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This paper is based on mabenial exracied Mot the WTED
Panel Repart Global Saiellite Comeunications Tachnology
and Systems, Decembes 1098, In presents an overview of key
techrology trends in communicatons saellites in the last fea
years. After (b intmchichinn shich deals with sach issues os
the ransformation of the cne-al-a-time approsch for bulbding
satellitss ta 3 produc lion-oriened one, there followe 4 diste-
sipn af critical techealogess for largs geosyochronmes sasth
cebit (RO datelliles wish power sysiems growing o 20 kW
and mose. Satellite antene technolegy, ane of the most cri-
ical areas o measwring progeess, i next reviewed, including
large reflecior antennas, phased armays al optical beasm -
mers. This s followed by a discussion of onboard process.
ing [analog 2nd dgitaly, progress m sacellits ravekieg wave
tube=s, solid sink et amplifiers and oplicsl satelliee tech-
nodogies includng mbersmellie links (15Ls), Lost spme per-
timeEnt saledloe bues isSues (ekocine prapulsion, thermal cominol
ael Aitifwde contral) are feveewed. Small and mini-satedlies
ane descussed, but ot trested bn grear deiail as mweh of thes
echralogy (& derved From thal of GEO satel hies,
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1. Imiredaction

This paper m;iewg the status of technologies for
communications saellite systems space segroents. [t is
largely based on material from Chapter 3 of the WTEC
Pane| Report Global Satellite Commumcations Tech-
nclogy and Systoms, December 1998 [1]. The paper
mighlighis changes that have taken plice since the pre-
vioas stdy conducted in 199200993 [2] and empha-
sepes developments that are both new and important.

In 1992 the Mabonal Aeronautcs and Space Admen-
wiration (MASA) and the Mational Science Founda-
tign [M3F) commissioned a panel of US satellite en-
gincers and sceniists o study international satellice
R&D projects in coder to evaluate the long-term pres-
ence of the United States inthis Dndusary [2]. Tnthe fvee
yeiurs since that study, the satellits communicalions in-
dustry hias become an even larger industry tham moss
had predicted, increasing from 311 billion in 1992
F20billion i 1996, Far from being supplanted by filser
aptics or other conmmumications networks &s some sug-
gested would happen, satellite systems and services
(based on improved techeologies and architectures)
are expanding 23 more countries establish communica-
tions satellite system capabilities. Because of ihe con-
tinaed technological advancements of te industry nd
its worldwide prowth, NMASA and NSF commissionsd
a panel i 1997 o update the earlier stedy and also
extend the scope o teclede additional countries. This
study also included policy and regulatory issues tha
are hecoming increasimgly important o this ghebal in-
dustry.

In the past in any discussion of satellite commu-
nications there was a tendancy 1o emphasize sael-
lies. More recently the imporance of sateliite termi-
nnls both in the economics and vser scceplance of sys-
terns 13 heing recognized in industry. Designers of sys-
terms have exercised the trodeofis between satellite and
curth terminals in a conscious amempd 1o achieve high
syslim capacity ‘while realizing a small and affordable
terminal.
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Some designs Tor mobile satzllite systems have m-
duced whe orhit altitode and employved a larger than
familiar number of safellites w achieve continuous
global coverage. The reduced aliiuwde reduces the
propagation delny and the (spreading) path Loss, which
can be waded for lower fransmit radiated power. Al-
though this design approach leads 1o smaller satellies,
innovations have neventheless been introduced, such as
use of Global Positioning Svstem ((iPS) sasellite re-
ceivers on satellites for auonomous station kesping:
multiple crosslink (Intersatetite link) antznnas; phasod
array aniennas for up and dowelinks: and onbosard
baseband processing.

The assembly of satellites used wo procesd on the ba-
sig o ‘ope of a kind-one at a time'. Some manefacor-
ers fnotably for the Iridium ard Globalacar satellites)
e adopied technigques similar o those used by the
automebibe industry by setting up assembly lines us-
ing pants and subsystems delivered from manufactur-
ers located all over the globe and generally reducing
the sxtensive environmenial wesing conducted on sael-
lites prier to launch, Manufaciurers of geoaynchroaous
earth orbit (GEC) saiellites have aleo sireamlined the
assembly by concentrating on standand buses varying
the communications packages carried by the standard
bz

While tow and mediom orbit communication sael-
lite comstellations bave rightly attracted much attention
in the past few years, gegstationory orbit communi-
cations satellites systems have contimee o thrive and
grow, both in numbers and in the capacity of the -
dividual satcllites. The ability 10 keep coverage fined
and provide high capacity over long distances offers
the possibility of a gradual merket entry, i.e., market
development This lowess the risk and is thus desired
tf}' the financial community. In any case, thers is con-
tmued development of ever larger buses o support ever
ncreasing entenns size and complexity, large numbers
of tramsponders, and othar dimensions in sophistication
and complexity, all of which will be discussed heren
and in companion papers in this issee [3-5],

The tend in GEO satellites s as always toward in-
creased power amd an increased number of tenspon-
ders. Satellites wilh murercus O- aid Ku-band tras.
spoaders and antenna beams ars commonplace. These
Increases have not resulted in 2 proportionate scaling
of salelite mass, since the uge of shaped refiector an-
Iennas climinates the need for considerable microwave
plumbing anid the use of Lighter stractures has helped
conlain satellite mass. MNevertheless, (7RO gatellites are
becoming heavier and launch capability is increas-

ing to accommodate the additional features of madem
sitellites, Increased on-board poser is driven by the
dezire to radiate meore if power lowards the ground ter-
minal thereby decreasing the ground terminal size and
cost, appealing feamres for end-consumer equipment.
Figure 1 provides a comparison beiween GEO sagel-
lites of the 19705, 1980s and carly 19908, as well as
buses pow in development in terms of mass and poser,
The figwre shows on a related scale how the increases
in power have albowed a steady reduction in tzrminal
siges, Given that a ground terminal size on the order
of 30 cm hos been attained, further increases in satel-
[1ie: power may be viewed as making larper capecitics
posstde using these small fiermanals, or may be used 1o
add other feamares such as alditional frequency bands
o0 coosalinks 0 odher salelines (as opposed 1o further
reducing wrminal sizes).

This paper begins with a dizcussion of critical tech-
nologies of large GEO satellites where the primary
powesr system ik growing rapidly towards 20 kKW and
maore. Satellite antennas ore discussed in some detail
sipee this 15 one of the mest enbical areas in meosur-
ing communications progress. This is followed by o
discussion of onboand processing, progress in satel-
Iebe raveling wave tubes and solid state power ampli-
fiers, optical [SLs and some satellite bus issues (elec-
trie propalsion, thermal contrel and attiwde contral).
Larger satellite antennas imply narrower beams which
tn turs leads 1o o need for ighter ampede conerol. In all
cases emphasia is placed on what was learned during
the above mentioned swdy.

Small and mini-ssiellites derive much of their tech-
nolegy from that of GEQ satellites and therefore are
ol treated i detail. The major aspect of these satellites
i the process adjusimentis made 1o transform the one-
al-g-time, hand-made approach faking three to four
years, to a more stfeamlined, production oriented ap-
proach for producing saiellites.

2. Large GEO satellites
20 Size trepds

During the past five yaars, there has been o rénewed
cmphasis on providing sstellite-hased segvices w con-
sumers. The acceplapce of these services iz daterinined
to 8 greal degree by cost i the consumer, including
the price o the consumer of the equipment a5 well
ax monifly setvice charges. The price of consumer
electronics benefids frome comptiion and the cost sav-
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Fig. 1. Smellite poeenmase nad terminel aniesna size ipemds

ings associated with wolume manulaciuring and dis-
iwibution, This s vividly demonstrated by the rapad
decrease in the price of direct broadcasting sasellies
(DBS} home equipment, The size of the home termi-
nals is also a erieal item. Home owners do ot want
large, obtrusive satellite dishes atached o heir roof or
the sido of therr home. The same s true for the mo-
bile phone terminal, Cestomers are woed to the size and
weight of a typical cellular phone and are hesatant o
use 3 satellite mobile phone that 15 consigerably heqy-
ier pnsd larger than the shirt pocket sized terrestrial czl-
halar phope, The power of the signal from the satel-
ling 1z & critically mmportant factor in determining the
cost of the ground equipment or terminals, The mare
power from the sabellite, the bess the size and cost of
the terminal, The size of the antennas and the cost of
the amplifiers decrease as the power from the satellile
IMCreases.

Business customers benehit From this inceeased pow-
er for the same reasons, in GEO-based commumea-
tigng sabellite systems providing business services, A
these costs are driven down, new applications for sael-
libe sorvices emespe. An inleresting ecample of this is
the presence of 55 cm satellile antennas al gas station
pumps, which are used for credat card transactions. Of
course, the malinsds of recently proposed mobile and
high bandwidth data services are alss dependant on the
exlzience of low cosl lerminal equipment.

The need for more power and band width from com-
miercial satellites is obvious o all the sutellile manufac-

rers, Typically, you would expect thal increasng the
power and bandwidsh from the saiellite wouold reguire
o larger, and thus beavier, satellie, However, increas-
iy the weight of the savellite adds 1o the cost of the
taunch. Indesd, the maximum weight of the saellies
i often capped by the 1ift capability of the launch sys-
e, Thus the chollenge of the satellite manufaciuners
iz i design and deliver o satellite with increased powee,
without increasing it cost and mass. Needicss wo say,
thiz kighcr power requansmenl hos led to beavier GEO
satellites ond ihe Lawnch providers have responded to
this by increasing the lift capability of their rockets.

