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INTRODU CHION

Creaized by D Theodore Vop Ratman in 1950 AGARD was oranally cafled the Advisors Group o Aeronantcal
Roscarch and Devclopment In 1957 dunng the Seventh Genetal Assembly of AGARD Dr Hugh Divden who was the
Prrcctog ot the torctunnet of NASA the Nationad Advisors Committee for Actonaunios, deseribed the impact of the tiest US
satcthite Linched two mopths pocg to that mecting

From then oo NCEARD has had active work gosme o stadies in the space arena ot evample. at the Baghth General
Avembiy beldm Penmuunk ain 195X D Norman Ramses - whoas now a Nobel Prize winner. and was at that ume, Saenee
Advisor o the Searetany General of NATOL charred the magor round table discussion whuch was entitled “tmpact ot Space
Fechnology an Rescarchoand Dievelopment™ At the Eloventh Genergl Assembly, which was held m July of 1961 in Norway.
the ronund table discussion was onsarentilic aspects of space technology and at this cleventh session anasmterpaned space
mtormation group was established that was chasred by Db b Rechtin, ex Chanrman of the Avionics Panclex Assstant
Sccrctan ot Petense amd currentty President of the Acrospace Corporation

In 1965 AGARD changed its name from acronautics 1o actospace. so we now have ottically the trtde Advisors Group
tor Verenpace Rescarch and Development Recently AGARD has reemphisised spaee activities because durnmng the past two
decades space technology space systems and space resonrees have been developed which clearty can contribute 1o
ncreasiny combat capabihity and ethracney i the tacticalarena. We have muditary commuanicitions using spisce assets whach
Atcoven anportant g the tactical world for command and conttol The vanous weather saelites peemit a much more
accurate and more tumely weather torecasting and agan very important tor tsctical mulitary applications. and the oighteen
satetlite Clobal Postiomng Syatem, i fact, revolutionzed the tuture ot nasigation and bombing. So, currenthy | beheve that
thare s anincreasaig appreciaion not onh by the taictical mailitary commumity but also by the rescarch and development
vommutty repatding the impact that space will hase in tuture tacticad operations

NASA Langley Rescarch Center was a veey appropriate site for this Ssmposium. Langley AFB s the home of the US
Lacucal Air Commuand NASA Langley Rescarch Center since 1917 has been a proneer in space exploration. space
twechnology and apphications. Bringing together the tacticat mulitary commumty and development community trom all the
NATO pations 1o disciss Space System Apphcations to Tactical Operations wis the purpose of this Sympasium

Fhas particular symposium brings into focas and characteizes those atnbutes of space systems which contribute to the
cfeciveness of tactical military apphications. More specifically, an overview is provided of what are the tactical needs and
requirements that can be satisfied using space assets. Both the current existing systems as well as the potential new sy stems
that are conung onstream fater onon the century are characterized. Both the advantages and imatations of space systems are
assessed and Oimally future trends which should be of particular interest 1o the rescarch and development community ase

discussed

It was indeed an honor and a pleasure to be general chairman of this svmposium. 1t was a pleasure because the
programme committes did such outstanding work to assemble such distinguished speakers for the overview session and to
wentify and encourage the authors who presented papers. 1 would like to acknowledge particularly the work of Mr Joe
Statsnget tor witing the Techmcal Fvaluation Report and editing the Conference Proceedings and Mr Bdl Dove for
orchestrating the physical facthities and other amenities st NASA Langley Resciarch Center

The Conterence Proceedings are contained in two volumes. CP 344 contans the Techmcal b valuation Report, the
unclasaficd papers, and unclassaified abstracts of classified papers. The NATO Secret Supplement. CP 344(8). contains the
Techmical Byvatuation Repornt, the abstracts of unclassified papers. classified papers, all questions and answers that followed
the presemtations of papers, summarnies of discassion penods, and the list of parucipants

Max T Weiss




——

AVIONICS PANEL

Me Y Beaubr Deputy Chairman De B LDamond
Chiet Seentist, RADC CA
Rome Aur Development

¢ hanman
Thomson ¢ SE
Davision - quipement Aviomgues
& OSpataun Center
1S boalevard Gabnel Pen Goffiss AFBUN Y 13441

Q2240 Malakott ER s

PROGRAMME COMMITTEE

C harman DeM T Wess, US
Vice Chanrman Mt ) Statsinger, LS
Members: It H A Timmers, NV

Cob F.Vagnareli, 17
MrBDove US

Dr D Koelle, GI-

Mt D.Pichoud. FR

Mr L) Urban US

Dr PW Braddock. UK

HOST NATION COORDINATOR

Mr B.L..Dove

Asnistant Chief

Haght Control Systems Div.,
NASA Langley Rescarch Center
Mail Stop 469

Hampton. VA, 23665, USA

PANEL EXECLTIVE

L Colonet Timothy B.Ruswell
AGARD OTAN
7. rue Ancelle
92200 Newlly-sur-Seine
4 France




CONTENIS

INTRODU CHION
MEE TING AND PANEL OFFICIALS
ENECU TIVE SUMNMARY

TECHNCAL BV ALLATION REPORIY
by ). Statsinger

SESSION | — OVERVIEW

THE NENT TWENTY YEARSINSPACE®
by H.Mark

Paper 2 withdrawn

TACTICAT USES OF SPACE SYSTEMSINNATO®
by F.D.Creinke

TACTICAL OPERATIONS AND SPACE APPLICATIONS
by 1.1..C raig

OVERVIEW OF SATELLITES AND MARITIME OPERATIONS®
by R.) Nahra

OVERVIEW SUNMMARY AND DISCUSSION?
SESSION 11 = COMMUNICATIONS — PART |

US MIILSATCOM — PRESENT AND FUTURE
by R.H.Gibson

INTEGRATED SUPPORT OF TACTICAL OPERATIONS BY SATELLITE COMMUNICATIONS
by W.P.McKee. Ir

FHE MU SATCOM SYSTEMS FOR TACTICAL USERSY
by 1).R.McLliroy

SYRACUSE: A SATELLITE COMMUNICATIONS SYSTEM USING SPREAD SPECTRUM
MUT FIPLE ACCESSe
b .M. du Chéné

TACTICAL MILITARY COMMUNICATIONS BY SATELLITE RELAY AT HIGH LATITUDES
by J.Collins, E.Deslauriers, 1. Matheson and J.Ohrt

SESSION Il — COMMUNICATIONS — PART I

PRACTICAL SATCOMS — A UK OVERVIEW®
by B.Atkinvon

UK SKYNET § COMMUNICATIONS SATELLITESe
by 1.C. Tozer and P.H.Masterman

MINIMISATION OF SYSTEM YULNERABILITY IN NAVAL SATELLITE
COMMUNICATIONS NETWORKSe
by C.J.Madamy and E..).Stannard

THE FERRANTI TACTICAL SHF SATCOM STATION (MANSAT)e
by A.S.McK. Anderson and 1.1. . Westall
* Printed in classificd publication (P 144 (Supplement)

t Absiract only
© Abstract only (unclassified). The full text appears in classified publication CP 144 (Suppiement)

Page

Reference

12

14




e LY W Vi

Reference

PACTICAD SATERTRE FERMINALS FOR T AND AND AIRBORNE O APPLICATIONSe

by P AL aw 15
SESSION IV ~ SAWIGATION

THE GLOBAL PONTHTONING SYSTEMGESE PROGRAM STAIT ST PDALFY

W Hodones 16
GESSYSEEM BIFLD TESTING

by N Lifford 17
POTENTIAL IMPACT OF NAASTARGPS ONNATO TAC HICAL OPERATIONS

by B MPrice and B Sprosen i
COVERAGE AND BUH DUPOF THE NAMSTARCONSTELL ATION

by PP Rruh i9
TACTIHOAL APPLICATTIONS OF GEPS USER FQUIPMENTY

by GV Barbee 20

SESSION Y — REMOTE SENSING

DEEENSE M THOROLOGIC AL SATHELLTE PROGRAM (DMSP)

by B A Curtis and C P Arnold, r 29
MUTTARY APPHICATIONS OF METFOROIFOGICALSATELIITE (MEISAT DATA

by b Rauschers 22
CIVID WEATHERSATHEILITE SYSTEMS

by 1B Miller 23
METEOROS OGIC AL AND OCE ANOGRAPHIC SUPPORT DURING THE FALKELANDS
CONFLICT

by LW . Pathecary and ). Marsh 24
DEMVEEOPMENT OF SATRLLITE DATAPRESENTATION FOR ENVIRONMEN TAL
FORECASTING

by DWW S odge and M R Boswell 25
PRACTICAL APPLICATIONS OF SATELLHTE-DERIVED METEOROLOGICAL AND
OCEANOGRAPHIC DATAINNAM AL OPERATIONS

by C. AWM cigand 26
Paper 27 withdrawn

SESSION V] — PROSPECES FOR THE FUTURE

STATESOF THE SAHONAL SPACE IRANSPORIATION SYSTEMY

by 1. A Abrahamson 28
SHU TTEE CENTAL RUPPER STAGE CAPABILEDY

by H.Clark 29
LA FAMILLE ARJANE

par R Vignelles R}
COMBAT CAPABLE SPACE SYSTEMS FOR TACTICAL SUPPORTT

by J.O.Caochran M
THE. SPOT OPERA THONAL REMOTE SENSING SATELLITE SYSTEM: CURRENT
STATUS AND PERSPECTIVES

by (,.Brachet R}

Paper V) withdrawn

1 Absirnct only
© Abstract only (unciassificd). [he full text appears in CP 344 (Supplement)

v




Reference
Paper V4 withdrawn

THE BLROPEAN REMOTE SATRLETTE SYSTEM (RS
by F Velten 1%

AMODERN APPROACH OF ASYNTHE HC APERITURE RADAR PROCESSOR AND IS
TECHNOLOGIC AL ASPRCES
by HoFroblich and R Schotter 16

FARTH RESOU RCES RESEFARCHUSING CHE SHU DEEE IMAGING RADARSYSTEMY
by R Monson 17

ROLUND PABLE DISCUSSION® RID

* Prinied in classificd publication ( P Y44 (Supplement)
f Absiract onle




Shandl o % ST

Ohse

Reco

EXECUTIVE SUNMMARY

Fhe tollos g summanzes the sipmhicant ohservations ang recomone idations tromthe Techmcad B aalination

evations

Fowas noted that g number of arcas would benetit by addiionad citort
Communication boetween users and deselopess should be improved moorde 1o

car D stabdeh boites grantithcation ot reganements

o B apose the developers more deatly to the eagenares of battdeticld apphcations
vor o Bdonnty the necds tor evbihin

v Impronc e Samihany ot the usng commumits with (pace ssstem operational Chunactenstios

Sepsshonhd b taken o mprescmteroperabilits amone cvisting and planncd sustems m the N A TO Ccovironment in
crdor oo onhance the utihiny of these broadiy apphcable svaems

The partcpanon of the vanous S A TO nations i coopetatinee deselopment and apphication of space ssstems should e

morcased

Vet e techmques Jor procurement amd beldimg of spage systems shoudd be developed and cvabiated Conadenny
that small quantitics and high ume costaowill continae to be charactenistic of these swstems

Tha impact ot retnevable boosters o the desclopment and apphcation of space ssstems should be tusther stadied

The daevelopment ot suitably contigured pround assets shoudd be pursucd for the purpose of assuning masimum
sutvivabihits and unhing

Nicas should besdentiticd where turther advances i techaology ate desimable i order toosupport tature svarems
havsnig preater capabidines than sostems cattenthy anvadable

Faturc acuvinies should stress the impuottance of overall syatems CInecning and swatems macro architedture toassure
that all ot the clements i obved in these comples ssstemsare propery intertaced and that svstems designs tor

il space svstemsonteract with cach other tor the ovenall greatest etfeetiseness i provicding support to militan
opctalions

mmcndations

Conductarevew of on gomg and planped commumcation and s sgiation ssatems, both space and groand based Fhe

reviow should focas aanissues of interconnection and imteroperabihits among all of these assers and the related
architecturab issues: The abjectives should be to optinuze the uthity and sutsivatihiny ot the overall NATO Capabihity

Plan e symposium on space technology with the objective of defummg immatives which the NATO nations should AU
toancrease the capahihity of future space svsterms

Plan a sy mposim on the subject of space svstem macro architecture This should include questions of interoperabniny
atd survivabilty as mapor topics

Vi
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INTRODU CTHON

Fhe doth Svmpoanm ot the Mvaomses Pancbwacheld atthe HETE Rewd Acrate Canter 0 he NASA T aneles
Roscarch Conter Hampton. Virginna, USATTT 20 00tobey FOS T The program charnnast tor the moecting was
DA W ot the Nerospace Carporation b ESepundo, Calitornia, US A The papers presented and discussions
conductefat the mectny are publishied i Caonlerence Proceedimps CF 3344 and CF 3304 (Supplementy

FHEME AND ORIFCTIVES

* he advances i space technolosy and svstems dunmg the past two decades baseied to the e ababilins ot resousces
which cancontabute to macased combat capabihty and efficiency i tacticat mibitary operanons Mibitany conpnmeations
sarctites such as the NATO and SKYNE T senes and the US COMSATS hune demonstrataed then ettectiveness as denents
ot mlitany commuand and comprol svstems The vanous weather satellites peemit more accut e and more imelhs weather
torecastinge and hune become ymportant to all militars operations. The 18 Satethte Global Positioming Ssstem whichas
currenthy undar devclopment mas tesolutionize weapor ssstermn nas eation and cutdance over the next decade

Fhe mportance ot spaceissetsan supporting tactical operations is graduadls becommg better appreciated by the
Jcadors of the RAD commumity and by mshtaey keaders i the NATO countries However, the tall potential of these sustems
has notset been reabized Thentent of this ssmposium s o boing into tocus and to charsctenze the attebutes o space
seatem which contebute 1o the ctectiveness of tactical mihtary operations

The ubgectives of the mecting are as tollows
o Provide an overview of tactical needs which are etfectin ey addressed by space swstems

® ( haractenize the vanous exsting and potentish space ssstems waith emphiasis on those attnbutes which are most
related to tactical needs

& Ansens the ady antages and imitanons of space swstems in supporting combat operations !
¢ investigate the interacuon of space assets with ground and mobile resources and consequent operational issacs

® I nscuss future trends i space technology and thaerr relanonship to evolving combat necds,

GENERAL DESCRIPIION

The program consisted of thirty fous imvited papers and two round table discusaions, divided into seven sessions The
quahty of the matenal presented well reflected the expenence and expertise of the authors - -

Fhe openmg session connasted of presentations by very semor members of the NATO space saienees and milinary
cotmmunitics A broad overview was presented which served as an execllent introduction to the more detauled discussions

Space svstemms and thar apphcanons had not been reviewed fora number of years by AGARD. The sapud progress that
ha taken place 1o this Beld and the increasing role plaved by space systems in mantamng and supporung mibitary
ctfectiveness was clearly evidenced w the range and depith of the subjects discussed in the sesstons whach followed The
svinposiom made a imely contnbution by stressing the current desiratabity of more intensive apphication ob space ssstems to
mihtary operations

TECHNICAL EVALUATION
Sewsion | — Ovenview Chairman: Dr M. T . Weiss

This session provided a useful framework tor the subsequent discussions. The speakers chatactenized the range ol
current and potential apphcations of space systems and provided a perspective on the past and a foreciast of future trends




DA Lek descnad the evolution of space Capababises the impontance ol nihitary spince tothe mamtenissoe of peace
b the nec o omt cton among the NV TO aations to maamize progress m curtent aid future desclopments

Gronera] Roandotph esiowed the catrenty apetationad US nubitany space ssstems and gy e cxamples of then
CHectvenoas i cnses sgations He conveted the vange of capabthines avadable and desenbed ssstems currenthy under
dovaiopment to meet fatare necds He suppested that coopenative ctforts among the NA TO counties imcludimg the US,
woenld Be ot preat vdue tothe tchcal comimasity

M Grombhe continued tias theme by descnbiy space sostem apphications in the NSATO theaer He idicated how
space ssatoms contnibute to countenmyg the threat to NV O forees and poimted out that the tull explontation of space assets s

enmne procoss which s notvet complete

Gieneral Crne provided usetubnsaghts into the apphoation of space svatems o facticab ancralt A particalan pomt was
made that the proper dessen ot tenmials tor tachicat ancratt apphications s of great siembicande

Fho mcracnon of space sustenis capabihties and NATOCnaval necds was the sabyect of Mo Nahra s alk, Among the
potits covcred were the problems v olved mcombimye totees of the vatious nattons and mcleards dstiagastung hosule
and tnendiy torces

Seasiaons & B — C ammunications

Fhose sessons brouchtme focus the vigorous activity i space communication systems throughout the NATO
commumty Both current apphications and on gomng deselopments were addressed. Somie of the enagonr isaues diseussed
mchuded the necd tor ovendi achaectaral plamming. the importance of internetung and interopetabuiity and of saabhy
dosiened terrestid stations to optinmze swsten atiliy

Session i Chairmun: Vie D.Pichoud

Colond Cabwon desenbed cutrent and prospectine US systems including therr utihty . the threats to which they must
) rospond and prospective upgrades The posaibibities tor mterneting among the vanous space assets and waith ground
networhs were discussed

Mo Soadereger provided a pesspective trom a broad archatectural point of view. showing the possibilines for fitting both
curent and prospectine svatems o an overall tramework . Probiemis of network control and management were ened

DMt ron characterized B HE ssstems Jor space apphications including the current and prospective state of the arnin
companents, the appheable types of sienal structures and the advantages which tis frequency regime ofters to aulitany users

Mo Do Chene's paper covered advanced developments for satelhie commumication as apphied i the Svracuse system
Lhe use of spread specttum i the X band frequeney regame wis deseribed together with the technigues for svnchromzation
and the parimeters of both fived and mobale ground terminals.

Fhe problem ot orbit selection s pernnent to the vanous NATO nations whose territary extends fo high Eaitudes. An
analvaas and evaduation of altermatines win presented by Geoneral Colhins. The advamtages of the twelbve hour elhpocal orbat
tor ph Latitude apphication include coserage. case of doppler correcoon. and lower orbstal encrgy regquirements

Session 11 Chairman: Mr B.Atkinson

} Anovervies of commumeation satedlite acuvity 1o the United Kingdom wan presented by Mr Atkinson. The discussion
mdduded deseniption of developmental activities, testing factliies, and the vanous aspects of termuinal equipment design
important to the dsees. Fhe advantages of interacton between the mibtary and caivil systems were poited out.

Mr Tozer desenbed the SKYNET 4 development and the detands of the commumcation pavloads functional
charactenstics. A desenption of potential advincees for the next generaton of SKYNET satellites was presented

Dy Madams reviewed the commuanication satellite field from the view point of Roval Navy requirements. A systematic
presemtation of requirements in matnx form was shown and a discussion of internetting as @ means of eahanced survivabihity
was presented

Further dsscussion of terminal issues was furnished 1na paper by Mr Law. Varnous types of terminals for differemt
classes of users were descnbed together with the varations and charactenistios necessary for different classes of services.

I
: - H
- i Sewlon IV ~ Navigation Chairman: Ir. HA.T. Timavers
' Discussion of space based navigation systems was initiated by Cotonel Jones wih an overview discussion of the
GPS Navstar program. A descnption was provided of the current configuration and the plans for providing a full
' - ' +
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comitellation within the nextfew years A vancety of user equipments are under development and accuracy demonstrations
have been accompiinhed toravancty ot host vebicles including aireratt, shaps, and land vehicles

M Kruh desenbed the means of buillding up a GPS constellation, the arbital configuration necessary for achiesing
elobal coverage sand the geometne issues imsocaated with maintenance of accuracy The 1K satethite frinal configuration will
provade bettes than 99 coserage globalh

Fhe techimgues tor svstem tests which have been deseloped and are currentiv used 1o evaluate svstem pertormance
wore discussed by D Clitfond The precision land range as well as the arrangements for nasal tesung were desenbed

For tachical arcratt apphications, a large number of vanables must be controlled in ogder to meet accuracy
regquircnents Captam Barbee presented a desenption of these dems together with an evaluanon of the utilhity of the GPS
stem e controthnge them Insummary. the GPS svatem simplifies control and suppaorts enhanced eftectivenesss ina number
of tacticat appheations

Colonet Price seviewed the prospective utthzanon of Navstar by the NATO nations Navstar deselopment s perhaps
umgue n that mine NATO natons have particpated in the GPS devclopment and acguisition program: Furthermore, the
intended use o Navstar by the vanious nations has supported improsed commonahity of navigation and mapping references
Aoy the ndations

Seavion ¥ — Remote Sensing Chairman: De RW . MacPherson
The discussion of cotrent capabibiies i remote sensing tocased on metcorolopical satelhte ssstems and ther use Other
Aspedts of remote sensig were covered m Session Vi

Ihe Dretense Metcorological Satellite Program (DMSP) was presented inan osenviewn by Colonel Curis The DMAP
suatem provades worldwiade stratepte tachical and weathes data 1o both fixed and mobile users Future developments imcluding
cnhanged sensimg capabibitics were desenibed

Colonet Rauscher desenbed the manner in which the Air Foree Global Weather Centrid merges data trom DASP o
wellas other weather satellites and terrestnal and occanographie data: Data s processed every three hours and 48 hour
torecasts are turmshed Factical uses during vanous cosis were ated as well as support of planned military excicses

Fhe cnvilan weather satelhite svstem and s relationshup to maditary svstiems was presented by Dr Miller The interaction
briween the Amenican oivilian systems and those of other nations was - iscussed and the importance of cooperation between
all nateons 1o achieve accurate weather forecasts was emphasized.

The ymportance of space systems in support of tactical muhitary activities was ilustrated graphicaliv by Mr Pothecany
and Captam Marsh i their discussion of the Falkland Isdand expenence. The usefulness of remotely sensed data was
appatent earhy onand actual experience during crises led to changes in terrestnal equipment which further eohanced the
utthiy of space ssstems Practical cxpernience s essentil to optinuzing utility

The direct apphication of sateihite weather data via video recording, the use of fale color, and other human engineenng
techmques was discussed by My Boswell, The importance of techmgues to enhance interpretabihity was cleatly
demonstrated.

further emphasis on this subgect was provided by M Weggand. The abshity 1o adapt to varving circumstances and a
vancty of user reguirements was noted  The flexibility of digitad techmgues is important. The need to recenve frequent
absery gtions under some arcumstances s charactenstic of certin applications.

Session VI — Prospects for the Future Chairman: Dr F.1L.Diamond
Lhe papers i this session were onented toward discassion of those space system clements which have demonstrated
thei importance but have not vet achieved full operational status or apphcation.

Gienerat Abrahamson desenibed the space shuttle, its obgectives and accomphishments and noted that a sanety of upper
stapes are avalable for vanous applications The abihity 1o retnieve payloads, to assemble large space structures in orbit and.
penceraliy, to greatly increase the flexibihty of the management of orbiting assets were cited Launch capability from cithes
vousst of the US will become avalable. Cooperative cfforts with other NATO nations were deseribed

The most recent imniative in regard to shuttle upper stages was presented by Mo Clark. This s the shuttle-configured
C enmtaur upper stage which will be capable of putting approximately 131000 1b pavioads into geosynchronous orbit using
hguid oxyen and hqud hvdrogen propeltants,

In regard 1o expendabic launch capability, a major development has been the Ariane booster, desenbed by Mr Brachet.
The Artane booster is under the cognizance of the Buropean Space Agency (ESA). It consists of a family of vehicles which
hits o prosent capability of placing | 500 kilograms into a synchronous cquatorial transfer orbit. The Ariane family is an
evolving system which incorporates planned growth leading to an eventual 4000 kilogram capability. The Ananc has
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demonsteatad ats pertormance i praciical use: An additional pad s bemng buiht to provide greates Bsunch Qesibehing and
capahiity fon the Lieest version of Anane covrenthy planned

Furmng ttom launch schicles to future desclopments tor spacecratt, M Cochran desctibed i senies of measores
imvolved i protecning future satelhites svstems from posaable negation. Improvementsan sitellite autonomy . the use of cross
ke between the vanous satelhites andhincreased use of mobale termmals were discussed

Remote sensing tor appheanons other than weather forecasts was the subgect ot adiscussion by Dre Velten The
I utopean remaote senstig satefline sesteme B RS s an application of smaging seathetie aperture radar to the measarement of
ceaphvacal properties includimg wind tickds, occan imagery and e The data will hase both sacntitic and cconomic impact

Another approach to the remote sensimg of geophyaical features and to mapping. is the SPOT remote sensing system
desenbed g paper presented by My Brachet The svstem s developed under the auspices of the French Natonal Space
Apeney It embodies a passive sensor opetating m three sisthie bands and the near infra red Among as appheations are
cvahanon of naturab resources genesable and minetaly as wedl as medium scale mapping

Fuither discussion of advances i ssnthetic aperture tadin technology was presented inthe paper by Mr Schotter An
advanced processor s under development winch has attobutes which makeat parncubarhy suitable tor data orocessing on

bBord spacecratt

Passive sensing was abso the subyject of the papes presented by M MeCarthy on thie appheation of intra red techimgues
terdetect objects of muhtany anterest The use of space hiased sensors tor this purpose provide advantages in coverage and
nmchness of data

Addinonal discussion ot the technology and apphcation o imaging ssathete apertare radar for carth resources
tescatch was presented in the paper by M Monson The Shuttie imaging radar has been used 1o provide radar
charactenization ol areas of the carth which had not been previoushy observed by this class of sensor A mosvie of some of the

ohaervations was shown

Session VIl — Summany Chairman: Mr J.Statsinger

This sesston was structured to provide a recapitulation and summary of ideas and 1ssues which developed trom the
papers and discussions of the preceding six sesstons Participants for this session included the chasemen ot the preceding
sesstons. or thar representatises. as well as Dre Allen Stubberud, Chiet Scientist of the US Air Foree Some introducton
semarhs were presented by Me Joseph Statanger. vice charrman of the Program Commtier

Fhe rematks and discussions dunng this session generally covered the major issues 1 regard to space svatem
apphications Substanuably all of the matenal from this session related to assessments, obsenvations and recommendations
with regard 10 the svmposium topies. The executine summiary, as well as the next section of this report cosenmg these matters
i substance. a recapitulation of Session VIl

ASSESSMENT

fowas the general consensus that the symposew aatenan was siginficant and reles ant 1o the intent of the swmposiuum
amd that the objectives of the mecting as outhnea o - P heme aud Objecnses sere mdeed met In addition, the matenal
presented went bevond the objectives of the meeting and provided important inaghis into additional aspects of space
svstems and thar mibitany appheations

With repard to the stated objectives of the mecting:

The papers and discussions presented indicated the importance of space systems 1in mecting current and future tacticat
aceds 10 commumeabion, pavigation, survallance, remote senwng and weather

The charactenzanon of space systems was accomplished with clanty and focused well on the relationships between the
systems and ther tactical apphication

I'he advantages and imitations of space systems in tacucal applications were reviewed in conjunction wath the
mteraction of terrestnal resources and space resources.

A sigmficant number of trends for the future and their importance in milwary apphcations were discussed

OBSERVATIONS

It was noted that a number of arcas would benefit by additionad eftort:
1. Communication hetween users and developers should be improved in order to:
(1) Establish better quantification of requirements
(b} Expose the developers more clearly to the exigencies of battlefield applications




(o) Wdentity the necds lor flevibabity

4y Improve the tamgdunts of the using community wath space system operationad charascteristics

A Steps should he taken toampros e interoperailing among existing and planned systemsan the NATO environment
n order to enhance the utihty of these braadiy apphcible systems

3 The participation of the vanous NA TO nations i cooperative desclopment and application of spiace systems
should beainereased

4 Altcrnatin e techmques tor procurement and fickdimg ot space svstems should be developed and evaluated
considenng that smadl guantities and high umit costs will continue to be charactenstic of these svstems,

h The impact of retrievable boosters on the deselopment and apphcation of space svstems should be further studied

6 Fhe development of sitably contigured ground assets should be pursued for the purpose ot assunng miamum
survivability and utibty

Atrcas should bedentiticd where furthes advances in technology are desirable n order to support tuture swstems
having greatet capabihines than ssstems currently avalable

N Futute activities should stress the mportance of overall ssstems engincening and sy stems mactrao-architecture to
assute that all of the elements insolvedin these complecssstems are properhy uterticed and that swstems designs
tor imdividuat space svstems interact with cach other for the oseradl greatest cltectiveness i providing suppost 1o
mihitan operaiions

RECOMMENDATIONS
1 Conductareview of on-gong and planncd commumcation and navigation syatems, both space and ground based. The
review should focus on issues of interconnection and interoperability among all of these assets and the related

archiecturalissues The objectives should be to opumize the utility and survivability of the overall NATO capatahity

2 Plan g svmposium on spisce technology with the obgective of defimng initiatives which the NATO nator s should pursue
tornereise the capabihity of future space systems.

o Plan a ssmposium on the subject of space system macro-architecture. This should include questions ot interoperabihity
dmd sars n;chllll_\ AN MO topues
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TACTICAL OPFRATIONS AND SPACE APPLICATIONS
Major General T.l.. CRAIG
Deputy Chief of Staff for Requirements
Tactical Air Command
Langley AFB, VA 21665
USA

1 am pleased to have the opportunity to talk to you about Tactical Operations and
Space Applications as a single subject! As the Deputy Chief of Staff for Requirements
for Tactical Air Command, my job is to obtain the necessary capabilities for all the
{ighter forces. The Tactical Air Forces include the Jnited States Air Forces in
Furope, Pacific Air Forces, and the Tactical Air Command as well as the Air Reserve
Force. I am therefore strongly tied to the research, development and acquisition
community because we depend on them to satisfy our requirements. 1 believe as you

do, that when our potential adversaries are working hard to develop and field new
advanced capabilities. We have no choice but to ocutwork them - both harder and smarter.
It is particularly pleasing to see the nations of the NATO alliance holding hands and
working smart to continue to make improvements in our collective capability.

1 have taken as my subject “"Tactical Applications of Space Operations™. This 1is,
perhaps, a "play on worda” from the theme of this conference, but it best reflects
where 1 think we are today in terms of marrying tactical and space operations. You
could say my perspective is from the ground locking up, rather than being in space
looking down.

Before talking about the high frontier, 1 want to remind us how frontiers have played
in the past. The first battles were, in all likelihood, fought on the ground. Then
came a second frontier as battles occurred on the seas. In the twentieth century, war
truly became three dimengsional as the airplane came on the scene. Now, we are talking
about another new frontier ~- space. It is certain to become increasingly important
if the Soviets continue to make bold moves toward militarizing that medium. There is
more to be said on that later, but the point to recognize here is that new frontiers
don't replace old frontiers -- new ones just add to your responsibilities and make

the eventualities more complex. This is not to say that new frontiers do not bring
advartages and leverage as well, however,

1t is with keeping one eye on the old frontiers that we in tactical operations can look
at this new frontier which we call space. Thus in my remaining comments I°'ll try to
develop what we see as tactical benefits from space operations in that light -- these
include improvements in our ability to communicate, maintain surveillance, observe
global weather, navigate, and obtain new frontier technology that can be applied to old
frontier systems, such as computers, sensors, and 8o on. I will, however, stop short of
speculating about war in space.

First, 1'11 talk about satellite communications. Since the first communications
satellites were launched in the early 60s, the reliance cn space communications has
increased dramatically.

Satellite communications, or SATCOM for short, have a wide variety of applications,
which include affording time sensitive, critical conversations among the leaders of

the nations of the alliance, between allied field commanders and their assigned forces,
and among national and allied forces for a range of command and control tasks associated
with operating military forces.

SATCOM has both advantages and limitations -- First, the advantages: As we increase the
number, the redundancy and the flexibility of the media avajilable for our essential
communications, we complicate the task for the would-be hostile radio electronic combat
manager., SATCOM improves our ability to overcome intense electronic countermeasures
which are certain to be employed by Warsaw Pact forces in their effortsa to interrupt
our command and control communications. SATCOM allows us to use terrain screening as

an advantage in siting communications terminals, For example we can avoid hilltop
sites for tactical communications nodes - we can site them behind the hill to reduce
their vulnerability to enemy attack. SATCOM almo is less vulnerable to enemy detection
and exploitation because the communications path is overhead. Also, a SATCOM downlink
footprint is wide enough to cover a large area and the problems associated with other
long~-haul communications media are avoided,

SATCOM brings us closer toward having the high levels of jam-resistance communications
with the capacity required to support the exchange of data between automated command
and control facilities and, in the future, weapon systems.

Unfortunately, SATCOM also has limitations. These include a current technology
limitation which precludes us from developing an adequate number of small, lightweight,
high performance SATCOM terminals to support all of our tactical requirements -- at

a reasonable cost. Super High Frequency, or SHF SATCOM techniques give us either fairly
large capacity, or a fair degree of anti-jam performance -- but not both at the same
time. Today, we are developing a new Extremely High Prequency, or EHF satellite program
-- called MILSTAR, which is heavily oriented toward providing a dependable, enduring
SATCOM system, but realizing the promise of MILSTAR from a tactical perspective is still
many years away. Satellite communications are an important element in our array of
tactical communications resources. We want to do even more with SATCOM as hardware




begins to reflect tactical battlefield requirements. We should not reasonably expect,
however, any sort of major revolution in connectivity for tactical command and control.
In my view, we need to keep and improve every means available to us.

Since the first weather satellite was launched in 1962, their use has become commonplace
-- we now take for granted the daily reporting of weather on television and are no
longer awed by satellite pictures of today's weather for North America or Furope. The
simple fact that tnis information has become commonplace -- and is available internation-
ally attests to its usefulness. Our allied and national military forces also use
weather satellite information on a daily basis.

Another important capability, the new search and rescue satellites, or SARSAT, were
developed to aid in detecting and reporting distress calle from ships and aircraft --
anywhere on earth. This has dramatically improved the capabilities of national and
international search and rescue organizations to respond more quickly and locate more
accurately ships and aircraft that are in distress, You know what that means to the
people invelved.

We are looking forward to the improved navigation systems which space will provide.
The use of space-based navigation systems promises to provide the Tactical Air Forces
not only with more accurate and reliable information on how to navigate from point A
to point B, but we expect it will also enhance our worldwide, all-weather, day/night
combat ability., The NAVSTAK Global Positioning System, or GPS as we refer to it, is
the best example of this type of space-based capability. Capt. Mike Barbee from my
Armament and Avionics Requirements Division will talk later to you on GPS., From my
perspective T think GPS will cortribute significantly to the fighter pilot who has
the touyh 0b of destroying well-defended targets deep in enemy territory where pin-
pcint accuracy is required -- and, at the same time, GPS will help him stay alive.
Reaardless of what capabilities we might build into future space systems, nothing will
change the requirement of having to deal with targets on the ground, lLet me cite an
example of where techrology in the past has made the right kind of contribution in
dealing with a very "earthy” problem.

During the Vietnam War, we were tasked to destroy a bridge near Hanoi - the Thanh

Hioa bridge. We expended 873 sorties with no significant damare to the bridge -- and
suffered 11 combat losses in the attempt. When laser guided bombs became available,
we were able to destroy the bridge in one day with only eiqht sorties -- and no losses.

With GPS integrated into our fighter aircraft, we will substantially improve the
navigational accuracy of the weapon system, and achieve those same kind of results

at much less cost. A "gsmart” aircraft which can deliver standard conventional
runitions accurately is considerably more economical than trying to make all of your
munitions smart encugh to achieve a kill against targets, In other words, smart
airplanes and dumb munitions are a lot cheaper than inaccurate aircraft systems married
t> smart munitions. We will still have a need for smart weapons for particular targets,
but this capability allows us to acquire a more efficient and complementary mix -- and
save taxpayer money. In short, GPS will give allied tactical air forces a significant
irprovement in their operationa effectiveness.

I want to turn now to what I'll refer to as "new frontier" technology. By this, I mean
those technologies which have been and are still being developed to support our efforts
in space. There are many examples we are all familiar with. When President John F.
Kennedy announced the Unjted States would undertake a program to put a man on the moon,
resources were committed to the research and development efforts that would provide the
capability to reach that goal. The technologies that emerged as a result of that and
other research and development efforts are now commonplace. The hand-held calculators

of today are now more powerful than the first computer that had to be housed in a large
building. Many of you in the audience are wearing digital alarmm watches -- I know that
because I occasionally hear them beeping. Some of you may have computers in your offices
-- or even at home. Over the past 25 years, we have witnessed an explosion in computer
technology with processing speeds and storage capacities that are difficult to comprehend.

In the Tactical Air Forces, the on-board computers in aircraft such as our F-158, F-16s8,
and E-3A AWACS are becoming increasingly more sophisticated., We are also using computers
daily in handling our ground tasks. We are currently in the process of placing small
computers at operational units to aid in routine tasks such as mission planning. These
capabilities exist today largely because of the "new frontier"™ technology research and
development efforts that were undertaken in the 1960s and 70s as well as that which is
ongoing today. Programs to develop very high speed integrated circuits, of VHSIC, will
push computer processing speeds beyond 30 million operations per second, will reduce
component size and power consumption, while at the same time dramatically improving

the reliability of those components.

We are working closely with the research and development communities to continue to
define those potential applications of "new frontier” technology that will further
improve the combat effectiveness of our tactical air forces. We are particularly
interested in those improvements which may reduce investment, operating, and support
costs. Many of the "new frontier” technology developments stand to do that -- and I
think creative applicstion to our existing and future requirements and their solutions
will truly be one of the largest benefits the tactical forces can gain from our space
efforts.
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Now, T would like to go back to my earlier reference to "new frontiers” and the point
that new frontiers don't replace old frontiers -~ the new ones just add to responsibi-
litiea and make the solutions more complex.

For example, am with the other three frontiers, there is competition for the advantage

in the space frontier. Fach year, as you well xnow, the Soviet launch four to five times
a8 many spacecraft as we do and the military use of space dominate the Soviet Space
Frogram. This is no surprise since the space frontier offers significant military
leverage if exploited., lLet me digress for a moment to talk about how their use of

space affects us.

First, the Sovieta have fielded a number of space based sensors which give them
significant information about our operations. For example, such a concept as dispersing
alrplanes is probably an idea for the past. Therefore, if our airplanes are to survive
when they are on the around, it is more likely to result from the protection offered by
hardened shelters than by trying to relocate them, And second, because of the militant
approach with the Soviets appear to have taken in their space grogram, it makes us have
to remain very timid about building our combat capability upon “space only” critical
nodes. Its akin to the argument about manual operations versus computer operations;
what de you 4o when the computer breaks down? If you are in business, the answer to

that question has one ~et of implications; if you are at war, the implications are
altogether different 1..d significantly more grave. Likewise, placing all of our eggs

in the space basket in the face of the Soviet's potential for breaking those eggs is
simply a step which I could not recommend at this time. We are however developing

an anti satellite weapon so that we will have a deterrent to the Soviet space based
threat.

The ASAT Missile, about 1B feet long, will be carried by F-15 fighters. Thus we come
full circle. A weapon is launched from an old frontier to defend the new frontier and
the capabilities of the new frontier make our old ones better. As I stated earlier, the
cld frontiers don't go away - they just get more complicated.

As we have seen, there are obvious benefits to be gained by tactical air forces from the
use ~f the space frontier - and that does not necessarily mean manned space forceg. The
unparalleled increases in our capabilities to communicate, observe global weather, support
search and rescue, maintain surveillance, navigate precisely, and develop new technology
have, indeed, been impressive.

fut, I cannot emphasjize too strongly -- the need to integqrate these space-related
capabilities with those "old frontier™ capabilities, This must be done so that those
things that are done most effectively on land -- are done on land. Similarly, those

thinas that are done most effectively at sea, or in the air, or in space are done irn
those "frontiers”. My experience to date shows that tactical users and space developers
neerd to do a better job of completing the architecture, hardware, and infra-structure
which turns a new capability into an effective weapon or weapons support system, We
are working hard in that regard, but we still have a long way to go and much to learn,

From a tactical standpoint the most challenging aspect of seeing a new frontier develop
is to ensure space information and services remains compatible with existing frontiers.
That is what we have had to learn to do successively as we moved from land - to the sea
- and into the air in the past. Similarly, it is critical that we as nations of the
alliance stand shouder-to-shoulder -- 8o tha: our forces can INTEROPERATE effectively

in the future just as we have worked hard to have them do that today.

Another challenge, and this one will not be easy to meet, is to resolve relative
priorities so that money spent for defense will yield the most results., A new frontier
does not mean there is more money avajlable, it just means there is more competition for
programs in the budget. The measure of merit must remain one of determining the
contribution expected of new systems.

As members of the defensive forces of NATO, we are ultimately responsible to our
citizens for the manner in which we spend their tax monies. With our every effort, we
must remain aware of cost effectiveness -- of how we can do the job right, -- and keep
COSTS to a minimum,

The ability of our combined forces to operate freely in space is essential, While we
lag in the miljtary applications of space, be assured, the Soviets will be, and are,
actively pursuing space as the high ground. They are working hard at it, and the
military use of space dominates their efforts.

Their primary goal is to achieve a dominant role i{n space. This we should not allow,

We have accomplished much to date. But we have much left to do to integrate ground, Sea,
air, and space into complementary medjiums which best serve our common goal-world peace.

Research and development is needed to tell us how best to go about that task.

1 applaud and support your efforts to promote research and development for defense of
the NATO community and wish you great success in this conference.

The discussion which tollowed this presentation appears in classified pubbcation ¢ P Y44 (Supphement)
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OVERVIEW

Military communications satellites today play a vital role in the successful
operation of 1. S, worldwide command and control systems. They support strategic
forces with nuclear capabilities, as well as tactical air. ground., and fleet
operations, the intelligence community, and defense wideband communications systems.
With application of new and evolving technologies, future communications satellites are
expected to provide even more imptoved communications services and performance.

T be consistent with the theme of the gymposium on "Space Systems
Appilcations to Tactical Operations,” conducted in October 1983, the communications
requirements of tactical users of U. S. Military Satellite Communications (MILSATCOM)
systems are discussed first in this paper, and present MILSATCOM systems are then
briefly described. In recognition of known threats to satellite communications
systems. the deficiencies in tactical military satellite communications are outlined.
Then developing and planned MILSATCOM systems and the benefits of increased
survivability expected to be achieved by interoperability and internetting are
discussed. Finally, evolving technologies, especially in the new communications band
extremely high frequency (EHF)., and their potential payoffs are described.

REQUIREMENTS FOR TACTICAL SATELLITE COMMUNICATIONS

The Conventional Forces of the Air Force, Army, Navy, and Marine Corps engage
in land., sea, and tactical air operations ranging from single service crisis missions
to joint task force operations. These forces are classified as tactical and thus their
satellite communications requirements are emphasized in this paper. The requirements
for the tactical missions include:

Communications among forces within and between theaters
Ship to-shore/ship- - to-ship communications

Theater trunking for ground mobile forces (GMF)
Communications support to allies.
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In each case, the communications may take the form of voice, facsimile, or
data with the data rates as indicated. Typical data rates are:

Tactical Single Channel - 7% to 2400 bps

Manpack - 75, 300, 2400 bps

Fleet Operations - 7% tc 4 X 2400 bps

Air Operations . 7% to 2400 bps

Theater Trunking for GMF - 75 to 2400 bps., 16, 32, or 48 kbps

In coneidering future tactical needs. conventional forces require
jam resistant, secure, and reliable communicsations with a low probability of intercept
and with high electronic survivability among a larqe number of mobile users.

CURRENT MILSATCOM SYSTEMS
FLTSATCOM

The Fleet Satellite Communications (PLTSATCOM) system provides worldwide, high
priority communications between naval aircraft, ships. submacrines, ground stations, the
Strategic Air Command, and the Naticnal Command Networks. Each satellite has 21}
communications channels in the ultra high frequency (UHF) band. Ten of the channels
are used principally by the Navy tor tactical communications (shown by the hatched area
in Figure 1) among its worldwide land, sea, and air forces, while 12 other channels
aboard each spacecraft are used principally by the Air Force as part of its satellite
system for command control of nuclear forces. A single 500 kHz channel is allotted to
the National Command Authority. The fleet droadcest channel on each satellite has jam
resistance provided by its super high frequency (SHF) pseudo-noise uplink from Naval
Communications Stations.

Naval forces are provided with a variety of tactical communications services.
The tleet broadcast channel (Channel 1) is & one-way shore-to-ship channel with no
ceport back capadbility. This 25 kHz channel supports a time-division multiplexed
broadcast at 1200 bps. Channels 2 through 10 all have bandwidths of 2% kHz and provide
flexible selections of communications secrvices. The Alr PForce portion of PLTSATCOM
consists of twelve 5 KkHz channels, capable of providing 75 bps teletype signals. Some
of these channels can also support other narrowband communications.
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Atmy *actical communications are supported, on an 48 required basis, within
the S0 KHz channel, within the FLTSATCOM 265 KHz channels, or within the AFSATCOM & kH2
channels
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Figure 1. FLTSATCOM

AFSATCOM

The Air Force Satellite Communications (AFSATCOM) system is designed primarily
to provide command, control, and communications capability to designated high priority
users for Emergency Action Message (EAM) dissemination, Joint Chiefs of
Gtaff/Commanders -in-Chief internetting, force direction, and force report back.
AFSATCOM is a very low capacity system consisting of narrowband dedicated channels
designed for teletype use (7% bps). As such, the AFSATCOM is limited in capability to
provide tactical communications services. Figure 2 schematically depicts the major
commuynications links of the system.
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Pigure 2. APSATCOM




The space segment of the AFPSATCOM system consists of four types of transponders
carried on difterent host satellites, including FLTSATCOM and DSCS 111, which is
described in a tollowing fection. FEach of the four synchronous FLTSATCOM satellites
will provide the Air Force one 500 kHz and twelve % kHz channels. The transponder
packages on other host satellites provide a backup EAM dissemination capability to
increase the physical survivability of the AFPSATCOM system. As a part of AFSATCOM, a
Single cChannel! Transponder (5CT) payload is integrated into DSCS 1J1 for secure and
reljable dissemination of the EAM and Single Integrated Operational Plan (SIOP)
communications from worlidwide command post ground stations and aircraft. The SCT
operates at either SHF or UHF, relaying command and control communications from ground
and ailrborne command posts to the SIOP forces.

DSCS 11

The Defense Satellite Communications System Phase ! (DSCS I1) provides
tactical communications to service naval ship to shore and GMPF requirements, as shown by
the hatched areas in Figure 3. Naval communications are supported only for capital

ships. GMF communications are in theater tactical trunking and point to point
multichannel voice/fax/data.
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GROUND MOBINLE
ALLED FORCES

SERVICES Figure 3. DSCS I1I

The DSCS Il has been designed to provide long-distance wideband communications
between major military locations. With two narrowbeam antennas and an earth coverage
antenna. a wide variety of wideband trunking terminals can be served. These include
Defense Communications System (DCS) trunking services, naval ship to shore
communications terminals, GMF, diplomatic telecommunicatione services, and Allied/NATO
services. There are four channels. with bandwidths of 125, S0, 18%, and S0 MHz, with
interconnections between narrowbeam antennae and the earth coverage antenna, which allow
adaptation ot services to particular requirements. DSCS Il provides 1300 two way voice
circuits or approximately 100 Mbps.

DSCs 111
A gimballed dish antenna has been incorporated into DSCS Il specitically to

support GMF operations. Ships at sea will also use the multiple beam antennas and beas
forming networks. Both will enjoy more tailored SATCOM services.

Significant features of DSCS 111 (shown in Fiqure 4) are the multiple beanms,
diverse beam forming capability, and the SCT. The receive multiple beam antenna (MBA)
contains 61 beams which can provide diverse beam patterns through a beam forming
network, providing increased uplink antijam (AJ) capability. The transmit MBA contains
19 spot beams. WNhen a)l] beams are enabled, the result ia earth coverage. SHF tranemit
and receive horns provide an additional earth coverage pattern. DSCS [1]l has six
channels with bandwidths of 8%, SO, and 60 MHz.
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THHREATS T¢ SATELLITE COMMUNICATIONS SYSTEMS

Figure S5 displays "why we need to think survivability," especially in time of
Cr1s1s As depicted in this fiqure, U. S. communications satellite systems are
susreptible to a significant number of threats. In the case of enemy jamming, several
possibilities exist for countering this enemy mission. For sdatellite communications
links., the use of EHF, on board processing. and adaptive antennas are especially
1mportant for protecting small, mobile terminals. These techniques tend to neutralize
the power advantage of large jammers. Also, the higher frequencies are less susceptible
to propagation disruption by nuclear events,
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Pigure 5. Threats to Satellite Communications Systems
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There are a number of strategies 'o counter the effect of a physical attack on
Jround or space regments. Such a threat can vary from local sabotage to massive
Jestruction, depending on the level of conflict. However, the most cost effeactive
method of assuring a secure communications service 18 to use network redundancy to the
maximum extent possible An approach currently in development stages is discussed in a
proceeding section of this paper.

DEFTCTENCIES IN TACTICAL MILSATCOM SERVICES

As discussed, today's MILSATCOM systems serve many important military
functions, and they have evolved to meet specific user needs for improved
communications.  FLTSATCOM provides limited tactical communications services to military
usere. AFSATCOM satellites primarily serve the Nuclear Capable Forces. DSCS 1l and
DS 111 dare wideband r1epeaters which operate mogstly with large terminals at SHF. These
current MILUSATCOM systems are not capable of satisfying all tactical communications
requirements.

Some MILSATCOM deficiencies are listed below:

o Insufficient capacity

o Low jam resigtance

o High vulnerability to interception

o Poor physical survivabilty of satellites and terminals
o Insufficient service duration

To reduce these deficiencies to the level of acceptability, new military communications
satellites are being planned. MILSTAR, scheduled to be deployed in the late 1980s, is
the next generation satellite program designed to service both the gtrategic and
tactical forces. MILSTAR will provide more reliable and effective communications
through the use of EHF and advanced techniques, which will defeat potential enemy
1amming. Also, an advanced future DSCS with both SHF and BHF channels is being planned,
to increase communicationg capability and jam resistance for wideband, long haul, and
inter intra theater relay services.

