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THEME

Imaging echnigues are mportant sources af information in military operations. They may serve for parposes such as
target detection and Tocation, teconnaissance, el ffication and identitication ot tixed or moving oliects i weltbas tor
ateatafton over unknown e, Desprte considenible advances inelectro opical imagiog systems the vidar senson his
Become analtaetve alternative for several reasons: Lrge range performance, pencteation of weather, smoke, dust and
fulinnge, ind night operation. On the other hand high resolation radar technigues sueh as synthetic aperture radar (SAR)
and inverse synthetic aperture radar (ISAR) promise geometrical resolution of about Tmand less,

The proposed symposium is focussed imainly on SAR and ISAR techniques. Conventional imaging radar such as side-
louking radar (SLARY and MM-wive cadiar will be considered as well, Furthermare, the use of soperresolution sigoul
processing technigues for radie imaging will be addressed, Tewas the goal of this symposium to;

present the state-of-the-art of high resolution radieincluding deseriptions of existing or planned systoms and coneepts
identify limitadtions of existing systems coneeriting resolution, processing spead, size -0 weight, FCM resistance ele
presentadvanees and trends inelectronies and microwave teehnology that promise solutions o the identified issues
prosentnovel algosithms and srchitectures for read-time signal and duata processing

discuss new tadar imaging principles and applications of militaey relevanee

constder cadibiration necessities and possibiilitics

Les techniques dnmigeric sont des sourees précicoses de renscignenems dans les operations militaires, Flles peaveni
seevin a ditterentes fins twles que L detection e Bitocalisation de G eible areconmaissinee, lielassitication et Fidentitication
dobjets fises ou mohiles of Porientation dors de surval de tereain incon,

Midprd des progres considerables réatises dans e domaine des systenmes drimigetie vleetro optigues, fes senseuts tadag
representent avjourd’hui une option interessante et eect poor plusicurs riisons:

prande portee

petetration de Patmosphire, de i feasee, de B poussiere et du teailloge

fonctionnement 24Hsur 240,

Dratre part, les teehniguues des radius de laote tesolioneds que fes radies scomverture synthetigue (SA Ry et les
rdarsivousenure synthetigue inverse (SAR) Bissent prevorr e tesolation peometeigque d'ensizon Tmou moins

Les symposiun propose coneernie pringipalement fes gdins SR e ISAR s des sadar s inmagente classigue tels gue
les vadars acroportes o badavige fateral (SEATG e tes vadins aondes millimetiiques seront egalement pris en considerition,
ainsd gue lmise caveeunre de techigues detntement dusgeoaba res tanie resolution dans Fapene ada Eecobyecnis
AU sy mposianerient les s ants:

proseater Fetad de Fancdans e doniine dos vielaes de tinute resodution o parhn de desenpaons desastemes v de
conedpis actuel o freevis

proveset e Bmsites dles sy stimes existmi ety ce gunr conecne L resolution, b vitesse e catenl e pands e
Fencombrement, te depre ddimmunite sy crmtre mesures clecthionigues (N etee

presenter les pragres realises ot les tendanees dans e domamne de Petectiomgue et de Letechnolope BT sieeptibles
duppotter des solution s questions soules ees

presenter les nouy ey alponthmes e tes novvelles sechitectures pout e tetement disegad etle tement des
donnees en temps et

disvnter des nowvessus praeipes de Fragene sidar etdes applications dhateret mitanee

et fes besains enmatiere d'etidonnage ¢t leans possiitites
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KEYINOTE ADDRESS
hy

Major General LHartog
Amiments Director and Procurement Fxecutive
Royul Netherlands Air Foree
POBox 2500
J500-ES8 The Hague
Metherlands

s for mean honour id a pleasure to respond today to the invitation o preseat the Kevnote Address o this AGARD
Aviopies el Symposium, It is in particular apleasure to weleome you to the Netherliands as it is selected to host your
meeting, The Symposivm indeed is entitied “High Resoluion Aicand Spaveborne Radar™ however - is iequired homa
yoote addresy = Dwould like to put this snbject in the broader perspective of the future requitements and development: o
ACTospee wvionics,

A tew yercagoan annoyed Senitor remiarked st court hering in the Uaited States about aeertain sireratt producton
programme (the F- 14y tha *this is the Last time this nation buys a twenty million dollar combat ameraft’, The Senator iy
question was proved right, albeit ina different way fron st he mennt. What happened with this aireraftis also happeniny
even more often in practically all the western countrics, i view of the financial and ceonomie siuation connected wilh the
use of increasingly sophisticated technologes. Therefore we may well ask with justification whether new technelogies will
crable the improvement ol the defence in i affordable ninner,

Sonte essenfind aspectsconeerning new technolgivs toimprove conventionn] defence are provided within the vontest ot
the currently applieable stritegy as reflected in e Conceptual Military Framework which was aceepted by NATO i
Dieeentbet 935 Fhe Coneeptual Military Framework pravides s cobierent wssessient of the fong-term pumtid the vear 20010
strategtic and iachical objectives, tisks and necessary milivaey means of the NATO Alliatiee. Hs s o provade sebass on
which guidelines wnd priosities tor loog-term planning can be founded. Thus, and alsa taking aecount of the vasious mitaonal
pie conditions, mitional plans can be developed for the ioeation of delenee equipment, pessonnel and infrasimeture

Butore Worldd War 11 militay strength wias considered maimly in terms ol quasiting: whing connted wis iow many
swaitpons aeouniry had. The firstadvineed militaey leebnologios did sotartive uinl Workd Wan 1ol which vadae, the et
enette and missile technology e striking exsnples. Sinee then the quality of weipon systems, i terms of speed, icetinaey
and duestructive poser, Bis becore mose importnt than the quansties, Theee s theetne ao pointaay fonger m thinkimg in
quantitatve terms, thatis 1o say i counting who bis the mostweapois, The abrhiey to maintm i balanee of powet depeods
increasingly onavailible teehnology and its exclusiveness, Keeping aqualitative Teid s terms ob techiology may cotnteract a
shottadlot gquantity. This is why militaey researeh and developaent wll play saelceenuesad part wosintammg the bidanee of
proset New sesalts negmhitars ) reseaneland deselopment iy easiby undermmse the badasee. Pliis, aoms controb s qos linge
erlenaledded by the deprec ol techinologeal change ©eathermons the naneiad resourees and the willingness ot the imtatio
decde the extent towhieh merei-ingdv ad cineed techinologios Wil be created imd wsed . Witk tiese ieetutisble Gcts, s
sy the contrallalnlite ol the ceonomie amd teelinalogeal imsentory, i typical illisteation wpven ol the peaee and seentin
prohlenn beonomie and teehmeal vreatvty s decsingand canom et nat be Bated Dy anageeeeiment. s Gactor o by
decrded by i poser el It eantiols ity own progress faseaeds the esdvzanan o s objectises,

Phe Coneeprual Midirry Framework aceepted by the NATO conties ietleets the sitiation e TS and starts from e
premise that tie Warsaw Pact will nantinn gs numercal superionity and will encrgeacally tov o mshe upany gualtative
bachwiyidness The document therefore vepes acambination of quamttanse and gualitatine amprosemenis, The cmplinsis s
snguality shichiis o be mproved mostly by inteodueing sdvisieed weelwlopivs, In NATO these deas bave coystalizcd m
the Conventional Detense Imprasenient Progoaam (UDI,

What are these sacalled emerging technologes’, of which mas people, nphtly o wrongly expeet nuacles? A
i ttde of pubheatons aod comments show it as regisds Daisic tecimigques ad iders molmuch nes can be expected in
the next swedecades sther than what s abready predictable, Possible teseandian s are practically ised Noevertheless, vast
s ot wones are molyed ihisg with the sdded complicaion of selection and establshiment of pronities o the most
|v|l1|||l\i||}1 tesaiteh QLS.

