast’ i i i  I rat i sn i  I I t t - t i  p owe- r • Acc ’ut i d  u t 5  I s’ , I Ii,’ up I I u k

dot ’s ii~ - s t us c i i  I Iv I [ni l t sv - c t  I’m pi~’r In m u - c’ , ut t t d  i -sn Is’ t he ’ cl oWn 1111k W I  I I

h i ’ colts ldc ’red  in t i l t ’ pl ’e’sc’ut t  sits isstcc .

CONS t AN t’ ANTENNA 1)1 A~lE’l’ ER

A I rau ’i Sin i t t  t ug  an t  t-nt ta  d i uni t e i t ’ t of A - A nu i s  uissunt , . ’d  . ‘I’ii I s  i s  t i l e ’

I ar gc’s t c-c 1 it ’ t h a t  t ’utn be’ a,.’ ccttnmod a it ’d  by I Ito Sp i l t - c’ s h u t  t i t ’  w i t  bout  I ti l t!—

ing  . A in [r i - c- sr r ’  I l , ’,’ t or t t f  t It I c-c c-c f u- se i s  h~- i  ut g d c - s i  gui t ’d  liv l l t ug lue ’s A it ’ —

t ’ r , u t  t Ct tn i 1~ in y  f t - s r  NA SA. 
( 18 )  I t  is  di ’si gu t t ’ d  t o  i i p t ’ r u i t i ’ ~ ( ) t )  I CII , I i ; i s~c~

an rmc -c s c i t ’ f , i & - t ’ roug hic t c-c - c t-c of  0.0017 i t t . , , uu t t t  an ov c ’i ’ , t i  I sp c ’rt lll ’ e ’ s ’s - s i i , ’e’—

tie- s i t t’t  I ( c i  c ’i t t ’\’ e t f  0 . tt(i , ‘Fiie ’ t ’ u l l  c t u i : t t  ~- d ‘0 d it  h,. ’ui iii w ( c i t  it in  0. I ) ~~I c dog .

‘ft c ’ ii .’aniw ( ( I t I) , l t u d l  c ’ I I i t ’ I eri c’s’ t’tti’re’c -cpi-itt ei t t - s  u l p -i  iii s t’ 77 tI P’

Tin’ di ant i’ t or s - s f  t lie tni th i l ,  us t -r  ‘ s t’oc’e’ lv  I up ant  t ’n t tu t  i s  ;t ~~suIui,’ ci

I t t  bt ’ on N- (I . I itt ( i  i It - ) - ‘t ’ti i s  re’ ~ r&’sc’n t S c l i ) , ,’ OX t i’ e’il t , ’ ot  ( i t t  e ’ Fe’S 1 — — It

m i t t  Im I zt~s t i it ’  pt’ oh l t ’mc-c of ti le ’ smut 1 1 unt t l - s l i t ’  user at  t i n ’  l ’t i s (  ol’ i nc r t ’ast ’d

s i t e  i l l  I c ’ c’t imp  I ~x i t s ’ , Thus , t h e ’ rc ’qu Ir t- t I  p0 h i t  I itg uIc ’t ’ tIr ~t t ’v .‘f t he  nioit i I . ’

u~ct’r E s  modt ’u’ ;i t , ’ , s l i i . ’ .’ t i l t ’ h , ’am wl d t  Ii rutng e ’ s t’rom i l  de’g it t 21 .2 CII:’ t o

I dog at  21 -s -s ( i l i z .  A m at ’g l t t , N , i - s f  8 dR i s  , t l  i tiwt ’d Ic- s r  u t h  I I , ’n s t ’s ~ I he ’t ’

t h u m  it tmosp it &’ n e ’ u t l t s t - s r p  I f on t an d sc - i  i t  or t u g  (wli Ic ’ l i  i t’ , ( i t t - I  u i t ii ’t i it t 1, u t i l e 1

) • ‘l ’he ’ I , -‘s c-c, ’s t ’ . l Vt ’ t’c ’cI bs’ t i l e ’ nla r g [i i  j u n  1 h ilt ’ • fc t t ’  c’xulmp l ,~ • I i t t ’ S , ’ t i t l ,~

t i - s  a n t t ’ i t n u i  httr ,’s I g ht t m l  s,t I t gnmc’n I • ci e’graci~t t tou t (li l t’  ( i t  c ’ t i m p o t t e ’ u u  t ag lug

pcI I a  r I i i i  I ( t f l  I osse ’s , l i f lp t ’dul f l l ’e’ m l  sins t t ’lie’c’i , t’.iclt tm ’ i t t  e’tlttul t i e - s I t , tncI p~’o~’’~’

ga l  ietn ut t ie ’im,”t l  t t ’~ (e’. p . , re’frult ’t  l V e ’ Inde ’x  .‘ f f o c t  s)
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i% vs h it’ c i t  I I )  w~i c -; ~e’l is’ ted  f t - s r  E
1

/N
() 

In  t i l t ’ b at -ce ’ t ’ u h s & ’  . Su, ’h ut

de-swn l I n k  w I l l  at ’c e - smnte - s ei u t t e ’  vetcode ’d— vc-sIct ’ w i t h  b In s t- v , P8K 1 i’ansni l ~ c-c tc in

its  m g d l  t t ’erc’nt t u i  l i v  e’et l t&’re i t t  ch~t e’e’t [t in , and ; le ’ I I  I~~Ve ’ an e’u’rc’t’ preibut—
*h I l l  1 s’ c i i ’ ito tiletre ’ tliut it I U

”. 
-

l’he ’ t iu t 1 .t r .t I t’s • K , t t I l i l t e’t’ost f t r  v ar  i t ins users cetvt ’t’ it wit i t ’

t’~tn5e’ . Thus , In t H t -smt’ smut I I  volt I t ’ Ic ’s , t e ’ i t ’ t y p e ’’ ;it 7’i bps s i t ’  inc. ssu lge ’
t rut  f l i t ’ : i t  1 5(1 bps ntu tv c- cu t t’ Ie ’t’ [n de’cei , mutnv present l I n k s  uti ’ t’ t ie ’—

51 guts1 to s~~pp Iv  u s t  75 b 1is. Se ’c’ut ’e vet I t’t’ e’ommun 1i~at Ic- sit  I otl.,s ’ I Vp I —
cut l i v  re ’qu ir e ’s a 1 Ii I t t  12 kh ps da ta  rut t o  u s i  ut g Ct t f l t  I itut-sus Iv Var l ab  1~ ’
S l t ipe ’ D e l t a  ( CV SI) ) m tidu iu it’ hilt . Nut-it lt i plie r dat _ s t ’ , i t  c -c - ; ( I I )  t o  100 Mbp s)

are u suu t  IN ’  rc’qu I reel fe- s r  Se ’ i l S l i  t’ dut t a , bi t t  raw 5, ’ i t S s ’ i’ tI;l Iii r i ’qu I t’e’t1iI~’tt IS

nu t s’ t ’x te ’nd t i -s I Clips .

As it ttl Ic -ate- cl i t t  ‘Lii i I c ’  6 , ut Su i t e  I I I  Ic ’ s l i t  l i t t le ’  c - s i’ ‘00 , 1) 0(1 it tit i W its

so I t’,.’ tt ’d t ’ t t t ’  ( Ito bu t se ’ t~:is,~ . The has Is  i’e m  I i t t  s t ’Il ol c’c’ vi I I  h ’ e ’ i. nie ’
c - It’ui r in St’c’ t I t t t t V. Bt . f o I l  v , It is t hi , .’ I Owe’ S I ul i t  I t ti t le ’ u i t  wit I t ’ll a

u t-c e’ t at  uni v i - sc - s l i i i  c ’tt t ii.,’ e ’ , u  t - t  ii ’s c- ct i r f . t t - e’ hi ~~i-c u l t  I ,‘, l s t  c - site ’ s u i t  c ’ I I i t t ’

In  s i  e’W at  sit t ’ I t ’V ;l t I t - s i t  i t i t g  It ’  ci t~ t’ciug h Is ’ 30 des’, oi’ itt g ht e ’t ’ witen a c’on—

c~I c H i t  hilt  of i i i )  i v  it h i t ’ sul l e l  1 I t t ’ s  is  t’nt l i I s ’s’ i ’ tI

‘I’hc’ t t~;tit stu N t o n  et ut  l in t  powe ’ r o i’ 1( 1 W u l t i e l  sit I ennu i  o f t ’ Ic  I oUt ’ it ’s ( a t

h i t  ii vnd~ of t lu , .’ c’omiiuln i .~u t t  I t - sU I I u i k )  t i  f Sb pe ’rc ’,’n I ,i r , ’ t ~‘p it ’~i I i t t ’ I- s ri’s—

t ’fl t sVst  ems u t i  8 CII ucc a it t i  a r c ’  assumed t o  he ’ r e ’u t son u t b  t o  p~i a I c - c  t it r e t u g ili - su t

t tt . ’ m I l  I lu t i t ’  t ,‘t’ —W.lVe’ i - - s ui t t t I  -

S I i tce ’ I he ’ put l’u um e ’t e ’i ’S a I I  app e ’u t  r ~i s 1 I t t eu t  t or qui u idru i t I t ’ t’u t c ’ I t -s r s

in  t he N’ I ’ i t ’  i~i c u:i  l i i ’ ,’ eq n a t  ion , I-q - ( b ) , St ’S I I u t g to vs i nc’s t i l l  t e’l’t ’ut I t l’t iitl

l u t i s t ’ u m s s i ~’i t i ’e l l i t  t l t e ’ b.ic-i c ’ case ’ is a c-i t r a l g i t t  f nr w a r e l  I a s k .

*A W I  t ie ’ r u in g e ’ e l f t’nntmun I cul l  I on re ’qu I l’t ’nte ’nt s can be ’ s a t  I st  i~~tl 1w
svs te’ms opt ’ rut t l u g  at  t lie ’ I r oquettc  i i’s coits I t1 ’  rod l i i  I h i t s  s I utiv - At ott o
e’ x t re’me ’ , c -s ite ’ m l  ghi t cit Oe - sufl t e ’t’ u t I argi ’ ntmib t ’r of  use’ rs h e i r  wl iont e ’t ’e-sn om I t ’
utitti Ie’c’it t tc i  1 cig I c ut  I e’ofls It _ ill it t c-i in Iglm t d1c t~~tt ’ I lie’ uS~~ ti I i-i imp I t ’ , u t l u t —

t’tlllt ’ r ent ,  l”SK ,m t dii i  a r a t es  eu ’ ti lt i\~ ‘IS t o  2 A0t ’i h pu ~c - At t lie ’ tt t h e ’ t ox—

I rome’ , a smut I I  utt t n ii - s e ’r  e - sf selp li 1st t e’ut l t ’cI ututd elt’nt uut td I iig utsel ’s it t i  g h t t  ic ’-
qu I re’ t hi ’ usc ’ i- s f c~ ht t ’ r en t  P8K wI  I lt t ’c i f lVe- s  l i l t  I c s t u t  I t ’od I itg ut t itl  se’q uiet t  I l u i  1
de ’cciel I iig ,t I diii,, rul ic’s c i i ’ 21)1) (‘1bps tel 1 Ch 1-ss . Dope - such I n g  til t I lt e ’ t ’ F tot’
i’, t I  t -  t’e ’q t t i t ’ e’cl , the ’ m I t t  m u m  vul  hit ’ ci f  Eb / N O co lt  Id t ho r c ’t’ot’ c’ b. ’ u t s  mu e ’lt
,lc -i I I chi0 i t t ’  .t s i t t  t I t ’ as S dl i ,  As no I ,‘ei ~betve • t i le ’ i ’lIt l c ’e’ i t  1( 1 dli I s
i’c’p no s.’it t u i t  I Vt’ oh

’ its t di tt O pt~~’s I b l e app I I t ’ ci t  I tilt .

Titi ’ Vi i I time ’ of put pt ’r  r . ’qu I rt ’el t i - s pr Iitt i - s i l t  1 50 ti lt s f e - s n  :‘A hi’ I ’
u i o t  h i s  I gut I I I  c u t i t t  . A d a t - i  st  u’t ’am c it 150 b ps p r e t d u u c ’c’s i .’ - “I S g ( gab I t  s
l i t  ,‘ ‘ s h t r  t n i  r ee ’i - s rc i  t r u  I I I c  - I t t , l s n n t t ’li , e; ,, t vp i i t  I th u mb 1. ’- s p u c ’ e’e i I “I”~
‘ l C d ’ i t _ i s  itii0ii t ‘5 1 / ,‘ -, -

‘ = 1) 1) 1) 1) bIt c c of h i t  i ’i’nu.i t li- s it , I it I s u l m o t i i i t  I s ’
- t O  P~~P ’ - i ’ I i - s t ’ I li t i,i’llt ~~~ tI,tv
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The per formance  of ii down l,ink to a meTh i it’ usc’r was est imate’d with

the a Id of Eqs - (5) and (6) and t h e  cumul  a t  lvt’ p retb;tb 111 t y  d i s  t r I him—

tions for  atmospheric  degrada ti on (A T, show’tt In  l-’hgs . I t i t r c i u g it 8).

Performanc e is present ed as litik outag e s t a t i s t I c s , t ’ u u l t ’ ui s t e ’d  f t - s r  t h e

parameter  values c -s f Table 6.

Figure  10 (a t h t o u t g h  f )  shows the  r e s u l t s  of t hit ’st ’ c’ ;u l c u l a t  Ions

utt  t he  s ix  f requc ’nc los and fou r  e’I evat  ion ut f l g l t’S considered . The oul —

age ( l i t  h r / y r )  is In d i cat e d  as a fu n c t i o t t  of data r a t e’; t lt & ’ perc c ’t tt ,tgt ’

c-s f t ime’ d u r i n g w h i c h  the ii nk is av,m lIa b l e ’ ft-sr ctu mmtuitl cut lit -sn (nc-st

blocked out by w e a t h e r )  is indicated on the  r ig l i t — h a n d  ord I i t uu t o. ‘l’ht,’se’

curves t ’ lear ly  show t h a t  hi gher dat  a I’ ,ltt’s cu mn he uit ’hlt’vc ’d tilt Iv at  the?

expense of Increased ou tage -

‘rht’ slope of the  curves In Fig. 10 Is ,t mea su re of the f,.’uis IhI 1—

its’ of “hun t ing through ” the a tmosphere  w i  t i i  It Igiii ,’r powor i - s r  l i i  rger

a tit ennas  - Fi gure 1 U ( s )  shows that , a t  21 .  2 CIlz , t h e  si  tWo I s  no i u i —

li v e ly  s to op .  Th us, at  nit o l evu t t lo i t  u in g l t ’  of 30 dog ait t i  a 100 ht’ / s’r

ou t age , a two— fo ld  Incrt ’asc’ in s a t _ e l i  I t t ’ power w i l l  I n t ’rt ’u isc ’ liii ’ ( l i l t _ I

ra t e f rom 9. 5 ‘
~ ~~~ hIts/sec ( p o i n t  A) to I .~~~ ‘- 10 1 h I t c - i / c-i~~t ’ ( p o i n t  B ) .

Tb is represen ts  a seveit—f old decrc ’utse In  outu tgt ’  t l int’ f r om t lie’ vii i ut’ t f

700 hr (polt it  C)  exper Ien t ’od at  tht ’  l ower ptuw er I eve’ I u t t  the  l ;t t  t t ’ r

d a t u t  rate. At 152 CH z , Fig .  10(e) ,  itow evor , th c ’ siopo  i s  l ower ,  in

th :~ e’u t se ’ , the same power incr t ,’u t se (w i t h  the same’ V~i Iite ’ c-s f i~ and ti le ’

sam e’ l it it  ju t I out a ge’ ) would dt ’c’ resist’ t i t e ’ outage t Ime ’ by a l’u t c ’ tt r c f  only

j 1  (points A , H, and C have the  same c-i i git i f  I ca nc e’  in  hot  ii I I  pu re ’s ) .
The curves s i m i l a r  L v  p e r m I t  a d e t e r m I n u t t  ton of the  dot ’ r t ’uise u t  c i u t  - ipt

t [me asst-sc [at ed w i t h  u t i t v  o t iter  sy s tem impro vemett  t , t’or t ’xutmp I o , :1 re’—

elite t ion In the’ requ [re -sd v u m I t ie t-s I Eb /N O t hr ci t ig hi Intp i’t - s vt ’t l St  pIta 1 p ri- s c ’ ‘ c - —

s Ing  t echu t i que’s - T h e  curves of Fi g. 10 prc v ide  I lt e ’ e’~~Sc’flt I u t I h,ic ’ky,rottnd

fo r  St ’ t’t Ions V I I I  thrc - su gl i  XI I  of t l t i s  r epe ir t .

F! gut re 11 li-c a t’ross—p lot of t he ’ 30 dog o I evu i t I t - s i t  u l t t g  I e’ ,.lui t u t t’ m m

F I g .  10 (a throuig ht f) , and t’mp tm ~~ I ;c-t’s the’ var  [at h-sn i f  d;i t a rat c ’ w i t  lt

I req t ic ’itc V . Ft pure I I  catt be ui~~ d i t t  t lit ’ l it  I t  I a I se’ I e’e ’ t I out c - s t I r eq ul t ’ l le ’S ’

feir ~inv spe’t’ If Ic app i I ca t  Ic-sn , whil It ’ F 1g. 10 pr t - sv  I cit ’ S moi’ t ’ d O  t , , l I t ou t—

t- t’rnln g p e r f e rmane’e . In ge-sod we~ithe’r , t l t t ’  chi t a n ul l  c’ In c -r o ast ’s w I t  li

fr & ’qu en e’y , except  a t  the  hi ghost  f r t ’qut ’nc ’v sltown . Whtt ’n ve’rv i t-sw t iu t  a ge ’s 

~~~~~~~~~~~~~~~~~~~ ‘ “ r ’ ~~~~~~~~~~~~~~~~~
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ar e req ui red , e.g., 1 percent  or Icc -cs, the achievable data rate’s are

c o n s i d e r a b ly  lower ~it the’ h igher  frequencies. However , uu s i n g le 75

b ps data  chattnel would be available more than 99 percent  of the t ime

even u t t  the  h i g h e s t  frequency .

Table 7 p r esen t s  information similar to that contained in Fig.

i i. For examp l e , cotimtunlcation utt 3.7 kbps can be carried on at fre—

que ’nt ’i&’s as h i g h as 48 GHz for  9 9 . 1  percent of the time (30 hr/yr out—

age) w i t h  o n ly  a 4—in, receiving antenna . Digital communication at

161) khps could be carried for 98.9 percent of the  time at the same

freq ue’ncy. At 101 CHz and 152 CIl z , voice communication (a t  8 kbps
and S kb ps , re’spe’ t’t i v e l v )  could be be carried for 98.9 percent of the

t ime , hut larger ( .7—in. and 7 . 2 — i n . 5  r e spec t ive ly )  receiving antennas

wou ld be req ui red f or digi tal voice , at  16 kbps , with the same outage.

Table /

CALCULATED 1)OWNLINK PERF ORI ’IANCE VERSUS 0UTA CE’~
(In  h it s / set ’)

_____ 
Outa’t’ (hr/yr)

1~~~~J~~~~~~~~~~~~~~~~ ] 3oo 1 1000

-~~~~~~~~~~~~~~~~ Avai labi ,l i tv (j~t~~cent )  
__________

Fr t ’que nt ’y 
~~~~~~~~~~~ 22, , , _, ~~~~~~~~ 

7 98.9 95.6 
— 

88.6

8 7.2 ~ iø~ 7.2 x ~~~ 7.2 ‘ ~~~ 7.2 ~ ~~~ 7.2 ~ 10~
21.2 3.6 “ l0~ 2 .8  x i0 5 9.6 x ~~~ 1.5 x 10

6 2.1 \ l0~
31 1.1 x l0~ 1.4 x ~~ 1.1 x 106 2.6 x 106 4.0 x 106

48 3.6 3.7 “ ~~~ 1.6 ~ i0 5 9~ 3 x l0~ 2 . 7  x 106

101 8.3 ~ 10 ” 66 8 ‘
~ i0 3 2 .6  ‘< iO~ 2 . 9  x 106

152 8.9 “ io— :) 45 5 x i03 2 . 5  x ~~~ 4.1 
‘~ 10~

265 2.1 x 10—2 4.2 3,3 x 10? 2 . 2  ~ io~ i.i ~ 106

~
‘At an elevation angle of 30 deg. All other parameters are

assigned the values in Table 6.

The total annual throughput increases materially with frequency ,

excep t at the highes t frequency , as shown in Fig. 12. This figure

shows the data rate averaged over 1 yr as a fuunetion of frequency.

It is concluded that , i f the ou tages can be tolera ted , the e f f i c i e n c y

(bits/dollar) w ill be materially higher at the higher frequencies. 

~~, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ , ~~~~~ ~~~~‘
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‘t’i%e ’ out t age ’s n u . t v  be ’ i’educ i’d t h  t’oei gh suit ’ it t c, h ut  1 q tie’s as t entps r t’ , u r V

power i n c  tt ’. i S t ’S w i t  it the ’ ,u 1 ~i s - s i’ st  O f l e ’cl t’flt’i’ s~\’ ot’ dod g I tic s t ou’m c c l  I s

t it t ’ oui gh p ,
~ t h d i  ve ’r s it  ~

‘ -

V A E 1 A 1 ’ I O N  ‘di -’ D A t A  R_~\ i ’t - ’ W I i ’ i i  E I , i - ’ V A I ’ I O N  AN (d I-

I ’ L c l , l r t ’ 12 shows h a t  t h e ’ t o t  . 11 , u i u t t t j . u i  t h I o t u g l I p t I t  i t  t h ( ’  i i h~ht ’i ’

I re ’que’nc ’ i t ’s i s  i~ u u ’gei ’ u t  )() dt ’g e ’ I e ’V , i t  l ’ s  t I u . u t i  . u t  10 ~~~ by .uh , - s i t t ,t n

ol’ t ie ’t ’ ot  m.i gtt  I t ui de ’. ‘l’ttt ’ da t .i i’ , u ~ s ’ t ~‘r .t s j- s i’ ,- i t t , - ,I , s u t  i , ’ , t , u I  I s  d i

mat  i~ ’ , t t  l v  a t I sw c i  t ’v ,u  t i t - s i t  aug 1 s’s • s ’ sr t ’ s - 1 , 1  1 1’, u t  vc  l v  I , ‘w s u i t  , u c ’, ,’S -

i s  ~
‘,in b~’ Se’t’!l in  ~

‘ 1g. 1 1 ( . i  t i t t ’s - s t ,  l c • w i - s i s - t i  ret t I’ S 1 5 ’ o u t  , i c t ’S 01

[0 , I i ) 0 , and 301) h r / v t ’ . Fi gure  14 s t h s u ~’ s
’ t h e ’ r . t t  is ’ st  i t t ’  r i . u t  , u  U I 1 ,‘ ,i t

~ut c i  r ’ V , l  t i on  ot  iO tit ’ g to t h e ’ dat a  u’ , u t ,‘ . u t  ~ 0 de ’c is ~u fu int ’ t i o n  ,0

u v . u i  I.ubi I i t v  tor t ite ’ s i x  f r e ’q u i e ’n c i r ’s. l’ tue ’ s ’ u u l ’ v , ’s ~s t  I ’ i ~ ’, - 1 +  5 l t u a u u t  i f v

t i f l ’  ht ’nt ’f I t  s - s t  hi g l ue ’ i’ c i  ev.u t I on ~u n g  i t ’s. [‘he ’ he nr i’ i t  i s  t’e ’ I a t  i ‘ c i  V

stn, u l  1 ( .u  t a ~’ to r  cr 1 t w o  t o  t l v s - ~ in the 21 )/ i’d (~}I,’ reg ion ; i n  the 1110 , ‘
~01)

&:u~- t’e ’g i s -s ui • however , t he h~’it~’t’ it is so I , i  Fcc ’ t h a t  i t  niu~ t be t , ik  en m t o

. i s ’ c ou nt  t .i t _ u I I t u n e s . 4S CU: r e p  rcst ’n t o  a t r ,uiu i t I out us j ~~ whe re ’ t h e ’

be nt ’ I’ i t  i s  I a t’gt ’ , hu t t n o t  ovi ’ u’whe I in I ui ~ -
(‘ ii i pr  t ’ f or m a t u ~’t ’ degr z ida t Is - s i - s  , u t  t h e  I s ’we ’r ~‘l , ‘v ,u  t o u t ;u l l c  I t ’s t i t ~cr ’s I s

~ i t ’  t’ m p iovm e’ n t  s t  s a t,, ’l  l i t s ’ co n s i s t  Lut ions w h i c h  , u ~’ c i s ,I su i s ’h s ’ i ’ v , u t  i on s .