FUTURE MILSATCOM SYSTEMS
MILSTAR SYSTEM

The MILSTAR system is designed to be reliable and operational for both tactical
and strateqgic forces woridwide during all levels of conflict. EqQuipped with
tam resistant EHF transponders, on-board signale processing, orbital crosslinks, and
niclear hardened electronics, MILSTAR satellites will be a strongly protected U. S.
satellite system against any jamming or physical attack. MILSTAR ground stations ana
user terminals will also be more mobile and survivable than existing systems. A
schematic of the gsystem is shown in Figure 6.
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Figure 6. MILSTAR Systenm
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The MILSTAR system's high AJ capability is a result of employing the higher EHF

band 44 GHz uplink and 20 GHz downlink. The greater bandwidth available at FEHF
permits the use of spread spectrum and frequency hopping techniques across a 2 GHz
range In contrast, AFSAT 16 limited to a very narrowband hopping range. Typical

MILLOTAR data rates are 75, 1200, and 2400 bps.
FUTUKE WIDERAND GFRVICE

As stated, planning has begqun on 4 future DSCS with SHF and EHF channelization
to provide widebhatd services, including tactical communications in the 19908 (Fiqure
kR The future widehand satellite will provide long hauil support communications for
user commmunities, such as the Defense Switched Network (Autovon, Autosevocom, Autodin,
etc + and the GMF Data raters as high as 20 Mbps are anticipated, but Jower data rates
74 2400 bps, 16 Khps, or V2 kKbps will also be accommodated, serving users within and
hetween theaters
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Resistance to jamming may be achieved by the MILSTAR EHF technologies such as
adaptive antennas, frequency hopping spread spectrum, and on-board processing. Narrow
antenna beams and spread spectrum may also be used to provide a low probability of
intercept. Cross banding of GMF multiple.-channel users may be desired. In addition,
the system may establish global network coverage via wideband crosslinks with multiple
downlinks to the continental United States (CONUS).
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Fiqure 7. Future Wideband Service

SURVIVABLE INTEROPERABLE NETWORKS
INCREASED SURVIVABILITY IN INTERNETTING

At Air Force Syatems Command Space Division, Los Angeles Air Force Station,
personnel on several satellite programs are exploring EHF to provide survivable links.
With the EHF band, common waveform format, and other common link standards, these
satellite programe can be internetted to asllow communications: tracking, telemetry, and
command (TT&C); and mission data to be routed through a variety of systems. In this
concept, data are data. System survivability is increased by having interoperability.
Communications terminals and TT&C terminals provide backup systems for each other.
Also, use of various terrestrial links to augment the system can ensure that the
internetted system is even more survivable.

FUTURE SATELLITE SYSTEMS

Figqure 8 is & summary schematic of the discussions in this paper: internetted
space and terrestrial systems for survivability.

Future military satellite systems are expected to have interoperability
wherever possible in order to provide alternate links, thus providing connectivity and
survivability.

U. 5. national policy requires that the capability for command, conttol, and
communications endure a protracted nuclear war. This policy demands a resilient network
that will sustain significant damage, continue to function at a reduced level, and
permit connectivity to be restored.
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Fiqure 8. Furure Satellite Systems

Military space planning must point toward a broad network that embraces
numerous military satellite and terrestrial nodes and can be interconnected with
commercial systems where warranted. The network must provide service to various fixed
and mobile users and should be flexible enough to operate through all the levels of
contflict. Crosslinks are also important to reduce dependence on fixed ground stations.

USE OF TECHNOLOGIES

Development and implementation of an EHF system such as MILSTAR are an
unequaled technology challenge. Portunately, significant and extensive developmental
experience has heen gained through the use of LES 8/9 spacecraft (Lincoln Experimental
Satelliite), demonstrating space qualified EHF, on board processing, UHF EHF crossbanding
and sate lite to satellite crosslinking.

Major development efforts include:

o Common waveform design, providing interoperability and enhanced
survivability

Advanced adaptive antennas, providing uplink nulling and steerable
downlinks

on board processing for increased capacity andsor antijam

Solid state devices for increased power amplifier reliability
Satellite-to-satellite crosslink technology (60 GHz and Lasercom)
Autonomous spacecraft operation

"Low cost” small EHF terminals (a technological challenge)

o
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Potential payoffs resulting from the use of these technologies are listed below
and indicate that the requirements for tactical satellite communications will be
satisefied in the future:

Enhanced survivability

Anti jam, increased capacity, freqQuency reuse

Multiple access, antijam, antiscintillation, crosslinks
Reliability, endurance, cost

Protection from ground based jammer threats

High data rate capability, low probability of intercept. antijam

00000

SUMMARY/MILSATCOM ARCHITECTURE

Pigure 9 is s summary review chart of future projections with respect to
satellite communications in support of tactical users. As stated, current U. S. systems
evolved from specific user needs. DSC8 provides communications service for fixed and
transportable terminals. and extends mobile service to a limited number of ships and
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Figure 9. MILSATCOM Architecture Summary

aircraft. ASFSATCOM on the host satellites provides a channelized, low data rate
service supporting nuclear capable forces, including bombers, missiles, submarines, and
theater nuclear weapon systems. FLTSATCOM supplies a channelized service with a low
data rate for tactical mobile units. It is used for Navy Fleet operations and the U. S.
central command for contingency operations. [LEASAT, the follow-on to FLTSAT, will
primarily serve the Navy., plus some Air Force and ground forces mobile users. The
LEASAT user population is basically the same as that for FLTSAT.

In the 19908, MILSTAR with UHF/EHF will be the communications satellite for
tactical users and will serve as the focal point for development and transition to the
internetted system. To achjeve the goals of this MILSATCOM architecture, an

evolutionary approach is planned.
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INTEGRATED SUPPORT OF TACTICAL OPERATIONS BY SATELLITE COMMUNICATIONS
by
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SUMMAR Y

Ir cur work an cooperation with the U.S. military departments and agencies on the development of a
Worldwide Digital System Architecture (WWDSA) for the U.S. Department of Defense (DoD), we established
14 key features for the WWDSA goal architecture. One ot those key features, all of which have been
approved by the U.S. Joint Thiefs of Staff (J(S) for planning purposes, 15 the expanded and integrated
use nf satellite communicatiyons in the support of both rtrategic and tactical defense missions. Under
the WWHOSA concept, satellite connectivity will be available on an as needed and near instantaneous basis
through the uyse of Demand Assignment Multiple Access (DAMA} without overtaxing satellite capacity.
Satellite commynications will be used not to replace but to complement the other means of connectivity;
tn some cases satellite communications will be used anly when no other means of suitable connectivity
are avariable as for restoral of damaged terrestrial links or for provision of temporary video Circuits.
A Targe number of small satellitte earth terminals, with an effective integrated satellite/terrestrial
transmission control system, would allow satellite communications to be truly integrated with other com-
mynicatrons media to provide increased survivability and more effective support of tactical, strategic
and defense-wirde operations,

INTRODUCT JON

The Defense Communications Agency (DUA) was tasked by the U.S. Office of the Secretary of Defense
{0SD) to take the lead in the development of a Worldwide Digital System Architecture (WWDSA) to serve as
an umbrella for all DoD telecommunications architectures and to provide guidelines for increasing the
survivability and interoperatility of Dol telecommunications systems. The WWDSA was developed by DCA
and the WWDSA Working Group; the Working Group was made up of representatives from the Military
Departments and Department of Defense (DoD) Agencies. WWDSA applies to virtually all geographically
b separatec tactical, strateqic, and defense-wide DoD telecommunications, and to both U.S. government-
nwned anc leased communications facilities and services.

WWDSA can be described by the 14 key features shown in Figure 1 (see Reference 1). These key
features have been approved for planning purposes by the U.S. Joint Chiefs of Staff (JCS). One of the
features, WWOSA Feature L, specifies the expanded and integrated use of satellite communications
{SATCOM), 1ncluding the use of small satellite terminals and demand assignment multiple access {DAMA) at
all switching nodes serving critical command and control users.

This paper describes how WWOSA Feature L can provide integrated satellite communications support of
tactical operations. The paper represents the views of the author and not necessarily those of DCA ¢ -
the Department of Defense.

FIGURE 1 -- WWDSA FEATURES

A -- Access to many sources of connectivity H -- Enhanced /.4 kbps secure voice survivability

B -- Ability to use many sources of connectivity [ -- High quality 16 kbps secure voice
intelligently

» J -- Common proliferated key distribution system

( -- Modularly expandible switches

) K -- End-to-end encryption for classified data

0 -- Interconnected voice and data networks

L -- EXPANDED AND INTEGRATED USE OF SATELLITE
€ -- Improved intra-network system control COMMUNICAT IOKS
F -- Tandem switching capability M -- [mproved inter-network System control

G -- Multirate capability among circuit switches N -- Use of common standards

COMMUNICATIONS SUPPORT OF TACTICAL OFERATIONS

All types of military operations require communications support that is responsive to changing
requirements and as survivable as the persons or machines who use the communications (Reference 2).
Communications in support of tactical operations, as compared to those in support of other types of
military operations, require:

o Increased transportability 0 Greater responsiveness
o More ruggedness o Ability to operate fn a difficult-to-predict and
o Simpler operation highly competitive frequency spectrum environment




wtroal commantoations do opot o grdinacily cperate out of taixed siteg a5 do detense-wide and many
cteategre commuracat tong, Mest tactical commumicat tans equipment hust be partable, mobivle, ur at legst
vac ly teareper tatle hecagse ot the redguirement to support mylitary forces that do oot aperdle gut of
permavent Paces, borther o tactical communications facilities do not ordinaraly provide the office
ceytronment teat o qvartat e to o other types of communicatrons, so tactycal communications equipment
want et e teowthntand cevere weather and other environmental extremes,  Tactircal communications must
Tt b ety ample to eperate, and capable of responding to o a wide range ot Dossible communicd-
toore needtn an the suppert of tactacal operationg (Reference 3). And because 1t 15 often not possible
toopreact wery far e advance where tactical forors will e deplayed, freuency spectrum management
vt L ovangies cpote ittemrently than for faxed commgeacatvong Lystems,

Tutrial oot at ars aee {0 a wqrtety of transmisston medta 1nc lad) g
Cterigoo Ll wires oand cahles o lropospheric soatter links
cand-he it oand vetacie-mognted T owdgve radios b Motivle and transpartable high trequency radios
treocfenight miirowdve re oy Lawers o Transportanle satellite communtrations terminals

mooenoand Calen are uned wheve practical Lo provide some preteotyyn ggainst interception and tu

e the rans frequency spectrum, Incladed 1o the cgtogary ab cables are fiber optics, which s
e et use m b more vgpdly than had Leen pxpected,  MiCrowdye communications such 35 hand-held
A yeh o eemounted cadios have proven thelr value nn the battlefield, although problems exist in tne
trea ot spectram management . nescfesaght (LDG) microwave relay tuwers extend the range of microwdve
cormenrecatians, Lut they mast be protected against physical damage.  Tropuspheric scatter links, which
Ay Tees velvabie thar (0 ang are more yulneratiie to jamming, can Join locatrons separated by 100 km
Al mare, Mgl freqeency (db ) oradios have peen ysed to sypport tactical operation, for years, and they
v w1 anef L even thaugn they gare buliky, difticult to secure, edasy to Jam, ang they operate tn 4an
Al Yy vnwdedd part ot the frequency spectram. Satellite communicationsy are relatively new to the
Cattietae ot ey e proyen themselves o be quite gsefyl for hign quality, tong haul communicd-
T, They are rormaliy sed for point.to-point communications over drstances greater than 360 xm.

PRSI WNC GNTEGRATED L OF SATE G TTE COMMUNICATIONS

Terrraingieal advances goe atlowing the 1ntroduction of satellite communications features that will
Vo redoe the jeyel ot osateliite communication's support to tactical operatians (Reference 4). Among the
rew gt res gres

Operatior at righer frequend tes a Urgital equipment and ovperation
- tetter leam (ontrol - better power control

Cape el anty-dam capaby ity - ampruyved anti-jam capabiitty
- ancreased Mottty - more fiexibility

- incredsed reliability
- lower human resource requirements

Better Deam contend oo new communications satellites allows service to smaller terminals and spacral
drsrramangt o against Lnwanted signals,  Hetter Leam control on sateifite earth terminals provides
nigher geir for small o antennas and allows spactal discrimination Lo filter out unwanted signals and to
redure the protabyinty of antercept.  An aimproved anti-jam capability 1§ possible pecaose the increased
trearaponder and eartn termingl theoughput at higher frequencies allows nigher protection through
spread-spectrur terhiniques, adding to the 1mproved rejectron of jamang signais due to beam control.
incredced Mottty resuits from the smaller sizes of antennas g¢nd other equipment possible at the nigher

frequnng e,

Tigrta) eguipment and operation maxe satellite un-bodrd processors practical, Onbodrd processors,
teoturr, eiaminate the problem of marntaining a delicate power balance, make beam control practical, and
privide much better anti-jam protection, un-board processing greatly increases the flexibility of
satellite operation, and makes practical a sophisticated form of demand assignment multiple access

CAMA L The sk of DAMA will allow the resources of & satellite to be allocated more efficiently among
occasiunal or intermittent users {(Reference 5). The uyse of digital circuitry both in satellites ang at
earth terminals greatly enhances equipment reliability and, at the earth terminals, significantly

reduc ey personnel and other O8M costs, These new features will substantially improve the ability of
<atelinte communtcations to support the tactical mission,

The Ground Mobile Forces Satellite Communications Program (GMFSCP, Reference 6), which uses the
rewest version of the Defense Satellite Lommunications System (1.e. 0SCS [[1, Reference /| and MILSTAR
(Heterence R), will facilitate the use of satellite communications to support tactical operations. The
GMF L0 shuuld provide 4 capabtltty for small satellite terminals and at least limited demand assignment
multiple access (DAMA). Next generation communications satellites, if they are to satisfy the WWOSA
requirements, should provide an enhanced DAMA capability and highly integrated tactical operations
wapport,

Operation at higher radio frequencies makes it practical for satellite earth terminals with antenns
apertyres as small as a square meter to be made available to key personnel at all times to help assure
survivable connecttivity for critical command and control.

OAMA, 1n combination with smal) satellite earth terminals, will make it possible for selected
individual users to take their own terminals with them wherever they go and obtain satellite
connectivity on an as-needed basis., DAMA §s often thought of as providing circuits at bit-rates of 2.4,
16, or 3/ kbps. Such bit-rate limitations are not adequate to satisfy WWOSA Feature L., WWOSA requires
a new, enhanced DAMA that also cen provide higher capacity circuits suitable for video and other
wideband applications, Of course, wideband connectivity could be provided only under fairly favorable
conditions, An enhanced DAMA will make it practical for small satellite terminals to be held in standby




at ¢rmitical Tocations, and used only wher necessary for wideband connectivity, or for restoral of
terrestrial circurts. Video teleconferencing will be available at a moment's notice without prior
crrcutrt reservation, A disrupted terrestrial microwave circuit will be replaceable on 4 temporary hasis
by <ateliste,

A portion of a transponder's capacity will need to be allocated specifically as a poul for this type
cf multirate DAMA operation.  for example, the capacilty requirement might be established based on the
capac 1ty needed to support ten anti-jam protected /.4 kbps circuits. The uplink capacity of satellrte
earth terminals with anti-jam protection would probably be limited to a single 2,4 kbps circuit.
However . under non-jamming conditions, 1f the system 15 so designed, the same transponder capacity
<hould be able to support severa) digroups (twenty-four 64 kbps channels per digroup), several video
chanrele, or a mixture of the two. The pool capacity wou'ld not have to be sized to accommodate ali
prospective users simultaneocusly because, under the WWDSA concept, most locations would use satellite
connectivity only when 2}l other means of connectivity had been destroyed or were otherwise unavail-
atle. When the poal capacity 1s insufficient to accommodate all users, the pool will be allocated among
cortending users on A proarity basais.

The eapanded anmg integrated use ot satellite communications, as described by wWwWDSA Feature L

Reference 10, does not samply imply more point-to-point and DAMA communications. It implies a truly
rtegrated wer ot catellite and terrestrial communications, operating under what we 4t UCA refer to as
the "miv ¢ med1a" philosaphy (Reference ). The mix of media philosnphy will be expanded upon in the
fol om g sectyen,
Byl waR] DTy OONCTOERAT TONS
The mave bdective of a telecommunications system 15 tu provide the connectivity for the transfer of

vrformation ameng two or more persons and/or machines.  To satisfy military communications requirements,
Cornectaooty must continue to be avariatle when needed even under direct attack, su long as any users
vrret whe need the connectiyity.  The users normally do not care whether the connectivity is provided by
catellate commumications, by landlines, or by tin cans with a string -- so long as the connectivity
ex1cty when needed and is adequate to pass the necessdary information. Military conrectivity 1deally
~enu e absolutely survivable ang should continue to survive throughout the fyll range of possible
contiicts, from peacetime to nuclear war,

0f Ceurse there 15 no such thing as absolute survivability tor any given communications link, But
resther 1y there absolute survivability for any given communications user. Therefore the requirement 15
foroansolute sur,oLability of the connectivity between two Or more users so long 4s more than ohe user
continges to exist,  [f User A needs to maintain communications connectivity with User B, the need for
ALty ob ronnectivity cedses to exist if eirther User A ur User B 15 destroyed.

'n arder to achieve survivadbility, connectivity must be designed in such & way that 1t would cost
the enery forces more money to break the connectivity than 1t would cost the friendly torces to marniain
1t. Analysis has indicated (Reference ?) that the most practical approach to maintaining rLanectivity
3ganet attack 3s to utilize many different sources for that connectivily (see Figure ).

FIGURE ¢ -~ "MIX UF MEDIA™ PHILOSOPHY

Satellite Lommunications

HF Radio
USER USER
LOS Microwave
NOOE NODE
Landline

Submarine Lable

Satellite communications, especially with small earth terminals and operation at higher frequencies
{1.e., EHF |, are an ymportant source of survivable connectivity for several reasons:

o S5Small earth terminals, when located among trees or boulders, can be more easily protected than
large earth terminals, microwave relay towers, and tropospheric scatter antennas.

o Satellite communications do not require any intervening terrestrial relay points, and satellites
carrying transponders are not likely to be physically attacked 1n a tactical war because such
attack would more than likely raise the conflict to the strategic level.

0 The emission from satellite uplinks at EHF and above can be confined to such a low level of
power outside the main beam that interception of the uplink ts unltkely, helping to protect the
location of the satellite earth statton from discovery and attack. Many other types ot
commynications equipment tend to i1luminate themselves, facilitating their discovery and
increasing the probability of physical and electronic attack.
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Tateal cperat tins already wae d Mvartety” ot transmission media, bul they do not necessarily use
4 Ut oot teanemissaon medra unless connectivity between any two 1ncations can be provided by many
Hotterert conrces ot connectivity,  1E o some locations are served Ly wireline, some by (05 microwave, andg
cteere iy portatle Wb cadiog s that does net canstitute d mix of media. A mix of medis ymplies a chove
fotr e en Gedid avarlable between any two specific Tocations at a girven time, A choiee of media
prcvtdes mere thar one back-up transmission medium should the primary medium become disabled,

restaer the example tllustrated by figure i, where a4 communications node 15 mounted on a3 moturizeq
et el e mode cogld bie served Ly a4 HBHF radio, an HF radio, and a small catellite terminal with a
coeter tien, The communications node needs o survive only so long as the vehicie survives,
by unty, commgnicattans foam the ventcle are more syryivable with three different communications megia
trar tney we i te o with ooy ane. Normatly, the UHE radio would be used tor line-nf.signt
v tcat rens, the ME radie would be used for communications bheyond the range of the UHF radic, and the

AT qte Tt termanal wepld e used tor commanications beyond about 30U km. But there s no physical
veacne gt the wb e the amall o satelltte carth terminal could not tie ysed to restore 3 critical ctrcat
ooy oy oy ded Ly e b gt s ommecat o Such use waultd not be conventiongl, and normally
we et e caradered costerttertive . Lat 0t we B 31 tew vital connectityvity tao be maintained when 1t
T B B
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INTEGRATEL COMMONT AT TONS CONTROL

berraps one ot the most i fficult technical and administrative problems 1n providing truly
‘rtegrated satellate and terrestrial communications to support tactical operations 15 the problem of
vretegeated communications control.  Some of the guestions that must be answered on a moment-by-moment
taccs during o conflict are:

weoh meane of connectivity should be used for each application?

Hom o are scarce assets of connectivity alliocated when many important users are competing for the
s ame asaetsr

wow 1y the courdination handled Letween the local transmission node and all of the transmission
rivdes that are being dealt with 1n the selection of means of connectivity?

How 14 the connectivity selection for an entire theater courdinated, ang how 15 the assignment
uf frequencies managed?

“day, addressal of the above questions s usually manual, and the decisions are often arbitrdry,
“yster control o difficult, with basically separate control systems for satellite and terrestrial
communtCations,  System control will be even more complicated when the control for satellite and
terrestrial communications 1s merged under an tntegrated satellite/terrestrial communications concept.
A and the DOb are directing considerable effort to resolving the 15sues of integrated control, and
viable solutions are expected to be implemented before the end of the decade.

fvidence of the DLA and DoD concern tor the problems of contrul ts provided by the fact that three
of the features of the Woridwide Digital System Architecture (WWDSA) (Reference 1) address control in
1ty Lroadest sense:

i wWWDYA Featuyre B -- Ab)lity to control many sources of connectivity inteliigentliy
n  WWDSA Feature t -- Improved intra-network system control including the use of commor channe)
signaling

& wWWli5A Feature M -. [mproved inter-network system control, including better coordination petween
networks (e.g., satellite and terrestrial transmission networks)

WWUSA Feature B requires that the control of satellite communications be integrated with the
control of terrestrial communications, and that tactical switching nodes be able to select any of &
vartety of transmisston medta as needed. Media could be selected on the basis of )east cost, most
suitable performance, call destination, and link availability. High priority users would be given
precedence in the selection of the most suitable transmission media.

WWDSA feature E enhances Feature B by requiring a high degree of realtime system flexibility
through software controllied digital operatfon, continuing automatic assessment of system and link
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pertormance and status, automated electronic patching and testing, and non-associative common (hanne |
vignaling amang switching nodes,

WWlIGA Feature M goes strll a step further by requiring shared data, automated displays, and
cooperative contraol between ditterent systems {e.g. tactical telecommunications, civil commgnications,
and the Defense ommunications System (DUS).  Emphasis 1s un the cooperative reconstitution uf badly
feagmented communications from the bottom up by joining useable portions of still-operating
communicat tans systems or networks,

Since WWIGA sety forth guidelines for all Dull telecommunications systems, and the WWDSA features
have heen approved for planming by the JCS, 't can be expected that the above features will graduaily be
incorporated into upgrades of present (oD comnumications systems and into new ol systems as they are
deployed, 1t 1< hoped that non-DoD telecommunications systems will also incorporate WWDSA features in
arder te provide greater survivabiility and greater interoperability of all military and cival
Commantc ations within the NATD and other Allied communities.

FOONDMIC CON SDRERATTONS

The economie considerations relating to the integrated suppurt of tactical operations by satellite
communtcatione are addressed for a hypothetical system which has an earth segment, a space segment, and
a contecl cegment.  iosts are estimated over a l(-year life cycle, with all estimates in current
Jollare,  The system o assumed to have an initial operational capability in the mid 1990,

hesearch Aand IIQ‘VQ“U‘PMQ’Ht

The recrarit and cevelopment (o<t fur the described capability 14 estimated to be 3500 miliron,

The earth <egment 15 assumed to consist of 10U small satellite earth terminals, [t 15 estimated
that a single terminal, operating at EHF and equipped with anti-jam featyres, will cost on the order of
$1 mllion an 1995, The O8M cost for the terminal 15 estimated to be dbout §$20U thousand a year, or §/
myilien over a 1(-year period. This results 1n a tota' 10-year cost of $3 mllion per terminal, or 3300
M1} lior for @ hundred terminals,

“pace Segment

The procurement cost of the transponder, 1n orbit and onboarg a multiple-transpunder satellite, 1s
estimated to be $50 miilion, The N&M cost ts estimated to be $5 mrllion per year, resulting 1n a total
space segment 1(-year cost of $100 myllvon,

prtrol_Segnent

Ter separdte control facilities are assumed, colocated with 10 of the ~nall satellite earth
terminaly, Myltiple control facilities are assumed to provide adequate diversification for system
survivattlity, The procurement cost of each of tne (0 UAMA contrul tacrlities 15 estimated to Le alout
$! million, with an annual OBM cost of $100 thousand. The total cost over a 10-year period 1s therefore
$70 mitlaen for 10 facrlities,

Tota) tost

Based un the above estimates, the total cost for research and development, procurement, and ten
years of operation and maintenance of the integrated sate)lite communications capability as prescribed
by WWOSA would be 3920 miliion.  Thrs 1s only & small fraction uf the total cost of transmission media,
and it would buy a8 considerable 1mprovement fn the overall communications survivability.

TONCLIY TONS

Satelltte communications are already providing essential suppurt to tactical vperations. But that
support 15 primarily for point-tu-point communications over a range of 300 km or more. Next generation
communicattons satellites need to provide iIncreased cdpacity, an enhdnced demand assignment multiple
access, and be able to operate efficiently with small satellite earth terminals. It 15 estimated that
the cost to perform research and development, procurement, and ten years of operatiun and mdintenance
for a satellite communications system containing 8 hundred small satellite earth terminals would be
about $900 million 1n today's dollars. This would require only a small percentage increase in the coust
af providing transeassion for mylitary communications. T!: large number of small satellite earth
terminaly, with an effective integrated satellite/terrestrial transmission control system, would allow
satellite communications to be truly tntegrateg with other communications media to provide increased
survivability and more effective support of tactical, strategic and defense-wide operations.
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FHE MILSATCOM SYSTEMS FOR TACTICAL USERS*
by
R Mok lroy
M T Bancoln Laboratory
Lexangton, Mass. 02173 USA

ABSTRACT

Present tactical operations involve considerable tong-haul communications (- 10 Km) which need to he both
rebusble and resistant toanteterence Furthermore, the multi-service nature of many operations requires interoperability

teatures in the communmications system design. User-platform and prime power imitations as well as terminal production,

installation. and maintenance costs tor large user populations necessitate system configurations which accommuodate
sl fow-poaer terminalbs,

Certun types of satethte communications (SATCOM) systems can provide these features. One approach involves
the uswe ot the wide bandwidth allocations in the FHE band ti.e. 30-to-S0 GH{2) to provide systems with larger capacities
and to perant the use of robust spread spectrum modulation techmques. b volution into these higher frequencies also
ofters the opportunity to ncorporate signabing structures which are tunctionally common across multiple user communi-
ties Such techmques provide interoperability possibihties while allowing more efficient use of spacecraft assets and
minumzing the number of unique terminal developments. Furthermore, the concept departs from traditional SATCOM
designs by tncorporating mcreased satellite sophistication for reduced terminal size and complexaty requirements. The
assactated spacecraft would employ advanced technologies such as uphink antenna discrimination, on-board signal
processing, and downlink beamhopping.

This paper presents several system configurations tor providing f HE service to tactical users, discusses the
advantage of the advanced technologies incorporated, and indicates some spacecraft implementation possibilities,

*This work was sponsored by the Department of the Air Force.

The U.S. Government assumes no responsibility for the information presented.

The discussion whech tollowed this presentation appears in classified pubhication CP 344 (Supplementy
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SYRACUSE A SATELLITE COMMUNICATION SYSTEM USING
SPREAD SPECTRUM MULTIPLE ACCESS

by

Ghislain M. Do Chend
CF1.AR
AST70 Bruz, France

ABSTRACT

SYRACUSE v g military commumcation system utihizing two 7 8 GHz repeaters tapace segment) of the | rench
commumication satethite TELECOM 1 developed by the French Ministry of Commumcations and which will be
launched by ARIANE  Atter desenbing the main charactenistics of the space segment and the ground segment the
papet will deal mamdy with the SSMA system, general desenption, modem tunctional dagram, time management
aperation, sy nchromsation and resynchronisation of the network, modem interface base band and intermedate
frequency

Future trends of the SSMA system wall be presented.
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GNP has testesl aperataonally g ogeostatonary C-Band satellite link to a4 terminal
iocated ar w07 north Tatitnde.  The antenna elevation andgle from this locat1on to the
feest At Loy satellite 1s only one dearee, This Link to 20 N latitude 1s only feas:ble
Lecause the Arcte recerver gite employed two Jarge, widely separated, antennasg to achieve
signal o path diversaty, This technique 18 feasible for larae fixed installations bt would
ot be pessable tor o shaps or oaareratt, even 1t they were large. Moreover, there 13 a wide
sprtead an the range of elevation angles to Canadian si1tes, due both to the large spread an
Ponait ade, g well as to the latatade ettects,  Antenna elevation angles to a satellite
vt A cary ftrom bt AR dejrees at ootrawa to 1) degqrees on the arctace coast o at 6 10N
Lt e, For servy e from g single satellite, these angles are below 257 on the north
vt st oand are down to 8 0n the north west coast at latitades of about 54 o1 5%

o1 and east central rerlons are areas of o s1nifiloant toaan attengation
e P de, at the low elovation angles an the Arctie tropospherle goantillation
Prolien aree ot e, Henve when operation at EHE 1s established 18 2 regquirerment,

b ol the troae spher e turboalence, exyien, watetr capour and ratn o attenudation marqlng tre

. i * s oapparent that the areas ! satasfactory military coverate tror a single
ettt o rary orbat o position anto Canada are spanificantly redaced, specifically 1t relia-
. ¢onervice s to approach 1008 or so, Operations from more than one jeastationary
Clite pesitaion ool amprove the assured coastal coverage but could not o amprove

ot che hodh Arce e, It as nat ammediately obvious that geogtatronary orbit per-
te the Joarecal cheace tor Canadian mailitary tactieal operations,

Nooccrdanaly, alternate orbits were evaluated as shown on Filgure 2. Low polar and
tosette e ocontranrations had been looked at o in a previous study. With orbital alt-
Lo appreoanmately 15,000 to 16,000 nm, faive to ten satellites were required in the
tosette patrern, Jdepending on the minimum design elevation angle (10° to !O”). O¢ course
the norber f rtegquired satellites would increase 1f the altitude 18 decreased, or if a
it bt were selected instead of the rosette pattern. Far reasons o! oost and system
prrebd ioasscociated with doppler and communication system control architecture these

thar s were not consildered tarther,  Rather, a variety of inclined orbits were exarined
with perods from oa half day to about four days., In this paper the following three orbits
wial e fisoassed:

ce

a. anclined caircular gensynchronous;

L. eritically ainclined elliptical geosynchronous (herein referred ta as a "Tundra”
orbity; and

coovritacally inclined elliptic 12 hour (Molniya) orbit.

The ground traces of these arbits are shown on Figqure 3. The saliant characteris-
t3108 of these orbits are detailed at Table 1:

TABLE 1

sebat Apisjee Perigee Incl. Canadian Coveragye service Hours

[FLAN n.m. (deyg) Centre (Lonjitude) INote 1)
. e} o L : )
Carcalar 191424 19323 64 1007 w - 5) from
1nclined 64 N lat
z«-v.sym_‘hxununs
Liliptac 25025 13650 61.4 100° W 26 trom
nell apriee .
teasynchronaus )
Tundrai '
Elliptac 21700 320 100° w and < 3 and
1nclined others 2 4 from
12 hr apoiee

IMOLNIYA)

Note | - This 1s portion of orbital period that each satellite in the constellation 1s
assumed in use for Canada/Arctic coverage,

An early question was whether the free space path loss would be a significant
factor i1n the choice of orbit, The slant ranges involved with these three orbits vary
from 15000 nm to 25000 nm. This i8 a spread in free space loss due to slant range from
9i.1 db to 93.3 db. That is, the free space loss 1nto any station in Canada, from geosyn-
chronous (equatorial, inclined or elliptic), or from semi synchronous, are all in the
range of 92.2 - 1.1 db. This factor is therefore not sigqnificant in choosing be"ween the
orbits under consideration.
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Fiiare Lo shows the antenna trackindg excur

sion tor a typireal Molniya., The anten-

Sl Y acEIel ex CulSion 18 agaln taqhtor, almost linear. The antenna elevation angles to

* e west

Apogee are all abyvc 45 , even tor eiqght

hours ~f servirvce from each satellite,

tror the east apouyee at HO'E, northein stations such as Alert can get 8 hours o1 so of

service
ceentgal

with antenna anigles above 257, Service 18
Cnanada fror the otftside apoigee, but only f

with antenny anqles around 10 to 18 degreeg. For

Lahr in
statloh

Gerrmany 18 almost 9 hours above 257, and 8
such as Boda, Norway, where the elevation

also vogsible to our coasts and to
or those stations which can operate
comparison, off{side apogjee service to
omewhat simélarly for a north European
angle 18 407 or greater for etght
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Another anportant design conslderation 18 the doppler characteristic o! the
dider consideration.  The Jdoppler trequency and the dnpp‘ex trequency rate ot change

* shown 0 Fryjare 11 tor the inclined circular gevsynchronous case, At 40 GHZ, tor an
Yeour operating period, the absolute magnitude of the Jopple: reaches about 25 KHZ.
tate 0! chandge varies from about S to - 4 HZ/sec over the sa e period,

vibits
are

e qht

The
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FIG I con
RN toole steets tron Ppopire 1S oapd 1y, the T b a oty a1
' FHS eatner sioe ot e, with the doppie RS ¢ .ov
e st Shee iapp ber o oshett o oas aboat tloable the g : : et vt
) I P R
Dot he case ot the MOLNEYA or bt the doppler shufe, Frooure 13, s hitther an o=
CLte, t ot varnaes ainest Iinearly with time, This can beoseen tros the pate o s e
Ppoatr caree, s hera thls S anctaon, over the operat it period 18 about S0t o ert
e pate ot chabiae ot qeler tor the vartous orbats are plotred torether g oo
S s showno s g geosynchironoas bt with o perliee aroand 600 o, This s g ¢ -
corar s which naves abeoat 20 hoars of  coverage per o ciay oer satellite for Canada, Thae
PPt characterigtios also o not appear to beoan overriding tactor in cholce o orbar,
e 1t 1rocane has g lower doppler rate, but the other cases nay Le nore casily
ol b by finear anetloans,

Tree Mo draya o crbat o has o a very tmportant acpact on launvch rec jrements. bPoroa
e ey baunched to o Molmiya orbat there 18 a wuch reduced wearght requiring to be
e sted, cotpared tooa vehicle being launched to geosynchronous orbit. The Hohran trans-
ter o bt tor the jeosynchronous case 18 essentlally alimost the final orbit tor the
Molniya case,  The Molniya vehicle does not require an apogee kick motor.  The apogee kick
Sotor, with ats tuel, 18 typically 45 to 50¢ of vehicle weight 1n the transter orbat,
Fnooorhiat adyast capabiility as requited, however, due to precessing of Molniya orbits with
the antluence of 4uyn and moun., In addition the Molniya requires substantially less
Latteries than conventional designg, This 18 because the Molniya does not require payload
aperstion during eclipse (the spacecratt, except for rare eclipsing by the moon, 18 neves
colipaed within four and a halt hours either side of apoqgee) ., .
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ciar el detertaration can be a signitaicant desyn consideration.  Far o ojeostat -
ronary vehicles the requlted allowances tar this factor are well anderstood,  The Tindra
ctbat perigec ot oalmost 14,000 nores 18 above the matn Van Allen offects and solar cell
ieatadation will be similar to the eftecty at jeostationary orbat.  liowever, solar cell
Sdeteriotat ton 18 3 more serious factor an the seml synchronous case.,  Molniya vehicles
transit the Van Allen reaganns twree on each orbat, i.e., tour taimes each day, We have
been piven estimates of solar cell degradation for Molniya vehicles which vary widely.
However, this solar ceoll degradation may be gigniticantly less of a welght penalty than
the battery werdtht savaing due to elimination ot eclipsed operations with Molniya orbaits,

Valnerabality to anti-gatellite weapons 18 a factar receiving lncreasing attent ton,
Jadte apart tror physaical hardenting or self defence measures, ecach of these three i1nclin-
o rlats present targets expensive to attack.,  Attack would reguire commitment of a sep-
1ttate AUAT aaainst ecach spacecraft an the constellation, Furthermore, a very powerful
booster 1s required tor the ASAT vehicles to attack satellites not in low earth orbit.,

T the commitment of an ASAT were known, then in the c¢ase of the semi-synchrorous

MOLNIYA conflosuration, an evasive mahoeuvre might be practical and effective. This 18
becasse a amall ener gy i1nput at or near apodee can eftect substantial perigee changes
without sranificantly atfecting subsequent apogee operations, T a lesser deyree, the

same corment can be made for the anclined elliptic TUNDRA orbit.,

When thinkin: ot vulnerability, there 18 sometimes a tendancy to look at cases
vlass by class.  You can say that all those spacecraft which reqularly transit the Van
Allen belts belong to a class which would be particularly vulnerable to trapped debrais
1f a nucelar weapon were ever detonated at high altitude. Satellites in geostationary
crbit are another vulnerability class, A satellite launched retrojgrade to geosynchronous
sltitude would encounter every satellite on geostationary orbit in a period of 12 hours.
venerally speaking, a satellite in a Molniya orbit costs 20% less than a satellite 1in
Jeosynchronous orbit. This can be a very powerful argument, vulnerability or survivabil-
1ty arguments not withstanding,

The effect of a spacecratt failure 1s another consideration. The inclined circ-
ular geosynchronous orbit requires three spacecraft for continuous Canadian coverage,
Loss ot any one spacecraft results in very substantial periods of outage., This vulnerab-
1li1ty can be reduced through use of a four-satellite constellation. In the case of the
elliptic Tundra orbit, each spacecraft can provide service to stations in Canada for,
typircally, 14 hours or more per day leading to a two satellite requirement., Adgain
vulnerability to loss of service can be reduced by including an extra, third, satellite.
In the case of a three-satellite TUNDRA deployment loss of one satellite will initially
result 1n a time period without service for two hours once each day until the two remain-
1ng satellites are moved to eliminate this outaye. Conversely, for the same boost energy,
the ori1ginal orbit could have been designed to provide over 20 hours service per satellite.

Ir. the case of a three-satellite Molniya constellation, loss of one satellite will
cause one eirght-hour period where service must be obtained from a satellite on the offside
apogee, providing it 18 in view, In effect, this resu&ts in no interruption ot service
in the reqgion approximately from the Arctic circle (67 N, latitude) to the pole. However,
south of the Arctic circle there will be degyradation of service which will depend on the
gqeoqraphic location and the minimum antenna elevation angle required for the user terminal
equipment at that location., A four-satellite constellation could adjust to compensate for
one tailled satellite. For those stations requiring only 10° antenna elevation angle, two
Molniya satsllites phased si1x hours apart can provide uninterrupted service as far south
as abcut 5% latitude.

Conclusions to be drawn from this discussion would perhaps include:

a. all three orbits require the user terminal to have a tracking antenna if the
advantages of narrow beam EHF operations are to be realized;

b. the circular orbit requires the larqgest antenna anqular excursions of these
three orbits, the Molniya the smallest, with the Tundra somewhere in between;

c. there are some narrow beam antenna design opportunities with the Molniya which
may not be available on the other two orbits;

d. the doppler magnitude is higher on the Molniya but the doppler rate is not
significantly different between the three orbits;

e. how gracefully the various constellations fail is very important. In some
respects the Molniya does rather well; and

f. at launch costs of about $22,000 per pound to yeosynchronous orbit, the Molniya
weilqght advantage can be very significant.

what chojice does one make? Canada has not yet initiated a military communications
satellite deployment program so Canada has not yet had to make any firm choices. However,
from evaluation s0 far of these three orbits the MOLNIYA certainly has many distinctive
advantages for solution of the Canadian military communications problems. In addition
to factors discussed above, the reduced energy requirements, i.e, reduced mass to be
boosted, leave options open for future consideration, With this vehicle you are not
locked in to large boosters. Who knows - someday it may be expedient, as well as cost-
effective, for Canada to launch her own spacecraft. This would be much more easily

F
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UK SKYNET 4 COMMUNICATIONS SATELLITES
by

T ¢ Yozerand PH Masterman
Royal Signaly & Radar | stablshiment
Satethite Communications Centre
Dreftord
Worcester WRa 9DUL UK

ABSTRACT

This paper descrrhes the principal teatures of the UK Skynet 4 Satethtes, which will provide enhanced tactical and
strategie communications tacihtios 1o the British torces. The satelhites are being built by Britsh Acrospace and Marcom
Space & Defence Syatems under contract trom the UK MaoD, with the fint launch planned for TOXS

T he satellite s based upon the proven FCS vehicle and employs d-axis stabilisation in geostationary orhit. The
total power consumption of ghout 1.2 kw s denved from solar panels and the on-station mass s about 66 kg Aty
position of 17 W the first satethte will be viable fram Furope, the Fast coast of Amenca and the Middie Fast.

SHE remains the workhorse of satethite commumications, and the SKYNET 4 satellite contains tour wideband
transparent transponders designed to handle s large number and vanety of users A number of reconfigurable antenng
options may be selected. ancluding Farth, NATO, Furopean, and Central Furopean cover. Another notable feature ts
the adaptive nulling antenna, this may be controfled by telecoramand to mitigate the effect of uphink jammng.

Further protection s supphed by the Processing Channel. This employs a spread-spectrum uphink which is despread
on the satelbte to give both secure braadeast and telecommand. This self-contained receiver represents a sigmficant
achievement in on-bogrd procesang.

I uture trends in Satcoms are undoubtedly towards EHE, wath relative benefits ot uncluttered spectrum, and
reduced jsmming threat. Skynet 4 incorporates an experimental 44 GHz seceiver, with a downhnk at SHE. This will
be used for R&D purposes and to assess the potentual of FHE

Together with narrowband UHE channels, SKYNET 4 will offer a sigmificant and versatile communication service
mnto the 1990s. This paper highhghts some of the satelite features with their rationate. and points to some hikely future
directions.
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MINIMISATION OF SYSTEM VULNFRABILITY IN
NAVAL SATFLLITE COMMUNICATION NETWORKS

by

D¢ ) Madams
ASWH
Portsdown, Cosham
Hants |, POO 44N UK

ABSTRACT

The advent ot the mncroprocessor has readity enabled the modern implementation of complex modulations and
vnphticd the control ot communication networks, This has encouraged a fresh examimation of the archdes tare
craploved mn the Dmted Kngdom’™s Naval SHE watelhite communmications,

Fhe primaple oof the present SATCOM organsation including threat scendrios are discined. Models are developed
that are both Compatible with current operationdl practice and tuture requirements,

The concept of system distnibution s then applied, the path of 4 ugnal being traaed trom operational ongin ta
desnnation The vadneragbdity of cach path node s dincussed and countermeasures which imdude alternate modes that

manieise wedhnesses are desonbed

Such oo treatment leads toan enhanced trattic capacity and realises o system which s readily expanded 1o meet
Changing increased requarements Tt also impanges on build standard cnteng and can lead (o g more economic sedution

than currently practised




THE FERRANTL TACTICAL SHE SATCOM STATION (MANSA LY
by

1 Weataand 1t Col aRetd v AS MUK Arderson
Fermannd dectromes Tl
PN ANvenae

Povntor Cheshere, SRED NP ER

ABSTRACT

Fhe Commumcations Group ot the Roval Sagnals and Radar Bstabhishment tRSRE D Malvern | ngland . pronceered
development of small tactical SHE 7 8 GHz2y satelhite ground termunabs The concept of an SHE termimal snnalt
crivigh e be carned one man’s back has been turther descloped by Ferrant Fectronses Limited, Poy nton, € hestare,
Poplond geder contract to RSRE - Paeld tnads models weghing 17 Kgancuding antenna, power supply and carrying
e fene been namatactured and extensively trlied in hield condiions Ay carrently configured the equipment
provides either <0 byt sec telegraph or analogue speech thoth duplexs. A diital secure speech faciity 1< currently
hoing developed Depending on the sateliite antenng system sn use the terminal can cither be worked to g main satelhte
prownd station o another small station. The equipment charactenstios allow at to aperate treely with the SKYNE T,
DSOS and NATO satethites

The pertormuance ot the statton and s ponapal components are oathned i this paper, together wath current

developments,

© o wods mark of Ferranti Electronics Limited.
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[ W O I R T e T
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Waitton Rowd

Pty et | opland
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P e RE pewer that Bas b eonme avaaiable trom the growth i size o sgtelbites over the years has been

Wt e wenees o satelite ssstems g numher of ddterent wavs C gl anthonmes such g 7T s and Commerotal
Cotrprrsy Poave e the exntta prowet for s reased channeds and for taghier data rate senvices, thind world nations have
Poercited tron snpphor and Cheaper carth stationsand the malitany fave desetoped g whole ramge of simall ternnmalds tor
tec ol sine These seal ternunals have extended the €Y limes trom the bighest echelans of command to the idis whuad
cieroots ot the tghtmg unit A concept apthy sammansed an the phnase “President-to-toxhole communicationy”

Fhe poper wall bt desonbe the opergtional need 1o lomg distance, contimuousty avadable crror-tree coommun

sd e mekhimg et Commuanications with Commuand and € antral

N l' LAY
Coround satetlite termmals i use and i development waill be desontbed and ther echmeal charactenstios dincussed
Cureentwerk ong satelbite terminal tor the Nimrod long tange mantime patrol sicratt wall be desaribed

The B W theeat s ever present and satelhite systems will increasing!y have to be designed to mimumnse the ettects of

e and imterception Fhe paper will consider technigues employed such as spread-spectrum modulation and

trequacnoy hopping tor termmals operating i the nohitary SHE satellite band.
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GESSYSTEMEIFLD JESTING
by

FNTC Dtoed
Sastoms Diacctor Festand Operations
Novpation Satchite Ssstems Dnectorna:
The Nerospace Corpatation
POy Boy 4 us s
Pos N hos € Y0t 1S A

The test program for GPS Phase Il User Equipment (UE) i8 extensive; it includes, as
noted i1n Fiqure 1, seven different kinds of tests ranging from in plant tests to
initial operational test and evaluyation. They differ by time, purpose, and test
agency . in this presentation, we will be primarily concerned with field development,
test, and evaluation (DT&E) tests.

INPLANT
® DitSIGN VERIFICATION
® PARTS CERTIFICATION
® SOFTWARE AND HARDWARE QUALIFICATION

® MAINTAINABILITY DEMONSTRATION
AND RELIABILITY GROWTH TESTS

® ACCEPTANCE

SYSTEM INTEGRATION LABORATCRY

® Ut INTERFACE COMPATIBILITY

MODIFICATION CENTER

® HOST VEHICLE - UE INTEROPERABILITY

® MODIFICATION INTEGRITY AND SAFETY
OF FLIGHT

® ELECTROMAGNETIC COMPATIBILITY

FIELD DEVELOPMENT, TESI, AND EVALUATION DT& D)

® RANGE READINESS
® INITIAL DEBUG
® PERFORMANCE

DT &E OPERATIONAL READINESS

® SPECIFICATION COMPLIANCE
® [NTEGRATED PERFORMANCE

COMBINED ENVIRONMENTAL RELIABILITY TESTS

INITIAL OPERATIONAL TEST AND EVALUATION (OT&E)

rigure 1. GPS Phase 1] User Equipment Tests

All of these tests involve the totality of the GPS system (Figure 2). They use
signals from the current satellites to test the user equipment and theredy are testing
the GPS satellites and their ground control.




® USER EQUIPMENT

® INTEGRATED WiTH HOST VEHICLE

® CURRENT SATELLITE CONSTELLATION
o 5 SATELULITES WITH ATOMIC CLOCKS
o | SATELLITE WITH CRYSTAL CLOCK

® INTERIM CONTROL SEGMENT
o 4 MONITOR STATIONS
o MASTER CONTROL STATION
o DAILY UPLOADS

Figure 2. Total System Testing

At pregent, the GPS satellite constellation consiste of gix satellites. One of
them (Navetar 1) employs a backup crystal clock - 4 very good crystal clock indeed, but
1ts signals are of somewhat inferior quality. The other five (Navstars 3,4,5,6 and 8)
provide very qood quality navigation, and for the purposes of this presentation, we
will limit our attention to those five satel,ites. The interim control segment, which
will be replaced by the operational control segment beginning in 198%, has fout monitor
stations (Guam, Hawaii. Alaska, and Vandenberqg Air Force Base) and a master control
station and satellite upload station which are also at Vandenberg Air Force Bagse. The
master control station uges satellite data received at the monitor statione., computes
the clock ertors and ephemeris for each satellite and predicts these ahead. Once a day
1ts newly generated uploads are sent to each satellite.

A8 a specific example of what the satellite constellation means to a user or to a
test team, let us suppose that we are conducting a GPS test here at Langley today. and
1ook at the satellite coverage we have. Figure 3 ghows the elevations angles we see to
each of the five sa’ellites which are operating with atomic clocks. We see that at
3:00 pm, local time, thig afternoon which is 1900 GMT we are in the middle of a
period of five satellite visibility, a period which is a little more than 3 hours
long. At this time, two of the satellites are at about 30 degrees elevation, two near
45 degrees and one is above 55 degrees.
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Figqure 3. Elevation Angles to Visible Satellites - Langley

rigure 4, correspondingly, shows the azimuth angles to the satellites. On this
tigure, O degrees is north, 90 degrees is east, and south {s both + 180 degrees and
. 180 degrees. Mith some effort we can determine that one satellite is toward the
' northeast, two to the northwest, one vest, and one southwest.
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Figure 4. Azimuth Angles to Visible GPS Satellites

Kefore we take up the quantitative aspect of satellite qgeometry which is,
Jiscouragingly, called “dilution of precision,” we should go back for a while to the
control seqment: in particular, to the question of when the newly calculated daily
uplrads arce¢ sent to the satellite. As noted in Figure S, the basic consideration
governing the time of uploads i8 to provide good quality uploads that is, ephemeris
and clock predictions to support tests at Yuma. To that end, data are collected for
as long as possible, and the doctrine at the master control segment is to have at least
one set of data from each satellite taken at the Vandenberg monitor station which is
the one closest to Yuma. Those Vandenberqg data must be taken when the satellite is at
least 10 deqgrees above the horizon, to minimize the adverse consequence of my errors {n
the model for tropospheric refraction.