Phose who deal with the poliies coneermp technalogy, stiategs and soms contol imay recopnize sis teelmologenl
Tendences at least until the end of this century,

W Inereasing aecurney wnd homing capaelty oFabl sorts of weapons it sca, on g amd o the anc by asing accuniste
avipahon, rdiabon deteetson, maneeus bty and processing techamgues, slsoagannst mobile ggers, suchs
sitteles sand bathstie missiles. resuling wan inereaseo sulerabitity o circly statie and mobile obyeet.




b Hedueaed sisibility, acludimgeacrady naone desiga imd vsingniitenalt that conside by reduees tie chiamee ol v ing
objeets beme detected N\ weducton i electomametie. aeoustie apd beat tadaton wallvontbuate to s 1neans
that dtetertion ot objects oecnrs sobite thatat constderahly reduces the swarmog e necded ot rei ion

< evease in mobitity of ot Landumg pabs and comprand, cantroband comaarmcations facilines (¢ 1

Eatra hardening technigues, by usimg new methods and materials, reducing the calnerabydty sl theretore the
aceessibility of tipets

e A more effective strategie defence, in parteular a ballistie defence by integral use of saton weapons.

L Daga processing technigues, by analysing and collating daticbeing fed in by many kinds of seasois roflers ithe
appariamty to obtanguickes and better understatiding necessaey fon deetsion making and, moreover, provides o
iieans o verly the implementation of arms control agreement s,

These sin tendencies show the cause and inevitability o ivcious cirele (it is i the ams eace spival ol stnving, to
naintaii i balanee of power. Fach move in the game o obtiin g comtortable position is answered by amore powerful
contter-iove, The moment ol the counter-mose is mainly i teehnolopy transfer problem. In other wards, cach teehnigue has
Pt anti technigue. Countermensures continge fo be necessary and investments i armaments are cotinaed. From the listing
al technoiogical tendencies the conelusion can be desw that in o possidle contliet, he who most controls the frequency
spectrnm stands the bast elince of winning, because all leading teehnigques are based on the production, intereeption or
interferenee of some tor, ol rdiation and this inpsthenlar represents the domain of interest of this Symposium. A seeond
comtelusion that ein be draswn tronn the hsting of wehnologeal tendencies is it cuerently desclopments iy electionics ond
theretore avianivs - - domingate progress innearly all areas of interest This explaios why reatly sipniticant improveinents i
sircril e design are not w be expeeted until after the yeae 2000, with the exception o electronies, Tleeiromes now s prime
place in the weaponey game: you only have o step inside the operations room of o modern warship o apprecinte to whal
estent, Tlhe windows an the world outside are not portheles bt sereenssaieand surtace radas, sonars, ihermal imagers, fase
varpelineders, T somue areis, the electronies seetor pain fronn cost-cutting cnvieomient, beeanse tis alde te make available
arths mare elteenve, Moteover, teelnologicd advances e constimtly ereining theit oo seedss detection and avaiding
detection: pidrmg and detlecting weaponss pamning and couteramneaimg sipnads, and this is what Tmeant earhier by
technivue ansl ant-techuique,

Mechameal controls in areraftan seplaced by compuier- contralled setators, and soltware algorithms actually fiv e
planes minmturized, more sophisticated and more tightly coupled sensors,displays agd avionies, are now tied diteetly into the
computerized tight contrat systent, knows as “control confipured vehicles™, The confluence of these new technologies will
B higher pertonmance and “survivithiliny™ o the next generation of militaey airesaft Thisio aonnt shell wpreseas e
sttuation ol foday, but applicition of essential aned signiticint developments still requires nuany years, To bridge this
tnedtumeas a timely i ceonomical alteative, militoy sdrerdt are now inereasimgly being upeeaded inorder o sateby te
need o sty abreast of the operstional environmental complicitions.

1t Bats beconie a taet ot lite to experience the isereasing dislirmony between tie 20028 yein dile evele ol aysiems the 16
st evalithian of the opeations environment and the S vear teelinology time constant. Fhis disharmony jondeea s increasig
an i resubt ol the continunusdy fster descelopmg technology, The expected environment m which midingey eeratt e o
nperate is evalving rither spectienliay, naindy as g resalvol the probiteration of precision: ghided anteaireraft weapons sl
vleettoniv conntetmensies. e mentioned dishanmony between available technology and the operational, econnmiciland
strvetaral litetione of ap e rift initiates the oced Tar o continnoos Hos ob modilicitions, The two facets -t aneraly
wenpons s eleclionic coutermeasites - represent the argament to the saiuement thats e winoer in the fatue will he
the one whesees” the other first™. Weare tlking bete, of eonrse, abont the "beyend visaal snge™ capability and indeed thit
ivoanly o maer of avionics and visionies, Phe military aireralt development miarkes theretore i aved at s upetide
mathet tatlos those mnly clectrome developaents to be incarporated finaddition tosame improvements o the stooctisre
ender tostreteh e Tietinme. The examples aoe apeiades o 1oL S0 B TS E doand A et Phe nulitin s soeraly
ol the nimetios will be charaeterized by uppraded aiceraft ol the cightios and sven seventios, Such e coneluston s slso
sipgniticant for this audivnee.

Having provided wdeseription of your working environoment letme approaseh more specitieadiv the subjects of youw
Sy st and gve v view o the supportwe tequine from aireraltavionses, Toe envilinn meeraft vrews the deselopmient o
very accuritbe mavigatic o approseh systems e combimation wth adsineed aatopifots aod with molisnd systems cin be
seen s the mostiportant deselopments witil now as b as avionios e concerned Niother impoant deselopment wis
mstallation ot groutd proxioniy warning systems and weather eadins which improved the safely temendously,

Untad aboot 1970 militios pilots were happy with unpros mg navigation sysiems aod improving tee control vadars T the
seventies, the itroduetion of s by wire and of digital avionies ehanged e world Tor miliuy prlots. Wath the old analop
svstents, chanping the aviomies was secostlvand difficultattins Today inaplanes dike the b Tooris IR imporimt mereise
w petorminee of the airplime iy ooweapons system cin be realised Ty sobwvane chanpe to one or mioge of the ontaitd
conlptes s,



1 ooking tte the futire, addmg new eleetromie systems to el asrerato sl make the ancnatteaster aind sl o
operate. Isome cases the crew can be reduced rons thiee to o, Thedeselopment disers i ihe omalian warkd an
clhoreney and satety

In the nditars world the maan deser sthe cficenoy ol e aireratt as o Seapedi system ey, Detien ae ooy m
weapan delivenes and anarprosed suovnvabsdbits e hosnle cuoronmeat The deselopmenton fectomeom the wosenne
ave led to the sdditton of a large number of semsors and subsystems o the avonie sy stems ot miiGay aineralt e
architeetire of @ standard avionies syatem consists o one or more ditabus systems watha large number of Tine Replieeable
Uimits, Eaeh Line Replaceable Unit with its own specitic electionics, i ofcoutse g conliag and powen tequitensent Mist
of the e the sformuation rom all the subsyatems e be presented to the pilot m iy optioss ar combimatons ol opions
Fapecially in modenn smgle seat airenstt we see it the pilai gets nvaeh iacee imfammabon than Be canabsorand use st a
ceetain momient. To reduce the wokload and filter the data on the pidot o an etticient was widl be acchallenge for the
ChgIteers,