To i ’~~~p  1 ore ’ I i - s i s  poSs Ii’  i I i t  v t he st  a t  t o t  j ,‘ ,t I di o t t ’  I h - sn ion  o I ci , ‘ v , u t  I on
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flit ’!, ’ Sc ’ t’ i , - s u l ~ . . i t  low ~ ‘ I e ’V~ t t  i o n  aug i t s  - T h I s  ~~~~~ s sl” ., ’ u ~~’ , ’d hv , t o  F ‘~~~ 
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- 
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~

( 1  ‘~ ‘tamp 1i~ 
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~‘~‘~ ‘ I _ St r a j t , ’i’i , ,tnsi F,it n in • who mon it ~‘i’ i ’d t i s  l i t  t t i ’ t - s  I
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2 tIB ari d til e ’ ot  .tnt l ,u rd d c v i  ,i t t on deer  eased f rom ,‘ve ’I’ i~ siB to  less  t han

0 .2  dR .

t,”dNSi’AN I’ SP , ’i I’ Si .‘E

In t h e  pr es’ed Ing .t u.u [v s  t o  • t h e ’ sat e ’ l i i  t e ’ ,m t enna d i a n e’ t er was

he’ I d c’OI ’L st ant  (at -~ , 4 t o)  .t t a l l  I re ’qu eus ’ I e -c . The’ w Id t h c - s t  t he  beam

f o o t p r i n t  on the  earth , corresponding ly , decx’ease-d with increasing

t’ r e’que ’nc ’v . T i t t o  is seen f r o m  Sect ~s -sii VI and t he Appendix , in whi5’h

t h e  t-thape’ and ii I :~ ‘ c- s f  t he  f t - s c - s t  pr  t o t  at’ s’ e x am i n e d  in Oct . u i l  . It  i s

, t s s t i mc’d that th5’ I’o-s ’t p r i o t  w i t i t ti , i s  g i ven  by t he  rs’Lit  io

1 .27 ~ S
F 

- - - 

D1. 
- -  - 

‘

wh~’ t’e, .us he f o r t ’ • ~ is the  s l a nt  p a t  hi , ,insl ~ ,1, i s  t h e  d i  ant ’ t er o t t he

I t ’,u i t sm  i t t  t u g  a n t  s’ L I I L i  - -

1h5’ v,i t U e ’S of W~_ , ~ h t ~i I lit ’ s! t ‘c ’l”, t h u  is  c ’ qu u a t  i - s - sn at  th e’ ~‘ar i outs I Fe’—

ue us ’ i t ’s , a re~ nO c ’ .t t t ’d in  F ig .  10 . th ey were  c a l  cuu l a t  cr0 at  an c i  s’V , i —  
. 

-

t i - s- s - s t  ,un c le -s - s t  ~0 tieg, m c !  ar e de ’oi gu . it e ’d as in  t i-sc’ t’ i g u r e ’ . The’

I,’,’ t i ’r  j u t  W 10 t l’u i S  se en t C’ t Ier ,’ re ’.t sc I rt ’-sm 12 it n i a t  2 1 . 2 CH: t o  Q . S

0 ilt i .t t 2t ’  ‘~ CII: - W!-s t i e ’ t h ’  small °i’ -s t si  :‘ ,u h i g h  f r e q u en t ’ I c ’s rc’—

‘- cut I t ~-c i n  ,m n i t - sc  reased ,Lu t a r ,i t e ’ [a c,-s ’c~sl We ’at h er  I F’ i g .  1,1 ‘) • it s c-stop i i  —

e’j t c’s I h e ’ p rob 1 e’otS s - s t  at -h i , ’~’ lug  a d e q u a t e ’ .i !~i ’ i  s’,’\’t ’ 1’.ti’,e’ and of  beam

t’c’ ii - st tug . It is  iu t e r t ’st l ug  t o  e’X~linlflt’ the’ vat’i,it ion of system pcu ’ f o r —

to , iUs ’e’ w i t h  I r e quene’v in  t h e ’ .ul t i ’r u at  ly e  case , in  w h i t -h t he  f o o t p r i n t

w i t it  h is he 10 e’s~tts t  ant  .is t he  fr e q u c nt ’~’ is  i n 5 ’ t’s’ist ’cI by s’ s- sn t i n u z t  l i v

Ore i’,’.us lug  t h e  s a t e ’ l i i  t e  an t  etu,a ~ i tue te’ r -

Fhe rr ,’su It s oh t a i ned it -u t it is , u 1 t e u - st a t  [we e’ i  c - cc ’ a i’s’ shown in F’ I c

1 -s i, a t h rouch t ‘t , anti are’ s im liar t o  t hose’ shown in F i g .  10 , t ’~~~~’ c ’p

t h e  fc ’otpr  j u t  w i d t h  is m a i n t  a i n , ’d a t  12 n m i  u, i t s  va l u i ’ . it  d l  - 2

w i t l- s .1 e . ‘~ to an t  e’nna)  a t  . m l l  f r t ’qt t e ’uc ’ L’s . The ’ a n t e nn a  d i  ame’t t ’t’ s’oi ’i’i ’s”

pc- su d t o g  i - s -s t b i  s l os - s t  pi ’ m t  W I  d i  i- s t l- st~ sit ’s’ I’ t ’asec ’c w i t  1t tnt’ re’as tu g  I

q t l s ’Ih’V • t o  m e l  i ca ted in  the’ f I gu ir t ’ , so t h a t  • for e’xamp i c ~, i S5 an t e n na s

opt’ r a t  i t g  ,u t ‘u - s  CU,’ could he’ moon t e’d u i  an ,tpe r t t ir e’ on the ’ s,t t c l i i i  e ’

t t - s a t  wet ,  10 b ’  I t t  i t  v -s- s c ’ s’itp It’d by a Iris ’, i t ’ an t e’flfl,t s -s pt ’ F ,,  t ins ’,  ,u t .21 CII:

i’ht’ O t t  ,m r a t e ’  • ‘,‘rr t ’s p - s’u- si in g i v , f.il 1 ~ o f f  r ap  t O lv w i t h  i n 5 ’ i’s’ao l ug f t ’ ~’—

q u t ’us ’v - t h i s  is  oh - s’~9- s in  F i g .  l h , wh I c’h i s  , u i-r o s s— p l ot  of t h e ’ t O 1t ’g
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Fig. 20 — Ratio of data rate at 30 deg elevation to that at 10 day

ven us availability ( wide-band data relay users )
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V. s A ’ r E r L I T E  CONST E LLAT iON SELEC’I’lON 
—

When h i g her  frequencies are emp loyed fo r  s a t e l l i t e — t o — g r o u n d  cornntu—

nications , both atmospheric attenuation of the si gnal  and the re la ted

sky noise temperature increase rapidly as the e l e v a tio n  ang le decreases.

This  leads to severe per formance  degradation at  low e l eva t ion  ang les ,

as shown in Sect ions I I I  and IV.  C o m p a t i b i l i ty  problems w i t h  the user -s -

p l a t f o r m  (e .g . , i n t e r f e r e n ce  by the t er r a i n , by obs t ruc t ions  aboard

s h i p ,  or by drag produced b y radomes c-sn a i r c r af t)  are  also aggravated

at low e leva t ion  angles , as m e nt l on e~ ear l ier .  These cons ide ra t ions

led to an e xam in a t i o n  of va r ious  sat ,e l li te  c o n s t e l l a t i o n s, w i t h  a v iew

toward a v o i d i n g  low t ’le ’va t ion  ang les; .

Ce’osta t it ’sn arv  o r b it s  (I) dog in c l i na t ic t n and 24 hr  pe r iod)  are the

o r b i t s  most conmion lv used at  t h~ present  t i m e  fo r  communica t ion  satel-

l i t e s . W i t h  f i x e d  and t r an s p o r t a b l e  user p l a t f o r m s , these o r b i t s  are

a t t r a c t i v e  because thwv  s imp l i f y  t h e  p rob lems  s f  s a t e l l i t e  a c q u i s i t i o n
*and t r a c k i n g ,  and avo id  any hand—over  r e q u i r e m e n t .  ‘i’his advantage  is

less impor t an t , h owever , w i t h  m o b i l e  users  suc h as ships , aircraft , and

ground vehicles , beca use compensation for p l a t f o r m  m o t i o n  mus t  ho made

rega rd le s s  of  o r b i t .  Moreover , geost at i on ar y  o r b i t s  n e c e s s i tat e ’  the

use of low e l e v a t i o n  ang les for  users at  bi g ht l a t i t u d es  and cannot  cover

the po la r  reg ions. This  is i n d i c a t e d  in  Fl g 71 , wh ich  presents , a,s a

f u n c t i o n  of l a t i t u d e , the  h i g h e s t  e l eva t ion  ang le  above w h i c h  one ~tii d I -

two sa tellites will always be in view~ for the most unfavs’srahle lc-sng i—

tude . Three cases are ’ shown : s i x , n ine , and an i n f i ni te  number c ’s t ’

equally spaced satellit e s. Note that , at  75 dog l a t i t u de , elevation

ang les as low as 5 deg mus t be used to assure  t h a t  at least  one satel-

li te is in view when a belt of nine equ ally spaced geostationarv satel—

lite s is emp loyed. Lit tle improvement in eleva t ion ang le can he achi e ’ved

by further increasing the number of satellites employed. This is ev i-

denced b y tile dashed l ine  in Fi g. 2 1 , which  r e f e r s  to the l i m i t i n g  s’cise

*For nong eostationary satellite constellations , the user must
swi tch  from a “setting ” satellite to a “ r i s ing ” one t o maintain commu-
ni cations; this is referred to as hand—over.

I
Obviousl y more s a t e l l i t e s  may be seen as the e leva t ion  ang le Is

lowered.
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“
~ 

~~~~~~~~~~~~~~~ iIi1

_

~~~~~~~~~~~~~~i 

_ _

—49—

50 ~
-
~
---  -- - --

~
-
~~ 

- 

~~

--——-

:

“--- -‘- - _ -

~~~

_ - _ __ - -

~~~~~~~

-

\
\
\
\
\

4 0 -  \
\
\

\

Num ber of satellite s in
9 ~-s geostationary belt

6
~~~3 0 -  9 \
-! Limit with infinit e number

of sate llites

I 

- 
in geostat onory belt

~ 20 
~~~~~~~~~~~ 

1 ~ Number, N, of sate llites
1 always above -

2 stated elevation

NN
N

N \1 0 -  \
\
\
\
\
\

0 I I

20 40 60 80
Latitude of terminal (deg)

Fig. 21—Elevation angle above which N satellites are always in view
as a function of terminal latitude

L 
- -



50

of  an i n f i n i t e  number of s a t e l l i t e s .  Cons Ide r , f or  exa m pl e - , an ob-

server at 75 dog l a t i t u d e .  The e l e va t i o n  ang ie ’ .I ho~’ s’ wh ich this ob-

server , r egard less  of long i tude , i s  assured of having at  least one

sate’i I i  to in view wou ld  ho increased u n i v  f rom S dog te ’s 6 dog i f  t h e

number of  s.its’i I i t i -s  could be increased f r o m  n i ne  to  I n f i n i ty .

For the  above reasons, o t h e r  s a t e l l i t e  cs ’snst e ’ 1 l at  ions assur ing

h i g her  e’ levat  ion angles were a iso exam i ned. No at  t emp t was made to

deve lop  an o p t i ma l  c o n s t e l l a t i o n , to t r eat  all l i m i t i n g  cases of in—

tt’rest , or t o  ex amine  the  sons i t  lv i t v  to  key params’ts’rs , Sirice ’ a v a i l —

ab le’ resource’s p er m i t t e d  the  e x a m i n a t i o n  of on lv  a sma l 1 number of

- ‘rhO s’I i , i r a c t e ’r ist  h’s of the constellations s’onsldere’d are

l i s t e s i  i n  T a b le  9 .

T a b l e ’ 9

CHARAC I ’h -:R l s l ’ l CS OF SATELI,ITE CONSTELLATIONS

Number Number of 1
Altitud e Per iod  of S a t e l l i t e s  I n c l i n a t i o n

Conf,~~~ira t  ion m l )  (ii r) Be I t s per B e l t  
f_

(des )

1 19 ,361) 24 1 0

I I  l0 ,O0O~ 10.9 3 3 60

I T T  3O , OOO~ 4 2 . 6  3 3 60

IV loo ,000-s 231.8 3 3 60

V l2~~,O0O” 335.8 1 2 60

VI 17 , 17 2 ’ 24 3 63.4

S ,0O0~
V I I  lO3 ,059~ 96 1 2 63 .4

5 ,O0Oi
~ 

______  I

C i r c u l a r  o r b i t .
“Apogee.

‘ Per i gee.

In addition to the basic ges’ss ta t  i o nar v  s’ase • the analysis includes cii ’—

cui,ir or b i t s  it 10,000, 30,000 , 100 ,000 , and 32Q ,000 ri ml , and s ’l l l p t i —

c ’ , ih  o rb i t s  with 24 hr and 96 hr  per iods .  The e l l i p t i c a l  o r b i t s  are

an I n c - I  i n a t i o n  of 63.4 dog to prevent rotation of t he  m aj s ’sr I

_________________________________________ - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ‘-
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- :  -



________ - “ ‘‘ “~~~~~~~ “‘ -‘ .‘~~~~~,‘—,•~~~‘-‘ 
-

— 5 1 —

ax is in the  o r b i t a l  p 1 ,tn e as a e ’ -si u se queue ’o of the’ ea r  th ’ s bul ge. El l i p—

t t e a l  o r b i ts  have the  advan tage  t h a t  the  sate ’l I ites spend 90 p erc en t  or
more of the’ I r t irne In the  N o r t h e r n  Hemisp he re .  I)uri ng mucht of this

*time , t h e  e l e v a t ion  is  hi gh——especially for users at  h i gh l a t i t u d e .

/ 
For e a ch  c o n s t e l l a t i o n  c on f i g u r a t i o n  g iven  in Table  9 , F ig .  ~2

1
,”p r e s e n t s  the pr oh.ih i i i  tv  t h a t  one or more ’ sat e l  I it e s  w i l l  be above 30

dog e’ le ’vat Ion as a f u n c t  iou of l a t i t u d e . Because’ of l i m i t e d  resources ,

on lv a sina I i  number of j o  j u t s  wore e’outpu ted. To c ’5fl p~t~i5 I ze the  coarse-

n ess ~ f t h e’ da ta  • t i e ’  se points we re’ connect i’d by s t r a i ght  l i n e s .  This

i s  au a ver ag e  p roh ab  i i  i t s -  I .e .  , the ’ p r ob ab i l  i t v  av e ra ge d over a l l  long i—

tudes and t ins ’s - An I m p o r t a n t  c o n c l u s i o n  is  t h a t  constel lat ions i nvolv—

ing  n i n e’ p r o p e r ly  p lt ase’d sa te ’l I i  ti ’s in c i r c u l a r  orb I t s  a t  60 dog inc-Un—

at ion (co n st i’l i ,,it ion s II , I I I  • and lv)  p r o v i d e  w o r l d w i d e  coverage w i t h

a hi gh-s prc’shahi ii tv ot at l eas t  one sate -i I i  t o  in View above 30 dog e l e—

va t ion . The’ p r o h a bi  11 t v  i nc rease- s  w i t h  sa te ’ l i i  to a l t i t u d e .  For t hese

th ree  Cc-ufl s te ’ 1 Ia t ions , t h e  sma h h e ’st p robabi l i t  v va I Ut’s occur a round  30°N

and 30°S latitude; ti-se probabilit y at the  min ima  increases  f rom ahc ’su t

0.8 at 10,01)0 n mi to 0.95 at 30,000 n ml , and to 0.97 at  100,000 n ml.

For the two higher altitudes , It was found that at least one satellite

is a l w ay s  in view above 20 dog elevation . Constellations which i n v o l v e ’

cmlv  six s a t e l l i t e ’s are u n s a t i s f a c t o r y  c ’V e ’t t  at 129 , 000 n mi , the  hi gh est

“s t a b l e ” i’ ls lu n a r  a l t i t u d e ’  (cislunar orbits above 130 ,000 n mi are un—

~t a h i e  at 60 dog inc  1 t h at  Ion because o t ’ l u nar  a t  t r a c t i o n)  . This is

i l l u s t r a t e d  by co n s t e l l a t ion  V . fo r  w h i c h  the  p r o b a b i l i t y  of there  k e—

1mg one s a te l l i t e  in v iew above 30 dog f a l l s  to 0. 73 i n  the  e q u a t o r i a l

*These advantage ’ s are o b t a i ned  at  the expe -uss’ o f  c o m m u n i c a t i o n s
capab i l i ty in the Southern  Hemisp here.  Thus , for  six to n i n e  satel-
lites , only 60 to 90 percent of the  t i m e  is even a s ing le’ satellite
available in the entire Southern Hemisphere (10 p e rc en t  of time \ the
number of satellites in the constellation).

t The word “s tab le” here means t h a t  the v a r i a t i o n  In a l t i t u d e  at
129,000 n ml can be held to + 10,000 n m i over a per iod of S to 10 yr
wi th less than 10 percent of the spacecraft weight devoted to orbital
maintenance . Furthermore, the frequency and magnitude of thrust
corrections would be compatible with current technology and thus coin- -j
patihie with long—life , rel iable spa cecraf t. A more comp lete analysis
of stable orbits and Imp l ica t ions for  the sp~ue’s’ vehicle design is he—
yond the scope of this study.
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rt’g 1cm . For Northern hlemLsphero e’ove’t’eige a t  1 at  I tudes  e-sxe’e e’d lu g _‘O

dog, e I thor of t he o i l  I pt  I c ’.t i orb I t s  ( cons t o i l  at  ions \‘ I or V i i  ‘1 W e ’ lL 10

be s a t i s ta c ’t ory .
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V I ,  SHAPE AND S I Z E  OF ‘I ’hIE BEAM I’OO TPR IN ’r ON THE EAR’i’ll

T h e ’ sa t c - t i l t  c’ i s  dc’s I good to so I ’ve ’ an~’ u ser  w i t  i i i  u-s t he ’ he-am fo o t  —

pri nt t ormc-sd by the’ tot c’rsec ’ t I on  of t h e ’ t OR e’ c~u t o u i r c i t  t l i e  111.1 L i i  I -s ’I ’. ’
o t  the  sa t i - t i l t s -s antenna pat t ern and t he’ e- ,Li’ t h’ s sur f , i c ’ c ’ . For a t i xe-d

ant e’nna sh ame- t or • t he -s s I Ze ’ o t t he’ he-am foo t  pr  lot  or spot dee r e ’,I S C O tS

the’ I req none y l o t ’ roast ’s. The’ ge-some t rv of the-s spot I s exam i nc- cl i n  t he

A p p e n d i x ;  I t  Is shc-swn that the spot is n e a r l y  o i l  E p t  i~’ , u l  I t ’ i t  tine’s

not u p p r o a e ’ii t h e  .-cl ge of the’ e’artli . To f o u r t h  powe-r s of t lie’ beam—

w iii th  , i t  Is shown t h a t  the- s l ong t li , width , and area of t i - se- t n ot  p r i n t

(L b,, W~~, and A 1,,, rt’spe’ctive-Iv) ar t ’ g iv e ’u t by Eqs.  ( A. ”) ) ,  ( A .  I S ) , . t t t l

( A ,  18) , wh i c’ii , cc’mnt I t  ti-sd to our p rc -s se -sn t symbo l c’sgv , hee c-sine : *

+ i t ) (  I + 2 (‘c’S ’ t i )  {(R , 4- U )‘
‘ — k c o o - ’ 

1]
- + — —  ( 10 ’)

1’ s in  - - ‘2-c  t-~ s I n ’  ~

(R + 11) - — R c ’ c-sS

W , ’—’S~~~~I + — — \ -. + - - - - -- -- - - - - + - — -- -- - -  ( I I ’ )
I- ~ 1 2 k  slo t) -( e sin ’ t) 1-s R ’ C O O ’

- , TT H~
’ (2 R + t t \ - ’ ( i  s I n ’  I -s

A = ~~~~~~~~~~~~ ~~~~~~ + - - -‘ - - - ( I ” )
I-’ s i n  ( I 

- -128 R’ sin’ ~

= 1. 2 7  \ / I )  I or ~ 2 () c lc ~~ , ( 1  1)

*A s l i t  f e-sr c ’u t Sc’ t of svmho Is  i s u~~e’d in  t h e ’ A iipc-fld I x . I i i  t lie’ AI’l’ sem ’
clix , t h e  c i  e ’~’a t ion ~1ng 1 o Is eli- si - st - st ed hi ’ ,i r a t h er  t han  11 , t he ’ bc ’aniw i d  t h
by ~~ r a t her  t han ,S , the ’ e a r t h  r a d i u s  liv R r a t h er  t luau R 5. • t I - s e’ si ,,ot
range’ by r r at her  t h a n  S . and the  I e’n gt h , ~ t O t h , ant i  a t  c~ , t  c ’ I t Its I c ’ot —

pr tn t by i)
i, , 1)1. .mcl A r a t h e r  than 1’F’ 

14
F’ 

and A 1,, .

~1’h is hc’aniw lO t ii I s  oh a I nod when t lie I i i  urn I tia tic - s n c ’  t he ’ . tn t ’nna
Is t ape ’ re -el and has .i 01st  r I hut  ion ( I  - r - ‘

~ , where ’ r I s t u e  norma i i  ~
‘ i- cl

01s t ~i t c e f rom the’ s’ c ’ut  or (0 < r I ) , W I t i t  t h i s  i l l  urn l u - u t  Ion , t h e
t Ir s  t. sI dc-s I c-s i - s e ’  I s , t he-sore - st I c , ,i ii y , 2~’e - 6 dlI he’ I c-sW I he’ t ’se ’ak to t e’t’L S I t  v of

t he- ma 1u l i e- sam ( R e f .  ~‘4)  - App m x  m a t  c ’ i  i’ I he-s saint ’ bc’antw LO t ii I s  oh t a t u e ’0

w i t i t  w ha t  i s  o f te n  re-sfe-srrc -cl to as ‘‘I t) OR t aper ’’ I i  i u m l n a t  ( t in .  N at’ row e- sr
he’ams can he’ oht a ~nc’sl a t  t lie- s c c ’ S  t of h I  g he ’r s i d e - s  I ~ hc’~ ; I t  w i  I I b ’  O c t ’11

l a t e - sr  (Sec t ion V I . ) , Ic- s r e xam p l e , t h a t  , f c ’ s i ’ ilre ’se ’t ’ t l v  usc- sd t c-rn - s t na i s ,
.S Is  as sina i I is 1.06 \ / l) . 1
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V I I .  SOME SYSTEM ISSU E S

The p r i m a r y  in! ss Ion of a force  ci O ffl C fl t i s  not commuu-s i cation , a I —

though -ommun I ca t i c -sn may be e’sse- n t I a I ( c i  c’a rry 1mg out it s miss ion - 
—

The’ rc’ fore-s , one would pro  fe -sr not to  have’ to mod I t v  t he  norma l in ISO ion

pre-s f i le  (c ’ . g .  , th~ a i t  i tu dc ’ range , cir a t  t it tide’) in order to  commuu -s I—

catc’ . In acid I t ion , t lie’ time -s of the  crew is  usua 11 v t i g h t  lv  s c h e d u l e d

and , li-s t im e - so of c r i s i s , g r e a t e ’r c t - snce-sn t r at i o n  is  demanded on m i s s i o n —

re-s i at ed f u n c t i o n s , so a u t o m a t i o n  of ti - sc cc’-smmun I ca t  ion opera t 1cm to  the

g re a t s - s t  p o s s i b l e - s  e x t e n t  is e s s e n t i a l .  Iii  t h e  f o i  i c - s w i n g  Sc ’ t ’t  i c - s i t s  c f

t l i  s re -s i - sc - s i ’  t , cons ide r;i I i on  i s  g i v e n I c ’ t hose  pr oi -- s I c m s  re I a t  j u g  I

p - s  t n t  lu g  and t r a e -sk in g  t h a t  a r i s e-s a t  hi c t it ends of t h e  1 I n k , and t c t I t o

com patil - s i l i t v  c - s t  c c - sm m u u t i i c a t  i on s  eq u i pmen t  w i t h  use r i - s l a t  f o r m s , sa t e - s i —

I I t c  r c m t i gtii ’ ;u t  ion s , and w i t h  t he  p r i m a r y  m i s s i c - s u s  01’ t h e  es,e ’ro .