® SUPPORT 4-SATELLITE TESTING AT YUMA

® ORDERLY WORK LOAD AT MASTER CONTROL STATION

® SATELLITE MEASUREMENTS AVAILABLE FROM VANDENBERG
MONITOR STATION

e ABOVE 10 DEGREE ELEVATION

Figure 5. Daily Satellite Upload Schedule

Figure 6 shows the satellite elevations as seen from the Vandenberg monitor
station, and it also shows that Navetars 3 and 4 were scheduled for uploads at 1630
GMT, Navstar 8 for 1700 GMT and Navstars 5 and 6 for 1730 GMT. 1In fact, the whole
upload schedule works backwards from Navstar &:

The Kalman filter in the MCS runs on a 15 minute cycle. Navstar 5 reaches 10
degrees elevation from Vandenberqg at 1700, dats from it are incorporated into
the filter for the 171% time point, and then & new upload message is prepared
and sent to the satellite, which begins to transmit the new message at 1730.

¥rom the point of view of the user or tester, what ies important is that the final
uploads for the constellations take place at 1730.
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¥igure 6. Elevation Angles to Visible Satellites

The PDOP (position dilution of precision) is a measure of how satellite geometry
affects user navigation. Under the assumption that the user's pseudo ranging errors
are normally distributed. with the same standard deviation for each satellite, and that
the errors are uncorrelated from one satellite to another, the expected 3 dimensional
navigation error will be the standard deviation multiplied by the PDOP. Thus, the
lower the PDOP value the better.

We can get some feel about the magnitude of PDOP from the fact that the prime
specification for the GPS system defines the gatellite system as being "available” to a
user if he has at least four satellites in view and these give a PDOP which is 6 or
less .

Figure 7 shows the PDOP achieved here at Langley by the current constellation of
GPS satellites. Four satellite visibility begins when Navetar 6 rises and the PDOP is
about & 1/2. Half an hour later, Navetar 5 rises, and five satellites are in view.
From that time until 2100 4:00 o'clock this afternoon here- the PDOP given by the best
combination of four satellites lies between 3 1/2 and 5. What we have here ig 3 1/2
hours of four or f{ive satellite coverage after all uploads have taken place, with
excellent qeometry. Thus, for length of covetaqge and favorable geometry, this would be
an excellent place at which to test GPSt
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I'm not aware of any formal GPS user equipment testing planned for the Norf{olk ‘
Jdtea, byt tests are planned tor many places indeed. In tact, as shown in Fiqure 8, the
“ites used 1n the user equipment! test program are stretched across the North American
Centainent, and the catrrier and the submarine will take user equipment 1n operational
deployments 1nto the Facific during initial operational test and evaluation.
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Fiqure 8. Test l(.ocations GPS Phase 11 User Equipment

Let's look at the visibility times for four or five satellite coverage at the two
extreme locations 1dentified for environmental testing.

At Panama, as shown in Figure 9, there is an initial period before the last upload
1n which the PDOPs are large and increasing rapidly. The constellation is saved from a
sinquiarity by the rise of Navetar 6., Thereafter, there is a prime 1 hour and
45 minute period of qood geometry involving satellites with current uploads. which is
then followed by almost ) hours with PDOPs in the 10-12 range. Becauge the PDOP is
outside of the specification availability limit, that period should not be used in
488€6861Ng navigation accuracy., but it could perfectly well be used for functional
tests, human factor tests, etc.
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Figure 9. Pour-Satellite GDOP, PDOP
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{n Aldaska, 1! i1s the final period, as shown 1n Figure 10, whirh provides almost 2
hours of qood qemetry after the uploads. Today this period beqgins about 7:310 in the
morning local time, but as we know, constellation times move forward about 4 minutes
per day. or / hours per month. Figure 11 illustrates how this fact may affect
test1ing For example, 1n Alaska in the middle of February, tests needing good geometty
can hegin a3t midnight
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Figqure 11. Beginning Time of Good Satellite Geometry

The development, test, and evaluation field tests are deing conducted in the
southwest United States (Figure 12). Alrcraft and ground host vehicles, with which
most of the field testing has been carried out so far, are tested at the U.S. Army Yuma
Proving Ground (YPG) in the southwestern part of Arizona. FPFixed wing aircraft, when
tested at Yuma, have been staged out of the Naval Air Pacility near El Centro,
Cslifornia. Helicopters are flown out of the Laguna Army Air PField at YPG.

Testing at sea, involving the carrier and submarine host vehicles, is just
beginning; it is at the Navy's SOCAL ranges which lie between 8San Diego and San
Clemente lsland (Pigure 13). The Naval Ocean Systess Center (NOSC) has been tasked to
develop and operate the SOCAL test range in support of GPS phase Il testing of user
equipment. In doing so, NOSC has upgraded some of the range instrumentation hardware,
has developed entire new software for data reduction and for trajectory reconstruction,
and has adopted new procedures to assure instrumentation accuracy.
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MINIRANGER ACCURACY

1-2 meter

2-4 meter [N

- 50 km -

Figqure 11, SOCAL Test Range, San Dieqgo, San Clemente (sland

The reference trajectory provided by the SOCAL range, when GPS testing is performed
aboard the sircraft carctier at sea, 18 based upon the Mini Ranger !V System. It 1s a
multilateration system with four reference stations (transponders) located on the
mainland shore, from San viego Notth to Camp Pendleton, and another set of four
reference stations located on San Clemente Island. These transponders are interrogated
by a receiver/transmitter aboard the sahip. The ranges from the receiver/transmitter to
the reference stations are recorded aboard the ship. these are the primary data
output. A ship trajectory is generated in real time aboard the carrier; ship's
location can be called up and displayed upon operator request. The ship position
solution uses roll, pitch, and heading information which are transmitted from the
ship's own i1nstrumentation; this attitude information is also recorded for use in
post test trajectory reconstcuction.

A Kalman filter trajectory reconstruction program is used post test, based upon
recorded ranges and ship altitude information to develop ship position and velocity as
a function of time. The SOCAL range quotes an accufacy of from 1 to 4 meters for this
systes, depending upon geometry. Figure 1), which is based upon SOCAL developed
qeometry, also contains my own estimate of the locations at which accuracies better
than 2 meters can be achieved, and also where 2 4 meters can be achieved. The SOCAL

A




Accuraty sstimates are based upon 4 number of tegts in which the tame tarqget was
tra-ked by 'he Miny Ranger system and by theodnlites from a precisely known shore
pesitaen

All test control 18 performed from aboard the carrier. “The ship's raptain, of
Turse, 18 AN complete aperational command: the GPG test team leader ig8 aboard the ghip
+0d has avaltiable the real time Minl Hanger trajectory and the d4ata from the GPS
Hisplays

At the end of ecach test, the logs, the GPS tapes, and the Mini Hanger data tapes
with oships arttatyde anformatian are all transported tn San Liego. At the NOSG
computers there, the Miny Ranger data are processed to provide an improved trajectory
The Y navigation solutiong are trangfarmed to the Incal (Mini Hanger) conrdinatve
syftem, and the GpFL position and velocity Jdifference from the Mini Ranger solution are
et ted Also plotted are GPG receiver channel and get gtatus, pressnting a picture of

the "perations of the se! over time

SEY user equapment development tests aboard the gubmarine are conducted on the 31 4
ascustie range whih {8 located, as shown in Fiqure 14, near the nnrtheast patt of San
Ciemente lsland The reference tra--tory is derived (trom data collected {rom four
Lylr phenes lorated on the sea bottom, which pick up and transmit to a control station
oo Can Clemente (siand the time of receipt of acoustic signals from a pinger mounted on
the bottam of the submarine hull The pinger sends out one pulse per second; the
timing 1s preclsely controlled by a8 rubidium rlock on the submarine. The arrival times
are used 1n real t'me at the control Btation to develop an approximate submarine
tratectnry They are also processed after the test using a Kalmyn filter implemented
ipen the NOGC rosmputer. NOSC quotes an accuracy of 2 to 8 metere after acoustic
ranje Fiqgqure 14 shows estimates of the areas in which, respectively, 2 to 4 meter and
4 to B meter accuracy can be achieved. FPlease note on Figure 14 that the coveraqge is
le66 1n the northeast direction; also note that the assymetries in the accuracy regions
are a4 consequence of the fact that the hydrophone closest to the ghore is at a
shallower depth than the other three hydrophones. Good accuracy on the 3 4 acoustic
range requires an accucrate sound velocity profile. NOSC uses seasonal and monthly
profiles augqmented by datly sound velocity measurements thrtough the gurtace layer (a
few hundred feet). Depending upon submarine operational conditions, the logs generated
unboard from a test and the GPS tapes are taken daily, or perhaps even weekly, to San
Uleqo. There,in the same way as in the case of the afrcraft carrier, GPS navigation
data and status plots are prepared.

SAN J
CLEMENTE
ISLAND

CONTROL o ACCURACY ESTIMATE

2000 meter [ 1 2-4 meter

B ¢ 8 meter

Figqure 14. SOCAL 3 4 Acoustic Range

During & submarine test, the captain is in complete control of the sudbmarine
aovements. Usually & representative of the test team leader will be aboard. He will
direct the set operator. The test team leader will usually be on San Clemente lIsland
at the control station; he will have available the real-time 3 4 trajectory.
Communications ate maintained between the control station snd submacine by either or
both radio and undetwater telephone. The test team leader can advise his delegate as
to the continuing test objectives. Aftet the quick look package (consisting of logs,
navigation differences, trajectory position and velocity, and GPS status) has been
prepared by NOSC, all the quick look material is reviewed by the data analysis working
group. Normally., this includes representatives fcom the NOSC cange, the test team, the
participating test organization, and the Joint Program Office; usually the UR




A curacy eatimates are hased upon a numher of tegts 1n which the game target was
traxe ' by the Miny Ranger system and bty theadolites from a precigely known shore
positiiog

AL "est contrel e pertormed from ahoard the carrier. "The ship's captain, of
tse, s N complete cperational command, the GPL test team leader is8 aboard the ghip
103 nas avartlal e the real time Minl Ranger trajectory and the data from the GPS
. .
LAY R

At thEe end of egch test, the logs, the GPS tapes, and the Mini Ranger data tapes
with chips attitude information are ail traneported to San Diego. At the NGGO
mputers Yhere. the Minl Ranger data ate processed to provide an improved rrajectory.
e S navigation soluttioans are traneformed to the local (Mini Hanger) coordinate
wyetem, and the SIS position and velority di{ference from the Mini Ranger solution are
e T red Aise platted are IS receiver channel and get status, presenting a picture of
e cperations of the set over time

SEY user equipment Jdevelopment tegts aboard the submarine are conducted on the 3 d
Accustis range which 18 incated, a6 shown in Fiqure 14, near the northeast part of San
CLemente lsland The reference trajectory is derived from data collected from four
hydr cjhenes iocated on the sea bottam, which pick up and transmit to a control station
onotan Clemente [sland the time of receipt of acoustir signals from a pinger mounted on
the tortom of the subtmacine hutl The pinger sendg out one pulse per second; the

timing 1% precisely controlled by a rubidium clock on the submarine. The arrival times
are used 1n rea]l time at the control station to develop an approximate submarine
trajectaory They ate also processed after the tes! using a Kalmin filter implemented
Spon the NOOOC computer . NOSC quotes an accuracy of 2 to 8 meters after acoustic

range Figqure 14 shows estimates of the areas in which, respectively, 2 to 4 meter and
4 to B meter accuracy can be achieved. Please note on Figure 14 that the coverage is
lege 1n the northeast direction; also note that the assymetries in the accuracy reqgions
are a consequence of the fact that the hydrophone closest to the shore is at a
shallower depth than the other three hydrophones. Good accuracy on the 1 d acoustic
range requires an accurate sound velocity profile. NOSC uses seasonal and monthly
profiles auqmented by daily sound velocity measurements through the surface layer (a
few hundred feet;. Depending upon submarine operational conditions, the logs generated
ontoard from a test and the GPS tapes are taken daily, or perhaps even weekly, to San
teqo. There,\n the same way as in the case of the aircraft carrier, GPS navigation
data and status plots are prepared.

SAN
CLEMENTE
FSTAND

CONTROL ® ACCURACY ESTIMATE

2000 meter l 1 2-4 meter

B ¢ 8 meter

Figure 14. SOCAL 3 & Acoustic Range

During a submarine test, the captain is in complete control of the submarine
movements. Usually & representative of the test team leader will be aboard. He will
direct the set operator. The test team losder will usually be on San Clemente Island
at the control station; he will have avallable the real time ) 4 trajectory.
communications are maintained between the control station snd submarine by either or
both cadio and underwater telephone. The test tesm leader can advise his delegate as
to the continuing test objectives. After the quick look package (consisting of logs,.
nevigation differences, trajectory position and velocity, and GPS atatus) has been
prepated by NOSC, all the quick look material is reviewed by the data analysis working
group. Normally, this includes representstives from the NOSC range, the test team, the
participating test orjanization, and the Joint Program Office; usually the UE
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contractor W& 1nvited to participate aleo. The findings of this data review are used
in planning succeeding missions and are also included in the data pack which is sent to
the o, UF contractor, the participating organization and the data analysis

contractor A major function of the data analysis team in reviewing the quick look
package 15 to 1dentify:’ (1) Any periods in which the range trajectory is invalid:

71} Any periods 1n which the GPS data are invalid, and if possible, the reasons for
this 1nvalidity: (1) The test segments which will be analyzed by the data analysis
ontractor

on 14 Teptemher, a4 combined GPS/gubmarine 3 d range checkout test took place.

Figqute 1% shows the intended submarine track, it also shows the protile actually
valled What happened was that the submarine encountered small boat traffic during
ra~h f the two turnsg 4t the south end of the ) d range. In one cage, the small bhoats
wetre fishermen, and the second case, they were pleasure craft. There was a computer

intertace protiem eariy 1n the test, resulting in loss of 3-4 range data early in the
test and aise in a vaming discrepancy which had to be gtraightened out later. A
proredure jr-blem atoard the submarine appeared to result in an improper antenna
connect on The Py set had two periods in which it is known to have operated

rrectly, anothet perilod 1n which 1t 18 known to have been operating incorrectly,and a
fairly ionq periond in which (because of the loss of 3 d range data) the operating
corditien of the set 1s unknown. All of these gsituations are typical of a checkout
test, and corrective acrtlons were identified. In particular., a patrol boat will be
previded to keep the range clear.

SAN
CLEMENTE
I SLAND

CONTROL %TATI ON

Fiqure 1%. System Checkout: SSN, GPS, 3 d Acoustic Range, 15 September 198}

Most of the GPS user equipment testing so far has taken place at Yuma Proving
Ground with DT&E host vehicles, which are a C 141 aircraft and two M 15 trucks (one for
edach contractor). These provide supplies and full DT&E instrumentation of the set.

The trucke and the aircraft are equipped with telemetry, sending GPS data down in real
time

GPS tests have been conducted at the U.S. Army Yuma Proving Ground tor the better
part of a decade. The Yuma range (Figure 16) has available a large range controlled
all spare, excellent laser tracking capability, facilities for controlling two
simultanecus missions, and computational support for post fligqht data reduction.
Because Yums i8 located in a deserft, few tests are postponed becasuse of weather, and
the clear atmosphere gives high confidence in routine use of laser tracking from ground
level to high altitude (laser trackers cannot penetrate clouds).

Shown in Figure 16 are the locations of the six laser trackers at Yuma Proving
Ground. The tracking accuracy is estimated as from 2 to ) meters for single laser
solutions. Also shown in Figure 17 is my own estimate of the regions in which,
respectively, 2 meter and 2 3 meter accuracy can be achieved. PFigure 17 shows the
PDOPS which exist at Yuma with the current satellite constellation. Note that there is
about 1 3/4 hour of good geometry time available after the completion ot satellite
uploads. After Navstar 8 sets, there is an additional 1 1/2 hours during which the
PDOP is greater than the availadbility specitication value:; during this period,
performance evaluation is inappropriate, but such tests as checking set functions cen
readily be carried out.

e —
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Test operations at Yuma are built around a real time system for control, data
collection, and displays. In Figure 18, which has too much information on it, we first
notice the capability for the two completely separate missions in two separate mission
control centers. ¥ach one has five cathode ray tube displays on which a variety of data
can be presented.

During a mission, a control center may have as many as four different contollers
and several passive observers:

1. The test team leader has a console. He is {n charge of the mission and
can communicate with any other test participant.

2. A YPG employee directs the alrcraft. He communicates with the pilot, and
uses & display of the intended trajectory and the actual trajectory and
gives instructions to the pilot as to turns and ajtitude changes.
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tigure 18. YPG Real Time Test Operations
' Anothet range employee is tThe instrumentation controller. He is

responsible for the correct operation of the telemetry equipment, for 'he
operaticons of the lasers, 4and any other instrumentation which ig in use
He is capable of removing a4 laser from consideration as the source of the
KTE (real time trajectory estimate). He can also require any instrumont
to bhe tie RTE solution.

4 Normally, a UE contractor representative occupies one of the consoles dand
can communicate with the set operator onboard the aircralft.

thgervers have the opportunity to watch gany one of many possible displays, These
1nclude d1{ferences between the telemetty GPS navigation solution and the HTK either 1in
pusition or velocity; also 1ncluded is8 the capability to watch the GPS status and
gqeneral figure strengths.

All data recocded on the GPS onboard tapes are also sent by telemetry to the
real time computers i1n the migsion operations center. The entire 44ta stream i6 saved;
some of the data are stripped off and used in the real time displays

The raw range, azimuth, and elevation data from each of the six lasgecs ate sent 20
times per serond to the real time compulter. Calibration and refraction cortections ace
applied, and a separate trajectory is generated for each laser. The trajectory is
computed by a4 fixed qain retrospective filter, “Retrogpective” means that the solution
which comeg out of the filter ig 1| second earlier in time then the latest data into the
filter

The real time trajectory estimate (RTE) is one of the single laser solutions.
Usually., the selected laser is the laser clogest to the aircraft, 80 long ae that lager
indicates that ite Adata are valid. Immediately after a mission YPG, using telemetcy
data, gJenerates a data pack consisting of plots of the aircraft trajectory position and
velocity, GPS RTE differences (these are illustrated in Figures 19 and 20), and GPS
status; all are plotted in 1/2 hout seyments. The entire YPG data pack as well as a
merged tape containing GPS. laser tracket, and IRCC data are ready tor analysis within
4 to 6 working hours after the end of a mission. Sometimes too, they are generated on
overtime immediately after a mission, even in the very early hours of the morning.

Sometime 290, | decided almost casually to use 24 June 1983 as an example of
testing at Yums, simply on the basis that it seemed that quite a few tasts had been
conducted that day. Figure 2) represents the pre test planning status. A major
constraint was the tact that the site 4B laser was being repalred;: the azimuth secrvo
Motor wes out because of a coolant leak. This laser is the one which tracks ground
vehicles on the dynammeter course. There could be no instrumented tests using the M 35
truck. Consequently, the truck and jts one cheannel set were set up for a special test,
to chec” the satellite selection algorithm. This required use of Navetar 1 (the
sstellite w.th the backup crystal clock) so that navigation performance per se was not
4 test obje-tive.
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¥igure 20. Velocity Differences: GPS RTE

A static shakedown test was scheduled for another one channel set integrated with
the M 60 tank.

Three different sets were to be flown aboard the C 141 alrcraft, all with the basic
objective of determining navigation performance under dynamic conditions. This
aircraft was to fly racetrack profile at an altitude of 6200 meters: two thirds of the
racetracks were to be flown with 302 bank turns, categorized as moderate dynamics,
while the rest were to have 60° bank turns high dynamics. The real time mission's
control rooms were dedicated to the two 2 channel sets, one for each contctactor. The
two rooms ate at least & 100 foot walk apart, and one is in an additionally controlled
area, so that the two competing contractors were effactively separated.

The results of the day's operation were & mixture of success and partial success.
First of sll, the physical operations were all completely nominal. Pre test and
post test brlefings were held as scheduled, and the aircratft flev as planned, going

:
t
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o MAGNAVOX 2 CHANNEL telemetry)
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o LOLLINS 5 CHANNEL
® M35 TRUCK tstatic — satellite selection algorithint
o COLLINS 1 CHANNEL
® A-60 TANK istatic — checkout

Figure /1. A GPS Test Day at YRG 24 June 1981
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® SATHILITES

e LROUND TRUTH ACCEPTABIE. MAXIMUM RADIAL
LRROR - 10 meter

® RANGE INSTRUMENTATION
e SITE 12 LASER HAD ATTENUATOR PROBLEM: REMOVED
® RESULTS

o BRIEF DROPOUTS IN TELEMETRY RECEPTION
o DROPOUTS IN GPS SIGNALS (masking)
o GOOD DATA FROM ONE AIRBORNE RECEIVER

o INTEGRATION DIFFICULTIES NOTED WITH TWO AIRBORNE
RECEIVERS: DJIAGNOSTIC DATA COLLECTED

o INTERFACE PROBLEM IDENTIFIED ON TANK

o SATELLITE SELECTION ALGORITHM OK
Figure 21. A GPS Test Day at YPG 24 June 1983 Summary

The satellites and control segment performed well within specitications; the
largest radial error measured at the IRCC receiver (we'll talk more about that later),
was 10 meters, and most of the time the errors were a good deal less.

One of the remaining lasers had an attenuator problem. It continued to operate,
but the 1nstrumentation controller removed it as 8 possible RTE source.

As expected, there were some GPS signal dropouts; these occurred in turns and were
attributed to masking of the antenna by aircraft structure.

There were also some brief telemetry dropouts. These are also believed to have
been caused by masking. The consequences of the dropouts were deemed minor in that the
decision was made to do all possible post flight data processing with recorded
telemetry.

There was good data from one of the airborne sets. At the post mission quick look
data analysis meeting, the entire flight was identified for performance evaluation, and
1B different flight segments were selected.

Fach of the other two airborne receivers experienced problems. These were written
up as deficiencies during the quick look data analysis meeting: performance evaluation
was ruied out.

The satellite selection alqgorithms worked. Data collection was prematurely halted
on the vank set because of an interface problem.

So we had a busy day. Having two lasers out wWas a rare event, and the site 12
lasers were back in operation the next day.

Since we have already referred at least twice to analysis of the field test data,
it 18 in order to talk specifically about data analysis procedures. For the Joint
Program Office, data analysis is under the Data Analysis Working Group (DAWG). The
Manager of that group is Sqn. Lt. Brian Sposen, RAF. He is responsible for, among many
other things, planning all data analysis and coordinating that planning with all
participating test orqgenizations. for & data management system to allow cross-reference
fiom test objectives to test results and test reports, and for assessment o quick look
data, maintenance of the data base, and tracking the achjevement of objectives. He is
ssgisted in data base management and dats processing for pertormance evaluation by a
data analysis contractor.

Figure 24 sketches the data snalysis procedures which directly apply to field test
results. We should emphasize the important role played by test planning and real time
monitoring of the test. At Yuma, the capability to monitor by telemetry the set
operation in real time allows the Data Analysis Morking Group representative to watch
the whole mission. He is then well prepared to lead the quick look mission assessment,
which takes place as soon 48 the Proving Ground has the trajectory. difference, and GPS
status plots ready. (Let me, please, add s personal note. A major benefit from
observing a mission in real time is that the events pass by at one second per second.
You cannot skim over a half hour plot with just two looks. You might overlook a little
qlitch on a plot, but when you see it happen and then happen again under a similar set
of circumstances, you are strongly motivated to understand what is going on.)




® REAL TIME
o MISSION PREBRILF ‘

o SET OPERATIONS AND FUNCTIONS
o POST MISSION DEBRILF

® QUICK-LOOK
o ANOMALY IDENTIFICATION
o DATA VALIDITY
o TEST SEGMENTS FOR ANALYSIS

; ® PERFORMANCE ASSESSMENT
| e DATA ANALYSIS CONTRACTOR
o ALL IDENTIFIED SEGMENTS

o TEST RESULTS DATA BASE SET TYPE,
CONTRACTOR, DYNAMICS, HOST VEHICLE

Figure 24. Data Analysis Procedures for Field Test Results

The quick look analysis is a Data Analysis Working Group activity led by a DAWG
representative. Participants include the JPO, the test range, the participating test
organizations and the data analysis contractor. We always try to have the
participation, too, of the field engineer of the user equipment contractor. The
procedure 18 first to review all test 109gs and all plots and pick out all anomalies,
Jetermine whather they are familiar or new. and attempt to identify at least the
citcumstances. We look at the laser (or Mini Ranget or 3 4 acoustic) data provided by
the range to determine whether any segments should be discarded on the basis of
questionable reference trajectory accuracy and to help subsequent analysis by pointing
out range data gaps and transient conditions. A major and time consuming task is to
select and categorize the various test segmentg which the data analysis contractor will
treat as essentially homogeneous. Segments are categorized by dynamic conditions and
by test objectives (for example: general navigation or time to first fix). All periods
with invalid data of any kind are specifically identified for exclusion. Thus, the
1nitial selection decisions are made in the field promptly. and by program office and
test orqanization representatives. They are not made by the data analysis contractor.

The data analysis contractor receives the merqged tape with GPS, RTE, and [RCC data,
the entire data pack, and the processing instructions from the DAWG. He processes all ’
indicated seqments and for navigation segments, computes mean and rms errore in
position and velocity. He prepares a standard set of plots for each seqment. For
summary purposes, he combines segment data into mission and ensemble results and
enters these into his data base. The plots and data base can be called up from
autherized remote terminals, located at the Joint Program Office, at Yuma, and at NOSC
in San Diego.

Another aspect to GPS field testing is the performance of the control segmsent and
the spsce segment. When we consider the navigation accuracy achieved in a test, we
compare the output of the set with the trajectory determined by range instrumentation.
h Any error introduced by, for example, an unstable satellite clock or by an imprecise

prediction of satellite ephemeris is directly transformed into position and velocity
errore, 4nd they are included. The data analysis contractor does not correct for spare
segment and control segment errors.

The satellite data message is & prediction made (currently once per day) by the
control segment of what the ephemeris and clock parameters will be. The control
segment Kalman filter also estimates, once every 15 minutes, what are the current
satellite location and clock states. PFor quality control, the control segment compares
its predicted values with those it currently estimates and (for ease of interpretation)
exprenses the comparieon in terms of its best estimate of the pseudo range ecrors which
would be experienced by a user at Yuma (orf any other desired location. several can bde
celculated at once). Figure 2% is an example of the user ranging error (URE) plots
routinely issuved. 1In this figure we note tirst that UREs on this day are in the
sRall to-2% meter range when using the data messages prepared the day before. We see
the two sets of new uploads., an hour apart. We see subsequent UREs of the order of 1 to
2 meters through the rest of this plot, covering much of the Yuma four satellite
1 visibility period. The control segment here considers that upload to be of acceptable
quality; {f the URE threatened to exceed 4.5 meters, & "contingency upload"” would be
prepared.
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A conceptual problem with thie procedure is that it is entirely based on data
internal to the control setment itself and, by the nature of Kalman filters, the UREs
would be zero if the monitor stations were not providing any data at allt (It is really
not necegsary to print out that the control segment would highlight any such
situations.)

At Yuma, there is a separate monitor. A well-calibrated, heavily instrumented, and
continuously maintained receiver is located in the middle of the range at a well known
survey point. During testing at Yuma, it monitors all visible satellites and, at an
18 second dats interval, inputs a so-called ground truth solution. This is a close
approximation to what a perfect GPS set would give at Yuma. The continuous lines on
Figure 26 are outputs from this receiver, showing the difference between its navigation
solutions and its known location. Before the upload at 3:15, we see biased and
drifting solutions and after the upload, we see that the drifts were effectively
eliminated. The biggest error left is an altitude bias of about 5 meters. The
discrete pointe in Figure 26 were computed by transforming the UREs (Figure 25) into
X, Y. 2 coordinates. The agreement between the two different sets of data is
excellent. The vertical linea are a conservative estimate of the expected magnitude of
the difference between the two methods of estimating space segment/control segment
errors, and what we see supports the validity of both methods. Thus, we are not only
including the performance of the space and control segments in our evaluation of user
equipment accuracy. we are also constantly assessing that performance.
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Figqure 27 18 a count of the tests conducted at Yuma a8 of early September. these
1ire 135 tegts for which data packs have been distributed.

As of today. we have not completed the planned DTLF field testing:; we are heavily
1nto Wil and MOD center tests; we have hegqun operational readiness testing with Army
man packs. Some very preliminary results taken from the data base maintained by the
data analyesls contractor indicate that the sets tested are not yet mature., They
suggest, however, that the level of achieved performance is within specifications.

@ 84 DAYS WITH TESTS
® 57 WITH | TE£ST
¢ 10 WITH 2 TESTS
e [1 WiTH 3 TESTS
® 5 WITH 4 TESTS

® | WITH 5 TESTS

Figure 27. Field Tests at Yuma and El Centro through 6 September 1983

Finally, as noted in Figure 28, the GPS test program is well underway. and
exerci15es all three program segments. It is capable of providing data to support the
cumprehensive evaluations of the competing user contractor sets and determining the set
capabilities and the GPS military utility and operational suitability.

® TEST PROGRAM EXERCISES
o SATELLITE SEGMENT
o CONTROL SEGMENTY
o USER SEGMENT
® COMPREHENSIVE, COMPETITIVE ;
EVALUATION
o CAPABILITIES
o MILITARY UTILITY

o OPERATIONAL SUITABILITY

® HEAVILY UNDERWAY

Figure 28. Summary of GPS Test Program

Fhe dincussion which tollowed this presentation appeats in dassified publication CP 144 (Supplement)
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POTENTIAL IMEAUCT OF NAVSTAR GPS ON NATO TACTICA! OPFRATIONS
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SUMMARY

The Navetar Global Fosftioning Svatem created when the Unfted States Deputy Secretary of Defense
directed that separate +iforts hy the U.S. Navy and the U.S, Afr Force tr develop 8 satellite-bnsed
ravigatior svatem be combined fnto a single propras and placed under the rxecutive control of the USAF,
i 978 at the irvitation of the United States, nine NATO natfons Joined the prolect bty establishing a
NATC team at the Navetar Joint Program Offfice. This paper outlines NATO {nvolvement in the progras,
Fighiights some of the unique, operationally smignificant features of the rRystem, and deacriber a few
representative operational mcenarion where the benefits of Navatar would be particularly useful.

INTRODUCTION

in 1969 the NATC Military Committre published a navigatiorn requirements document (MC 139) which
outlined the required characteristics of onavigation systems for all wilitary applications. These
characteristices Included the requirement for world wide operatfons in any weather conditfon, at all
times of the day or night, and protection to the maximum extent possible against demtruction, jaoming
or unauthorized ure. In addition, these systems were to make use of a common frame of reference.

Aithough in 17969 there wags no mingle candidate system on the horizon to mect these requirements,
the preceding characteristics provide a very accurate deacription of the Navstar Clobal Positioning
Svrtem as tar asx thev go. Of course, Navetar ham an even longer list of attributes, including passive
operation, extreme accuracy, and the capacity for an unlimited number of users. The system promises to
provide navigation and positioning information of unprecedented accuracy, and {f adopted widely
throughout NATO sheuld lead to {eproved force coordinatfon and a conefderable reduction fu navigatior
support costs. This paper will outline NATG fnvolvement in the Navetar project and will then dimcuss a
few scenarios ir the NATO environment where Navsatar promises to provide significant benefita.

NATC INVOLVFMENT

NATO {nvolvement in the Navstar Global Poaftioning System was made possible by an offer from the
Un{ted States to all KATO nations to participate in the Full Scale Engineering Development phase of the
program. This early {nvolvement by 8o many nationg in a major U.S. development program was unique. In
1978, nine uatfons agreed to participate in the program ard a multi-national Memorandum of
{nderstandirg was prepared and signed by the Natioanal Armament Directors. A NATO Navstar Steering
Comnittee comprising national principal representatives from each of the participante was estah)isghed
to ensure effective implementation of the MOU and to manage the activities of a NATO team at the Joint
Frogram Oftice.

The NATO tcam of 12 officers was established at the U.S. Joint Program 0Office in the fall of 1978
under the leadership of a NATO Deputy Program Manager. Members of the team were fully integrated int
the Program Office in management, engineering and loglistic support positions. The purpose of the teas
1s to contribute to the U.S. development program and to establish a flow of informatior back to the
nations to assist the nations ir reaching decisions on the eventual employment of Navstar. This
irformation low is gnvernment 1o government, is controlled by the NATO DPM, and {s cucrdinated ir each
country by the national principal representative.

Recently, 1t has become apparent that NATO involvement beyond the formal Phuse 1I portion of the
program is easential 1f NATO natiors are to be kept fully Informed on the evolutior of the system. As
s result the Mesmorandum of Understanding has recently been revised to ensure NATO participation until
the 1988 time frame. This revised MOU is expected to be signed by the Naticonal Armament Directors {n
October 1983,

PRECISE TIME

Navstar {s advertised and widely thought of as & positioning syastem. However it 18 much more than
that. To begin with, it offers not only very precise positioning information, but alsa very precise
velocity and time. The potential of Navstar as s time source 18 often forgotten {n discussions with
the varfous user communities. However, the usefulness of a time source accurate to microseconds or
even nanoseconds {is becoming Increasingly apparent with the proliferation of sophisticated time
dependent communication, identification, reconnatissance, and precision location systess.

PASSIVE OFFRATION

Another aspect of Navetar considered to be of overvhelming importance is the fact that, tc the
user, the systems is completely passive. As a result, when one evaluates the contridution of Navstar to
s given wmilitary objective, it is not enough to simply note the accuracy improvements over other
current and proposed avionics fits. Navetar ia the only system that can provide acceptable performance
in & completely passive mnde. And as one considers the threat, particularly in Central Burope, it ia
apparent that an sircraft that can perfors its mission passively will have a much higher survival rate
than one which 1s radiating a broad spectrum of RF energy.
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“pace Divinfan/Yh]
Por Box 40960 Worldway Toatal Center
Tow Angeler, CA Q0009

SUMMARY

The Navetar vlobal Fosttioning Sveatem created when the U'nited States Deputy Secretarvy of lefense
directed that aeparate cttorts by the U.S. Navy and the U.5. Atr Force te develop a satellite-tased
navigatior svatem he costined Inte s single program and placed under the executive control of the USAF.
n L9TR At the frvitation of the United States, nine NATO natione joined the project by entablishirg a
NATC team st the Navetat Joint Program Office. This paper outltnes NATO involvement in the program,
highiights sume of the unigue, operationally significant teatures of the Rystem, and demcriber o few
repreacttat{ive operational scenarfos where the henefite of Navstar would be particularlyv veeful.

ODUCTTON

in 19649 the NATC Milita:ry Committee published a navigatior requirementa document (MC 139) which
outlined the required characteriatics of navigation mystems for all allitary applications. These
charactertrtics included the requirement for world wide operations In any weather condition, at all
timen of the day or night, and protection to the maximum extent possible against demtruction, Jatwming
1 unauthorired use. Tn addition, these systems were to make use of a common frame of reference.

Aithough tn 196% there was no single candidate systee on the horizon to eeet these requirements,
the precedirg characteristics previde a very accurate description of the Navaetar Clobal Positioning
Svrtem as tar ak they go, Of course, Navetar has an even longer list of attributes, including passive
cperativn, extreme accuracy, and the capacity for an un)imited nuaber ot users. The system prosisesn to
previde aavipation and positioning information of unprecedented accuracy, and {f adopted widely
throughout NATO should lead to improved force coordinatfon and a considerable reduction iu navigatior
support cests.  This japer will outline NATU involvement (n the Navstar project and will then discuss a
tew wcenarios it the NATO environment where Navetar promises te provide significant bepefita.

NATC INVOLVEMENT

MTC fnvolvement in the Navstar Glotal Positionirg Systewm was made possible by an offer trom the
nited States to all NATO natfons to participate in the Full Scale Engineering Development phase of the
program. Thir early Involvement by 80 many nations in a major U.S. development program was unique. In
1978, nine nations agreed to participate 1in the program ard a multi-national Memrrandum of
Understandirg was prepared and signed by the National Armamenrt Directors. A NATO Navstar Steering
(remittee comprising national principal repreaentatives from each of the particlpants was establighed
to ensure effective implementation of the MOU and to manage the activities of a NATO team at the Joint
Frogram Uftice.

The NATO tcam of 12 otficers was entablished at the U.S. Joint Program Office in the f{all of |478
under the leadership of a NATO Deputy Program Manager. Members o! the team were fully Integrated intc
the Program Office in sansgement, engineering and logistic support positions. The purpose of the tcam
fe toe contribute to the U.5. development program and to establish a flow of informatfor back to the
nations to assist the nations in reaching decisions on the eventual employment of Navatar. This
friormation fiow is goverument to government, is controlled by the NATO DPM, and is coeordinated ir each
country by the natiunal principal representative.

Recently, 1t has become apparent that NATO fnvolvement beyond the formal Phese 1l portien of the
program is essential 1f NATO natiors are to be kept fully informed on the evolutior of the system. As
s result the Memorandum of Understanding has recently been revised to ensure NATO participation until
the 1988 time frame. This reviaed MOU is expected to be aigned by the Natfonal Armament Directors (n
Cctober 1983,

PRECISE TIME

Navatar {s advertised and widely thought of as a positioning system. However it {s such more than
that. To begin with, it offers not only very precise positioning information, but also very preciae
velocity and time. The potential of Navatar as o tiwme source is often forgotten in discussions with
the various user comsunities. However, the usefulneas of a time source accurate to microseconds or
even nanoseconds 18 becoming increasingly apparent with the proliferation of sophisticated time
dependent communication, identification, reconnaissance, and precision location aystems.

PASSIVE GPFRATION

Another aspect of Navetar considered tu be of overwhelming importance {s the fact that, to the
user, the system is completely passive. As a tesult, when one evaluates the contribution of Navstar to
a given military objective, it is not enough to simply note the accuracy improvements over other
current and proposed avionics fits. Navetar {s the only system that can provide acceptable perforwance
in a completely passive mnde. And as one conesiders the threat, particularly in Central Europe, it ia
apparent that an aircraft that can perfora its sission passively will have a much higher survival rate
than one which fs radiating & broad spectrus of RF energy.




COMMON R

At ther sign!ticant benefft of Navatat 18 the ab!lity te tie all users {nte » common grid,
accutate te within 1% peters,  The importance of operating to s commor. grid reference applies equally

o the atlr, lard and sea tercem of NATO.  Iu the airburre application 1t would allow much closer
cevgetation amd preater effectiveness among the reionnaiasane and atteck clements of the Alr Porces.
noclose afr suppert miaafons {t would enalle forward aftr controilere to {dentify target poemftions to
the support atrcratt much wore accurately.  In naval coperatfors {t would provide the common grid for
afrberre, murface and sub-surface unita. 1t s intererting to note that {n early Phase | deploywents
witl the 1.5, tactftc Fleet, davatar enabled the ur!ts to maintalin grid lock to a far grester degree of
accuracy than had vrer been poasible before,  When one notes the bendfita of common grid within the

urits of pne countrv's armed forcem, 1t tecomes very clear just bow valuable this characteristic would
te wher the tarces ! neveral nations are aperating together.

APPITCATIONS

Atritorne Alisebile Opeyatlions

Trials conducted during Phave 1 of the propram confirmed the capability of lavetar to make
possitle extremeis accurate personnel acd equipmert sirdrops. Thia ahould rnot surprise anyone - 8
navigation svetee promising accuracier ¢f 15M t(n 3 dimensions sheuld allow tor very precime aerfal
deltverv. he significrrce ot the system Jiem ir nllowing deliverfes of this accuracy in all weather,
dav or nipht, without visual reference. This ir particularly relevart to clandestine operations where

hett the alrcratt and the tunper could be cquipped with Navatar.,

Aerin’ hesupply

Tt can Ye narticipated that enemy irterdiction of supply lines will force a heavy dependence on
aeria. tesupply ir rome instaunces. Much of this resupply will occur in close proximity to the FEBA and
therefore {n a hestile environment for slow flylng tactical transport afrcraft. Survivability weuld be
greatly ernhanced {1 this resupply could be conducted under cover of darkness cr ndverse weather.
Asruming the lrnd forces are equipped with Navatar and In commurication with the tactical afrlift, and
wiven the sccuracy of Navetar, ammunition could be dropped to the artillery units, POL to the fuel dump
ard food to the mess tent.

Atimcbiic Uperations

"7 In atrmobile operatiore, Navatar ofters the pctential to land at & predesignated landing zone
without pre-positioned navigation or approach aide. Moreover, lavstar har the capability to allow
operations from cetablished tacilities uvrder conditions of abrolute darkness and in crtresely poot
vigibilftv.,  Trials conducted ot Yuma Proving Ground during Phase 1 testing using the test
cenateilation rf satell{tes demonstrated the uaciulness of Mevetar {n & Rel Nav mode. landings were
made with reference cniy to the Mhavetar-driven cockpit diaplays. Accuracles were {n the order of |-3
mtrra.

Additiinally, In 1rials done earlier in the mountains surrounding Yuma, Navetar was found to
yrovide sufficiently accurate vertical information to fly a type of terrain following profile. These
trialn used available stured map data and normal GPS operation. The actual flight paths flowr agreed
very viosely with the thecretical results of earlier simulation runs. This capability should erhance
the adility of tactical helicopter pilots to fly operativnal missiors at night aud in adverce weather.
viven this scrt of promising potential, future airmobile operations should be limfted only by the
imagination of the pianning staffa.

interdiction/Counter Air Cperations

T "Under thir generalized tcpic heading are included reconnaissance, interdiction and offensive
counter air cperatiorns. These aissions are all common to the extent that they require extended flight
cver hostile territory and they generally require the abilirty to find fixed targets at known
coordinates. In the Central Eurcpean environment, this implies bouth adverse weather conditions much of
the time, and very sophisticated enemy ajr defences including active ECM.

It {n ir these missicn areas that the passive uature of Navetar acquires such sigiificance.
Tedays modern sttack afrcratt are capable of attacking fixed targets with high accuracy but to do this
they oiten must rsdlate a significant amount of RF energy to accomplish the miegsion. In the worde of
one experienced {ighter pflot, the attack sircraft resembles a huge searchlight on a dark night as 1t
crosses ‘utu enemy territory. Terrain following radsr, attack radar, radar altimeter and doppler al)
cortribute to this energy transmissior and all may be required to complete the mismion ruccessfully.
However, they make the aircraft extremely vulnerable to cnemy air defences.

Vith Navetar and INS on the other hand, the attack aircraft has two completely passive systems
that are almost perfectly complementary in naturc. Navstar provides the INS with trequent, hiphly
accurate position updates thereby bLounding the error builéup, while the INS provides Navetar the
afrcraft velocity, attitude, and rate-aiding to enable the bandwidth of the receiver to be kept very
narrow, thereby reducing the effects of ECM. In close proxinity to high velue targete vhen Navstar may
be swamped by jasming, the INS can take over in the short term with very litile degradation of

accuracy.
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1he bombing result shown at Figure | provides a good example ol the weapon dellvery accurscy
pussible with Navstar. These results were cbtained in a 10,000 foot, straight and level delivery
which although not repienentative of & typical NATO scenario, provides gcod evidence of the accuracy
avsilable trom the systes. Figure 2 shuwa resuits obtained in a 4-g toss delivery and they are
equally impressive. Note again that these results Jere obtained with toss bombing from approzimately
34 miles {rom the target. This too, grestly enhances survivability. With GPS, the “"dumb iron bombs”
have bren given the approximete effectiveness of saar! weapons.

bor rertain frterdictivn misstions, the targets are not at fixed, known geographic points but are
scbile. In these sttustions tou, Navetar can play an taportent role. With the newer ssart weapons
such as the various rluster weapons currently being teated, the warheads are given some #hility to
discriminate smongst targets provided they are laurched in the fmmediate vicinity of the targets.
Wheresr. it is now neccasary for the pilots to place electro—optical weapons 1n visual contact with the
targets, Mavatar could be used to blind launch the smart weapons, secure in the fact that when the
weapons break out of cloud or fog they will be within a few meters of the closest approach to the
target. This would also allow designers to use a sensor with such narrower field of view.




Art) Submarine Warfare

"Turning new te the tuple of anti-submarine warfare, the mimple anti-rubmarine warfare mcenario
shown at Figure 3 will he used te Vliustrate the potential benefit ot Navatar. This wscenaric shows an
altoratt tracking a submarine using dnta from passive directional asonchuoys. Typically, this type of
tuey provides tearing and deppler velcocfty data to the atrcraft target tracking algorithm. Obviously,
the ot'ective 18 to achfeve an accurate track on the target sod attack, in this case, using a cnp-
vent{:nal homing torpedo.

Figure 4 shows the rame scenaric but this time {ndicates the main components ot the attack error
budget . Tt alwe highlighta the vulnerability of the torpede during the mearch phase prior to target
acquisition.  The tirst error component i the atrcraft navigation rystem error. For current doppler
«r fnertial taned dystemr tlim error is time dependent, vary with afrcraft mancuvers or sea-states and
can accumulate very rapidly. The second, errrr component conslsts of geometric interbuny errors where
the bucy relitionships are not those storTed In the alrcraft computer. 1The interbuoy errors are
produced Yy the marked sariability of sonobuoy ballistics and the drift of the buovs 1n the water.
Faperfenie har shown that there 1s itttle correlation ot drift direction and speed between mnnobuoys.
Theae interbucy ertors can become very significart over a typical tracking period of 10 to 15 minutes.
These erzcin are curiently reduced by efther flying to en-top one sonobuoy prior to an attack or by
usitg A sonobucy reference svstem. llowever, these techniques 1imit the tactical freedom of the
atriraft and intriduce other errora and vulnerabilities. OGPS provides the potential te minimize all
ot there errore. Chviously, !{f the alreratt {m fitted with 8 GPS receiver producing a bounded error
it the order «f 70 meters then, tor this scenario, the aircraft navigation errors are effectively
serc.  To minimire the (nter-buov errurs it is necessary to fix the position of each sunobuoy and
update those positfons reguiarly.  The (PS satellite nignale provide the capability to solve the
ronobucy tracking pretlem by {mpicmenting (P frequency translators on each bucy.

Figuir % 15 & simplc schematic which fllustrates the {requency translator principle. The trans-
iater, In this case on the soncbucy, receives the aignals from the viaible GPS satelllites. The L band
signals are tranaiated to % band and retransmitted with a pilot carrier. The afrcratt acquires srd
tracks the carrier and transliates GFS signals and so generates buoy positions and velocities. The
tucy positions would be used to correct the interbuoy relationships and the velocity could be ted back
1t the sonohucey processor to correct the target doppler velocity estimates.

Returning to the auti-submarine warfare scenaric seen at Figure 6, this time with the errors
reduced tvy PSS, 1t is pussibie tc cconsider new developments in future ASW torpedoes. At pregent,
hecause latge attack errcrs are anticipated 1t has been necessary to develop weapons with the capacity
to execute protracted rearches for the target. During this search phase the torpedou 18 vulnerable to
acounstical counlermeasurces and target maneuvers. If, using CP5, {t {s possible to mirimize afrcraft
and bucy pesition errers to tens «f meters then, it will be practicable to feed the target position,
course anc speed to the torpedo at 1elease and s8¢ achieve a direct attack with only minimal search and
‘rereased protability f successful acquisfticn. In this way the GPS would significantly improve an
operaticral capability.

I te ¢ band frequency transistors are slready in use for miseilc tracking on the US Navy Trident
progran. Frequency translaters will also be built and tested as part of the Dol CPS Range Appli-
catfons Joint Pregram Office test program. These current tranrlators are {ar too bulky and expensive
fer sonobuoy appiications. However, projecting the current developments in electronic ajniaturization
and cost reducing production techniques, it should be feasible to produce low-cost translatora by the
end of thin decade which would be suitable for high volume applications such ar sonobuoys.

SUMHARY

1f this paper has given the {mpression that Navetar will make all other navigation systems and
all smart weapons cbnolete, the authors apeologize. Although Navatar is the most significant achieve-
ment in navigution and position finding fn the past several decades, it will not do all things for all
users. Although 1t should render most other radio navigation afds obsolete, {t cannot function
optimally in many applications without aun associated fnertial navigation aystem or inertial measure-
went unit. However, it will protably be an eesential system for most military sinaions.

There {s an understandabie concern among NATO military forces of the potential susceptibility of
any radic navigatior ri{d to the impreasive FW capabilities of the Warsaw Pact forces. It {s alsc
apparent that it one applies encugh resources to jamming a particular system, they can achieve partial
success. however, GF: hus been catefully designed to cope with this type of environment. The use of
spread spectrus formats, phased array antennus, and {1nertial coupling will largely uvercome anv
conceivable level of jammirg. Not only can an inertial system provide complementary velocity 1in-
formation as well nx extremely accurate heading, 1t can provide the rate atding which is esmential to
crable GPS te maintain opcration in the face of heavy jemming. Similarly, many targets will etill
require amart weapons to defeat them. Navstar should however, reverse the cost trend of these weapons
by eltminating the 1equiremert fur wide field-of-view sensors and sophfsticated navigation systemson
each weapon.

By frcreasing the force cffectiveness with much higher first psss successes and by enhancing
afrcraft survivability through pasaive operation, Navetar promises to ™ a {orce mltiplier of preav
significance fn the KATO envirousent.

The discussion which tollowed thes presentation appedrs in Cassified pubhcition CP 44 (Supplement)
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Navetar 18 now 1n bthage 11, the full scale engineering phase. During this phase, a
consteliation 15 bheing maintained with four Yo five gpare vehicles to support testing.
A tuildup of the consteliation of 18 space vehicles and three active spares will beqgin

in 198k and will take approximately 2 years to complete. This paper discusses the
overage with the operational constellation and the factors that determine a strateqy
tor the buildup It provides 1nformation on the navigation rapabilities that will be
aval.able during the transition from the test to the operational ronstellation.