The speed with which new technologaes aedwith them new cotntenicasures become avadable i the western worid as
weltis i the Sovier Union, mikes somore Breguest adiustiment of wespon svstenn necessin . Flie vequired changes iy O
systems are hird to tellow, Avordance of thieats guded by eidar systems by reducmg pndar cross section s one s, butig e
alwoasery expensive way, Avoidanee of the threat by tenam maskmg apsunst groundbased systems i combimation with 10 M
tor the maborme systems will comtinae to be s vatuable option mthe conusye deeides

The development ol passive tevtain avordance systems ind grore acenate mavgtion and weapon debivers syatems
Bigsed om an onbaard digital errm databse seems seny promising, b this respeerwe sall lose ot ol areratt and aes doe
tor ot snled Hight it teerdn. Plie wse of adigtad e datadase tora beter gromnd prosimints sooeming systemosall be
very cleetive in peacetine as well, The deselopment of imepibite memory chips sl ket possible t store the iccessiny
ditn lor Bvnge peographeeal arcas in soid] iplines wepe secatt OF course iall I necessany todeyelop the requared datahasacs
with s sticient leveb of aceuraes. HEshoutd he readized that mthe contest afelectiamie watfiare, passive systens it
reg reaent Hhe smiost 'u'nmimnp, pospects,

A new e that alsoseene seey pronnsigos the ares of helaetmomned displn s The maonts obou consentiond
ollensive atreralt oot aperate ad night Additon ol dgital werien datissystem e combimation witle L onwid T ook o
Belesy Reebaned Tone Eight Tebeviston it the informition e be prosented tooe pilor s aeceptibbe way, will imcie,eae the
vapahilitivs of current aoeratt comstderabiv, AT the saime time however the deselopment ol Biser fechuolos i ooy Now
serisors i the sivbie part o the specttun will become ineres siighy sulnetable tooweapon sy stems i nake use ot L
ciiergy venthe eves of the pidog Base o be protected againse those typesonbweapons Phere iy e anmue that the pelaty m
ot Took it the eatsede world sy moe shien he isover enemy terrton, Phisottside world s Bave to el
prosented o hinnin the visor ot e hehmet Tt albsaprotects ime Hrom Blinding by Lsers

Avother impartant atcans the weea of targetidensineatior and chesalicaton Wit the improsed i oo seapnons i
the Atvimead Medivm Range Ao A Missite becomting asaslabbe amd Lepet immber ofaineradt bong capalive o weane
hese weapons, the dentitieition problenn becomes more ioportant, The NATO dentiicaon s s aomed T
mplementaton ol s Mahitluncuonal iIntormation Distabition Syetemy solepabl-aomone ctherens ase ol albsensorasalabl
OF coupse the paplivitions ol electiote combat salhmahe the waetabiess ofsystems ke the stultimaocnogad Intormuoem
Ihstibouon Systeny guestionanle: From my expenence mrmy previons N AT apnmitent and e the SetherLanads
representatse e NATOY A Delonee Comnttees e assitie son that o of fhe most contples probleneom s ©ontral
Regomn dvrmys g mnhitars contlier will T Aaespawe Mamagement Watlvalbeaoent ptans o the ehbune ol dvfeens et
Provanned Are Vehneles by the vrsnes aod i Forceso o coibon it st all orgame Subace oo e AMeade Syadeni that
e ddephwed alredye A nspirce maoyement heconies chalie gy mideed Plosseser essstem ke Te N lufnn teonal
Tutornateeom Distribinnon Svatem secarmssodahle i s seviaeo

Pheregairen i topresent neoate dhisbin the pel-tm soelia sy that e vcalbe soonterpaet the datonere ty and i the
npht pootite makes e ose alenlone displave nare vepent The vegquiement for the adosnny todeselop displancdun do e
ke too el roans, have crroup e conse st sortiphe condianns sd i <t e il specfroations s peat challong
mdewd.

A nerestine chianpe thiachas Giken place sbeasds iorhe Goce thar the devclopanant ol e clecinoteaon the b
soled b mimy aeas s ahicaind of e state ol the artohitis svionies s shontd he ised s nnich s possibbe to Towey e
costob nabiny ssstenss Buddime nnbitary Bacdsare wempstandaed somponenis b soeasaLable oncde cnadn man ko
should foser the dovelopment and production coss,

Phe speedand mentony capacy of GirenGastd boture ncrapiocessore sl Be el ot several al e cieent btk
e Replacestle Uins ean e combmed i sigle black bossath ine Replaceable Modules e solime i weghi ol
vitch subsystenme with decrease and the rehiabiiny wilbmiprose ttemendoasty b the predictioss wne opdieat the winodieinon
ut Very e Speed Tngepraned eoremt weehnolopy What Twatness as the Netherbids prme represesine mthe bolo
Steetnp Comntiee s it swithn s lew sears ¢ Touspmtrodaction of finetonad asionie clasters sl e aaeals N baad
hefore the nest few searyseemdestinied tobeeone ivdecide al retrotittg castmg acnfosath es avionies 10s aok ey




Iheby that the Jetenee budgers in the western world sall grow in the same way as they hase donean the past. The only way to
fud momey fornes systents il be to deeresse the cost ot nmntenance, meaning les peaple required odo the maintenance
ob the same mmber ol aiteralt

e biggest chalienge wthe near fusure will e the development of all the necessary sedtware, which can be dlistrated by
the 600600 required instruetions inacombiat aireraft. The more systems are inteerated the more challengin « the software
development tasks will e, Another area of concert wilt be the flight test requirements of all the advaneed ems, When do
we kinow for sure that all the bugs are out of the software. aiid that the system duoes have asutticient leve nfidence?

Tumight be usetul to summarize the most significant remarks of this presentation by stating:

= the aireraft of the ninctivs witl be characterized by upgraded sircratt of the eighties ind even seventics,

= electronies and avionies dommate aireratt improvements during the coming decade.

= he who most controls the freguency spectrum stands the best chanee of winning o potential conflict.

= the best beyond visual range capability mavks the winner of an airbatile.

Tofiaakize this address, gentbamen, caleulation power, computer models and improved communications free the hands
ot investigators in order to coneentrate on more refined objectives. On the ather hamd, emerging echnologics provide aomuch
more detailed impression ol uman skills like seeing, earing the use of nguage and Hikely artiticial inteltigence indentifying

the Tatter ws: “learning by expericnee”. Fxeiting experiences Tay in front ot us and, to quote a Chinese phrase: e cople donot
anticipate the future, they very soon hive to take care to today™,

B has beet an honour for me to have addressed this andiencee than will muke all those mirackes come true. T wish youall a
Truithul Sympaosinm.
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‘SUHHARY

The paper reflects aome resulta of preliminary feamibility considerationa fur a next
generation space based multi-mode SAR/ISAR myatem. Key element of next dgeneration SAR
systoms, am currvently designed for future remote mensing applirations, 1& the actjve
phased array antenna, Based on this antenna technology, m®ome new operational modes are
digcunee ), whick currsntly  at neb and alwe i the FAS-1 ura wii! not be avairlable in
earth obmervation from upace. rhey include : (

Wide mwath/medium remolution SAR mode

Narrow mwath/high resolution S8AR made

Squinted SAR mode

Very high resoiution Spotlight/multi beam mode
Maving target MTI/ISAR mode

The paper addresses different beam pointing techniques (mono-beam, multi-beam in azimuth/
elevation) for strip mapping SAR modes as well am for MT1/ISAR modew., Bawie requirensnl s
for wmelection of orbits are alwo discussed. The MTI ISAR mode intnnded to detect  and
ponsibly claesify from apace clustera of faat moving small targets against the clutter
background of the earth murface probably constitutes the highest risk 1n terms  of
requirements for onboard real time processing capabilibien, pointing accuracies  and
coverage . For all modes wome bamic ayatem parameterms are glven.