TRADEOFF UE ’I ’WEEN COMPLEXITY
ON THE SATELLITE AND AT THE-: USER TF~RM 1NAL

Two po iu ts on the  t r a d e o f f  curve b etween sa te ’ i i i  to and user an—

tenna di ame t e’ rs we’re-s exam f r i e d  in  So~- t  ions l i t  and I V  - Those’ p oints

co r r e s p o n d i n g  to sat  o u t  to  ant enna  diame’ t er s of 4 .4 in and 1 in and

t e r m i n al s  c i f  0. 1 m and 10 m , ws-sr e  se l e c t e d  to meet t i - se  r e q u i r e m cm t s

of small m obile users at-sd of w i d e - s — h a n d  d a t a  r e - s l a v  users . A m Or e -s c’om—

p lc - s te - s  d i scu ss  Ion of this tradc- c- sff is pre’se-sn t ed tiers’

C ic - s at’  I v  , the  omit 11 mt -sb l i d ’ user ’s pr t - sh  I emS a I’ d-s gre -sa t I v a l l  e’V j u t  c-sd

by us log  a l a r g e r  an tc ’nna  tin the  o ,u t e l l  i t s ’ • so t h a t  t h e  use r ’ s beam

c-sa n b~ correspond log lv  hr c- sadc ’r  - Tli i s  ease ’s h i s  p o i n t  ing  and  t r a t -k i n g

re-sq riI remen t o .  More-sove-sr , the fe-sas lb j i l t  v of u s i n g  a sate - il  it s - s ccMrnnu—

n i  ca t  Ions  ser v i c e -s  may dope-sod s t r o n g  l v  on t h e ’ s i  c ’ • wei gh t  , cii’ coot  ci f

tile ’ re’qu t  ru - sd an te- suiu a and i t s  g i m b a l s. On the- s  has  is  of equ i  pmc ’fl t O c iS t

a lono , the optimum tradeoff point between tite sizes of tlle two an—

t e nn a s  dc -pc - sud s  on the numhe-r of users serve-sd liv a s i n g l e  s a t  c l i l t  o

lo t e’nu ta  c’ive--sr its l ife’ time . Other f a t -s tcirs th at units t he --s c-sons i dor od In

dct c - s cm lii ing the opt (mum t rad on I f  pci lot Inc lut e 1. ’ • f t - s r  examp i t ’  , t h e  ab i i  —

I t v c - s  I ti - s e- s uisc’r t c ’ nt’ceimp ii sh ii is pr I m ary  fu m e  t I din (e. g. , as ittc’asu F-s -s d

by th ~ preihahi I it - s,’ of m i s~~lcin S t t c ’ d ’ e ’OO ) — — O  f a c ’ t c i r  whi ch mai’ wc-sl I pu sh

~~~~ ________________________ 
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the’ opt [mum t r ade ’ct 1 t~ i-se t n t  towa rd sina i ic’t ’ cisc- s r a n t  euiu:to t han a cc’ cli c~—

t_ u t s -s st liv re- s l a t ly e ’ an t e - su n a  c c s t  a le - su e’ .

‘l’lt,,’ pet’ fc-srrnanoe’ trade-s c-sf f hetwe’en the’ antenna sizes at ti-se’ two

‘nds c t  t tie commitil I c ’ I  I I c ’triS l i n k , ti nei e’r t he ’ s-s silicl I t  ions spc’c I f led in

‘ I-s ab le  -s , i s  Il luus tr ~u tecI liv tile ’ s o li d  slot -sing I ins’s in Fi g.  .~5 . In

lii s fi gure’, t h e ’ re-scjul i re-set sate- s i l l  te cii ~iiiie’t s r  , fl -s1. , is p lot  t e’d a g_ u I us

the ’ I e r m in a l antenna c t t i u m c - s t e ’r , 
~R

’ t ot’ ~i d a ta  t at e -s of lo t’ lips ( e  . g .

t’-s O Ttnt -s D i v  tSlc ii Mu t t t i p  Ic -s Ae ’cs ’ss (TDMA ) users , each u s i n g  d i g i t a l

v - s  I c’s’ .It I t-s kh ps) w i t i i  an av - si  ( l a b  i i  i t v  c - sf ~~~~ percen t  , N c - s t e  t h a t  , w i t  1

.i c-t ~-sn st  an t  oa ts’ l I l t - s -s an t  e i O ~i d i  ante-s t cc of 4 . 4  in , those cnncl i t  tons can

ho met  at  fr e -qu s -u c -s Los  t ip to Ii Cii ,’ wi th a te -sr m l u - s i i l  . t nt c 9 l n i l  ci lamet  s’r

of () . 1 m , At 38 ( i 1 , ~ , t h e ’ roq u I rod to  rm I nit I an t  c-sfln ,i  d l  amc -s t c-si’ I n c rc -s~lsc’o

to  0.25 in , w h i l e ’ , a t  101 CII’,., i t  l umps to 1 L q in. At t i - se i - s i gher Ire—’

Clue-sO S’ i t -so , i c ’eWO I’ ava I i  ah i i  i t  v inns I t It o ro  ft- ste-s lie’ t c i i c-sriu t c-sd if th e-s r - s —

c e -s I v - s - i - .11-s t  e’nn~u St .‘o i s  to  re -sina In cc-sos t a u t  , Thus w I t  ii cotis t a u t  4 , 4 in

and 0. 1 to ant c-snnas , ava I l ab  t i l t  v f a l l s  tc - s qti . ps -Yes -n t a t  48 (‘-sHz. and

to c)3 _ p,’rc ’ t ’nt at  101 Cii.’ (se’s’ Fi g. It) (c and ci)).

At sm,i l I e - s r v ,l I nc’s ~ f s a t e - l i l t  -s -s an t t ’nna d i  icune t c ’r  , t h e  t enn  m a  I

ant  enna d i  aine- t c-sr mu s t  h - s  in c  rease’d il - s  th e ’ manner deji Ic ’ ted in orcls-sr t O

m.i i ri t - s t iii tii o Opt-s c’ III e’ci slat a rat c-s ansi ciut age’ v~u 1 ut’s. Thus • wit ii a 1 in

sat e -s l i l t  c -s a n t  e- sn n a (ti - se -s va I tie se-s i ec ted for  wid e—h and  cia ta rs’ la~ users

in St -ct  ie ’n I V ) ,  th e  106 h p~ da ta  rats’ wciuld require- s ii re -s c-s c’ [vs-sr z i n t o n u t a

d i ameter of O. 3t- s in in  ti -se 2() t o  30 C.Hz f r s ’que’ne-sy rc-sglon . Titis incrs-sasc’o

tci 14. -s to whc ’n a d a t a  r a t e -s of lO ’~ bp s is  r e ’qtii rs ’_ d w i t h  the’ same’ ~uva I i —

a b i l i t y .

‘~h5-s dashed I tne-ss in Fi g. 2 5 j si  in p o i n t s  c - s t  c o n s t a n t  f o o tp r  lot

w i d t h , The -s foo t p r i n t  wid th , and the c’s.-irre’speinding val ues c-sf th5-s

dB heatnwidth , ‘ T’ of the angular re-sc -slut Ion of the  tr ~unsml t t lug iit - s—

te’nna , aro m d  ic-sate-sd in each case .

To improve system pe’r fci rnianc ’e , the satellite EIRP per beam may

be (nero-usc -sd beyond ti-se assumed v ,tlix e. This provides exe’ess marg in ,

wi-sic -si-s can he’ used to obtain higher availabilit y or a m u l t i p l e — u s e r
capabilit y within the same footprint , rat her than to decrease’ ti-se user

an tenna dlam &-ste-sr, In the multiple—user case , ti-sore’ is a multi p le’

aCe
~
O5S problem. TDMA is more efficient than FDMA (Frt’quencv D i v i s i o n

— 
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Mu l t i p le ’ Ac-s c’s’ss) ; b i t t  In  bo th  c’ase’s • t i e  -s -squ ip i ne’nt comp I s’x I tv  and

t ime r e qu ir e-sd fe- s r dopp ler  sear s-sh and frequene-sv corre’s’t Ion may he appre—

e- s i a b l y  gr eat e-sr in the m i l l i m e t e r — w a v e  hand ti - si -sn a t  lower f r e q u e n c i e s .

Tb5’ inci l t i p  ic -s access problem , m c ’ h id ing  f requ e ’ne-s v , c-ode-s . and p hase ’

svn ch ron iz at  Ion , h a s  ncit  been examined in this study

The’ emp lovmt’nt of sma l l  t e - srmin a  1 ~mnte-snnas great i v  eass s certa in

prcih le’ms enceiuntereel by s m al l  m o b i l e ’  users , .10 di sc -u oss ’cl in Se-s c- t ions

V I I I  thr e - sugh X I I .  At t he -s same t tins’, ti - se- s c’c rre -ssponsl in gi  v large’ si ~e’

1, 3 . -4 in) c-sf the ’  sa te - s i  1 i t s -s antenna re-soul to In ve-srv narrow beams , c’Spe’—

c- L u l l  -s, at the ’ h I gher f r e q u en d -s i~~ (se c Fi g. 2 1)  . These narrow sa te -s i—

i i  te beams si  go I f id -s i l t - s t i v  dc ’s-s t’ease -s vu 1 nerab i l i t  v t o  i n te r  fer c- s iie-s e -s by

f r  j c-s~ d I v  o r no f t t end i v  sourd -s e’s . At  tit5 - sj nt e ’ t lute , th e-s small ic -s c - s t —

prints c-sb ta In s”d f rom  these’ beams pe riot t In c  r oa st - s d f req u e n cy  reuss-s

f re-sm thus’ 5,ims-s o . l t c  1 11 t s-s . Tii -s aci v~cnt ages asos -se- t a t ed w I th na crc -sw sat  —

ci I it o heiimo .tre oh t a l  nod at  this ’ coot  of In c  re~useci p o i n t i n g  ansi t rac ’k—

in  ‘~ .1 c 111:le -V re-squ I re-smc’nt 5 .1 t bo th  et -sds of t h e’ 1 ink and a -sloe- sd t’or a

ti-sore eoinp l s’X aequ i~-~ i t ic - s n  -~
-
~~‘~~~ tern • m i t t  t Iii I t -s beam a n t  c- sn l - sao . anti ill -s au on—

c ’mod Io c-sompu te r—cou t ro I led .as s I gums-sn t s i-s t e r n  fe -s r os’ rv log l a rg e -s n umb e ’ rs

o I w i  tIe ’  l v  si- s re-sad , sm a l l  inc-sb i I s-s u sers . The r~- -s L i - st I nc~ and t r ac - sk I nc~ p r ob—

I em is d i  -ic - t is s od I n -sc t I c -si t VI I I — T h e’ .1 ’ qu 101 t I on prob i s m  t~ a major

w iu C I c~ .1 d c -  t a i l e d  t re- s at  inc- s O t  i s  l icy ctusi  t u e  scope’ c - s f  t b  is  s lu t !  v , i t

c-sw c ~-smtne ’il t -i a rd -s i n  ci rc le -s r .

THE Au ‘e~l1 tsi rt ON PROB l EM

‘i’wc-s gent-s n c ’ antenna ar riingo’n e-sn t s c -s an he-s etnp 1 ov s-sd on ti - se-s Silts - s i  i i  t e

e ’i e e  t re-sn t eal  I v  s~~annc-sd c -sr s t e’ere-sei mu I t I p i e ’— f e -s e - sd ot’ mu I t I p 1 e — ’bo~im an—

ts-snn as (lOt - s i tiding phase-set a rt’avs ‘) , ansi rne-s c’ ban i  c-s~i l i v  sc’zinn ecl s I n g  I c - s —b eam

ant  e -sn n.u o . F,a c-sb ty pe h a s  I t o  acivan t age’s and i t s p re -sb I s-sinS -

Mu 1 t i p l e— beam an t  c-snnas have’ t’-s ’c c- s i vest mud -s i at  t s’ t t  iOU dlii t l ug  re - s c-s t- st -s t

ve - s u  r o . (2  ~‘) 
~~ e’v utsu a l i v  t nvc 1 v~ an ic  r a y c-s1 f e - s e ct  c- s i  c’ioOfl t O , 0 ,  - , horns

wh ie - s 1 ilium I nat -s-s a is-sOs ant  c-s nfl - sl , - sr  I ~ it r aho i i  c~ c - sF  si -she-s r l c -sa i re -s f i e ~’ t dir

in  c- s i ti -si-sr an offset or C ts so g i ’ ,t in  ian  .ir raugs -sm e’nt , l’h.’i r ~rt ’- s ut cot -sic !—

v at - s t  -su g e is that t h t  he-sam s-s ilo hc-s stc -sppecl qit icki v ( i t t  t i i lO’ e ’ c ’ c i t - s d S  tO

ml c~ re - s oc- s condo ’) f r i-sm c f l t-s peis i t t  c-so to .tflc t 1-se-sr by ow it c’i t  I t ig  among I in-s t’ eed

c-si t - sm ,- sn t -i . Tht’v .urc-s • how -sver , u n I t s - s e t  in  th e  ciogre-se’ t o  wi-s i e ~i-s s I~ le-s I ohe’-s’i

can he-s oupp t’i’SS ’c l • t’spen-s La ) l v  whc’n l a r g e -s ~~ g i t ’s are’ so lOn e -sc ! . Tb Is

--



‘—

~~

---s

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

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~-‘ ‘c”~ --s”

— 6 2—

c h a r a c t e r i s t i c  renders them more vulnerable to januning , and so limi ts
their usefulness in militar y systems .

Mechanically scanned antennas can maintain very low (e.g. , 80 dB
down )~~~~ sidelobes throug h essen tial ly un limi ted scan ang les. The

t ime requ ired to scan from user to user , settle down , and beg in infor-

mation transfer  (af ter f req uency, code , and symbol and phase synchroni-
za t ion) is , however , long (usually a few seconds). They are generally

limi ted in the number of users they can serv e wi thout employing a very
large number of independent antennas (antenna “farms”). However , when

only shor t messages are involved , they might be delivered without step-

ping the antenna——e.g., during the course of a continuous raster scan.

Wh i le th is essen t ial l y removes the lim it on the number of users who
can be served, it is efficient only i f the den si ty of users (average

number per spot) is high over the area scanned.

With either type of antenna arrangement , a conununications link can

he established in one of two basic ways. In one approach , the user

first directs his antenna beam at the satellite and transmits a brief

a c q u I s i t i o n  message i n f o r m i n g  the  s a t e l l i t e  of h i s  loca t ion , his  iden-

t i t y ,  precedence level , and type of message (e.g., length); this trans—

mission is received by the satellite either through a wide beam , e .g . , 
- 

-

an earth— or theater—coverage antenna , or throug h a scanned spot beam.

The satellite then directs a beam at the  user ’s loc-s
~.tion and goes in to

,i search pattern surrounding the user t s position until contact is made

and a two-way connaunications link Is established. In the second approach ,

the satellite continuously scans the entire area served , in either a

continuous or stepped scan , receiving and transmitting messages as it

moves along. While considerably less e f f i c i e n t , this second method may

be adequate for low data rate comunications in a dense user environment.

S
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V I I I .  POINTING AND TRA CKING AT HIGH MI CROWA VE FREOJJ T~NC IF: S

When higher frequencies are emp loyed with a given antenna diame-

ter , narrower beams result. An extreme examp le is a laser communica-

t ions system , where the b eamwidths  are measured In m i c r o r a dia no .  W i t h

narrowe r beams , the acqu i s i t i on  problem is aggravated and , a f t e r  acqui-

s i t i on , more accurate  t r a ck ing  is required .

We first examine in this section the general pointing and track-

ing accuracy requirements  and l i m i t a t i o n s  as they r e la te  to o ther  sys-

tem parameters . We then consider the pointing and tracking problems

peculiar to wide—band data relay users , small m o b i l e  users , arid the

s a t e l l i t e  s t a t i o n — — w i t h  emphasis on the a d a p t a t i o n  to hi gher f r e q u e n —

cies.

OPEN-LOOP POINTING AND ACQUISITION

Techniques for  the  i n i t i a t i o n  of communications between a satel-

l i t e  and a user t e r m i n a l  ( a c q u i s i t i o n  techni ques)  were mentioned in

Sect ion VI I .  In al l  cases , the use r——knowing  his  own location and the

s a t e l l i t e  e p h e m e r i s — — m a y  beg in by pointing a beam at the satellite in

an open—loop  (au tonomous)  m a n n e r .  This initial pointing must be suffi-s-

c i en t l y  accura te  (u sua l ly  to a few h e a m w i d t h s)  to ensure i l l u m i n a t i o n

of the satellite after only a nominal search. Searching may he accom-

plished by mechanically scanning or by electronically stepp ing the beam

( w i t h  the aid of m u l t i p l e  f ee d s) ,  or by a combinat ion  of b o t h .  A f t e r

learning the location (latitude and longitude) of a va l id  user by means

of the a c q u i s i t i o n  beam , the s a t e l l i t e  may po in t  a narrow coimnunica t ions

beam toward the user (again in an open—loop manner) , w i t h  s u f f i c i e n t

accuracy to avoid excessive search time.

The solid angle which must be searched is determined by the b c-si—

tion errors In the transmitter and receiver in conjunction with the

slant range. Pointing errors will further increase the number of search

pos i t ions .  Assuming all errors to be-s random and Independen t , the  rs-s-

sultant angular dimension of the field of view to he searched is the

root—sum—square of the individua l angular errors . Assume the satel l i te

to be at t i-sue zenith and that the search f ie ld  is small .  Then : 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ -s-~-sZ~~~
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= + (~~~~ ) + 
(

~~~~~~2 ( 14)

and

Ad = AB A O , (15)
‘< y

where Ax T , AX R x—components of the error in the  locat ion of the

transmi tter and receiver , respec t i ve l v

AG = x—components of the angular pointing error intro-

duced by errors in attitude reference , mechanical

l inkage , etc.
H = sa te l l i t e  a l t i t u d e

Ad solid angle which must be searched

= angular dimensions of the field of view which must
x y

be searched , mea sured In the x— and y—direct ion s ,

respectively.

Equat Ions  (14) and (15) show the relat ion between the required s o l i d —

angular search area , Ad , and the errors in location and p o i n t i n g .  The

search area Is also related to the search time , T , by

All t
T =~~~~~-s~ -s_ -s._ -s~! , (16)

s

where t d 
= stepp ing time of the beam from one search posi t ion to the

next , Including the dwel l , transit , and se t t l i ng  times

= solid angle sub te nded by the main lobe of the search

beam.