Thus foday the increased demand for power i the
dominant factor in deiving the developmens ard -
fzation of new GED satellite fechnology, especially
by est these weight and cost eonstraints. Bandwidih
per satellite has been increasing as combaned C- and
Ku-band satellives become more common, The need
fog mare bandwidih s especiakly evident for the new
data applications, which are expected to e met with
Ko-band amd possibly V-hand satellites. Here agnin,
moae iotal power is needed to mest power per channel
(of per Hel requirements,

Daher factors driviag the increased size and weiglht
of the satellite are the needs for larger antennas, on-
board proceszing electronies, and inersaellite links,
Considerzble sechnology development s direcied -
wards the reduction of thas waight and tle zize of the
satellite, For large GEO satellites the rocket fairing is
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typically 4 m in diwmeter, and the saellite has o fit
indg that cross sectkon. Examples of new technology
L mamimiee (he size and weight and o increase the
power of GEO satellites, are numerous, We are sesing
the inserion of new lightwenglt composine matenals
into the structursl composition of the satellite, the we
of more efficieat propulsion sy stems and fuels to insert
the satellite inte its final orbit and for station kesping,
the use of arc jets and ion engines o increase the «ffi-
ciency of the fuel that is wsed Tor station keeping., the
reduction in the number af feed horms and thedr asso-
ciated wave guides by uiing shaped reflector anennas,
the uze of higher cfficiency power amplificrs (TWTA
& S5PA) the use of optical fiber 16 replace copper
wires for the busing of signals onboard the satellie,
the usz of higher efficiency solar cells such as ‘black’
Silicon, GaAs {on Ge) and multiple juncton, multi-
ple matenial cascade cells 1w replace the workhorse 5i

Fig. 2. Spaceomalt mass (Kg) va. tinm (yea).

cells of tha past, the welding of solar cells obto the ar-
ray 1o decrease costs and io eliminate heavy solder, the
use of light sfractures. for solar panels, the wss of un-
furlahbe solar arrays, the use of more efficient heat ex-
changers, and the use of mose efficien high pressure
Mi-HI haterios, Figure 2 illustrates how the weaght of
the typical GEO sacllite has increased over the past

3 years,
2.3, Power subsystem

As mentoned previously, the demand for increased
mictowave power from the satellite is probably the
FiLoE im@mﬂ: factor in driving the inseriton of new
technology inte modern GEO satellites. Higher power
at the costomers” antenna translates indo lower cost
equipment and the avallability of pew scrvices and
thus the peed For the manufacture of more satellites
amd their associated lavaches, The demand for more
power from satellies is drivimg the development of
congiderable new technology, with the reguirement
that this new technology does not add 10 the cost of the
watellite o iy weight, which trunslates info increased
lwnch eostk, Figure 3 ilfusirates the wend of the in-
creasing power capability of GEO satellites over the
past 35 years,

The power subsystemn 18 composed of the soler ar-
Tay (solar ¢ells on the supporting strectare including
podnting devicas), bateries, and the power condition-
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ing ekectronics. Corsiderable progress kas been made
inthe last five years in porticular in the efficiency of so-
lar cells. These are an mnpacivit part of the power 5ys-
temn and improvements in efficisncy are key (o the abil-
ity of sateliitzs to deliver higher power. The efficiency
of solar cell iechnology over the years is suminatized
in Tahle |,

In the wid 19905, Sharp stared delivering a high
efficiency silicon call, commaoaly referred 1o as the
‘Black silicon cell” because of its appearance. This cell
has rapidly become widely wsed for communications
satedlites with its efficiency of 17-18%, This advance
wits followed quickly by the availabilicy of CGads cells,
with an efficiency of 18-19%, While it has long been
ko thiat Crads has an inrinsieally higher efficiency
than silicon, the difficulty in fabricating Gads cells
thal are competitive in gost o silicon has prevented
large scale applicaton in saellies. This changed with
the development of techniques (0 grow and dope lay-
ers of Gads that have been epitaxially grown on ger-
manium substrates. Spectrolab (g division of Hughes)
and ghie ﬁpp-li_:d. Eqlar Enﬂw Divasion of Techsiar are
two US-based companies that are primary suppliers
of tiese cells, The shortage of germanium, since it is
wi-:l:l_:,r used 1o the fabrcation of Hber for the comm-
mications industry, has led io shorages of these cells.
As these cells become available they have been used on
the solar arrays of many necently deliverad sateflites.
Aurrays have been constructed that contain both 5 cell
pancls and GaAsiGe cell panels due 1o this shoriage,
hertage designs and cost teadenffs. These GoAg/Ge
cells cost approximately 4-5 times mose than 5i cells.
In ativton, they are keovier and mone fragile than the
Bi cells.

In addition to efficiency, resistance 1o radiation 15
anpotler parameter involved in the desipn of e solar
arraye. Since the GuAwGe cells are more resistant &
the damage caused by high energy pamicles from the
siziy (han is S5, i i3 o necessary to inclede as many
additional cells 1o mest end-of-life (EOL) power re-

quizernente. This radiation damapge is cumulative and
camses the power outpat of 51 cells on GEO saicllites
w decrease ~10-15% over their lifstime, réquising
adddditional cells to achieve EOI. power requirsments
CnAsiUe requites considerably fewer cells o compen-
sate for thes boas of power. The sudcess of the epitax-
ial Ciads on Ge process has lead o the extension of
ihis process o the design ard fabrication of mulli junc-
tion, or cascade, cells, which are also wads by Spec-
irolab and Techstar, These cells are composed of sev-
eral bayess of H-Y compound matenals, such as Gahs,
CialnP, CralnAsP and Gash grown epitaxizlly on G
These cells are plso quite resistant o radiation, and
ceils with an efficiency of ~26% have been delivered
o customers for evaluation. With additional B&D, i
i anticipated ten cells having an efficiency of 35%
will be developed in the near future, Since these cells
are made by a process that is quive similar to that used
to manufaciurs the GaAs e cells, it 15 expecled that
these exotic cells will not be that much more expen-
sive, I progress conlinues at the present pace, these
high efficiepcy, cascade cells could be the dominant
source of power for satellites in the near future.
During the past two years, soveral GED sadelliles
hane experieaced an unusual degradation in the povwer
output of their solar arays, leading o0 premature de-
crease in the lifetime in orbit. In addition, the Jeunch
dnses of seversl satellites have been delayed unnl this
prodlem is climinated. It appears that this problem is
sl directly altnbatable to the solar cells, but rathet to
the mormally mundane cover glasses that profect the
cells from damage. One explanation is that the increose
from ~35 W bo TO-1000 Y on the power bus enables
some of the protective glass covering the solar cells i
charge up 1o high voliage, due 1o ligh energy solar par-
tele bombardreeat. Subsequent discharge of this high
varltage charge on the cover glass destroys devieas and
inlerconnecis, Another explanation is that the trans-
parency of a new coating on the cover glass degrades
froem ultreviober light. This magor problem is an exam-
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pie of the problems that can be encountered when ech-
nological changes are made oz-board & satellite. Even
subtle modifications pead (o be done carefully.

Anolher promising solar armay technology is the use
of concentrators (o focus the light down onto the Gads
cells, ARC- Able Engineering Co, Iac., of Goleta, CA s
working on parabolic reflectors that gather 7-8 times
the light that would normally fall on a cell, These re-
flectors would also shield the cells against the high en-
ergy pariicles that degrsle the cells, Such a technol
ogy would offer the promase of reducing thve number of
cells amd the weight and thus the cost of the solas array.

The design of the solar array itself is also evolving
to improve the ial power handling capability of the
zatellites, as well as reducing the weight and wolume
of the aray. Large area array have been designed at
Mitsubishs and Loral that invedve the addition of pan-
als that fald aut from the main array. Lockheed Martin
has designed a lightweight ‘pleated shade'-like soruc-
tures that fold out like an accordion on a boom. These
siructures are light in weighi, take up litle space and
affer considernble promisa as an army sruciore. TRW
iz building flexible solar arvays on blanket-like stnuc-
fures that also offer the promise of reducing the weight
and volumes of high powered arrays.

Batigries are the next impariant component of the
power sysiem. AL the presenl time, high pressune
Mi-H2 cells are widely wsed for GEOD satellites. How-
ever, a8 (e aeed for more power onboard satelbiles
increases, then so does The requirement for increased
power storage capabdiny, which is met by batteries.
Since the weight of the barenes wypically scales with
the power storage capability, we are going 1o see an
mereased percentage of the total weight composed
iof batteries, unless we have more efficient batteries.
Thes 35 a crifical wchnolepy thal needs R&D atlzntion.
Lithiwm-ion is a system that offers possible soluibons
to this ceivcal bamery iechnology problem. The abilive
i support the nomerows chargeideep-dischange cycles
during the lifetime of a sarzllite has o be demonsiraied
for this system. Hopefully te cxperience gained from
the expected broad comsumer wse of Li-ion batteries
(for such applications as lapiop computers and cel-
lular phones) will help solve some of the problems
facing the system. While some Li-ion balleries are
being veed for short lifetime government satellies,
much R&D sill needs to be done on this high sorage
power density system before they will be used on com-
mercial, long lived GECQ suellites, The cxperimental

STENTOR satellite of CNES is designed 1o use Lision
hatteries.

Flywhesl storage of erergy s a posaible swehsn-
tute for batteries as improved bearings and stronger,
lightweight materials are dewsioped.

3 Antennas
20 Ohervtew

The key trends in spacecraft antenna technology ars
toward larger effective apertures, significantly higher
numbers of beams, and integrating computationaily-
inlensive beam forming and swilching activities with
other oaboard processing functions, These trends are
an integral part of universal efforts o ruse spacecrall
effective radisted powers (EIRPIs, make communica-
tigns paylosds smarier and more fexible, and make
earth terminals emaller and cheaper. Table 2 provides a
good indication of the neer-term state of ihe arl, illus-
trating the anienna sysiems thal a representative sam-
ple of commercial Ka-hand cperstors plan to fiy in
the 200-2005 ime frome, Many manufociurers of-
fer competing proprietary rechnologies 10 build ihess
antennas, and there is no clesr world leader, Detals
of ongoing research and development efforts are gen-
erally proprietary. The siwation has changed signifi-
cafilly from wihen lafge government research programs
drove spacesraft antenien techaolopy and guantitative
information about the slate of the arl was ressonably
available.

A miajor change noted since the 199271993 study
iz the improvement in the mechanical technology and
manufaciuring processes associsted with spacecraft
antenmas, For exampls, while the 151 and patewsy an-
tennas (Fig. 4) manufaciored by COMDEY for the
Inidium spacecraft represent stabe-of-the-apt eleciro-
magneucs, their mechanical characterisics are also
impressive. Thess anennss provide excellent pointing
amd tracking characteristics while coming off an as-
sembly line on a one- set por wesk basis. This is a
significant changs from spacscraft antennas being in-
dividually hond-assemibled by highly skilled enginesrs
and technicians.

1.2, Larpe reflecror anfennas

There are a member of competing sechnologies
ik ldwide For building large reflectors. The Lockhesad
Martin ACeS (Asia Cellular Satellie) spocecrall typily
the current state of the art with two pwelve-meler an-
tennizs and 140 wital boams per savellive (see Fig, 51 [6].
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The ACeS sysiem will offer GEO-kased service o
hand-held iermunals ar L-band and 5-band.

While the previows study emphasized efforts (Rus-
sian programs in particular) o ot ever larges an-
tennas, Lhe decreasing coverags arcas asgociated with
larger apertures and smaller beanwidihs wday seem
ko ofwinte the commercind need for reflector diammeters
signilicantly larger than B2 w 15 m, Accordingly there
15 lexs imterest now in Jorpe inflstable ankennas. Dn the
{ulkiee we amlicapate 1Tl LT e Lttt wwill Be on mmam
il EULE IS, splace devatiom, thermal distostion, and
cosf, and maximizing ease of deployment, Thus the
French STEMTOR spacecralt will carmy what 15 de-
serifted as an wlisa-Lghtweght 2.4 m reflecior.

In 1992 two large-refiector techacloges were be-
ing developed in Japan thet differsd from other ap-
proaches. One, wsing robotic assembly in space, has
been discontineest, The other, Toshiba®s modular ap-
proech, will be tested with the lmmch of the ETS Vill
gpacecrall.

Toshiba's ﬂusi.gn 15 based] on he xaponal ST =g [
misly e, Minetzes maodoles combine b omake Uhe
ETS-%I111 15 m diameter reflector with a il mass of
less than 170 kg and 2.4 mim rms surface deviation.