1. INTRODUCTION

A new generation of apace based remote Bensing wystems is under conswideration in diffe-
rent European countries as well as in the US. Benidew the "clamsmical” microwave  inutru-
ments (radiometerws, Bcatterometers, SAR) pamaive multi -channel gvanning deviees 1n the
visible and IR regiocn and imaging sMpectrumeters as well an active optical instraments
like lamer syetemm and backscattering lidars for monitoring the environment are currently
designed and developed. In parallel advanced multi menmur image provesming, daba  fusiog
and change detection concepts for application on ground and possibly in wpace are  alweo
under development. In addition, future remote sensing iaslrumentation 1s investiyated by
ESA  for deep space missions e.yg. for autonumous probes to image comels, asterords or
other extra-terrestrial bodies.
The development in Europe im driven by diffecent programs @ EOPP and TRP (ESA), ESPRIT LI
(CEC), EUREKA and meveral naticnal programs. 1t 18 obvious that thoswe  technologios may
and will support future mpace asased carth obmervation and reconnatssance systems ax well,
bue to their all weather and cay/night capabilities microwave imaging technigques play  an
important role in esarth obse vatioun.
The tajor mileatone in thia area 18 ESA's ERS~1 satnllitn  weheduled  for launch  gn
1990, However, due to its severe rconstraints and thevefore very limited capabilat tox
IERS-1  im  not connidered aa a technoloyical candidate for a future european space  based
obarrvation system. The next generatlon, ocurrently demigned for the post ERS-1 era and
the Ppolar Platform, differs radically from previous designsg due to the availabiloly  of
apace  buaped active phased array antennss. This techinology wllows for antenna beam porn-
ting and beam width control b, judicious select ion of phase and omplitwle worght ing  for
the transmit/receive (T/72R) modules,  This in turn allows the definit ton and recanfgura -
tion of new operational moden in addition to the ubual broad.ide sbrip mapping wenlee with
fixed awath width and resolution (1] (2], A number of benefits nay be devived,  direct ly
related to the uwse of active phaned arrays
- Electronic¢ heram ateeriny in s#ievationZazimuth for different coverage modrs
- Programmable artenna patterns for sidelobe and nadic return wappression for cach  pon-
ting direction
- Adaptive cancellation of sidelobe jammers
- Incredued redundancy, reliability and life time due to the avordanee  of  high power
concent.ration  a# in classical "wingle point of farlare” designs
It 1w obvious that multi-sensor i1maqging syatems with high resolut 1on under  all  weal ber
day/night operational conditions result in ancreased data rate requicement s, Therefore,
1 clasmical system designs, o Lrade-off between swath width, resolution, available power
and other platform resources leads to a compromise to solve the dilemma.  In noxt genera-
ti1on systens the potential of redundancy reduction technidques, to be performed on boaed,
will be used to reduce the effective data rate of the aysten thereby decreasing the
requirements of the data link, additional data tela matellites or on board data  rocor-
ding devices. However, work in this orea 151 indicates, that the possible savings by
optimal encodiny schrmes may not bhe too large, since the SAR source st ropy 1h most caNews
will not be too much lessw the maximum poswsible. The advanceed concepts of  on baard.on
ground real time processors {(parallel processors, binary optica [12)) currently  under
congideration will provide more degreesn of freedom for the dewign of future aysters  andg
ground segments,
Due  to the enormous cost for the develupment of these technologies and  therr  inhoerent



muiti-mode operational  capabi)ities the next generation systema could be dewigned as
" joint serviver”  ayutema serving the needn of both the civil remote senning an well  am
the mihitary’palit ieal user communities,

In the following the feantbility of a next generat ton #pace baded  multi-mode  SAR/1TSAR
nyHiem 18 discussed and prelimenary dedign considerat tonn are ref lected,

2. GENERAL SYSTEM CONCEPT

Although the definition nf a mystem concept requires carci{u| analysis of the umer re-
quirements we can identify some basic operational mndems mufficient to cover most applica-
tions., They include:

* Wide wwath/medium resolution SAR mode

* Narrow swath/high resclution SAR mode

* Sguinted SAR mode

* Spotlight SAR mode

* MTI or ISAR mode

The firmt two are regular strip mapping modews with fixed broadmide antenna pointing.
while the first mode amBures global coverage the intention of the second mude im to image
#pecial aream of interent whose pomition im known.

The third mode is of the fixed pointing type alun, however the antenna pointing direction
in azimuth ism no longer perpendicular to the oitbit but squinted by a positive or negative
angle. This could be of interest in a multi jammer environment tov look through the
individual jammers. Another advantage of thix mode could be & "mapping ahead" capability.
Thiw would enable the aystem to mwitch to che high regolution mode during the wame pans.
In the 8putlight SAR mode the synthetic aperture length (: voherent integration time) i
drantically increased by pointing the high yain antenna to the small area of intereat
during the fly-by. If proper azimuth procersihg is aprlied to the data the resulting
azinuth remoiution im improved according to the increaned aperture length. Ranye resolu-
tion is determined by the time-bandwidth-product in range aw in any other convenmtional
SAR mymtem. Since the ultra-high resolution Spotlight mode covers a wmall area of special
interest only (for example a 20 km x 20 km illuminated patch} it im commanded by one of
the survey modes to "lock on" to the aperific area teo be imaged,

The MI1/19AR mode is dedivated to the detection and poumibly imaging uf moving targets,
which could in principle be ground targets or other moving ubjects with a wvelocity
component relative to earth. The fixad targetm (= ground)} are suppreased to a certain
extent. Thin imaging mode mhould be bamed on target motion rather than platform motion,
It therefore needs as much a priori knowledge on the specific targets as poasible from
othrr mveley in order to image them with high resolution.

The definition of an orblt is a complex pro-~esams since it affects not only the design of
the instrumentation but also the coveruyr and repetition cycle for the ohuyervation
Hystem., It 1is alwo dictated by the availability and porition of ground wlaftoun s woell
am 4 data relay watellite, if available. Obvioumsly, orbit melection inm mainly Jdriven by
uner regquirements, which in turn are not yet established. The paper Lhurefore focussaes on
instrument feawmibility based on simplified orbit anmitipt iong

* jew altitude ornkt t inclination = 60 * ,  aititude = 1000 km
* high altitude orbit: inclination = 30 * , altitude = 5000 km
* equatorial orbit ¢ inclination = 0 * , altitude = 6371 km

one of the basic questionm im to define an orbil. waliafying the requirements of the dif-
frreant modes. A thorough feasibility analysls has also to voneider the time wchedule, the
available launcher, the satellite platform for accommodat ion and the resonrves available
for the instrumentation. The current underatanding iu based on the results of the Advan-
ved SAR  Feamibility study performed hy the MHB/Thomson-CBF/Canadian  Astronaut ios/RY
Consult team for ESA in 1988 [11(2]). With respect to the given time frame for implement.a-
tion the ARIANE 1V was choomen as launcher and the extended POT Bus  /ASTRO  Bud as
platform, They are considerad as baseline for the current paper.