Equat ions (14) and ( 1 5 )  may be combined to y ield

2 2
T 12 I Ax ~~ l Ax

~~~_ s b  I T  I R 17xp~~ t~~~~~ \ H ~~ \ H

Errors in sa tellite location are determined by errors in the ephemeris

and timing. The error in the ephemeris is a function of the leng th o f

time the satellite has been tracked and the tracking system •-l ei-s s-suracv.

Simi lar ly ,  the error in the position of the small mobile user depends

on the accuracy of the naviga tion system emp loyed. Wi th the dep loymen t

~ 
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of the  Global P o s i t i su n i n g  Sy stem (GPS) a f t e r  1985 , both  the user and

the s a t e l l i t e  l o c a t i o n s  may be det e rminab le  to 10 to 20 ~~~~~~ W i t h

a s a t e l l i t e  a l t i t u d e , H , of 30 ,000 n mi , both  Ax T/H and Ax R /H would

then become n s- sg l i g i b l e , in w h i c h  L~j se the requi red  p o i n t i n g  as-s c- sUracy

would depend only on the t ime  a l lowed  for  search , the  b e amw i d t h , and

the  s tepp ing t ime .

To i l l u s t r a t e  the app l i c a t i o n  of Eq.  (16) in t h i s  case , cons ider

a 0.1 dog beam for which t h e  s tepping t ime , t d~ 
is 0.1 sec. I f  100 sec

are a v a i l a b l e  fo r  search , the open—loop p o i n t i n g  error may then  be as

large as 3 deg.

The’ p o i n t i n g  accuracy , in the  case of m o b i l e -s users , is l i m i t e d  by

lie -s - s t c o u  r ac v of t hit-s at t it udc-s Fs f t - s r s -s i ice  s vst  c-sm emp i Ove -s cI . l h  i s  p er  f o r m —

~uuc c ~s l  I I t~c disotisso~i tate -sr in this Os-s e- s t  ion b r  t he  t h r e e  s ta t  ions

of  interest.

Track ing  may he accompl i shed  us ing e i t h e r  a satellite—borne hea—

c- s Of l  si gnal or the communication signal itself. Monopulse techni ques

are u s u a l ly  employed to generate  the  e r ror  s ignal , hut  a con ical  scan t

is used in some sys t ems . Presen t  tracking techni ques may he extended

tot h i ghs- sr f r e q u e n c i e s  w i t h o u t  change .  The t r a c k i n g  a c c u r a cy  is l imi t ed

by the shape of the m a i n  lobe and the  si g n a l — t o — n o i s e  r a t i o .  The

narrower beams obtained at  h ig her frequenc- sl e s generate usable error

signals with small displacements , and so permi t  hi gher t r a c k i n g  accu—

r - s i c v — — w i t h i  o t h e r  pa rame te r s  r e m a i n i n g  u n c h a ng e d .  In Sections III and

IV , a Va I us’ of 10 has been assume-sd for  E
h

/N
O~ 

w hj c -sh is an adequa t e

si gnu 1—to—noi se-s rat to for moot tracking purposes.

ANTENNA BEANWT 1)TH S AND DSCS ‘FERNINAL CHARACTERISTICS

As noted  above , bo th  t h e  p o i n t i n g  and t r a c k  lug r e - sq u ir em e n t s  are

c ! o sc ’ l v  re- s la t e-sd to t h 5 -s an te- suna he’a mw i d t h , ~S , w h i c h  dc -scr eases  a t  h igh e r  

- 
I t  was I ot i t i c i  in St ’c- s t  ion V t h a t  a cons te l  1 at  ion  invo lv i n-~ i i i  no

s a t e  l i i  to- s - s i t  ~0, 000 n ml  - s i l t  I t ush’ and tuO dog If lc -s I in - s - st Ion provided
wor I ciw ide- s  c ’VO r - s 1c~s-s above ’ 30 de~ c i  evat ion ahc iii t  ci 7 ~ pe’r d - s ent  of t h e ’
t into . T h i s  a I t  i tuide is  se-s is -s cte-sd as a r e f e’rt -’nce - s a i t  I tucle in  the Fe’—

rn_ u i n d s-sr of this t-ss-spo rt

Sec Re’f. 27 . pp .  l 7 5 l 8~~.

Rc’f. 27. pp. 1 h 6 — 1 7 5 .
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WIDE—BAN D DATA RELAY USERS
Wi de—band data relay users may require data rates as high as 10~

bps , and therefore employ larger antennas than small mobile users. In
Sec tion IV , the availability of a downlink with a 10 m terminal antenna

in conjunction with a 1 m satellite antenna was estimated as a function

of da ta rate. When a cooled parametric amplifier is used in such a

link , in conj unc t ion wi th coheren t modula t ion , the es timated availabil-

i ty a t da ta ra tes of i0 8 and l0~ bps , respec t ively , a t 30 deg eleva t ion

(obtained front Fig. 18) Is shown below:

Es timated Availability

FrcaltielIcv -s~~~~~~~~çen t)

( C t l z )  At l0~~~ j~~~ At iO~j~~s

: t .~ 9. 9 9 9 . 5
- 

- 31 99 . $ 99 ,4
48 99. 3

101 08 97
1 ~‘2 OS 9(-e
2b~ 97 Q4

Not t-s cind;urns - s rit ru t proth-sl eCms tire C uu i t C I c  i p a t  1-sd f r i  e teveC i i ’~ I i l~ l i - ’ i i l l  i n i a  3 C C

wit ii ‘ in t  e - s il n r i S  Cr5 1 Ci t - ge is c v i i i  -s~
() iii t o t —  ops~i-s i t i 0 r i  a t  31) C l t 2  . lii lie - s r -s

-s ;i~- s k i n c  , t i -s iC In t - s r i i - s v  w o u l d  ho r e ( 1u i i - sc~d i t  t l i t ~ I i j c h c r  t ’ r i - ) i i i - s n c v
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a c q u i s i t i o n  ( i n c l u d i n g  warm—up ) in the case of the FSC—78 terminal.

It can be seen from Eq. (17) that , in this case , the permitted open—
loop pointing error may greatly exceed the beamwidth .

On the othe-sr hand , ast ronom ical telescopes have demonst ra ted

open—loop pointing errors which are much smaller than the nari~owest

beamwidth listed in Table 10 (0.0082 deg). Thus, for examp le , the

millimeter—wave radio telescope at Onsala, Sweden ,~~
36
~ has an aper—

ture of 20 m and can be pointed with an rms accuracy of 2 sec of arc

(0.00056 deg), which is less than one—fifteenth of the narrowest beam—

width considered here. The task of astronomical telescopes is some—

what simplified , of course , by the fact that the target location is

accuratel y known , and the only tracking required is that needed to

overcome the effect of the earth’s rotation . This is usually accouri—
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an tennas are employ ed a t higher frequencies , smaller user antennas
wil l  s u f f i c e , in w h i c h  case the  satellite communica t ion  service  can

be extended to smaller  vehic les .  Thus , in the baseline sys tem dis-

cussed in Section III , relatively small (4 in., or 10 cm) a n ten n a

diameters were postulated for  small  mobi le  users . As a resu l t , the

beamwidths are larger , so that the terminal pointing and tracking re-

qu irements are less strict than those for the DSCS terminals , despite

the fat - s t that higher frequencies are employed . Thus , with a 10 cm

a n ten n a , it is seen from Table 10 that the small m o b i l e  use r be am—

w i d t h  r anges f rom 0.82 deg at  265 GHz to 10.3 deg at  2 1 .2  CHz .  More—

c ’V t - s  r • I h ’  - s in L enn a mass which must he stabilized Is much sma l l  or , g rt -n i t  I ~
reduc -s nrg t i t -s c-sost of th e  stable p la t  form .

As w i t h  t he  DSCS t e r m i n a l s  on m o b i l e  p l a t f o r m s , Ilowever . cclmp l I—
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field which can be searched in the time available. Ideally,  the atti-
tude error should be smaller than the beatnwidth which , as seen from
Table 10 , ranges from 0.82 deg at 265 GHz to 10.3 deg at 21.2 G1-slz when

a 0.1 m terminal antenna is employed. Attitude accuracies of this

magnitude present little challenge to most attitude reference systems.

Navy carriers , cruisers , and submarines have Shipboard Inertial

Navigation Systems (SINS) whose accuracy greatly exceeds that needed

for communication when a 0.1 m antenna is employed. Small Navy ships

and ground vehicles provided with pendulous gyros and magnetic com-
passes could prov ide attitude informa tion wi th an accuracy of 1 to 2
deg at a cost of $6,000 to $8,000. A strapped—down heading and refer-

ence system, wi th an accuracy of 0.1 to 0.25 deg, cou ld be provided
*at a cos t of $25 ,000 to $30 ,000. This accuracy is more than adequate

for  communica t ions systems emp loy ing 10 cm antennas . At a cost of

$40 ,000 to $50 , 000 , an accuracy of about 0.03 deg could be achieved.
1-sb is  would s r n f f i c en  if cons id e rab l , i--s l a rge r  conunun~ ca t ions  a n I C - s n i r n n i o t
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Table 12

ANGULAR MOTION OF SHII ’S

M~~~~~
-s
~~~ t 1 s  H um Sh i ps

Sea S t a t e

S _ 5 7 
-

Ro ll  T
-

‘ 
Period , soc 12 12 q d4
Amp l i t u d e , dog 16 16 29 31
Maximum r o i l  r a t e , deg/ see-s 8 . 4  8.4 17 . 5  2 1 . 6

Pitch
Per iod , sec 7 7 6 6
A m p l i t u d e , deg 5 9 6. 5 I I  - 

-

Maximum p i t t - sb r a t e , d e g /se c  4 .5 4.5 6.8 I I . t

Yaw C -s
Period , Sec I ~

-s -. 60 -.
Amp l i t u d e , deg j 2 5 4 7 . 5

C - g n u x i l n 4 l C n  V i W  r a t e .  dci ~/ scc  [ < 0 .21 < 0 . 7 9  0. 4 2  ‘ 0 . 7 9

C
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The simplest , but least a c c u r a t e  s i - s t e m  (des i gna ted  a s “b i a s  mo-

men tum” in Fig. 28) combines a horizon sensor and a gyrocompass. The

horizon sensor provides roll and p itch informa t ion with a 3—a accuracy

of about ± 0.1 deg. The gyrocompass indicates yaw with an accuracy

which decreases with increasing altitude . At 10,000 n mi , the 3—a

acc uracy is ± 0.2 deg ; this falls to ± 0.3 deg at synchronous altitude ,

and to abo ut ± 0.5 deg at 30 ,000 n mi a l t i t u d e .  When the user eleva-

tion is 30 deg (worst case) , the area which must be searched from 30 ,000
n mi altitude then approximates a rectangle of angular dimensions 0.2

deg -\ 0.21 deg. This type of sys tem is used on the  FLTSATCOM and TIROS

satellites. Its employment in the base case downlink (discussed in

Section III) would introduce the need for only a moderate amount of

sear ch. Assuming changes in s a t e l l i t e  a t t i t u d e  d u r i n g  the search  pro— -
‘

• cess to be negl i g ible , or to be corrected fo r , the approximate  number

of beam posi t ions  w h i c h  would have to he searched with this attitude

r e f e r e n c e  sys tem , op er a t i ng  ftc-sun 30,000 n ml a l t i t u d e , is an f o i l ow n :  

N C I n u h e t

I u u i t t ~~v I 01

________ 
(deg) P o s i t  l o i ’ uot

11.2 0.234
0.160

‘ i S  0.103 ci

101  0.049 18
I~-s -s ’ 0.033 39

0.019 116

It  ipp ~- s u rs t b - s i t  t l u  I s  s I - s o t t  c-s Ill W o t u u l d be a d e c i l t - s I t e-s t o t  I I C - s P  i t t  t h e  “ bas t - s

c n i si ’ , ‘‘ it l - - s i s t  i t  t i r e  l owe t - s  t ’ i - s c l u n & I uc 1 s .  Wh i  l i e  41111 1) 1 ( i t t  c C O i i c e p t  ,

t l t  is svs  t i -sIll j S  n ot  i ut t - sx pe ni o t  I v-s c-; t h e  es t ima t~-s d ret  u u r r  in~
-s -s c c - s o t  1 ( f u t u n i t

ntto~I~- s l s  i f  t i - s r  t h e -s t i o n t r e c u u t - s r i u i t  t0Cst~ ut ’ c I r , deve b o’ptn i - s i t t C , t - s o t t , f I t c h  C V I  iii— 
- 

-

*
i t t  b i t  - s o - s - c t lji it  1- s~~I :I -sI 1 1-C 581)0 ,0I1 (1

-s i- s I t e -s a d d i t  i c - s u i  o t t ’ - s i  d i g i t a l s in t t  se - s n st ’n -s t o  t h i s  s im p l e ’ ott i t u d i -s

1 e t  c - t e n t -se S I - s o t  t clii im pn - s -s - s \ - s c - s ot t Ii ~-s i t  c - s u i n -s i e -s v by ib o t o t t  - sin c t - s t le - s t  i ll  ttu tuc , i i i t u d t -s

*Fr i  V i t o  ~- s omnm in r  i i i t  i ott  w i t  I t P 1-s o toun t -  I at t lie -s Av i ou I t S  1)i v- s i-ssi on ,
H oiue -sv wt - s 1  I ( o r p o r a t  i o n , St. Pt’tersbiirg, Fl orida.
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yie lding a 1—a error of 0.01 deg in roll and p itc h , and 0.0 3 deg in
yaw. An arrangement of this type is used in the Digital Attitude

Refe rence System (DARS) ,  which is p lanned for future use by COMSAT .
This system would be suitable for use with the downlink employing the

4.4 m mirror reflector discussed in Section III. The estimated cost

of a system of this type with a 7 to 10 yr life is about $1 million.

The addi tion of stellar sensors to the DARS system can improve

the accuracy by anot her one to two orders of magnitude . An example
*of this is tht- s? Precision Attitude Determination System (PADS,) which

is used on the Defense Meteorological Support System (DMSP) satellite.

This de vice achieves a 1—a accuracy of 0.00 14 deg in all three axes

at a cost of approximatel y $2 mi l l ion .

A second examp le of s tel lar—inert ial  systems is the Space Se ct a nt—
Att i tu de Reference System ( S S — A R S ) ,  which is presen t l y under develop—

ment.~~
39
~ Since this sys tem promi ses to y ield very high accuracy at a

reasona ble cost , it bears special mention . The SS—ARC employs two

sensors to measure the angle between the moon and selected stars . On

the basis of this information , plus information on the ttoon ’s ephemeris

O C C C I  t ime , an onbciard computer reads out attitude with a l—o accuracy

4 :,-s ( 0.6 sec of arc (0.00017 deg) within 15 m m .  (Satellite position is

n - sLs o  -s l~~t ermined w i t h  an error of less than 1 ml.) This accuracy f a r

excec~-s d- t tha tC required for any presen t ly contemplated micr -s~° ,0 cctmnnun i—

n o t i o n s  s y s t e m . sin c -s1-s the s ta ted accuracy represents only  O I C c ~~_ 1  - -s C C  Eb of
t (1 l ’ c C I C C C I - s  j c l I 5  l o t  a -s~~ C C an t enna  at: 2IY~ CBz. A t t r a c t i v e  fe a t ut  O C of  ~he

SS—ARS j f lc l u~ I i C  Il t o t  i- - s u - s C 1 tha t I I  h o t  coICC;- s !ete~~v autonomous , stnal 1 (~ 
(1 c- 

-

I o t ~ P ’ - s i I (4 5 I s ) ,  and light i~~ i gIt t ’ (‘- s I li:~~. It: is i m mune t o r a d i o  fro—

quencCv u l l t e r f e r c r u c e  and jamming, and to ccver.-s’ nu c le a r  e n v i r o n m e n t s .

I i  00111 r u t s  no l i - s I r -  i s k  components  and is o t x i - s c o t t e d  to have a S y r  l i fe

i C t  L i t  - s n p , u c - s- t i tv l n - s  0111, . It a l so w i l l  01C - s r Cl t I- s oat iII m f l c i o r i l V  on ti

C ,i C l O i I ~~ c t  lu g  o t l O i C t O O t - s i  1 t . i l C l - s  \ i  r Po t - s c-se ~ 1 ( 1 1 1 - s C  1 0 in t :—lc ’me n t  t h i s  sy st em

i n  t hrot near t u t u rc  w i t h  an o n — o r b i t  di~ - s - s -s - s t i s t  i’ Ct tlOn t -u l a n n e d  ti - s i -s 1979 or

I o s- s -s th~ estimatt- scl cost Is three-s—quart ers o~ a mil l  CC C ‘ C - s  1 ui1ia rs ,

, \ I  11, 1 I n ch - s -s flCCu,It ’ - s i c - s V i l c cavo  can he t r aded  f o r  L : : c - s c ’C -s ’ I s ea rch  t~ 
-s r - s ’.

H i - s~ - s t  a pt ’cc fltab l e a p p n - s - s i c’i u ~i Iuc - u - s I ip id t - s - s t i  5 I - s t  - n - s n  i - I c , as with

Pt - s l y - s i t e  communication w i t h  pc - s i -s otc - s t u i u - s I  of 1 1 C C  \v u ,)n1- s n i V H i c ,t ) . ‘
hl ~ - s u - s vwe 11 Corpora t lot -i , St  . l’ i -s t ershui-st , F l - s i l l  i -
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an elect ronically stepped beam or when a small ref lector  does the
scan ning. The search rate can be in creased by br oadening the re-

ce iver search beam while simul taneously decreasing the post—detection

bandwidth in order to preserve signal—to—noise ratio. This approach
*has been proposed for use with  laser communications systems .

Many of the preceding attitude reference systems have consider-
ably mo—e acc uracy than is required for the presen t app lica tion , and

one mig h t hope to design a si~ipler , less costly system. It appears ,

howeve r , that  s ignif icant cost reductions are d i f f i c u l t  because , in

order to meet the requirement for a 5 to 10 yr l i f e t ime , all of the

sys tems require at least three (preferably four) gas—bearing gyros ,

each o f whi ch cos ts $50 ,000. In addi tion , horizon sensors o f the

scanning type cost approximately $175 ,000 , while those of the “s t ar ing ”

type cost twice as much. The staring horizon sensors have no moving

parts , and so promise a very long life time ; they also have an esti-

mate d acc uracy of a f ew hundred ths of a degree when opera t ing from
30,000 n mi.

It is concluded that long—lived satel l i te  a t t i tude  reference sys-
tems are very expensive (more than half a million dollars) even when

the accuracy is “nominal” (a few tenths of a degree) . The extra cost

needed for the ten—fold  improvement in accuracy associated with opera—

tion at the higher f requencies appears to be rela t ivel y small. The

dig it al sun sensor , for example , cos ts only abou t $70 ,000. 

~t :i ,va te communication with personnel of the Barnes Eng ineering
- - - C L C H C i f l .

~ 

-- s ~~~~~~~~~~~~~~ -, ~L.... _ -s~~~ -s - - ~~~~~~~~~~~~~~~~



‘-s--s-
~~

-s.—
~~~~~

-s 
~~~~.--s— ..-s,’-~-s-s ~~~~~~~~~~~~~~~~~~~ ~~~~~~~

79 

- - 

/

IX .  COMPAT IBI LITY OF_HI G HER FREQUENCY TERMINALS
WITH USER AND SATELLITE PLATFORMS

In examining the feasibility of employing the higher frequencies

in satellite communications systems , an important consideration is the

compa t ib i l i t y  of the communica t ions  equi pment with the satellite and

user p latforms . This factor is particularly important when considera-

t ion  is given to extending  the communicat ions service to large numbers

of such users as small shi ps, small air craf t, and ground vehicles.

Such platforms impose tight constraints on the weight , size , power ,
and location of the communica t ions  equ ipmen t .  These cons t r a in t s  are

exam ined in t h i s  s ec t ion .  The a v a i l a b i l i t y  and pe r fo rmance  of radomes

and antennas suitable for the higher frequencies are also discussed .

The weight and size of the satellite station must he considered in

relation to the space shuttle , which has a cylindr ical pa yload chamber
15 ft in inside diameter and 60 ft long and can carry 6000 to 7000 lb

to either geostationary orbit or into a circular orbit with an altitude

of 30 ,000 n mi and an inc l ina t ion  of 60 deg. (The l a t t e r  orbi t  is

attractive because it provides worldwide coverage with elevation angles

at the user which nearly always exceed 30 deg , as shown in Section V.)

SIZE AND LOCATION CONSTRAINTS

Present ly  p lanned (DSCS) SHF mobile ground terminals are costly

and bulky——hence , they are limited to the larger vehicles. Four— and

eight—ft antennas are employed on ships , and 33— in, antennas on air-

c r a f t  (see Tab le 11). Emphasis is on geostationary satel l i te  orbits ,
which dic tate the use of low elevation angles for  hi gh latitude users.

In such cases , obstruction of the antenna beam by other component s and

structural members (e.g., the supers truc ture on a sh ip) is a ser ious
problem , o f t en  demanding dual antennas .

Many of these compatibility problems are alleviated in the “base

case” downlink discussed in Section III. The “base case” antenna is

4.4 m in diameter——the largest diameter compatible with the space

shuttle . This large satellite antenna permits the use of very small

(10 cm) terminal antennas. Elevation angles below 30 deg are avoided
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through selection of a satellite constellation involving high—altitude

~nc1ined orbits. It was shown in Section III that adequate performance
for many applications can be achieved with this system. Thus, it is

seen from Fig. 10 that , at 30 deg elevation, a data rate of 106 bps* is

possible with estimated availabilities which range from 98.9 percent

at 31 CHz to 89 percent at 265 GHz .

The small size of the terminal antennas employed in this base case

system permits their use on smaller user platforms than are presently

contemplated for SHF. Considerable flexibility in antenna placement

would be available, so that obstruction by other components of the

platform could be avoided. Even with small ships and ground vehicles,

no compatibility problem due to antenna size should arise.

With aircraft platforms, the drag due to a projecting radome would

be reduced to negligible proportions. The “radome” could, in fact, be

a conformal window, flush with the aircraft skin. Figure 29(a) depicts

the geometry involved , and Fig. 29(b) is a schematic diagram of the

arrangement. Allowing for a clearance of one wavelength between the

edge of the beam and the aircraft skin, the required diameter, W , of

the opening in the skin is given by

W 2 B c o t O +Dcsc O + 2 A c s c O , (19)nUn nUn mm

where B = depth of beam pivot point beneath the aircraft skin

D = antenna diameter

6 = minimum allowable angle of elevation.nUn

Figure 30 presents the calculated value of W as a function of

0 for the case in which a 10 cm antenna is mounted as close asmm
possible to the surface (B = D/2). It is seen that a 40 cm (16—in.)

window would then permit operation down to 30 deg elevation; at lower

angles, the required size increases rapidly.

Such an arrangement would avoid the problems faced by external

radomes, e.g., aerodynamic drag and erosion by raindrops. The cost

would also be small relative, for example, to that of the AN/ASC—24

radome on the E—4 aircraft, which, in order to accommodate its 33—in.

antenna, is 6 ft wide and 18 ft long.

* p
106 bps is sufficient to provide, f or example, Time Division

Multiple Access (TDMA ) digital voice at 16 kbps to 60 users.

- ~~~~~~~~~~~~~
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We cone I ude that no sign If lean t s i ze  or 1 neat ion Cons t ram ts are

introduced by o p e r a t i n g  at higher f requ encie s UI) to da ta  r a t es  of 1

Mhps . Indeed • If a suff Ic lent l y large antenna can he used in th e
• sa te l It te , the user prob lems are ised so that a wider  use of s a t e l—

l ite conununicat ions becomes feas ible. If the requir~ d data rate Cor re—

sponds to only one to three voice channels , a 1 in diameter satellite

antenna , in combination wi t  h a 0. 1 in termina l an tenna , wou ld suf f I Ce .

WEIGHT AND POWE R CONSTRAINTS

• In examin ing the compat ib i l i ty  of conmiunications s ta t ions  w i th

the user p latforms , two generic components of t he former must he con—

si dere d : the an Lenna and t h e  e l e c t r o n i c s . In the syste ms pos tu l a ted

above , t he antenna poses no we i ght problems for the small mobile uset

s ince the diamete r cons idered for It was sina I 1 (0. 1 m) . The antennas

emp loyed by the wide—hand data re lay user are f ixed and require only

l imi ted mob i l i ty ;  in any event , no increase in size would he as soc i—

at t -d  with a swi tc h to higher frequencies. The diameter of the satel—

lite antenna (4 .4  m) was chosen to fit Into the space shuttle and

should introduce no weight problems . The assembly of antenna “farms”

In space could , however , present a fairly comp lex eng ineering problem.

The character 1st Ics of various satellit e antenna systems are ~ iscusse d

later in this section .

• The weight and power compatibility of the elect ronics package w i th

t he c ounnunications s ta t ions  would become a problem at higher f requen—

d e s  if the ef f ic iency were to degrade too seriously, since t he re-

qu ired output power is reasonably independent of ‘ requency . Accord-

ingly, the variation of ef f ic iency wi th  operating frequency Is of

cruc ial importance , and is examined next.

E f f i c i e n c i e s  of High—Power Millimeter—Wave Amp l i f iers

Packaged power amplifier s involve power—conditioning equipment

and output amp l ifier stages. The power—conditioning equipment effi-

ciency is high and independen t of  frequency. Over a large range of

power levels , curren t technology permits high efficiency whether one

or many independent voltages are supplied , whether the voltages and

curren ts are high or low, and whether coarse or fine regulation Is

•~~—--
~~- -- -—~~~~~~~ 
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provided. The on iv requ i renien t Is that the norma l ope rat ing powe r

levels be high enough to make the no— load I osses nt’s 11 g lb 1 e . Because

t he e f ii c i enc v of the power—condit ioning equipment is hi gh, the out —

put amp Ii f icr becomes the doni inant fac to r .  The out put power dev ice ,

w hich forms the heart of the power ampl if icr output stage , is i f  tlier

a vacuum tube or a so I id—state dev ice. Al though vat - uum tubes genera l i v

art ’ being rep laced by so l i d—sta le  devices , th i s  does not app ly at the

highest powe r I eve Is . Thus , at high power I eve is in the mill !  met e r—

wave hand , on Iv one or a sma ii uthuhe r of vacuum tube dev I cc s are like lv

o he used , rat her than a large number of lower—powered so l i d—s ta te

dt ’v ices . Vacuum tube amp 1 if I er e If i ci ency is thereIn re’ a mat t er of

concern.

Tradi t iona 1 mic rowave amp 111 i e rs— — pa r t  icul ar lv those using the

k Iv st ron and t rave l ing wave t uhe ( TWT) ——are sui table fo r generating

hi gh powe r at frequencies he low about 31) GHz. Above tha t freque’ncv

the c i r c u i t  losses and vo l tage breakdown prob leins are severe. As .i

resu I t • a number o f new t~.he types have evolved; these inc l tidi’ the

ex t  ended— inte ract  ion amp 1 f f  icr (ETA) , the uh it ron tube , t he coupled—

c a v i t y  TWT , and the gyrotron.

Extended— Interaction Anip i ifler (EIA ) .  The E1A Is a l inear beam

klv stron with an extended interaction cavity . Varlan of Canada has
• *tes ted  an EIA at 94 GHz which del ivered 100 W peak power ( 30 dB ga in)

The bandwidth of this device was 40 !iliz. Development of a 94 GHz EIA

which w i l l  operate at 1 kW pea k power and 100 W CW Is ant ici pated . This

EI~\ wi ll hi’ the s ize of a 5—in ,  cube and w i l l  weigh less than 15 lb (in-

c luding magnets). Varian predicts tha t the EIA can produ’~e (~W power

levels similar to the power levels achieved wi th their extended—inter—

.ic t (o n o se . ii lator (ElO) ; these power levels , and the peak powers e S t  I —

mated to he achievable wi th the EIA , are listed he low:

VAR IAN OF CANADA VARIAN OF CANADA
I)F~’10NS1’RATED EIO (N POWER LEVELS ESTIMATED ETA PEAK POWER CAPABILITY

‘
~~~ ~ 