1.3, Phased arrays

Flipsed armpy antennas are a encal technoloay arei
wherz cost breakthroughs are needed. Bath divect ra-
diating arays and phased array feeds for refleciors ane
atpractve For mulibfeenm spavecraft antennas thal ki
route wrafiic dynamecally. A major spacecrail and an-
ienia manufsciuress seem Lo be working on phased
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Fig. 6 Phased ey fosd for Lockhesd Main ACES antenna
[Mechas 1597

arrays. Few guantitative dednils are gvidlable, and no
potentiol breaskthrough area where a sustzined R&D
progeaan would have immedints mmpact can b2 denti-
Fie.

The problems in phased array design remain wh
they were in 1992, Electromagnetically, the arrey musd
mainiain the desired radiation pattem and polanzation
purity over the ransponder bandwidth and the desired
scon angle ramge. Electronieally, the array musl form
and stesr beams a8 fast a5 onboard teffic routing re-
aquires. Mechanically, the array structure most deliver
controd signals and DL poswer 1o (and often rf from) the
radiating elements and dissipste heat while not sereen-
ing Ihe radiating elements. Most experts feel that the
ultimate solutions b these problems Lz in wsing pho-
tomwe lechamgues (o power and control the active ale-
menis in phased arrays,

A3 with large reflector antennas, most satellite man-
ufaciarers have ::n:umpul:n'iw: Fll'lilsb;_l. array iu::hnulu_g_l,'
but keeg the detmils proprictary. Several of the present
low earth orbit (LEO} systems (Iridiem and Global-
star, for example) leverage technology developed for
ACTS and formerly military technology to fy impres-
sive phased arrays, ACeS (Fig. 61 will carry an mnpres-
sive array feed generating 70 beams at L-hand. Pro-
posed Ka-band systems like Teledesic may fly arays
developing hundreds of baams,

The major US primes are working on phased arrays,
Typical development models incorporate optical beam
forming with true time-delay beam steering, and com-
bine photondc and rf functions on the same chip. A rep-
resentative example is & 96-element L-band single-
beam array achieving S0% bandwidih pnd a 60 degres
Acan angle,

Several research satelliles with impressive phased
arrays are planned. For propretary reasons, infor-

meation about these is limited. France's STENMTOR
spacecraft will carry o direcl-rediating arrny made
up of 28 subarmays, sach fed by its own S5PAL
The STENTOR array will develop three independent
beams. Japan's GIGABIT satellite armey will develop
five scanning spod beams, sach with a 1,5 degree scan
and 559 MHz bandwidih, Trs total radiated power will
bz 500 W

Im 1992, the Europe, Fapan, and the United States
had ongoing programs in phased array development.
Sinee then, be end of the Cold War has brought former
Soviet military technology into the commercial arena.
The Moscow Aviation Institute, for example, is devel:
oping active phasad amays with muli-element fransmat
wml pecEve ar.||.'|'.||:|!ir.rs amd h}'hru:l i.'I'E1II.'II:'|I:'.|::II'|:|-|'I1I: .li'iEnn'I
PrOCLsS0Ts,

Fd. Oprical eam Sevrming

Optics offers the potental for volume, mass, and
power reductions with increased speed relative w sim-
ilar subsysiems implementzd using electronics. There
continues o be & remendous amount of research in
muicro-optics, optical memory, optical signal process-
ing, and opticel communications throughout the world,

Dilfractive oplical compopents for use in free-space
and bulk micro-optical systems are being shudied for
optical communications, infermation processing, op
tical computing and sensor epphications. The sub
_il.'.::[ COHRpOnEnLS inclucde high-umu'il:m:r blazed -
cto Fresnel lenses, high-efficiency chirped gratings,
Bragg gratings, hinary graings, and arrays asd com
posites of them. Integrated optics technolopies are ox-
pecied to play an mportant role in the development of
new devices for futurs opiical memory sysiems. Thare
has alse been considerable effort in the development
of wavepnide devices for the communication use, in-
chuding swilches, mode splitters, mode comeariers and
wavelength Alters

Hughes Hesearch Lab, locmed in Malibu, CA, is
Joemtly ivwned |:l_-.r II'J:,.'I bz e HIJH_]I.F_H. Raseanth tirp-
T i|1|,:|;4|;]u5 ﬂnhllllunil;.iui_unx. phuluuj.-l.:s. u,;nd. e
alectronics. OF particular interest is the work in opti-
cil beam I‘ur:nLrLg_ e ||||a.===s| afray anlenmis, The mi-
croclectronies staff s a wvertically integrated team of
experts in growth and diagnostics of TH-Y semicon-
ductor materials and related compounds, development
of microelerironics processing techniques, design of
advanced devies atructares, modeling, rifanalog/digital
circuil design, analysis, and evaluation — all focased
on delivering high performancs digital, analog, lirear,
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¢, optoslectronic and miged-mode cincuits for the next
generation of microwave, millimeter wave, commer-
cial wirgless, aned photonic sy stems.

& Ome=board processing'
4.1, Overview

Processing of communications sigrals on-board a
satellite is a capability mitizted in the early 19705 for
military satellite communications and first deployed in
an aperstional satellite in the Flestsar (1978 ), On-boasd
processing of commupications includes capability to
do ome or more of the following:

— Ronle signaks (from sn uplink beam oo a differsnt
deramlink antenna beam (at of or i),

— Phased armwy antenna beam forming and beam
parinling.

= Demodulate signals,

= Decode signals (error comrecion) including de-
Ener leaving.

= Retad headers or addresses and route signals in ac-
copdapce o rules (precedence and prionity ).

— Place signals in queues,

- Perform mathematical transforms on recedved sig-
nals or recovered digitnl files,

— Reformat, remultiples, re-interleave, recode, apd
remodulate; where reformatting may  include
changing multiple access type for downlink ans-
miasion (Le., uplink COMA changed o downlink
TDHvA

~ Rapidly allocalke the instantancous bandwidih o
individual transponder chanmels.

Most of these functions are implementable vsing
digital processing and refate o digital commuonics-
tiors, The frst and last iems (roule signals and modafy
bapdwuilhs) may be iraplemented asing componenls
that are analog in essence, and may be used with analog
or digital communications signals, As these contepts
do not require ‘recovery of bits’ from the communi-
catons signals for implementation they can be called
analog routing and switching. The Hrat item involves
electronically eomtrolled of or 1F switches, wsaally in a
matrix format, that can be controlled statically or dy-
namically, and hos been used commercially for some
time. The other items in the list may be implemented

' Doy, Williaum bvaneic of HASA Lewis Bescach Cenler contribuled
Hit Thit sedlin O Off-hoand processing.

by digital processors requinmg devices hardened w the
radiation environment of space.

Phased array anternas with many fixed o indepen-
charily stearable beama require a large aumber of radi-
ating elements with individual phase (and amplitode)
control for ench beam. This signal contrel can be m-
plemenied with analog circuins (foc 2 small nuinber of
bearns) or digitally which requires substantiol digital
processing, Phased weay antennas (with fized beams)
are used on the Iridium pad Globalstar satellites.

Baschand processing and swiching involves func-

boms similar to those performed in terrestrial local area
netwirks and welephone switches. In addition, demod-
wlation, decoding, demultiplexing, switching, conpes-
fon control and notification. buferng, remuliiplex-
imgy, and modulation and network synchronization may
be performed, Mos! of these fuRcions reguire special-
ized processors in order to be sizefmasspower eff-
cient. This is especially e for packet switched sys-
tems with & large sumber of earth stadions = pariscu-
larly if the systein s required to handle maltiple user
Tiles,
To date, few commeszial onboard processing satel-
lites have been fAown; mext to TTALSAT, the first ex-
perimental satsllite with major communications pro-
cessing, ACEE has Jogged several productive years of
experiments, ACTS has two basic onboand process-
ing packages, a circuit switched baschand package and
an IF sateblite matris switch, Both systems are con-
rolled via ground commands, rather than via onbeard
atonomous conteol, Compared Ly some future sysems
{proposed and woder development) these satehlites ap-
poar rather simple. Iridium s the firss large scale com-
merzial satellite system to wse onboard processing for
end-bo-ead signal routing through muliibeam phased
array antennss and injersatellite links, The full syswem
it in comercial operation,

The numerous salellite sysiems propossd for both
Ka-band and V-band (already 17 Glings with the FOC)
will require advasced onboard architecturss for fanlt
tokerance, autonomous control and reconfigurabiling. [p
addition, spme of thess systems proposs i use packet
switching technigques and intersaiellite links as part
of the commueication payload. Advanced modulation
wiid coding lechnelogies using block coding and con-
cutenated convolutional and bleck coding will be me-
quired to achieve link gqualities approsching that of
fiber-il error rates of 10 or bener,

There is now a well demonsirated technology base,
and experience with real implementations, for most of
these capabdlities. Orly the rapid allocation of bansd-
wiadth 15 ar e [aboratory stage and has nod yet fows
on a satellite.
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.2 Progress in analog regting and switching

The concept of a multiple boam samellite in which
the beams cover small arsas offers many advantoges,
This implies routing or switching of uplink signals 1o
different downlink beams, This may be accomplished
by receving all uplink signals and then re-trunsmiliing
thern b a grownd station which rearranges the signals,
and retransmits them to the satellite such that the aig-
nals are routed to the appropriate dewnlink beams. Be.
cause this introduces two round-trip delays, it is prefer-
able 1w sccomplish the routing in the satellile. Ths
maihod s referred o as 'TF switching', because it g
implemenied at an intermediate frequency. The satel-
Iz IF switch developed for the MASA ACTE com-
muanications satellibtz I8 & matnx switch that performa
widebond IF switching, This matrix switch can be pro-
prammed o perform dynamic swilching in a eyeli-
cal manner controlled from a master ground station.
The wehnbguee s rmed, satsllite switched TDBA
(SETDMA) This form of svultiple sccess and routing
will increasingly come into use for higher frequency
bands becavse it preserves wide arca rouling fexibilay
while allowing wee of very high gain antennas on the
sarellite.

Studies of the switch for the Advenced Communi-
cations Technology Satellite (ACTS) cuggest that the
design technigue 35 extensible to at least a 100 = 100
erogsbar configuration; haowever, the switch sl for
ACTS actually provided only 3 iaput and 3 outpst
paris.

Ancther form of processing would be w change
the instantaneous handwidth of satellie ransponders.
Aomew device fer aecomplishing this form of switch-
img is being developed by COMDEV in Canada.
The device is being under the trademarked name
BEAM LINETM and subchonnelizes the transpan-
ders of a bent pipe payhoad providing a 309 increase
(estimate by OOMDEY) in their copacity (Le., by al-
lowing management or maiching of power and band-
width on as a5 nesded hasis). An early fonn of this
processor is currently in use on the TNMARSAT 3
comsteilation of five satelfites. Each INMARSAT 3
sapellite has two BEAM* LINKTM processors which
form the heart of the payload. Each processor con-
tois 168 SAW fillers and a total of 70000 components,
COMDEV produces SAW fillers as components and as
part of subassemblics, primanily 1f frequency convert-
ers for digital payloads.