3. HIGH RESOLUTION RADAR IMAGING MODES

High rewolution imaginy mudes have to be Aincusred in two dimensiona: along track and
crosg track {(range), A [ine resolution i1n the along travk direction 18 achieved by meunws
uf the awyntheti1e aperture principle (8AR) and in range direction throngh a short  pulse,
AH 1t 18 not poksible to transmit the reguired power during the pulme duration equivalent
to  the desired resolutaon a long voded pulae is transmitted and compressed at recept jon,
henign  consrderat ions will be given in the along Lrack direction first and then  met hods
to achieve high range rewnlution will be dircussed afterwardsn.

3.1 nigh Reeolution SAR Modea

In the aimpleat cawe high along track (azimith) rewolution 1s achieved by umsing  un
antenna as short a8 porsible in Lhe along track direction, collecting a large number  of
return echos and processing these according to the reqular SAR priciple (Fig., la). Due to
the very shorl  antenna (for example | m} very hagh Doppler fregquencies are  generabed
which  have to be sampled adequately. For a spacecraft in an altitade of 1000 kv pulse
repetition frequencies  of more than 20 kHz wonld have to be used, remulting in a tou
short  range ohservation time or swath width 1n range. Extreme problems with pointing
accuracy in elevation and timing accuracy (n range would have to be solved. In unfavoura-
ble cadMes the radar may even not be able to 1mage the targel because of  tranumit/receive
interference. Alko, as the antenna dimensions are reverme to the normal cawme, this kind
of antenna construction 18 incompat thie with other modes (Table 1),

Since phaged darrdy radars have been used, another method of achierving a high along track
resnlution has been introduced, called Spatlight AR, in this vase the required synthetic
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aperture 1 generated by mquinting the antenna beam towards the target while the radar is
pasRIng by on LA normal

track (Fig.l b},

1g, | High Resolution Conceptn in Azimuth

a) Regular SAR b) Spotlight 8AR «¢)

critical parameterns
are undnrllnad

High Res SAR

PRF high
Duta Rate high
Strip Map continunus
|NR yuod
Peak Powor moderate
Beam Pointling Hequ. az low

rg high
Data Window Por Tolerance critical
Proceseing Requirements hi h
Mode Sequencing diffirult 8]

Special problams 1) antenna

uther modon

Table 1 ! Comparison of

Ax  the antenna beanwidth
a4 the achievable pointing accuracy,

dimensions not
compatible with

in the along track direction iu
problemsg only have been shifted.

Mult ibeam SAR

Spot. | ight Mult{ Ream
low low
high 2}
sntinuous cont lnuous
marginal
moderate high
high Tow
low low
high high
moderate high 2)
pousible posvible
2) complex
mult i channel
receiver

hiagh resolut 1on SAR modes

in the wame order of magniiude
With this kind of

SAR 1L W namely only gudranteed that one hits a target but not necessarily the wanted
tarqet . Another dinadvantage 18 that Lhe meapping procens is discont inuoua.

Ground  bamed multi beam radarw exiat since many years and asrborae multy  beam  phasnd
array  radars are in uge for some time.  For spaceborne remole senging satellites  phawed
arvay  radars ure under conuldordlion and will be launched  n 19917920 Nowever, these
synlems will  avhieve a resolation of 5 m along track and 30 m o in range on ground only.
For hetler resolutions either gystems ag deswcribed above have to be used with wll  thear

disadvantayges  or a new technique haw ta bn
introduced in apace,  One golutton,  as de-
serdhed o 12),  i8 to implement the well
known mult i beam phaved array radar os shown
in Fig. | ¢ and Fig, 2. The basic principle
is fur «xample described in (14
In mutti  beam radars, am in

phaded array radars, the backscattered giy-
naly from the individual radiating elonents
are Firat amplified,  Bot Lhen instead of
beang coherent ly added,  the individual vig-
nata sre uplit into M equal parta. Each of

vonventional

theue  signale 18 then phase shifted  avcors
ding to geometrical laws in ovrder ta form
their own gpecial heam after coherent  addi-

tion, 1f the wyatem has besn properly de-
gigqned  the Hignal-tu-nutdge ratao (88R) of
all beams ju the wame am in a normal  phased
array radar and all beams are conliyuous,

With respect to a S8AR application the advan-
tage of this complivated radar lies in the
fact that o wide wwath continuous wtrip map
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Fig, 2 Simultanecus postamplifier mujti-
beam formation using array antenna (141
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with an M timem finer along track remolution ( < 0.5m) can be achieved without the
ext reme pointing problems and discontinuitics of the above lescribed 8AR principlea. Any
not.  too large misalignment is compenBated for by a reasonable mwath width in elevaton,
and in the aiong track direction thin only means a slight (uncritical) shaifi 1o time.

The problems are the complexity and data rate of the radar syatem. Instead of having juwst
one beam forming network, M networks have to be wmpliemented and operated. If we Loke the
regular EAR high resolution concept of Fig., la as a bamism and want to relax the elevation
pointing problems by widening the swath by a factor of N, the SNR has wormenmsd by a
factor N'. Therefore in order to keep up a comparable SNR we have to implement M - N!?
beams. The data rate only increasmes by a factor of N. If M becomes unrealistic a propor-
tionally higher amount of power has to be transamitted innstead.

In elevation, beam forming and

range resolution are indepen-

dent from aach other. In momt

cauen a eaingle beam iwm used

{Figure 3 a} with variable
depremnsion angle {elevation

scan). Only when a very large

swath width is required (survey

mode), N beams might be req-

vired (Figure 3 b). 1L {he

beams  are generated in a time

shared manner (SCANSAR)Y then

the maximum observation time nn

the target and therelore (he

along track resmolution are
degraded by a factor of N. AHOBE N
Simultaneous multiple beams in ALEVATION PATTERN
elevat lon ahould only be used T
if there im no other way tu

MUl T INEAR |SCAN 9AR)
FLEVATION PAT'EM

achieve the required SNR, an a) h)
the antenna gain increamen with IF1g. 3 Coverage an aelevation
the number of elevation beams N al) moncheam b)) SCANSAR

for the same swath width,

The remsolution in range 1w in the firat place proportional to the signal bandwidth, Thin
meank  that it 1s desirable to tranamit an am high bandwidth as possibie, There are
several waveforms which are sustable for h.gh range resolution radars, liketr  linpar M,
non=linear FM, phase coded, vomplementary cuded and burst waveformw. oOn the olher hand
the 8NR is proportional to the receiver bandwidth, Thr best compromise are either o high
bandwidth linear FM (chirp) on tranemit with derimp~on-receive (#Btretch) or  atepped
frequency tranwmirsion with pulme integration on receive, Advantaged and  dinadvatagen
with respact to a standard high bandwidth linear M transwisgion and pulae  conpression
are compatred in Table 2.