- ,
~~ 

( , ‘k: ) 1~ ‘~~
‘ • p (W ) Fi ’~ ~~~~ ~ ~ (~,7?~; ) ~~~ - p ( W)

18 1100 35 14 ,000
30 650 94 4 ,000
70 150 140 21)1)
140 30 270 40
155 10

• 280 1

*
Priva te communication with personne l ot Varian of Canada.
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The 11W amp it f it ’ rs w i ll have an e’t t i c I encv 0 I tO to 1 5 perc en

and the ~ U 1 sed power amp Iii (ers have’ an e’ if! c ie’ncv of ahout pe’ rce ’nt

These’ c ’ I i~ i cn’ it ’s cou ld h,’ doub 1 eel by us I ng a de ’p rt ’sse’d coi l ec to r

liii~ hanetw hit h is about (t , 4 percent

Ut-i it ton lube, The’ ub It ron I. undu t a t  i ng h’~’~em t ot ‘ r ac t  ions) t tibe ’

e’mp I ov s a DC e l e c t  ron beam moving through an undu t a t  I ng magnet  Ic I it’ Id

to prov ide h gh—powt ’t’ mi ll lint’ c i ’ r—w av e ’  amp liii c.t ton. rh is t nbc ’ ~is t he’

adv an t age’ of requiring only a rc l at iv ~’ lv wea k magne’ t ic  C It ’ let (apl’rox I —

mate ’ lv ‘tevt ’n k LI  ogauss) and is cap~ib it’ of I at’ge handw lilt hs. 
(sO 

it itas

t he ’ el isadv.ii itage of Low c i t  Ic ie ’ne’v . Severa l  years  ago , tlt ’ t t e t j l h-’li’c t  t ic

bui lt a 1 51) kW ub it ton at “‘i Chl:~ w i t h ts pe’rcen t e’ t t Ic I ciii - V . t1 ne ’ so In—

I tilt Li , t he p rob I i’m of I ow ~ I Ic I e’ni’v won Id h~’ t o uSe ’ a ~lcpre ’s sec t c,~ 1—

l e’c to t  , w hich wou l~i ra ise t he e’ f t  Ic I i’ne’v t o  tO pert ’ en t . A I t  hoteg it i t

has not ye ’ t been t’~ per intent a 11 v ver It it’d , It is he ’ ll e’veel that  eth it t o i t s

c an ~ie ’ use’el at C 1eelue ’nc it ’s as hi git as lOt ) t11  ~ and at pow ’ r lev i’ Is of

‘0 to I ()() kW CW . The’ se ’ powt’ t I cv i ’ Is re ’qu I re vii It ages o I I ron t it ) I o -
, 
ii

kV .

t ote1’ It ’d— t ’.ev 1t~ ’ i’W t . A powe ’ 1’ 1 e’\’ ci e’ I 1 kW at ~~~ Cit .’ lt.es h~’1’n
*di’mes ns t t a t  i’d w i t  hi t h~’ coup I eel— c ,ev i t  v 1141’. ‘t hIs dcv i re ’ is l im i t  ~J t 0

powe ’ V lev i ’  is o I Font t ’ t o ~~ kW . Act e f t  Ic I enc V 0 I tO pt’ rc cit t c .tci he

oh t .c  m e e t w i t h  th e ’ lIst ’ 0 I tIi ’pi’e’~~ e’tI e’ol It ’d t o t s .  The coup I ‘d— ~- .ev it v i’W I’

• has a gun conve’rge ’nce ’ (rat to of cathode area to  c r o s s — s e c t  ii ’~ ,(tt ’,t 01

he i ’ I cc ’ t ton beam) wh I e’ht t’,cnge ’ s C t’ont 1 So t~ .‘ 00— — it can he ’ as Ii 1gb as

t~OO . Such hi gh conve ’rge ’ue’ i’ t a t  Ic ’S c iii h~’ ttSe ’ et t o  achi levi ’ e i t iii ’ t’ hi ghi

power out put or tong I it  et fin e ’.

C~ to t ron Tube ’. l’hte~ h i ghie ’s I reco riled in i t t  t in e • ‘ r— wav  e powi ’ F I i’ve ’ I s

hot h peak and .tve r age • have ’ he ’en .tc it I eve ’d w It  li t h e ’ e’ icc t von i’Ve ’ t o t  ron

ma s e t — - — or gv rot ron. Tb is t ube’ rep re ’se ’n t s a tn,i j o t  hr t ’ak t hroteg li fo r  I F i ’-

que ’ne ’ i t ’s .eho ~’ i’ t t ~ (iiI .~ , e’ ~ t e ’net lug t 0 100 Cli -
. or nor e ’ . A group at t h~’

c o r k  ‘ i t  S t a t e ’ Ilc i t ’,’e~rsl ( V  lii the ’ S0\ ’ Ie ’( t 1 iiion was t he ’ I l i st  t o  iIi’ ~’ I’ l I ’~

pr ic I II ci hi gb— c it is ’ i cmi V gv t o t  ron s , , met t hat site ce ’s ‘~ his  st Imu I at e’d

r i t ~~e i I ~.l wor k in t hi’ Unit ~‘~I St at i’S . Uneie ’t ’ Departm e ’nt 01 i tt i ’rgv sponsor —

s l it  p , Var tan As soc 1.1 ti’ S is curt i’ll t lv dcvi’ iopi tti ~ .c t u b e ’ at —‘S Cli ,’ w i t  It a

• (14 ;‘ s ’We ’t 1 i’Ve’ I 01 201) kW , Work in pt-o~ ii ’s’i ~‘i ’vi’t’s 200 kW t uhi ’s

-
St I
I’ t I v ,e I i’ concmecn i ci I on w i t  h p~’ ‘;~‘ntt, ’ 1 0 I i I i is ~t t , ’ ’. E~’ ‘~ e ’ .i I c l i  I O’~’ I .1

t I’ I  it ’s , Ma I ibte , C i i  i t  s ’ i t i  i,i.

- - - ~
_ i _ _ _

___
~~~~~ ~~~ ~~~~~~~~~~~~~ _________
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ope ra t I ng In t ’W , long—pu] se’ , and high—pu 1 s e —  ri’pe ’ t It  I on—ra t e ’ mode s.

Table 13 ts  .i lis t 01 11W i V i  lot ion nlase’rs , opi’rat iona l or Itt di’s ign.

Tab It ’ 1 1

(14 CYROTRON 11EV I t t - S

Freque’ne - v Power Ca in Ha rine’n Ic Tube’ El t Ic I ene ’ 
- ~~

( 11Hz) (kW ) (dii) Number Type’~ (perc en t )  Ma~~ e?t ’ 
- - 

Re ’ t c re ’nci’

10 10 2 11K S tan da rd  41
1 ~ 4 — — 1 CM SO St :ineta rd •~ I
25 4 .  S —— 1 CM I (, St and irel 4 3
28 20 1 11K Standard ‘44

I 3 , 7 t~ — — 2 GM -, 0 Standard
3 7 . 5  20 1 CT s .r.
3 7 . 5  100 —— I GM S .C.

10/ 12 — —  1 CM ii S. C .  48
150) 7 — —  2 CM 1 5 S.C .
150 22 —— I CT S .C .
158 0.002 — —  1 CM 10 S. C.
2 3 0  1 to 10 — —  2 — 4 CM S .C . 4t i
HI 1. 5 — —  2 CM h S . C .  [ 48 

_ C_ 
~~~~~~~~~~ -~~~~~

~CK = c~v t o k  1 v sO ron ; CM — c~v ronhc ’uc ‘t ron ; C I — ~v re • I rave I I tig — wa v e ’
~imp l ii icr.

ancia rd = norma l e’ he c I romagne t S. C . s upe’ r coneinc I I ng m.ignt’

l’he re .ere’ three var tat ions o t the gyro t re’ns . ‘liii’ gv t ornono t t o n

o sc i l l a t o r  (CM) , which is the I \p e ’ tncorporate’d In Soy ie ’ t  de ’v Ice ’s

If lV OlVe ’s .i ~ log h e ’ 05t ’ ill a to rv  cay i t v . The gvro k lvst  ron ~CK)  0 5 c ’ ii —

hat  or emp 1 ovs re’sonan t c i v  i t it’s st’pa r,t t ed by ~lr i t  t spaces.  These tw o

ii~’s i .‘,iis are’ 1 In it e’d to .t handw [do it of about 0. 1 percent . The ’ t hi ret

type’ is ,t gy r o — t r a v e ling— w a v e ’  amp 1111ev i, CT) . in t iii s dcv Icc ’, a

i ave I I tig e’ l ee ’ t re~magnet I c wave’ and an i’ lee t ron beam tnt i’1ac t as t hey

t raverse  a wave gu ide. The’ CT has ,i to  10 pt’re’i’n t handw lilt It

Wh i l e  the e’ f f i~’ I ene’v ol gv rot roits tn U . S .  experiments has hi’en

tesi-t tha n I percen t the Sov ie ts  have’ ob ta ined  12 kW at 100 GiL’ w i t h

.iti c I t  I c f . ’iii’v of Ii perce’nt , and 1, 5 kW at  1H GIL’ w I t h  ~~ p c t e ’i’ I t t

e’ t t  ii’ e ’tle ’ v . Recent t iieore’t t e a l  w o rk by Sprang Ii’ and l)rohi’t

at NR I - has macit’ t he SeW Ic t t’ ff 1 c I i’ne ’ v c I a tms quit e c t’eel lb It ’ an d, in—
S 

deed • b.c s showit that  t ’ I Ii ci e ’ nce ’s o I lii t o 40 pi’t’ e’en t Sltc ’ t t  Id ext end

I it t o t he me ’gawat t t~ ’we ’ range’ . 

‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~—~‘- - -  ‘— - • -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~



- 

TT .I~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~~~~

- 8 7 -

I’tiitLit ~ ii I t  \ lti,i\’ i’e’ .4 c I sc ’ I ci t  e ha I , is Ii ’ i 1st Ic I I se c t I Ic tent  lets t , e i t —

I .e t i( ’,s t t S  h’au~lwe ~lt ii Is not .e~ l t t , ’v.ct ’ li’ . Aio ’ ee in t tec  t h at  s t  ,ihle C I c ’ intt I s~ t t

I . e  t eons  c . e i be. bce i t t  , I t  is  t ’st ien.c t c~i I hat ~e t un tog t . t t i ~ ’ ’  i’ I ‘ I s ’ 10

~‘t ’t c c i t t  “hose Isi b~’ .e c h (e ve ’sl w i t  ii i e’l ,et tVe ’ e ’ . iSe ’ • , i t ici t hat ‘0 t e ’ (0 p~ ’ t

,e ’iI t tt t.l\ l’ e ’ ~~~~~~ e I s l e ,  ~
iii ~~~ I ~~~~~~~ i ’ d s V ’ .t cuts • i • e • , 

‘ ‘ ( c ’ lit ICW ave i age ’ 15~ We’i , ( tie ’

I -
. 

• ‘ .i itet 1”e ’ I gtt t s ’ I I lit ’ ps ’wt ’ I $II1’I’ I v ~iiict 0(11 t’U I - Imp it t  Ii’ i SI .1~~ . ’ W I II

~1c ’t~ii ii, e t  e ’ t ile ’ (o ( , i I  . lii si tct i  c . I S e ’S , S V S  t e ’nt s i ’ s .ei i ~ i we ’ t ~ It t  e s t  t

S mat i’S .11 s ’ s e m l I at Ii ’ t hos,’ I s ’i I s ’Wt ’ I I I t’ tidi e ilc ’ V S V 5t  ettis 01 t ti e ’ 5,11th’ Oc t  t —

I’ ll ~~‘ ‘ic , ’ i  , iUct t iil’c ’ e ’ t  I i s  li’ilc \ . t o t  ls ’wi ’ i  
~~~~~~~~~~ 

‘~\ SI ,‘mS • e ’ , 5. , 100 t~,

l iii ’ ‘‘ l ’s ’ 01 t h e ’ c~V l O t  l oll e ’ t e e ’ I I s ’lIIJ ,d l t s ’ t  i~i.iv b5 ’ ,Iom Lit int , OUe ’ t~ts ’ t  hod t O t

I • ‘ c t t i , Iet ~ ( l ee ’ s i  ~~~‘ 01 t t ie  t e ’ dh c i I  t e d  a . i g t t e ’ I  Is t o  s s
~~t ’ l l t  s ’ t h ’  \ l O t  t~~’ t l  at

a hi.e t nts ’ it Ic . lii i I s d i t i s  C ’s lie ’ ltl .t gne t 1 .  I Ii’ Id . i t t s i  t iti ’i e ’ t o t e ’ t h e ’ m.t gi te ’

• -b u t  t l e ’ t ’ et eIc ’t 1 1 1 1 1 5 1 1 1  t ile ~ e l  I Is  I e ’ i lc ’\ ’ . F~’t 5 ’~~.ini ~’ Ii’ • t i t e ’ lii g iis ’ ’ .t

I s ’~~s ’ t  t • ’ 51 s t  t i c  I,’t ls V t t’n’ c ’pi ’ l. t t  I, ’il~ at int i t  I n s I s t  w ,ivi ’ t i ’ e t g t t t s  , ~4 (> P~’~
c c I t t  .11 I , ‘ Cii • W I ’  ,‘l’t I t  iie~i it 5 1115 t i tu ’ ~. s , s 5 1 i c t  l i.timt ’it Ic.  . \ t ts ’ t  tle ’i

~i. - t boil I 01 I e d i t s  Iili ~ t1Ltc ~t tt ’ S i.’e is  t o t l ’ ;e ’ .1 supe ’i c s ’ u i c i t te ’ t tii ~ , magtie ’ t  lii

I i’ ,iet s~ 1 .1 c ’ s ’ i tVe ’t i t t c ’ t t . t t e l e c t s ’ i \ l . t i~ I ls ’ t  . lt e ’Vi ’ ls ’t’ ilt e ’il t s ’ l c ’ s ’ut l’ . e c ’ I ~~~~~~ I t u g

liii I t s  I S I c c l i i i  i ’ ~I b ’  t ~s t . ’ I hte ’se ’ sti pe ’ i c c ’ e t ~l tes  I I t t g  ~l .I5 ite ’ t c .111 be ’ p . t c  L.eg~ ’ it

• ‘ I t  I s ’ I i’ t i t  l\ .  t~ I t  it i~h i 5 lt e ’ t I c  I Ii ’ h i S  Ill t i lL~ ‘0 t c ~ liii) k I L’g ,itts~ I ,1(1 5e ’

its Itig s c i t ’ s ’~~cs ’t tj c ic (  I 1t 5 I l i . t 5 l l ~ ’ L  S • c ’ e~ItI1’ . t s ’ t  5V  I s ’! l o ll . t t t t i ’ I i t  t e t  1’ ,is ’ k . t i ~~’s ~et

I I ‘c~t ieeic Is ’s up (~~‘ tc )il Gil: shiout l~i be ’ p t . I c  t I ~‘,ih Ic. ¼

t I n,~ the ueb it  l u l l  .1 st g V t o t  t c ’tt I 01 diSc ’ lii t ile ’ in t  I l  iute ’t cc  —wa\ -~ ’

i t  t i o t  • ‘d tha t  ( lie’ gv rc ’t I i ’ll kis .i ii L5hli ’ F e ’ I I I c ’ I s h i V  aitet l es l ie I t i ’s

h’s s v~ ’ lt~egi ’ 0 .its’ut I ws ’ t i t  t i~~Ls t han I lie ’ ccl’ i t  l’ i’fl , w It I l~’ t I l e ’ III’ i t t i ’ii I i ’

~~~ ~~~~~ .e ~~~~ ‘~~ i l I .egele ’ t  ~ ~e’ le t anel it,as .a .~~~s~’r h’anctw IU  hi. I’ Iie ’ g~

S I It ’ll fl1~t V  t le ’t t ’ e ’ se t i t ,iI ’lc t o t  s p a c e ’ o t  a t t b e ’tUt ’ appl Icat  t5 ’t is ni t te ’ss i t

c . lt t  l’i’ s ’ps ’ i at e’ ci .11 i t  s tou t t it h,ct’moit ii ’ . lii is Is he’c’aus~’ o pe ’ t a t I ott at

.t hit gh I t  e ’ e~ Ui’flc ’V t undattte ’n t a 1 wo n Id t e’qu l i e ’ .t Lu g1’ Sui p e ’ t’ c~0ttdtee ’ t 1115

Itt ’ 1 ¼ .ipp l c ’\ Ittid t~’l ‘s’ 1’~ k i t  ~igauI$S ‘I • iii ’ t ht  t hi ’ itt ’ it t oll .it lci gv I c ’ 0 t c ’it ha~ e ’

si .ibi i t t~ ’ prob lems .

\ ‘ % t  t , i t t  e ’lt W i t  it Ft , ’t 1et c ’ i te ’ v  01  1 l ie ’
F t Ic I c ’ t l s ’ t~

-
~s of Vai l ens A m1’ I t t  Ii ’ I l’\j ’ e ’5

lt Is  gc t l i ’ t  .tI Iv . t s s e ’ p t i ’d I hat amp h It let e l  t c c  L e ’ t l s ’ \  s l , ’ , l  • - , e s - ~ t~ i t  hi

It is ’ t i ’aS I og I l i ’ d l i t i ’ l ls ’\ ’ . lii 1 s I ~. I l ute wit hi n .eitv Otis ’ tube’ t v pe’, bitt t hi’ I 

---- -,---- - - —--- ‘•- —~---~~~ ---- - - - -  - -~~~~=~- - - - - “-~~~~~~ - • — ~~~~-~w~ -- ----- ~~~~~~~~ ~~~~~~~ .
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de’ e’ t ’ . ISe ’ is s low and measures e ’ali he tak en t ii ol f s e t  it . Changing

tub e’ t v pc ’ c a l l  cit t i r e ’ Iv e l iminate’  t ile’ f,i I l — c ’  It  of e ’ I f  it ’ I L’nc v . l’he’se

I ‘e ~’ to rs i-an be’ $e’en in F’ 1 g . 31 , wtt it ’ it shows the ’ e l f  Ic  I cue - i e ’~~ c it  e ’ [gu t

rep re ’se’n t ,et EV e ’ t eeh ’s , sip e t a t  Ing c ’\’ e ’r a I I’equtent ’v range’ 0! f i V e ’ eie ’c ,t de ’~
e’ i ~Il t I uhi’s p I~’tt eel l’eprcse ’nl t o u r gene r it ’ 0 vpe’s — — t i ’  I ode’s and

t e l  rod ’s , k lv st  volts , t ravel Ing wave ’ t nbc’s • and gv rot rotis . Two I uthe ’s

,‘l 5 ’ .ec ii t \‘pe’ , c ’,Ic ’ Ii made by the’ same mann fact  ure’r bitt opt Intl ~~‘d 101’

c ’1 ic ’ rat ion .e t w i d e lv sep arat e’d t re’que’ne ’ it ’s , a re tnt ’ 1 ude’d . ‘I’he~ s lope’ ,

• c ’t t he’ I inc ~o I ning th ie tnc ’mhe’rs c i t e a c h  pa it’ m e l  I e’,t t i’s t he’ Ire ’—