The test confiquratinnp provides several hours of navigation coverage aver selected
regqions of the earth. As the constellation is built up, availability to users will

increase in both duration and 1n the areas aof coverage on earth. About midway through
the buildup, complete worldwide, two dimensional navigation roveraqge will be achieved.
Upon campletion of the buildup, virtually continuous worldwide, three dimensional
navigation coveraqge will be accomplished.

Hecause of 1nterest by many users around the world, the sequence 1n whirh orbital
positions are tilled 1s very important. There dare no formal requirements for
pertformance Jduring the buildup, but there is stronqg interest in achieving the maximum
navigatian couverdge at each step of the way. This paper addresses the performance
meanures, the constraints, and the obiectives used in determining the buildup strateqy
The pertormance achieved during buildup using a candidate strateqgy 1s presented.

INTRODUCTION

Navst 4f 1% a space based, all weather, continuous navigation system thdat provides
extremely accurate position, velocity, and time information to users anywhere in the
world The program 18 managed by the Alr Force at Space Division as a joint proqgram ot
all the services, plus the Defense Mapping Agency, the Department of Transportation,
NATO, and Aurtralia. The Aerospace Corporation provides generdal systems engineering
Aand 1nteqration.

Navstar 1s composed of the control segment, the space segment, and the user segyment.
The canttol segment consists of the monitor stations, the ¢ground antennas, and the
master cantrol station. The space segment consists of the satellites, which broadcast
the 1anging sl1qgnals. The user segment consists of the user sets on a variety of host
vehicles that receive the satellite ranging signals and perform a navigation solution.

A tegt constellation 18 in operation now with four good Block 1 gatellites, a tifth
will be launched in June 1983, and three additional Block | satellites are available to
maintain the test constellation until operational buildup commences. The test progranm
to evaluate Navstar is being performed primarily at the Army Proving Grounds in Yuma,
Arizona, for which the test constellation was designed. However, covertage is dvailable
at many other locations (Reference 1). Demonstrations can be, and have been, perfotmed
at places other than Yuma.

The opefrational orbital ronfiquration is a constellation of 18 satellites uniformly
6pared 1n s1x ocbital planes 1nclined at %5 degtees. In addition, there are three
active spareg to complete the constellation. The orbits are circular and have nearly
12 hour periods. This configuration will provide continuous three dimensional coverage
except for a tew teqions, which will experience very short periods of degraded
performance each day These regions will have almost continuous coverage.

Transition to the operational contiguration will consist of launching the production
Block 1] satellites, 80 that the combination of the Block | and Block Il satellites
regults 1n an interim operational constellation with a mixture of orbit inclinations.
This will result 1n sliqgqht differences in coverage from the operational contiguration.
Block ] satellites could dbe replaced before they fail, so that the constellation
consists only of Block Il satellites which i« the operational contfiguration. The
current plan is for Block Il satellites to be launched beginning late in 1986 at a
rate of eight per year, until the constellation, with spares, is developed.

puring the buildup. system performance will have to be superior to satisf{y user needs
and to maximize worldwide coverage. As requirements become important, they will be
factored into the buildup strategy, and the candidate strategy presented in this paper
may have to be changed. To meet the requirements, the test configuration will be
meintained until it would be beneficial to rephase in order to improve worldwide avail
ability. Since the Space Shuttle has been designated as the launch platform. launch
opportunities will be constrained by requirements to share launches with other
payloads. This can determine the bdbuildup sequence or at lesst strongly influence some
of the choices. The lasunch windows of the other Shuttle payloads could restrict the
chojice of orbital planes for the Navetacr satellites. However, analysis has shown that
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the launch windows can be npened by making use of Ghuttle arbital reqgression and any
reserve capacity of the orbit transfer propulsion system. Therefore, these effects can
be reduced, and the unconstrained buildup described in thise paper can probably be
realized. Alsn, dedicated Gpace Shuttle flights are being considered so that the
constraints due to grharing would be eliminated. However, delays in reaching some
stages of the buitldup would occur since it would be necegsary fo wait unfil all the
satellites scheduled for each launch are ready.

OPFERATIONAL CONSTELLATION

The operational constellation i8 a4 six pldane, uniform 18 satellite ronfiquration plus
three gctive gpares. The reason for the active on orbit spares is discuseed 1n a later
section. The planes are 60 degrees apart in longitude, and in each plane there are
three satellites spaced 120 degrees apart. The phasing from plane to plane is8 40
degrees so that a satellite in one plane will have a satellite 40 deqrees ahead (North)
of 1t 1n the adjacent plane to the Fast. The reference orbit values are given in

Table 1. Figqure 1 1llustrates the constellation orbit planes with the spares. The
three spares are required to quarantee a high probability of having 18 or more
satellites at all times, With a suitable replacement production and launch rate after
establishment of the constellation. In the buildup studies, the spares are added after
18 satellites are 1n orbit (since they do not contribyte as much to coverage as the
sther satellites).

Table 1. Operational Orbit Description Longitude Relative to Earth
and Astronomical Coordinates

ORBIT LONGITUDE REGHT ASCENSION
NUMBER PLANE OF THE ASCENDING Of THE ASCENPING
NODE, deq NODE, deg
1 ! 1 0. 180 0
2 1 1 240, 60 30
3 i 300, 120 30
4 2 200, 80 90
5 2 320, 140 90
6 i 2 20, 200 90
7 3 340, 160 150
8 ! 3 0, 20 150
v | 3 100, 280 150
10 ! 4 60, 240 210
11 ‘ 4 120, 300 210
12 I 4 180, O 210
13 : 5 140, 320 210
14 5 200, 20 270
15 5 80, 260 210
16 [ 220, &0 330
7 ; 5 20 100 330
18 ; 5 160, 340 330
SPARES |
19 | 1 195, 15 %
20 | 5 215 35 210
2l l 3 25, 205 150

Reterenced to astronomical coordinates of 19500 as of 1 July 1985 0hr 0 min GMI
and reqressing a -0, 04009 deq - day,

CONSTELLATION VALUE

Position dilution of precision (PDOP) was used as a measure of three dimensional
position error. In the case of independent, {dentically distributed ranging error, the
root mean squared three dimensional position error is equal to the tms ranging error
multiplied by PDOP (see Reterence 2, pp 102 103). For worldwide coverage,
constellation value is used as a measure. Constellation value is the fraction ot
users, worldwide, averaged over time, who have a PDOF less than or equal to six (i.e.,
PDOP « 6). Aveilability of the constellation for navigation at specific locations
(@.9., Yuma) was also based on PDOP - 6. PDOP: 6 is the threshold used in the aystem
specifi cation (Reference )). For a specified 7.0 meter ranging error (1 sigma), the
threshold ot 6.0 for PDOP corresponds to a three dimensional position error of 42
meters ras. The constellation value is computed by sampling points uniformly
distributed on the earth over a 24-hour period. On thsat basis, if the PDOP values for
all points ate below 6.0, the system value is 1.0. Por the six plane, 10 satellite
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Cobmteliation with spares, the constellation value is O 994 Generally, when PLOP g8

elow v 3t an Yothe tange of 0 to 4 For the operational consteilatian, the averaqge
Pivcb v atout 0os

SEPARING AND REPLACEMENT

Hoorbat Sparen are hecesraly to maintdain 4an 18 satellite conktellatyon with high

prootat ity A spasaing and replacement strateqgy calling far more than lH sateljites op
i oreguaired tor o thie T bhe arhleved current contractor intormatyon 1ndicates
the Jifetime of 4 gpale satejiite 1s not appreciabjy lengthened by marntaining 1°
farmant or semidormant ) wtate Consequent ly, epares on orbit have been sdsumed
et spatate; andt replacement «tudies. The studies have 1ndicated that thres
P . rtir o wpares, ane 1n oevery other plane, are pufflcient 1o qguarantes Joad
verade Wit Ligh o oavartabilaty

Ava ., st ity haw teen defined as the probabllity of maintaining 4 ~anstellation with (%
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TEST CONSTELLATION

The concept validation phase (Phase I) of the program (1974 79) carried a three plane,
24 satellite constellation as the planned operational constellation. There were eight
satellites per plane; the planes were 120 degrees apart in longitude inclined at 55
degrees: and the satellites were uniformly spaced at 45 degrees apart in each plane,
with a plane to plane phasing of 30 degrees.

The Phase | constellation of from four to six satellites was designed to replicate to
the greatest deqgree possible & portion of the then future 24-satellite configuration.
The constraints imposed by the Atlas launch vehicle required that the Block I test
satellites be placed in orbits with an inclination angle of 63 degrees, whereas the
operational Block Il satellites that will be launched from the Shuttle will be placed
in orbits inclined at 5% degrees. Following Phase I, the operational constellation was
reduced to an 18-satellite configuration because of program restructuring. This at
first lead to selection of a three plane, non uniform constellation (Reference 4) and
eventual!ly to the six plane, uniform 18-satellite constellation (Reference S), but the
test constellation was not altered from the original concept.

The current constellation consists of four good satellites, Navstacrs 3, 4, 5, and 6.
Navstar 8 is scheduled to be launched in June 1983. It will replace Navstar 1, which is
not being used for navigation because it is operating only with a quactz crystal clock
and is not providing good accuracy. The orbitsal parameters existing after the launch
of Navstar 8 are shown in Table 2. The test configuration position numbers, which do
not correspond to the Navstar numbers (not to the position numbers of the operational
confiqguration in Figure 1), are shown. Position 4 will remain vacant decause retention
of only five satellites for testing is planned. After the launch of Nav t 8, there
will be three more Block ! satellites (Navstars 9, 10, and 11) avallable as epares to
maintain the five-satellite constellation. It is currently projected that Navetar 9
should be launched in October 1983 and the last two satellites launched in mid 1984 and
mid- 1980% to maintain the test configuration. The five satellite constellation is the
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starting point for the buildup to the 1nterim operational constellation atarting in
I9RA However, based on reliability analysis, it is presently anticipated that there
may be as few as four satellites or as many a4s s8ix when the operational buildup
beqins The study assumes that the five Block | satellites will continue to operate
until buildup 18 completed, resulting in the mixed orbital inclinations of the
1nterim aperational constellation.

Tabhle 2. Navstar Orbital Parameters for Test Phase Constellation
at First Ascending Node KReferred to 1! July 1980

U —
| T
i Orbjital Parameters
| = ]
| Right ‘ !
' Ascension Longitude Incli-
'Navetatr Position of Node, of Node, Time of Node, nation,
'Number Number degq. deg. E GMT deg
‘ ® .
L3 6 80.61 353.0 +2 1M1 .8 63.29
|
) 3 201.17 269.5 +2 oMs1®10®% 8™  63.14
b 1 201.01 L 227.0 «2 Peo™16® 8™ 63.64
| s 5 81.05 L 152.0 2 oP40®s1% 8™  61.09
| 8 2= 202.26 22 1 248.5 2 | 2M19M25% 16" ‘63.00 a1
| .
! 4 82.26 22 :130.5 +2 | 2M11™26% .16™ 163.00 .1
! |
1"‘ e e - [y», B .1 - i RN § e
1
| e Location where Navstar 8 is to be placed when launched:
| only first four positions are currently used.

.o Empty slot.
S e

RUITLDUP REQUIREMENTS AND CONSTRAINTS

The 1nitial buildup was selected to build on the tegt configuration for the Yuma
Proving Grounds, the best worldwide coverage can be obtained by maintaining the cluster
of satellites for testing, since early rephasing would cause undue separation between
the satellites. This would lead to low visibility; that is, there would be less chance
of seei1nqg three orf four satellites simultaneously, which is the necessary condition for
two dimensional and three dimensional solutions, respectively. Low visibility would
result in reduced Yuma coverage and poor worldwide coverage. Consequently, rephasing
of the test cluster must be delayed until enough satellites are in orbit 80 that when
the cluster {8 bhroken up both the worldwide coverage and the Yuma coverage are still
qood .

Figute % shows the test confiquration and the operational configuration relative to
each other. The positions are shown at the instant that position numder 1 of the
operational constellation crosses the equatorial plane. All other positions are shown
relative to that or jJin. Also illustrated is the proposed rephasing of the test
satellites.

CANDIDATE BUILDUP SEQUENCE

Maximizing Yuma end worldwide coverage are compatible goals during the early phase of
the bulldup, but when 10 or 11 satellites are in orbit the two criteria are a4t odds.

To determine the best sequence of satellite additions, the coverage time at Yuma and
the worldwide coverage were determined for each candidate addition to the
constellation. This was done starting with the addition of the sixth satellite and
continuing through 12 sastellites in ordit. When there were ejight or more satellites in
orbit, the performance of the constellation was evaluated for both the existing
srrangement of the test configuration satellites and the arrangement that would result
if these satellites were rephased to place them in the intetim operational
constellation positions. Fleven different buildup sequences were considered in the
final screening. PFach of these was obtained by carefully considering the applicabdble
criteris for each satellite addition and in determining the proper point to rephase.
The rephased and non rephased worldwid~ constellation values for the selected buildup
sequence are shown in Table 3. The navigation coverage at Yuma for rephased and

non rephased arrangesents is shown in Table 4; available time shown considers only
intervals of continuous coverage of one or more hours. FPFor the selected buildup
sequence, the rephasing should be done after the tenth satellite is added. The
constellation value is better for the rephased constellation for 10 or more satellites,




and the Yuma avairlability drops only #lightly with the rephasing (see Tables 3 and 4).
The remaindar of the buildup is driven by the worldwide availability. The buildup is
containued to 1A gatellites; then the spares 4re added to complete the constellation.

PLANE ] 6

o/
Ai()nM(\RI

20

® OPERATIONAL SATELLITE AND POSITION NUMBER
O SPARE
CootNe NOMINAL TEST PHASE SATELLITE AND TEST POSITION NUMBER

N
</ ® DENOTES PROPOSED SATELLITE MOVE WHEN REPHASING TEST CONFIGURATION

ALl BIOCK | SATELLITES ARE AT 63" INCLINATION
ALl BLOCK |1 SATELUITES ARE AT 557 INCLINATION

Figure &. Operational Configuration with Test Phase Locations Superimpose!

Table 3. Buildup in Worldwide Constellation Value

POSITION _
NUMBER NUMBER OF CONSTELLATION VALUE
sm?{'r:s ADDED
' SATELLITES NON-REPHASED REPHASED
5 - 0.01
6 i 0,148
7 18 0,198 .
8 13 0.257 0.163),
9 10 0.324 , 0.215
10° 15 10.387) 0.391
N 1 0. 8N 0. 494
12 16 0. %4
1§ 14 0.740
14 1 0.8539
15 12 0.923
16 5 0.950
" 4 0.974
18 6 0. 95
19 19* 0.%%
2 b 0.9
21 a® 0,99
¢ Spares

Consteilation is rephased at 10 satellites; these cases would nol be used.

14 Test position, but at 55-deg inclination. May be at 63 deg depending on initial test
confiquration; results in slight change in constellation value but no change in
buildup sequence.)




Table 4. The Buildup in Navigation Coveraqe at
Yuma, Arizona

Position Yuma Avail Yuma Avail
Number of ability®* ability*
Number of Added Non rephased Rephased
Satellites Satellite (hr/day) (hr/day)
.y 2.3
i 6 (4) 4.5
' 7 18 4.5
| A 13 6.6
! 9 10 7.7 (4.8)°*
10 15 (9.0)** 8.8
11 17 (9.0)** 9.8
12 16 10.8
11 14 13.9
14 11 19.0
1% 12 22.3 :
16 5 22.3
17 4 22.%
18 6 23.2
19 19+ 23.6 ;
20 204 23.6 i
21 214 24.0 :
7I
. Lpares
. For intervals of 1 hour or more.
s (Constellation is rephased at 10

satellites; these cases would not be used.
(4) Test position, but at 5%-deg inclination.
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The buildup time of coverage at Yuma is paralleled at other locations around the

world Table % shows daily navigation coverage in hours of coverage at 42 cities for
6, B8, 10, 12, 15, and 18 satellites, and 18 satellites plus three spares. Only blocks
of covetage that have PDOP less than or equal to 6 continuously for one hour or more
are counted.

Although the actual buildup sequence will probably differ somewhat from that shown
here, the fact that there were a number of comparable buildup sequences indicates that,
unless the constraints are really stringent, comparable performance should be
achievable. The main factor that seems to differ is the quality of the coverage:

i.e., are large blocks of continuous coverage available or are there many smaller
blocks of time? Generally, one would prefer large blocks 0of time. The selected
sequence exhibits this property and generally had longer duration blocks of continuous
coverage over 24 hours at more places of interest. Some competing buildups had almost
as long a total period of coverage over a 24 -hour period. However, the coverage
included many small blocks of time at intermediate stages of the buildup.

CONCLUS ION

Except for very brief periods of degraded performance, occurring once or twice per day
at a tew locations in the world, excellent continuous navigation performance is
available worldwide with the operational Navstar configuration. In those regions where
some degradation can occur some form of aiding can circumvenrt the outage.

This paper describes a candidate buildup sequence for establishing the constellation.

The coverage availability, both at the Yuma Proving Grounds and worldwide, was the

primary criterion for selecting the order. It was shown that large blocks of time are

available at all locations using the selected sequence. Other candidates exisgt but

were not as qood: some of the sequences came close to the selected candidate, but the

coverage was of lesser quality. There were shorter periods of total coverage over a !
24-hour period at points of interest, or the coverage was made up of smaller dlocks ot

time, or both.

Analysis will continue toward the selection of a preferred sequence for buildup. New
user requirements will be included, and shuttle constraints are being examined. Frinal
selection of & buildup sequence will alsoc depend on the actual state of the
constellation during the buildup. In any case, the launch schedule indicates that
two-dimensional coverage should be available by the latter part of 1987, when 12 or 13
setellites are on orbit. Pull three dimensional coverage, barring failures, should be
svailable by the latter part of 1988.
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Table %. The Buildup in Navigation Availability at 42 Cities

[ NUMBER OF SATELLITES
S e T
4 s
| VSR LOCATION . » 10 - - 8 1 SPARES -
| e e Bl
| B ____ _HOURS OF COVERAGE
acaruco mioco 1t a1 ne 176 72 240 240
| amcucoack Aasaa > 19 64 s 19 5 2o 240
| ANRARA TURREY 4o X ] 107 2710 235 0
| BRUSHLS BEIGIUM 21 b 51 114 70 240 740
| BUENOS AIRES ARGENTINA 18 I % 9 o 4 R 736
! CAMP PARKS ¢ ALIFORNIA 4 L3 'e "4 PAN) PN ) 40
T CALLUTTIA INDIA 49 ¥ 48 130 78 40 nn
L CAPE K{NMEDY HLORIDA e [ [ 74 173 140 b
T (APE TOWN SOUTH AFRICA 14 41 LN 108 062 Al 40
| CARACAS VEMEZUHLA T 58 99 140 6 240 an
i CHARLESTON S0UTH {AROL tNA 4 v a 4 b 13 250 e -
{ (MRIST(MURCH NEW TEALANO 50 S G 6 d ‘04 190 40 24
(0D (ARE (ANADA X ' v FX 775 240 240
DGO GARUIA N A no 160 09 0 iy
| EGLIN AFS HORIDA ae ] ] 12 72 M0 o
SARNBOROUGH  UNITED KINGDOM 76 11 52 A 2774 740 MO
| FORT MOMMOUTH NEW HISEY 19 an LIS e 197 73 0
. FORTUNA NORTH DAKDTA (%3 s T ns 214 10 40
1 GALVISTON THEAS s 0 [ X} 2 72 40 40
© GRAND BAHAMA \LAND 4 $9 60 120 721 w0 I
C GuAM ~ A ar 18 50 ne 409 40
| HONOLUTY MAWAI 14 LX) e 49 228 Ha ue
| HORMY;? 4 59 *? 9 267 260 740
P LAS PALMAS CANARY 1SLANDS KA LY 8 AR N AN 40
I LMA PRy 14 2] @2 s 235 240 240
| NEW HAMPSHIRE (KF) 11 1) ’e "o 18 6 27 0
| MEW LONDON CONMECTICUT 1a 38 A 08 18 - 231 740
PAGO PAGD AMENICAN SAMOA 10 57 84 158 26 240 e
; PANAMA (ANA{ I re 83 ta9 220 0 240
| ®vADW sAuDr ARABIA [ T ] LY 79 M0 240
| ROME ITALY 78 13 (X} 173 no 10 40
| SEYCHELLES ISLANE ie a8 as 102 21 Mo no
COSYDMEY  AUSTRALIA X} Y] LY 95 216 235 240
I stocamotm swiew 23 « .’1 e 29 ne 739
TAPE FORMOSA 78 3 58 94 222 20 240
TANANARIVE MALAGASY REPUBLK N A 34 58 68 720 240 240
TEL AVIY  ISRARL 40 s 8 L3 87 195 PN ] PN ]
THULE  GREENLAND 17 42 73 13 222 24 40
10KY0 SAPAN v2 16 s 83 204 2 172
TROMSO  MORWAY 79 19 51 "y 08 239 240
VANDEMBIRG ASB  (ALIFOENIA Iy ' 87 0. 21 737 240
YUMA  ARIZONA as X3 se 08 2213 232 40

* For contiuous covernge itervols of | how o more for PDOP < & icoveroge lottig levs than | how 1t not counted)
- Conteligton rephosed when o tenth iotelite v odded (fmued mclngtion )
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TACTICAL APPLICATIONS OF GPS USER EQUIPMENT
by

Capt Gary M. Barbee, USAF
HO TACDRAYV
Langley AFB, VA 23665 USA

ABSTRACT

[he bniching covers GPS user equipment with emphasis on system strengths and weaknesses which affect tactical
apphaations ot GPS A short deseniption of GPS operation s followed by a discussion of signal outages, sclective
avarlability | pamming scenanos and vulnerahilities. Presented next are discusstons on previous test results, expected
tuture testing and demonstrated capabihities such as passive rendezvous, precision runway approach and blind bombing.

Integration and wircrattimstallation programs are also addressed along with rationale for TAF GPS aircraft prionties,

concepts of aperations tor search and rescue, special operations, reconnaissance and master navigation plan impacts.

he discusaon which tollowed this presentation appears in classified pubhication CP 344 (Supplement)
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DEFENSE METEORDLOGICAL SATELLITE PROGRAM (ODMSP)

Col Justin A (Curtds, Assistant Deputy for Defense Meteorological Satellite System
1t Col Charley P Arnold, Jr , A\r Weather Service Representative to the DMSP Program Office
Headquarters USAf Space Division
Los Angeles, CA 90009, USA

ABSTRAC]

The DMSP 1t a total satellite system composed of spacecraft with meteorological sensors, an
sarth based command and contro)l network, fixzed and mobile user stations, and a communication network
19nking the various segments together

AIMTRODUC Y LON

The misston of DMSP s to provide global meteorological dats to Tri Service Commanders 1n support of
wor ldwide military operations, both strategic and tactical, and to advance spaceborne meteorological
sensing technalogy to meet changing Department of Defense requirements. The Space Segment consists of
satellites in 830 kilometer sun synchronous polar orbits each carrying & payload of various
meteorologica) sensors. The Satellite Operations Center s located at Offutt AFB, Nebraska, with earth
terminals located at Loring AF8, Maine, fatrchild AFB, Mashington, and the Af Remote Tracking Station,
Hawa Rea) time cloud 'magery data Vs transmitted directly from the spacecraft to AVr force, Navy,
and Marine Corps ground tactical terminals and Navy carriers located throughout the world. Stored or
playback meteorologica) data s transmitted to centralized processing facilities at the AVr Force Globa!
weather Central (AFGMC) at Offutt AFB, Nebraska, and the Navy's fleet Numerical Oceanography Center
(FNOC) Yn Monterey, California. At these centralized facilitles, globa) cloud cover and other
meteorological sensor data can be merged with more conventional data and distributed to provide weather
support throughout the Department of Defente. In support of the command and control, telemetry and
meteorological data, the system uses domestic communication satellites and land Tines to interconnect
the various segments n a cohesive and responsive manner.

SPACE SEGMENT

The spacecraft constits of a three-axit stabilized vehicle with an on-orbit weight of 725 kilograms
and 3 5 meters 1n length exclusive of solar panels. It has a pointing accuracy of 0.01° and a 30-month
mean mitsion duration.

enser

The Operational Linescan System (OLS) Vs the primary meteorological sensor. The OLS 13 a complete
self contatned data collection system consisting of an oscillating scanning radiometer and a data
processing and storage subsystem which provide meteorological tmagery data (cloud cover) on a globa!
basts The system collects day and night esarth scene Ymage data which is then transmitted 'n real time
and/or stored over multt orbits.

farth scene data 1 sensed Dy the OLS in two complementary spectral bands: visible light and
therma) ‘nfrared In each channel the scene resolution acrois scan 11 made nearly constant by using &
vartable instantaneous fleld of view in conjunction with a sinusoidally varying scan motion. for global
coverage the nominal “smoothed mode® resolution s 2.78 km in esch channel and for selected reglonal
coverage with higher resolution & nominal 0.56 km "fine mode® Vs provided in esach channel.

The visidle channe) senses scene radtance 1n the 0.4 to 1.1 micrometer spectral band for scene
11 'uminations ranging from sub-solar to sud-lunar at quarter moon, & range of over ten millition to one.
The ‘nfrared channe) 1entes scene radiance 'n the 10 to 13 micrometer spectral band corresponding to &
scone tempersture range from 190°K to 3109k, The output data s made 1inear with temperature over
the dynamic range.

The visible channel detectors are threv-segment t111con photoconductive PIN diodes for daytime
scenes and & ceslated gallium arsenide opaque photocathode for nighttime scenes. The infrared detector
15 8 two-segment Mercury-Cadmium-Telluride photoconductive detector cooled to & temperature near 108°%
and maIntained within ¢0.19x of the chosen set point. The magery dats across the scan path Vs
collected in the form of discrete plicture elements (pixels) and converted iInto one of either 64 or 256
grey shades.

The program and data storage are provided by the OLS memory consisting of 3K of RO and 13X of CNOS
RAR. 1In sddition, there s 16K of core RAN memory. Processed meteorological data 13 stored on four
magnetic tape recorders, each having & storage capacity of 1.67 x 109 oits.

In addition to the OLS, the spacecraft has other meteorologica) 1ensors, some of which may eaploy
advanced spaceborne meteorological sensing technology. These iInclude atmespheric sensors such as a
muitispectral infrared radiometer or & microwsve temperature sounder and vartous space environmenta!l
sensors such as electrun and ton tampersture and dentity sensors, an R-ray detector, and 8 precipitating
electron spertrometer.




Commynicationy and Telemetry

tor meteorolegical data transmisstion the spacecraft communicationy subsystem \ncorporates three
tndependent S band 1inks using PCM/PSK tranimission at 1.024 Mbps real time and 2 66Mbps playback data
rates The transmitters are 5 watt solid state units uted In conjunction with crossed dipole directive
antennas mounted on the earth facing side of the spacecraft in addition, there are redundsnt S band
telemetry 1inks for spacecraft status, one using a high gain directive antenna while the other s
omhigirectional with tYwo hadf turn, halt wave hellcal antennas This telemetry 1ink yses PCM,/PSK/PM
modulation

The uplink command system operates at a 2K rate and has tertlary MISK/AM modulation The recelve
| band antennas are simitar to the telemetry omnidirectional units

The telemetry unit Y3 a s011d state CROS system under microprocessor control using 4K of PROM and 2K
of RAM With three commandadble dats rates of 2, 10 or 60 kbps, 1t also has numerous commandable
submodes, Y e , abiliity to obtain OLS, spacecraft and telemetry memory dumps, to sample analog channels
using Nig' ar sampliing rates, and to rearrange analog and discrete channel assignments

Command ang Control

The command and (ontrol subsystem 13 the focal point for all spacecraft functions and operations
It 'ncludes a Controtl Interface Untt which 15 an Ynput/output device through which at) data and
Instryucttons flow The subsystem also Includes computers ang memories which contro) all spacecraft
functions, a stable spacecraft c(lock, and processing to decode and distribute all commands Two central
procissing untts are used, each having 28K read/write memories. The subsystem multiplexes 1ts own
Internal telemetry data stream, composed of attitude and control parameters for insertion tnto the
telemetry data format

The software elements of the command and control subsystem process command messages and data ltoads,
maintatn the status of the hardware, and generate control signals to all elements of the spacecraft,
toth hardware and sof tware The Ascent Guldance Software provides the navigation, upper stage thruster
control, velocity trim and final orlentation maeneuvers during ascent through orbital insertion The
Orbit Mode Software pruvides attituyde determination and control after achieving orbit

Attitude Qetermination andg control

The accurate (0.0! degree) three axis attitude determination and control subsystem provides precise
pointing of the sensor payload Three on board orthogonal gyroscopes measure short term changes in
attttude;. a3 star sensor measures tong term dri¥ft. An on board processor stores ephemeris data and
computes the spacecraft attitude. To enhance pointing accuracy, extensive star catalogs and ephemeris
tables are perlodically tranimitted to the spacecraft from the ground. Attitude control Y3 provided by
three reaction wheels In an active closed loop configuration (with a fourth for back up), magnetic cotls
for unloading excess momentum, and GN, thrusters for transient momentum disturbdbances In the event of
fallyre of the Inertial Measurement Unit or Celesttial Sensor Assembly, a lower accuracy (0 1 degree)
three axis attitude determingtion and control 15 svatlable. It 1< provided by the tarth Sensor Assembly
and the Sun Sensor Assembly

other Spacecraft Subsyilem:

the other subsystems consist of & power system which includes photovoltaitc solar cells, two
nickel! cadmium secondary batteries and power conditioning electronirs, a single axls control system to
allow the solar array to track the sun, and both passive and active thermal control systems

GROUND COMMAND AND CONTROQL SEGMENT

The OMSP spacecraft has an extensive woridwide system avatlable to provide support for meeting the
mission objectives In addition to the three earth terminagls and domestic communication satellite
network mentioned earlier, 1t has the added resources of the Atr force Satellite Controtl Factlitty's
wor 10wide Remote Yracking Stations and the extensive DOD communication satellite network to provide
telemetry and command dackup. All of these resources are presently linked via terrestrial or satellite
19nks

Satellite Qperations Center

The Satesllite Operations Center (SOC) at Omahs 't the primary command and control site and contains
the personnel and systems necessary to conduct al) mission planning, spacecraft commanding, telemetry
Ingeat ond post pass analysis.

Nisston planning encompasses a1) tasks assoctated with data generation and scheduling for the ground
system and satelltte Operating activities. [t synthestzes the uter's dats needs, enginsering requests
for specia) sate!lite tests, and processes satellite status information to create the operational data
files necessary to control the DRSP satellite system. These requirements and operationa) constraints
are then Incorporsated Into the automated Risston Planning Data Generstion and Verification System
(PLANS)

The Stored Telemetry Processing System (STP3) provides data snalysts with the means to conduct
post pass, tong term telemetry analysts of spacecraft snomelies. The system operates either
interactively or In the batch move. Ffor real time telemetry, the SOC utilizes spectally dutit
decommutators to separste out spacecraft telemetry dats for computer processing. Rea) time procesting
provides conversion to engineering units and ‘dentification of out-of-timit parameters, all displayed on
color graphic terminals. Once the satellite contact period Vs over, the stored tetemetry and the
resl time telemetry are merged iInto the revolution by revolution telemetry dats base, and are then
accestible far pott pass computer anstyses.
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Sateliite Communications

At each of the three earth terminals, the meteorological and telemetry data are multiplexed together
with s%te status data and a digita) votce channel Into & tingle 3.072 Mbps datas stream. The 3.072 Mbps
data stream from the Hawal) tracking Station does not contain digital voice. The channels from the three
sites are uplinked to the Westar satellite, leased from Western Union by the American Satellite
Carporation, and relayed to terminals located at AFGWC, NMebraska, and FNOC st Californis Both sites
recelve al) the data contained on all three channels The command channe! from the Omaha Satellite
Operations Center to the two Command Readout Stations (CRS's) 1s & single time division multiplexed
{1DM) (hannel that (ontainy a composite of command, contro) and digital voice at 230.4 kbps The
(ommand data stream Vs converted from a seriag) to ternary form at each CRS and uplinked to the
spacecraft

The primary J1inks to the CRS's are backed up by terresttrial land Yines that are capable of handling
the same types of command and telemetry data as Westar but at a lower dats rate The terrestrial lines
do not provide mission data to AlGWC In addition, there are command/telemetry back up links to/from
the Alr force Satel)ite Control faciitty, the spacecraft factory and Vanderberg AFB for launch and test
support

Commang Readoutl 2tatloens

The Command Readout Stations, located at Loring AFB, Maine and Falrchild AFB, Washington, consist
0t earth terminaly for accessing and receiving data from the spacecraft The antenna system hat a
12 meter reflector with a G/T of 20.75 dB8/°Kk and uses pseudo monhopulse autotracking

In addition tu processing and transmitting commands in real time, the terminals have a local
commanding capability by means of (ommand data shipped in advance from the SOC PLANS computer The
extent of this stand alone operation s dependent upon the quantity of command data resident at the
Tocal site

The downlink function recelives, stores and forwards al) incoming S band signals to the two
(ertralized user segments

USER SEOMENTS

Globa! wWeather Central

The AVr force Globa! Weather Central (ASGWC) 11 the largest military meteorological center in the
wor1d and provides worldwide meteorological and space environmental support to not only the AlVr force
but to the Army and a variety of Defense Department agencies as welil. In addition, AFGWC backs up the
Nattonal weather Service's Mational Meteorologica) Center and the National Severe Storms forecast Center.

Meteorologists at AFGWC use a combination of conventional dats (rawinsonde, radar, atrcraft, and
ship observations) and satellite data (DMSP, GOES, and NOAA) for both their meteorological and space
environmenta) customers. Conventional data Vs transmitted into GWC over the Automated Weather Network
(AwN) from military bases within the CONUS and from overseas. Globa) Weather Central also acquires
additiona) weather data from civiltan sources such as the fAA, the National Meteorological Center, and
commwercial atrlines.

AY) these data sources feed Into GWC which, operating under a bulld and apply philosophy, devotes
much of Yts resources to butlding a variety of data bases. The rematining resources go toward
meteorological applications of these various data bases. Among the many thousands of products created
and transmitted from GWC datly are MAC computer flight plans, other computer flight plans, terminal
forecasts, facsimile charts, some 100 to 150 point westher warnings, and as many as 150 requests for
spectal forecast assistance.

DMSP sate)lite data s used 1n a variety of ways at GWC to support both meteorological and space
environment customers. Globa) cloud imagery, visual and Infrared, s made avallable to the forecaster
in several different ways He may receive & positive transparency for use on a light table or a hardcopy
print on which he can conduct an analysis. The imagery s also processed directly into the Sstellite
Global Oata Base (SGOB). With each new batch of stored data Into GWC, this data base s updated. The
metecrologists then use the SGOB to reconstruct computer generated mages of any area of the globe or
merge this data with conventional dats to produce the world's only three-dimensional cloud analysis
model With addatttonal input from numerical forecast models, & short term cloud forecast can be
generated

The tropical meteorologist at AFWC has found DMSP cloud imagery to be particularly useful. In areass
of the world where there are virtually no conventional observations, typhoon location and tracking have
been traditionally accomplished by atrcraft reconnalssance. However, as this resource has decreased,
OMSP has become increasingly more important to both naval and fixed base forces.

DMSP data has also deen found very useful tn the construction of hemispheric weather depiction
Charts These charts show aress of cloudiness, cloud type, Ycing, and turbulence. Wind direction
vectors can 8150 be extracted from DMSP pictures and used for upper-a'ir analyses performed at GWC. The
severe weather forecester also uses cloud magery to locate areas of potential tnitability and to assist
in the preparation of point weather warnings.

in adéition to cloud imagery, the forecaster hat additional OMSP data avallable from a variety of
infrared and microwave sounders and msgers. Among the types of information these sensors provide are
vertice) temperature profiles. By sensing infrared and microwave radlation transmitted by the earth and
by atmospheric geses, (COp, O3), the meteorologist can reconstruct temperature profiles. This type
of information has long been ysed 83 the basts for atmospheric analysis and forecasting. Prior to the
advent of satellite remote sensing, temperature profiles were obtatned solely from ‘nstrumented
balloons, with severely limited coverage. WIth ONSP we now have worldwide coverage which f111s In the
date void regions. Sy 'aproving our Initial anslyses we alio ‘mprove our numeri.al forecasts. These
forecatts predict large-scale weather systems that ultimetely affect the locel weather. They also
predict the winds that are reqQuired for computer f1ight plans, wind trajectory models, and other wind
ong density forecssts.
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Navy fleet Numerical Qcesnography Center

The Navy Fleet Numerical Oceanography Center (FNOC), Monterey, Californta, recetlves the identical
micsion data as Global Weather Central via AMSAL relay The weather data can then be transmitted via
ter-estrial 11nks to secondary factilities at Pearl Harbor, Guam, Norfolk and Spain for Aetalled
processing for local weather reports The OMSP satellite date s also used 'n a vartety of ways at
$NUC, hoth alone and merged with more conventional data to provide meteorological support to Navy <hips
and facilities woridwide

Mobile Termingly
The Myrk |V 13 the latest generation, mobile, recelve only, ground terminal to provide rea) time

DMSE visyal) and Ynfrared ¢ 1oud Ymagery data to theater deciston makers It 's a compact ynit (onsisting
of a2 3 meter parabolic antenna, & meter van, and an auxVltary power generator, designed to be
tran e ted aboard € 130 or C Y4) adrcraft It has automated acrquisition and tracking and a low noltse

front ond with & G/1 of 11 3 dbs9% The Mark [V has the capabtitty to track and process data from
both the M5 and NOAA weather satellites Hard (opy data can then be provided to at least four remote
tocations over catble and telephone «ircudts Mark [V's are intended to be co located with theater
commanders and are planned for deployment to turope, Alaska, Pacific, Far tast, Central Amertca, United
xtngdom, and C(ONUS

The ' 024 Mbps serdal, real time data '3 demodulated and formatted for processing while being
vimultansously recorded atong with time code Information on an analog tape recorder. The formatting
conststs of a3 sertal data synchronization process, a serlal to parallel data conversion, and a
decommutation process The decommutation process extracts the visual or nfrared Ymagery data and the
cther aaeiltary data The imagery dats s the primary data ‘nput for display generation, with the
auxiliary data deing used for appropriate Ymage correction The visual or infrared ‘mages can be
enlarged, enhanced, labeled and gridded within 30 seconds of 8 satellite pass

in the real time mode, the imagery data Ys formatted, corrected for earth curvature and wow/flutter
effects, enhanced and overlayed, and sent to hard and soft copy dlsplays. The hard copy 1% a
lasrr ~ranned, dry processed fitm transparency sutltable for light table viewing and photographic
reproduction, while the soft copy s a CR! monitor display

The (spabiltty to search through the entire pass at norma) msgnification using the soft copy display
1s accomplished by conmands entered via the operator's console keyboard. The normal magnification scene
1y 3000 km square at a 1-15 militon scate. for times two and four magnification, the displayed scene
wil) be 14500 and 750 km square respectively. From edch spacecraft pass, an area up to 8000 km iong and
2000 km wide can be covered. By 1988, there will be up to 27 of these terminals operational worldwide

shipboard lerminals

The Navy has shipboard receiving terminals on the John F. Kennedy, Enterprise, Independence, Midway.
and Kitty Hawk. In the future, they will be installed on nine additiona) ships, such as the Nimity,
(oral Sea, Constellation, etc. Their operation 1s very similar to that of the previously discussed
mobile terminals

FUTURE PI ANS

The future of OMSP does not foresee ‘mmedlate, dramatic technological changes but, rather, a
deliburate enhancement of the various subsystems, technology permitting. Primarily, these include
increasing system lifetime Dy obtatning parts with improved reltability, that are less susceptible to
radietion effects and have ncreased yields. Etrror detection and correction will also be Incorporated
into future spacecraft computer systems

future efforts will Include the study of satellite autonomous operation, up to 1ix months with
11ttle or no support from the ground operations centers. This could involve significant changes to the
overall spacecraft, including power and redundancy management, data handling and software systems to
achieve the stated goals

Other future consdderations Include moving out of the crowded S band Rf frequency to the higher Eus
band Wwhile not technology limited, such a change would have severe impact on the numeroys fixed and
mobile ground terminals and poies a challenge to be able to transition with minimum operational effect.

Ay in the past, advanced -tate of the art special sensors will continue to be flown to provide
additiona)l meteorclogical tnformation and further the sensing technology.
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MILITARY APPLICATIONS OF METEOROLOGICAL SATELLITE (METSAT) DATA

Norman f. Rauscher, Colonel, USAF
vice Commander
Headquarters Atr Weather Service
Scott Air Force Base, Illinois 62225

SUMMARY

This paper addresses the military applications of METSAT data and, in particular, Afr Weather
Service' s (AWS) processing and use of data from the US Department of Defense MLTSAT, the polar-orbiting
Detense Meteorological Satellite Program (DMSP). The primary mission of ANS s to support US Air Force
and 1S Army operations. In modern warfare, the presence or absence of clouds directly impacts the
ability to successfully and economically perform the military missions, and with the recent development
0t extremely expensive cloud-sensitive weapon systems, the accuracy of cloud information assumes an even
ireater role. AWS processes and uses al) available data to satisfy mission requirements. Peacetime
<lourd data sources include the DMSP, NOAA polar orbiting and geostationary satellites, worldwide surface
and upper air weather data, and foreign geostationary METSATs. In wartime, the Defense Meteorological
S5atellite vrogram may be the only consistent source of meteorological data. ODMSP provides data to ANS
1n two modes--direct readout and recorded. Direct readout data are received through transportable
terminals on land and sea and provide direct cloud imagery support to Army and Air Force field
cnmmanders and Navy operations afloat. Recorded DMSP data received at the Air Force Global Weather
Central (AFGNC) and the Fleet Numerical Oceanography Center (FNOC) are processed and used to support
woridwide operatfons such as joint military exercises, aerial refueling missions and many more.

In this presentation, | will provide some views on the military applications of Meteorological
Sateliite {METSAT) data. In particular, | will cover Afr Weather Service's (AWS) use of the United
States Uepartment of Defense (DOD) METSAY, the polar-orbiting Defense Meteorological Satellite Program
(DMSP). 1 will focus on the METSAT use at the Afr Force Global Weather Central (AFGNC), the AWS
centraiized facility, at Offutt AFB, Nebraska and by AWS units deployed around the world. In addition,
111 point out some examples of the military mission payoffs DMSP has provided, and some insight into
future DMSP enhancements,

The primary mission of AWS 1s to support US Atr Force and US Army operatfons. Important keys to
successful operations incluvde target detection, identification, tracking, and destruction. The presence
or absence of clouds directly impacts the ability to successfully and effectively perform these
n15510ns, and with the recent development of extremely expensive cloud-sensitive weapons systems (such
as Tv, infrared, and laser-guided bombs and missiles), the accuracy of cloud information assumes an even
greater role.

AdS processes and uses all available data to satisfy mission requirements. Peacetime cloud-datd
sources include the DMSP, NOAA polar orbiting and geostationary satellites, worldwide surface and upper
alr data, and toreign geostationary METSATs, such as METEQOSAT. The mission of the DMSP {s to provide
global environmental data to support worldwide US DOD operations. The sensor complement and the polar
orbits are therefore tailored to US DOD needs. The 450mm orbit provides contiguous global coverage and
the resolution necessary to allow detailed analysis of data.

Since the beginning of the Defense Meteorological Satellite Program, a primary objective has been to
put data in the hands of decisionmakers as soon as possfble. Therefore, DMSP was configured to provide
date 'n two ways: dats recorded and stored onboard the satellite for later relay when passing over a
command readout site and dats readout directly to a transportable van as the satellite passes within
range of the van.

Data recorded aboard the satellite {s eventually downlinked to readout sites at Loring AFB, Maine;
Fairchild AFB, wWashington and {f necessary, Kaena Pt, Hawaii. The deta is then passed to the Air Force
Global wWeather Central at Offutt AFB, Nebraska, using a communications satellite. [n recent years the
system has 4130 included & communications satellite relay to the US Navy's Fleet Numerical Oceanography
Center 1n Monterey, California. Although the concept of the physical routing of the recorded data has
not changed significantly during the 1ife of the DMSP system, the types of recorded data have increased
significantly. The first mission sensor other than the cloud imager was a gamma radiation detector
flown in 1971, The DMSP mission expanded in November 1972 with the launch of a satellite with &
tropospheric temperature sounder and a precipitating electron spectrometer. The first operational
Vinescan system, or OLS, & vastly improved system for cloud sensing, was flown in Septeaber of 1976.

Dats can also be directly read-out by transportable vans deployed anywhere on the globe. In 1971,
vans were also placed on US Navy aircraft carriers, The newest mode) of the transportadble van {s the
Merk Iv. Om of these is located at an AWS dete-"ment at (roughton RAFB in England. Date received at
this site are further relayed to other ANS detachments tn ingland through & tactical imagery
digsemination system. An older van is located at Bann, West Gerwmany, The data received at Bann i3
relayed to AWS detachments throughout Europe also through an imagery dissemination system,

Recorded data are used by the Afr Force Globa) Weather Central to support woridwide operattons such
3 the rapid deployment of combined or joint task forces, hurricane/typhoon positioning, and serial
refueling. Direct readout data are used by meteorologists in forward areas to support field commanders
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conducting operations, Requirements for forecasts of icing, turbulence, severe weather, fields of small
cell cumulus and snow/cloud discrimination demand immediate manyal application of high-quality 0.3 and
1.5 nm resolution visual and infrared imagery data.

The recorded data received at AFGW( have many uses. Tnese data are displayed on “hard copy”
transparencies for use by forecasters at AFGWC. After the data are no longer operationally useful, the
transpdarencies are archived at the iniversity of Colorado for public use, Real-time data also flows
1nto a completely automated processing system, The telemetry data are split off for satellite command
anid control as well as technical monitoring purposes, Atmospheric and space envirommental data are
separated and processed by sensor-unique software. Lnique space environmental data are provided by the
precipitating electron spectrometer, the plasma monitor, and the visual cloud sensor. The visual data
and the electron spectrometer locate the auroral oval--important to forecasts for high frequency radio
communications tn polar regions and the high latitude early warning and tracking radar network in North
America and Lurope. The plasma monitor provides electron densities--essential to space system ephemeris
calculations and anomaly investigations as well as fonospheric propagation for the space detection and
tracking system, In addition, visua! and infrared imagery are mapped into a satellite global digital
data base, at inm resolution, This data base is constantly updated by continuous on-line processing of
the mmagery and 1s available 1n visual and infrared display for worldwide analysis and forecasting
applications: (1) High quality displays are sent by digital facsimile to US Air Force command and
control centers, the data are also relayed to a wide spectrum of other US qovernment agencies; (2)
Jrsplays are also used as large overlays for forecast applications at our weather central; and, (3) A
third gpplication 13 somewhat unique to ANS, the Air Force Global Weather (entral is a pioneer in using
computers to blend satellite data with other meteorological data to hyild automated cloud analyses
which, in turn, are used to initralize automated cloud forecasts to develop worldwide mission tatlored
products.

The automated cloud analysis model integrates the visual and infrared imagery, and remotely sensed
temperature soundings, along with conventiona) observations, to create a 25nm resolution, three
dimensional cloud analysis. Data are analyzed immediately upon receipt, while the normal global
analysis 15 accomplished every three hours. The process {s totally automated with the exception that
analysis 1n high priority areas can be manually modified 1f so needed. The cloud analysis fnitializes
the automated cloud forecast model. [t is processed every three hours and forecasts cloud cover and
precipitation out to 48 hours in the northern hemisphere and 24 hours in the southern hemisphere,

In summary, recorded data ere used today at the Af Global weather Central in a complex system
relying on a considerable amount of computer hardware and software. vYet, the system is extremely
relrable. Over 95 percent of the DMSP data are routinely processed through the system and arc used in
the analysts and forecast models. Data from the polar orbiting US NOAA satellites can also be processed
1n this manner. ANWS units throughout the world receive analysis and forecast products from the weather
central to support US Air force, Army, and other US DOD requirements.

The UMSP direct readout data capability satisfies US DOD requirements for worldwide, responsive,
secure, high resolution METSAT information. The system {s complete and self-suffictent, and the
transportadle vans have their own power supply and data processing capability. In this mode, OMSP
provides timely visyal and infrared tmagery directly to transportable vans collocated with field
commanders responsible for field operations. Genera) Momyer, USAF Commander in vietnam, relating his
experience with the DMSP system safid, "As far as | am concerned, this {DMSP) weather picture is prodably
the yreatest innovation of the war.”™ While discussing the scheduling and launching of strike missions
against North vietnam, in his book he went on to say that, “Without them (meaning the DMSP 1
photos)...many missions woudd not have been launched." .

Glabal war 15 not necessary to affect the free exchange of meteorological data among nations.
increased local or regional tensions between two or more nations can stop the flow of routine
conventional weather dats. During the Yom Kippur War, all nations i{n the area of conflict stopped
transmission of standerd meteorological data over civil communications circuits, despite international
agreements to the contrary, because weather data could possidly aid opposttion commanders in making !
military decisions. Early in the uS resupply effort of Israel, Lodi Airport at Tel Aviv was closed due
to dense fog and low stratus and our resupply flow was disrupted. METSAT {magery enabled ANS
forecasters to determine the weather pattern was fronta) in nature and thus were able to accurately
predict clearing, North Vietnam also dented their data during the Vietnam conflict. Quring a furopean
war, our opponents will almost certainly stop transmitting weather data. ln addition, NATQ countries
may stop transmitting weather data because of its usefulness to Warsaw Pact Countries. Thus, the
encrypted OMSP data available at transportable vans in furope may be the primary source of weather data
for our European forces,

The United States Readiness Command’'s mission requires short notice deployment of a joint task fo-ce
to virtuslly any area of the world. High quality resolution satellite data, responsive to the deployed
military commander, are often the sole source of weather data in 3 contingency area where data are
etther sparse o denied. In support of US commitments to NATO, the US regularly deploys tactical
fighter squadrons from US dases to allied airfields tn Europe. Decisions to launch, delay, or change
refueling areas, not only for the fighter alrcraft, but also for the supporting tanker sircraft needed
for refyeling, tre often bDased on the high quality resolution data avatlable from the DMSP. The recent
Reforger Exercise in Europe and the August 1983 Bright Star Exercise in Egypt gave ANS metaorologists
many chances to exercise thefr training in the use of METSAT data to support deployment of forces.