As the mwalh width of a stepped frequency system is only a4 few hundred meters thas
waveform is thought to be applicable only for a few apecial applicationu,

In the following Table 3 the performance of a pulue compression /7 synf hetie  aperture
radar is mhown for point targetw fur the same system at two different rangey  of  1000Km
and 5000 km.

critical parameters I ehirp / chirp / ptoepped {rogquency
are i pulse compression| deramp-on-trecoive| pulse 1ntegrat ton
ingtant bandwidth high moderat.e low
SNR low moderdat o high
ADC rate hign noderat o low
Swath width small mmall very umall
Beam point., regq. Az n/a n/d n/a
g high modrerat e moderate
Data Window l'ag.Torerauce] rweitical mode rat ¢ eritical

Tabie 2@ Comparison of high range resolut ton technigues

Range /7 km 1000 5000
Ground velocity 7 m/na b6 3400
Avarage power / w 1000

Antenna dimension /oanem 10,0 ¢ 1,066
Radar cromm siection /7 m?

Wavelengl h / m 003

Loaged /dB 1

SNR /uB 24,2 6.1

Table 3, Verformance of 4 pulse compression/synt het e aprrture radar

The above wymtem haw & sgincle Jook wzimuth cesolul ion of Sme A better resolution will be
achieved through multy  bean ¢ chirp /7 deramp=on-receive. A loss in antenna gain ot
transmit  hecause of an M-Limes widened beam will be compensated through a  tderamp-on-
receive} utrech factoe of M. A reamonable figure for M as 10, This means that this Kiutom
1y capabler of producing single loovk imagen wilth resolutions of about .5 m ¢ 0.5 mw. 1f
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ulant ranges of more than 5000 km are desived the average transmit power has to  be  an-
creasncd, but ittt le wmprovement 18 possmable due to technologieal bimitu,

4. MTL/IHAR MODE
4.1 OVERVIEW

An  imaging mode tu detect and posuibly clarsify maving objrets 1w of great concern  for

dairborne and space bhamed obmervation ayslems, since gaingle woving targets or maving o lus-

ters are used am activity indicators. Due to the large amount of data to be processed and
cvaluated MT1 modes are umed as #creening aida tn aivhorne reconnaissance systoems.

Clansical airborne BAR MT! concepte make une of the pomitive or negative Doppler shifts

generated by the radial velacity component of moving targets ad obmerved by the SAR  an-

tenna.Clutter suppresmicn is obtained if the velocity copponent of moving tardgets s

large ecnough to be detected outmide the antenna mainlobe Bpectrum.  Howsver, (hede  con-

cepte suffer from the following drawbacks

* alow movers are hard to detect wince the small poppler shift keeps them within the

antenna mainlobe Rpectrum

due to the unknown velouvity component. the referonce function cannot be exactly detoer-

mined and therefore doew not match the individual targetw., This causer a defccoursing

effect in azimuth (- losww of resolution relative to fixed tarygetw)

* ain the image domain the individual Doppler whifts for each moving target tranulaten
into a4 vcorresponding azimuth position whift. fThis bas to be compensated for o f  1he
moving target inetantaneous powition in to be determined

* Fixed target feed through
I antenna  azimuth sideloben arce not sufficient ly suppreased any  strang  target 1R
moving  Lhrough the antenna azimath pattern during the pasws. This means  that  straong
fixed targets appear in the MTT imdge aw falwe moving targets thereby confuding the
MTI evaluation procesm (either man or algorithm),

Some of the drawbacks are subjert to improvement due to implementation of a so oGl led
post. detection logic after Lhe Doppler filter bank Lo improve Lhe detection capabilities
and to meparate between the true and false moving tLargetm.
Due to theme well known limitationa of the boppler fiilter approach advanced concepts  for
airborne application are under conyiderat.ion. They include

*  Monopulwe MT1

* Dimplaced Phame Conter Antenna (DRCA)

* Two Antennda Conenpte (Intnrferometer Approach)
1f thewe concepts have been already implemented for wpace applications, for example  for
an LY reconnaimrance satellite launched recently, im not known.
Auother promiwing technigque to image moving objeclty with higher redolution 18 called
tnverse Synthetic Aperture Radar {18AR). Cummonly, this term is used to  rofer to a
configuration where the radar is fixed and the taryet moves relative o the radar. A
special case in thim Hense is the imaging of rotating targets without tranmversal veloci-
ty combonents. In  thin configuration Lhe theoretical croww range vesolution  Limit 4w
given by

Rhu = Lambdas2 ¢ 8%

It depends on the wavelength Lambda and the obrervation angle 82 only. The Llimit 1w
reduced due to movement of the targel through many range resmolution cellw during  rota-
tion, if their size 18 comparable to the target mize. Polar Formatl Procewsing or Extrended
Coherent Brocessing 18 therefore ta be used in order to correct thin effect T4 141 (9],
The application of this imaging priaciple for rotating targets al far range  was st
demonstrated by LRIR {(Long Range Imaging Kadar) to map the surfdave of the moon aied  Venun
131 151,
The generalization of thig imaging concept tu moving tdargets with both  rotational  and
t ranuvernal veloeity components ig congidored in o number of papers L0 12) 181 191 [1o]).
An exvellent overview iw given by Ausherman [31. In the literature main omphagisn (4 given
to airborne and ground bamed ayntems. The applivativn of 15AR 1maging  to  space  haded
platformm in discussed in [(11).

4.2 MTI/IBAR CONBIDERATIONS

In the framework of the mou valled Europesn Defende Initiative consideration im given Lo
ground and mpace based ISAR myatemm to detect and clasvify small targetw travelling al
high speed in East-Wemt direction through the athmumphere in Central Europe, While the
giround bamed I8AR configuration looks more feamible due to the available resources and
fixed geometry relative to earth, mpace bamed wyntems suffer from two seriouw drawbacks

* very limited remourcems relative to ground bamed systems

* necemmary cvompromise between coverage (avajlatility, number of matellite

platforms required) and muitable {lluminat ion geometry ({small radial
velocity components)}

Fig.4 whows a bamic midelooking configuration for an ISAR system to weearch and track
moving targetm from space. Thia configuration, however, ius not believed to be feagible,
since thie shallow looking geometry sufferw from poor sub-clutter target detectlion capa-
bility and motion through many range remolution cells. 1If tarystm would travel through
many thousand range resclution cells during the cbhmervation time ("out-of-plane motion")
high resolution 18AR processing would be very difficult if not impossible to implement.
Although a geostationary orbit would be attractive from the 18AR point of view, two other
orbit alternatives weare chowen based on power budget and ambiguity considerations

* equatorial orbit with tangential look direction (Fig. 5!}

* inclined orbit with perpendicular look direction (Fig. 6)
These two orbit models satisfy the most stringent ISAR requirement for broadside target
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beam crosaing at low radial velocity componenta and sufficient coverage/repetition cycle,
The equatorial orbil provides for continuous coverage of the northern hemisphere uming
4...4 platfarmm only. However, duer to the tangential look direction targets and ground
clutter may not be srpatvable tn the time domain,  For the inciined orbit with perpendica-
lar or at leasb steep louk direction this eeparation could in principle be done,

1SMA SEARCH MODE CONF | GUMAT IO b)

a)

Fig, 4 Bamic Sidelooking [S8AR Cohfigurat ion
b) Track Mode

However, thim orbit dgives less coveraye.
This means a longer repetition cycle or a
larger number of platforme. Obvinusly,
these considerations are an important part
of a trade-off analysim to ident.ify the
optimum wsystem configuration watisfying
the user requirements under a given met of
constraints,