qe t e~nt ’v eIepe’nde~t te - e ’ , where

= ( ~ ~
—n

Il
l \ f 1, /

and ‘

~~~~ 

e’ It  Ic i t i le ’ V a t  t lie ’ hi gher f req uene’ v • f
~ 

• and

1 e’ f f I~’ it ’nt ’V . c t the lower f l’ t ’q ue’ l le ’v . f 1 .

N~’ Ic that  it t ends to he small  , I , e . , 0) ‘ n ‘- 0. 1.

‘fite’ de’ e’ rt ’.cs ~‘ in e f f Ic I e’ne’v in 50 1115 f rom tube ’ A to t nbc’ ii is clue

tei sue’ it fae’ to vs .is s kin loss , d ie ’  lee ’ o r Ic loss , and trans It t ime e f t c c ’ Is.

At h [ghe’r t re’q ue’nc I e S  the current d istr  [hut ion ovel’ th le’ l ot ernal cl i ’—

me’nt cross Sec t ions is less un I form (skin e f f e c t )  and tile ’ phvs It’a I ~lt —

metls [ems e ’t  the’ I nte rn a 1 tube structure are larger wit it respe’ e’ 0 t o  wav e ’—

length. Higher I oss e ’ s in the insti l at ion result he ’c’ause ’ the eli ci e’ e’t  t i c

Is nti I e’fl ge’r ~I 0 t i t e ’  V e ’ 1 tage’ mi imum. The’ t’e is a 1 Se’ an appre’e’ I a ble ’
length of Ioss~’ s t  rue t nrc’ before tite wave re’achtes t itt’ ex t  e’rn a 1 e’ i te ’t t  It

Desp ite’ thtese e’ t f e e ’ts , operating tube B at t h e ’ max itnum a 1 leiwab Ic s~’reen

vo l tage ( to mitt1mi~ c’ t ransit time e f f e c t s)  and usin g ,t \ ‘c rv tlarl’ow e c’It

duct ion ang le (in Class C ope’r~It Ion) cou ld raise the ef t  ie’ iene ’v 0!’ tube

B up to t hat of tube’ A. In th is c’as e’ , th e ’ power output may be only

one’—t c ’t ith as much a~ t he tube is rated for • hut the ef f i c iency  could

he more’ than doubled. This t radeoff ot ’ comp lex i ty  for e’f f i~~1~~flt’v is

e’Ofllflcifl . Contpare’d to tile’ t r tode . the te ’tro de’ is pre’e’ ISe ’ lv such a t t’ade’—

t i f f .  In the m u l t i — e ’av itv klystron , maximum gain (and minimum bandwidth)

can he obtain ed by synchronous tuning of a ll e’avi t l e’s. A lt e rnat tv c1~’ .

gain can be t raded for increased efficienc y by s imp ly ret unln g the ’

k lv st rn n cavit ies (in some tubes this can be done In the f ie 1el ’
~.

— —~~~~~ ~~~ • - - ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ -
~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~
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A It lie ’tig ll tit e ’ t rj v e ’ 1 lo g  w ,c\ ’ e ’ t iil ’~ ’~~ se t i c  t eel ti .c~’ i mccc li 1 e ’WeI t~! I i - -

c t e’ll i ’ t e ’S  t hiatt I lie’ s ’t lee ’ t t tib e ’ I ~‘pt ’s shic ’wtt Iii F’ I . II , I hc ’s e ’ V~’i’s c .eo

he r e ’dt’s I gne ’ ii ,es I t ts ~ ‘s c ’ 1 t . t 5e ’ e entps ~tttcl  nu t It I v ii ’ e h e ’p I e ’$Si ’ ct ~~~~ I Ii’s ’ t c ’l

e ’ ej e ’eih I t ’ t lit ’ i i  c’ I 15  i cue ’ it ’ s .  When l’~’ ls  .11 e ’ eli ’S 511cc1 1 s ’l ii i5ltt’l t I i ’ -

s~ l Ie ’ i1s \’ s ipt ’ t . l  t I i ’ll , I h ’  tii ’ i t i  bi ’ .ittt ~‘ t ~ t c ’e ’ i t ’ s ’  t i t t tS t be ’ lUs t t ’ .I ~ i ’ st t~ ’ UhI I t t t . 1111

5 115 Ii l c ’Ii I sm h1’ t We ’ e ’ t t  t lie ’ l’e ’.ittt .tt id I lie’ 
~ 

I’ c ’W Iii i~ W,t \ e ’ e ’lI t lie ’ 5 1 oW W .I\ e ’

St t u c t i e r e ’ . W te I Ii’ tii i i e ’ c l t e l  it ’S hii glie ’t ‘ s e ’ l  t eg o ol’e ’t i t  ie’ ll , t i l e’ ‘s ’ ’ 1~~c it  v

si’ i . e l 1 k’it I the ’ t1i c~~l lt ye I 0s c l v  Ill t lie ’ speit t h~ ’ .ct ~i 15 l e S S  . (T he ’ 5I’ e ’ l t  I

b~ ’,tni I s ’ I c i s 1 0 (lii’ t’ e ’ .Clfl .i t I e ’ I I t  t i , is P’~ 
St ’ s1 t i l t ’ j i l t  e’ 1 , 1  s t  I c ’S , ‘ 1 .itnp I I —

t t s .ct i ~‘il re ’g t i ’ll . ‘I I’hie’ I OWe ’ F y e ’ b c  i t  v s
~’ 

I i ’ cd p..’ t ti i l ts me’ ic ~‘ I I to it ’ii I

0,’ 1 I t ’~’ I ott , .Is do r h ’  m u  It i p i t ’ she ’~’ 1 ~ ~ se ’il c ’ s ’ 1 lt ’c ’ t c l  S . lhtis • I t  h t c~)le F

e’c~tl’ llC t t ’5 • I ,‘ t t k ’,h t l V  5 5 ’ml ~it .elit i’u,’I s ’t I i s  i e l i s v  c ,it i  h1’ .e~’ h i Ie ’v , ’ sl . It  I

c s ’~~. I ot  ele ’c I • i ~~e~c i pc ’w e ’t  , ‘t e t  pe l t ,ttiiI 111, 1 e ’ . I S t ,t t’ s ’~ ’ e’t c~t~ l1c1 It  c~ t l I i lc~ s ’ s ’iIl

p l e ’ \ t t \ ’ . • \ 5 L i t i , ’ m i . e I  c ’ i i , c m i~~ t e ’ t i s I  I c ’S c ’ 1  t i l t ’ t ’ t s ~ht l iii’ s’s ti t ~~i t ’, . l L i t ’

I t ’ I te i l  ill 1 , t h l t  I .

I V  l c ’t  l c ’t l”  .c l I s ’ t ~1~ c i e ’ t i s ’ l l S t  t a l e ’ ‘i l5 ’w eh t ’p e ’ i le te ’ lle e o t  s t  I l~ Ic ’ i ls \ 011
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rad ome for use w i th  shij iboard (or ground) terminals. (~~7) 
Th i s  radome

is a truncated sphere molded in one piece; it can be made of either a

g l a s s — f a b r i c — r e ’  En forced m-io l Id laminate or ~i sandwich with glass—fabric—

lamina Ic skins over a itoiie’ycomh core. The outside ’ Is finished with a

high—qual i ty enamel . At 34 .9  0Hz , this radome’ hias a transmission effi—

c iencv of 90 percent -

Radomes composed of tItlit niemhr,ine panels stipporte’d by metal frayncs

have been de’ve’ loped , a lso by ESSCO , for use up to 300 0Hz. (57) 
This

type’ of radome rel ies on the spatial distribution of the members of the

frame for i ts e l e c t r i c a l  e’ I l : t r Lee ’t e r ist lcs .  The env i ronmental specifica-’

t ions of  t h i s  type  of radome are presented in Table’ 1 5.

Table 15

ENV I RONMENTA L Si’ EC IF I CATI ONS
OF A MET AI5 —FRAN E FACETED RADOME

Opera t ing winds 150 mph

Opcrat~ ng ambient — 6 5 °F to 1.60 ° F

T i ’  or snow loads 70 psf

Solar radiat ion rejection... 90 percent or greater
(white exterior)

Actinic radiation Must retain properties
in trop ical sun

Sa lt atmosp here Coastal/seagoing

Re lat ive humidity 0 to 100 percent

Sand and dust Must retain performance
in arid regions

The ESSCO radome is a faceted , truncated sphere composed of indi-

v i d u a l , triangular panels bolted together to form the structure . The

pane l s are arranged in a quasi—random triangulation of the spherica l

geometry. The panel membrane material is a reinforced iulastics lami-

na te tradema rked “ESSCOLAN VI. ” A Tedlar film is integrally bonded to

both sides of the panels to insure against erosion . The white Tedlar

film rejects more than 90 pslrcent of the inciden t solar radiation , In—

hib it- the formation of water film , prolongs panel life , ~nd min imizes

radome maintenance. Each panel is enclosed in a frame of 6061—Tb alum-

inum ; the frames are bolted together to form the structure. S

—- ‘~~~~
- - - - ---
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The t ransmi ss [on loss I hroutgh tit is r~mdome’ Is de’peitdett t on t he’

amount of metal fr:umewe’rk anti t it e’ type’ and thickness of the membranes.

Figure’ 12 shows both e~ f these’ t ’ tim pellien t s  of transmission loss versus

t’rt ’qut’ne’v for a bS— f t  dl ~tmetv r meta 1 spae ’t’ frame r:idomt’ w i t  Ii a me’mhrane’

t i t  te ’kne’ss of 0, 030 In. At I req ne’ne’ h’s ~ibov ’  0.6 (‘.117 , I t Is see’n 1 h a  I

ti le ’ me’t it l I r:mmewe’rk e’otttr i hut ion tel t r~insttt 1 s s i o n  loss re ’m:mlns i’m,’se ’n—

1 1.111 V e’oIlS tan t , Wi l lie ’ t h e ’ membrane’’ s con I. r ibti t ion m e ’ resist’ s al hi ghe’r

I’ re’que’ne’ Ii’s. ‘lii ..’ loss :isSoe ’ tat  eel w i t  it I he’ m ’mbrane’ Is a elf re’c I Itine ’—

It  em s ’ I i ts  th i t’kne’ss • till I feurui t t v  • die’ lee ’ 11’ It’ cons t ;tnt , :tnel 1 oss :tngvii I

The “VSSCOl AM VI’ ’  membrane ’s have ’ :1 c I t  &‘ I t ’ e ’ t l ’ I e ’ i ’ s ’il s t  ~mnt e u f  2 .8 and :t loss

I LiI t5e ’I1I s~~l
’ 0.01,

5
Membrane thickness 0,030 in.

~0 -

~9 3 -

Meta l space frame

1:: 
~~ 1 ~~~~~~0. 2 0,4 0,6 1 2 4 6 10 20 40 60 100 200 400

Frequency (GHz)

Fig. 32—Transmi ss ion loss due Io metal-fr ame facete d radome

I i s ’ ,II) h1’ ~,‘,‘n I h.i t I Iii’ I r~iitsut I ss l  on i’xlu lb i ts  til e’ max I ma :ttist nt -I It I tist

l i t i s  t .‘r 1st  I ~‘s , ‘ I an h i t  erfe rene ’e (‘I I p e ’ I ; ~ts it restt t I , l iii ’ niembi-atti ’
lii i s l e  ii ~~~~~~~~~~ ‘ in hi’ ~~~~ it ’s’ I e~sI I-Ic ’ I h I l t ,t l’t ’i-isuitatt t 111 1 11 tmiim w i l l  e ’o h i t ’ file’ w i t  it

t ii.’ .!.‘s red ‘ps ’l- a t  I ng I’ ri’qlte ’ tte ’v • The’ I t’Llliliuii i ss l  s ’Il I 055 t it t i ’  I tu liii’ l’ LtelOtlIt ’

I ‘~ c- ‘ s~ I I c lb I,’ e ’om;u~l l’e’e I w i t  It o I hi’ r i s ’s SI’ s in I he’ 5’s’ sI e ’tn .  A I —nuil I ii I ek

I I In ‘ ‘I s,’.i w i  t o t i~ll Iii,’ r;mele’nii ’ Wou let i t i t  l’ s ’ s l l l s ’ e ’ :11 ’s it I dii o I a l t  t ’ml:i —

( t s ’ n  • bitt ,‘uI ‘s- 0 . I tilt t cu r .i 0. 1 —mm I I In.
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The noise temperature contribution of the radoine depends on the

amount of energy dissipa ted by the radome. The noise temperature of

the radome referred to in Fig. 32 would be expected to vary between

33°K and lll°K as the loss fluctuates between 0,5 dB and 2 dB. The

increase in noise tempera ture due to rain is claimed to be less than

l0°K over the dry radomes, The effect of sea water would be’ greater;

a uniform film , 1—mm thick , would have a noise temperature of about

l00°K at 400 MHz. While this is small compared with the noise temper-

ature of uncooled amp lif iers , it would be important with cooled re-

ceivers (as can be seen in Fig. 9).

The radome boresight shift is a function of the randomness , as

well as the openness , of the radome framework. Extensive measurements

of the boresight shift of the ESSCO faceted radome show it to be negli-

gible——less than 10 microradians (0.00058 deg) at frequencies above

10 0Hz.

The scattered energy of the metal frame tends to perturb the an-

tenna radiation ç ittern. ESSCO has conservatively spec i f i ed  tha t the

average sidelobe perturbation of the antenna pattern caused by the

radome shall be less than 1 dB at the —25 dB power level of an exposed

antenna having a gain of 35 dB or greater. No change in the half—power

beamwidth of the antenna radiation pattern attributable to this radome

has ever been observed.

Satellite Antennas at Higher Frequencies

Early satellites used the turnstile antenna t provide rough Iv

iso trop ic coverage so that contro l of the satellite and te’lemet rv re’ad—

out could he maintained even if the satellite developed an unant icip ated

sp in. Omni—directional antennas providing continuous earth e’overage

from an equatorial orbit evolved nei t , fo l Iowe’d Isv me’ e’ l tan li ii L v  s l e ’ I-. j~ iIit

ear th—coverage antennas, Next came sp ot—b e am ~iI l t e ’Iii ’ ,IS , wh i ct i pre ’v idcd

narrow coverage areas. However , sate’ 11 it es  w i t h  spot beams t s’r high—

informat ion—rate users retained t h e i r  t ’ : irth—ceuvc ragc’ beams to serve t h e ’

bulk of users.  Over the entIre spectrum from 20 to  300 CHz , th i s  p:It —

tern o f at least two d i f f e r e n t k inds of .inte’nnas can he’ e ’xpe ’cte ’d to

pers i s t — — a l  though there may he’ sign if fc ’atl t d i f t  s ’ re ’nt ’ e ’s in t ile’ W I ’ s ’  the’s’

are used , At 7() and 31) OHs, one’ e’5er ’ t l i—c ’overage’ ,eiil eltit.I ma’s’ d o  t est’ tin’

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~— - -~~ , ~~~~~~~~~~~~~~~~~~~~~~ 
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bulk of users , while a few narrow—coverage antennas may provide for the

bulk of traffic and involve only a few users, At higher frequencies ,

t h e’ broad—coverage antennas may provide somewha t less than earth coverage

to minimize interference and be used only to access the system . This

may require only 100 to 300 bits of information , transmitted over 1 to

30 sec . After a bona fide access is made , the satellIte commits a

narrow—coverage beam to the new user. Tile benefits of such an approach

increase wit h, increasing frequency, because of the higher antenna gains.

The highest gain—to—sidelobe ratios (70 to 80 dB) are obtained

f rom o f f s e t, horn—fed paraboli c ref lec tors with microwave absorber
shielding. 

0,6) 
The problems of packa~ lng large numbers of such an-

tennas on a launch vehicle such as the space shuttle need to he ex-

amined as a func tion of frequency , orbital constellation , spo t size ,
4 number , and geographic distribution of the users.

An al terna tive approach is to form a number of beams from each
antenna. Although the ratio of the main beam gain to the average side—

lobe level wil l  be much less in this case , a varie ty of schemes may be
feasible for reducing interference through the sidelobe. There is ex-

tensive activity in the multi—beam antenna area,

Three types of antennas are used to form multiple spot beams: lens

an tennas , reflector an tennas , and phased—array antennas .

Lens Antennas. For a 30 dB sidelobe specification (relative to

the main lobe), the refractive index of the dielectric in a solid—lens

antenna must be controlled to within 0.8 percen t around a nominal value

of 2.0.
(58) Since light—weight , low—loss materials with this uniformity

are not available, refractive lenses are not practical for low sidelobe

antennas.

Scott~
59
~ has analyzed a 400—element, transverse electromagnetic

wave (TEM) constrained , or “bootlace,” lens antenna which is capable

of simultaneously generating any 6 ou t of 61 possible dual polarized

beams over a 17 deg field of view, at both 4 and 6 GHz, while maintain—

ing at least 27 dE isolation between beams. The 3 dB be~inwidths of this

antenna are approximately 4.2 deg at 4 GHz and 2.8 deg at 6 GHz.

Binz and wainer
(60) 

have analyzed a 2000—element TEN lens capable

of forming 64 beams over its 18 deg field of view. With a single—horn

feed , the calculated 3 dE beamwidth was 1.99 deg and the sidelobe level
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t t~ t’tl was a sp hie’r I t ’ ,t I ref I •‘e ’ 101’ w I t  It a p h ,iu h tl ’ ml rrc’u’ , wh I eIi ht.ts i s~, i  l i t

t if  “2 d R . Thu Is hilt I e’uifla t ’.lfl be’ Ss ’,l It ’d t c i opi’ rat , ‘ ii i’ t Wt ’ t ’ i )  .‘1~ •tt isl 1 (1(1 OH :

rang c’t .i I 
( Is m ) 

h,tvs’ , i i t l I V ‘ i ’ d hIll el I e ’ s t  i’d :111 :itit e’iUi,i w it ( s i t , s l pe ’ i , l  I

lug in I tie 9 Id) 10 e:li .‘ re’g I out , pr oclue ’os mci II (p i t ’ I cl og l’e,tm,; ove I a 10

clog hal f—ang le e’e~flt’ . ‘lii~’ hiat t i’ t l t th t c, t i t i is s iVe ’i’ -c t) chit h i d  t lie ’ i s l e ’ I oh’ .’

Ie ’ V e ’ l S  are’ mor’  t itan .10 tIlt be ’ le’w Iii,’ 111,1 t i t hs e’am. ‘lit . ’ atit etiti .e ,- ,‘il’ ; i~~ t

c e f  an ot’ t’ set  para he’ I h e ’ u’. I’ 1 oc tot ’  wit b i t  Is t’ed by .l spas ’.’ — I e l  sp lta ’l I, ,i l

Ions. ‘rite’ sh’ ,te ’ e ’ -. feel loutS press’ i~l.’s mu It  l~’ l~ ’ s m V e ’ t  l,lpp I t t c ~ l’c ’ ,tuui ’~ c ’ii I l it ’

t’e ’ I’ l e c ’ to t ’ .tpt’rI c urt ’ .

l’hi,~ts e ’_ei—t\ r u’,~iy Ant i’nuu ,ts . A p 1 auau ph.t~ e’eh , t t ’ t , iv  s ’ c ’ I t ~
; 1st oI  istt ’tt I [ s t

tuit h i  esrin l v spae ’e’eh tad (.,I e’I’5. Mu i t  ( p ie ’ s t e e l  ,th ’ ie l’e ’,iflis s li t  t e e ’ ~e l e t , ,  Iut , ~sl liv

prelv let lug sep t r ,i e ’ hic ’,urn s ,~
’m j - m d  s t s ’ ,’t’ I iig nt ’ t wa m r ks t~~’u t ’, i s ’Ii l’ehtflt ,ht iel

ceinhinluig t hie ’I t’ t int pills it • ‘, m. ’ hi , t u u ’ ,iv e lt’tue ’nt , ‘Vito we ’Iglit .ct iel s ’ s ’mp l e •~ ( I v
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of such a system increase in proportion to the number of beams . Another

disadvantage of the phased—array transmit antenna is the need to provide

individual power amplifiers at each radiating element , each of which

mus t handle simultaneous signals from all of the mult iple beams . These

amplifiers must operate in their low—efficiency linear regions to avoid
saturation (saturation results in intermodulation and signal suppression

effects in the presence of multiple signals). This penalizes the over-

all transmitter efficiency and further increases weight and prime power

requirements. The weight and complexi ty of the phased array tend to

l imi t i ts usefulness in app lica t ions where mul tiple beams are desired .

Multi—beam antennas are quite limited in their ability to suppress

sidelobes re]ative to a single—beam offset—horn antenna which has 80 dB

suppression.
Uô) 

As a result s their usefulness is restricted to acqui-

sition and to low-data—rate communications. However , with adapative

antenna pa tterns (nul l  steer ing on in ter fer ing  sources) and can cell ing

of strottg interfering signals , hi gh—da ta—rate communications may he fea-

sible . The choice of an optimum satellite an tenna tor high—da ta—rate

communicat ions is beyond the scope of this study.

0
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X. C0M1~LEXI T Y , RELIABILITY ,  LIFETIME , AND INT EROPERABILITY EFFECTS

In th is section , we are concerned with the effects of increased

opera t ing frequency on the compl exi ty ,  re l iabi l ity , hand lifetime of

the satellite , and with the effect , on interoperabiuity among user

e’ommunities , of add ing still another frequency.

Communications satellites operating at the higher microwave fre—

quenc it’s should be about as complex as lower microwave frequency sys-

tems . Critical satellite components are the null—forming adaptive

lens antennas , the pointing and tracking subsystems for multiple re-

flector antennas , and the high—p ower amplifiers . Multi ple reflector

antennas require drive trains to continuously track the users from

space. The reliability and lifetime of these satellite components are

treated here. High reliab i lity and long life time’ are particularl y in—

portant for the satellite end of the link. Operationa l lifetimes of

5 to 10 yr are typical  of curren t sa telli te sys tems , and are a reason—
h ih i c ’  goal for higher frequency systems. What are the philosophy and
procedures for achieving such long satellite lifetimes?

Historical studies of the useful on—orbit life of communications

ahd other types of satellites were conducted in 1975 by Buehl and
(66) (2)

Hammorand , and in 1977 by Levine . Levine noted, tor examp le,

that of 63 representative military spacecraft launched between 1962

and 1977 , 75 percent were still operational four years after launch. I 
-

Both studies found surprisingly little correlation between the observed

lifetime and the comp lexity, weight, or predicted lifetime . There was —

high correlation, however , between lifetime and the degree of reliabil—

ity analysis and testing that was performed prior to launch. The use

of a type of reliability analysis termed Failure Modes and Ef fec ts

Analysis (FMEA) was particularly effect ive. It identified the major

e f fec ts  caused by failure of each component. This knowledge permits

the designer to reduce the probability of a catastrophic failure by

providing alternate paths or redundant components. FMEA was found to

be most ef fect ive when conducted early in the design phase and when

there was a combined design and reliability eng ineering effort.
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A e’etniprt’hietis lye’ I i’St  I)rografli was .iIs~t I emuitd to be’ ve’t’v v.i I tihib It’

lit ~ ‘hi I e’v I ng I ding ope ’r.l t I ei it hl I l i t  ~ . Ut ghte ’s t St ic ’e ’es s was .ic iii ~vi’ti 1w

It’s h u g  ~u II leve ls cit  e’ eimpe m lte nt  s aitti stih isvs t ems I rein I hit’ I s’We ’s t 1 i’ve I

o t asst’mh lv IcC I he’ whole sp.hce’c rat I . lt eiwe ’r—oui OiiV I t’onnte’tt 1 .11 It ’S I iig

.11 b est la I itt ’ suh~ v ste m 1 i’ve’ 1 .uiid for t hit ’ e’ i m p  It’ t e’ 5~
s hi

~~ d’ e’ rht f t  p u’eive ’d I ci

h~’ t ’xc ’ e’p t i s’ti.i II v el fee’ l IV e ’ Iii cu lling tint ma t ’g I uta I e’emmp cittt ’n t S ,hI tcI

.1 ss e ’rnl e I I es • wh it’ the’ t’ due’ to mautci I .ic t e l l ’  lug do fe’e’ t s s ’ t ’  the ’S I go vt’ rem l’s.

lii hit ghe’r I’ re’quenc ’v cemmmuut I e’,l t I ot is sat o u t  It’ programs , hIS Iii t hose ’
us lug 1 ciwc’ V I re’que’nc ic ’S , It Is t lto re fc ’t’e’ Imp e irt ,tt t t t hat se lf I’ Ic ’ I ott t t int o

and t’ cind tug he’ hi ll owe’d for re’ Ii hib t i l t  v hula I VSe’S hind t c’s I I tig imt’ e t e’e’elttrt ’s
ot t ltt ’ t \ ‘hi e’S mont toned above’.

LI FE1’LME OF h’OIN’I’ INO AND ‘I’RACKINO SUBSYS’I’EMS

Ne’ Spe’ e’ Ia 1 prohi 1 ems lit the 11 lot tnt ’ or I lte’ rt ’ II ah t I l t  v 01 t lit’
po t n t  lug anti t r.ae ’k tttg st ihisvst ems are exp e ’c’ te ’d to  lie’ ~issc s c’ t a t  od wi lit

I ht’ chatt ge’ I s i ii Iglte’r I’ reque’ne’v espe’ rat Ion. In th te ’ “base’ e’ .ISi ’ ’’ e’e ’mrnu—

01 c.m t I outs svs tern di scusst ’d itt St ’~• I ion II I , I itt’ e’omp lox ! tv was shill It’d

s tm the ’ s.tt  o il i t t ’  In order It) ease t he ’  problems e’f thte ’ small mesh t I e ’ use r

w i t  hi ,t v I t’w tel ext e’udi I uig I he’ e’elumttiuut I cat  Ions Sc’ rv I e’e te l  a 1 h I rge’r number

ot sue’h users. The’ USt’I’s t hus have snta 11 em hint t’nnas and broacher he’.uits

. t t  thte ’ h Ight’u’ I re’qt le’ne’ it ~s titan curr en t SHF users , so that hi gh sctb sv s—

torn re I lab l i l t  v is t’xpe’ c ted.

Th e’ only remaining .hre ’a to be’ cons tde’re’eI is asss ’t’ Iateel  w i t h  the ’
satel l Ite’. A ‘~~ . 4—n t d iarncte’r shi te’ ill It ’ ant e’nna was peistu 1 hi It ’ d i t t  I he’

h.ise’ cast ’, ft mr wlt lcht thie be’amwidtht ranged front 0..’ l.i clog h it  .‘ l .2 OH.

tee 0.019 deg .it 2 i’t~m 0Hz (se e ’ Table’ 10) . Tracking w I th  stie’h nhi r t’ow

beams involve’s lit t le ’ fundamt’ntha 1 aeleil t Ionha I oe)mp 1 ox It v , s it t e ’ t’ I hit ’ I’ d ’ —

gu t re ’d error sI gn~i 1 amp It tetde’ is genera ted wi th  small e’r hangul am d ts -

p 1 hhc ’t’lfleflt s when sharper beams are’ emji I twc’ei . Sa h e’ll i t t ’ ope’ut— loop pot til-

ing hlssoe ta t  e’d w i th )  In It I.e I ae’qu istt  it ’ll Is , h owever , mo re dl (ft on It at

the higher f requt’nc los. Thus , as hi ghte’ r p0 hi t  tug his ’ e ’ t a r h l e ’v is rt’qet I red ,

more e’elmp lex sat i’ll It t ’ at t I ttude reference systems ~ire htd I c’ated , as

discussed In Sect ion VII I .

The basic “BIas Me’cmenttam” h% t t t t u e h ’  re ference s v s t e ’m (51mp h’ .t

helri7t iti sensor and .m gvroc ’tlmp.iss) pre’sente’d few prcmhle ’ms on FI,TSATCL)M 0
and TIROS satel  1 t te’s .  Howe’ve’r , both the rd iahi l ltv and ace’tit’ ae’v e’ott iel

i: ~~ 
‘
~~- ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~ , ~~~~~~~~ -~~~~
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be increased by emp loying a horizon sensor of the “staring ” type that

has no moving parts. Gas—bearing gyros appear to have an essential ly
unl imited lifetime . Such a system , having a l— o pointing accurhit’v of

0.1 to 0. 1 deg , could be used with a 4.4-m diameter mil l imeter—wave

conmtunications antenna with only a limited search required.

The performance eli this basic at t i tude reference system can he

improve’d by an order of magnitude through the addition of a di gital

sun Se’ttse)r , as discussed in Sectiot i VIII. The sun sensor Is a simple ,

hi ghly reliable device , which should detract little from time subsystem

r e l Iab i l i ty .  With ) such an accurate att i tude re’ference system , little

or no sea re ’h wou ld be required .

1,1 FETIME OF HIGH—POWE R MILLIMETER—WAVE Ar’fl’LIFJ ERS

The dominant fa ilure mechanism in high—power millimeter—wave ’

amp lif iers (ki y~ ~ rons , t rave ling wave t tubes , extended tnt c’rat ’ I loti him—

p it  f i t’rs , hind gvrd s Irons) shcmul d be cathode dop I e’t teen . This necd not

he .i freque’ne ’v—d e’pendent phenomenon ; the c’athiode are’a must he made’
large enough so that the cathode temperature’ does not have to he rhiise’d

Ic ’ m c ’ rease tlte’ emission current dens itv  Iti hi ghier I requene,’v t it he’s. A

h tg iter—conve’ rgt’nct’ el ec Iron gun or hi tube whose’ cross Sect ton düt’~ not

5e ’ .i h e ’ wi th  frequency , e.g.  , t he gv rot rein t ravel ing wave amp 111 I e’r , hi 1—

te ’ rs the ’ s ’ s ’ i i ’,’ e’ nt lot-t a 1 re’ l i t  te’nshi II’ he,’twt ’e it I It e l  One’ (anci powe ’r e mt it i ieit ‘I

.tite l I t’ c’qdit ’flc’ V . N:\ S~\ 
‘ S ~ ‘

, Os ,~~, ‘
~ , - ~~, ,“, ‘ , ~~~ , - , 

(I ‘ 1 
ffi h ik i’S it c~

a ll t mwh tn d ’ e’ I or t lie ’st ’ .t It t ’ t u th l t I V t ’ S .  It pt’ e’dl Id ’ t S I hiht I t he’ I i t  e 1 i me s~ t 
I 

-

f u tu re ’ 100 W 1 ti h e ’s wi ll I .111 Iron hi Va lilt’ c m l  q yr for I re ’qt it ’Iic ’ I c ’s it )  - -

t hue ’ ‘ to 10 ~hi;’ rang e ’ Is ’ , ihci i i t  I yr at I’’. t:h! .~ based c ’tt s i m p l e ’ t r t ’d h e u e ’iic ’ \

se ,t I I utg . I)es I gne’rs u t  Site ’ It de’v l O t ’s he’ll eve ’ I h I  I eing 1 it  o 1 liii ’s ~‘ ,i n hi’

hi e ’Ii i oV t ’d Inde’pe ’nele’ttt di f t rt ~qtle ’ t )e ’ v  . We e ’ e ’tk’ 1 ude ’ t hat ‘s ~ O hO yr I I Ic—

I Inc’s 511(5(1 I d he’ , ich i t t ’V h lh i I t ’ h i t  10 , t o  100 W piswt ’r I e ’’.’t ’ Is I hursi iug hc mut I itt ’

iii III int ’l er—wave ’ h,inel

As an example’, note that an Extended Interact Ion Anip l it te’r (EIAI

k lvs t  ron Is gu~tr~tnteed to have’ a lifetime ’ of 1000 hr. h-however , ~uc tu.il

*
For prhict Icht l ptl rpe) i4e’S , the l i fe t ime s it  sp h icI ttihe’~ Is cle’f ittoel as

the t tme’ requ I re ’d [cm i’ .1 1 eiB f h i Il —s i l l in powe’ V diii t p i t t  he’ low t hit’ oem I n,i I
or rated va lue’. 0

1’ r Iva to e’ciutunun h e ’ ~i I te e n w i t  hi persontit’ I from V,t ml hIt) 01 (‘ ,iui h idhi hillel
hugh e s  Re ’se ’,ure ’h L~ihes rato rte s .



—‘ —— --~.,—- —‘—-.‘~-, - -- -, - 

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

“‘“ ‘

~ 

‘ ‘