A DMSP ta.ticel van, 43 wel) as recorded date received at the AF Global Weather Central, provides
coverage necessary for the Afr Force weather satellite support to the Joint Typhoon Warning Center
{JTWC) located on Guam tn the Pacific. JTWC provides tropical cyclone positions and warnings for most o




cothe acr e and [ndian tceans, from the international date-line to the ecast coast of Africa. Yince
LT, ore than halt of the 11wl 's warnings 1n the western Pacific were based on satellite positions of
tropr.al vyclones,  In the Indian Dcean, where reconnatssance atrcraft and land-hased radar are rarely
avartarle, aver 9% percent of the 1TW0 ' warnings were based on satellite fixes from recorded data
analyzed at the Al Tobal weather (entral, Tropical cyclone warnings required by military commanders
theathoat the Pacitaic ang Indian Nceans, are also made available to caivil and international agencies.

The exarples Dve Just discussed hidhliqht the extensive use of DMSE by Arr Weather Service. o
Aeet growing aperational support reguirements, we have programaed additional capabilities for the DMSP.
Amung many inprovements envisiaoned, the space envirg) 1ent mission will be strengthened with the addition
v poth a4 tapside vonosonde and a refined plasma density monitor for detatled profiles of electron
Aengtty,  The atcrowave water vapor profrles wiil allow us to determine aerial coverage and rates of
precipitatian aver the glabe,  we enviston these data will provide an improved cloud analysts capabilaty
and amprovint trafticabilaty farecasts for commanders,  Fainally tncreased system survivability ang
relvazalat, wrll ancrease the MG avarlarility and utility,

I ruvenents 1n the direct readout capabrlities are also envistoned, [n the future, multiple sensor
tata, nuth a4 Microwave water vapor profiles ang atmospheric sounder data, are planned to be included 1n
the tirect redtogt oacde alang with o 1ata arocessing capabrlity.  These data will 1ncrease the
acamint, ot the mlitary aetearologist to provide ¢ritical suoport when conventional weather data are
Nt avartiatle,  ‘ommanders will then ngve the environmental data to consider immediate changes tn
maximize tee patential of the r command and control systems.

The MNP g System responsive to military requirements, has qrown considerablv during tne past
decade.  The Zlose interaction among the weatherman at the tactical readout termingl directly supporting
the treia Cammander  the Air Farce Global weather (entral building and applying its worldwide data base,
ans dedrcated command ang control of the on-orbit OMSP satellites have provided a finely tuned system
apahle of responding to nationdl security requirements. [n short, DMSP and nther sources of
aetearnlogioal atellite data have proven to he vital to AWS's support to national defense ang will
continge to rvolye to meet the (hanging needs of decisionmakers.
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CIVIL WEATHER SATELLITE SYSIEMS
by
Donald R. Miller
Chief, Advanced Systems Concepts Group
Systems Planning and Development Staff
Nationa! tnvironmental Satellite, Data, and Information Service
National Oceanic and Atmospheric Adminfstration
Washington, D.C. 20233

o.5. weather satellites operated by the National Oceanic and Atmospheric Adminfstration, (1) collect
and distribute qualitative and quantitattve data, and {2) provide communications and relay functions for
environmental and search and rescue data. Nualitative data consists of visible and infrared (IR} images
of cloud and weather features. Quantitative data comprises (1) measurements of the vertical temperature
structure of the atmosphere {soundings), (2} sea surface temperatures, (3) cloud motion winds, and (4)
solar environmental data. Communicatfons functions include the broadcast of data stored during orbit to
special read-out stations, and the global, real-time broadcast of data to read-out stations, worldwide.
Relay functions of weather satellites include: <collection of environmental data broadcast from buoys,
ships, aircraft, and from remote sites, for relay to central site for processing and distribution, and
global collection and retay of emergency signals from afrcraft and ships in distress.

This paper provides an overview of the presently operating U.S. civi) weather satellites, their
space and ground systems and their data distribution systems. Examples of the data products avaflable
from the satellites are provided with emphasis on their potential application to the support of tactical
operations. The products from the civil weather satellites include multi-spectral imagery on several
time and space scales and quantitative products that are of use in providing weather support to tactical
planners.

The present DoD-Civil weather satellite cooperative arrangements are reviewed with a discussion of
the “Shared Processing” arrangements currently being implemented. A brief overview of international
weather satellite coordination is also provided. The paper concludes with an outlook of future trends
in the development of future civil weather satellite systems.

The National Environmental Sateliite, Data, and Information Service, NOAA's operating branch for all
environmental satellites, operates two types of weather satellites: polar-orbiting and geostationaryl-z.
Polar-orbiting weather satellites provide global data. Two are now in orbit, with the following
characteristics:

Orbit Type: Near polar, sun-synchronous

Altitude (Circular): 854 km (530 mi.) morning satellite
833 km (518 mi.} afternoon satellite

Orbit Period: 102 minutes

Orbit Times (Equator Crossing): 7:30 a.m. local, morning satellite
2:00 p.m. local, afternoon satellite

Longitudinal Separation of Adjacent Orbits at the Equator: 2821 km (1750 mi)
25° longttude

Sensor Cross Track Scans widths:
Imager - 2,800 km (1,740 mi.)
Sounder - 2,347 km (1,458 mi.)

Geostationary weather satellites provide continuous viewing of the United States and adjacent
coastal waters. Two operatfonal unfts are in orbit, with these characteristics:

Altitude: 35,000 km (22,300 mi.)

Orbit Period: 24 hours

GOES East: 75°W, covers + 50° latitude and longitude around subpoint
GOES West: 135°W, covers + 50° latitude and longitude around subpoint

NOAA-Serfes Spacecraft

NOAA's two polar-orbiting spacecraft, based on an earlfer TIROS design called NOAA-A, B, etc.,
provide operational coverage of the entire Earth four times per day. They are a principal source of
environmenta)l data for the 80% of the globe that 1s not covered by conventional data. The purpose of
these sateliftes 1s to make measurements of vertical temperature and humidity structure of the
atmosphere, surface temperature, cloud cover, snow cover, water-ice boundaries, and proton and electron
flux near the Earth. They have a capability of receiving, processing, locating, and relaying to readout
stations data from balloons, buoys, ships, and remote automatic statfons distributed around the glodbe.
The satellites also carry & Search and Rescue transponder to be described later.

The sensor and relay systems on the NOAA-series polar satellites include:
o TIROS Operational Vertical Sounder (TOVS)
® Advanced Very High Resolution Radiometer (AVHRR)
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® Space tnvironment Monitor (SEM)

e “olar Rackscatter .iltraviolet Radiometer (SBUV)

® ARGOS Nata (ollection and Platform Location System (DCS)

®  Search and Rescue System (SARSAT)

In addition to the normal command, telemetry, and data communications capabilities of the
NOAA-series satellite, direct data readout service to users fis provided via three broadcast channels:

® MHigh Resolution Picture Transmission (HRPT)

® Automatic Picture Transmission {[APT)

¢ Direct Sounder Broadcast (DSB)

The Advanced very High Resolution Radiometer (AVHRR) is a five-channel scanning radiometer sensitive
in the visible, near-infrared and infrared window regions. (See Table.) This instrument provides data

for major data readout stations, and for Direct Sounder Broadcasts, APT, and HRPT outputs. HRPT data is
transmitted at full resolution (1.1 km}, APT images have reduced resolution (4 km.)

Advanced very High Resolution Radiometer (AVHRR)

CHANNEL S WAVELENGTHS( 1 m) PRIMARY USES
1 0.58 - 0.68 Daytime cloud/surface mapping
? 0.725- 1.10 Surface water delfneation
3 3.55 - 3.93 Sea surface temperatures,

nighttime cloud mapping

4 10.50 -11.50 Sea surface temperatures, day
and night cloud mapping

5 11.50 -12.50 Sea surface temperatures

Reports from the TIROS Operational vertical Sounder (TOVS) are a major satellite source of data for
numerical weather prediction for computers operated by the National Weather Service. The TOVS is a three
instrument system, consisting of:

High Resolution Infrared Radiation Sounder (HIRS/2) - a 20-channel instrument making measurements
primarily in the infrared region of the spectrum (0.69 - 14.96um). The instrument is designed to
prpvide dats that will permit calculation of (1) temperature profile from the surface to 10 mb, (2) water
vapor content in three layers in the atmosphere, and (3) total ozone content.

Stratospheric Sounding Unit (SSU) - employs a selective absorption technique to make measurements in
three infrared channels (all near 1Sum. Data from the SSU, an instrument butit and funded by ine
United Kingdom, allows calculations to be made of temperature profiles in the stratosphere.

Microwave Sounding Unit (MSU) - a 4-channel radiometer, makes passive measurements in the 5.5 mm
] oxygen band (50.3 - 57.05 GHz). This instrument, unlike those making measurements in the infrared
regfon, 1s 1ittle affected by clouds. Used with the HIRS data, MSU data extends temperature profiles
below cloud tops to the Earth's surface.

Data from the TOVS are available Yocally as a part of the HRPT transmission and on the spacecraft
VHF beacon transmission, frequently referred to as the Direct Sounder Broadcast (DSB).

Another set of NOAA-series spacecraft sensors s the Space Environment Monftor (SEM) system. SEM
data are used to monitor and predict solar events such as sunspots and flares, and map the boundaries of
the polar auroral ovals. Similar measurements are also made by NOAA's geostationary satellites. SEM
instruments include:

a. The Total tnergy Detector (TED); which measures a broad range of energetic particles from
0.3 kev to 20 KeV tn 11 bands, and

b. The Medium Energy Proton and Electron Detector (MEPED), which senses protons, electrons, and
fons with energies from 30 KeV to several tens of Mev.
Applications of SEM date from Polar and Geostationary satellites include:

o Prediction of the fonospheric conditions affecting radio communications and over the horfzon
radar systems;
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o Prediction of effects of magnetic storms on electrical power distribution (particulary in the ‘
northern latitudes), and

e Prediction of radiation levels affecting high-altitude military and civil aircraft, and manned
space actfvities such as shuttle flights.

The Solar Backscatter Ultraviolet Radiometer (SBUY/2) is a non-spatial scanning, nadir viewing
instrument, designed to measure scene radiance in the spectral region from 160 nanometers (nm) to 400 nm.
The data gathered are used to determine the vertica) distribution of ozone f{n the earth's atmosphere,
total ozone in the atmosphere, and solar spectral frradiance.

NOAA-Series satellites have several modes of data collection and dissemination.3 High resolution
data (1.1 km; sensed by the AVHRR imager {s constantly broadcast in the HRPT channel as a stream of
numbers suitable for computer gridding and processing. Some high resolution images (one-tenth of an
orbit}) and all sounding data are taped on-board for readout at ground stations {in Alaska, Virginia, and
Lannion, France.

Picture elements are also combined on-board to form low resolution images (4 km). Low resolution
data from whole orbits are stored for readout. They are also processed on-board for a facsimile
transmission called Automatic Picture Transmission (APT). These local images are broadcast constantly,
and can be recefved and shown on a television screen display for a few hundreds of dollars. A more
professional APT ground station system costs only $3000-35000. More than 1000 APT ground stations are in
use throughout the world in 122 countrtes.

HRPT reception is more expensive ($300,000}, since it requires a more costly radio and a computer
processor to format high resolutton AVHRR data into images. There are 23 HRPT stations owned and
operated by U.S. Federa) agencies other than NOAA. Presently, there are 46 foreign HRPT stations in
countries such as (anada, france, West Germany, India, Japan, and Peoples Republic of China. Selected
applications of Local Area Coverage (LAC) data illustrate AVHRR/HRPT data users:

Country Application
Senegal Monitoring pastoral areas for plant growth and development.
Australia To observe surface currents in the Tasman Sea, particularly
the tast Australian Current.
Canada To monitor vegetation development in two different areas
of the U.S.S.R.
France To observe oi) slick movement in the Persian Gulf.
Italy Monitor African desert locust breeding grounds.
Sounding data from the three TOVS sensors, HIRS/2, SSU, and MSU, are broadcast continually. Public (

interest in these Direct Sounding Broadcasts (DSB), initially was low; only seven stations were known, in
five countries, after five years of DSB service. This number has grown to 29 countries recently, with
the development by NOAA research laboratories of new software that permits simple calculation of
soundings from TOVS raw radiances. DSB's give local forecasters and flight controllers and planners
access to local area soundings spread over a region of about 2,000 by 4,000 km.

Two data relay systems are operational aboard NOAA-series spacecraft. Both use the Doppler effect !
occurring between the moving satellite and a quasi-fixed transmitter at the Earth's surface to permit
location of the ground station. Two satellite passes, at minimum, are needed to resolve fully the
station locatton.
(a) The ARGOS system, a platform location and data relay system, is a cooperative project among:
The Centre National D'Etudes Spatiales (CNES, France),
The National Aeronautics and Space Administration (NASA, USA},
The National Oceanic and Atmospheric Administration (NOAA, USA).

The spacecraft portion of the ARGOS Data Collection System (DCS) equipment is provided by CNES at no
cost to the U.S. ARGOS collects and relays environmental data from buoys, balloons, and other platforms

‘ located anywhere on the earth's surface, and is the only environmenta) satellite data collection system
" capable of locating fixed and moving platforms. .
N
viﬁ The ARGOS system fs comprised of:
::;'.( e User platforms, each equipped with sensors and a platform transmitter termingl;
E e
e ¢ Two satellites 1n orbit at any one time, each equipped with an on-board deta collection system
{DCS) ensuring platform message reception, processing, and retransmission; .,’ :
1 e The ground data processing centers.
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ARGOS data relay from Arctic and Antarctic platforms not in view of the geostationary satellftes is
important to the U.S., as is ARGOS platform locations for major oceanographic research programs in which
drift speeds of buoys are important.

{b} To aid downed aircraft and ships in distress in remote regions, the United States, Canada,
france, the USSR, the United Kingdom, Sweden, and Norway have joined together in the deployment of a
search and rescue system. Thousands of emergency transmitters are already installed on commercial and
private aircraft. The system detects faint distress signals and relays them via a NQAA-series spacecraft
and a comparable USSR satellite, to local ground stations and on to the appropriate rescue forces. As in
the case of ARGOS data relay, Doppler permits location of distress signals. More than 50 1ives have been
saved in the first months of operation. The United States, Canada, and France provide space and ground
hardware for use on the NOAA weather satellites. the USSR provides a compatible system. Several
countries provide ground readout statfons. NOAA-8 and two Soviet satellites presently carry the search
and rescue relay hardware.

eostationary Uperational Environmental Satellite (GOES)

Two GOES satellites, located at 75° West and 135° West longitude, observe the Eastern and Western
nited States and the adjacent ocean areas from their vantage points over the Equator, and have coverage
zones which extend well into the Southern Hemisphere. The GOES satellites make day and night obser-
vations of weather in the coverage area, monitor severe weather events such as hurricanes and other
severe storms, relay meteorological observation data from surface collection points to a processing
center and perform facsimile transmission of processed graphic and imaged weather data (WEFAX) to field
stations. The satellites also moritor the condition of the magnetic field ot the tarth at geostationary
altitude and measure the energetic particle flux in the vicinity of the satellite, and observe X-ray
emissions from the Sun, transmitting these observations to a central processing facility. These latter
measurements are made through the instruments collectively called the Space Environment Monitor (SEM).
The satellites’ sensor and data relay systems include:

e Vvisible-Infrared Spin-Scan Radiometer (VISSR) Atmospher{c Sounder (VAS)

® Space Environment Monitor (SEM)

e Data Collection System (DCS)

The VISSR sensor provides operational day-nfght fmaging of the £arth. When {t operates in the VAS
mode, it provides experimental sounding measurements. The VAS mode slows down the YISSR's imaging rate
of Earth scanning. In addition to the normal communications links, users can recefve GOES data directly
from the satellite via:

o VYAS Uirect Broadcasts,

o VYISSR Image Broadcasts,

e Weather Facsimile Service (WEFAX).

Geostatfonary data is unique in satellite meteorology in that images from almost one-third of the
tarth can be obtained in a short time. A whole-disk image requires 20 minutes of scan time.
Alternatively, since the viewed area is never out of stght, partial images may be scanned, in lieu
of whole-disk images, as often as once per five minutes. For example, a nascent tornado-producing storm
can be observed, and threatened areas alerted, while the storm is in progress. from one visible and
12 infrared channels, (0.55 - 0.72um, 3.945 - 14.73um), sequential VISSR images permit meteorologists
to observe regional cyclone development and movement. Apparent cloud movement between images fs used for
calculation of "cloud motion winds.”

VAS mode soundings have great potentfal! for the future, since they, like images, can be scanned
frequently for selected areas of the full disk, but a full disk sounding requires 13 hours. At present,
YAS soundings have not reached the quality of polar orpiter TOVS soundings, since they are based on fewer

IR channels, with no microwave sensors for temperatures below cloud levels, and have a larger
field-of-view.

Space Environment Monftor (SEM) System
The GOES SEM system measures the variabiifty of:
o The Earth's magnetic field
o The flow of emission of X-Rays from the Sun

® The strength of concentration of particles (protons and electrons) from the Sun

SEM date are processed and applied by the joint NOAA/USAF Space Environment Services Center,
Boulder, Colorado. Uses include prediction and monitoring of:

o Sun spots, solar flares, and solar storms

Ve
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o The effects of solar activity on the tarth's magnetic field, variations in Polar Auroral Belts, and ‘
intensity of near farth radiation belts

Other Applications include predictions of:
¢ Transmission conditions of ionospheric radio and over-the-horizon radars,
o [ffects on electric power transmission grids,
o Radiation Levels Affecting:
- High altitude civil and military aircraft operations,

- Manned space activities (such as shuttle flights).

GOES Data Collection and Relay Systems

The GOES Data Collection System is a multi-channel transponder system that allows messages from
remotely-located data collection platforms to be relayed via the satellite to a central processing
faciltty.5 Platforms include sensors for flash floods, tsumanis, earthquakes, winter snowfall, etc.

Another message relay function is the GOES Search and Rescue transponder. Although emergency
reports can be located only by Polar-Orbiting spacecraft, the GOtS SAR will allow emergency reports to
te sent at all times, without delay, whether or not a polar satellite is overhead.

weather Facsimile (WEFAX):

wtHAX uses the GOES spacecraft to relay low resolution satellite imagery and meteorological charts
to properly equipped ground stations in the western hemisphere.6 Many countries have no other access to
satellite imagery. as well as to standard meteorological charts from the World Meteorological Center,
washington, D.C.

The «tFAX transmission frequency is common with the frequency used by the European Space Agency's
METLOSAT and Japan's GMS spacecraft facsimile service and so provides near global access to WEFAX
service. This global availability 1s especially important to commercial shipping and for military
operations.

There are 190 known WEFAX receiving stations, more than 100 of them operated by users in foreign
countries.

Satellite Data Products

Satellite data products vary from mapped "‘“ﬁs produced by a few simple calculations, to soundings ’
for which complicated algorithms must be employed. 7 for a typical product, two or more channels of f
radiance values are used to deduce correct temperature values. Temperature values may then be displayed

1n a linear grey scale (as in “normal” photography), or the grey scale may be “stretched” to emphasize

selected values. To show a crop-freeze line, for example, areas with temperatures warmer or colder than

freezing are shown in subdued tones; temperatures near freezing are mapped in sharp contrasts.

Polar-Orbiting Spacecraft, Data Products:

Soundings are calculated from TOVS data. Two NOAA-serfies spacecraft provide raw radiances for some
16,000 soundings a day, globally, from the surface to an altitude of 65.5 km. Soundings, derived from an
average field-of-view of about 40 x 40 km, includes temperature, water vapor (at three levels), and total
ozone.

Sea Surface Temperature (SST) is calculated worldwide for a field-of-view of 8 km, from
AYHRR radiances. SST plots are used to locate ocean thermal mass boundaries for commercial fisheries,
for finding ocean fog banks dangerous to shipping, and to position ocean currents (1ike the Gulf Stream)
of interest to ship route planners.

A vegetation index is mapped for land regions of the Farth, using AVHRR Channels | and 2. while
this product primarily shows green areas of productive farm lands, lower index values reveal encroaching
’ deserts, potential forest fire areas, insect growth and migration regions, and surprisingly, some
' o11-spi1l slicks. This fndex 1s widely used by the U.N. World Health Organization, and the U.S.
Department of Agriculture.

) Global ice coverage 1s calculated weekly by a joint NOAA-Havy team, using AVHRR and other data. For .
“d the Polar and Alaskan regions, ice coverage 1s mapped to show age and thickness, Great Lakes winter ice is
A 4150 mapped.

volcanic ash, floating in the stratosphere, has proved to be a hazard to jet aircraft. One flight
nesr Indonesia has twice suffered engine stoppages while passing through the ash plume from eruptions of
Galunggung and Una Una. AVHRR data facilitates global surveillance for ash hazards.

The heat budget of the Earth shows the balance between solar energy falling on the Earth, and the HJ? !
outgoing terrestrial (thermal) radfation. AVMRR visible data are used to determine the aldedo of the
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Earth (that is, the whiteness of the surface, oceans, and clouds), and outgoing radfation measured fn the
IR "atmospheric window.” Heat budget values are used in climate studies. After a history of values fs
archived, it may be possible for analysts to predict seasonal or annua)l weather on the basis of trends
in heat budget balance values.

Geostationary Satellf{te Products:

From geostationary orbit, the VAL provides measurements of the atmosphere's temperature and moisture
more frequently than polar orbiter data. These measurements can be obtained over the U.S. and adjacent
waters every hour with VAS, whereas they are obtained every 12 hours with a polar orbiter. Also, all the
measurements over the .S, can be acquired in one hour, whereas five hours {three consecutive orbits) are
needed to acquire these data from polar obiters. The temporal continuity and frequency VA5 images and
soundings are especially useful for (1) detecting areas where atmospheric conditions favor the develop-
ment of severe weather (e.q. warm moist air under colder dry air); and for {2) monitoring the rates of
change of these conditions.

¥AS soundings over data-sparse regions are used as input to numerical models. In this regard VYAS
soundings can be used to fnitialize the large scale models more frequently and as input to regional or
small scale models currently being developed. VAS soundings and products derived from them (temperature
and moisture analyses, instability trends, etc.) are undergoing extensive evaluation by the National
Meteorological (enter, the National Hurricane Center, the National Severe Storm Forecast Center, and the
Program for Regtonal Forecasting Services.

Snow watch.

In the mountain states of the U.S., values for a winter Snow Watch for 30 run off basins are now
calculated regularly from satellite tmagery. Using previous years' runoffs, analysts can relate snowfall
area occurrence of precipitation to snow pack water content. As Spring arrives, the retreat of snow
cover discloses snow melt rates. Ir the floods of 1983, snow analysis, confirmed by GOES/VAS sensors,
provided guidance for flood management actions.

Cloud Motion Wind Vector Fields:

Wind vectors are estimated by a computer technique that measures apparent low-level cloud motions
between consecutive GOES images, using infrared image data over ocean areas.® Upper level motions are
measured manually on a computer interactive system. Approximately 1200 Wind Measurements are made and
delivered three times per day to users, who fnclude:

Natfional Meteorological Center (Camp Springs, Maryland),
v.S. Air Force Global Weather Central (Offutt AFB, Nebraska),

U.S. Navy Fleet Numertical Oceanographic Center (Monterey, Californial.

Sea Surface Thermal Composite:

Sea surface composites are used for mapping water masses, fronts, and eddies. They are useful for
locating favorable fishing grounds, for ship routing, and for determining underwater sound propogation.
Catly infrared temperature composites are produced from four daytime images from both GOES West and GlES
fast. Composites are avatlable to NOAA computer terminal users and are distribuyted by the National
deather Service. Tne U.S. Navy is currently the biggest user.

Products produced from geostationary data involving grey-scale distortion "stretching” include:
Hurricane and thunderstorm core designation, cloud depictions, snow enhancement, cloud top pin-pointing,
snow melt, freeze line designation, location of water mass boundaries, morning fog location, costal
upwelling location, and depiction of general metecrological features.

Other derived geostationary satellite products include:

o Rainfall estimates - Estimates of heavy rainfall are depicted from enhanced GOES satellite
imagery, and are used for flash-flood forecasts.

@ Hurricane Classification - Hurricanes are classified and tracked without hiatus.

o Satellite Interpretation Messages describe the general synopsis of the weather affecting the
U.S. and are supplied two to eight times per day.

e Tropical Storm Bulletins - Coded messages depict the locations of vortices with tropical history
for the Atlantic, Pacific, and Indfan Oceans.

Another source of datas for civil and Defense Department weather forecasting are satellites of the
Defense Meteorological Satellfte Program (DMSP). Like the NOAA-Series platform, the DMSP spacecraft are
polar orbiters with an srray of sensors comparable to the NOAA Series: The Operational Linescan System
{OLS) has multiple visible and Infrared channels for imagery (0.56 km regional FOV, 2.78 km global FOV),




cloud tocation and calculation of sounding. Passive microwave sensors for soundings and images are also
provided. Space environments are monitored by sensors comparable to the NOAA-series SEM. NOAA-series
and DMSP satellites utilize many similar components, including the main frame “bus.”

International Weather Satellites?
In addition to the U.S. polar and geostationary satellites (GOES-tast and West, located at 75° and
135° West longitude), four other geostationary satellites, sufficient for a continuous global review of

mesoscale and large scale weather features, are in operation or planned. A)) provide visible and infrared
imagery, data collection, and WEFAX (except Indfa's INSAT):

International Geostationary Satellites

Name Operator Location (Longitude)
METLOSAT EUMETSAT and the 0°
Furopedn Space Agency
GMS Japan 140°E
INSAT India 12°t
GLGMS (Planned) USSR 74°E

Russia‘s polar orbiter METEQR is the only low-orbit spacecraft now supplementing data provided by
the [.S. NOAA-series system. Several countries have plans for Low Earth Orbit (LEO) spacecraft for
flights later in this decade, these are primarily for land and ocean surface observations, rather than
meteorology -

Data Users

Data from .S meteorological satellites have many other users in addition to the NOAA National
Meteorological Center, the U.S. Air Force Global Weather Centra), and the U.S. Navy Fleet Numerical
Oceanographic Center. There are 23 HRPT stations operated by U.S. Federal agencies other than NOAA. In
addition there are 46 foreign HRPT statfons worldwide. Seven known DSH stations are operating in five
countries, more are expected, as new software becomes available from NOAA researchers, to permit sounding
calculations to be made using table-top computers. APT transmissions require only a simple receiver and
a small fascimile machine. Over 900 APT stations are known, in 122 countries. Like APT, the GOES WEFAX
requires only the simplest of receivers and facsimile machines. As a result, WEFAX users are found
throughout the Western Hemisphere and Pacific Ocean regions. Almost 200 are in operation. Since the
menu of WEFAX frames includes AVHRR images, GOES images and National Weather Service products (forecast
maps), many have secondary distribution via nationa) networks (in Central and South America) and via
Meteosat to turopean Countries.

Department of Defense Data Users
Polar Sateliites:

Imagery from the AVHRR is & primary backup and source of supplemental data for the DoD. The USAF
operates the Defense Meteorological Satellite Program for primary weather support to the U.S. armed
forces. The Defense and cfvil metsat programs are mutually supportive. Data and products are exchanged
freely and critical support is provided by mutual backup in the event of system failures.

A1l NOAA polar metsat data are transmitted in real time from NOAA ground stations via a commercial
communications satellite to the Air Force Global Weather Central (AFGWC) at the Offutt AFB, Nebraska, and
the fleet Numerical Oceanographic Center (FNOC) tn Monterey, California. The AFGWC includes the
NOAA-series imagery data in their objective global 3-D cloud analyses which are input to their global
numerical cloud prediction models, and prepares tailored mapped projections of the imagery for specfal
appplications. FNOC fncludes the NOAA imagery and sea surface temperature products in their global ocean
forecasting program.

The NOAA/USN Joint Ice Center in Suitland, Maryland, uses the high resolution visidle and infrared

tmages in analyzing ice conditions over the ocean areas and the Great Lakes. The Navy prepares detailed
fce analyses and forecasts for support to Artic Ocean operations and Antarctic resupply missions.

Geostationary Satellites:

GOES imagery from both East and West satellites are received directly at FNOC and AFGWC in real
time. These centers use the data for routine and special forecasts for route and terminal forecasts,
severe weather warnings, and for major Naval and air movements are trafning exercises. The cloud motion
winds are used in the numerical forecast models at both centers. Data from the civilian-operated
Japanese GMS and European METEOSAT are relayed to the DoD after acquisfition by NOAA.




Polar Satellites:

The DoD operates portable surface receivers equipped to acquire both APT and HRPT data from the
N(AA-series satellites. This equipment is deployed at 12 Air Force sites, 9 Navy installations (both on
ships and at fixed facilities), and 5 units are availadble far deployment by the Marines. Data acquired
At these stations support tactical and theater operations and training exercises. The Navy and the Air
borce also provide weather support to allied forces during joint cxercises through these deployed ground
recetvers. A program now under expansfon by the Air Force fs the use of vans as ground statfon terminals
for both direct DMSP and HRPT reception. Some 16 of these are scheduled for operation by 1987. NOAA and
OMSP imagery are the primary sources of data for the Navy and Air Force in providing weather and
oceanographic support to units operating in the Southern Hemisphere and in remote areas where conven-
tional sources of data are sparse and often unrelfable. The Joint Typhoon Warning Center on Guam is a
major user of polar Metsat imagery for the tracking and forecasting of tropical Pactfic storms.

Geostationary Satellites:

Naval ships deployed in the Atlantic and the Pacific acquire the GOES WEFAX broadcasts of satellite
imagery and routine weather maps produced by NMC. NOAA acquires Japanese (GMS data fn Hawafi and Guam for
use by the DoD. The GMS imagery is used for tracking and forecasting typhoons.

NCAA-DoD Shared Data ProcessinglO

In 1985, NOAA and the DoD will begin operation under & shared processing agreement which will
distribyte the ground processing of data from both DMSP and NOAA metsats across major operational
processing centers. The AFGWC will process and map all visible and infrared imagery, the FNOC will
process oceanic parameters and products, and NOAA will process all sounding data from both DMSP and NOAA
satellites. As each center processes the data and products in its area of expertise and responsibility,
domestic communications satellite 1inks are used to distribute the outputs in real time to the computers
of the other two centers. Shared data processing will provide mutual access and backup to AFGWC, FNOC
and NUAA data bases.

A major gain of shared processing, planners believe, will be (1) a saving in overall processing
costs and (2} a closer linking of the three major U.S. weather-related facilities. More data will be
shared, NOAA, for example, will for the first time, have access to DMSP microwave sounder and imagers
{55MT, SSMI} to supplement the SSU and MSU components of TOVS. More data channels will iink the three
facilities, both commercial data relay satel)ites and land telephone lines will be used. Closer liafson
among the three should reduce the differences in data formats and software peculiarities. Products to be
produced by each center include:

Shared-Processing Data Products

Agency Products

FNOC - Sea surface Temperature
- Brightness Temperature Fields
- SSMI Environmental Parameters
{ocean surface winds, ice cover,
precipitation, cloud water content.)

AFGWC - Satellite Global Data Base
(mapped imagery)
- Cloud Analysis Data Base
- SSMI and SSMT Raw Data Files

NESDIS - Atmospheric Temperature Soundings
- Atmospheric Water Yapor Soundings

deather Dats Support for Tactical Missions

This summary of civi] satellfte systems shows that tactical units have a variety of sensors and
satellite broedcast services available to them for mission use:

e GOES wercnier facsimile MEFAX reception requires 1fttle space, power and cost, and over a period
of nours supplies a menu of local and regional weather scenes and computer-generated forecasts.

e worldwide, APT broadcasts from NOAA-series satellites can supplement coded transmissions from the
OMSP spacecraft to give low-resolution (4 km) images of the fmmediate region. HRPT broadcasts
cover the same areqa with [.1 km resolution images of local weather. 0SB services, using new
retrieva) software, will allow field units to determine atmospheric stability aloft, without a
need for weather balloon releases. Local and regional forecasts can be inferred from the DSB
soundings, along with an estimate of radar and UWF radio propagation paths, for the region.

o Since DMSP and NOAA satellites are complimentary, the combined metsat system now provides field
forces with six or more regional views of weather, woridwide. (More than six, {f more than one
OMSP Polar orbiter {s operationsl.) More frequent views of hemisphere.wide weather patterns are
avaflable to forces operating anywhere from the Azores to Guaw.
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e tven today, before Shared Processing 1inks more closely the forecasting centers of NOAA, the Air
btorce and the Navy, edach center has a capability to provide forecast products to support the
missions of the two otners, in event of failures of satellites or processing capabidities.

e Throughout the world, U.4. and allied forces have the option of deploying ata Collection
Platforms, such as automatic weather stations, on land or sea. Data relay would be effected by
NOAA-series polar orbitiers or GOES spacecraft fn the Western Atlantic or fastern or (entra)
Pacific.

o wWith NOAA acting as the data relay channel, U.S. and allied armed forces have access to weather
images from furopean and Japanese geostationary spacecraft, thus enlarging the areal coverage of
weather imagery available to them.

8 Many satellite data products, relating to rainfal) or drough', crop coverage, snowpack, fce
coverage, and storm movement, have fmmed:ate application to the activities of field forces.

futyre of the (ivil Meteorological Satel.ites
Commercializationll

At the present time, the sale of the civil meteorological satellites to the private sector 15 under
active consideration. One of the conditions of this sale, {f it indeed takes place, is that the
commercial operator must show how the national security contributions of the civil systems will be
maintained unimpaired. This stipulation should ensure that the applications of the present civil weather
satellites to the tactical military planner described in this paper will remain available for the
foreseeable future.
Future Systens

A recent review of civil needs for improvements in future NOAA satellites has resulted in the

proposed changes outlined below which are presently being sought through the budget process:

GOES-Next: 12

The improvements sought in the GOtS series, to be launched in 1990, are:

¢ Geparate or independent imaging and sounding capabilities.

& Routine (30 minytes or less) imaging in five spectral channels;

CHANNEL SPECTRAL BAND RESOLUTION
1 0.5 - 0.75 1 km
2 3.80 - 4.00 4 km
3 6.50 - 7.00 8 km
4 10.20 - 11.20 4 km
5 11.50 - 12.50 4 km

e Improved IR Image Resolution from 8 km to 4 km.
® A separate sounder with 14 or more channels similar to the HIRS sounder on the polar orbiter.

8 A separate WEFAX transmitter to permit full-time WEFAX broadcasts.

NOAA-Next:

The planning for the next NOAA-series spacecraft, to be launched in 1990, 1S now underway.l3 Under
consideration are the fallowing components:

o A 20-channel Advanced Microwave Sounding Unft.
¢ CLontinuation of the:
- SEM,
- ARGOS,
- Search and Rescue Mission,
- SBuv.
o Addition of a 4-chennel {visible) Ocean Color [mager.
o Improvements tn Direct Broadcast Services
o Improvements in the AVHRR:

- Yisible calibration;
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- Addition of one or more channels (e.g., 1.6 um and 6.9 um);
- lmprovements in spectral response of all channels;

- Increased resolution of the visible channels to 500 m.

Next-Satellites and Dod

A comparison of present and planned specifications shows evolution, rather than a dramatic change.
tven so, the changes are significant: for the "Next" polar satellites, a shift to a microwave sounder fis
expected. IR sounders could be phased out after a period of overlap operation to establish the
credibility of the microwave sensors. No comparable movement away from IR sensors is seen { the
G0ES-Next requirements. Rather the changes are for an improvement in spacial resolution for visible and
iR channels (from & to 4 km}, and for more rapid soundings capability. Gains in sounders will result
from an enhanced capability for the data processing system to find holes in cloud decks through which
stratosphere-to-surface [R soundings can be caiculated. Microwave sounders are not scheduled, due to the
cost of microwave sounder antennas for use at the geostationary distances. The most probable scenario
for NOAA and DoD metsat operation is for closer cooperation in the funding for development of both
sensors and spacecraft (frames, power supplies, etc.).

Thus in the “Next” decade, we see improved resolution for images from GOES platforms, and improved
radrance values for all-weather soundings worldwide, from the polar platforms. The expected result of
this data base enlargement is improved shortrange forecasts in the Western hemisphere, and more accurate
large-scale (multi-day) forecasts, over the whole Earth.
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METEOROLOGICAL AND OCEANOGRAPHIC SUPPORT
DURING THE FALKLANDS CONFLICT

by
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Bracknell, Berks, RGIE2 287, UK

and

Captain I Marsh, RN
Fleet Meteorological and Occanographic Officer
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SUKKARY

Juring Coeriation lorporate the United Aingdam faced the task of mauking oppnned
l1andinsa ar South Leorgia and the Falkland I[slands 2,990 miles from the home nase in the
afvarcing southern winter. HNetearolopical and oceanopraphic support of a hip- astaadard
war provided throughout the conflict hecause af the nvailanility of data fram aroiting
VCai-f and NOAA-T?) and geostationary (Kisw-n nand MeT.O5AT) weather satellites,

The Metearologpical Uffice 15-lnvel plohal atmosphere numerical model was hrougnt
1rtn routine use to cover the South stlantic, four montns aheiud of schedule, oLatellite
temperiture souniinpgs (JATEMA) from the Tiros Coeratlional Yertical snunders (ICYL) on
WOAA-G and NCAA-7 provided essential data for the numerical model. Unider a special
arranpement with the United Jtates at a later stage in the conflict successive NMNaa-L
and HCAA-7 advanced Hiph Resnlution Infra-Red (AVHHA IR) passes over the Jouth Atlantic
and South america were combined into comporite pictures and the data was transmitted to
the United Kingdom. The compositen were used to select areas of special interest wnich
were ther examined at un to full resolution, Procesned dnta included multi-spectral
colour images and sea surface temperature profiles which were invaluable in »nositioning
uri1ts of the Thak Force to take maximum advantape of oceanoprachic, #sea fog nr cloud
ronditions. Jome of the ships were equipned with automatic Picture Transmission (APT)
reception facilities and the meteorningical unit supporting the anyal Air force on
Ascension lsland war equipped both with orbiting and geostationary sntellite APT
reception.

Follawing the occupation of the Fnlxland Islands and South Jeorgia by Argentina on 2 April 1397 the

Urited Ainpdom faced the formidable tasx of recovering its sovereign territory “,00 miles from the nome
mane in the face of the advancing southern winter. deather and oceanographic conditions proved to be =ainr

cnonnideratinng in military decision-making at every level of command. There wis a heuvy demund “or tetutled

alimutolnpical advice Aand for forecasts on timeacales from three hours or less to three days or more anead,
AR was {0 pe exnected, arpentina sunpressed meteorolopical data from her military airfields ant thiere wers
no ohgervations from 3outh Jeorgia or the Falkland Iglanda. There was little data available from <ships in
the South Atlantic, apart from our own Task Force. Nevertheless, metenrnlogical and oceanorrapnic sunpert
of a high standard was pravided throughout the conflict largely hecause of the availanility o7 {ata from
ororting (LCAA-7) and peostationary (GCESG-E and MITJOSAT) weather antellites,

It was recopnised from the hagtrnning that forecasting for militury overations in the uouth Atlantic
would orove very difficult in the abasence of reliable computer forecasts for the southern hemisphere from
nur nwn nources, Jefore the crigria arose the numerical forecanting moiel then under development in the
Meteorolopical Uffice at Jdracknell wam capable of producing forecasta only down to %95, llowever, the data
uanimilation was being performed globally and a basis was therefore available for the preparation of yslobal
rumericnl forecasts, with narticular emphasia on Jouth america and the uouta .atlantic. « great leal of
computer oroyramming over the weekend following the iArpentininn invasion resulted in the availasilaty
thrnugtiout the conflict of routine twice-daily computer forecasts for the Jouth Atlintic, verifying up to
three days nnead, Few adiuntments to the forecast model were subnecquently needed and it proved to e so
well constructed that little una was maode of global forecast nroducta from the United states which were
made available to the United Kingdom meteornlogists and oceanngraphern later in the conflict. That oack-up
support wams, neverthelesa, hipghly valued and much appreciated. The only significant failure i1n the ability
of dracknell to provide routine numerical prolucts resulted from a conputer overheat whicn wnns traced to a
cnoling wster problem.

tven in normal times little conventional surface or upper-air data ia available [rom the jouth atlantie
and the computer data assimilation programme depends heavily on matellite temperature souniings {(4iTbk.3)
from the polar-orditing NOAA-7 meries of satellites, A comparison of the maximum posaible coverage of
radiononde data from the 3outhern rdemisphere (figure 1), which in practice is never achieved, with the
coverage of actual SATEM data received over a aix-hour period three hours either aide of 1200 GMT on 2h
April 1982 (figure 2), taken from the dorld Meteorological Orpanisation (4MO) Ulobal Telecommunications
System (UT5), showa how significant JATEM data im to the data input for computer analynes and forecasts
over the data-sparse Gouth Atlantic, The example is fully reprenentative of the routine caverage of SiT'kM
data available to Bracknell throughout the Falklande conflict.




As an example nf the quality of the dracknell computer nroducts pronduced by the numerical model which
wan stil!l under development at the time, tne Menour numerical foresast verifying at 1200 GMU on 29 april
Vit tfarure 8) should e compared with the annlysis for the sume time (figure 4), Successive numerical
forecanti, rur with niew data at Y2-hour intervals, indicated that a short spell of lesa disturbed weastner
would aftsct South Georpia on ' April an a surface ridge of hiph pressure betweren twn fast-moving
fenrensions moved quickly sastwnrds acrass tne island,  South deorpgia was recaptured on 2% aApril 1982,

Aiart from GaTaMy, companite hiph-resolution infra-red pictures complled from succensive passes of
W AA-" were aviilanle to the meteornlogists and oceanographers in the Lnited Aingdom within about six hours
Nt the time of the centrnl pans. The techninies for prenenting the satellite data for environmental
farecanting, developed st the <oyal sarcraft stahliskment at Farnborough 1n the United Kingdom, are
tescribed ny Lnipe and soxwell 1n the next nresentntion, The main application of the infra-red comnosite
picturen wag 1n oceanopranhic forecansting which will be 4escrihed hy my cnlleague Usptain John Marsn.
Hownver, the matcening aof compasite astellite saquences with succensive weather charts by the meteornlopists
ir the Inited nivgiom, unt', at dracknell and At lorthwood, focunsned attention on the rapiti variavility of
tne westner aver the Gauts Atlantic which was neing exnerienced at first hand by their cnlleajues embarked
with urite of tne Jank Farce and by the Task Force commanders,

Jue camplex o ard rantd develooment af weather in the Louth Atlantic ts 1llustrated by first comparing
e aralisas fer LY GMD on 7 Cune (figure ) with the analysis fer 1200 T on T June 1972

o1 will see that a deprension moved from Cape Horn to a prysitian aoath of tne Falxland
riseor ~f the comnosite WahA-" 1nfra-red satellite nictures »~nly fourteen hours apart at
central nass tamen af TSR GMT and T GHMT on T June 1982 (figures 7 and '} shows how rapid was the
snciated ~leud rystems, The earlier comnnsite shows the marked Arying effect of the
e wenterly Arstream throughout 7 June, The later compasite shows the almost exalasive
“loud art asusociated weatner in the Falklands area during ® June as the oreviously westerly
flew acrenys e Avtens 16 renlaced by a southwesterly aver Cane lorn al i tre oven ocean cetween tne Cape ani
tee Fal«lard [nlamts, wringirge A nlenti1ful suoply of moisture into the circulation of the depreasinn., The
affost Y arspranty 15 well 11luntrated by comparing the earlier -urface aressure analysis (fipure ©) with
tre aurlier comnanite satellite cicture {(fipure 7) and the later surfice analysis figure £) with tne later
femnarite matellite oicture {(fipure 9),

tne aurf

(fivure & aten

Inlandn, o ~omy

jevelopment of the

srutrern anten aAr tY

tovnlapment o~

ontarled farecants far lorp ranpe reconnaissance, supply and attack air noerations flown out of
wirencinn 1sland were nrovided by a military meteoroloyical unit on the inlind, manned by reserve nfficers
from tne Feteorolopira)l Cifice and equinned with receivers for both polar-orbiting ani peostationary
weatrtor astellites 1n addition to radiafacasimile and radioteleprinter reception, The identification of
cloui=Tree levels and arean {rom weather matellite visual and infra-red pictures wis and remains, with the
a1roriige to tne Falkland Islands still in operation, a major consideration in the plarning and conduct of
samnlex 1n=flight refuelling operations. The mix of weather and oceanoyraphic f{nrecasting essenti’l to the
raccessful conduct of operatinns by units of the Task Force in the vicinity of Jouth Georpia ani the
taluland Islaris will be described by mv colleajue, Captain John darsh, of the <oyal avy.....cciveveennn

L rneuld farst antroduce an unlovely word that has been invented oy the (syal lwavy to lescribe neople
like me atane o5 1t 1R to nrovide meteornlogical and oceanopranhic suoport - I am a MeTOC Gfficer.,
Joecifirnally, since February 192 1 have been the Anpistant Chief nf otaff (NoIUC) to Commonder in Chief,
rleat, resnnrsible for the nrovision of KZTOC suonpeart of ¥leet snerations worldwide. This includea tne
suppart of Lubmurines As well a8 surfoce shins ani the nceanographic suoport needed by the «AF's Faritime
Patral mircraft ‘or their ASW operations. Supoort is orovided by tne Fleet MelOC Centre at the CIli's
Headjuarters at horthwond, near lLonadon, working in harness where hpnropriate #Jith the small N2T0C teams
*hat are embAr«ed permanently in some shina.

~n long apo as Y9 the zoyal lavy 11entified the requirement for ships with embarxed MsTOC teams to
have terminals to allow direct read nut of imapery f{rom the polar-nrhiting weather satellites. Procurement,
however, was R1t ny successive cuts 1n funsing 30 that at the outset of Operation CO<PC(ATE only three ships
were sn fitted all A7 which, a3 1t happers, were closely involved. Cn the scene at the outset was the Iice
Patrol ship, HMI rho.<alCh; with the TRck Group were the two ciarriers 'G LAMAS and 5 TadInCIdle.
Altrnouph relatively limited in taeir capability these three sets <ere to provide invaluable APT imapery to
asklat the Cnedcere Jammanders in tacticnl decision macking., Today I am hapoy to be anle to tell you that
nrocurement of 17 new terminals of a much imoroved canability is well nivanced and that orospects for a
furtner buy are laoking rnod, Cther ships involved which had embarked Nu(OC teama but no matellite
terminal were Jiko 10PEPLo, Fo-Rizas, SLGTOL, o0THM, GLANOCIRd, 30000000 and 4STTLoAAR.

The Fleet FLUUL entre relied on 3 main sourcen of data:
a, Tne analynea nnd forecnat sea level pressure charta nroduced by the Iracknell computer.
the deather renorts from overational units.

e, Tne d4ipital data atream from WAn-7 orocesned by {nt Farnborough using tecnniques dercrided vy
lodre and doxwell 1n the next nresentation.

Lsing a1l 1ty sources of dntna the Fleet HeiCC Centre produced 24, 48 and 72 hour fo-ecant aurface weather
charts uned to orief decinion-makera in the UK at ileet neadquarters nnd in the himiatry of Jefence and
nent to the MELTOU teans with the Tank Force to be the basia for their medium range forecasta. Jith hind-
sight 1t in clesr that to attempt 72 hours war over-ambitious.

Aod Ops were carried out by s*ipa, heloa and aubmarines mearching for the 2 quiet diesel Submarines
in the Argentine OR JAT which could, hypothetically, have posed a threat Lo the Task Group. Compared with
the horth Atlantic there wns a very high reverberation level caused by the teeminr marine life - to gquote
one METOC Cfficer on the snot, ""the sea wans tike smoup". Apainat a high level of background noise detection
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FIGURE 1

MAXIMUM COVERAGE AVAILABLE FROM
SURFACE -LAUNCHED RADIOSONDES




FIGURE 2

SATELLITE TEMPERATURE SOUNDINGS (SATEMS) FROM
| NOAA-6 AND NOAA.7
received during 6 hours ending 0300 GMT on 24 APRIL 1982




&

24 HR

1020

'S'/oe’ & w'w
A
024 /05,
Y5
/9/096‘ o
%0 029
1014
<)
2 10t |
%:; ¥
996
(
% .969 24
qq'l
FIGURE 3
COMPUTED FORECAST FOR 1200 GMT 25 APRIL 1982 (MSL PRESSURE)
w % Low ©
HIGH 2/
/03;034
102‘ o
’0’6
$G./0og o
&) %
«<
we
L
X
‘o 97 24
FIGURE 4

0

982 x

LOw

ANALYSIS FOR 1200 GMT 25 APRIL 1982 (MSL PRESSURE)

NRSERTS ¥ ‘:ﬂ%{‘,};{, '3??%?1’

hYS



'“

1200 GMT 7 JUNE 1982 MSL PRESSURE (MB)

iy a0 oy W f N
0
w
HIGH
x
| 1016
N, 0ve
BU'wW
<,
\O\e 1O'W
“z-
§’ Falklond
AN i fslands o
Ql ~ §
R $
*\b q 0
Q x %)
A b
. \Low AR &
low HIGH LOw
x
FIGURE 5

I3

NS Berat \

60" 50 «

\/

W~ »

Cy

A

A
I-

.J

FIGURE 6
1800 GMT 8 JUNE 1982 MSL PRESSURE (MB)

-
i/




Ay~

ool

oA

0

Hﬁ"‘r" 8 AVHRR=IR [Onn=7 vomnosite falae colour imapes 9% M7 °

JUhe 1980




DEVELOPMENT OF SATELLITE DATA PRESENTATION
FOR ENVIRONMENTAL FORBCASTING

D W S Lodge
M R Boawell

Space and New Concepts Department
Koyal Aircraft Establishment
Farmborough

Hampshire GU14 6TD

United Kingdos

SUMMARY

This paper describes the techniques developed during and since the operation to recover the Falkland
lelands using i1mage processing to enhance the value of meteorological eatellite images for environeental
forecasting. Data were used from METEOSAT, GOES-E and NOAA 7 AVHRR. Among the mwethods adopted were the
production of time-lapse sequences of images and wulti-temporal colour composites for the analysis of
weather systea dynamics, multi-spectral colour composites for cloud type identification end radiance
temperature seasuresents used for sea surface temperature measurement, ice detection and fog discrimina-
tion. Some of the problems encountered are described and how they were overcome. The image processing
rystem used was s prototype for a Satellite Environmental Data Acquisition System about to enter service
with CINCFLEET Weather amnd Oceanographic Centre.