4- Chuoainyg the szecond orbit model the basic
anwumptionn are

Atiram = 6

* Orbital velocity b kn/uw
*  Ground track velocity 1 km/n
* fTarget RCS ~10,..+10 dB/m?
* Maximum radar range 5000 km
* Target velocity Mach 3.5..47
*  Radar frequency X=Band
TAWENTIAL LOBKI SPLIOME 148
~
Fig., 5 Tangentially Looking Spacveborne 18AR // \
e / \

TRANSMITTER
PULSE

Y ’
/// DOWN LOOKING SPACERORNE 1SAR

DOV LOGKING SPACERONME 13AR
T (nroe Vi ' {PERSPECTIVE VIEW)

in1DE vieu)

a) b
¥1g. b Duwn Looking Spaceburne ISAR
a) Yide View b) Peraprctive View

Two operational phdses are considered as necessary for an obwervation tamsk of this kind:
* Search mode: KResolution 15 £t (Fig. da)
' Track mude Rewolutian (gual) 1 ft (Fig. 4b)
buring the Search mode the system should be able to detect cluaters of fawt muving oh-
Jectw pamsing the fixed beam perpendicular to the radar 1O, SHlower c¢ivil air traffic
¢ould be geparated in the Doppler domain via filtering in Lhe down looking configuration.
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The crosxy  range redolution ot 15 ft s assumed to be sufficient for this  task., Aftor
detection of o target cluster the sydtem a8 switching to the Track mode tao vesolve  the
chuster  inmvo rndivadual Larget s and perform clasgification of  some delected  targets
thaded  on g Lhreat analysis) by mmading with a resolution on the order of 1t Thiw
Feapuires  tracking the targets within o ¢ertain track voluue over o suffieciently  large
akpect angle,

Range Parameterm/Both Modes

The: required range bandwidths are

Mode Search Travk
Hldnt range lennluticn 15 ft 1 ft
Compressed pulsme widlh 30 nn 2 na
Receiver handwidth 33 MHz 500 MHz
sample spacing 15 ft 1 ft

Since pulse compreswmion usmually is done on IF level the [t/Video bandwidth may be reduced
after compremeion. Aftoer quadrature demodulation the sampling rate in each channel equals
the receiver bandwidth (burst mode, oversampling : 1), If Lhe maximum target ®ize 1w
ausuned am 30 ft it im repremsnted by 2 range mamples in search mode and by 30 mampler in
track mode. If the track volume in rangs direction i# set to 30000 ft ~ 10 km the number
of range bine Lo be processed in real time during tracking would be 30000,
In ourder to achieve a satisnlaclory power budyet pulae compression by a factor in the
arder of 5000 is required. 8Since the track volume is rather wmall (relative to wmwath
width 1n strip mapping mode) the Deramp-on-Receive technicgue (STRETCH-SAR) 1a counsidered.
lking A relatively long linear chirp waveform on Lransmit the returns die  deramped on
receive uning a delayed replica of the tranumit pulse. Thereby the larqge tranamit  hand-
width i® reduced to a smaller instantanecus bandwidth by time mtretebiny. Since time is
converted to frequency, range remolution is obtained by frequency analysis of the de-
ramped video Mignal (by FFT, for example). Thia range compression concnpt s useful for
applications requiring high range resolution four small swath widthm, ltu basic principle
i well Known and dimcumsed in (13, for axample. The basie relationnhip bErtween  thae
bandwidth before and after deramping and the pulse length ix:

Byy ecvho from track valume Ly

Huw txanumllted pulne length
For & track volume range dimensicn of 10 km « JOOOU tt the echo duration 8 60,06 ys.
Agnuming o STHETCH factor ob 5, the tranmmitted pulme length 1 5 times this value a.d.
333 uws, The transmitted pulue bandwidth of 500 MHz (for the | ft mode) with a M rate of
1.5 Miz/vu translates to an 1F bandwidth after deramping of 100 MHz, The time-bandwidth-
products are 333 ¢ 500 = 166.500 on tLransmit and 333 s 100 - 133,300 on  receive,. The
number of data points per return jis @

befarr deskewing 2 ¢ Hyp o (Lyty) - 80000

after deskewing 2 ¢ Hiw oty bbooho
This 1w a data reduction of 17 %, For unambigoaun range {he maximum PRE 14 ¢

PRF e = 170ttt y) = 1/400 uu -+ 2500 He

The wampling rale in each channel 1a 100 MHz, The buffered data tale in in thia  case
166, 6 MBPS (for 1 Bit/sample) or 666 MBPS (for 4 Bit/sample),
Thase epormpous data rates are cauwed by

- range resolution tequirements

- track volume dimension in ranye

= word lenyth in 1aQ channel
The reduced range remolution requitements for gearch mode do not necenvarily call for the
STRETCH concepl, However, it may alwo be dapplieod since waveform generat ion 1y amsumed to
L digitally proygrammable (memory readoul Lechnique, for example).

Azimuth Parameters/Hearch Mode

In this mode the system uses a fixed antenna beam luoking down at  steep angleuw. The
targetn, believed Lo travel in East-Wesl direction, pass the beam with only s#mall radial
velocity components, dependent on the smpevific phame (starting phase, midoourse, terminal
phare), If the satellite orbit in chosen to he traveled in opposite direction, the ground
track velocity of the platform and target veloality add, remulting in wshort aperture
timew,

For a given croms range resolution of 15 [t the maximum antenna lenyth iw 30 £t * 10 m.
"*hee required aynthetic  aperture lenagth (single look, X-Band, orbit altitude 5000 km) iw
16,6 km corresponding to an aspect angle of 3,3 mrad » 0.2 + The effective velovity is
v - 3+ 1 - 4 km/s for a Mach 3.5 target, This meanu an efferctive synthetic aperture time
of 16.6/4 v 4 . The Doppler bandwidth required for 15 ft remsolution is v 704 Hz {(wingle
look procesming), I[ the power budget consideration allow to shorten the antenna length,
multi-look processing may be introduced. Uming look-to-look comparison technigues, infor-
mation on Lhe target tracks could be derived. Thiw in turn could be umed to ORI
trajectory prediction modelm.

Elevation barameters/Search Mode

The tamk requires the obwervation of an area extending over » 3000 km 1in North-south
direction. This swath cannot be coutvered mimultaneounly since it would require unrealintic
power rescurces. Therefore, elevation scanning with an instantaneouo awath width of » 100
km for each scan powition im aswumed. This requires 30 elevation scana (a quite large




K

value)l to cover the total area of interest. The elevation beam widlh will be 1.14* n
thim cane, corresponding to an antenna height of 5 ft, For each scan position the aper-
ture time 18 4 8 reaulting an 4030 - 120 & for the tatal mcan cyele to  complete.  During
the acan cycle t.me platform and targets (Mach 3.5%) move 4 km/w ® 120 a 480 kn
relative to rach other 1n Hart-Weat direction ¢ 30 synthet 1 aperturesl), (n order not to
lone the targets azimuth sBeanning could be necesnary.  The general question here 1n how o
sufficient coverage coculd be achieved at all.

Azimuth and Range Parameters/Track Mode

After detection of the targets (or target clusterm) or by external command the aystem
changes to track mode to imaye the targets with 1 ft rewclution in azimuth and elevation
plane. This# requires the individual target to be tracked over a certain ampect angle, For
an X~Band wsystem and a resolution of | ft this amwpect angle iw 50 mrad - 2.8°, This
corresponds  to a syntiietic aperture length of 249 km for an orbit altitude of H000 km,
Bamed on an effective relative platform=turget velocity of § km/w Lhie apeiture taim.