The BEAM*LINKTM processor divides standard
transponder bandwidths into smaller subchannels

which can be independently assigned, combined, and
routed o any down bink beam. These walfic manags-
ment processors permil the mmplementation of Fre-
guency Division Multuple Access (FDMA} based ar-
chitecures which have enhanced performance, flex-
ibality and luncrienality over conventional bent pipe
payioads,

BEAM®LINKTM provides several other advantages.
It permits a point e multi-point broadeast capability
withowt zacnficing significant uplink andlor crogslink
bandwidih. Subchgnnelization enables adjustments of
the fransponder gain for imdividual earth terminal
clazses thereby increasing the power thal can be de-
livered io disadvaniaped weers and reducipg system
dynamec range limiations, Finally, BEAM LINEKTM
makes it praciical to use inter-gpiellite links on wide-
band transponding satellites, The Inmarsat and the ad-
vanced BEAMLIMNE processors employ surface pcous-
te wave technology,

4.3, Progress in digital on-beard processing

There are two problems associaled with the meorpo-
ration of digieal processors inlo commurleatons satel-
lites. The first 5 the necessity of using haydensd de-
wieea in the radiotion environment of space. The sec-
ond is the difficulty of heat dissipation which increases
with the increass of processor density.

Hardening (or the charged particls environment 15
well understond and depradations can be acourately
predicied, While coment knowledpe does not allow
cartadnty in peadicting “smgle bil wpsets” or “bit Mips®
fromy the nesit sofar maxinsum, improvement m band-
eming is certain to kead to longer life. lower launch
weight, and reduced vulnerabitity. These are gradual
tremils in the technology background.

Badiation hardened processors have been under de-
velopment for over twenty years. Limited mwarkel quan-
tities have inhibied unfunded development, so thak
eomponents were developed for specific applications.
Cirhually, the reed for processors for wse in attiieds
controd and ciher applications caused first the develop-
ment of devics techaciogy and then packaged compat-
ers For space, Hardeasd components generally lagged
corresponding unhardened panis by 4 year or mores, &8
the unhardedned device was vsed t create protolypes
that then idenufied the need for the hardensd counter-
part, Device technology emphasized different maleri-
als for the space application, such as silicon on sap-
phire. In the 199, manufaciure of bardened devices
was gradually transformed lorpely inlo being a process
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problem allowing wee of more copventional technolo-
gies, Several suppliers became proficent in producing
radiation telerant inlegrated circuits of high density,
In eddition, 2 more geacral family of hardened eope-
ponent bypes have become available, including RAM,
ficld proprammable gate areays, digital sigral proces-
sors {D¥EPs) and analog to digital converiers.

Onboard computers are being developed by a num-
ber of companies such as Snab-Bricson and Honey well
{32 bt computer with 16 and 32 bit instruction sets,
racliation hardenad 10 1 Mrad totul dose),

Lockheed Martin acquired the division of [BM that
developed space hardened logic devices, processors
and computers. Leckheed blamin products inelude the
R DGO o cost, high performence 32 bit RISC pro-
ceszor that combines the PowerPC single chip CPU
with proprietary radiation hardening VHSIC wechnol-
ogy. This processer has already been Bown on the
MAES Pathfinder, Static random access memory chips
in CAOS (o 2 Mbyles) are qualified snd have Hown;
SEAM and BEPROM pre also availahle,

Application specific integrased cireusts (ASICs]) are
increasingly being wsed onboard spacecraft, 1o reduce
mass, siec, power consumplion and at the same Lme
increase reliability. The drawback of using ASICs is
the development cost, risk and scheduls, and theretfore
particular pitention i necessary when ASIC design is
being performed to improve in speed, power, and den-
silies. For imstance, Allera and Xyling currently have
100 k gate 3.3 V programomahle lomc devices (PLD5
ard expect to ntroducs 2000 gase Geld proprammable
gate array (FPGA) by 1999 UTMC Microelecuon-
ice Sysiems has 16 p 200 k (400 k by 1993) gaie ar-
rays and can provide circuits capable of withstanding
1005 krads total dose and Single Event Upset (SELR
at 10" errorsiit day and 150 MHz clock rales. De-
wvices are available in both 5% and 3.3 ¥, UTMC also
produces radhation hardensd SEARS, dual purt EAMs,
and FPOAs, Actel has low SETT devices thar are katch-
upr imenune up bo M0 krads, These cinsuils are now be-
ing utilized in spacecrafl Iridium uses over 13 diffes-
enl [0 K gate ASTCS. As more of thess devices are
wsed, confidence should grow.

Intellectual property ¢(IF) and core logic (CL) are
third party designs of specific, genene, complex fune-
tipns that can be licenssd and are widely uiilized roday,
Thess designs maey be hardwired for specific ASIC:
(cell hased) or soflware based wing a hardware de-
soription language (HDL) such as Verilog of WHIL
Cotes are available for o vast array of furctions such

a5 metwork interfaces (ATM, ethernet, eie.), digital Gl

ters, coding, compression, and MPEG- 10 name a few,
Utilizing 1PACL allows companics &0 comcentrate on
the overall system design withowt having o design and
maantain individual complex functions,

[n Canada, Spar concentrates on demultiplesers, de-
modulators, und pplink access scheduling. A bread-
board of a fast packst switch has been construcled
bui so far there are no plans for ASIC development
that would be required for fight. The processor ous-
put would interface to a standard ATM swiich, Spar
1= alzo leading the system enginsering workl for the
Canada Advanced Saiellite Program, including amaly-
sis of packel switching in a mohile multimedia envi-
Fanfment. &

In Burope, Alcatel Telecom plays a leading-2dge
roke in the development of information superhighway
technalogy, including broadband ATM, switching svs-
tems and SDH ironsmission, which are compatible
with the Internet. Aleatel has plans w develop Sky-
Aridge, a constellation of &4 LED sawellites with os-
board ATM capabality complementing that of grouad
wfrastraciures, In addition to Intermnet access, the Sky-
Bridge system will provide bandwidth-on-demand for
other types of high-speed datm communications, at
speeds up Lo 60 Mbps. Alcatel has the design and fab-
ricwion capabilities to provide OBP technologies .
cluding onboard computers, switching and rowting, and
phased array antenna controls,

Althoupgh Alcatel is fully capable of implementing
space based onboard processing for commercial appli-
catioas, the company bas developed a *Swilchboord-
In-The-Sky" satellite metwork concept that performs
switching in intelligent ground serminals wsang ATM
technologies. This concept is known as 'Cadenza®.
With Cadenza, ATM subscriber modules are plugged
it a backplane whoss plugs and sockets ars antenna
dishies, The backplane's raditional copper racks (in
ground-tased applicaiions) are replaced, in Cadenza,
by radio links, and the green fberglass printed circuit
board 15 replaced by-lnerally-the sky.

Aleate]l Microalectronics, formerly Aleatef Mistes,
locared in San Francisco, Califoria, markes inel-
lectual property (IF) and “system-on-chip® (50C) ap-
plication specific standard products for wireline and
wirgless access solutions woridwide. Aleace] Micro-
elecironics will marker Alcawel iP and design services
e original equipment manufacturers building highly
integrated commumications proghucts, Abeatel Micro-
eleciropizs has direct nocess 10 the [P developed by
over LK) elecommunications systems designees at
s porent oeganization, Alcate], Besides this sirong
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[F basc in communpications, Alcatel Microeleciron-
ice has also licensed [P from leading vendors world-
wide, Alcatel Microzlectronics emphasizes advanced
methodologies to manage, develop and assemble s [P
using architzctural templates that will support “plug
and play' design, These hardware/seftware co-design
lechndques allow the company to integrate its [P porl-
folio in new S30C solutions with continuously short-
ened design cycles. The company will emglov its cwn
sdvancsd mixed aipnal manufactaring technolopy for
degipns requinmg the highest level of analog and digital
functionality om & single chip.

Alenia (Aerospazin Division) in Naly has wide ex-
perience building onboard processing saellite equip-
ersend inseluding ASIC Components. Alenia is bailding
Skyplex, a degital TV system that uses technelogy de-
veloped from the ESA OBF work. Skyplex combines
zid Ku-band digital TV uplinks in the satellite to form a
Ku-hand DVRMIFEG ype downlink. This eguipment
was scheduled to Ay on EUTELSAT's Hotbird £ in
early 1998, This onbeard processor has 33 MHz band-
width, 6.8 kg mass, 24 = 15 = [ cm dimensions, and
uzes 43 W oof prmse power. [T contains downe and up-
converters, demodilates & digital camiers (0 Ming);
and combines the dala sireams for retransmission. An
improved model with up to 18 channels s under divel-
CpMEnL.

EESA requires ASIC manufzciurers o utilize the VH-
S1C hardware description language (VHDL,) for use in
all phases of the creation of electronic sysems 1o min-
imize development risks and avoid finding “wnpleasant
surprises” are late in the development cycle, from en-
suting thal the comest speciication is eslablished,
using a design methodology and IC technology sut-
able for high-reliability designs. This design method-
ology also enables reuse of ASICs for similar appli-
cations, if sufficient care has been taken during the
development. ASIC technologies commonly wied for
space applications inclode: ABE Hafo (30 1.2 pm and
2.0 pm CMOSS0S (silicon on sapphire), GPS (UK)
1.5 pm CMOS/S0S; TEMICMHES 0.8 pm and 0.6 2m
CMOS; TCS 1.0 um and (L8 pm CMOS SO0 (silicon
or insulator).

In Sweden Sanb Ericzon Space develops and man-
ufactures a large variety of spacecrafl equipment a-
"_ﬂ'-ld'lﬂ.t onboard computers and data handling systems
incleding the computers for the first four SPOT earth
observation saellites. The development of aew com-
puters for the SPOT-5 and the forthcoming large Fu-
sopeat satellite for envisonmental monisoring, Envisar,
is in progress. Saab Ericaon Space has developed s

oown faull tolerant microprocessor, THOR, specially
designed to suit space computer applications requir-
ing high reliability, long life and low sensativily to cos-
mibe ruchiation, THOR 15 also sdapted to the ADA peo-
gramming language, has been successfully tesied in
spaca, and will be used in the next Swedish sacellite
project, TN, v conirel ssellite positoning in orbit,
The company alse fed the industrial team that devel-
ol thee space version of the SPARC microprocessor,
ERCI2 Produces based on ERC2 are sow avadlable.

In Iraly Telespazio is imvedved in specific programs
and projects for elesommunications that inclode on-
hoard processing. [TALSAT is a muliibeam {six beams
wsing o anlenpas) digital system thidl operates in the
3020 GHz {uplink/downlink)} frequency bands, pro-
viding anbosrd switching of signals using a baseband
malrix switch. TTALSAT Pl was launched in Janary
1997, ITALSAT B2, Inunched im 1996, provides mul-
beam capabilities at 30020 GHz a3 well as [SDN capa-
bidity. Program objsctives ass:

= imvestigale innovalive onboard signal regencea-
tion and switching technologies;

~ evaluate performance of a digital satelite network
integrated it the terrestral network;

- eollect addidonal dara with which o beter ander-
stand the propagation impairments that must be
overcome in using 320 GHz {(and higher) fre-

quency bands for sarcllite ielecommunicaiinn.