1 INTRODUCTION

During Operation Corporate to recover the Falkland Islands, the primary sources of data for ocesano-
graphic and meteorologicsl forecasting in the South Atlantic were meteorological satellites. This paper
describes the ways that data were received and presented for analysis. The paper by Marsh and Pothecary'
describes the subsequent applications. Before the period 1n question, the Royal Aircreft Establishsent
(RAE) was already working on advanced techniques of image analysis and display. It alsc operated a
meteorological satellite receiving station, RAE Lashas in Hampehire, for which the UK Meteorological Office
was the primary user. The association of these two aspects of the work of the Remote Sensing Division of
Space and New Concepts Department had already led to the formulation of a Koyal Navy requiremsent for an
isage processing system for operational use at CINCFLEET Westher and Oceanographic Centre to be linked
directly to Lasham. This system is the Satellite Environmental Data Acquisition System (SEDAS), The
accelerated development and operational use of the prototype system during Operation Corporate confirmed
the integrity of the concept and provided an invaluable interchange of ideas, requirements and experience.

Thie paper describes only techniques to aid the analysis of images from satellites. These i1mages
are formed by detecting reflected visible and near-infrared sunlight and thersally emitted infrared
radiation. Current seteorological satellites also carry other sensors of undoubted worth, but their
analysia, proceseing or use are outside the context of this paper.

2 SOURCES OF DATA

RAE lasham routinely receives data from three satellite systems. These are the polar orbiting NOAA
series and the geostationary METEOSAT operated by the i'.uropon! Space Agency (ES5A) and GOES-E operated by
the US National Oceanic and Atsospberic Administration (NOAA)S, These are also the three systems used
over the South Atlantic. The shift in geographical emphasis from normal operations in the northern hem:-
sphere posed no probless with regard to reception of the geostationary satellites, eince they view an
unchanging near-hemisphere of the Earth, all of which is available to any ground station within their
reception zone. Thus lashas was able to meet the changed needs in their case. This was not so with
regard to the polar orbiters. In effect due to problems on board NOAA 6, NOAA 7 was the only useful
source of data in this set. Data fros the South Atlantic from NOAA 7 could not be received at lLashas
since the aatellite was not in view of the receiving aerial and no alternative receiving station ia the
region wes available to the UK., The satellite has the capability to record data on board for subsequent
replay over a ground station. However the operational needs of the satellite precluded replay over Lasham
even had the station been reconfigured and sodified to receive the signal.

The moet straightforwvard satellite data to process and display were those from METEUSAT. Two data
streams were available at lasham. Each involved the transsission of the raw satellite data to the
European Operations Control Centre at Darmstadt in Germamy for processing and subsequent dissemination to
user ground stations back through METEOSAT used as a transponder. The secondary data use systes (8DUS)
stream is an analogue system compatidle with weather facsimile (VEFAX) low resolution, low data rate
facsimile picture data distribution. For the applications of interest here, primary data user aystem
(PDUS) data were used., This has a higher data rate of 166 kb/s but provides access to all three sensor
channels at the best possible spatial resolution., The channels are semsitive to reflected sunlight
between 0.4 and 1.1 ym which has a resolution of 2.5 ks at nadir, to thermally emitted infrared from 10.5
to 12.5 um with a spatial resolution of 5 km at nadir and a water vapour emission band extending froa
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B to 7. um, also with a spatial resolution of 9 km at nadir, METEOSAT scans a near-hewminphers of the
Larth once ajpproximately every % minutes., The centre of the scene 18 the equator at O longitude.

The sensor on GUES~k has two spectral channels. OUne extends from 0.55 to 0.7 ym with a spatial
remolution of 0.8 ks 1n principle at nadir. The other extends from 10.5 to 12.6 ;m with a spatial resolu-
tion of 6.4 km at nadir, It takes 18.” minutea for the sensors to scan one quarter of the Larth's disc.
GOBS-E 1& 1n orbit above 799w longitude. From lasham it is visible only 1.3° above the horizon, The long
atmospheric reception path restricta data reception to the WEFAX analogue transmission. Before GOES
1mages could be displayed 1t was necessary for them to be digitised into & computer compatible format.
Facilitie& to do this di1d not exiat in the early stages of the operation. Instead the analogue data were
transmitted by telephone line to the Meteorological Office who were able to digitise the data., Another
car courier service brought the subsequent tapes to Farnborough.

The NUAA 7 sepsor used is the advanced very high resolution radiometer (AVHRR). The spectral bands
are: band 1 from 0.58 to 0.68 ue®; band 7 from 0,775 to 1.1 ym; band 3 from 3.55 to 3.93 um; band 4 from
We? to V1,3 ;m; band 5 from 11,9 to 2.5 um. The apatial resolution i1n each case 18 about 1 km at nadir,
Me band * mignal has suffered a progressive deterioration and during Operation Corporate was too noisy to
te >f bLetter than limited use.

x MHE IMAGE PROCESSING SYSTEM

The i1mage dimplay and processing system used to present the satellite images is called GEMS. This
consists of a nardware 1mage handling system, a host computer and the image processing software. The
system configuration is shown in figure 1. The GEMS hardware was developed to an RAE specification by
Computer Aided Design of Cambridge. It includes an 1mage store which is a 1024 by 1024 element array where
each element 18 an & b1t number. This array 1s normslly divided into four separate 512 by 512 by 8 bit
deep 1mage rlanes that may be displayed on the video monitor. There are in addition four 512 by 512 by
' tit deep overlay planes that can be used to prement graphica, text or highlights on the image display.
The 1mage display 18 under the 1mmediate control of s PUP-11 computer built in to the hardware., The
nyatem 18 under the control of another mini-computer, During Operation Corporate a asystem hosted by a
Frime 750 was umed, but such s powerful machine 18 not neceasary. SEDAS uses a Prime 250 for example.

The host computer performs the image processing and controls the transfer of data from tape to the disc
units that act as the working Atore of availlable i1mages and from the disc into the system for processing
and diarlay. working practices during Operation Corporste required a very large working store and two

300 MB diac drives were used, SEDAS when inastalled with CINCFLEET will be able to perform with a 96 MB
di1sc drive as the flow of data in and 1ts analysis will be more uniform throughout the day. The GEMS
eoftware called Gemstone was written st RAE, [t was designed to allow use of the system without detailed
knowledge of how 1t works or any familiarity with computer operation, The computer terminal 18 used to
ioad the svailsble satellite data from tape to disc and then call up Gemstone. At that point figure 2
ajpears on the video monitor and control transfers to a simple ergonomically designed control panel. A
tracker ball moves the cursor to within a box representing the intended next step which is executed by
jressing 8 single input button. When this is done to select an image, the display changes to a list of
the i1mages available on the disc. Following selection of one using the tracker ball again the display
changes to that shown in figure 3, The next step is to copy the data into the display store. In all
circumstances the cursor defaults to the most likely next step unleas over-ridden by the tracker ball and
rrompts an unfamiliar operator through the options. Figure 3 apparently shows 16 available image stores
although only four were ascribed to the GEMS hardware. The 12 making up the difference are virtual stores
within the hoat computer, They may be used to store images and processing can be performed on data in
them 1n the same way as on data in the other four, However, they must be copied into one of the four GEMS
hardvare stores before they can be diaplayed, The display ia restricted to 512 by 512 picture elements or
pixels. Most images are much larger. Therefore when firat selected a subset of the full data set 18
copied into the display store sampled by pixel and by line automatically to show the full scene on the
screen., Proceasing can be carried out on the full scene or sub-scenes may be selected for closer exasina-
tion at higher resolution. Processing options are selected by the sase method of using the tracker ball
to identify procedures in a prompted system of pages of menus. The selection of which colour gun or guns
of the monitor display which store is done arbitrarily from the control psnel, Similarly the colour or
deletion of the overlay planes can be chosen st will. The display can be magnified by up to 8 times from
the control panel by pixel replication., When magnified in this way the full size of the video ecreem, }
about 900 by 600 pixels, is used. The results on the screen canm be preserved by dumping the sceme onto

the system disc, by recording the scene on polaroid colour film using a Honeywell device which incorporates

its own enclosed video sonitor, thereby ensuring conaistent results and removing the need for a camera to

photograph the screen, or on a video recorder.

GEMS 18 a general purpose image processor. This paper describes work using meteorological satellite
immges for specific applications as required during Corporate and for SEDAS. Nevertheless any imege data
presented in a compatidble format may be analysed. GEMS is used routinely at RAE for Landsat and synthetic
aperture radar work,

L} PRESENTATION TECHNIQUES
4.1  METEOBAT

METEOSAT acenes were readily available and comparstively easy to handle becsuse the necesaary special
software wvas already well under development at the start of the comflict. Unfortunately the Falkland
Islands lie on the western-sost extremity of the area of coverage and as the weather developaent came from
the west the usefulness of this source was limited, However it was still widely used and had particular
application in the esrliest phase of the operation en route to Ascension lsland and wvhen the links to .
acquire LAC data were still being established. As the projection and viewpoint of METEOSAT imsges does not
vary, the superposition of geographical coordinates and coastlines was relatively straightforwerd.

Figure & shows a full ecene from the thermal infrared chammel with the geographical iaforsation in the
overlay planes. To improve their visibility the overlay planes would norsally be coloured, After various
experiments blue for the coastline and yellow for the grid was found to be the best combimation for visual
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inspection and photographic recording. In general the srea of interest was less than the full acene. The
standard format and constant projection made it possible to sutomate the selectiom and extresctios of
apecific areas, Figure 5 shows the standard South Atlantic extract, Automatic and semi-automatic
aelection of scenes in thies way was of immense value when a great deal of data had to be analysed rapidly
to meet briefing and forecast preparation deadlinea reliably. The date were presented in three differemt
ways. Time lapse sequences of images from the thersal infrared channel were displayed. Although
apparently restricted to s maxisus of four display planes, in fact the available isage planes in GEMS
were further subdivided by modifications to the controlling software. By storing several different sub-
images 1n each image plane and controlling the display output only the relevant part of the data in each
rlane were shown. In that way many more scenes can be mede available., By aceepting degradation of both
apatial resolution and dynamic range, up to 80 scenes can be presented as a sequence. With METEOSAT wp to
e1ght acenes were normally used corresponding to intervals of three hours or a daily cycle. These
requences allowed the dynamic behaviour of weather systems to be assessed rapidly. Features could

be located using the cursor on the display to identify & point. The latitude and longitude of the point
would then appear on the computer terminal visual display unit (VDU). Distance could be measured in the
same way to measure the speed at which wveather syatess were moving. Sequences were recorded op video
tape for subsequent demonstration and confirsation of analyses at CINCFLEETWOC but the prisary purpose
for this technique waes for rapid assessment by the duty naval officer on his daily shift at Farnborough.
The second method for the display of METEOSAT data was developed as a means of providing a seasuremen. of
cloud movement that could be prepared by a meteorologically untrained observer and sent as a hard copy
rhotographic print for analyses. It was little used during Corporate but has aroused intereat since.
Two successive METEOSAT images are displayed simultaneocusly on the colour video monitor. One, say the
earlier example, used the blue and green guns of the monitor, the later the red gun. Areas where cloud
18 common to both appear white. Areas which were cloudy on the earlier scene but not later appear blue-
green. Areas where cloud has developed during the interval show red. This technique, like the time
lapse sequences, uses the thermal infrared data. The third method of presentation combined the visible
and infrared channels into a colour composite. By experiment contrast stretches were defined which could
be applied to the separate channels with the result that different cloud types and heights appeared as
different colour shades. By this technique aa in the second case, hard copy information could be and was
rrepared by non-forecasters and sent by courier to CINCFLEETWOC, Little use was made of the GEMS for
diaplay of the METEOSAT water vapour channel.

b2 GUES

The GOES coverage zone was ideal for examining the weather expected in the South Atlamtic. It was
frustrating therefore that only low quality facsimile data were available. Nevertheless they proved very
valuable, As mentioned in Section 2, the GOES sensor produces separate images corresponding to quarters
of the full diac of the Earth., Extracte fros the southers hemisphere were taken showing the area of
interest in two scales. At firet the assembly of these sub-scenes into a mosaic had to be done sauually,
but later an automated technique was developed. Some monitoring and intervention had to be retained in
this procedure as the GOES data were prone to corruption. Geographical overlays were prepared as for
METBOSAT., The ssjor problem with GOES scenes was interference from another experiment on board the
satellite. This was present for about 16 hours a day. It was manifest as bright lines across the issge.
Figure 6 showa the standard GOES pair of mosaice with this interference present., A filtering technique
was developed whereby a 1 x 3 pixel box was passed over the image. The relative brightness of the pixels
in the box was examined in each position., If the valuea of the extreme pixels exceeded that of the middle
pixel by greater than a given threshcld, the value of the middle pixel was replaced by the mean of the
extremities. The threshold level could be selected by the operator but a etandard default value of 21 grey
ncale levels was found to be adequate. This technique called linefix vastly improved the interpretability
of the images. Figure 7 shows the same scene as figure 6 after linefix. Eventually the compilatiom of
the mosaics, the application of linefix and assembly of the results into a time lapse sequence was reduced
frcm a series of separate manual tasks to an automated procedure. Seven images were assembled 1into a
sequence for each day. They represented intervals of 3 hours except that GOES does not transait data at
0300, As for METEOSAT, the time lapse sequences were recorded on video tape for subsequent further review
at CINCFLEETWOC,

4.3 NOAA AVHRR

Standardised techniques to deal with METEOSAT and GOES data were generated quite early. The appli-
cation of AVHRR data however grew throughout Operatiom Corporate and has continued to grow since. There
were two initial uses. The first was to prepare colour composites using bands 1, 2 and & for daytime
passes or 3, 4 and 5 at night of the full LAC scenes for meteorological analysis. The second was to ume
bands 3, 4 and 5 for sea surface temperature analysis. Between 2 and 4 scenes were received each day
from NOAA 7 of the general area. All were valuable for metecrological analysis. Following visual
inspection of all bands by the duty forecaster, the colour composites were producei. These were contrast
stretched using a atandard tranafer function that produced consistent and reproducible results for the
distinguishing of cloud types and heights. Photographic hard copies were produced for CINCFLEET, the
Meteorological Office and other Ministry of Defence users. Geographical coordinates and coastlines were
overlaid on the AVHHR scenc¢ ;. Figure 8 shows the area covered by a full scene with this information
added. Unlike the images frow the geostationary satellites, the AVHRR images have a different projection
from pass to pass. To trensform the image to & standard cartographic projection would be very expensive
in terss of computer time and for these applications quite unnecessary. Instead the ordital informatiom
and sensor characteristics are stored and then by using the time informmtion included in each AVHRR line
of image dats to define the start of the scene, used to transfors and redravw a stored world msp to the
particular projection of each l-r. Aa the asount of data in the map is very such less than in an isage,
this transformation takes only a fev seconds. The intervals in the geographical grid say be selected by

the operator as appropriate for the area under analysis. If four NOAA ; +sses were received for ome day,
two would usually be of areas to the west of Chile. These were not often of interest for sea surface
tespersture analysis and this application in general used the other two scenes covering the South Atlaatic.
Suitable cloud free areas were identified usimg the full scene. One is marked om figure 8, Data from

the infrared channels were read into the image planes. Bands & and 5 were alvays used. Band 3 date are
only useful at aight as that part of the spectrur is contasinated by reflected sunlight during the day.




ieaa and leas use was made of thin channel as the noise problea mentioned i1n Section 2 worsened. However
tand ' data were used when possitle, First a linear contrsst stretch was applied to each band used to
remove the cloud and land detai]l and spread the range of grey scalea corresponding to the aea surface
temperature varistion across the whole dynamic range of the video monitor, After visual inespection of the
atructure of the variation aelected temperature measurements were made at points determined by the fore-
cagter, The tempsratures weie derived from the radiances measured by the sensor using a standard NOAA
algorithm. N correction was made for atmospheric contamination. As the primary aim was to identify
variations and discontinuities and to quantify the relative change across thermsl! boundaries, this correc-
tion was not conmsidered to be necessary. Surface obaservations during the Operation confirmed this assess-
ment. Pointa at which the temperature was measured were usually 1dentified using the cursor controlled by
the tracker ball. An indefinite number o. such points could be designated. The latitude and longitude of
each pcant and the temperature appeared in each case on the VDU. In addition the information was dusped
to a file ~pened each time this mode of operation wam selected. when required the contents of the file
were written by line rrinter to provide hard copy free fros transcription errors. Variations available in
the temperature measuring mode allowed the latitude and longitude of the desired point to be designated,
~r the twe endms of a line could be defined using the cursor and the temperature slong the line plotted and
diaplayed on the VDU, Traces corresponding to each of the three thermal infrared bands could be displayed
fim.ltaneously. [his technique was of particular use where band 3 data were svailable as varistions
between the bandas allowed the degree of atmospheric water vapour contamination to be assessed. Figure 9
rhowa 8 contrast stretched single band with a line sarked and the temperature profile along i1t shown,

he atove two uses were those foreseen for the AVHRR from the outmet. Other applications developed.
“he firat wam the recognition that the images shuwed ice fields very clearly. Estimating the position of
the 1ce sdpe became a regular procedure. Colour composites using vieible and infrared bands were
sasential. A single black and white band would not show the 1ce with any clarity. Compositea showed
where 1ce was developing and hence could provide accurate forecasts of where the ice edge would grow. The
~bservation of the 1ce edge permitted the recovery of South Thule to proceed in mid-June 1982 since the
AVHRK i1mmges mhowed the area to be unseasonably free of 1ce. From observation of the ice field the next
development was to attempt to track floating ice. This met with limited success as i1n general th~ 1mages
rece.ved were not sufficiently cloud free. Neverthelees icebergs and bergy bita were i1dentified and their
position established., The focus of attention on the AVHRK during Operation Corporate has led to further
development., oJne subsequent example has been the use of the infrared channels to 1dentify fog. On a
single band, fog and clouc are virtually indiastinguishable and on a normal colour composite fog and low
cloud cannot be reliably meparated. where all three infrared bands are available it is possible to
distinguish fog from other effects. The technique requires each band to be transformed to radiance
temperature, when displayed on the sonitor the temperature corresponding to each pixel determines the
grey level on the screen if a single band modulates all three colour guns to produce a black and white
1mage. However, each band 18 used to msodulate just one colour gun, for example band 3 may be displayed in
red, band 4 1n green and band 5 in blue. If the temperatures measured for a given pixel are identical for
all three bands, the pixel will appear as a grey shade on the screen. If there is a significant variation
in the perceived temperature then the result is a colour cast on the image. The normal method for display
relates increasing brightness on the screen to decreasing temperature, or for a single band image black is
wars and white 18 cold. Using thie convention and the allocation of bands to colours described above, fog
appears as an area of dark red. That indicates that band 3 measures a significantly colder temperasture
than bands &4 and 5. Clouds however appear grey to white, suggesting that the measured temperatures are
the same for all bands. There are subtler variations that indicate areas where fog is beginning or likely
to develop, The interpretation 18 that the band 3 signal, corresponding to the shortest infrared wave-
length, wust arise from near the surface of the fog or cloud since that wavelength cannot penetrate far
through suspended water droplets. The longer wavelengths providing the bands & and 5 signal can penetrate
significantly further and therefore the mcasured temperature 18 integrated over a longer path through the
suspension. Clouds have eassentially a uniform temperature and therefore this effect produces little
variation in the perceived radiance temperatures. Fog on the other hand has typically a colder outer
shell detersined perhaps by evaporative cooling enclosing a warmer core. Therefore the band 3 signal
will represent s colder measurement than bands 4 and 5. The other variations showing areas of developing
and 1mminent fog may be explained by considering the relative effects of water vapour concentrations on
the different bands as the atmospheric water vapour content may be expected to show significant anomalies
at such a time,

Further uses for AVHKK are under active consideration and experiments have been conducted and are
planned st RAE and 1n collaboration with other organisations to quantify the accuracy of sea surface
temperature measurements, to account for atmospheric contamination and to use the images in studies of
biolusinescence apd thermal pollution of estuaries. These results are not yet ready for presentation but
underline the usefulness of this versatile sensor when applied in conjunction with sophisticated, flexible
1mage processing techniques.

5 DATA DISSEMINATION

The rapid transition from an experisental prototype research facility to an opermtional one caused
certain logistical problems. The satellite ground stations at lashas and Oakhanger are about 13 ka
(K miles) apart. Each is about 24 ka (15 miles) from Farnborough. CINCFLEET at Morthwood is about 56 ks
(35 miles) and the Meteorological Office at Bracknell about 24 km (15 miles) fros Farmborough. while
insi1gnificant in comparison with some of the problems faced during Operation Corporate, the transfer of data
mainly by courier against unyielding timescales was a major cause for concern throughout. As well as the
analysis using GEMS, GOLS and METEOSAT images were transmitted in near real-time from lasham to CINCFLEKTWOC
over telephome lines for i1mage production by laserfax. This was a considerable improvement on the WEFAL
products otherwise available,

The dats dissemination for SEDAS will be simplified when the system is installed at CINCFLAKTWOC
nince there will be no need for naval staff to travel to Farnborough. Data will be transferred from
iashas by tape to tape transfer using a system under development at RAE called METSATNET which will use
British Telecom Megastream dats links operating at up to 1 Mb'e. METSATNET will include links with tne
Meteorological Office and Bracknel]l and is intended to be the backbone of a satellite data distribution
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ryatem to meet operationa. and experimental requiremsents beyond those related to meteorological matellites,
In particular the switched peasage high data rate techniques under development will have particular appli-~
cation to the European Space Agency ERS-1 synthetic aperture radar equipped satellite for which a number

of pre-~operational demonatrations are envissged.
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Figure 3

Image transfer and display optiona,




Figure &

METEOSAT full scene with overlays.
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Figure 6 GOEB southern hemisphere mosaics st full and half resolution with interference.
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full and half resclutiom with overlays after linefix.

Figure 7 GOES southern hesisphere mosalcs at




Figure & AVHRR band & full scene.
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Figure 9 AVHRR band & contrest stretched for sea surface temperature analyeis.




PRACTICAL APPLICATIONS OF SATFLLITE-DERIVED
METEOROLOGTICAL. AND OCFANOGRAIHIC DATA
IN NAVAL OPFRATIONS

by
Charles A. Wetgand
Comrand (veanographer
Naval Fagtern Oceanography Center
McAdie Building (U'-117)
Naval Air Statinn
Norfolk, Virginia 23611

Environmental data derived from satellites give the military
cormander critical inforration upon which to base decisions.  Since
the atr-ocean environment can significantly alter the performance
of today's technologically-advanced weapons and sensors, the o litary
commander rust haw: access to all factors affecting them, The
Satellite—data Processing And Display System (SPADS) at the Naval
Fastern (eeanography Center in Norfolk, Virginia is a computer-hased
system which produces high quality, real-time satellite imagery and
data with which to assess meteorological and oceanographic conditions
SPADS allows the tactical analyst to receive imagery in real-time,
process and display it and interact with the image to reximize
extraction of relevant data. The system is described and the follow-
tng case examples are discussed which deponstrate the capabtlities
of such A& System and show how satellite imagery can be applied to
VARTIious operational situations:

o Knowledge about the posttions of ocean fronts alerts
the commander to potentially degraded acoustic conditions
and can tncrease the employment efficiency of sonar
systoms
o locating major ocean currents and related mesoscale
features saves time and roney while increasing safety
of ships routed on major orean transits
o The ability to locate ocean frontal features and forecast
their effect upon meteorological conditions results in
timely notification to operating units of actions to
avoid, or reduce the effect of, dangerous weather
o Tire-sertes sequences of GOFS images over the South
Atlantic yielded extremely valuable reteornlogical
information in this data-sparse region during the
Falkland's Crisis in the spring of 1982
These examplos underscore the value of data from satellite {magery
to the military commander and illustrate the requirement that a
satellite system must provide timely, high quality information
within the cormander’'s area of operations,

Today 's military commander must realize and understand the e¢ffects that the environment will
haw on his men, ships, atreraft and weapons, tf he is going to meximize his combat effectiveness.
While some of these offects may be readily apparent, others may affect him in ways which we are
only beginning to understand. Fven the commander who can ascertajin his meteorological or oceano-
graphic conditions, my often tind this information limited to his immediate area of operations. He
meds the capability to sarple the environment beyond his local area.

A cruise missile 1s launched and before it {8 beyond the visual harizon forces may hegin to
affect 1t which can significantly change its ballistic trajectory. Winds, worsening weather, build-
1ng seas and atmospheric ducting of electromagnetic energy can singly or collectively work to alter
targeting or sensing capability of the missile. A shipboard commnder may be experiencing tincle-
ment weather which for a variety of reasons degrades the operational capability of his ship, while
a short distance away wind and sea conditions are noticeably better.

Satellite imagery can provide valuable information on meteorological and oceanographic condf -
tions in and near an area of operations.

The Naval Fastern Oceanography Center in Norfolk is one of the many environmental centers
within the (.S, Navy tasked with acquiring, analyzing and forecasting oceanographic and meteorologi-
cal conditions for dissemination to national and NATO military activities. While many activities of
the Center are common to other occanographic or weather stations, Norfolk has had the rather unique
opportunity during the past ten years to evaluate, and then emplay in operational sceparios, a
computer-tased satellite analysts system, It ts called SPAIB which stands for the Satellite-data
Processing And Display System. SPADS is a minicomputer-based copmuter system capable of acquiring
satellite data, processing that data into a satellite image displaying that image on a cathode ray
tube, and allowing an analyst to interact with the {mage to maximize data extraction. All this can
be dohe on & rea) time Dasis - in some cases within 0 to 45 minutes fram commencement of scene
scan by the satellite. At the Nawal Fastern Oceanography Center data {8 presently acquired for the
UOES-Fast geosynchronous satellite and the polar orbiting NOAA 7 and NOAA 8, Both visual and
infra-red imagery is available, Pigure ! shows a picture of the wystem.
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The ability to haw the analyst interact with a satellite 1mage {5 8 distinct advantage over
using A& hardeopy output of the tmage., Computer software programs in SPAIS allow the user to perform
A wide range of operations on the satellite imge. See Figure 2, Foremost among these operations is
the capability to do variable enhancements of the image over a wide range of gray shades or to do
“false color” enhancements of the image. Through the use of appropriate enhancements the analyst
can highlight those features in the tmage which are of most interest to him, whether they twe of
ceeanographtic or meteorological significance.,

Although the tncaming satellite data is receivwwed in the natural earth coordinates plane by
which the satellite senses the underlying earth scense, this natural projection can be converted by
the computer fnto etther Mercator or lolar stereographic projections for use by the analyst.
Concurrently, the image can be navigated and a geographic outline and latitude-longitude grid can
hee superirposed on the image. Manipulation of the image by SPAIK 1s available much 1ike other
stateof -the-art tmage processing systems. These operations include the ability to magnify a certain
portion of the 1mage, access a particular picture elerment and obtain a brightness or temperature
reading, mask out undesired clovd features or allow the operator to interact with the image using a
graph jon and tablot,

The graph pen and tablet provide the user with a powerful taol to use with the image, Overlay
planes can be reserwd and placed over the tmage and the operator can then draw ov slace symbols on
the: 1mage. The overlay planes can be stored and recalled at a later time for further comparison or
for adding or deleting information on the owrlay planes. These overlay planes also permit the
analyst to supertmpose oceanographic or meteornlogical fields on an image to assist in the inter-
pretation of observed features,

Another valuable feature of the system is the capability to copy a series of images and then
play hack this series in a timed sequence so that shifting or movement of features of interest,
most notably clouds, can be seen. This has proven to be of great value to our weather forecasters,

Operationally, SPAIS has proven to be an extremely flexible and time-sensitive system for
satellite 1magery analysis,

Four case examples will be discussed which demonstrate the capabilities of such a system and
show how satellite imagery can be applied to various operational situations.

(ase 1, SNatellite imagery and particularly that {magery sensing in the infra-red spectrum,
can be used to identify and accurately locate oceanic fronts. Figure 3 shows an {nfra-red NOAA 7
irage acquired and processed by SPAIS, The image has not been enhanced by SPAIS and contatins the
full range of gray shades. Not much can he seen in the image, unless one is familiar with the area,
tn which case the Chesapeake Bay, the New Jersey coast, Iong Island, and Cape Cod can be recognized.
The 1mage in figure 4 has been enhanced to highlight oceanographic features. The outline of the
tast Coast of the (nited States can be meen mach better. Major features associated with a dynamic
mceal current such as the Gulf Stream are apparent in this image. The North Wall of the Gulf Stream
18 seen As a sharp houndary heteeen the cooler Slope Water and the Stream core., The Shelf/Slope
front separates the Slope ¥ater from the cold nearshore Shelf Water, Two warm eddies are also
apparent in the imagery.

The several strong frontal boundaries analyzed in the irage combine to create an extremely
torplex acoustic environment.  Sound propagation near and through such boundaries undergoes a
myriad of unpredictable phenomena.  Although propagation near or across the front currently can not
e accurately predictoed since most numerical acoustic models assume a homogenous water mass, it is
of vital importance for the naval operator to know that his proximity to areas of strong horizontal
temperature gradients - that is, fronts, can drastically affect his sonar performance., He can then
best deploy his assets to minimize the effect of the front or take into account that acoustic
propagation and range prediction may be gquite poor

At the Naval Fastern Oceanography Center a major effort is expended in locating the positions
of oceanic fronts 1n the Atlantic Ocean and disseminating this information to operating units, SPADS
has played a major role in this effort and will continue to do so as long a8 the meed exists for
timely and accurate satellite imgery.

The interactive enphancement of matellite ipagery allows the analyst to vary the ephancement
curve on an {mage in order to highlight SST patterns. This ts a significant capability, Figure 5
shws the analyzed praitton of the Gulf Stream fram the image in figure 4, Three times a week, or
when requessted, data on the northern and southern boundaries of the Stream and information on the
prkitions of warm and cold oddies and their size and shape are transmitted via naval ressage to
vartous ships and support activities, With this data the commander who 18 attempting to employ a
RONAr System can ascertain whether the effects of & nrarby ocean front will affect his sonar perform-
ance, which 1t probably will even {n the case of relatively weak frontal zones, much less a dynamic
discontinuity such as the Gulf Stream off the Fast Coast of the United States. While the physics
of sound propagation through frontal boundaries are not well known and only now heginning to receive
increasing attention by aconsticians, this kind of frontal data can immediately alert a cormmanding
officer to the probability of potentially degraded acoustic conditions which can affect the
efficiency of his sNonars,

Case 2, The Optimum Track Ship Houting (OTSR) program at the Oceanography Center in Norfolk

is an advimory service to military and governarnt vessels which is demigned to provide the shortest
pmsible route under the best possible weather conditions during major trans-Atlantic voyages.
Intelligent planning of routes before the ships get underway and constant surveillance of possible
meteorological and oceanographic conditions which can affect the passage results in fuel savings
and lesa storm damage to ships,
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Figure 6 shows the analyzed position of the Gulf Stream hased upon observation of a2 series of
tmages. The chart is thus a corposite of where the Gulf Stream's ma jor features have been during
the week, Meteorological condttions exert the major influence in mst cases where routes are
divwrted and satellite imagery plays a major role in identifting dangerous weather situations.
Additionally, the past sevwral years haw seen a dramatic increase in the number of routes which
tave been planned to take advantage of major ocean currents along the route, A strong, swift ocean
current such As the Gulf Stream can givw a ship several oxtra knots of free push on & northbound
transit along the east coast of the .S, or easthound trans-Atlantic, while ships steamimg on
oppeslte courses can avold these adwerse currents,  While this {5 not a new concept, the use of
satellite jragery allows the current system to he accurately located and thus for better position-
1ng of the ship to take ndvantage of or avoid the current, This is important as can be seen in
figure 6, wher, yon constder the camplexity of the current system,

Tn 19K ower $500,000 was savexd Just by shortening the length of voyages. In 1982 routes
which used the Gulf Stream saved an estimated $£305,000, while avoidance routes sawd another
a4, 000, Corbined with cver $600,000 1n sAavings due to shortened routes, savings for the year of
TUE2 was estimmted at close to $1,.000,000, Tt is irmpossible to tnclude in these figures the potent-
1ally tuge costs of ship repatr that might have teen riguired (f the ships had not used the ship
rogting service and had received storm damage.,

Ancother interesting use of satellite data in ship routing 18 to 1dentify the posttion of the
nurerons warr and cold eddies or rings which spawn of { current systems and route ships through them
to take advantage of their currents, Warm eddies are formed north of the Gulf Stream in the Atlantic
(eear and exhibit a clockwise rotation about {ts center, (nld eddies form south of the Stream and
rotate counterclockeise,  Currents 1n these mesoscale oceanographic fes* s can reach as much a8 3
knots, In the spring of 1982 & test was conducted to test the utilization of eddies in ship routing.
The results were guite good,  In Figure 7 the track of the easthound ship is seen to cross the
northern half of the wam oddies which rotate clockwise, Satellite imagery was able to locate these
warm eddies well enough that the ship realized a gain in speed during the transit through the
eddies,  An estimted 80000 was <aved over a distance of 900 nautical miles through the use of the
eddies,

Since the test, the Naval Fastern (ceanography Center has actiwly pursued the use of warm
eddies in route planning. As the ability to accurately identify, locate and track these features
irproves, ships taking advantage of them will surely increase. Fmerging technology, such as remote
sensors oquipped with mcrowaw which will sense these features through the clouds or radar
altimeters which can map the geopotential sea surface, will further speed the arrival of the day
when ships at sea will routinely utilize eddies to assist them in their transit while decreasing
the cnsts of the voyage.

(ase 3. A strong frontal Poundary can also influence meteorological conditions. Such is the
cas along the east coast of the U',S, when a strong cold northwest or northeast air flows out over
the (ulf Stream. As the onld air roves out over the Stream there can be a dramatic increase in the
turbulence of the atr mass, As seen in figure R, turbulent upward convection over the Stream
crvates a cold strong downdraft in the vicinity of the frontal boundary. This can result in an
tnerrase 1n winds and seas in the area which can he extremely hazardous to ships or aircraft. This
reteorological situation 18 called the "North Wall Fffect”. While this can be easily seen off the
cast coast of the U'nited States, this effect can probably happen anywhere that this type of weather
situatton occurs, Cloud cover permitting, infra-red satellite imagery provides the capability to
1dentify the position of the North Wall of the Gulf Stream, or any ocean frontal area where this
weather condition mght occur.  SPAIS can be used to navigate the satellite data, earth locate the
image, and print out points along the frontal houndary as a series of latitude and longitude values.
With this information forecasters can provide mich more timely message warnings to ships operating
1n the vicinity of the front.

A graphic example can e given, In April 1982 a naval vesse) was transiting westward in the
western Atlanttc and was being provided with Optimum Track Ship Rwting services. The TSR division
at the (reanography Center in Norfolk recormended that the ship divert from its present course hased
upon the ol lowing devw lopments:

- The ship was located at 37.2N 67,9 and was experiencing
winds fram 2R0T at 40 knots, Seas were R feet owr an existing seel)
of 33 feet, Sea surface temperature was 22,22 and air temperature sas
7.4,

- Ut1lizing the satellite 1magery on SPADS, it was determd ned
trat the ship was in the Gulf Stream in the immexdiate arva of a large
armplitude meander (Figure 9), It was also apparent that the ship wsas
experiencing A "North Wall Fffect®,

-~ Rascd upon this knowledge, 1t was recommended that the ship
divert toward A point near 3R.5N O, (W at best speed,

- later reports from the ship showed that, once she crossed
the North ¥Wall and was in colder Slope Water (SST 10, Air Teep 7.X),
winds decreased to 280T at 2] knots, Although the ship did not report
sea hejghts, follow-on messages indicated that smas had tmproved well
enough to allow the ship to increase speed significantly 1n order to
reach port,

Cane: 4. THhe use of satellite imagery to assist in forwcasting srather conditions in data-
sparse regions of the world was seen during the Falkland's Crisin in the pring of 1982, lming our
frage processing system, we were able to develop timnd sequences of (JBS Full [ ek images in the
South Atlantic. The Full sk shots were acquired at 3 hour intervals and the sagnification
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capability of the SPAIS was used to "zoaom" on the desired portion of the South Atlantic,

The time sertes produced by the images tmmediately highlights the genera) circulation, allows
related meteoronlogieal features to be associated more easily and gives a better feel for the motion
of starm systems and their periodicity.  We were surprised by the spessd at which vortex centers and
reiated fronts moved through the area - 30 to 40 knot speeds were not upusual, The timed sequences
thus provwed to be extromely valuable in this region where upper air data and weather maps were not
always neliable,

Mher uses of satellite imagery to enhance the tactical knewledge of the naval commander
become more obvions /s the full capability of remte sensing ts realized, Addittonal applications
will b developed as the tactical needs of the military are meshed with the emerging capabt lities
ot rore advanesd satellites, The examples cited in this paper only help to undersenre the value of
data from satellite imgery to tactical decision making and illustrate the requirement that a
~atellite system must provide timely, high quality data within the commander’'s area of interest,




FIGURE |

SPADS Equipment

GOES EAST

SPADS

S |

1

N |

|

ABEDQ = =-OZEZCTT"T ME==OIPPIIM-4E

[ GRAY SHADES
FALSE COLOR

VARIABLE
ENHANCEMENTS

MERCATOR
PROJECTION % POLAR STEREQOGRAPHIC
OPTIONS NATURAL

LAND MASS OUTLINE
IMAGE %
NAVIGATION LAT/LONG GRID
IMAGE
MAGNIFICATION

PIXEL BRIGHTNESS
AND TEMPERATURE
COUNTS

CLouD
MASKING

HAND ORAWN
OVERLAYS _E COMPUTER GENERATED
HARDCOPY QUTPUT

TIME SERIES

SATELLITE-DATA PROCESSING AND DISPLAY SYSTEM

FIGURE ¢

Interactive Functions of SPADS

A




Tt el Dinepe Wil aang-drawn o atialysis,

. e o ‘ ot Lt
to et P
P o1 bt aat

toewdn woaad nogmally bhe onoa ored

hodetiay st lnver ted maged

_— o et ——— - rrv—— 4




NAVEASTOCEANCEN NCHFOLK VA . 9 .-
GULE STREAM o EENENRY

V1

—

1.3

D BETIMATED

ANALYSIS
 dedee ok 8

L CimECTION

rOBITION

!
[ —

e
Jl
+
1.
[
1
-
A
~
N

L. ccuoapey b ! N
Vi came = - .f__l, - “T“f‘\' " ‘_\’ ‘/\/,‘ -
't amn €ODY l i | Lt S
LC: (o0e cuamant AR < J
; R =
ST auir sTREam | » e
- - - '

ety 1

'

|
—

! '
-1 oo
—e— 4 .

T lJEI
AN P S S 4

AP OF MEI'CT 10,8807

|
I
3

FIGURE &

w e
o T

.

»e

27

nTNS Med 2-S irva

FIGURE 7




oWy e -

ATMOSPHCRIC HIGH PRESSURE ATMOSPHERIC LOW PRESSURE

COLD AIR
STYLIZED ATMOSPIHERIC CIRCULATION:

AS CTLD AR FLC'YS CVER THE NORTH

WAaLL WD SPZED :NCREASES

AND CREATES HIGHER SEAS.

COLD AR FLOW

Il HIGHER SEAS i
NORTH l'll WALL

NORTH WALL EFFECT

FIGURE 8

“ AR " e
UM O 8 Y L ; ‘.’4 -‘. ‘. ;v .
[ wn 09-09 4R B2_ | ¥ T g
- SHmer wrte s N ;1 ¥ “
b oo l L.
S1- Suer€ ATl ) S
Va2

ST Guel sTCmaM ﬁv >
[P wd

BT T
$hs.ThoN o~ ™77

1. 4%

i

e s

f-(’t’& S

GIOR 39 FesV SWELL

SA "

FICURE 9




STATUS OF THE NATIONAL SPACE TRANSPORTATION SYSTEM
hy

{ t. General James A Abrahamson
NASA Assoctate Admimistrator, Office of Space Fhght
NASA Headquarters
Code M
Washington D.C. 20846, USA

ABSTRACT

The National Space Transportation System s a National Resource serving the government, Department of Detense
and commeraal needs of the USA and others. §our arbital fhight tests were completed July 4, 1952, and the first
Operational Fhght (STS-9) which placed two commercial communications into orbit was conducted November 11, 1982,
February 1983 marked the first thght of the newest orbiter, Challenger. Planned firsts in {983 include- use of higher
performance mam engines and solid rocket boosters, around-the-clock crew operations, a night landing, extra-vehicular
activity | a dedicated DOD mission, and the first flight of a woman crew member. By the end of 1983, five commercial
payioads and two tracking and data relay satellites will have been deployed and thirty-seven crew members will have
made fhights aboard the Space Shuttie.

The discussion which tollowed this presentation appears i clasvficd publicaton CP 344 (Supplementy
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SHUTTLE/CENTAUR UPPER STAGE CAPABILITY

Author: Harry J. Clark
NASA STS Centaur Program Manager
Space Transportation Support Programs Division
Ooffice of Space Flight
NASA Headquarters
Washington, DC 20546

SUMMARY

In November 1982, the United States Air Force and NASA signed an agreement which
defines a joint project to design, develop, procure, and produce Centaur upper stages for
use with the Space Shuttle. A common Centaur G stage 6 meters (19.5 feet) in length is
being jointly developed. A longer version designated Centaur G Prime is being developed
by NASA to accomplish the Galileo and ISPM flights in 1986. The Centaur G and G Prime
will have the capability to place, respectively, approximately 4540 kilograms (10,000
pounds) and 5910 kilograms (13,000 pounds) into geosynchronous orbit from a standard
Shuttle parking orbit of 278 kilometers (150 nautical miles) and Shuttle performance
(l1:ft) capability of 29,500 kilograms (65,000 pounds).

The advent of hiqgh energy upper stage capability in 1986 will permit space users and
spacecraft developers to utilize spacecraft growth, stage combination concepts with
storable modules, teleoperator systems, and other mission peculiar devices to satisfy
complex mission demands. These capabilities should greatly enhance the usefulness of the
space environment and stimulate mission planners toward conception of innovative means to
meet ever increasing mission requirements.

BACKGROUND

The Space Transportation System (STS), as developed over the past decade by the
United States, is made up of several major elements. The Space Shuttle is the key
element and provides transportation for payloads from Earth to low Earth orbits. Upper
stages are required for missions which require higher altitude orbits, interplanetary
trajectories, or for other orbital maneuvers which require higher energy than the Shuttle
alone 1s capable of attaining. Several upper stage programs are in varying degrees of
development and operational status at this time. The capabilities of these upper stages
range from approximately 1250 kilograms (2750 pounds) for the PAM-D, (a solid propellant
vehicle) into a geosynchronous transfer orbit (approximately 630 kilograms or 1400 pounds
to geosynchronous orbit), up to the Shuttle/Centaur (a cryogenic stage), which can place
as much as 5910 kilograms (13,000 pounds) directly into a geosynchronous orbit from the
nominal Shuttle parking orbit.

The requirements for higher energy upper stages were thoroughly examined by NASA 1in
conjunction with the Department of Defense. The results of these analyses were docu-
mented in "Upper Stage Alternatives for the Shuttle Era," a NASA/DOD Report to Congress,
October 1981, Reference 1. Although many complex mission requirements were examined, the
area of spacecraft growth, i.e., physical size versus other ways of meeting increasing
mission demands, received considerable thought and discussion during the referenced
analyses. Trade studies were made such as comparing the develapment of costly, complex
avionics systems for placement accuracy and maneuverability versus sizing of spacecraft
propellant tanks and multiple burn capability. The results indicated the trend to larger
spacecraft in the future in order to decrease cost, extend life, provide maneuverability
and expand other services. The capability to support these future requirements could
only be accomplished through development of a high energy upper stage with inherent
flexibility in tank sizing, multiple burn capability, and eventual low thrust options.

In July 1982, the United States Congress passed, and the President signed, a 1982
Urgent Supplemental Bill containing, among other amendments, a stipulation that NASA
design and procure the Centaur, a modification of an existing cryogenic expendable launch
vehicle, for accomplishing the Galileo and ISPM interplanetary missions in 1986. Upon
the reinitiation of the program, the DOD completed additional evaluation of upper stage
requirements, which resulted in the requirement for a short wide-body Centaur capability
by 1987.

In November 1982, the United States Air Force and NASA approved the Centaur G
Subagreement to the NASA/DOD Memorandum of Understanding on Management and Operations of
the Space Transportation Syatem, which defines a joint project to design, develop, pro-
cure and produce Centaur upper stages., A common Centaur G vehicle 6 meters (19.5 feet)
long is being developed. A longer version, an 8.9 meters (29.1 feet) long stage desig-
nated Centaur G Prime is being developed by NASA to accomplish the Galileo and ISPM
flights in May 1986.

TECHNICAL DESCRIPTION

The Shuttle Centaur G and G Prime vehicles are derivatives of the existing Centaur
stage as used with the Atlas/Centaur (A/C) vehicle and the Titan/Centaur launch vehicles.
The basic Centaur vehicle has been successfully flown for the past 20 years with
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exceptional demonstrated reliability for a variety of missions including commercial,
planetary and defense oriented flights, To insure inherent reliability in the Shuttle
Centaur confiquration, the groundrules and desiqn goals established center around minimum
modifications, 1.e., those required for compatibility with the Space Transportation
System (STS) and for safety consideratioas in a manned environment. Other consideratinns
were to minimize anterfaces with the Shuttle elements for case of inteqration and that

the Centaur would be an expendable stage. Although reusabyility has been discussed, such
considerations would not be considered until the Shuttle Centaur confiquration is opera-
tronal, a.e., 1986 for Centaur G Prame and 1987 for Centaur 6 confiqurations.

The basic A ¢ configquration and growth progression to the Shuttle Centaur

onfigurations are shown in Figqure T,

SHUTTLE/CENTAUR
A MINIMUM MODIFICATION TO CURRENT CENTAUR

® INCREASE LH,

TANK & ® LENGTHEN
FORWARD LHy TANK
STRUCTURE & FORWARD
DIAME TER STRUCTUSE

® 45 DEG AFT ® LENGTHEN
CONE ANGLE LO, TANK

© 6,1 MiXTURE 24 DEG
RATIO AFT CONE

® 51 MIXTURE
RATIO

|
tm CENTAUR G
FOR SHUTTLE

USES 4.6m DIAMETER AVAILABLE IN ORBITER BAY

®

CENTAUR 011 © INCREASE LENGTH AVAILABLE FOR SPACECRAF T

COR ATLAS || ® MAINTAINS LO, TANK DIAMETER & PROPULSION

& TITAN SYSTEM UNCHANGED CENTAUR G
® USES CURRENT AVIONICS SYSTEM FOR SMUTTLE

Fipgure |

Both the A/C and the new Shuttle/Centaur utilize two RL-10 liquid hydrogen/liquid
oxygen engines. These RL-10 engines, produced by Pratt and wWhitney, have been flown with
100 percent success. The engines used for the common G vehicle will utilize a mixture
ratio of 6:1 (oxidizer over fuel), which results in a thrust level of 66,700 newtons
(15,000 pounds force) from each engine, at a specific impulse (Ig,) of 440 seconds. The
Centaur G Prime, because of tank configuration and performance reguirements will use the
engines operatiny at the more efficient 5:1 mixture ratio, providing 73,400 newtons
(16,500 pounds force) of thrust each at an I!p of 446.

The liguid oxygen tank for the Centaur G configuration remains essentially the same
as the current Centaur. For the G Prime vehicle, cylindrical sections are added to the
oxygen tank to provide for the required increase in capacity, i.e., from 11,600 kilograms
(25,500 pounds) for G, to 17,500 kilograms (38,500 pounds}.

As can be seen in Figure 1, the major modifications are in the hydrogen tank
structure. The A/C holds 2400 kilograms (5300 pounds) of liquid hydrogen while the G and
G Prime tanks can respectively hold 2050 kilograms (4500 pounds) and 3640 kilograms
(7900 pounds) of fuel. The same proven technology and techniques as used in manufacturing
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and fabrication of the hydrogen tanks for the current Centaur will be used for the
Shuttle/Centaur confiqurations. The capability to vary tank sizes and/or to offload pro- '
pellants provides considerable flexibility for future mission requirements,

The basic avionics packages as currently flown will remain essentially the same.
However, minor modifications are being made for compatibility with the Space Transporta-~
tion System and unique mission requirements. The guidance system, used for the current
Centaur and both Shuttle/Centaur configurations, is a Minneapolis Honeywell inertial
reference system and a Teledyne computer to provide steering commands to the RL-10
engines. Additional avionics have been added to provide two-fajilure tolerant safing of
the vehicle while in the Shuttle Orbiter's cargo bay.

The RF system contains an S-band transmitter, power amplifier, and a hemispherical
dep loyalble antenna system. If required, encryptors can be added to provide secure

omgn L lcations,

Ar instrumentation and telemetry system, signal conditioning and multiplexing
apatilaity exists for monitoring system status and performance while in the cargo bay
iyraor to dep loyment and stage status after deployment.

irimaty electrical power to the Centaur, Centaur Integrated Support Structure (CISS)

il spacecraft will bte supplied by the orbiter while they are in the cargo bay.
Hat*eries will be ased to supply electrical power to the Centaur after separation from
vt rraeer and as a hackup to orbiter power while in the orbiter bay.