~~~~

“‘

~~ 

“ “~~~~~~~~ ‘ ‘ ~~~~~~~~~~~~~~~~~~~~ —~ ~- - ‘-‘-- — ,~~~~ “,““
___

s’ ‘-‘--- - 
~

—102—

l ifetimes are expected to range from 000 to 15 ,000 hr , ~ li tce opera-

tion In excess ot h000 hr has already been demonstrated.

LIFETIME OF DRIVE TRAINS FOR SATELLITE ANTENNAS

W hen geostat ionary orbits are abandoned in favor e’I in e’i m e d  s sr h Its

to avoid operat Ion at low user elevation Sing It’s , the sh ale’ 11 It e alit ennas

must be driven continuously to t rack the user. This situhitiot i is quite

analogous to the case of spin—stabilized satellites with ) “do—spun ” hail—

tennas. While DSCS II , whicii emp loyed such an ar rhlttgt ’me’nt , t’iit ’e’t iil t c l O d

bearing problems , It is believed that the d if f i c u l t i e s  c,ni he resolved ,

as evidenced by the success In this regard of INTELSATs Ii! and IV .

I NTE ROPERA B I LI TV

The large Investment in UHF hind SHF coTm~unichl t Ions sate!  1 I t t’s and

term inals is l ikely to d ic t at e  that future’ systems in  new frequene’~’

hands prew ide 5t ”~he’ c ross—c o nne ’ct toils to the earl le’r bands. DII’ fe ’ re ’not.s

in the s t z t ’s of the use ’r p l,tt forms lead to dl f fe r e’ncc’s in ant e’nna di—

htmeters and t hus in d~i ha rates . DI f fe rt ’nces In miss Ion may he’ re ’t 1 e ’c t eel

in suhs tant (al dl f ft ’ re’nc ’ t’s In the requIred dat hi V.110 hind tht’ di’greo ot

covertness and res ist  ,incc’ to Interference ( f r iendly  or unf rl t”ndlv l

Process tug e’mnh oard the sat e l i  I to  , I . e’ . , the “sw it ch~ eard In the’ sky ’’

Ceine’e’pt • [S ~i means of c ’siji ing wi  tit d if fe re’nces In carrier frequency

dhtta t h i t e ’ , type’ c’f moelulat ion , error corre’ct Ion coding and encrypt  t e ’tt ,

anti te.’mporarv dlve’r lo~tds or O U t , i s ~O5 . If c ii tt~ wIshes tel av ot e l  iso t a t  f c ’ti

between the’ v,iri,’tus c l assos  of users w i th in  e’hie’ht Se ’ r vt c ’e hilid ht’twec ’tt

t he Se rv ices , t here Is a need for interoperahi I I  t v.  Onhoard proc e ’ss—

tug is a mt’.it ts of preiv I ding for such In to reljierhih li lt v

Accenunodat I ott u st  to the ~i nt reduction of a new f requt’ncv hand——

ISc i ha t ed  from a ll tither changes——would he rt’lat IVe ’Iv  s imp le’. Eve’n tii ’

ea riles I e’onunun I5 ’ it I ens sa It ’ li l t es (repehi t e’rs wit ich p mclv ided .1 re l ,i—

t ive lv transpare’nt chhlnnel to the’ users) prs ’v Ided ~i s i tt f  t be’twt’e’ii t u e

tip and down 1 i t k  fre’qt ie’t ld ’ it’s. Acco mmo dat ion t e l large d l i  fe ’ re’nce’s In

data rate .iute l type o f modul a l l oti , itowe’ve’r , Involve’ s much more’ e’eimp 1 e ’X

onhoard process itt g than a mere f rt’qut’ncv I rat s I hit I clii, Dc’modu 1,111 tilt 

- - 

-
Pr I v~a to  c’c’mmutn I c’a l ion w i t h  personne’ I fre~m \‘ht ml an ol (‘,it’t,id,i

— ‘
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hind remedulat ton In the satellite was inappropriate in early communi—

~‘at ions s a te l l i t e s ;  the genera l recommendations in 1960 we ’re to  avoid

It .  The 1 ES— 8 and —9 s a t e l l i t e’s , however , have rece’ntly domonstr,ited

liii ’ t t ’j s ibilitv of unheard demodulation and remodulation , and it is

I ike’Iv to be’come commonp lace in the 1980s. The trend in the INTELSA’I’

conmterc thu sat  eli ites has been to maximize capac ity ncr sate l l i te  and

to s impl i fy  co tinect iv lt v  by concentrat ing all users wit itin a single

regiona l Sa te ’ I i  i te  beam. Economic f ac to r s  are likely to cont inue to

fo rce  mi l lt. irv s ,itt ’ l l itc~ Iti the same d i rec t ion——toward larger , mu l t i —

pu rp eise’ , m u l l  [—f re q uc ’ t t s ,’v sate l l i tes. At sonic point , t he use of a satel-

l i t e — t o — s a t e l l i t e  litik becomes a t t rac t ive .  Beyond this point , t hese

econom ic ’ f ac to r s  tie longer app ly

W itht ,un onboard information processor , the sa te l l i t e  can dynam—

ic,i l lv  rt’al lc’ L’ate i t s  resources to maxim ize overall sy s tem ef f i c i onc ’v.

l~p l inks ,~nd J~’wti links can he decoup led so that each can be opt imized

independen t lv. l)ynamlc var iat ion In user data rate (separately for

t’ach u s e r ) ,  wi th  onboard storage whion necessary , rap idly chiatig tng

~‘cmnnect iv i tv , and a llocation of power output level on hi per link basis

as needed , can great ly improve overall system performance. For a des-

c r ipt ion of some types of process ing, app lications , t u e  cuirrt’nt Status ,

and poss ible future developments , see Ref.  67.
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XI  . l,~APS IN I’I-:l ’uiNolcu,:y

I’iie’ t re’nds in suubsvs t t’nt te’chno logy we’re ’ discussed fi t prey t o i l s

sect  ions ot t h i s  roper I . Sonic ’ impel- t ant gaps re 1 hIt lye to c~ ~ c’ 1.1 lion

in t he’ .~t) to 31)0 (~lh~’ t’e’g ion ~im ’ o wort hi not lug :

• l.e’flS antennas 01 .ippi’ c ’xi tnate iv e’h i rt  hi d ’c )Ve ’i’hug t ’ ,e re ’ tte ’e’ded

t o t  thi’ t’e’ce’j’t ion et ae _’quisit teti t si gna ls .ut the sate  I—

1 I It’.

• I. ightwe ight an tt ’nnas which) have’ very low side’ lobes and

wh ich , t5 sg ’th lt ’r w i t it their dr ive’ s\’stenis , c’hifl he Sth ic ’kC’d

c’ompac t lv itt a i aunch ~‘eli i c It’ hi re’ needed. i’ht’~ c’ hit) t e’t)tl hlS

migh t he shielded phirahol oids , fed liv cort ical  hte ir its. A

se’para to re’e’e V01 hind I rhiitsmi t t  or are ,ussunied to be’
mounted en the structural suppor t  of eh uc ’h atitenna.

• S p.uce ’—q ci a l it’ led pac kaged amp ii f it ’r~ are needed wI tii cut —

putt power It’ve’ls of from S t o  500 W, ef f i e ’ ie ’ncie’s e f  ~S

to So pe’rc ’e’ttt , and .~0 to 30 dB gain.

• Ff f l c i e ’nt broadband , so lid s t j t e ’ drivers for the’ fi tt. ul

.imp ii f it ’ rs hire needed at about the 0. 1 to 1 W level

N~’ detai led desc ri ption of t hese gaps is pract ichl l hit  this time’
in t he 5uhse’nce of  a specific system cence’pt , pr ogram p lan , d r  St’le’c’

t Ion of ,i part fculhlr  f r e ’qut’ncv hand;  these are hill obviously c lOSt ’I\’

interre’latcd.

I
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XII. CONCLUSIONS

The f t ’hu~’ibI lj ty  ot’ emp loying frequencies ranging from 2 1 .2 GHz t o

2hS CHz for earth—satellite conununichltions has been examined. As a

basis for estimating link perfo rmance’, a mode l has been evo lved which

es t ima tes  t he statistical distribution of signal attenuation , sky noise

t ompe ’rhitur o , hi nd t o t a l  sv s t t ’m per t  ormanc ’e ’ dd ’gr ,udhu t ion ,u i ’ is it ~g I rent , ! t m c ’ s —

phor c c’onipcine’nt s su~’ hi as humid it v , c loud s , hind rzi iii , at Sc ’ It ’d’ t i’d f r e —

q uenc h ’s  in each of six atmosp heric windows. The’ s ix  frequencle’ s hire ’:

2 1.2 , 31 , 48 , 101 , 152 , hind 2o5 CHz. The following conclusions have

been reac hed;

Communications link performance generally compatible with the needs

~f small mobi le users can he obtained in the windows of t h e ’ m illimet er—

wave hand wi th  very small (10 cm diameter) termit ial anterinhis. In one

C,tSe’, the’se were used in coniunct ion w i th  4 .4 —rn  diameter sate’ l l  i te an’s

tennas (t he largest size antenna compatib le’ wit h the’ space shutt le wi th—
*

out t o l d in g,  unfur ling, or extending) .  A ss uming ty p i c a l  vh lli te s for the’

ot her I ink parameters , a data rate o f 106 bps (suf f i c ien t  to prov ide 5i

16 kh ps vo ice’ channel to each of 60 TDMA users) can he transmitted over

a down link te l a receiver in a re lat ively high rhiinfall are:’ (Washington ,

D.C .) w i t h an estimated availabil ity (freedom from weather outages) ,

5t v c ’r.ige’d ove r hi year , whic h ranges from 98.7 percen t at 2 1 . 2  Cl-hz to 59

percen t at 2 h5  CHz (Set ’ Fig. 10) . I f  users are separated by 10 to  30

km ~ir more (so that hc’,iv~ ra inct’ 1 is hire ’ uncorrel att’dl , the :1V:U lah i  I t v

I I c~ur,’s can be’ interpreted as meaning t itat 89 to  95 .7 percent of t he

users can be c ommunicated with at any t ime . These small (10 cm diameter~
terminal antennas have broad beams , which grea t 1~’ simplif ics the problems

of incorperht t ing a direct ielnal antenna into a sm,i 11 mobil e Pl hit form .

W ide—band data relay users can also obta in perfo rmance compatible

wi th their needs in this frequency reg itln. As an extreme ~‘h iS e’ for this

c i t  oc~o rv of user , we assumed a 10 iii terminhi I ant enna d i hime r e’ r. The per—

I ei rttthittce of th is terminhi l was examined in cen j une’t Len w i t h 1—rn diameter

S ite l l i te’ transmi t ted power = 10 W , F,h/N O = 10 , m~arg in = S dB ,
sa te l l i t e  alt i tude 30,000 n ml , uncoo led amp ii ~ i el , hind e 1 oval I on
ang le (,it the user) 30 deg.

( 

_ _ _  
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satel lit o ;iittennas . ‘i’hus , assum ing the’ Sante ~a liii’s as before f e r  the

ot her phirame t o  rs , hi data rate of I 08 bps can bt’ oht aimed wi th awl ii —

hlb iii t ic’s nntg ing f ront 99. 7 percent at 2 1.2 CHz to 9’l percent at 265

CHz. W ith a I 7° K receiver , in conj unction wi th ;i better quality modem

( I.:
h/NO 

of ‘ dB) , hi data rate of 10q bps can be ohta [ned wi th an os t  1—

mated availabilit y which ranges from 99.5 percent at 2 1.2 (Hz to 94

percen t b i t  26’, (11z (see Fig. 15).

Link performance degrades rapidly as the e’ievat ion angle is de—

‘reased below 30 deg, espe’e’ia l ly at the higher frequencies. Thus , In

a typic ’ zi I d’his t’ (F t  g. 14) it was found thut t , w i thi an avii ii ab Ill I y of 98

percent , t he’ e’sI imate~d da ta rate at 30 deg ci eV.it Ion (‘xce’eds that :it

hO clog e ’ l t ’V , it  j utit liv hi f a c t o r  which ranges from 4 hit 21 .2 GHz to 3000

hi t  265 Cll’~. It Is cone luele’d tim t the htlgher the frequency , the more

important it Is to :ivo let e levat Ion .‘mg l es below 30 deg.

I t - t h e ’  w i d t h  of the’ beam footprint on ea r th  is held constant , th ie’

ihi t c’tI s a t e ’ HI te ’ antenna d latneter dcc rohlst s w I thi I nc’reas ing fr e—

quetic y ; pe’ r f onuhille e in t hi Is e’a se degrades more’ rap til l v w i t hi f re ’quent ’v
than when t hi t ’ Shi I e l i  itt’ :lnt ennti diameter is he-’ Id constant (Fig. I 5)

Tb is dl shidlv ;iti I age’ Is • he,we’ver , counter;tc ted by the’ advantage’ that a

I argu’r ntintht ’ r of .i t t  t et t i ta s  can he,’ mount:e’d In the’ same t o t a l  ;ipe’rt tire’ whwn

hi ghe’r f reqiie’ttc ft’s hi re’ emit loved . This e’ali he ef fee ’ t lvt~ whe’ti c-op ing w i t  hi

i la rge’ iiiititbe’r of w idol v d ispe rsed small mobil,’ iist’rs . ‘

rtth Ii’ 1 6 ( f rem F Is. 1 5) ii h i s  t r.i tes t lie’ sit iihl t i~i~ for t he’ smh i 11

mobi l e ’  user. it  biSSlime ’s a its,’t’ ;it ‘30 deg ele’va t ion With hi constant

toot pr lt i t w i e l t  hi of 123 n ml.

Tab le 16

DOWNI,TNI< PERFORMANCE WITH A CONSTANT FOOTPRINT WIDTH OF 12 1 N MT

Antenna 1 Niimhe r of Au tennas On t a Rn to per 1
V re’que ’iicv 01 hlfli e t t’r for Constant Antenna Beam I Aw I II a b i l i t y
((:hlz) (m) S a t e ’ l Ite Apert* ire ’

~4 _ (b,p,s (1~~rce’uiI)

.1. 1 6.4 I 10’ 99
11 ‘3 2 1015 98
48 1.94 5 10 ” 9’)

101 0. 92 ‘2 t  lO ll 97
152 0 .6 1  t I  lO ll 9
265 0.15 ~~ 10” 94

ri,’ t Ic hI 1 coils I do t ’ - i t  ion s ~ii u ’ht hIS tim li la I i’oii~t I I tiV, :ind :i i I (iwhi i i 1~’ 0
pack l u g  fr.iet Ion ( w i t  bou t h loe ’k:i~:e ’) - ir e Iguiie re ’d .

!‘Anh iIl h t I hlv (~rng e’ for ,‘al ’h sate ’ I l i t . ’ hint .~ttlt:l h,eam.

______________________ - 
,
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Not ~~~, t ot .‘\ ,IuilI’l. ’ , I h i t  I “~~ l i lt  eii ui, t ’ i  , ‘~ ‘ , ‘ i  i t  iui. ~ at ‘ i ’ ’  s t t ~ ,

1’, ’ uui. ’ eiuit .‘tI lii Ii,’ iI~~’I l i i i  e ’ 5 , 5411 1 ’ t , ’ t . ’ I I I I t i ’ eI t s ~ t i ’ , s t  ui~’, I.’ .‘ I..’ e !I.~

lull .1111,1, h u t  tuu iuuil ’ ,’i ‘. ~u u,i I I  , hi ’t~,’~’\’c’i , , ‘lli ~ ’ l l  .‘d t~’ I t  It t li,’ I c it ci iiuiui

I’ .’i 01 I’,’,iuii i ’o’~~t I u~ ’tis I ‘I~ it i~ I “ p c i  I 0,1 t e l  , , ‘V , ’ I  I I I  I’ otssth i l. ’ uc ’ ..’l

i ,‘ui’ , t~’ It  Ii ‘ I u ’v ci t ,,u t ,lu ic ~ I,’’. ,i t’ ,’~- .’ lit ,I,’e ’~ I I .‘%t t Iii.’ ,,,inu,’ ‘s i t , ’ I I I t . ’ ,i It t

I it ch ’

l~h u , ’i’ ‘.~ih’ ,l t i t , I ( u t ~’, hi, ’ t i l t  .‘Iiil l I l ’ e ’ i  h u t ’ , t hu. ’ i u , , , t u I  I h u t  I I’ . I

~c~’ it  It il I ~‘t It,’i j’ .u t  iuu i. ’t . ‘ u  V i  Iui. ’ ’ s  Ii,’ le t  ~‘ u i ’ ~~t ‘ i u t t  ‘I i,’ h i , ’uu  I Iii’ , h , c t  - l  I ct. ’ l i t