In onbeard swiching techonology, Telespazio ia the
prime contracior 1 ESA on Phase B activities for an
adwanced satellits syatem known as OBP, The Phase B
aetivithes encpdnpass two main efforts: (1) to defime the
sysiem and develop systern specifications, and (2 w
develop a laboraory model of the ORP that will in-
clude an engineering model of the onboand basshend
switch matrix. The major technical inovations of the
OBRP packape are s lobows:

= new gensrabion YSAT networks that will provide
higher data rates and full intercoanectivity on de-
el

= I5DM services,

— multiple-stage basehand marrix, employing time-
switching stages (T-stages):

— multiple-frequancy TDMA for uplink access with
& “very ught" synchronization scheme (1o realize
symbol synchronmes oparation) 1o achieve very
eificient explotation of the uplink copacity;

— experimertal and pre-operational phases cumantly
planned will wse a reduced ORP paylost’ oo the
progosed ITALSAT F3, which could be launched
s early as 2000,
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In Japan CRL is planning ETS-VII, This sacellie
i3 im the design stage and is expected o be a three
ton GECY satelling that will be wsed primvasily for stucd-
ez of muliimedia mobile commueications berween
hase station and small, mobile erminals, Some on-
pard processing is anticipated including an onboard
switch and computer system atilizing radiation hard-
ened gate arrays with an SEAM based memory. This
system will be ground controlled and mnctode a | Mbps
packel switch system. Non-packetized voice and paci-
ctized data will be handled by separale switches.

CRL is also proposing a K/Ka-band “Gigab:t Satel-
lite” which will address gigabit (1.2-1.5 Obps), very
high data rate {155 Mbps) and beoadband mudtine-
diag {1.5-1355 Mbps) users. The gigabit links will use
BRTDMA while the others use SCPOTDM uplinks

and TOWTDRM A downlinks with onboard ATM svaich-

ing.

In the United States, the Aerospace Corporation
stwdied the financial and technical tradeoffs involed
in DBP systems, They performed a siudy for the Bu-
ropean Space Agency on the communications payload
for the OO syatem o determing if an all digieal pro-
ceszing repeater Dor abowe S000 voice circuits was fea-
sible, The study identified several aiternative anchitec-
twres and how they scaled with the mumber of cir
cuits. The conclusion was that the approach of wang
an FF polyphase filler bank with narrowband channel-
ization implementable with available chips reselied in
the mimimum paaer and wis arneive.

Several satellite programs sngoing at Hughes Space
Communcations (HSC) include onbeard processing:
among these ars the 12 satellites for 100 Global Com-
mrunications (London) fhat use phosed armey anten-
mas with digital beam Formimg in addition to baseband
communications processng. HSC anticipabes the den=
sity ard the Inyouat of radiateon bardened chips (0 feach
the levels of oday's standard CRIOS in s lew years.
Ir addition, work in the mdusry is expected w exiepd
CMOS chips to 8 million gates: extend InP devices 1o
arzrate gl 20 Gz and enable ihe production of ncw
SuGe HRT devices, OBP technology development for
phase array antennas and their associaked processors
are considered very important Tor feure commuricns
Liong satellites.

L-3 Communications Systems-yes! is actively cn-
gaged in urngue iechnology development for special-
ized airborne antennas, wideband spread specirum,
multiplexers, modems, and commandfcontral haed-
ware, OF special note 15 L3 development of image
compressiom angd ASICs for modulator functions, The

moddem ASICS are nghly programmabie W acoommo-
date muliple daia rates and modulation types, 1-3 s
completing development of an ASIC that will accom:-
modate BRSE. QPSE snd 8 PRE modulatien with or
withowt direst sequense spreading and data rates ap
fo 140 Mbps.

Motorola has laenched the Iridivm sateflie system,
the firsl operational commercial use of onboard peo-
cessing with onboard demodelators, switching, and
routing as well and orbital lecotion control. The on-
bepard processor has been constracted using VT8 very
lerge seale ntegrated circuits (VLS1s) designedd specif-
ically for the peoject. It includes 312 demodulators,
with closed loops (via contrel channels o the hand-
held waits). For the Inidium satellite, ench wser shares
45 ms transmil and 45 ms receive lmames in channels
that have s bandwidth up 1o 31.5 k#He spaced 4167 EHx
gpart. All wsers are synehronized so that they all trans-
mit and all recene in the same doe windows, alier-
nzbively, Motorala has extensive plans o develop fur
ther commercial satellite systems thal requice cxtensive
QBP technologies with an order of magnitude greater
capability than the Iridium system.

Motorola also developed the onboard cirewit switch
for the ACTS sateliite which wiilizes TDMMA uplinks
ot 275 Mbps and TDM downlinks 2t 220 Mhbps, The
gwitch s controdlad from the ground.

5. Progressin TWTs and EPCs
51 Taroduction

A principal elements of any spacecraft payload is the
transmitter, consisting of a power amplifier and itz e
sociated power supply. This amplifier is wseally oper-
afied clnze to saluration {maximum guipat power level)
in order to attain high efficiency of converting do en-
ergy Trom the solar arrays ingo wselul radso fregquency
{rl} enerpy that carries the communications. An effi-
cliend ransmittes produces by naturs signal distortions
and odher impaimments that decrease the commmnica-
Hons cupacily. The best compromise between output
penweer and distortion is @ funciion of the communica-
tions signals being amplified.

Two types of fransmitters are used In coonmercial
satellites, raveling wave tube amplifiers (TWTAs) and
sold state power amplifiers (S5PAs), In TWTAs, the
power supply, ofter called the electronic power con-
dhssaner (EPCT), supplies a number of high voltages
qusually several kilowolts), which presents some design
challenges.
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5.2 Traveling wave iube amplifiers and EPCs

There remain only three manufaciurers of space
qualified TWTs in the world, Thomson (including
AERG, Ulm, Germany) m Evrope, Hughes EDD
the United States and NEC in Japan In Japan Toshiba
bns buill TWTs for space wis, however, this manu-
facturer does aot currently have a substantial marke:
shara,

521, Marker

Currently the worldwide TWT market (including
commaercial and military grownd and space applica.
toms} is on e order of 500 million; the TS mar-
ket alone 1s aboul 250 million. The worldwide marker
in commercial space TWT: was estimated at approxi-
mately B140 million in 1996, [ncluding military appli-
calions, the total space TWT market might amount to
as much as 5250 million, Custemers for space TWTs
are: the satellite manufacturers, and in particular pay-
Ioad manufacturers, These are not just located in the
United States but are pow distriboted worldwide and
include Russin. Worldwide production of space TWTs
is currenddy about 1200 whbes per vear, the majonoy
split between Hughes and Thomson, Most of these
TWTz have a lifetime in excess of 15 years, Both
these manofacherers have o complete product lse from
L-band ta above 30 GHz with just about any i power
leve] degired.

All TWT manufaciurers have the capability o build
EPCs and integrata them into TWTAs. At Hugheas the
emphasis s on TWTs, EPCs, and integration of those
components inte TWTAs, There are several ways in
which the TWT and the BPC can be integrated to form
o TWTA. Today many tmes the TWTAs arg integrsed
by the TWT manafaciurer (Hughes EDD and NEC),
frequently the satellite paylnad manufacterer procures
the TWTs and miegrates them with its own EPC
{Hughes, Lockheed- Martin) or uses a third party EPCs,
In Europe the major manufscturer of EPCs is Bosch
Telecom CimbH, formerly ANT Each imtegrules ils
own BPC with, typically, Thomson {or AERG) TWTs
Lo provide the complete transmitter package o a space-
u_;mll buikder. As with the space TWTs, high efficiency
15 @ prime obgective for the ERCs. Today's best BPCs

achieve efficiencies of aver 9%, (Hughes has demon-
sirated efficiencies us high as 94%.) Further develop-
peent work (e switching speed increase w150 kHz) 18
expected 1o bwer the BFC mass of o Ku-band EPC
(eurrently spproximetely 1300 g) to less than 900 g,

In Japan both NEC and Toshiba have developed
TWTAs fgr space use. For 2 22 GHz broadease appli-
cation Toshiba developed a 230 W coupled cavity ra-
diation cooled TWT and MEC developed a helix TWT
(1.1 kg} with variable power From 80t 230 W (ad-
justabla by proued command) and 54.4% peak effi-
ciency. This TWT docs aot reguire a rdiator for conl-
tng thanks to dizmond red helix supports. The EPC For
both tubes runs around 12 kY and both have fown on
the COMETS satellite. NEC has developed a product
line of tehes from S-bond to 44 GHz, as listed in Ta-
ble 3.

O the basis of information gained from site visiis
the WTEC sludy tenm concludes that thers is o hal-
anced competitior between the Europeon and US TWT
marufacturers. Acual hardware delivered nto space
ghows the Japanese TWT indusuy o be waling both
Europe and the United States.

322 R&D activities _

AERG provided an infermative graph (Fig, 75 show-
img the improvement of TWT eficency over time and
projections up o the year 2004,

Improvement in TWT efficiency over the last few
wears 15 dus in large part to very sophisticated software
madeling and optimization using proprielary compuaier
programs, The availability of new technigues and soft-
ware o pecform 30 electromagnedics calculations has
allowed designers o modsl TWT: much more ac-
cursely and has belped substantially in the design
and optimization effort. Further developments of TWT
echeology will continue 1o improve the performance.
Orver the next few years TWT efficiency is expectsd
1o improve gradually; mo major breakthroaghs in eche
nelogy are expected, For mstance, dismond helin sug-
ports are expecied 1o bring o small improvement
efficiency, Adding another collector is likely o in-
crease the efficiency by another 2% while the EPC
changes to sccommodate & Sth collector are minimal.
For all manufacturers, increpsed efficiency, reduced
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Em"m";.’ % wtis TR 0%, operating frequencies and power Jevels will in-
Miodel® e g130H crease and the mass of beth TWTs and EPCs will fur-

Ka band TWTs hawe # G busdwadih.
sl 380 g for adisson cooled option

inasa, and improvements in producibility are important
goals,

ther decreass. Toble 4 provides the cument status of
space TWTe w1 HEDD.

The carrest status and forecast for Thomson/ AERG
space TWTx is listed in Table 5.

The current pesformance of NEC space TWTs i
lisied in Takle 6.
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. Diptical communications and inmtersatellite fnks
6.l fetroduciion

Space-based, free-space opdical communications s 2
concept that has been around for many vears., [n the last
few years, however, there has been impressive sciivity
13 bring the concept ta frwition 1a civilian and govern-
ment non-classified projecis. Today s marke for space-
baged optecal commurications is primarily intersaiel-
lits limks (ISLs) which are the main focus of this chap-
ler. There is also a place for high data rate (many Ghps)
space-carth links, though propagation effects due tothe
atmosphere and wealther make this a rowch mrore diff-
cult link. Some activity in space-earth optical commu-
nicatsons will also be covered here.