A jiotorial description of the Shuttle/Centaur and how it physically relates to the
.t le 1s shown 1n Fiqure I1. A Centaur Integrated Support Structure (CISS) is a new
teve . ped system which provides the major interfaces, i.e., fluid, mechanical and elec-

‘1. 1. lertweer the Uentaur and the Orbiter. The CISS also serves as the erection device
vooi owv et platform for deployment of the Centaur, with its payload, from the Orbiter.

SHUTTLE/CENTAUR SYSTEM SUMMARY

SPACECRAFT (REF)
IMG/STAR SCANNER

INSULATION BLANKET &

RADIATION SHIELD ENGINE

SUPPORT
STRUCTURE

DEPLOYMENT
ADAPTER

EQUIPMENT MODULE

STUB ADAPTER
TANK

AFT ADAPTER

CENTAUR
INTEGRATED
SUPPORT
SYSTEM (CISS}

Figure 11
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The spacecraft is cantilevered from a forward mounting ring on the Centaur stage.
Forward supports are an integral part of the Centaur and are utilized for supporting the
forward section of the Centaur while in the cargo bay. 1In low Farth orbit, the Shuttle
forward support latches are released and the CISS provides rotation of the entire vehicle
to 45 degrees. At the proper time, the separation ring at the aft part of the Centaur is
fractured by the use of Lockheed Super-Zip, a proven and currently used system, and 12
springs eject the Centaur from the Orbiter at approximately 0.3 meters per second (1 foot
per second).

The capability does exist for the Centaur and payload to be restowed into the cargo
bay, should problems occur with the payloads during pre-deployment checkout or should

mission requirements change. The total system, as designed, will permit return of the
Centaur and payload to a Shuttle landing site should it be desirable to terminate the
mission. If this 18 required while the Shuttle is in orbit, the Centaur tanks would be

dumped through ducts provided for this purpose, prior to Shuttle reentry. Similar
dumping procedures would also be used should an abort occur at any time during the
Shuttle operational phase of the mission.

Two Orbiters are currently being modified for compatibility with the Centaur and
both launch pads at the Kennedy Space Center will be compatible with Shuttle/Centaur

operations.,

PERFORMANCE AND MISSION PLANNER OPTIONS

The Centaur G Prime tanks were sized for the planetary missions, the Galileo and the
International Solar Polar Mission. Should this stage be used for geosynchronous missions,
1t could place 1n orbit approximately 5910 kilograms (13,000 pounds) of useful payload
and st1ll be offloaded by 4090 kilograms (9000 pounds) of propellant at Shuttle lift-off.
This 1s based on a Shuttle lift-off payload capability of 29,500 kilograms (65,000 pounds).
Sshould Shuttle lift~off payload capability increase above 29,500 kilograms (65,000 pounds)
additional propellants could be loaded into the Centaur for improved performance
approaching 8180 kilograms (18,000 pounds) to geosynchronous orbit. This potential per-
formance capability will eventually permit practical missions involving large space
structures and/or large multiple payloads to the same or different orbit positions.

The Centaur G configuration was sized for payload length in the cargo bay instead of
maximum attainable performance. This confiquration will place 4540 kilograms (10,000
pounds) in geosynchronous orbit with payloads as large as 12.2 meters (40 feet) in length.
The limitation on payload length is controlled by the length of the cargo bay, i.e.,

18.3 meters (60 feet), and the length of the Centaur stage, i.e., 6 meters (19.5 feet).
This performance is also based on a Shuttle parking orbit of 278 kilometers (150 nautical
miles} at 28° inclination. Performance at other orbits and inclinations can easily be
extrapolated; for example, 6360 kilograms (14,000 pounds) can be delivered to a 57°
inclination, highly elliptical orbit.

As the stages are cryogenic, boiloff of propellants becomes an important performance
factor. To this end a unique thermal insulation concept has been incorporated into the
design. The performance curve relative to loiter time in the cargo bay is shown in
Figure 111 for the Centaur G. As the propellant mass is greater with the Centaur G Prime,
the rate of performance dropoff is somewhat lower.

1t should be noted that loiter time, boiloff considerations and associated flight
performance, were a major item of concern during the performance of the analysis in
Reference 1. It was recognized during the analysis that two approaches were desirable:
Minimize boiloff through use of innovative insulation concepts and for missions which
require exceptional flexibility relative to loiter time, to either add a storable pro-
pellant upper stage module or to carry more storable propellants in the spacecraft.
Since the Centaur is a cryogenic stage, with high energy performance, the latter concepts
are very practical. This being the case, a wide variety of new mission concepts relative
to flexible deployment times, satellite positioning schemes, and evasive maneuvering can
be implemented within this decade.

Relative to storable module concepts, the General Dynamjcs Corporation, GDC, has
designed, as a proprietary development, such a module for use with the Shuttle/Centaur.
In addition, NASA has been studying for several years the practicality of a teleoperator
maneuvering system vehicle, now called Orbital Maneuverable Vehicle (OMV). This program
may be a new start in FY 85, The combination aspects of storable propellant upper stages,
maneuverable satellite systems and teleoperator vehicles should be the subject of a
future paper with equal emphasis as this discussion on the Shuttle/Centaur.
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In summary, the United States is adding the Centaur, a cryogenic high energy upper
stage, as part of the Space Transportation System (STS). This new capability will be in
the form of two stage configurations, permitting payloads of 12.2 meters (40 feet) and
9.2 meters (30 feet) in length and respective performance of 4540 kilograms (10,000 !
pounds} and 5910 kilograms (13,000 pounds) to a geosynchronous orbit. This capability
will exist beginning in 1986 and be fully operational in 1987. This added high energy
capability opens the door for innovative approaches to meeting increasing mission demands
and further utilization of the space environment and its specific advantages for tactical
operationsa.
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par

R. VIGNELLES
Directeur dea lanceurs

CENTRFE NATIONAL D'ETUDES SPATIALES
Ditection des lLanceurs
uartier des Champa Flysées
Kue Charles Baudelalire
91 o0 EVRY
FRANCE

RESUME

le proyrarme de développement du lanceur ARIANE vient de s'achever avec la réussite des deux tirs de qualifi-
vation. 11 permet de disposer 4'un lanceur opérationnel capable de placer des charges utiles de l'ordre de

1Buu kq en ~rbite de transfert de type qéostationnaire. Deux phases de développement complémentaires ont &té
décidées afin d'optimiser le lanceur en fonct{on de l'évolution des charges utiles, et par conséquent d'accroi-
tre sa compétitivité ; la version ARIANE 3 capable d’'une charge utile de 1'ordre de 2600 kg en orbite de trans-
fert de type géuatationnatre et dont la disponibilité est prévue en 1983, la version ARIANE 4, capable de six
confiqurations allant de 2000 A 4300 kg, disponible en fin 1985, Parallélement, la crédibilité copmerciale

des lanceurs ARIANE est renforcéde par la réalisation d'un deuxiéme ensemble de lancement disponible 4ébut 1985,

ABSTRACT

The development of the ARIANE launch vehicle has just been completed with the success of two qualification
launchs. This program has led to an operational vehicle able to launch payloads of about 1800 kg on transfer

to geostationnary orbit. Two complementary development phases have been decided in order to optimize the launch
vehicle with respect to the ewolution of payloads and thus to increase competitivity : ARIANE 3 model able to
launch 2600 kg 1n transfer is scheduled to begin operations in 1983, the ARIANE 4 six different models for
payloads ranging froe 2000 kg to 4300 kg that will be available at the end of 1985. In parallel the commercial
credibility of ARIANE launch vehicles is being increased by the completion of the second launch pas in Kourou
(French Guiana) that will start operations at the beginning of 198S.

ARIANE 1

La décision de réaliser Ie lanceur Ariane | dans le cadre de 1'Agence Spatiale Furopéenne fut prise en
1973, lLe programme fixsaft pour objectif essentie]l ! e lancement de charges utiles de 1500 kg en orbite de
transfert géoatationnaire depuis le base de Kourou dis 1980.

Aprds sept années de développement, le lanceur Ariane | effectuait son premier vol fin 1979 et obtenait
sa qualification & 1'issue de trois tirs totalement réussis sur quatre » la fin de 198)

Sa performance en orbite de transfert de type géostationnaire a pu étre augmentée progressivement sen-
sfblement su-dessus de 1800 kg grice sux choix conservatifs effectués en début de programme. Les performan-
ces th&oriques sur les orbites les plus usuelles sont données en annexe.

A 1'fssue de sa phase de qualification, le lanceur Ariane | se présente comme un lanceur tri-&tage
de 47,79 m de hauteur totale pesant 210 tonnes au décollage, avec les caractéristiques essentielles suivan-
tes :

Le premier ftage pise 13,)] tonnes 3 vide et mesure 18,4 m de hauteur pour ),8 m de diamdtre. 11 est
&quipé de quatre moteurs Viking V qui développent une poussée de 245 tonnes au décollage. Sa durée de com-
bust fon au vol est de 146 secondes.

Les 147,6 tonnes d'ergols (UNDMH et N204) sont contenues dana deux réservoirs identiques en acler re-
11és par une jupe cylindrique. Les quatre moteurs 3 turbopompe sont [ ixés symftriquement sur le bidt{ de
poussée et articulés par paires selon deux axes orthogonaux pour assurer le pilotage sur les trois axes.
ustre empennages de 2m2 améliorent la stabtlité aérodynamique.

Le premfer étage s'autodétruit IO secondes environ aprds la eéparation 1/2.

Le deuxidme #tage pise },1) tonnes B vide (sans 1'interbtage et les fusées largables d'accélération)
et sesure 11,6 n de hauteur pour 2,6 = de diamdtre. 11 est &quipé d'un moteur Viking IV qui dé&veloppe
une poussfe de 72 tonnes dens le vide pendant 136 secondes de vol. Le moteur est 116 au bi&ti de poussée
tronconique par un cardan A deux degrés de liberté pour le pilotage en tangage et lacet, le pilotage en
roulis Stant sesuré par des tuydres suxiliaires alimentdes en gas chaude préleviés sur le générateur de
gas de 1'ftage. Les deux réservoirs - en sllfage d'aluminium d fond (ntermédlaire commun - sont pressuri-
sés b 1'hélium gazeux (3.3 bar) et contiennent 34.l1 tonnes d'ergols (UDMH et N204). Lo deuxidme &tage
s'autodétruit 30 secondes environ aprde la sépsration 2/3.

Avant le décollage, pendant I'attente sur rampe du lanceur, les réservoirs du deunidme étage sont
protéghs par une housse thermique, ventilée A 1'air froid, qui limite 1'dchange thermique entre las eriols




et l'amhiance extirieure. Cette houmtr thermique est largule au décollase du lanceur,

e troia{dme étage qui pése 1,1A4 tonne A vide et memaure 9,08 m de hauteur pour 2,6 m de diandtre, est
le premier ftage crvogénique réalisé en Furope. 11 eat &quipé d’'un moteur HM? qui développe une pouasée
de » tonnes dans le vide pendant 545 secondes de vol.

lLea deux réaervolra, qui contiennent 8,23 tonnes d'ergols (hydrog2ne et oxyg2ne 1iquides) sont en al-
liage d'aluminium avec un fond commun intermédfaire (3 double parof sous vide). Ils sont revétus d'une
protectfon thermigue externe en Klépecell pour éviter 1'&chauffement des ergols. les réservoirs d'hydrogene
et d'oxvgéne sont pressurisés en vol, respectivement A 1'hydrogdne gazeux et 3 1'hélfum.

le moteur eat 14é au bati de poussée tronconique par 1'intermédiaire d'un cardan permettant le pilota-
Re en tangage ot lacet. Nes tuydres auxiliaires éjectant de 1'hydrogéne gazeux assurent le pilotage en rou-
BTN

les aéparations des ftages mont effectuées par cordeaux découpeurs pyrotechniques situés sur la jupe
arridre des deuxidme et trofsidme étages. les &tages sont écartés l'un de I'autre par des rétrofusées pla-
cées sur 1'dcape lnférieur et par des fusbes d'accélération diaposées sur 1'6tage supérieur. la séparation
entre les deux premiers étages est commandée par le calculateur de bord sur détection de la queue de pous-
aée du 1140 (éputsement d'un ergol). lLa séparation entre le 22me et le I2me &tage est commandée par le
calculateur de hord quand 1'augmentation de vitesse due & la poussée du 1.3] a atteint une valeur prédéter-
minde.

La case d'équipements peése 11h kg ; elle mesure 2,6 m de diamdtre et 1,15 m de hauteur. Placée au-~
dessus du troisidme Sftage, elle renferme les équipements &lectroniques du lanceur, supporte la charge uti-
le et sert de point d'attache 3 la coiffe. Dans la case, sont rassemblés autour d’un calculateur embarqué
tous les &quipements &lectriques nécessaires A 1'exécutlon de la misaion du lanceur : séquentiel, gutdage,
pllotage, localfsation, deatruction, télémesure. Seuls les organes de puissance et d'exécution sont répar-
t{s dans len ftages.

lLes deux dem{-co{ffes sont éjectées paralldlement 3 1'axe princtpal du lanceur, sur otrdre délivré par
le calculateur embarqué lorsque le flux thermique calculé devient inférieur au flux spécifié,

A 1'issue de sa phase de qualification, un premier lot de six lanceurs a été commandé par l'Agence
Spatiale Furopéenne. Le premier lancement L5 s'est s0ld& par un &chec di 2 la défaillance de la turbopom-
pe du léme étage. lLe lancement 16 & permis la satellisation, avec une grande précision, de¢ ‘s charge utile
double ECS-AMSAT. Les autres lanceurs permettront la mise en orbite de trois satellites Intelsst et un sa-
tellite d'ohservation de la terre.

La nécessits de mieux affimer la compétitivité d'Ariane pour ler petites charges utiles, a conduit 1
proposer 1'amélforation Ariane 3 d@s 1980 avec les objectifs suivants :

- sugmenter la performance du lanceur Ariane en orbite de transfert de type géostationnaire jusqu’d
2500 kg afin de permettre le lancement double de charges utiles de type STS PAM ;

- augmenter corrélativement le volume sous coiffe.
Pour respecter ces objectifs techniques, les modifications sulvantes ont &té retenues :

. Augmentation de la poussée des moteurs Viking des ler et 2¥3me étages par accroissement de la pression
de combustion de 10 2 (53,5 bars & 58,5 bars) ;

. Adjonction de deux propulseurs d'appoint 2 poudre d'une poussée unitaire de 60 tonnes, fonctionnant
d2s le décollage durant environ 40 secondes ;

. Augmentation de ls masse d'ergols du 3ldme étage ;

. Amélioration des performances du moteur du 3ldme étage par augmentation de sa presaion foyer de $
bars et sllongement du divergent de 200 mm ;

. Adaptation du SYLDA (systime de lancement double) développé dana le cadre du développement Ariane 1,
au volume requis par les satellites STS PAM.

L'ensemble de ces wodiftcations permet de passer i la configuratfon Ariane 3. La configuration Ariane 2
est obtenue par suppression des propulseurs d'appoint & poudre.

A ce Jour, 1'état de développement du lanceur AR} est le suivant :

. Les $tudes systdmes sont en voie d'achivement et un premier dossier & &té remis 3 la commission de
qualification ;

. Le fonctionnement du moteur Viking A 58,3 bars a &té démontré par toute une série d'essais aux limi-
tes dégageant les marges de sbcurité nécessaire. Le programme d'essai prévu au niveau de la baie de propul-
sfon du ler Stage est termind avec des résultats excellents. Par ailleurs, toutes les structures modifibea
soit par sdjonction des propulseurs d's  otnt, soit par augmentation des efforts généraux, ont subi leurs
esssis de qualification avec succds ;

. Les propulseurs d'sppoint ) poudre sont qualifibs, incluant un tir verticsl simulant la fixation des
propulseurs 4'appoint sur le premier Stage. Tous les essais de séparatfon sont terminde ;

R Ty TR, i S IR L T




-3

fes easals de qualification du moteur du 'ome Ftage sont terminbs. Deux essnals A feu dy ldme ftage
au hanc d'crsal restent 3 effectuer ;

Tes modificationa de la cofffe et du SYILDA sont achevées et qual:f lées. ‘

Fn résumé, la quasi-total{té des easain de qualification au sol est maintenant terminée et le processus
de la revue formelle de qualification au sol est commencd, pour un premier vol opérationnel prévu en mal R4,
la perfarmance actuellement estimée excéde nensiblement l'object{f (nitial. tes performances pour les mimsions
types sont rappelées en annexe.

e lanceur Ariane [ et 1 va succéder au lanceur Arfane 1 A partir de !'exemplatire n° 12. Sa production
et sa commetcialiaation ont 6té confléen A la Soctété ARTANFSPACF,

ARTANY o
la niécesalté d'envinager une nouvelle amélinration du lanceur Ariane eat appsrue 4 la sufte d'une Stude
i marché Jea satellites et de leur évolutfon en terme de masse 2 partir de 1985.

¢ programme Jdaméltoratton a &té décidé début 19K aver les ohjectifs cl-apréas

Permettre le lancement double de matellites de la classe 25H) kg et 1400 kg en orbite de transfert
te type wgfoatattonnalre ou le lancement simple de satellites d'un poids maximal de 4300 kg ;

Améliorer corrélativement le volume mous rotffe en portant notamment le diamétre utile 3 3,65 m ;

Déffntr une renfiguration ou un ensemble de configurations déri{véen, présentant un maximum de flexi-
hilité vig-d-via du modele de miasions.

‘our respecter ces ohjectifa, les modifications sufvantes ont été retenues

Aupmentatfon de la masse d'ergols du ler étage de 147 tonnes 3 15 tunnes, tout en conservant le
potnt de fonctionnement des moteurs Viking qualifié durant le programme Ariane 3.

Adlonction au premier étage des quatre propulseurs 4'appoint ) ergols [f{quides, utilisant chacun le
moteur Viking utilisé aur le corps central. la flexibil{ité de la configuration est obtenue en montant soit
quatte ou deux propulseurs d’appofnt liquide, solt quatre ou deux propulseurs d'appoint A poudre de type
Ar{ane 3, soit aucun propulseur d'appoint dans la configuration de base.

. Modificatfon de la structure de la case d'Squipement afin de permettre une meflleure flexibilité d'tn-
tépration de la charge utile ainsi qu'une meilleure transition au nouveau dfamdtre de coiffe.

. Développement d’une structure porteuse externe de lancement double Arisne (SPFLDA) permettant les
lancements doubles.

les deuxidme et troisiéme {tages ne reqoivent que des renforcements de structure afin de tentr 1'accrols-
sement des efforts généraux. Le développement ne comporte pas d'innovations wmsjeures en terme d» jropulsion
puisque, d'une part, la bate de propulsion du premier étage a d6j2 subi de fagon satisfaisante des essais
au banc trés proches, en durée, du temps de fonctionnement Ariane 4 et aux mémes conditions de réglage
fans le cadre du développement Ariane 3, d'autre part, le systd®me propulsif des propulseurs d'appoint A 1i-
quide a constitué une &tape de développement du programme Ariane 1.

Pa: rontre, une fmportante activité aystéme et structures est en cours. ’

le premtier vol planifté fin 1985 sera effectué dans la configuration 2 propulseurs d'appoints 3 liqui-
des - 2 propulseurs d'appoint 3 poudre (44 LP). lLes différentes configurations de la partie haute ainsi que
les performances associées sont données en annexe.

FNSPMBLE DF_LANCFMENT ARTANE N° 2 :

Afin, simultanément, de minimiser les conséquences d'un incident au décollage sur le calendrier de lan-
cement, d'augmenter la cadence possible de lancement et d'en accroltre la flexibilité, les états partici-
pants au programme Ariane ont décidé la réalisation d'un second ensemble de lancement en juillet {982, Cet
ensemble est en cours de conastruction conformément au calendrier prévu et doft permettre un premier lance-
ment Arifane 3 en mars 1985 et le premier lancement Arfane & f{in 1985,

PROJETS FUTURS

Le lanceur Arfane 4 apparalt remarquablement bien adapté su marché des satellifites placés en orbite géo-
synchrone ou héliosynchrone jusque vers 1993, Au-deld, plusieurs considérations conduisent 2 la nécessité de
pouvoir disposer d'un autre lanceur

le diamdtre de coiffe risque d'dtre insuffisant.

. L'sccro{ssement sensible de la masse des charges utfles implique une sugmentatfon de la capacité tota-
le de lancement afin de permettre toutes les combinaisons possibles de lancement doubdble.

. Le lanceur Arfane & est mal adapté 2 l'orbite basse qui est susceptible, A catte {poque, de présenter
des perspectives commerciales intéressantes.

. L'éroston progressive de la compétitivité du lanceur Ariane & conduit A rechercher toute possibilicé
d'une nouvelle étape dans 1'sbatssement des colits du kilogramme de charge utile en orbite.

Les études de nouvelles configurations ont en conséquence &té entreprises depuis trois ans sur les ob-
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jectifs suivants :

. Permettre le lancement d'une charge utile de 4500 kg en orbite géosynchrone (ou une combinaison
de deux voire trois charges utiles).

. Permettre un lancement d'une charge utile de !5 tonnes en orbite basse avec une fiabilité compara-
ble & celle requise pour les vols hahités.

. 0ffriy un diamdtre utile sous coilffe de 4,55 m.

. Offrir une réduction trés sensible du colt du ki{logramme de charge utile en orbite par rapport i la
famille Arfane 4. Corrélativement, soit par l'existence de¢ dérivés A moindre importance, soit psr un coit
attractif de la version de base, offrir une bonne flexihilité commerciale vis-d~vis dea fluctuations du mo-
déle de missfon.

Ne nombreuses configurations ont $té étudiées ces dernidres annfes et le chotx devrait pouvoir étre ar-
rété mi-A4 afin de pouvolr procéder sux études détatillées de la configurstion retenue pour une proposition
de début de programme fitn 1985,

Au stade actuel, ces &tudes qui ont toujours &té conduites avec le souci constant de rechercher des op-
timisations conduisant au coit recurrent mirnimal, impliquent le développement d'un gros moteur cryotechnique
de 30 tonnes de poussée dane le vide. Des Studes effectuées depuis 1981 sur ce point ont permis d'srréter
les caractéristiques essentielles de ce nouveau moteur dont le développement vient d'@tre proposé dans le
cadre de 1'Agence Spattale Buropéenne.
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CONFICURATION

AL2P

AL4P

AL2L

ALLLP

AL4L

P S A S N

PERFORMANCES D'ARIANE (KG)

ORBITE

DFE TRANSFFRT
GFOSTATIONNAIRE

1700

2175

2580

1900

2600

3000

3200

3700

HELIOSYNCHRONE tCIRCULAIRE BASSE

Sans objet
Sans objet
> 1500 [lllal.(‘]
Sans objet

> 4500 [6!00]

4900

5100

5900

- performances garanties
f nécessiterafent des renforts ponctuels de structures

- orbites de transfert géostationnaire

HYPOTHESES

ORBITE DE TRANSFERT GEOSTATIONNAIRE

( - :
( :  ALTITUDE DE ALTITUDE DE : INCLINAISON DFE : ARGUMENT DU
( CONFIGURATION : L'APOGEE (KM) PERIGEE (XM) : L'ORBITE PERIGEE

( : Za - 2p = : 1= ® .

( _________ -

(

( Al 315800 200 10* 180°

(

( A2 et A3 35786 200 8 18¢0°

(

( Ab 35786 200 7 178°

(

ORBITE HELIOSYNCHRONE

Altitude Z = 800 ks

fnclinatson de 1'orbite { = 98,6°

ORBITE CIRCULAIRE BASSE

Altitude Z = 200 K

“ Inclinsioon de 1‘'orbite 1 = 5,2°

Coar

)
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COMBAT [(APABi L SPACE SYSTEMS FOR TACTICAL SUPPORT

By
Jerry U. Lochran
Space and Uefense Programs
tprd Aero-.pace & Lommynicatyons (orporation
1760 Crossman Avenue
Sunnyvale, (A 94089-9833
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"hne capabrlatires ot space systems to act as force multipliers n the NATO tactical
areny are meaningless unless the ultimate wuser, the engaged battle fource, can bLe
AaCred f thnetr ayvatlgbtrlity during crists periods. The Soviet Union has expended
sahsta tral resoyrces on antisatellite (ASAT) weapons and electrunic countermeasures,
tncl,ding the only demonstrated operational ASAT, The NATO countries must therefore
Jevelop systems and strategies to protect their vital space assets.

Thig  presentation  descraibes an  overall strategy for providing a dispersed,

~urvivahle space system 1n response to projected Soviet threat capabilities, The
physical and electro-optical threats are briefly outlined and  countermeasures
proposed. wnile satellite hardening must not bhe tignored, this paper concentrates un

strategres designed to deploy an interconnected space/ground compliex so large that
attack becomes impractical 1n terms of resources required for effective neytralization,

Recognizing that space systems exist only to support ground functions dictates
that ground networks must also operate in crisis periods. Though a few large ground
facriities may be justified as cost-effective in peacetime, these same facilities
become critical choke points 1n wartime. These vulneratie nodes must be augmented by
3 dispersed network of interoperable mobile ground terminals such as the
Transportable/Mobile Ground Station (T/MGS) capable of supporting & wide range of
satellites, and the Single Channel QObjective Tactical Terminal (SCOTY) which can bring
survivable space support directly to troops in the field.

Support from space systems will be vital to the NATO battle commander of the
future. Efforts already underway to improve the combat effectiveness of those systems
will assure a dependable flow of critical communications and data to the field
commander, providing perhaps the margin of victory.

Satellites can provide invaluable service to the NATO forces 1n communications,
positioning, navigation, weather prediction and surveillance. Advancing space
technology will provide even more extensive support in the future, but as these new
systems develop we must not forget the real reason for the existence of military space
programs. Military space systems exist to support battle forces in time of war. Any
other wuse is incidental to this prime mission. Unless the engaged battle force
commander can be assured of an adequate flow of timely and accurate data, military
space programs are a waste of resources which could be better applied elsewhere.

This fact is certainly understood by the Soviet Union. The Soviets have, over the
past twenty years, invested significant scientific and financial resources 1in the
development of counter space weapons systems. They first demonstrated an
antisatellite (ASAT) system with the launch of Cosmos 249 in 1968. Since that time
they have continually refined and extended their capabilities to destroy orbiting
satellites with ASAT or laser weapons, and to interrupt dats flow through physical or
electronic attacks on space system ground facilities and connecting links. The Soviet
ASAT has been flown as part of their war games, and electronic countermeasures (ECM)
units are an integra) part of Soviet ground forces. Although no dedicated ECM systems
targeted against space assets are currently known, the overall strategic fintent s
clear. The Soviets intend to be able to stop the flow of space system support to NATO
tactical units during crisis periods or wartime. (Figure 1)

The NATO powers must therefore develop systems, strategies, and operational
procedures to protect their vital space resources in response to the growing Soviet
counter space threat., In fact, such development is well underway in several areas of
technology.

Satellites are being hardened against electronic and directed energy attacks
through the increasing use of new technigues and materials. Sensor optics are being
designed to be more resistant to laser blinding. ¢Electronics are being made more
resistant to damage from electromagnetic pulse (EMP), Commynications links are
applying frequency hopping and spread spectrum techniques to guard against
tnterceptton and Jamming. Future military satellites will likely include greatly
enhanced maneuver capabiltities and even protective systems such as decoys and self
defense weapons.
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Figure 1. wWartime Effectiveness

in the final analysis, however, a fully hardened and defended military satellite
is only a space agb "Magrnot Line" if it cannot maintain its links with the ground.
While sateilite hardening will be vital to the survival of military space systems in
future wars, hardening alone will not produce the combat capable space systems
demanded for tactical operations of the future. Recognizing that military space
systems exist only to support terrestrial functions dictates that ground networks must
also be able to operate in time of war. The overall military space system includes
cantrol facilities, orbiting satellites, users of the data, and communications links
connecting these elements. If the Soviet targeting officer can successfully break the
continuity of data flow at any point in this system, he has achieved his objective,
i.e., the system cannot support the tactical commander. In another sense the
targeting officer’s job is done if he can cast sufficient doubt in the NATO planner's
mind as to the wartime availability of military space assets. [f the planner does not
expect to be able to use an asset in time of crisis, he is not likely to include it in
nis war plans. An asset not planned for use will not be used and the enemy wins by
default.

With this in mind we now examine a strategy for a possible military space/ground
system designed to frustrate the targeter and reassure the NATO planner. This
strategy is based on the following assumptions:

Any element can be attacked.

Some elements are easier to attack.

Attack resources are finite,

An attack is not successful if the damaged element can be bypassed so that
the tactical force ts still supported.

e. To be rated as combat capable, a space system must be able to supply
dependable support to engaged battle forces.

Q"N T

Targeting can be considered in terms of feasibility and cost/benefit analysis. An
element of 2 military system which ts too expensive, in terms of resources required
for its destruction, will not likely be high on an enemy target list if the system can
pe defeated by attacks on some other element. For this reason, hardened satellites
represent a much less attractive target than ground elements of current military space
systems. Orbital vehicles, if properly protected from laser and ECM attack, are
vulnerable only to other orbfital vehicles. While this is certainliy possible, it would
be extremely costly strategy requiring one-on-one attacks by expensive ASAT systems
launched in a short time period. Given the cost of space boosters and ASATs and the
limited number of launch sites suitable for such system, the targeting officer will
probably look for a more effective attack mode.

Ground systems and thefr connecting links to other system elements would seem to
offer & much more lucrative target. Military space ground systems today typically are
designed for efficient operation during peacetime. A central control element operates
one or more ground terminals which perform such satellite support functions as
tracking, telemetry, readout and commanding of the orbiting vehicle. In many cases
these ground facilities are located in easily accessible areas making them highly
vulnerable to either physical or electronic attack at low <cost and with
unsophisticated technology. Their large 20' - 60' antenna dishes make them easy to
locate either from the ground or from reconnaissance satellites, They emit powerful
and distinctive electronic signatures for location by Electronic Intelligence (ELINT)
collectors, and present a known and stationary target for missiles, bombers, or
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Catatear, Thiugh g few large qground facilities may be justified as cost effective
tor pracetime research and development, these same facilities become critical choke
points an time of  war, The mifrtary space system must therefore be designed to

minymyze Jependence on faixed Qround support.

MUREN independence from  fixed ground facilities ts pryceeding along two (2)
dJrotanct pathe, autonomous satellites, and mobile ground support, These strategies
shoyld be seen as complementary rather than competitive, and will be discussed in turn.

"Satellirte aulanamy™ 15 aften ysed to describe the uyltimate level of satellite
system survivabylity, 4 the term 15 generally used, autonomy means on-board task
executron  and  decision making  for up to 60 days, assuming normal spacecraft
pertormance. This capahility does not cyrrently exist, although limited fault
detectron and  correcticn  and routine maintendance functions can now be performed
astematically  on-board. Expanding these rudimentary functions is dependent on

advancements in fault-tolerant computer technology. Autonomous stationkeeping and
navigatiarnal functions have been demonstrated by Lincoin Laboratories in their Lincoln
faperimental Satellites (LES), but further developments and flight demunstrations are
needed bhefore these techniques are widely employed. Adaptive mission sequencing ind
payioad data processing still need substantial development work before they ar-
routinely designed into satellites.

Fygure /) graphically rliustrates how the "hedlth® of satellites degrades over time
rf ground  support s ynavailable. This graph, based on a study by Aerospace
Carpoerataynn oy 1980, assumes that all sateilites are perfarming normally during the
tass Gf ground coantact. it could be arqgued that the siope of the degradation curves

My be Mmuch warse i1n wartime, Satellites are typically unhealthy machines and it s
uniikely that all military space vehicles will be in perfect condition when ground
sapport 1s lost, We could also expect that our opponents would take positive action
ta deqrade the health of those systems which were in good condition. Electronic
cuuntermeasures, directed energy weapons, electromagnetic pulse etc., will take a toll
nn our space systems not reflected in the curves shown in Figure 2.
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fFigure 2. How Autonomous are Satellites Now?

As desirable as autonomy is for space systems, it cannot at least in the next few
decades, completely replace ground resources. Figure 3 shows one possible
evolutionary trend for autonomy through the year 2000. Increasing hardware and
software capabilities on-board the satellite will markedly decrease its dependence on
ground stations, but ground support will stiil be needed for on-orbit checkout and
testing, to provide for mission flexibflity, and for the correction of unplanned
anomaltes in critical situations. Just as importantly, for satellite systems to be
useful to tacttcal forces they must maintain 1inks to those forces, either directly or
through other space of ground elements, through the highest appropriate conflict
level, A fully autonomous, perfectly performing satellite which cannot deliver {ts
data to an appropriate ground element is totally useless as a military system,
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wh oo in fureseeable fytyre seyer gur lines to qground terminaglesg, we
mast drect o ogr attentaion to the protection of these links 1n wartime, We must
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Figure 4. (ombat Capable Space System
targeting officer may be able to make holes in the net but a )arge number of small,
dispersed nodes must be successfully attacked to destroy the overall system fabric.
furthermore, the mobility of the ground elements 11mplies that the network s
canstantly shifting and changing 1in chape and location, so that reconnaissance
information only a few hours old ts invalid. Where the enemy had only to destroy a
stngle, known, static facility to render a space system incapable of tactical support,
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he 15 now faced with the almost ampossible task of locating, targetiyng, and attacking
3 number of mabile tactilities which are routinely maved to new positions in less than
the locate-target-attack-xtll cycle time,

These motile ground systems can be divided for discussion into two groups by the

tvpe of  system  sypport  they provide. The tirst qroup provides the telemetry,
trackting, and commanding (TT&i} support needed to maintain the satellite and courrect
any  accidental  or man-made anomalies., The second group provides direct contact
tetween  the  satellite  and  the user  of 1ts  services, such 45, communications,

savigatton, etc, In the future more and more of these user terminals will be located
drrectly with the tactical forces they support. The first group 1% represented here
ty t»e Transpartable ;Mobile uround Station (T/MGS) (figure 5) and the second group by
the Single ot hanne! Obhjective Tactarcal Terminal (SCOTT) (Figure 6), These are examples
At the qystems which will anchar the two ends of the combat capable space networx of
the $ture,

Figure 5. TMGS

Rlthough spacecraft may have unique requirements, most have similar needs for TT&L
c4pport and most military systems dre supported by the Air Force Satellite Control
Facrlity (AFSCLF) common user network in either a prime or backup mode. The T/MGS s
beyng developed to provide TT&( support for the great majority of the programs in the
AFSCF mission model, some eleven different satellite systems. The initial T/MGS, to
be delivered in Dec. 1985, will utilize state-of-the-4rt technalogy. Models to follow
will incorporate Pre-Planned Product Imprcvement (P31) modifications to respond to
netter defined threats and operational requirements. For example, the T/MGS could
nave an EHF capability as early as requirements dictate. This would allow for a
smaller, more survivable ground station, but at the current time military satellites
are not using EHF, so T/MGS will have an S-band system.

Perfaormance goals for the Initial system scheduled for delivery 1n December 1985
include:

0 Support to low, medium and geostationery altitude sateliites
¢] Stand-alone TT&( data processing
0 Yoice/data communications with Air Force Satellite Control Networks {(AFSUN)

and users

Use of government furnished software

G/T: 16.8 d8/«k

EIRP: 98,3 dBm

Maximum telemetry data rate of 128 kb/s

Maximum command data rate of 7 kb/s

Network communications via wideband and narrowband
DSCS satellite communications via X-band SATCOM terminatl
S-band communications relay at 32-256 kb/s
Mean-time between fatlures goal of 396 hours
Mean-time to repair goal of 4 hours

Maximym utilization of off-the-shelf equipment
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Figure 6. SCOTT

‘he T1/MGS 1s designed to operate either in a stand-alone mode or 1n conjunction
with nther fixed or mobile TT&C centers. It can receive, store, and forward data
4s1ng the S-Band Mission 22 relay or it can be configured as a “bent-pipe®*, passing
data from a satellite or another control station through to another element with no
incal processing or delay. The T/MGS is also capable of supporting the TT&C
requirements of programs which, due to their survivability requirements, have mobile
mission data processing systems operated in accordance with the survivability concept
developed for the particular satellite system.

The T/MGS will be air transportable in C-130 aircraft and will be ground mobile
over reasonable road surfaces. It will be self sufficient in both power generation
and communications. Protection from electromagnetic pulse(EMP) will be designed into
the overall system ano the appropriate subsystems. The T/MGS is not required to
operate while in transit but will be assembled, operated, disassembled, and moved to a
new location as circumstances demand. ¢Erection and tear-down times must therefore be
kept as short as practicat to maximitze both survivability and operational
effectiveness.

As the T/MGS program progresses, a pre-planned product improvement effort (p31)
will proceed in parallel to incorporate appropriate new technological advancements at
minimum cost and risk, commensurate with evolving threats and system performance
requirements. Constant advances in micro-circuit design should dramatically reduce
the size and power requirements of future electronic systems., As the data system for
a T/MGS shrinks from the size of a trailer to the size of a desk, it will require much
less support from power generation and air-conditioning systems so that these too can
be smaller. The transition to higher frequencies such as EHF allows for much smaller
ground antennas on the order of one or two meters rather than the 7 to 10 meters
required for the current S-band system, Tnis will yield a further reduction in the
size of the ground station and more importantly, eliminate the need to disassemble the
station for road mobility, thus greatly (increasing system survivability and
operational availability. As these smaller, more mobile, and probably less expensive
stattons proliferate, trade studfes will be necessary to determine whether they should
be structured into program-dedicated or common-user networks to best support military
space systems,

Sti11, in the context of space support to tactical operations, survivable TT&( s
only one part of the overall system. To be combat capable, & space system must
reliabily deliver {ts product to the battle force element in need of its service.
This requires that the tactical unit be provided with the necessary equipment to
access the space system. Such equipment could be as simple as a handheld receiver for
position determination using the Global Positioning System (GPS), to large shipboard
terminals to receive communications and weather data from satellite systems, The
Single Channel Objective Tactical Terminal (SCOTT) falls somewhere between these two
extremes and presents an interesting preview of future tactical access to space assets.
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The S(DTT 15 being developed by the U.S. Army to operate with the MILSTAR
surytvahle milatary communications satellite. The MI(STAR system will operate n the
L HF hand at JU-44 LMz and will provide much more sSecure and jam resistant
commyunications than are currently available, The SCOTT, either track vehicle mountegq
as shown 1n bPiqure 6 or 1n saome other appropriate configuration, 1ts the taectical
cammander's Jink with the world through the M{LSTAR networks.

"he Army requirement for EtHF stems from its Dbasic communications requirement.
Ohjectives detined in the beginning of SC0T1's development 1nclude making the terminal
highly mohile, and easy to operate. Survivabtlity is a priority, as is reliability,
matntainabtrlrty, and supportabilaty. [t will aiso be required to i1nteroperate with
TRITAY equipments. Htinaltly, all of this needs tou be wrapped n an affordable package
hecause of the Targe numher of SL0OTT terminals heing cansidered.

The ground segment cansists of one rack of transmisstion equipment, the antenna

wystem, and ancillary equipments, These three subgroups will be installed in any of
the ¢ irrent chelters; the S-/50 mounted on the 5/4 ton truck the $-280 mounted on & ¢
1., ton truck, and the M-577 command track vehicles. Two advanced development models

are  currently being fabraicated at Massachusetts Institute of Jechnology's Lincoln
Caburatory, one  of  these will be installed in the track vehicle configuration.
furvent weight estimates range bhetween 400 1bs and 500 ibs, however, more definitive
welght st dres are naw 1N progress,

The antenna system ncludes the transmitter 4and small dish antenna with a4 dual
frequency feed, The canister will be mounted on the vehicle 11n such a way as to
permit remnval for remote operation. Two such configurations are currently being
considered for the M-577 track vehicle. The earlier concept has the canister dropped
1nta an armor Loxn, located at the front curbside corner ¢f the vehicle. This same box
would alsy house the paging antenna, designed to allow SCUTT to be alert tn motion. A
more rvecently propused configquration would have the antenna canister dropped 1n 3
tutld-1n canister, located at the rear curbside corner of the vehicle.

SU0TT gperation begins with satellite acquisition. The operator, knowing his
Tocation within 10 km, can make successful acquisition, The acquisition process
includes raising the antenna dish, then rotating the dish wuntil the satellite 1s
acquired.  SLOTT 1s then ready for transmission by up to four users. The terminal can
he used to provide the full range of space services to the ground force commander,
including communications with other units or with higher headquarters anywhere in the
worid. .

The T/MGS and SLUTT terminals are only two of the more obvious sources of space
support to the tactical commander.- Once tactical planners gain more confidence in the
survivability of space system in wartime, even more ways will surely be found to apply
space support as & force multiplier. U.S5. military planners are even now considering
space as the “high ground of the future®. NATO planners cannot afford to do
otherwise,; these emerging capabilities myst be wused, 4and used wisely. Survivable
space systems made up of mobile ground support, hardened cross-linked satellites, and
proliferated tactical access terminals may well provide the margin needed for victory
yn some future conflict.

The discussion which totlowed thes presentation appears in classified publication CP 344 (Supplement).
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hy

Gerard Brachet
Head of Apphcanons Programs Division
Cuontie Natonale dE tdes Spanales
Pans, France*

ABSTRACT

The SPOT programme under the auspices of the Frerch National Space Agency
(CNES), 1s implemented by France in associlation with Burcpean partners
(Belgium and Sweden). It comprises the earth observation satellites and
the grourd receiving stations.

The first satellite, due for launch in 1985, will carry a payload camrising
two identical HRV (High Resolution Visible) instruments using CCD linear
arrays technology. These will make images of the earth with a sampling

step of 20 meters in three color bards in the visible range and in the near
infrared, amd with a sampling step of 10 meters in a troad, panchramatic
bard : i.e. in black armd white. This configuration is suitable for

observirg the small agricultural plots found in many countries. It also
satisfles same conventional cartographic requirements.

Each instrument has a flat mirror which can steer the line of sight in a

plane perpendicular to the track of the satellite. The steering range is

+ 27° about the geamatric direction, in 91 discrete steps of 0.6°, this
translates on the ground as a geographic bard of up to 475 kdlometers on either
Side of the satellite's ground path to be explored. Due to the curvature

of the earth, the maximmm angle of incidence with the groum 1s 33°,

The sidelooking capability will allow the satellite to observe any region
of the Earth at intervals of one to several days, thus allowing relatively
fast changing phenomena to be monitored. It will alsc be possible to provide
for stereoscopic vision by associating views taken from different angles.

The SPOT satellite has a total mass of approximately 1750 kg at the
begimning of its life, and will be placed in a sun synchronous, circular
orbit at 832 im altitude by the European Ariane satellite launcher.

*Sance 1 August 1981, Chasrman and Chaef Executive Offices SPOT IMAGE, Toulouse, France




The naminal lifetime of the first satellite is two years. A second satellite,
identical to the first one, has already been ordered for a launch nominally
in 1386 in replacement of the first one. Purther satellites to provide
contimuity of service over a longer period of time are under consideration.

SPOT will be used, among many applications, for :

. studles on land use and the evolution of the envirorment
. evaluation of renewable natural resources (agriculture, forestry)
. assistarce 1ln surveying mineral resources

. medium-scale mapping in the range of 1:100.000, map updating at scales
about 1/50.000, ard preparation or updating of thematic maps at scales
fram 1:50.000 to 1:25.000.

The organisation for SPOT data marketing ard distribution relies on the
SPOT IMAGE Campany which is established as a subsidiary of CNES aml other
french agencles and corporation involved in lamd remote sensing activities.
SPOT IMAGE will distribute on a commercial basis the SPOT data recorded

on board the spacecraft and transmitted to central receiving facilities

in Toulouse (PFrance) and Kiruna (Sweden). In addition, direct troadcasting
to foreign receivirg stations is being encouraged in order to improve data
distribution on a national or regional basis.

SPOT might very well be the first truly operational land remote sensing
satellite system, although other programmes are on the planning stage

both In the U.S. (post Landsat-D) and Japan (ERS programme). Although
primarily a civilian applications oriented programme, the technology base
1t will use may be of value for survelllance or reconnaissance applications.
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L - THE SPOT _PROGRAM

The SPOT program has been pianned and designed as an operational and
commercial system. Decided by the French government in [978, with the
participation of Sweden and Belgium, the program is managed by the French
Space Agency (CNES) which is responsible for the system development and
satellite operations. SPOT | will be launched in early (985 and SPOT 2, to be
available for launch in early 1986 is also under construction. Plans are being
made for the launch of SPOT 3 and & already in 1988 onwards in order to
ensure the necessary service continuity expected from an operational spaceborne
remote sensing system. Indeed it is essential that new systems be operational
over a sufficiently long period (at least 10 years) to allow the development of
applications in those areas where remote sensing is not yet widely used.

The institutional organization of the SPOT operations has also been set up.
CNES is in charge of spacecraft procurement, launch and operation and SPOT
IMAGE, a commerical corporation, in charge of data distribution and all
commercial relations with data users. SPOT IMAGE is developing a network of
agents, distributors and subsidiaries to serve local rnarkets; it is in the process
of finalizing a pricing policy for SPOT data which is based on eventual complete
cost recovery for the system (both investments amortization and operations
expenses). Market studies indicate that this objective can be reached within the
next ten years if the market develops as expected.

2 - THE SPOT SYSTEM _AND DATA DISTRIBUTION

2.1 SPACECRAFT CHARACTERISTICS
The SPOT spacecraft carries two identical sensors, called HRV (Haute
Resolution Visible), made of static solid state arrays of detectors (CCD) and
operating in the visible and near infrared part of the spectrum. Among the
innovative features of SPOT are the relatively high ground resolution of the
imagery it will produce (10 m in the panchromatic mode, 20 m in the
multispectral mode) and the ability of its sensors to point up to 27 degrees
East and West of the local vertical axis. This latter feature offers
interesting possibilities to increase the number of opportunities to obtain
views of a given area. [t also permits stereoscopic observations by combining
views taken at different angles from the vertical and therefore opens up the
possibility of third dimension (or altitude) determination, an important
requirement for cartographic applications. The principal characteristics of
SPOT are summarized in tabie I.

Swathwidth

two identical sensors (HRV) can be activated independently. Each
instrument has a swathwidth of 60 km. When the two instruments operate in
adjacent covering fieid, the ground coverage is 117 km.

Ima Modes

SﬁéT operates in two modes: muitispectral mode and panchromatic mode.

In the multispectral mode, observations are made in three spectral bands with
a pixel size of 20 meters.

. a green band from .3Qum to .3%um

. a red band from .6lum to .68um

. & near infrared band from .7%um to .3%um




SPOT : PRINCIPAL CHARACTERISTICS

ORBIT Circular at 832 km
Inclination: 98,7 degrees
Descending node at lOh 30mn A.M.
Orbital cycle: 26 days

HAUTE RESOLUTION Two identical instruments
VISIBLE (HRYV) Pointing capability: * 27 degrees East
or West of the Orbital plane
Ground swath: 60 km each at vertical
incidence
Pixel size:
. 10 m in panchromatic mode
. 20 m in muitispectral mode
Spectral channels:
. panchromatic: .51 to .73 um
. multispectral: .50 to .39 um
61 to .68 um
J9 to .89 um

IMAGES Two on board recorders with 23
TRANSMISSION minutes capacity each

Direct broadcast at 8 GHz

(50 Mbits/sec)

WEIGHT 1750 kg

SIZE 2 x 2 x 3.5 m plus solar panel (9 m)
Table 1|

«15 <10 +$ +21 +18 o1

latitude = 0* latitude = 48°

Figure | : Typical sequence of acquisition
at the Equator and at latitude 43°
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In the panchromatic mode, observations are made in a single broad band,
from Slym to .73um with a pixel size of 10 m.

The multispectral bands have been selected to take advantage of
interpretation methods developed over the last ten years; they have been
designed to allow the best discrimination among crop species and among
different types of vegetation using three channels only.

The panchromatic band will offer the best geometric resolution (10m) and
will make possible to comply with cartographic standards for maps at a scale
of 1:100,000 and/or to update at a scale of 1:50,000 and in some cases
1:25,000 for thematic applications.

Field Ln_t_ngi_jlexibilit . Nadir and off nadir viewing

One of the key features of SPOT is the steerable mirror which provides off

nadir viewing capability.The instrument can be titled sidewards (to the East

or to the West) step by step from 0 to 27 degrees allowing scene centers to

be targeted anywhere within a 950 km-wide strip centered on the satellite

track.

This technique provides a quick revisit capability on specific sites. For

instance, at the Equator, the same area can be targeted 7 times during the

26 days of an orbital cycle i.e. 98 times in one year, with an average

revisit period of 3.7 days. At latitude 45 degrees, the same area can be

targeted 1l times in a cycle i.e. 137 times in one year, with an average

period of 2.4 days, a maximum timeiapse of &4 days and a minimum

timelapse of | day (Fig. 1).

The revisit flexibility allows

1. to monitor phenomena which rapidely vary over time, such as crops,
environmental stresses, natural disasters.

2. to improve the possibility of obtaining timely data required in many
studies

3. to improve the rate of area coverage by minimizing the effects of
weather conditions.

Figure 2 illustrates the variability to obtain a compliete coverage of France

using cross-track viewing capability. At vertical viewing the coverage s

obtained in 313 days, and in 100 days only if the depointing mode is used.
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Figure 2: Time required to obtain a complete coverage of France
or different maximum cross-track viewing capabilities




Stereosco

The “off nadir viewing capability also permits stereoscopiC observations by
combining views taken at different angles from the vertical. The 3D vision
15 obtained with the same area recorded from two different orbits, creating
a parallax effect between the two scenes. Stereopairs are an important
requirement In many cartographic applications: geomorphical, geological or
soil maps and of course for topographic maps. SPOT will provide the
opportunity to map anywhere 1n the world with a mapping accuracy
corresponding to the [:100,000 standards.