I t , ’ li,’,iuui i ‘, ln’ ’t ic Ie ’,Iui l ( , ‘ t ~ ‘ 
~~~~

‘
~ ‘‘‘ 

i I e ’ii. ’ i i . ’ i , I but ’  I hi, ’ I ‘ ‘~~ l’ , ’ i u t u ’ , t t

,‘ i, ’ ’ i 1 1  ‘ ‘ i c ’ , I’,’ t • ‘,t ’ .,’ uu , th ’ I . ’ i t  ,‘uu a .‘ ‘ ‘ I’i’~
. , t , c t  , c  I Ink I’ . i u ’c h uii i .‘d .‘iu , ’

i.’ t . ’ t~~1’ .’ e ’ i t , ’ i u u t \  i~ t t h i  ‘) 5 I’’’ ” ’  , ‘ t t t  ,i~ , t h I i t ’ t I I t ~~. )Ic ’i,’,’~ ,’i , I t  t hu. ’ i ,

tot a I t’  h t ’ C’ , ~~~~ I ii \‘ ‘ s t t ’ ,’ , i t  ,‘ii t I i.’% Iii ‘~~~‘ 
~
‘‘‘~~ ~‘ii t ~‘,.i i t

it ’ I i t  • ,c b ’ , ‘ i t t  ‘ s~~ ~~~~~~~ ~t I .2 it ,i ~~ ~~~~~~~ 
t ~~~~ I. ’.

\ t  iui, i’t~st i . ’i ti , - ,‘ii- t II it , ’ui t ‘. - ,iu It i ,  t , ulii ,I,’u ’ i ,c , h ,’ I b k  ~‘‘‘i 
t , ’i ti,u uu, , ‘ i ,

S 
hi ,’,’ \,‘ ,I V ’. t t i . ’~ ut I .‘nci ~i t e I hi, ’ ‘ i t ~~ui:i ’t ,iiiel I hi , ’\ Iii , I ,‘ 4 ’ ~~’ ‘.i ‘ II ,‘iui ii,’ I ’ ,,’

i,b~b i ui, ~ a ‘d~ i u o u - - 5 ’ ,- ,‘ uuI i liii I I on. b’hi. ’  ,u,l,l I t I ~‘ii ,i I ‘iI~i ito h ‘s, ,‘t 1 c, I

c u t  i ~‘,int i t  I It, ’ h , ’i,,’i I ,‘~~u i , - u ‘~~, , c~h u , ’ u c , iii I Ii , - ,‘‘~ c ili 1’ I .- ‘  i i ,  ii ‘

i t wa’S t , ’uiii,I I,’ ,u, hd u ,‘ uu , ’ b i l i ’  - e ‘itt ,‘t ~I,’ ,’ i  ,i,I,iI t ’ui i ,l I It t ut u , ,‘,‘I. ’ .t i , ’ . ,  •
— I -

.10 when e,’ I. ‘.1 u c, , - 4 “I ‘ u, ‘‘ I e u’uuu ~’ I ‘~~ . -~b - , ‘ ,‘ I ,u “I.’ , 1

\~1 th u , ,‘ t t ’ s t l i l t  i u u t  , ‘ t i u u , u  eh l,ntu. ’I ,‘i s , i ii.’ I tuuI ~ ~‘, ‘i t o t  u t i c u i ,  e u iuu b ’ l  5 ’\  .‘ ‘  i.- i t h

111 , 1  ,‘ ,t ’ . I t t ~’, I I  ,‘,~ k t, ’it, V Iii .‘I - i t i~ ’ ,’h e’ , s ’ , ’ ,l ts ’ , ’ , c t  bu. ’t h ’,’, iii ” .’ I Ii, ’ iii , i “ i ’ ,” h

null ,‘uiu ia ~.u t o  note t h u , iui , ‘i’ ,’i , ,‘uuu,’s I Ii,’ t i i e ’ i  ,‘ ,t ’ s , ’,I it  uuI0 ’~h’Iu. ’I I, ’ ,I,’ ,~i t,I c i  t o u t  -

ii, Ii,’ .ui ’~ i , i  Iii • I i i , ’ ~~ ‘ i i v . ’ i  ‘ s ,’ I ’ s  I iii.’ , lii Ii, ’ ,‘~~,iuuu ~
, I.’ s t  eu , t  led , (hi, ’

It,’,’ .‘ t  I i ’ , I ’ s  4 ) ’ ) ’ l  , ‘\  h tui ,it .‘I h i  I iii , .‘ ,‘,icli , ‘ t  hi, ’t i~’1i ,’ui I hi , ’ ,ii ’ , c  It  it ’ l l  It  I’

,il’ , i u i t  ‘~i~ ~‘0 i  . .‘ ii t I, I I i~ , I I ‘
~

lii,’ ,~ ,t % I’hcl ,‘,I , u u u u i t i a  I thi n  , ‘u , ,’bu 1’ ti t Iii, u • ‘ , . ‘ s , ’ ’s uui, ’it , ’ t  ,~u u i , , u t I i~’ t t h u  t i ,

i~~’ t o  , ‘ i ’ , ’ u c t  I ’ ’ ,’ u~lI,’ I,’i •‘I , ’ i , it t . ’ it , u i i t ~~t , ’~ t ,‘I ht ~~~ ,iut ~h , c t ’ ,’i

t hui’i , 1, ’ lii,i\ itui I ,‘,‘ ~uuiui,i I t but  s ’uigli i’ uu t t ,iit.I )ia~ii. i~ t htu ~ t i ,tut ’ s i ~i t  t tu ’.I u tuuuit’ .’i

01 h I t M  ot tuitoflui .it I, ’ui ~‘•‘t del I t ,  lii i , ‘ ‘ c t .‘,i’t wI t h i I I ~.‘,t h u h  •‘iiii,t ,hi,iuuu, ’t .‘ u ’ .

i t  b, ’t It ,‘iidy ~‘t Iii’ 1 I u k  , ‘1’ .’( , i t  l u l l tit t I,,~ I ~~lt I,, 1111 1 c h i t , ’ I d ig,’ I’’ t iiul I

i t  .‘d I- i ,‘, - I - ‘

ih, ’ , ’ ’ t  , i t  I,’ui,ii ‘i c ’ t  h~h t .  d c ’ ii. ’ t  1 ’ t , ’ i’ tdu ’ ,‘I . ’i’ ,i t t , ’ui ,Iu Ie~ I.’’. ~~~~~ lt t d . c

t ’ i  uu ’~,’u s ii l i t  it utile’s si t u ,’~’ e ’ “ .‘ . “ ~~~~ u c ’g ,uu i i ie~s ’ c ,‘ t  i ii.’ nuunul ’ .’, c it “ u t

I It . ’ ‘s l’l~h~
i I .‘i .‘,l liii ’ I Iiiu ’,l Oh h’l I M ii ,’ hu e’ i .’ i,’ ii , I i tch I ,‘ ,it oil I ,‘t uc ’s. ’ w I t  Ii

hlg li.’i h i  .‘quleui. \’ e ’c’itliitiill l, it l, ’ui ’s ‘~\ - M t  e~is. \ ,,‘ti u? i ’ ll i t  I, ’tu tiui’ e ’Iu ’ I u t c ~ ii hi,’

‘ c i t  o i l  it  ,“ c Iii c l i e u  I u i c it Is It M ,  i t  id Itt lO ii iti t il I It h ell ’ ,cu i , I fiu~ uie ’g Iii, I IcI , c —

I ton I’’ ,i I t l’a ,  (I v.’ Iii t h i s  i,’~ ,uu , i , tie. ,iwc,’, w I t h  ‘uu, ii a , ,‘ u i s t o l l e t  t , .eu ,

L. ~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~ - ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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t lie p rohab I l i t  V ot I hc’re hit’ I rig One’ sa It’ll I Let In v iew  above’ 3() ele’g e’ h t ’—

v~c t (cii i i s  98. 1 pe rceit t , .tVc ’ rhl 5t ’tl eivc’r t trne and ove’ r the’ out I re’ s ii rt .1c c ’

c i t  I lie’ e’hlrt Ii. It Is c ’St  (mated t lint tha’r&’ w i l l  he ol t e ’ s.ttel li t  e,’ In view

11)1) li(’t’ c’e’tt t s~~I ( lie’ I into hit e’ I ova t ions only sl iglt t  Iv be low 11) dog. More—

c ’ V O  t ’ , t h e ’ prohl .ih i i It v t Iihi t .1 t’hi I its t ti rm won Id e’O liii ’ ide ’ w i t  Ii t hue bibse ’nce

c i t  ,d  5 .1 I t ’ I I ( I t ’  ,ih ,tvi ’ It) ~R’~’, Is qu I to low . ‘I’hie’ o I eva t I on au g. 1 e’ st  .i t i s —

I I C’S  I c’i’ hi nctiiih e i’ ot  ii iliei’ cons t e l l  hit  I ell is hire e’Xaul I ned in Sc ’,’ t Ion V .

lilt ’ u i . t  t ’row liehltti f e i o t  pr lit t s oh t hi [med hit It Ighw t I’rc’q tie ’ne’ I C’S 5 i’e ’hi I lv

I ,ic I l i ta  Ii ’ the’ i’o jt ’i ’ t Ion o I’ st reing lilt e’ r fe ring selurce’s ci Isp l :iec’el t rem

Itt ’ I 01,1111 i i.i I I e.’,i I I on. Th ins • for t’xanup It’ , t he t’ eto t pr in I obta ined t’ ron

.1 sa to I I I It ’ at au ,i It it ueh’ of 10,0(R) ii ml wi th u a 4 .4—ui di ante’ ter nit t t’nna

I S tilt Iv 10 ii m i wide’ at I 1)0 ~flz , h,ud s t i l l less hi t  lii glior f requeitc los

F 1g. ~
‘ I) . ‘Iii I j’ c e’ rut it s Fe ’ j e c t I t in ci f strong inter fe ’ r t ug  s I git~t 1 s f rom

s& ’ulrt ’c’s I tic .1 I i’d 1O() it in I awhlv . ‘FIt is t’ I’ t’ec I doe’s flel t Vh i t’V great Iv w i t  ii

look at~ It ’ h,ee ’ ,iui~~e I lit ’ toot prlit t area Increases by e’ttt iv hi f ac t e l r ,sf

-ihout twet os t hi ~ o h eva I I (lit h lui g Ic’ dec roast’s from 90 dc’g (civt ’  rheael te l

Ii) dt ’g (Fig. ,‘4)

‘i’lt,’ pci tnt 1115 hi lle l t rac k i n g  preth I ems of thie sm,i 11 tuehi lie t t’flhi i tthl Is

.11 ’,’ ~ u’ C ’a t lv 5111111 1 If I ~‘d liv t lie’ 10—cut dl .11110 tc’ r nu t (‘litIhi S ~05 tit I hit ed above .

Tb i Is he’,’siuu se ’ the h is s oc in ted beams hi rt’ rt’ 1 at I vol v hi’ohid , rang I utg f i’tlnt

O.8~’ ,I,~~ ut .‘hS :it~ 1 ,1 10. 1 de’g at 21 .2  CHz . The required poInt ittg h ill e l

track I rig ic i ’u rat ’ ic ’s ;lre’ t bus reduced hind easy tci oht a In because-’ the mass

o I I hi~ ni t t c’fltt ,’i i S  Stfl hi 11 hIS we’ 11

The po Iii t I ii5 hilid I, t’,t ~
‘ k I rig hi t ’ Cii t’,i Cv u’e’qu I remen I s of t lie w i do—band

c h i t  SI i t ’ I .iv use u’s w i l l  lie’ it 1gb ii t hte hi ghter frequenc it’s , but these re—

t 1t i i  re’mc’n Is are’ we’ ll wI th  In prt’se’nt t ee ’hno I ogv . Astronomica l radio I e’ le ’

se’ope’s have’ al rt ’,ielv dc’monstratt- ’d point ing hie ’curae’ it’s uieire t han t e n t lute’s

hie’t ter t han tie’edt’ d for t lie I s l t ’ g e ’ s t  • l t t t ( ‘ t t l l h lS t ’ e i t t s  lel c’t’ e’d liu,’re . S in II hit ’ I v

I rac ’k I rig shetul d he’ no prclh I em because’ radars hi I ros ielv track to we l l  t inder

one —hundr ed t it el f  hi heamw I1t It whten adequate S Igita I — te l — l i t )  1st ’ rat ii~ Is hi Vb i 11

.ihlt’ .

S i t  e l II to  met iti ti has si ite’gl ig ible e f f e c t  on the tracking c a p a b i l i ty

i’equ ( re d of e ’ It her .1 stat tonary or hi mch t i c  user. The roll rate- ’  01’ hi

shi p Is .~0l) tel 501) t mmc’s tlt,’ maximum angut 1 ar rate (ovetrhtetid ) eif the’ 11 no

e u f  sight for any s a t e l l i t e’  orbit consIdered lIt ’ angular rates of ground

ve’hh’les and aircraft would he even htight’r thait that of ships. Titus ,
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tracking rates art’ dominated by the met ton of t he’ uis, ’r ~ 
isi t I tirm due to

changes In user s i l t  I tude or earth rotatIon (feir s ta t  telna ry terminals).

Point ing and tracking cif the sat ellIte beam should present no prob-

lem .it higher frequencies , despite t he’ narrow beams Invtilved (0.019 to

0. 214 de’g for hi 4 .4—rn  diameter sh i to l l i t e  an t enna). W h i l e  the’ cos t  of

.i rt’ I .it ive lv coarse’ (0. 1 to 0. 3 deg) long—l i fe  h it h i  tude’ stahl !  I zh it Ion

svs t em is high (abcuit $800 ,000) , t he I no re’m(’nthi I cost cii a sun Se’uiso r

tei improve the’ performance’ by an orde r of unsign It tide’ is t in 1 y about 10

pt’rc’ent . A t t i t u de ’  reference systems whose’ perfonuancu’ exceeds that

• rt ’qui trod hert ’ by hill o r der oh nuagn it tide have’ a I ready been ut III zet d iii

sp ace ’ • ,inel ,i svst  em Is under devc’ Iopme’nt w i th  much httgher jiredi c I e’d

accu r:tcv .1 t .1 i Z’ti~ e’e’ te’d cost no great t’r 1)1.. -1 that o t pre ’se ’ul t re I hit  lv.’ lv

e’oarse svste ’ms .

list’ of smhi 11 t t’rm I na 1 ant eutnas (about 1 0 cm lii diane’ ter) and minI —

mimi ci oval Ion sing 1 c’S t’xct ’ ,’d ing 30 deg permits their use on sma 1.1cr

meib li e user p 1,it forms than are present ly contemplated for SHF terminals.

Ohs t ruio t ton of t he heanu by other compeine’lt In tin t he p Eat  form , w hether

ship c)r grouitd veh ic le’ , ran he avoided due t o the’ small sin teu’ina si 7~t’

~inel hIgh c’ It ’v .et ielfl ang le ’ (and ,issoc iate’d f lt ’xIhI lit V iii antenna p lac e ’—

men t ) . ~ I t h hi I re’ r.i f F pl.i t fo ruts, the’ rachome t ’ciui Id  he hi ‘Ci fl t’uirma I wI uucio w .

A 40 cm w i  ntlow pe’ rnt It s opera I I on dc wn to ‘30 dc’g el ,‘vsi t I on wh II.’ hivo lii i ng

p rol e’e’ t trig rsitlome p rob I ems sue ’ Ii as ci rag sind r~t in eros I on. the s Is’ e~ c i t

I he’ con feirunsi I raclome’ I s rt’ I it ive’ Iv I utsc ’its It I Vt ’ Iii I’ requenc ’v ( s-s et ’ 1” 1g. ‘30’)

Mait~’ t rib.’ t vpt’s may hi’ c ’npst h 1 c’ eif siip~i I vi rig u se’ f ri I pcuwe ’ r 1.’~’.’ I s hit

m l I I lute’ I e’r wave ’ 1 e’ngt his. Banelw I c it hi , powe’r I c ’V . ’ I , c’ It ’ Ic ’ I t ’t t c ’V hi llel g.,u in ,

is we I I es 1 Ii t ’t I mc’ ,un~t ro il sib I l i t  v , ire ’ I he’ ke’v v ’
~”~~

’ It ’ i’s .1 t t O t ’ 1 1 itg

t htc’ e’ht’ ie ’c’. Some’ t i t ’ t hit ’s-u ’ I iiht’ t v j s t ’ s -  ,ire : ext t ’neheel I u t  Oi’~ie ’t Ion kl \‘ s-s t ron

amp [ If  I c’t ’~ ( K1As) , rib It rt ’ut (m d ii ha t  tug he’ .lm h i t  e!’at ’ I itiuis ’) t uihu’s • ~‘oiup 1 eel —

‘.iv i t  v fl4Ts • sinel gv rot rout t u’ave I I  ng —w . i v u ’ 51111 1111 (1.’, . Power I .‘v c ’I ‘s is

It 5h as 10 kW CW at 300 t11: may preive’ f ,’,is I hIt ’ , ill ti~iiigli I ,i i’s ’ i . u t  us rv uti t i t s

have’ uin I v cle’mons rsu t i’d I 2 kW ,ut 100 ~ hI z so t at’

The’ Wt’ 1gb I , s I ..‘ , hind h owe ’ r t’.’t~ii I t— e’me’n t 5 c u t  lii ght’ r I rc’quit ’ut C V ~‘ clInmil—

ii font Ions svs te’ms • hillel he’tie’t’ t hi’ I r t.eimpiit lb f l i t  v w i t  hi the usi’t’ p1 at I ou’tuti4

depend 1,1 rgt’ I v - ‘ui the’ t’ f f 1 , ’ I Oiie’V c it  I hit’ powe’ t’ out pui I amp I I t  I.’ i s  it iii glte ’r

t r e ’que’ncte’s . A t ,i I 1—t i l t  of o t t ’ le ’ Iette ’v w I t h  u i t cu ’ t ’ huslng t 1’u ’qut e ’uicv c ’c ’,’ i l t S

fti r t’ ,ic hi t nbc’ t vpe ’ • hut t he’ rhi It ’ s i t ’ dot ’ t ’ t ’bi St Is I ow. Mt’hiStI ri’s c m i  he

- . 5 . -  -



-110-

taken to offset this and a change of tube type can restore high effi-

ciency at the higher frequency (see Fig. 31). Thus, the transmitter

weight and prime power requirements need not increase with frequency.

No basic limitation seems to exist that would prevent the fabri-

cation of low—los.’ ‘-adomes for ground vehicle , shipboard , and airborne

use up to 300 GHz, Thus, a random triangular—panel rad onue exhibits a

transmission loss of 0.5 dB over any selected pass band out to 325 GHz.

Both the location and the width of the pass hand are selected by prtiper

choice of radome thickness. The shift in boresight introduced by the

radome is less than 0.0006 deg.

Multi—beam antennas such as phased arrays , reflectors , and lenses

were examined. Phased arrays are too heavy and too cost lv In t h e ’

millimet er—wave band to be considered at all. The other approaches

tend to result in high sidelobe levels, which limits the data rato In

the presence of interference. The interfering sources can he rej c’ c t e ’ d

by adaptive pattern antennas (null—forming) and by signa l cancellatit’un .

Alternatively, use of a conical horn—fed , shielded parabolic s i t t t e ’nut :l

(single beam) can produce far—out sidelobes which hurt ’ 80 dB below the

peak of the main beam (for main beam gains in c’xe’Css of 40 dB).

S
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Appendix

THE SHAPE AND SIZE OF THE BEAN FOOTPRINT ON THE EARTH

W. Sollfrey

The satellite coimnunications antenna produces su pencil heani wh ich

illuminates some reg ion on the ground . The details of the illuminated

region depend on the satellite altitude , the antenna beamwidth , and

the angle between the beam direction and the subsatellite vertica l .

We shall calculate the shape and size of the spot under the assumptions

that the antenna beamwidth is small and that the beam does not I n t e ’r —

sect the horizon. The results for the spot diameters and sirt’sI will he’

given to the fourth powers of the beamwidLh .

The configuration is shown in Fig. A .l. The satellite is at the

point S at the altitude H. The center of the beam is directed hit the

point P, with the beam making an angle ~~ with the vertical. The ground

angle from the subsatellite point to P is 0, and the elevation angle of

the line of sight P-*S is a. The beamwidth’e to the half—power point is

S (note this is half the more conventional beamwidth between half—power

points). The point Q is a representative point on the edge of the jitter—

section between the beam , taken as a cone of semiang le S , an4 the sur-

face of the earth.

We use rectangular coordinates, x , y, z, with the z—axis along

~~S and the point P in the x—z plane , and also spherical coordinates ,

p, up , ~, with the pole along the z—axis and the point P as the long i-

tude reference. At the point S, we have x = y 0, z R + H; at P,

x R sin 0, y = 0, z — R cos 0; and at Q, x R sin i4’ Ce ’S ~~~, V

R sin u~ sin ~, z = R cos ~~. The range from P or Q to S is:

r
2 

R2 + (R + H)
2 

— 2R (R + H) con 0 (A.la)

— + (R + H)2 — 2R (R + H) COS ~~‘ . (A . Ih )

The unit vector from P to S is:

- [— 
~~ 

R sin 0 + t (R + H - R cos 0)]/r , ( A . 2 )

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ “‘~~~~~~~~~~
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and the unit vector from Q to S is

tQ [ t R s i n l cos~~~~~~ i R s i n ~~~~sin 4t

+ t (i~ + H — R cos l)]/s . (A. 1)

The condition that Q is on the beam h a l f — p o w e r  cone is:

ti, 
~Q = cos ~ (A . .~en)

— [R sin P sin uj cos ~

+ (R + H — R cos 
~
) (R + H — R cc’s i)}/ rs  - ( A .T h )

Thi s  expression may be s i m p l i f i e d  by expressing i t  in terms of the

singles ~ and , re’spec t lye lv the hiutg I es front the ~‘or t ica I of the’ lines

P- dS and Q-~S. The r e s u l t  is:

005 00 5 t~ cci s ~, + sin L~ sin ~, cc’s ~ , (A . 5’)

The co la t  I tude ~ is related to the a n g le ’ by:

— ~~~~~~ 
(( R  + H 1sh~~~.)  - ~. . ( A . 6)

We see from Eq .  (A.  5) tha t thte utaxintum e’xc uurs ion of from ~ Is

+ ~, which  occurs at  ~ ‘ = 0. I t  f o l l o w s  tha t the length of the illumI—

ma ted spot along the me’r id I an connect 1mg 1’ and thte suhssu t e l l  I It’ point

is:

-I I (R + U) sin (~ + ~
) \P

1 
= R sin - -

~~~~ 
- - - - 

- sin ’ ( ( ~~~f~~~~~~ t~ ~~ - 

H 
( A . 7 )

The 1 siw of sines app l ied to t lie tn sing to  ~~ ~P ‘S ;‘e’rml t s us to  express

the sing le’ In  t erms of  the suttg l e a l iv

sIn — R t’os a/(R + H) . (A . 8)

Fqut~it ion (A. 7) may he e’xphinde’d In powers e’ f ~S . The’ c ’ve ’n powers cance l ,

and it may he’ shown si f ter ox tens I ye man I N il si t Ion t hat

I

L _ _ _ _ _ _ _-
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D 2 r 
~ + 

H (2 R + H)( 1 + 2 cos4 a) 1(R + H)
2 

- R
2 
cos

2 
~~~ (A 9)

H gin a 2 53 R sin a

The derivation of the perpendicular diameter is somewhat more

complicated . We introduce an angle a, which is an azimuthal angle in

the tangent plane at the point P, referenced to the meridian line .

In terms of ~i , Eq. (A.5) is parametrized by:

cos 1 — cos 0 cos — sin 0 sin S cos c’ (A.lOa )

sin E~ cos • — sin 0 cos ~ + cos 0 sin cS Cos C’ . (A.lOh) - :

The curve defined by Eq. (A.5) is covered by 0 < a < 2ii. To third order

in S , the variables ~ and ~ are given by:

2 2 3 2 2
cos ~ sin a ~ (1 + 2 cos o) cos a sin ~— — (A.lLi)
2 sin 0 2 ,6 sin ~

2 3 2 2 2 2

• 
sin — S cos 0 cos + 

6 (cos a — cos 0 + 3 COS ~ cos ‘
~~ ( A . l l h )

sin t’ sin O 3 i
2

0

in which it has been assumed that we are not near the subsatellite point ,

so the longitudinal width is small.

The point Q is at the latera l distance from the meridian along the

spherical surface:

q R ti sin up . (A . 1 2 )

When the expansion of Eq. (A.lla) is substituted into Eq. (A.6) for ~~~,

the expansion of Eq. (A.llb) is inserted into Eq. ( A . 12 ) ,  and the ang le

0 is eliminated using Eq. (A.8), the eventual reduced expression is:

q r 6 sin c’ ~ + ~ 
cos ci cos a 

+ 62 + H~~ — R
2 
cos1~~J~sin a 2 R sin ci

2 2
+ 

H (2 R + H) cos ci cos a (A l l)
2 r R s i n 3 a

R
2 
cos

2 
a — ~~~+ HJ

2 
sin

2

2 26 R cos cc

1 

_ _ _ _ _ _ _ _ _ _ _  _ _ _ _  

-H
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This may be differentiated with respec t to a to find the maximum latera l

distance the curve extends from the meridian. The value of c’ fo r  which

the maximum occurs is:

— 
iT 

+ 
cos ci 

+ 3
rd order terms , (A. 14 )

and the transverse diameter of the spot is:

2 r 
[1 

+ $ 2 
~ 2 H sin a + 2 + 

(H + H) - cos
2

- - 2 sin ci 6 H cos a

If  oniy  the first order terms had been kept , the surface spot

would be an ellipse , with the major axis along the meridian of length

2 r 6/sin a , the minor axis  of l eng th  2 r 6. This can be seen directly

from Fig. A .l. If the beamwidth is small enough that the diameters of

the spot sire small compared to the radius of the earth , then the spot

is the intersection of an inclined plane with the conical beam , yield-

ing an ellipse of appropriate size and shape. The third order correc—

tions to the d iameters are usual ly  f a i r l y  small .

The illuminated area is given by the fo rmula:

, ~ max
A 2 R~ ~ • (~ ‘ ) sin up d up , (A. 16)

~~~

where the limits are the extreme values of the co la t i tude  u p ,  and the

long itude is to be expressed in terms of the colatitude via Eq. (A.4h).

Integrate by parts , use the fac t that the longitude vanishes at the

extremes , and change to ci as the independent variable. The result

is:

A = 2 R2 f cos up d ~ . (A .1 7 )

Express cos up in terms of ~ from Eq. (A.6), then use the expansions of

Eqs. (A.lla) and (A.llb) . Since the mean value of d •/d a is zero , the

expansions are accurate enough to give the area to four th  order in 6.

After very tedious calculations , the result is:
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