The wsual paramsters that system designars want lo
opimize drive the desire 1o wiilize optical communi-
catjons onboard o satellieg: size, weight and power —
and of coyrse, eoat, Under edeal assurmptions about
equivalent efficiency of signal power generation, de-
leclors, amd receiving surfsces, link equations show
hat oplical communications systems wilh lelescope
aperiun: aguivalent 1w thal of the antennz of a radio
frespuency {rf) system could potentially provide tens
of dBs of link efficiency improvement, e.p., data cate,
margin, ete, This iz results strictly from the wavelength
difference. These wens of dBs can be traded off agaiest
reduced oplical apeciure size, hence reduced size and
weight. and the inefficiencies of optical signal gener-
tiomddeicciion, and yet still support inereased data rates
relative to an il gysiem

Ome significant factor in this trade-off is that e
optical systom will typicaily have a much narmower

beamwidth than the of system. This has both & posi-
tive and negative side. On the positive side, o nasrower
heamwidth means that the polental for inerference
0 or from adjacent saielines will be reduced. Thes s
particularly important in large 1EO constellations, On
the neganve side, the reguirements for more accurate
pointing, acquision and wacking (PAT) and the im-
pact that this may have on the spacecrafl could impose
an pnwelcome burden. Accurate PAT is critical to the
acceptance of optical 15Ls.

Asecomdary, though sot unimportant, fact about op-
fical communications is that, unlike the of spectrom
which is regulaced by mational and intemational agen-
cies, the optical spectrum is comently unregulated,

Finally, reliabiliey of optical communicatons sya-
tems, particularly their sers, has besn a concem in the
past, This issue is being overcome by advances in og-
tical and laser technology but needs documented space
valifation for wider accepiance.

G820 Applications

Intereateilile communications is used primarily for
‘networking” a constellation of satellives at data rates
ug to muny Ohbps or for data relay panposss from tens
of Mbps up t0 Gbps, These [SLs can be bedween all the
variows orhits that one might consider: low earth ar-
bt (LEQY, medium earth arbit (MEQ), highly ellipucal
pebit {HED ), and geosynchronous earth orbag (GECH).
There are currently sysiems like Tridiam and NASA's
Tracking and Data Belay Satcllite Systemy (TDRSS}
thiet are wsing of ISLs for these purposes. The all-
fated Japamese COMEBTS wes to use rf [SLs. There are
planned sysiems Llike ESAs ARTEMIS that anll use ef
and optical ISLs in the fature. I8 is safe o say, however,
ihat for many of the reasons outlined above, the future
belongs 1o the optical 151, Thisis evidenced by the fas
thist moat, if not all, of the commercial salellite con-
stellations pow being annovnged, such as Teledesic,
will be using optical 15Ls. Iredivm considered an op-
fical I5L., but did not fly it primarily for business rea-
5004, Le., the risk perceived by investors.

Space-Earth links have been, and continue 1o be, pre-
marily 1. Because of the advantages of optical sys-
tema related o the introdoction coarlicr, Japanese, Eu-
ropenn and US rescarchers are investigating optical
space-carth links from LEC as well as the far reaches
of puler space. Optical links face 3 severe disadvantage
dluie 1o the effects of the amosplers and weather, Solu-
G inelude adapave opes, spatial diversity, and on-
hoard slorage with burst irassmisson under pood con-
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dinkons, The first applications are likely to be in scien-
fific safellites but as operationsl methodologies are de-
veloped, space-garth optical links will work their way
inbo commercial sysbems.

As will be shown below, space-hased opical com-
munkcations development around the world has been
primasily suppornted by governmend agencies, The Eu-
ropean Space Agency, the Japanese government, and
MasA and the DOD in the United Seates have beea
the main funding agescies. Thes s changing as the
vommercial satellite world integrates optical 151s, and
companies will be willing to form porinerships and in-
vest more of their own independent research and de-
velopeent funds,

6.2 1 Japan

The Japanese heve a sttoRg program in oplical com-
maenicasions [7]. The Science and Technology Apsncy
has designated the Commanications Research Laboga-

oy {CRL} of the Minisory of Posts and Telecosimuni-
cations &5 4 Center of Excellence for Optical Comme-
nications and Sensing, Thue the government has deter
mined that opricel communications asd ogiical weeh-
nolopies, incleding sensing, are exiremely imponant
igguzs for Japon. As o Center of Excellence, the CRE.
has gathered researchers from around the world and
devoted & 1ot of money for developments in this area,
An overview of the types of links and systems being
considered, from 15Ls v space-carth links, &= shown in
Fig. . A comment was made durng the site visit to
CEL that all 1515 of the funsre would be optical.

Tt is a farrdy broad-ranging program with increns-
ing geals a& shown in Fig, 9 from CEL. Current
plans call for investigation of multichamns! medipm
bat rate (300 Mbps) systems usng 0.8 pm wavelength
technodogy while simulipncously developeng high rate
(1.2 Cihps) systems wdng 1.5 pm echnology, which is

[N Belay |
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mose comemonly availabe, due to terestrial fiber sys-
tems development. In & ten vear time frame, the plan
s for operatignal 10 Ghpefchanmns! operafional sys-
BT,

The main players in the Japancse space-based opi-
cal commmunications world are WASDW and CRL from
the government gide and NEC on the iedustry side,
WNEC has beea the main contractor on most of the
payloads so far, although a number of companies
Toshiba and others — are involved in making the parts
For these pavioads.

The Enginecring Test Satellme VI{E SV was i
nemded o go inte GEOL Tt did mob achiewe this, how-
ever, and lasted from 1994 to 1996, its lifespan 2 re-
sult of the effects of being in the wrong orbil, CRL
s NASA's fet Propulzion Laboratery (JPL) wers
able to do some space-carth experiments dunng the
Iife of the spacecratt. It provided a bi-directional link
at .24 H'bp; |,,.5i:|15 i:|1'_|_'|15'|r:|| malulation amd di-
rect dedection (IMMIDY. The spacecralt wsed & 7.5 cm
diameter telescope. The downlink used a 0.83 pm,
150 mW AlGaAs Ipser dinde. Tha 1.|.'|l'|:|ni'. wian al
051 g wsing an argon laser from s 1.5 motelescope in
Tokyo. The Lazer Comimuniczhons Experiment (LCE)
is shown in Fyg. 10, lis mass was 22,4 kg and it con-
sumeed S0 W max.

e Optical Inter-Orbit Communications Engineer-
ing Text Satellite (ODICETS) will be aunched into LED
in the vear 2000 carrying an opiical terminal. Tt, will
be compatble with the European SILEX terminal and
will commumicate with the ESA ARTEMIS satellite
in GED), The Laser Utilizing Communications Exper-

mment (LUCE) wall bave 2 26 cm telescope with a
S0 Mbps intessity modulated 0847 prm, 2000 mW laser
diode link 10 ARTEMIS ond a 2048 Mbps direct de
tecton lnk ar 0,819 pm feom ARTEMIS.

The Jeparese Enginesring Module (JEM) on the In-
ternational Space Stabon will bave an optical commu-
micabions package, 10 will consist of a 15 cm aper-
e lelescope amd use 1.5 pm recheology 1o provide
2.4 Chps links from JEM 1o carth and to other satel-
lies.

.22 Esrope

In Eu]'-,‘:p{:,]_‘,ﬂ.'\ has been a primary driver mn the de-
velopment of opfical communications although there
have been & number of national eforts also, BESA s
developing the ARTEMIS satcllite {Fig. 11] which
(15 gl:li_ng 1o laanch on a Jipiﬁ'!’-‘::—il: H-2 rpcket in the
year MK, In will be wsed for data relay type applica-
tions from LED satellites to GEO, One of the [5L ca
pabilitics will be optical. 1t wall also have the capability
of communicating to an earth terminal in the Canary
Islands using the same 151 termenal.

The man players in Burope are ESA and the na-
tonal govermemeats, particolarly the UK, France, and
Crermany on the government side and Matra Marnconi
Space (UK and France) and Oerlikos-Conbroves on the
industry side, The ARTEMIS satallize will have as op-
tical package onboard {(Fig, 112,

Semicordwcrer leiermareilite Link Experimeni {5TLEX)
Both LED and GEC SILEX werminals {Fig, 120 buil by
Muatra Marcoai Space in France are complere and ready
for imbegrdion into ARTEMIS and the SPOT-4 carth
ohserving satellite. SPOT-4 was successfully Jaunched
in 1998, The SILEX termminal has o 25 cm apertun:
telescope with charactemstics similar fo those reponied
above Tor the OICETS terminal, The SILEX wernminal
b breen tested and is performing in accondance with
specifications. The maximuem range is 45 000 km.

Figure 13 shows a potional view of a nomber of
optizal [5L termunals that have been wnder develog-
ment under sither ESA oF aalional funding in Burope
There is a plan i this vigorous development of optical
technologies, ESA bas looked at various apphications -
LED to GED, GED 10 GEO — apd hat been developing
a wide se1 of eerminals (o satisfy these needs and in &
Lot of different places.

Small Opticad Dser Termoal [SOMT). Matra b ar-
comi Space (UE) deweloped S0UT which is compat
ible with SILEX, though in & much smaller package,
for LEQ-GED applications (Fig. 143 This iz what they
call the elegant breadboard {pratotype) that was com
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pleted im 1995 bt 15 not space-gualifed. 10 has a 7 om
aperture and is capable of 2-10 Mbps using TM/DT
arnd a 08 pm AlGass laser diode. The package mass
15 2% ki and 1 consuomed A00W.

EX

Small Oprcal Telecommuniciations Termilnal (SOTT)
SCITT s s (RO -CEC) fermnimal :_::pillﬂl: al | [il:lp!-.. The
terminal definittion was completed in 19596 by Motra
Marcon Space (UK) for ESAL [t was based upon a
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Fig. 13, Europem opfizal tempizals {froms ESTEL.

Fip. 14 Seall opisced oser iemmemal [Mara Maseoni)

0 cm aperture (L85 em 2 W laser and ussd TMTI.
The package had a mass of 45 kg and reguired 100 W
af powes.

Solid Swre FLaser Commsinicanons in Space (S0-
[ACOSL S0LACOS was a Gorman national pov-
ernmen! fundsd project a1 Dormes Satellitensystems
GimbH, 111 somewhat differem from the other term
nals presenbed in that o vees a solid state laser and wies
coherent reception. [t was developed for GEO-GED
applicatons with a bat rate of 650 Mbps, It has a 15 cm
apertre and uses a 1A0d gm | W pumped Md:YAG
laser. Coherent reception uses the *SyncBit’ method, I
% & relatavely large unit at T };g The terranal beead-
bioard was completed in 1997,

Short Bange Optival fnfersatellite Link (EROIL), The
|apest F5A rleunln-p'rngnl e the SROIL []-'ig_ 53 upder
development at Oeslibon-Contraves. The amitial ver-
sion 15 designed for LEQ constellation-type applica-

Fig L5, Short range optical inercsaedliie link (Conimees).

ivoms with renges up o GO0 km. 5t hos a 4 cm aper-
ture, 15 capable of up o 1.1 Gops, uses BPSK wath ho-
modynedeiecior (SyacBil" ). This version has i mass
of 15 kp and uses £0°W of power. Contraves advertises
clher versions Of the SROIL that can be used even up
Lo CEECR-Ly e Rknges.

620 Eindted Siokes
The Unitzd Siates has a long history in space-based
ophical communications development as evidenced by
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the Ball Aerospace chart (Fig. 16) from Bali's web
site, Until recently, the U8 effort bas been primarly di-
rected towards military/goverament endeavers. Unlike
the Eurcpean and Jopanese programs, much of the in-
formation about these systems has been clossified or at
lepst dated if available Recently, with the realization
that optical 15Ls are an excellent buginess line, the LIS
companies involved have begun morketing their prod-
w1s more openly and aggpressively, and in et rework-
ing them to fit the more agdressive cost lurgels of the
comimercial world.