Images transmission

Direct broadcasting operates at 8 GHz at a rate of 30 Mbits/sec. The
satellite carries two on board recorders with a 23 minutes capacity each.
On board data recording will be used over areas where no ground receiving
facility are available.

2.2 DATA ACQUISITION, PREPROCESSING AND DISTRIBUTION

Information availibility through easy and quick access to data and products

1I$ a very important factor in operational procedures. The system

implemented for data acquisition as well as data distribution has been

conceived to meet the user needs and SPOT customers are given an active

part in the system.

Basic principles are:

- a permanent information regarding data availibility

- a f{lexibility "on request” data acquisition

- a fast data and products distribution, based on a non discriminatory policy
and the definition of marketing zones between SPOT IMAGE and various
distribution centers

- the protection of SPOT data by a copyright

2.2.1 SPOT_ ground segment

The SPOT system consists of:

- a sateilite mission and control center operated by CNES

- two main ground receiving stations and preprocessing centers located at
Aussaguel near Toulouse, France and at Esrange-Kiruna in Sweden. These
stations receive direct data over the North polar zone, Europe and North
Africa as well as worldwide data recorded on the two satellite tape
recorders. Each station has a receiving capacity of 250 000 scenes per
year.

The preprocessing centers attached to both stations and operating in
Sweden and in France, have a capacity of 70 system corrected (level 1)
scenes per day or 20 precision processed (level 2) scenes per day. A level
| scene can be preprocessed within 48 hours from its acquisition at

the ground station, while a precision processed scene crequires 5 to 7

days.

- a network of regional receiving stations located around the worid. These
stations have conciuded reception agreements with SPOT [MAGE.
Acquisition programs over the visibility area of each station is made by
station operators and/or SPOT IMAGE.

- a distribution network managed by SPOT IMAGE on the basis of
commercial agreements and marketing areas. Distribution involves standard
data as well as value-added products.
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2.2.2 Data bank information: the catalog system

SPOT I[IMAGE will build up a general catalog of SPOT images which will
contain data concerning images received and archived by all stations in the
world. The catalog system is fully computerized and designed to operate 24
hours a day, )65 days a year. It will contain for each scene, information
concerning: the location (geographical coordinates, orientation, etc...),
acquisition mode (multispectral, panchromatic, viewing angle, stereopair),
scene identification (grid number, date), quality (telemetry, cloud cover),
archived products aiready available.

The SPOT catalog will offer users a wide range of options concerning the
processing and presentation of catalog data. [t includes statistical
calculations concerning image characteristics, definition of image families
and scene selection according to various criteria; alphanumeric or graphic
display will be available. Besides scene characteristics and image selection,
the system will analyze users data requests, record and manage data orders
and manage the data acquisition programs.

Users will access the catalog directly in Toulouse, by conventional means
(mail, telephone, telex) or through data transmission network (Transpac,
Euronet, Tymnet, Telenet, Datapac,...).

Information exchanges between SPOT IMAGE and SPOT data users will aiso
be possible through an electronic mailbox system. With an electronic key,
users will be able to deposit in the catalog system memory messages
regarding requests for information, programming or orders. Stored messages
will be read over every 6 hours and the replies deposited at users disposal.
For users convenience, it is expected that at least one point of contact by
country (SPOT distributor) should be equiped with a fast transmission link to
the SPOT IMAGE worldwide catalog.

2.2.3 Data acquisition

This is an innovating feature of the SPOT system. When an image is not

available in archive or when a SPOT user wishes to acquire specific data

with a specific time scheduling, he can request a SPOT acquisition program.

For this, the user can apply directly to SPOT IMAGE (via the catalog

system) or to a local receiving station or to a local SPOT IMAGE

distribution center.

According to the case, the user may request:

- unique coverage obtained during a certain period of the year

- multitemporal cCoverage, meaning a number of coverages acquired at
different periods,

- stereoscopic coverage, i.e. two coverages acquired in specified conditions
in relation to the viewing angies used.

To do this, the user must first define the geographical area to be covered,

in the form of geographical coordinates, of a polygon or a circle.

For each coverage the user wants to obtain he must then indicate the

general characteristics and constraints celative to image recording and

especially:

- image recording: mode multispectral and/or panchromatic

- image recording periods,

- the viewing angle or the range of variation comprised between -24°6

and +24°6,

the cloud cover threshold accepted from 0 to 2 per quarter of an image,

eventually, the gain to be applied to detectors; 2 possibilities: low and

mm‘
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According to the wuser's needs, which are translated into programming

parameters, SPOT [MAGE carries out a technical feasibility study of the

request n coordination with the Mission Control Center. [n the standard

procedure, a report s handed back by SPOT IMAGE within a delay of 438

hours to & days.Accelerated procedure can be wused in the case of

emergency. It will comprise, among others, the geometrical conditions of

image recording (mosaicing of the zone to be covered), and its feasibdity

(probability of execution in time taking intd account the climatic data of

the region considered).

The user may accept f{or not) these propositions. He may also modify the

intual request, in which case a new study s undertaken. When the user

accepts the technical conditions of execution proposed, an agreement is

made between SPOT IMAGE and the user stipulating the technical and

financial conditions of the execution of the program.

SPOT IMAGE, in liaison with the user, can modify the execution of a

program in different ways:

- by programming directives (modification of parameters, cloud cover level,
viewing angles, restriction of the range of variation),

- by changing from a fixed single angle to a range of variation, in order to
terminate a program ("clean-up” mode)

- by changing the end of period date (may be delayed)

The final validation of scenes is carried out after examining the quick-look

images.

The user may receive periodically or on request, a detailed report on the

state of progress of his program. This report supplies all validated scenes

and the progress of coverage of the geographical zone (in simplified graphic

form with statistics or in geographic/contour form).

Acquisition programs will include long term monitoring programs as well as

emergency acquisition procedures (in case for instance of natural

disasters).
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Figure 3: SPOT system diagram
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2.2.4 Data and products distribution

The Toulouse preprocessing facility (CRIS Toulouse) 1s designed to
produce standard data such as: a level 1 (system corrected) scene within
48h and level 2 or S (precision processed) within a week, with a maximum
capacity of 70 scenes per day at level | or 20 at level 2. The Kiruna
preprocessing center (CRIS Kiruna) will have similar capacities.

SPOT IMAGE will reproduce and deliver to users standard data on CCTs and
films coming from the preprocessing centres. Special and value added
products will also be made available to wusers through a worldwide
distribution network.

The term “SPOT Data"” applies to all SPOT scenes with standard processing
while "SPOT Product" refers to any product derived from the above defined
data.

Whereas the distribution of SPOT Data is subject to specific ruies and
geographical limitations, the distribution of SPOT products i.e. value-added
products 1s not subject to any such restriction except copyrights.

CNES owns the copyright on all SPOT data. This means that any
organization that wishes to distribute or sell SPOT data must first obtain a
sub-license from SPOT IMAGE which has been granted by CNES an exclusive
world-wide license for the distribution of SPOT data.

SPOT receiving stations will be automatically granted an exclusive
sub-license for the distribution of SPOT data within their distribution zone.
This sub-license is exclusive, insofar as SPOT data is concerned, within the
station's distribution zone; such zones generally covering the country (or
group of countries) operating the station.

SPOT IMAGE has exclusive SPOT data distribution rights in those countries
that do not possess a receiving station and is currently negotiating
agreements with companies, agents and the like in these different countries
with a view to ensuring close contact between distributors and users and
the efficient distribution of both data and products.

3 - THE SPOT DATA SIMULATION PROGRAM

In order to prepare the user community to the use and analysis of SPOT
images, an ambitious SPOT data simulation program has been initiated since
1980.

It is managed by the french "Groupement pour le Deéveloppement de la
Télédétection Aeérospatiale (GDTA) of which CNES is member; it includes
two types of images simulations:

- geometric simulations whereby mosaics of aerial photographs are digitized
and resampled to [0 meters to simulate the geometric characteristics of
SPOT images under different viewing angles (this requires a digital terrain
model of the aera in order to take account of terrain relief in the
simulation). Those simulations are used to study the usefulness of SPOT data
for topographic mapping and other applications requiring stereoscopic
coverage.

- radiometric simulations, whereby images of certain areas are collected via
an airborne scanner and data from the different channels of the scanner are
processed to simulated the three spectral bands of SPOT with resampling at
20 meters intervals. Such simulated images do not have the geometric
quality of SPOT images, but reflect their expected radiometric
characteristics and therefore their ability to classity different types of
terrain, vegetation cover, crops, etc. Many sites in France, in other
european countries as well as in Africa, Bangladesh and the United States




have been covered and provide a variety of usefull examples for data
analysis and applications. The data itself, as well as information booklets on
the image interpretation are available from SPOT IMAGE.*

This SPOT data simulation program has involved a large number of scientists
and investigators in all countries where sites have been surveyed; it has
proved to be of high interest both to the investigators and to the producers
of the data and should pave the way to a fruitfull interaction between the
user community and the SPOT data producers/distributors when the
spacecraft will be operating.

* For the simulation data in the United States, contact

SPOT IMAGE Corporation
1150 17th Street

Suite 307

wWashington, D.C. 20036
Tel: (202) 293-1656
Telex: 4993073
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SPOT PRODUCTS

EACH 60 x 60 KM SPOT SCENE WILL BE AVAILABLE :

@ AS PANCHROMATIC DATA (ONE BAND, 10 M.)
OR AS MULTISPECTRAL DATA (THREE BANDS, 20 M)

©® AT FOUR PROCESSING LEVELS :

1A EQUALIZATION OF DETECTOR RESPONSE NO GEOMETRIC
CORRECTION

1B RADIOMETRIC CORRECTION AND GEOMETRIC
CORRECTION INDUCED BY THE ACQUISITION SYSTEM

RADIOMETRIC CORRECTION PLUS PRECISION GEOMETRIC
2 gg%t}zse&ngg TO MAP THE IMAGE INTO A CARTOGRAPHIC

S REGISTRATION WITH A REFERENCE SCENE

@ N SINGLE FRAME (AT NADIR OR OFF NADIR VIEWING) OR IN
STEREOPAIR

@ ON PHOTOGRAPHIC FILM AT SCALES RANGING FROM 1/400,000
TO 1/25,000 OR ON CCT (1600 OR 6250 BPY)




SERVICES
INFORMATION
PROGRAMMING
TECHNICAL
ASSISTANCE
AND
CONSULTANCY




SPOT IMAGE CATIALOG

A CATALOG SERVICE FOR 24 HOURS A DAY INTERACTIVE
SPOT IMAGE DATA BANKS REMOTE ACCESS THROUGH
WORLD WIDE COMMUNICATION NETWORKS

DIRECT ACCESS THROUGM
OMMUMICATION NITWORKS

THE SYSTEM WILL PROVIDE :

o THE CHARACTERICTICS OF ALL SPOT SCENES AVAILABLE THROUGHOUT
THE WORLD (IDENTIRCATION, ACQUISITION MOOE, QUAUTY)

o THE IMAGE SELECTION ACCORDING TO VARIOUS CRITERIA
(GEOGRAPHICAL AREA, DATE, QUALITY)

o THE POSSIBILITY TO COMPUTE IMAGE STATISTICS AND TO COMPILE
GRAPHIC MOSAICS OF SPOT COVERAGE.

o CUSTOMER DATA REQUEST ANALYSIS
© DATA ORDER RECORDING AND MANAGEMENT

® ACCESS TO SATELUTE PROGRAMING SERVICES AND ACQUISITION PROGRAM.
|
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THE ESA REMOTE SENSING SATELLITE SYSTEM (ERS-1)
by
Dr. Erich H. Velten
ERS-1 Payload Instrument Manager

DORNIER SYSTEM mbH
1-7990 Friedrichshafen, Germany

SUMMARY

The ERS-1 Remote Sensing System is presently in the definition phase. The system deve-
lopment will start in eraly 1984, launch of the first satellite (s planned for mid 1988 from
Guyana S$pace Centre by the Furopean launcher ARIAYNE., The ERS-! system development will be
performed jointly by the member states of the Euiopean Space Aqency together with Norway and
Canada.

1. MISSION OBJECTIVES AND SYSTEM FLEMENTS
Mission Objectives

The ERS-1 system will contribute to the exploitation of coastal and global oceans, spe-
cifically those troubled by ice and to the development of an improved global weather infor-
mation service. On an experimental base, microwave imaging over land will also be performed
by the FERS-1 system as an all weather complement to optical data provided by other satelli-
tes.

The prime mission objectives are twofold:

- collection of data for scientific use and
- dissemination of ocean data for commercial application.

Data, Scientific Use

The data use for scientific purpose will increase the understanding of the ocean pro-
cesseg including those in coastal zones and polar regions. The data when processed alone or
or processed in conjunction with data from other satellites or earth surface devices will
contribute significantly to the advancement of physical oceanography, glaciology and clima-
tology.

Data, Commercial Use

Data distributed for commercial use will primarily improve the short term and medium
term forecast of weather and ocean condition anywhere on the globe. This will benefit the
design, planning and operations of oil platforms and also aid the optimization of ship rou-
ting. Monitoring of surface pollution is also considered in order to predict the trajectory
of pollutants and their potential threat to sensitive shore areas.

Instruments and Measurements

In order to undertake the described mission, a set of space-borne instrumentation
supported by a ground-based network for processing, dissemination and archiving is con-
templated. The space-borne instruments and their measurements are the following:

- an Active Microwave Instrument (AMI) operating in the C-band with the aim
of measuring wind fields and wave image spectra and providing all-weather
high resclution images of coastal zones, open oceans, ocean ice areas and on
an experimental basis, images over land;

- a Ku~-band Radar Altimeter (RA), with the aim of measuring significant wave-
height, wind speed, and providing measurements over ice and major ocean currents;

- Laser Retroreflectors (LR) for accurate satellite tracking from the ground, as a
complementary instrument for the Radar Altimeter;

- an additional Announcement of Opportunity Package presently consisting of:

the Along-Track Scanning Radiometer with a Microwave sounder (ATSR/M).

The radiometer is for sea surface and cloud top temperature determination
and general radiance measurements, The microwave sounder is for the accurate
determination of the water vapour content in a vertical atmospheric column

. the Precise Range and Range Rate Experiment (PRARE), is an altitude and
altitude change measuring device utilizing a ground transponder network,
It includes jonospheric error correction capability.

Table 1 gives the main geophysical measurement objectives in terms of geophysical
parameters to be measured, the measurement ranges, accuracies and associated instrument
modes,
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System Overview

The ERS-1 system 18 conceived to bhe a complete Remote Sensina System comprised of two
clements:

- the Space Seament consistinag of an ARIANE launcher, the satellite and {ts
associated around support equipment

- the Ground Seament encompassing the facilities implemented, operated and
coordinated by FSA and a number of decentralized facilities to be im-
plemented and operated by the users.

The main elements of the System are presented in fiagqure 1,

At system level there are also less tangible interrelated efforts needed to support
the hardware elements, such as the operational design aspects, the supporting software
(for both space and ground seqments), the overall system implementation and verification
approach, and the diverre interfaces of the system desiqn.

Data Flow and Data

The overall data flow shown in fiqure 2 covers bhoth the control and information
Jdata paths within and between both the satellite and the ground seqment. The primary con-
trol function resides with the Mission Control Center at ESOC which i{s linked via the ESA
S-band network to the on-board computer. This computer is linked to the payload instruments,
the 1nstrument data handling and transmission and the platform subsystems by a data bus.

The data produced by the pulsed measurements of the instrument sensors is supplemented
with specific user oriented house-keeping data and transmitted in real-time or as playback
from the tape recorder to ground via two X-band channels. The ground segment oversees the
acquisition and processing of the payload data for rapid-service products and quality moni-
toring, for later precision processing and archiving, and for product dissemination to the
users. There will be one prime ERS-1 dedicated data receiving station (also used as the
TT&C station) located at Kiruna in Sweden for its superior coverage characteristics. It is
expected, that a number of additional Earthnet or national facility stations such as Fucino,
Maspalomas, Churchill, Fairbanks will supplement the Kiruna station.

The data output of the Kiruna Station comprises Fast Delivery and Other Deliverable
Products:

Within the group of Fast Delivery Products are:

- SAR Images
- Wave Spectrum Products
- Wind Field Products which comprise:

wind velocity suproducts
wind direction subproducts

- Significant Wave Height Product

- General and Instrument Header Products consisting of platform telemetry,
house-keeping and auxiliary data which have been recorded on-board the
satellite

- Performance Assessment Products which are data extracted from payload data
to support instrument performance assessment.

Other Deliverable Data Products that can be obtained are:

- Raw Data down linked on X-band on High Density Digital Tape (HDDT).
- ATSR/M annotated Data on Computer Compatible Tapes (CCT) also
received on the X-band downlink.

Operations

The satellite will be launched from Kourou Space Center into a 777 km circular, sun-
synchronous orbit, and three axis stabilized with a nadir orientation. The naminal ERS-)
orbit is the 3-days repetition orbit with 14 and 1/} orbits per day and a revolution time
of 100.465 min,

The initial acquisition events - deployment of the solar array and antennas, satellite
orientation and stabilization - are performed in a pre-programmed sequence by the platform.
After a commissioning phase, the routine phase begins, during which the system will provide
for a variety of instrument operational modes interrupted sporadically by orbit correcting
manoeuvres.

The first mission will be experimental/pre-operational. Despite this nature of the
first mission it will also have as an objective the demonstration of the operational
capability of the ERS-1 system, i.e.: to supply timely data to its commercial or public
service users.

2
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SPACFCRAFT AND PAYLOAD SUPPORT

The FRAE~1 Satellite in deployed confiquration is shown in fiqure 3. The main technical
data are agiven in tabhle 2.

A key element and constraint in the satellite concept is the utilization of an existing
desian platform. [t was developed as a MULTIMISSION PLATFORM for the French SPOT program.
This module provides standard services such as power supply, attitude and orbtt control,
data handling, spacecraft command and control function and the mechanical load interface to
the launcher.,

The platform per definit{on provides for a certain flexibility in standard service
capabilities allowina, to a ltmited extent, an individual adaptation of these to the
parttcular needs of a special payload. This mainly refers to the payload mass properties,
s1ze of the solar array, hydrazine tank capacity for attitude and orbit manoeuvring and
ontoard computer memory capacity,

The PAYLOAD consists of two major structural elements as shown on the sketch on the
next padae,

- Payload Electronic Module {PEM) in which, on four hinged gide panels, the payload
clectronics units are mounted. This allows both easy access to the interior of the
PEM, and also modular integration of sets of equipment preassembled on such panels.
The electronics module houses in addition to the individual instrument electronics
also a separate Instrument Data Handling and Transmission system (IDHT) as well as
the payload related power distribution elements.

- Antennae Support Structure (ASS5) which provides the mechanical interface points for
the payload appendages. The precise instrument pointing requirements call for a
thermostable antennae support structure, which is desiqgned utilizing CFRP tubes
with titanium nodes.

The Payload Thermal Control is basically achieved by a passive system supported by a
set of heaters.

3. CORE PAYLOAD INSTRUMENTS
Active Microwave Instrument
The Active Microwave Instrument is a remote sensing radar operating in C-band and

capable of performing three distinct functions corresponding to desired measurements and
output products:

- 1Image Mode: When operating in the image mode the AMI performs as a synthetic
aperture radar (SAR) producing high quality wide swath imaqing over ocean,
coastal zones and land. The SAR uses a side looking antenna and combines signals
of the moving satellite borne antenna to effectively form a long antenna with high
azimuthal resolution. The range resolution is achieved by an appropriate pulse
length. Pulse compression technique reduces the peak power level requirements. ’

- Wave Mode: When operating in wave mode, the instrument will measure the change !
in radar reflectivity of the sea surface due to the ocean surface waves. In the
wave mode the SAR is used at lower power for determination of two-dimensional
ocean wave spectra of SAR imaqges. Thts is achieved by using a different pulse
length. The wave mode may be interleaved with the wind scatterometer measurements.

- Wind Mode: While operating {n the wind mode, the tnstrument will act as a
scatterometer and measure the change in radar reflectivity of the sea surface
due to the perturbation of the surface bx the wing close to the sea. The wind
mode uses three antennas looking 45, 90  and 135° with respect to the flight
path. Basically a forward, a mid and an aft beam measurement must be made for
every target. The three measured reflectivities are introduced in a mathematical
model function which relates wind properties and ocean surface reflectivity to
determine wind speed and direction. Azimuthal resolution is given by the antennas
azimuthal beam width. Range resolution is established by range gating.

The block diagram in figure 4 shows the major elements of the AMI. The main technical
parameters are given in table 3.

Radar Altimeter

The Radar Altimeter is a nadir looking active microwave instrument. Over ocean {t is

N used to determine the significant waveheight, the wind speed, and the mesoscale topography.
, Over tce it is used to determine the ice surface topography, ice type, and sea/ice
boundaries.

The microwave measurements comprise the time delay between transmission and reception
of a pulse, the slope of the leading edge of the return pulse, the amplitude of the return
pulse, and the echo waveform. These measurements are used as follows:

- the altitude is determined from the measured deliay time after correction of propaga-
f tion delays caused by ionosphere and troposphere; these corrections can be taken from
b measurements made by ATSR/M and/or PRARE. Absolute calibration will be performed by /’




using the Laser Retroreflector durina zenith overfliqhts over a laser ranging
station

- the siqgnificant ocean waveheight (SWH) will be calculated from the slopc of the
leading edage of the return echo

- the wind speed over sea surfaces will be estimated from the power level of the
backscatter sigqnal; furthermore, the location of sca/ice boundaries can bhe derived.

In addition, the instrument will provide, for scientific use, echo waveform measure-
ments averaged over 50 msgec.

The technical characteristics of the ERS-1 Radar Altimeter are qiven in the table
abhove. Figqure 5 shows the block diagram of the instrument. Main technical data are gqiven in
table 4.

Laser Retroreflector

The Laser Retroreflector will permit the accurate determination of the satellite height
by the use of a Laser Ranging Stattion. The measurements will be utilized for the calibration
of the Radar Altimeter in zenith overfliqght and for improvement of the satellite orbit
determination with regpect to the radial component during normal satellite tracking.

To achieve these requirements, the Laser Retroreflector will consist of an appropriate
number of retroreflecting ~lements, the so called corner cubes. For ranging of the satel-
lite, monochraomatic light pulses of associated laser ranging stations are emitted toward
the Laser Retroreflector on the satellite. A fraction of the received pulses is reflected
back by the corner cube arrangement towards the emitting laser station. By measuring the
t{me delay between the emitted and received pulse, the distance from the laser station to
the satellite can be established.

4. SCIENTIFIC PAYLOAD INSTRUMENTS
Along the Track Scanning "adiometer and Microwave Sounder (ATSR/M).

The ATSR is a passive instrument which consists of an infrared radiometer viewing
from two directions and measuring in three infrared wavelengths. The objectives are to
determine:

- sea surface temperature

- cloud top temperature

- cloud cover camputations

- land and ice surface radiances

- investigations of day time sea-state from sun glint.

Cambined with the ATSR is a microwave sounder viewing in the nadir direction using an
offset fed 60 cm antenna operating at 23.8 GHz and 36.5 GHz. The major objectives of this
instrument are to determine:

- total atmospheric water vapor content
- 1liquid content and rain areas
- land and ifce surface emissivity

Precise Range and Range Rate Equipment (PRARE).

The PRARE will provide precise range and range rate data by two way measurements
between ground stations and the satellite. The microwave instrument radiates in X-band
with some functions in S-band. The propagation delays between transmission and reception
in X-band are measured and stored on board the satellite and dumped via the PRARE command
station. The on ground calculated time delay difference between S- and X-bands, which yields
an ionospheric correction factor, can also be transmitted to the satellite for on board
storage and later retrieval.

5. INSTRUMENT DATA HANDLING AND TRANSMISSION (IDHT)

To handle the very high instrument data rates of the satellite a specific Instrument
Data Handling and Transmission system, operating in X-band, is included in the payload. It
supplements the platform S-band data transmission system. The block diagram is shown in
figure 6. The main technical data are given in table 5.

The IDHT is subdivided in three subsections dedicated to definite functions:

a data handling subsystem
- a recording subsystem
a transmission subsystem

. The data handling subsystem has two functions

- with the Intelligent Control Unit (ICU) it controls the correct command
execution and dialogues with the on board computer

- with the Data Control Unit (DCU) it controls the instrument data flux over high
speed and medium speed channels.

e -
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The recording subsystom consists of two redundant tape recorders in order to
cover all measurement modes except SAR {maging durinag one orhit. Data is
nermally recorded in continuous mode, so that only few starts stops of the
recorders are foresecen., The data is already formated in one direction and then
reproduced for transmission in the reverse direction,

The transmission subsystem uses two independent links for data transmission:

- Link one for high speed data transmission in real time
- Lank two for medium speed data transmission {n real time and/or transmission
of 1 layback data.

The TDHT ts destaned to operate in the following modes:

Mode 1: Aciquisition and transmission in real time of high speed data from AMI
1in SAR imaging mode,

Mode 2: Acquisition and transmission in real time of medium rate data.

Mode 3t Acquisition and storage of all medium speed instrument data.

Mode 4: Playback and tranzmission of the recorded data.
Comtiinations of the above modes are nossihle as follows:

Mode & and 3 simultaneously
Mode 2 and 4 stmultaneously
Mode 1 15 independently selectable with respect to the other possible modes

or mode comhinations.

In order to provide an additional transmit capability for all medium speed data
all 1nstrument data except SAR imaqging) an optional L-band transmission chain is
under consideration.

THE GROUND SEGMENT

The Ground Segment has the joint tasks of controlling and montitoring the satellite
ughout the mission and of payload data management including reception, processing,
emination and archiving. The overall concept is shown in fiqure 7. In particular the
nd Segment performs the following main functions:

Control and monitor the satellite and the associated elements

Acquire all data on the downlinks

Generate and distribute selected products in near real time

Generate and distribute fully corrected products and perform the associated archiving

Calibration activities and gquality control functions.
The communication with the satellite will be performed by four different links:

Uplink in S-band for telecommands and ranging
Downlink in S-band for telemetry and ranging

Downlink in X-band for SAR Image Mode data (Link 1) in real time with approximately
100 Mbps

Downlink in X-band for a!l other instrument data (Link 2) in real time (approx. 1 Mbps}
and playback from the on board tape recorder (approx. 15 Mbps)

an optional fifth link
Downlink in L-band for all low-rate data for reception by Tiros-like stations.

To fulfil these functions the Ground Segment will be composed of the following major

elements shown in the diagram on the left:

Mission Management and Control Center {(MMCC)

TTaC S~-band network (ESANET)

Data Acquisition and Processing Facility (DAPF)

Real time Data Acquisition Facilities (RDAF) and/or DAPFs
Processing and Archive Facility (PAF)

Primary and end user Facilities.

The MMCC located at ESOC and supported by ESANET is responsible for:

Control and monitoring of the satellite and the Kiruna Station
Mission planning
Generation and distribution of auxiliary information such as orbit and attitude data.

™~
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The TTa&C station to be installed at Kiruna (Sweden) will be dedicated to ERS-1 hut will
be a standard ESANET station except for the antenna which will be shared with the DAPF.

In addition Kiruna acts as a reference station so that it also includes link perfor-
mance measurement equipment on S- and X-band.

The general composition of the DAPF {s as follows:

- Data Acquisition (DAF)
- Real time Processing Facility (RTPF)
~ Product Distribution Facility (PDF)
The DAF will acquire all playback data from the on hoard recorder, the real time low
bit rate data and the SAR data within the station visibility. The DAF comprises hesides the

X-band receiving equipment the feeds and amplifiers for S-band up- and downlink. The DAF is
completed by Higzh Density Digital Recorders (HDDR) for recording all acquired data.

The RTPF comprises three subsystems:

- A SAR Fast delivery processing S§/S
- A low rate data processing S/S
- A station control S/S
The processing S/S will generate out of the acquired raw data the following products
in real time:
- Surface wind field
- Significant wave height
- Wave image spectrum
- Fast delivery SAR images
- Results of quality control processing.
The station control S/S will provide the interface to the MMCC, monitor the perfor-

mance of all equipment, report t'eir status, perform detailed scheduling and control and
allocate the resources.

The PDF c~mprises the equipment necessary to format the products for transmission wit-
hin the required delay time to MMCC, primary users and PAF,

The ERS-1 Ground Segment will be complemented by a number of ESA and non ESA facili-
ties such as:

- RDAF and/or DAPF outside the coverage area of the Kiruna station
- PAF
- TT&C station for back-up and LEOP

These facilities may comprise already existing instalations and are not necessarily
ERS-1 dedicated.

7. REFERENCES

ERS-1 Proposal for Phase C/D, Volume 1, Executive Summary, September 1981.




Table 1
ERS 1 Main Geophysicsl Messurement Objectives
M T I
Main Geophysical i A i ' Main
ange A
Paramater ! couracy l Instrument
" 1
Wind £ eld ; i i
. | i
Velocity ) 4 24mn t2mitor 10 % Wind Scatterometer
! whichever 13 greater & Alumeter
Dwection 0 360 deg * 20 deg ( Wind Scatteromaeter
!
Wave Feld !
|
Sgrnihicent Wave Heght | 1-20m t05mor10% Altimetar
! whichever & greater
Wave Direction } 0 360 deg t 15 deg Wave Mode
|
Wavelenght { 50 - 1000 m 20% i Wave Mode
|
{ |
Earth Surfece Imaging :
Land/ice/Cosstal 10nes 80 km | Geometric/Radiometrc SAR Imaging Mode
etc (minimum l Resolutions
swathwidthi 1 a) 30m/25d8 |‘
b} 100 m/Y 48 i
|
Alttude ‘
Over ocesn 745 - 825 km 2 m absolute I Altimetar
| ¢ 10 cm refstive l/
Seteliite Range : t 10 cm 5 PRARE
Ses Surface Tempersture 50 km swath 105K 1 ATSR (IR)
Waeter Vapour n 26 km spot 10% ! u W Sounder
i
Fgure 1:
. 1
Ry s
Sosce Sogrem D oural \ngrment
e —— —_ e D B
1 . [ —
[ELV R A L1RS Mmann Conteol Poyrsas U
1 e ey Soretiae Mg S acwran *acunmm ~
|
Rortorm Poveme
C  E—
Prvined Sugpes St umarst Opte
[——— oty ey o
Arswe Roaw 4 urnay Dete Moratey Bewme TTC O
--:-:- Arnmre Subrrengen M syrmen n Hetan ::m:.-‘
Lome Aowe b E'WI_. = Jaonus g Soone - :‘::--‘
o Ty Sutsverem Noraws § sty
"o Ao ow Asgng 11008 Suseng (LT ] Nov g L] s
L Dvatr tntign Corwret L




res

-“?‘."

- el

Figure 2:

Overall Data Flow P I e men
T
I Rt ot e ey . . I
gt (g “pralony - ——— Pgrtarem. > S a Dens vy
. —"-—..h -"ﬁ ~ B . Tt vottomy Stmomen o Pgtagren
i [~ = 0= ]| |{= J( Jlwsd (meme e ]
' T
« i T
podinie it B Prond ool -
T l T
' b e 1+
¥ ' '-—-’-?- — M —— ]
e R = o= |
A !
L e :_,;4
Rapest Dbwery ™ aporny
Figure 4:
AMI| Block Diagram £ e e £ L“_ ] o 2
B Jemr ] s e
—~
Ly =
Tabie 3:
Main AMI Deta
Rader Frequency 5.3 GHz Resolution Cell
Pesk RF Power 48 kW SAR Wave 5x 5km?
Wind 60 x 50 km?
Mean RF Power
SAR Imagery 00 W OC Power
SAR Wave 100w SAR Imagery 1220w
Wind Scatt 113w SAR Weve 240W
Wind 430 W
Swath Width
SAR Imagery 80 km Data Ratee
SAR Wave 5 km SAR Imagery < 103 Mbs~!
Wind 500 km SAR Wave 800 kbs—!
Wind 120 kbe—1
Resolution Cell
SAR Imegery 30 x 30 m? Total Mass 340 kg




R S

Figure 3
ERS-1 Sateliite
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Radar Altimeter Instrument ’
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Main Radar Altymeter Data

Measurement Frequency 13.7 GHz (Ky Band)

Measurement Principle Full Deramp Concept
Chirp Length 20 usec

Bandwidth 330 MH;

Peak Transmit Power 50 Watt

Pulse Repetition Freq 1 KHz

Onboard Swgnal Processor Suboptimum Maximum
Likelthood Estimator

Paraboloid Antenna 1.2 m Diameter
Total Mass 96 kg

DC Power Consumption 134w

Data Rate 15 KBt/ sec
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Tabie 5:
IDHT Main Dsta

DHT without optional L band transmussion system

Mass 75 kg
Prime Power Consumption max 285 W
RF Qutput Power per ink 20 W

Optional L band t-ansrmission system

Mass 1 5kg
- Prime Power Consumption max S0 W
RF Qutput Power max 55 W

Figure 7:
T he Oversll Ground Segment Concept
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I'he discussion which followed this presentation appears in classified publication € P 344 (Supplement)
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A MODERN APPROACH OF A SYNTHETIC APERTURE RADAR PRO-
CESSOR AND ITS TECHNOLOGICAL ASPECTS

Horst Frihlich, Dr. Roland Schotter

DORNIER SYSTEM GMBH, P.N, Box 1360
7990 Friedrichshafen, Fed. Rep., of Germany

SUMMARY

A flexible hardware concept is presented which allows to handle high speed image pro~
cessinng tasks. The concept is applied to a realtime SAR-Processor covering C-band ERS-1
as well as X-band MRSE radar data.

After a short introduction to the SAR princinles and the SPECAN-algorithm which is made
use of in the processor breadboard, some of the basic hardware processing modules and
its nerformance data are described in more detall (Storaqge Unit, FIR Filter/Correlator,
Comblex Multinlication, Fast Fourier Transformation, Pipeline Controller).

The performance data show that hiah speed image prncessing can be implemented at low
power consuntion and small volume. Due to the universal concept cost can also be kept
down for this class of processing tasks.

1. INTRODUCTION

A modular, realtime SAR-Processor Breadboard is presently being developed by DORNIER

under cnontract of DFVLR and funded by the German Ministrv of Research and Technology
{BMFT) ., The digital around processor resulting from these activities shall be able to
produce twodimensional SAR images taking raw radar data of the German X-band radar system
MRSF (Microwave Remote Sensing Fxveriment) as well as the C-band ESA-ERS 1 system. Addi-
tionally, further adantability of the processor to airborne SAR-systems shall be possible.

The bastc features of the nrocessor are given by the image requirements listed in Table 1-1
which are reqarded to be a common baselinc for earth exploration purposes within ESA
{Furonean Space Agency) and DFVLR (German Authority for Aerospace Research). Furthermore,
the processor concept is strongly influenced by a high throughput demand (realtime pro-
cessingl at low nower consumption rates in order to allow for a future upgrading of the
processor to spaceborne/airborne applications,

Finallv, a high modularity and, i{f possible, repeatability of functional grcups within
the processor is required for reasons of cost reductions and simple maintainability.

The SAR-Processor Breadboard fullfilling the above mentioned requirements will be imple-

mented in different steps. A first model allowing the realtime processing of true raw ra- ,
dar data will be available {n spring 85. The overall control parameters of this processor, .
however, must be keyed-in manually. A fully automatic version of the processor including

a Mean Doppler Estimator and a link to the beam pointing measuring system of the platform

is planned to be ready for tests at the end of 1985,

2. SAR-PRINCIPLES AND SPECAN-ALGORITHM

The principle geometry of a Synthetic Aperture Radar is shown in Fig. 2-1. The SAR antenna
transmits ®F pulses in the direction perpendicular to the velocity vector of its platform.
Any tarqget located within the beam of the antenna will contribute to the overall received
signal according to its radar reflectivity. In order to resolve the reflectivity distribu-
tion of the qground down to the required dimensions (spacial resolution) processing in both
range and azimuth direction i{s necessary.

Range discrimination of targets is nerformed by making use of the different two way propa-
gation Jelay of reflectors located at different range coordinates., However, a pulse com-
pression of the extended transmitter nulse (e, g. a linear chirp signal) must be included
to atta:n the required ground range resolution (see Fig., 2-2).

The azimuth response of each point target is given by the linear movement of the antenna. |
The frequency behavior of the received azimuth signal can be understood to be the Doppler- :
shifted RF frequency of the transmitted pulse when the antenna approaches or leaves the

tarqet, A hypothetical omnidirectional antenna would result in a frequency versus time

dizyram as shown in Fiqg., 2-) with the carrier frequency of the RF signal already been re-

moved in this plot,

A more realistic, pencil-beamed antenna cuts only a short portion out of the diagram of

Fig, 2-3. Since the antenna normally points nearly perpendicular to the antenna velocity .
vector, the cut is located within the linear area of the diagram of Fig., 2-3. Thereforese, e
a linear chirp signal is expected as being the azimuth response of a point target as well. g
Again, a pulse compression in azimuth must be performed in order to arrive at the re- L
quired spacial azimuth resolution,
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The azimuth compression of a SAR processor, however, differs in two points from the range
compression, First, the replica length of the azimuth compression normally is shorter
‘ran the respective length of the range compression which may result in different com-
presston techniques, Second, the raw radar data are sampled in ranqge direction. There-

tore, the data must be rearranged hefore the azimuth compression can be performed. The
Seeration, which chanaes the sampling directinn from range to azimuth (s called Corner
Tuarnina. It {s implemented by means of an appropriate memory.

11 the available sinal bandwidth either in azimuth or in range direction exceedsthe mini-

~um value which is necessary for achieving a given spacial resnlution, Look Summation can
te introduced in order to reduce speckling and nise effects of the measured reflectivity
amprlitade,

Finally, the range migration of the enerqy of any point target due to earth rotation and
antenna mispointinag must be compensated for. For X- and C-band radars the range walk can

v regarded to be a linear function of time which causes remarkable simplifications of the
SAR=I"racessor,

Fia1. 2-4 shows a simplified binck diaaram of the dgeneral structure of a SAR-Processor as
described above. Additional functions like Recorner Turning and Postprocessing must be in-
~luded to rearranae the output data in ranqge direction and to assure that both directions
are scaled equally.,

Mfferent algorithms are available for the compression of the raw radar data both in
rante and azimuth:

- filterinag in frequency domain
(FFT, multiplication, inverse FFT)

- filtering in time domain
‘correlation®

- SPECAN algorithm
(multiplication, FFT)

'revious investigations performed under an ESA contract (Spectral Analysis Approach to the
Comtression of linear FM Signals, ESTEC contract 3998/79/NL/HP (SC)}, TN-79-276-003) resul-
ted in the conclusion that the SPECAN algorithm is most favorable for the azimuth com-
pression of C- and X-band radars. Therefore, this concept has been used in the SAR-Pro-
cessor Breadboard and is shortly described in what follows:

1f the azimuth dopnler history of several adjacent targets is multiplied by a reference
function the slope of which is opposite to the slope of the doppler history, the chirp
of each target is transformed to a monofrequency signal as described in Fig. 2~5. In
order to compute the amplitude of each signal a Fourier Transformation (FFT) is applied
to the dechirped signals, The length of the FFT operation defines the azimuth resolution
of the processed tarqets,

3. PROCESSOR ARCHITECTURE

The architecture of the SAR-Processor Breadboard is shown in Fig. 3-1., It consists of a
high speed radar data nrocessing vpipeline including the hardware modules

~ Range Cell Migration Correction (RCMC)

- Reference Function Multiolication (RFM)

- Corner Turn Memory (CTM)

~ Fourier Transformation (FFT)

- Look Summation (LS)

- Poatprocessor (POPR)
which performs the azimuth compression and look summatior of 1024 range samples (approx.
20 km swathwidth) at an input data rate of 2 Mwords/sec. Identical pipelines must be
paralleled if more than 20 km shall be processed in realtime,
Range compression of the sensor data is not included in the present design of the bread-

board since onboard range compression was assumed at the time when the architecture had
been determined,

The fast nrocessing pipeline is controlled by three medium speed control modules which
provide for the varameters required by the pipeline modules., At this control level con-
trol data must be computed at a rate of typically 2 - 10 Kwords/sec depending on the
module and the SAR-sensor itself.
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Finally, a microprocessor controller links the SAR-Processor to the slow speed overall
svstem parameters (operator resolution and look definition, Mean Doppler and FM-Rate of
radar data, antenna headinqg) which are needed in order to define the basic {nputs to
the processor. The data rate at this point is some words per second,

The Mean Doppler frequency of the radar data must be determined from the data itself by
a Mean Doppler Estimator module for a fully hands-off operation., This is due to the fact
that the primary information (mainly the antenna pointing anqgles) cannot be measured to
the accuracy which 18 required to compute the Mean Doppler frequency from those data.

4. IMPLEMENTATION OF THE PROCESSOR

The implementatinn of the processor is accomplished under the aspect that each specifically
desianed hardware module must include enough commonality and flexibility to make it a

part of a more general signal nrocessing hardware family., This concept allows the func-
tirnal modules to be used at several nlaces of the processor (e, g. see Storage Unit) or
cven guohorts the implementation of different image processing tasks (e. g, other SAR-algo-
rithms, pattern recoanition etc.) at very low development cost using the same hardware
modules 1n different arranaements,

Zome of the more important modules of the SAR-Processor Breadboard are described in more
d4ptatl 1n the subsections below,

AR High_Speed Storage Unit

Intermediate storaqe of data frames is one of the most important functions of any kind of
imadge processing., In a SAR-processor those memory units are used during Corner Turning,
Look Summation, Recorner Turning, video display storage and test pattern generation.

In nrder to cover these applications a universal memory board has been developed which
3llows for writing and reading line based image data in both range and azimuth direction,
The lenith of each line can be programmed within the total capacity of 256 Kwords, where
the word lenath can be any value up to 16 bit,

! The memory boards can easily be cascaded if more than 256 Kwords of memory size (s re-
jutred.

Dynamic NMOS memory chips (64 k 1) and TTL-ALS control circuits are used for the board,
the size of which is 233 x 160 mm?, A write/read apeed of up to 3 Mwords/sec could be
achieved at a power consumption of 3,2 watt, Refresh circuits for the dynamic memory chips
are included on the board.

A complete memory system (e, q, CTM) is built up of 3 memory boards and a simple controller
board which provides for the correct input/outnut interface and some trigger signals which
tell the memory boards when to write/read frames.

4.2 Finite Impulse Response Filter

FIR filters are widely used for low pass filtering, bandnass filtering (in combination with
a complex premultiplication), diqital interpolation and correlation. In a SAR-processor,
diaqital interpolation/resampling is required for the Range Migration Compensation module

as well as for the Postprocessing module.

A FIR filter offering programmable length of up to 16 samples at a word length of 8 bit
(data and coefficients each) has been developed usina a TRW multiplier/accumulator circuit
and TTL-ALS control loqic on a standard 233 x 160 mm2 board. Subsampling of the output sig-
nal is possible i{f the FIR filter is used as a lowpass filter.

The maximum input data rate is given by the internal 12 MHz computation clock, the filter
l length and the chosen subsampling factor. At a full filter length of 16 (no subsampling},
the input rate can be up to 0,72 Mwords/sec. The power consumption is 4.6 Watt,

The filter coeff.clents are stored in a 2 K x 8 PROM offering a large variety of different,
selectab)l coefficient sets,

4.3 Complex Multiplication

A complex multiplication module has bheen developed on the basis of a fast TRW multiplier
and some TTL-ALS control logic. The whole circuit is implemented on a board of the size
160 x 100 mm2, It can be operated up to an input data rate of 3} Mwords/sec. The power
consumption turned out to be 3,0 Watt including output rounding and saturation limitation
circuits. Data word length is 8 bit at both input and output,

S -

This unit is used as the Reference Function Multiplication module of the SAR-Processor !
Breadboard, However, other applications like premultiplication in a bandpass filter con-
fiquration have also been implemented with this module.
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1.4 Fast_Fourter Transformation (YFT)
A hardware FFT module is presently under desiqn at DORNIFR, It s based on the Radix 2

Decimation-1n-Time alaorithm showinag the followina features:

- complex innut H41, RO
- complex outpat 12 1, 12 0

- oroarammable FFT lenagth of
12-h4-108-26=-012-10024

- camplex butterfly hardware element,
Speratinag At oanprox, 15 MHz

- FFT data addressina scheme
downloaded from external device

This module will be able to perform the operations required for azimuth/range compression
af the SPECAN method as well as of the frequency domain algorithm.

4.0 Medium Speed Pipeline Controllers

______________ L A

The pipeline controllers of the SAR-Processor Breadboard convert the more general control
arameters e, 1, Mean Donpler Frequency, FM-Rate, Antenna pointing angqles) into secon-

dary control rarameters which are used by the vipeline modules., The basic arithmetic ope-
rations are required in order to perform these transformations, Since the output data rates
are aroand L0 - 1D Kwrds sec, a signal processor like the NEC 7720 is a favorite candidate

for these vobs,

Fi:. 4-1 shows a block diaaram of the NEC 7720, It consists of a 16 bit ALU and two accumu-
laters, a senarate 16 x 16 hit fast multinlier, 512 x 13 bit nrogrammable data ROM apart
from the i1nstruction ROM (512 x 23 hit). The instruction cycle time {8 250 nsec at an in-
ternal frequency of 8 MHz,

The EPROM version NEC 77120 allows for a flexible nrogramming of both the instruction ROM
arnd data ROM even for small numbers of chip pieces.

The part of the Range Controller which computes the reference function of the RFM module
from the FM-Rate of the sensor has been implemented by software on the NEC 77P20. An out-
put data rate of up to 28 Kwords/sec could be obtained which is much more than what is re-
quired for realtime vrocessing (2 - 10 Kwords/sec).

Fi1i. 4-2 shows a scope plot of the real and imaginary part of the linear chirp function
which 1s used as a reference by the RFM module.

5. OROWTH POTENTIAL OF CONCEPT

The hardware activities described above will result in a family of universal signal pro-
cessing modules which can be arranged in such a way that a large varijety of image pro-
cessing tasks can be handled in realtime. The central members of the family are: ’

- Correlation

- Filter/Interpolator/Resampling

- Fourier Transformation

- Storane Unit !

- Multiplication

- Accumulation

- Programmable Pipeline Controller
The modular concept assures a cost effective implementation of high speed processing tasks.
Low power and volume design will allow this concept to be extended to more critical appli-
cations, e. q.

- mobile ground processing

~ ajircraft applications

e e —— -

- spaceborne applications

As compared to more conventional approaches to signal processing tasks using general pur-
pose multiprocessor architectures the concept described above shows ruch higher processing
efficiency due to the fact that data communication is neither limited by bus constraints
nor by mass storage devices which normally must be used to preserve intermediate results
of the processing algorithms, At the same time, weight and power consumption considera-
tions turn out to favorite the flexible hardware concept as compared to a multiprocessor
architecture as well.
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The overall software programmability of a general purnose solution seems to be no
real advantade because the cost of a software redesiqgn of a comnlex processor archi-
tecture 15 well combarable to the cost of a rearrangement of hardware modules. This
fact becomes even more interesting when modern computer atded design methods are in-
troduced 1nto the manufacturing process of hardware systems,

"anectral Analysis Approach to the Compression of Linear FM Stgnals”. Technical Note
PN Ta=2 =t 3, ESTEC contract 3998/79/NL/HP (SC), December 1979,
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EARTH RESOURCES RESEARCH USING THE
SHUTTLE IMAGING RADAR SYSTEM
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and
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ABSTRACT

I he Shuttie Imaging Radar (SIR) 1s an L-band synthetic apert ire radar that transmits and receives honizontally
polarized mucrowave radiation. It was orgginally launched on the second Shuttle test flight (STS-2) in November 1981
with the antenna depression angle fixed at 43°. In this configuration, the radar system was referred to as SIR-A, and
it collected more than ten million square kilometres of earth imagery in a variety of areas situated between 38° north
and south latitude. SIR-A Jdata was optically recorded onboard the Shuttle, and it was subsequently correlated on
the ground to produce unagery with a SO lalometre swath width and a surface resolution of approximately 40 metres.
Thin daty s currently avalable through the National Space Science Data Center, Greenbelt, Maryland, 20771, SIR-A
obraimed orbital radar coverage of many and and tropical portions of the earth for the first time. Distinctive vana-
tions in radar backscatter observed in SIR-A imagery have been related to radar penetration of wind-blown sand.
variations in the particle size of acolan sand deposits, and variations in vegetation density and the architecture of
vegetation canoptes. Certain terrain characteristics detected in SIR-A imagery are potentially important for evaluating
surface trafticability and wdentifying human disturbances of natural environmental conditions. The SIR s presently
heing upgraded nto a new configuration termed SIR-B. in which the radar's antenna can be mechanically rotated in
the Shuttle’s payload bay dunng an orbital mission. SIR-B is currently scheduled for flight on the seventeenth Shuttle
musion (STS-17) that is tentatively planned for August 1984, In its new configuration, the SIR-B can be used to
image selected regions at different angles of incidence ranging from 15° to 60° (as measured from the local vertical).
In principle, multiple incidence angle radar imagery of selected areas can be coreregistered and used to differentiate
surficial materials on the basss of their roughness characteristics. This procedure is conceptually similar to the use of
multispectral imagery acquired at shorter wavelengths to discriminate surficial materials on the basis of their pigmenta-
ton. Similar experiments have not been performed with airborne radar systems due to the large variation in incidence
angle that occurs in the range direction (i.e. across the aerial swath). In contrast, orbital radar systems are uniquely
able to image hroad areas of the earth's surface at a nearly constant angle of incidence. SIR-B can potentially obtain
data from 57° south to §7° north latitude. SIR-B data will be transmitted to the ground in real time via the Tracking
and Data Relay Satellite System (TDRSS) where it will be digitally correlated. Future modifications of the SIR that
are currently under consideration would provide ‘or simultaneous collection cf image data at multiple 1adar frequencies
and the ahility to measure the backscatter response of the earth's surface at multiple polanizations.
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