Ewven within the military, sponsors like BMDD and
SEDC have barely funded optical terminal development
that has been available in the open lilerature o some
extent. ThermoTrex developed an airborne terminal for
SSDeC. Astroterra is currentiy building a system for
BAADO that 15 going 1o fiy on the STREV-2 spacecraft
that will lauach in 1998 and is currently going through
entegration nd testing (Fig. 175 The wrmimal chrac-
teristics are shown in the figure.

Recenty (fall 571, Ball Acrospace and COMDEY
of Canada have announced 3 new joint venture, Lases
Communications Intemational, to compets in the opli-
ol [SL marker This merger capitalizes on Ball's long
histary in optical communications and COMDEW s
commercial space experience with the Indium of 1515,

The joint venlure has chosen a 155 pm tenminal basod
wpon the invesiment already being made in temes-
trial fiber-based systems ai this wavelengrh end after o
siudy by Ball, SO, Lucent and USAF Phillips Labora-
tory showed that this fiber-based techrolopy was space
qualifiable. A prowtype 133 pm terminal is shown
in Fig, 18, On-Off Keying modulation 15 the sclected
medhod thoagh DFSEK iy aleo still considered as o pos-
sihility.

Rayihzon, a company with s long history i optical
sensing syatems, has also recenily begun development
of eptical communicabions terminals for the 1SL. mar-
ked. [ts terminal is based upon a propeietary liquid crys-
tal optical phased array (Fig. 19} for beam steering, For
miost of the same reasons as above, Raytheon has cho-
sen 1S5 pm for its tesminal with a dala raie greater
than | Gbpe, It has also chosen intensity modulaton
with direct defection becanse of its simplicity.

The MIT Lincoln Laboratory and KASA’s JPL have
programs for LIS military and NASA optical commu.
nicalions nesds respectively. Lincoln has long becn
developng | Ghps (ond faster) communications (er-
minals. Figuee 20 1% an example of a | Ghps DF3K
testmed that has been a benchmark by which other de-
velopmenis have been measured, It is bazed upon a
155 e wavglength apd erbium-doped fiber ampli-
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fier tachnology. Lincodn alse has developed & convalu
tioral encoder and a decoder operating ot these high bit
rates For the frec-space optical channel, Lincoln Lab
crntory will be responsible for the laser communica-
noes package 10 be caried on the Mational Recon
naissanee Cfice’s Geosynchronous Lightwed ght Tech-

nelogy Expeniment (GeoLite) satellite. This package
will be used 1o test space-earth optical communica-
tsons links = particularly 1o assess mmosphernc effects.
TEW will be reaponsilde for the samcllbs intcgration.
Few techmical detadls are publicly available concern-
ing the capabilities of this package. A1 JPL, the empha-
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sis has been on space-canh commumnications al plan-
elary distances which usunlly sapport ooly hundreds
of li:lps.' ar @ few Mhp-:. fut the 10 cm gperiure Op-
ticel Communicetions Demonstrator {OCD} shown in
g 21 1s ::lp:lh'.z il up o 250 I'l.'!l'!:-]'.-.'i and s 'hei.nE: up-
zraded tx | Ghps capability for near-carh experiments.
It 15 based wpon 086 pm lechnology and uses on-off
keyimg at the higher bl rates. A& version of the OCT be-
ing developed for owter planet missicns will use pulse
positeon medelation.

In additicn to those mentioned above, ther potential
suppliers of optical sysiems in the United States are
Hughes, Bocing, TEW, and Lockheed Marin.

.24, Trerar

[ geperal, smaller, beiter, and fasier chasacierize the
next generation sysiemns. The single most wentifiable
Credd s bewards speed. Tias hoas been a dominating Fac-
tor in keeping pacs with terrestrial fiber systems. Ten
Cibps systems will appear within the next fow yoars,
Higher power lasers and higher speed lagar switching
are gading in achievang thas, along wath high spesd elec-
wronics (ASIC and MBMIC). There does not appear w
be universal mpreement concerming wavelength, A lot
of the earlier work wad done =0 08 um bat (here are
niva ferminals al L6 pm. Highevolume develogment
associated with terrestrial fiber systemes make campo-
nents like Erbivm-doped fiber amplifiers atractive for
space-hased optical eommunications, 5o many of tha
recent systems are focusing on the 135 pm range. Re-
garding smialber terminals, there 15 2 coalescence of el
emenils in the terminal, making use of the same detec-
tors and a 1ot of the seme electronics for doing mulbple
funcions, Similacly, ighter components will be devel
oped with new moterials thag will make these sysiems
liphter in general.

In conclusion, Inpan and Europs have had very vig-
ores and open de'.'ell,:-'mnm‘l.", m .’:r|:ll'i|'.';|l COHTEIE i
tiong terminals amd sysiems. The US providers have
Peen soemew hal hampered by [Irt.'-']L'lIJ.‘.l_'.l' classifed -
gramms hat this is rapidly changing and many 175 com-
panies are compeling with the Buropean and Fapansse
comnpanies For e growing 151 market, I8 should be
clear o everyone that optical 150s are coming, When?
It should be soon since il 15 an impaciend applcabion.
The first tims 8 Teledesic or some other company de-
ploys an aptical 3L im o commercial svslem may well
apen the fondgate, Onees these systems are in orbil and
fanciioning many others will follow, Spoace 10 eanh s
a listle trickier because of the aimoaspheric effects, and
the fuct thot edapiive opics need o be developed, bt
Llbere will be commercial applications of high data rate
spoce-carth aptical links in the pear Mot
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7. Other enabling technologies
7. Progress in electric propuision

There are thres broad categories of electric propul-
sion for communications satelliies, according o the
mechanism transferring electric power o kinstic en-
ergy: elecirothermal, electromagnetic und electrostatic.
Flectrodhermal propulsion includes resisiojets and ar-
giets (perfonmance of the chemical propellant is aug-
mented by electrical heating) and s wsed on opera-
tiomzl satellites. rf or microwave heated thrusters are
in the research stage, Eleciromagnetic propulsion in-
cludes pulsed plasma thrasters (FFT) using Teflon
a5 propellant (low thoost, LEO orbit and attitede
trimming). Electrostatic propulsion includes stationary
plasma thrasters (SPT) and jon thresters (rf and eles-
tron bombardment). Seme characteristics and develop-
ment status are listed in Table 7.

Diespite a long history of development (NASA Bew
an jon thruster on AT5-6) and extensive wse of sation-
ary plosmia thrusters (using the Hall effect) on satellives
in the former Soviel oaior, clectric propulsion had net
vet found widespread adopion in commercial commu-
nications sabellites at the time of the previcous study
{1992 1093),

Tnn contrast, the last few years have seen a substan-
ual change in the percoption of electrical propulsion as
several manufacturers have adopted some form of eles-
frigal propulsion system for north-south gation keep-
ing (MESK} in GEO satellives and are considering it
seriously for LEOQ application w raiss the orbin af-
ter laanch. Resistojets are used on the Tridium sazl-
lites, Arcjets have been used (Lockhesd Martin satel-
Intes) and the first operational ion propulsion subsys-
tem 1% Wyimg on a commercial satellite (Hughes HS
G0 1 HFP sateliie), In addition, there is work in electric
propulzion which 15 not specifically aimed st commer-
cial communications sateflites: o 26 kKW arcpet and Hall
thrusters (4.5 KW and 10 ¥'W),

In texday’s (FEO zatelliles, with bipropelkant sys-
tems for apogee insertion end siation keeping, the fuel

amournts o about half the total mass in GTO. Electric
propulsien can reduce the propellant mass needed for
station keeping suhstantially w exchange for signifi-
cantuse of elecirical power (the spacecralt batiery may
hiave o be used for several houss per day).

Anather atractive application of electric propulsion
is orbil raizsing for LEO and possibly GED satellites.
Ag the time from LEC bo (GGED may be substantial (sev-
eral months) an operator may nol want o wail that long
without collecting revenue. On the sther hand. electric
propulsion is an albractive aliermative for raising & LEO
arbitas only a few weeks are necessary and the satellile
can be wed duering this tme. Finally, electric propul-
sion may be used for the fnal deorbiting of an obsolete
satellites, Table 8 pives a summary of where electric
propulsion may be wsed advantageausly For commumi-
culions satsllites, .

Hughes his continued development of ion thrusters
uding xenon as propellant (te program siared uader
MASA and INTELSAT sponsorship) and is life test-
ing two models called XIPS (two models developed,
13 cm diasmeter and 25 cm diameter with approxi-
mately 110 mMN thrust, o specific impulse of 2673 s
and 2.35 kW power consumption). Hughes is using 1on
thrusters on commercial satellites lounched in the past
year, The units are wsed for station kesping and also
during transfer orbat transfer,

In the last few vears eleciric propulsion iechnology
developed in Russia has becoms atiractive o Wesi-
ern commercial companies. Although many devices
using this technology have extensive flight history m
the former Soviet Union, additions] work is neces-
sary to make the hardware suitable for use on com-
mercial satellises. Multinational effons are under way
to moke wse of the technology and preduce kardware
cuaiified 1 Weslern standards. One example is a joint
venwire, Intermational Space Technology, Ine. (I5TL
{founded by S8/, Pakel and RIAME and including
SEP and Aslantic Research) that has integrated Rus-
sian asd US components inle an electric propulsion
subsystem and performed a complete qualification pro-
grom. The subsysiem consists of a Russian 100 mum

Tabl= 7
Calegnoisz af elactn: pmpulsinn
Category Engur: Theust Specific Impskbs Speculic |migake Devvelogenznl Sualug
ik B | e T R # (125 units]
Elkeotrotiemmal At 10-200 FAO-5000 FO-600 Oiperational
Ekciremagnetic PPT {Teflon) =11 SR o | OO0 Experimestal
Efccustatic SPT SO0 | 00— 00 1Ml | B0 DperalisaaliCualifed
Eleparosiatic lon engime Bl [ 245 25 0 30 000 25 500 DperalioralPes
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Tablhe 3
A pplicalio. for ebocarie: progulsien

Dbt - Deha v nesded  Soelline Mazs  Thieet Tima Frooer
sweded s kg o wW
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HELD gt contrgl By -3} 1250 3-8 hitay L5
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stationary plasma fhruster (SFT-100) amd xenon Aow
comiroller, n US power processing unit, tank snd pro-
pelian: manpgement asszmbly (8], At leas) two satellite
mpnufactarers have exprassed interest in using sach a
subsystem, Currently, & disadvantage of this tvpe of
thruster is the wide divergenze of the exhaasted jes. Re-
search im Fussia (sponsored by SEF) @ addressing this
problem,

The two EBEurnpean ion thiusters (developed by
DASA and MME) are scheduled o Ay on the ARTEMIZ
enfeliite in 2000,

In Japan, ion engines developed by Toshiba have
flown on the ETS-VI satellite, Despite the problems
wilh orbit injection of this saiellite, the units were
tested in orbit, The same electne propulsion subsystem
was also used on the COMETS satellice.

I conclusion, much basic research on electic propul-
sion for communications satsllites has bsen completed
and the advaniages are clear. What remains o be ac-
cormpiished is o establish a sobid wrack record of the re-
Tialikity s orit. As this depends Of many enginesnng
and design details, as well as an paris reliability, fur-
ther destm teratrns will be secessary n addition 1o
moee research and (esiing, 1o understand any potential
life limiting [aciors. Mevenheless, it is expecied that
eleciric propulsion will see & much widar use in the
future of commercial communications satellites,

1.2 Thermal corteol

Most of te pilme de power O & CommMURICaEon:
gatellite is used by the wransmitters in the payload. Tn
today s satellites, the de to of efficiency for S5PAs is
around 35% and for TWTAs around 30 o TO%. There-
fore a subsiantial part of the do power 15 dissipated
and st be removed from (he spacecrail. In a modern
thres axnis sabilized OFEO spacecrafi (shaped approxis
myately as a cube) only the north and south Tacing pan-
¢ls can be used to radiote heat 1o cold space (they are
imclimed with respect wo the echiptic al approximately
I3 degrees and will receive some solar radiation), all
other sides will be exposed dirsctly to fhe sun at some

timne during the day, thus preventing effective heat re-
ction, The north and south facing panels camy wsu-
ally a major part of the heat producing payload on the
imsice and the solar array on e oaside. Heat pipss
are used by most communacations satetlites o carry the
heat from tranamit amplifiers to mdiating serfaces and
equalize the temperature ingide. A new, much lower
caest, heat transpon syslem (o equalize temperatures be-
tween north and south panels has been developed in
Burope, Conventional pipes connect tawo fluld loop ex-
changers {using o proprietary malerial) located on ihe
norih and south pancls respectively. This design avoids
bends in conventienal grooved heat pipes.

As the sptellite prime power incréases from 5 to 10
or more kW (ies Fig, 1), there i5 a consersus in the in-
dhsstry that thermal control is & major problem because
the radigting surfaces are not increasing correspoend-
ingly in size. One solution envisaged by soveral mana-
facturers is deployable radiaons. Further developments
are needed 0 provide reliable solutions,

Anodher srea of comcern is thermal conirol in on-
board processors. These have substantial dissipation;
on the order of 500 to 1500'W of eal must be car-
ried awny from the insde of a small box and radizted
Iy space. Heal pipes can canry hest from one place o
another, however, they are bulky, Frocessor heat dis-
sipation has become a significant problem in imple-
menting full on-board processing, because the factoes
imvolved drive the solution towards a very high heat
density (waltsiom®), This problem arises with the use
of smaller earth stations and mobile erminals ereating
bugsty traffic. Efficient usz of the satellite bandwidth
and power led o creation of multiple sccsss control
schemes and eventually 1o the notion of architectares
using frequency division multiple access on the uplink
with time division access on the downlink. Sueh an ar.
chifeciure require on boanl] processors with high digl-
il ssonpling retes ond high speed operation. Such pro-
cessors employ small feature sizes which exacerbates
the heat dissipaton problem. Digital processors must
be cooled 5o that the junction temperatures of the tran-
sistors arg 125°C or less for alicon devices. Hea: dis-
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sipation is proportional o clock speed and operaling
voliage. Dperating voliage has been reduced 10 3 W
Clock spesds continue 1 rise in proportion b iRcnsas-
ing duta rates per acoess, and increasing numbers of si-
miultaneous sceesses, Copssguently, either s more effi-
ciend process for heat removal or a differem bardware
pracess must be found. The present approach is tha;
of heat removal using specially developed heat pipes,
While heat pipes have boen used in satellite before
to camry heat v radiating cold plates, the device and
heat density in the digital processor requires a3 micrm-
seale heat pipe. Such a device was recenily snsounced
by the Buropean company, AEE, and is adveniised for
snle.

The ultra-Aal micro-heal mpe s construcied of
thin sheeis with grooves engraved on the surface and
bonded together, & cooling fuid 15 introduced wider
vapor préssure conditions. The device is fabricuted as a
flal package rescmbling a chip carrier, and is matched
o a paricular chip package, Heat is carmied away and
conducted through & cooling keop 10 a radiator for re-
meval Trom the spacecrall, With water as the oooling
fluid and copper as the matal, the micro heal-pipe ex-
hibited conductivity 4 to 15 fimes that of solid copper.
The improvement is due to the phase ransformation
(hiquid 1o vapor) of the cooling fluid, Various coolants
(ammonia, eic. ) and various metals (stainless stesl, #lu-
minum, eic.} can be uscd. The engraved sheets are
1.1 s 1w thickness and can be stecked tp create sand-
wiches from (0.5 mim 0 severs] mm. The hest pipe Do
the TO 254 macroclectronics peckage is 1.2 mm thick,
100 mm long and weighs 0.35 g 0t can remove 20 W
of heat with only a 10 K temperamre gradient over the
200 mm Jength (from chip mownting swrface w heat
zink).

In & large GEC mobile satellite development
(Hughes}), heat dissipation was identified as the most
eritical challenge. Similarly, in the Japaness "Gigabit®
Ka-band satellite development, this same problem is
eme of the three most critical issues, Nevertheless, the
developments are proceeding and within a few years
(L, 2003-2006) such satellites with full on-hoard pro-
CREEING are anticipated,

T3 Atitude contre]

Conventional attitwde control systems for three axis
stabilized spacecralt with canth and Sun sensors, mo-
menbum wheels, jet: and asociated electronics are in
production at many manaufacturers all over the world.
Atar rackers (I fmprove peinting accuracy for large

anignnas with very parrow beams) are being developed
in the Uniled Swies and Japan, bug are nol yet in op-
erational ese due o cost and operational complexity.
There iz engineering work on laser gyvros in the United
States, with improved versions eventually capable wo of
replacing the conventional type gyvros usad for attitade
gensing,

In the last five years, GPS receivers have been used
on satellites to establish location and also athtede. The
fechnology used for these receivers i conventional;
caly the application is novel,

8. Smaller satellites (LEOQ and Microsatz)

Ag reporied herein, development continnes towards
praducing ever higher power peostationary satelliies,
As a counferpom to this tremd, the advent of the “lil-
(e LEC and ‘hig LEO syslems have given rise 1o
many insovations in spacecrafl design and manufac-
turing aimed ot producing smaller satellites at lower
cost. Mosoroda and Loral have creaed special facio-
ries for assembling the relatively large number of LEC
satellites for Iridivm and Globalstar, Manufacturmg 12
readed as an end to cnd process, designed for efficient
Hova, continuous process Inprovement, and significant
reduciien in mmcremental testing, while also meeting
high religtality poals,

These aew concepls are also being applicd w GEOQ
satedlites for cerain applcations. An exarmple is Cakra-
warta- 1, lwmched in 1997 for Meabia Citra INDOSTAE.
by Orbatal Sciences Corp (050 Cakrawarta- 1, shown
in Fig. 12, was developed by CTA poor 1 115 acquisi-
L by CHSIC,

The Surrey Satellitc Research Center 15 produc-
ing UnSat-12 {abost 350 kg) for Singapore. It carries
charge coupled device cameras with sophisticated on-
hoard image processing (38 m resalution multispsctral
and 10 m monochromatic resolution), sogether with
both VHFUHF and [/5-band sawllite commumnica:
tions. This satellitz will iy ina low (LEQ) orbt.

These mdni-sateliites i the 3440 10 680 ky class are
produced from technolagy largely within the envelope
defined by large GEO satellites, ver may benefit from
weight reduction echeology atemead at the larger space-
crafi, The mini-zateilite wall also offer opporunay for
new echnology, an example being an eleceric thrustes
produced of the Sumrey Center. Matra Mearconi has de-
veloped & new mini-zatellite bus called LECKStar,

Microsaellites continue to be Aown, with many car-
rying experiments. The Air Porce Phullips Laboratory
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Bag. ¥ Cakrdwarta- | Tiipcbed g Moaka Con [NDOSTAR hy O
bital Scienses Corporalion.

Fip. 23 Sursey Space Conter's FAZzt-Bravo emoroeabeltine for Chils

_7|]a_1|_-;. o EI:,I a sxrpes of m:p-nrlm-!ﬂl.ul sate|lifes, somme
of which may include commimaenications echnobegy ex-
periments. An example of a microsatellite produced by

Surrey Salellite Besearch Cener is shown in Fig. 23,
An mieresling use of the microsabellite program is io
provide am alfordable focus for smaller countries to
become space faning nations. Such a program, which
| | a.'ls.-;:- :nl’.‘l.'lrpn:lr.al.-;' g,radua'lr: engnagenng leaineng ot
the Universiy of Sorrey, has been accomplisted with
Malaysia, Korea, Singapore, and Spain.

The Crboomm satellites have been launched ing
a full constellation of 26 sstellites. Thess micro-
sabellipes {45 kel provide multipls sccess with
2400 bps uplinks and 4800 bps dewnlinks to handheld
data termanals. Orbcomm will be the first large scole
LECY system with a constellation providing contmucs
coverage. WITA has operated SateLife store and foas
ward salellites for regotz medical consultation since
ahout 1992, when DoSAT-5 was launched. Several ad-
ditional satellilcs are now used ivthis network,

9. Conchaspon

There are many challenges in satellits communica-
tions alwad, one of them will be to kesp the intenest
in supponting B&D in vanoos necessary disciplines af-
ter the cumment wave of enthosiasm and spectrum sl
lpcation bor new systems and higher Frequencies sub-
sides followed by the dissppointing commencial resulls
in somee LECH systerms, The hat of neaded techaology
developments s long, but progress on all fronts 15 nec
exsary if the longer term futore of satellite communi-
catins i b be assured. A hat of techmolopies nesding
lesng-ierm BE&D attention can b found in [3].

It may be dithcult to replize all the potential benehits
from the large momber (Caarmmobile fraaaBeiuring' )
appriach, under financizl preEssEes 0 goe iilo revenue
sarvipe s soon as possible. The numbers for satellijes
are to small 1o reap statistical benefs from long man-
ufacionng runs. The individual satellites are Lo expen-
sive bo ‘throrw away” it they are delective or to “test io
death” ihe first 107% of a safellite production run. Mo-
torela’s expmple of 3 "6 sigma design & mapufeciurc-
ing' :|F||;|n:m.l_'|1 must be confromted with the LOF%E iniEal
failure in arbat that has actually been experienced.

Mevertheless, while there are reasons for caution
noied shove, the futare does look bright. There seems
1o be o end o he demand (or waieilite communi-
calbonE Saivices asd technology in 5.Lg_'||.1 Soomer or
luter almost all the developments appear in real 55
tems. There remain very real commuonicationg satelliu
systerms applications (like TPRS) thar will susvive and
thrive. There is imcreasing synergy betwesn terrestrial
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and satellite systems s each recojgnizes the advantages
of complementary sysiems. For instance, a conceried
R&D effort in Burope i directed towards the irans-
tiom from GGEM 1o UMTS where satellite links will be
integrated seemiessly with terrestrial facifilies.

Today there is substantial business and profits in
some existing communcations satellite systems. For
the future, there is no reason why propesly designed
satellice systems with an appropriate customer basis
and & reasonable business plan could sof generate an
excellem remur lo the invesiors.
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