( = track time) iw 62 o,

If the track volume dimenzion i defined am 5 km x 5 km x 5 km a high gain antenna with a
pencil type beam width of | mrad = 0,08 ' i4 required, 'This would be an aperture mize of
100 fL x 100 ft, The tracking angle in the plane perpendicular to the radar 1,08 would be
50 beam widths in thims came, This value probably im tou larde due to grating lobes,
Probably, the two antennam for ssarch and Lrack mode may be combined into one.

The following power budget consideration mhowm that tho antenna dimenwlon could he re-
duced, An other posmibility would be to ume the mearch mode antenna for track mode almo,
howaver turned by 90 °*,

‘*he number of range binu within the teack volume im 5000 m / L ft = 1Ah660. The nunber of
radar pulaes to be provessed during one track cycie of 62 # duration is 185000,

banee  Lhe wymtem looks down al wteep anglem the taryets within the track volume are
neparated from the ground return in the time donain, if the PRF im chosen properly. Since
the target-earth geometry im changing over the track cycle, the PRF ham to be adapted
acoordingly, mo that the radar tranamits a pulse at the zame time instant when the large
ground return iw received, The main question here is how to achisve the encrmous puinting
accuracy required tc track the rather small track volume,

Power Budget

The power budget is conmidered not at the receiver output (raw data) but in the proceussed
.mage, taking into account the considarable correlation gain for pnint targets. 1In the
following table the characteriatic parametars for each mode tugether with the resulting
power budget are whown.

C/N = ground c¢lutter/noime ratio, H/N = target mignal/noise ratio. The vontrast ratio
8/(C+N) would apply for wtationary targets on clutter background and im given for
reference only.

The remults are shown in the table below.

MupkE SEARCH TRACK TRACK THACK
| Small Aatenna Turned 9u°
Peak powar /kw 10 1 1 10
Transm. Pulme Width / um 133 313 333 333
PRF / Hz 2500 2000 1000 2000
Antenna Length / m 10 (30 ft) u (100 ft) 10 (30 ft) 1.66 {5 f1
Antenna Width / cm 166 (5 ft) 3000 (100 fL) 1000 (30 ft) 1000 (30 fr)
Relative velouity 7/ m/a 4000 4000 4000 4000
Range / km 5000 5000 5000 5000
Refl, Coeff., o* / dB - 20 - 20 - 20 - 20
Target RCS / m! 1 (0 dB) U,1 (-0 dB) 0.1 (=10 di) .1 (=30 d)
Wavelength / om 3 3 3 Kl
Noise Figure/Losses / dg 10 ;] 20 20
Az. Redolution / m 5 (15 ft) 0,4 (1 ft) 0.3 (1 fH) 0.3 (1 ft)
RCVR Bandwidth 7 MHz 100 100 100 100
Average Power / W 832% 666 133 6660
Peak Antenna Gain / db 52 69,2 64,5 51.9
C/N Ratio / dB - 0.4 J K P} 0.7 - 11.4
8/N Ratlio /7 dB 11.4 273 14,7 Y
H4/(CN) Ratlo / dB B.6 13.48 11,3 2.4

Table 1. Power Budget Remyltw

The resultm indicate Lhat from Lhe power budget point. of view the Search and Track modes
could be combined uming the same act ive phased 30 1 x 30 [t arriay antenna with  azimuth
and elevation scanning capabilities. Due to ! he asmwumed deramp-on-receive technigque  the
duty cycle 1w quite large, It should be noted, that the three track mode examplos  are

bamed on a 10 times lower peak power, 10 bLimes lower target RC8 and {0 Limes larger nojwe
figura/logses. The latter finure conld be attributed to defocussing processor lonnes Jdue
to unmuffrcient knowledge of target trajectories, From the power budyet point of view the
track mode looks feamible in generdl.  The search mode,  howsver, would require 83 kW be

power, asguming an overall effiviency »f 10 %. This is indesd a futurist 1c valne,
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5. CONCLUSION

From tLhe preliminary system design considerations 1t may he concluded that o Kpace hased
mult t-mode  observation system based on active phased array antennas appears feasaible to
be amplement ed withain the pext 15 years. However, for the MTI/ZIS8AR mode there are serious
{echnulagical and operational risks. The main technologieal rigk areas are helieved to bhe
the antenna technology 1lself ar well as the rea) time (on board) procoawing  technology
necessary to handle the large amount of data generated by multi=mode high rewolulion
nystems.

An  far as the MTI/ISAR mode for an obmervation task as discumsed within the framework of
the European Defense Initiative im concerned, the extreme requirements for pointing
and trajectory estimation accuracy iwn believed to be one of the largest rleku,

The main operational vriek for this mode is the coverage. At prement it appears very
unlikely, that the neccesary number of obmervation platforma would he available, to
guarantee complete coveraqe of the area of interest.

However, any further sywtem design conmiderations require careful analysis of the user
reguirements, if they exist.
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TRADE=-OFFS IN A SPACE BASED SURVEILLANCE RADAR

lan McMillan
Marconi Space Systems Ltd.
Anchorage Road, Portsmouth,
United Kingdom,

ABSTRACT

The design of a dual polarisation high resolution synthetic aparture space based
radar 1a dlscussed which {ncorporates featurcs which allow an adaptable
operation mode to be utilimed for ocean or land observation., The requirements
for wide coverage for ocean ohservation of shipping at lower spatial reeolution
and the requirements for smaller area coverage at higher resolution of specific
target areas in one {nstrument presents the designer with a slignificant
rhallenge.
The described instrument incorporate dual polarlsatlon receive features with
selactable polarisation tranamit. Wide coverage transmit beams are utillsed with
? narrovw steerable receive beam which follows the time dependent return signals
n angle.
The transmisslon of raw measurementds to ground based faclilitles is impractical
for high resolution and the instrument must perform on board much of the
necessary data analysis. Such an opetation is now practical, If costly ln power,
and allows for ocean murveillance the transmisaion of the position of possible
targets with a future extension to more 'intelligent' analysinm.
The technology trade-off's applicable to such an inatrument design for
deployment and use in space are examined and the cholces made in recent work are
presented. With power, mase and cost at a premium and autonomous ocparation
essential, a concept deslgn incorporating a phascd array with distributed
tramemit/receive modules with local intelligence and an all radlo freguency and
control optical distributlon system and control system ls examined.
Hecent practical remsults on a reduced scale ground demonstrator of the design
of a pulse compresesion system are compared with the flight requirements.

INTRODUCTION

Space based radars used for survelllance of activitles on or near the Earths
surface have requirsments significantly diEferent from those used in alrborne
or ground radars. In general, the range to the tarqget, although very large, is
known and doee not have a large variation., What {u required ium tou image the
target area and be able tou discriminate in the gpatial and radlometric sense
reflectivity parameters of the area. bue to the large fleld of view Inatantly
avallable a large mapping area I8 naturally desired. Such radare will be un a
wmoving platform. Thie restricts the time availible to view an area, but can
otherwlse be explolted as an advantage,

All ppacecraft have a limited mass and electrical puwer and this tact above all
regtricts the designer's freedom of choice,

Communication between the spacecraft and the users on the Earth ip restricted
80 it ls important to paes to the ground as finished a prduct as porsible.

To provide all requirement in one mode of operatlon Ix unrealistic but the radar
ingtrument may be designed to fulfil many requirements in different time
multiplexed modes,



Mcdes tco image large areas of the sea surface, which has a known background,
provide a different requirement to that of imaging the land's wurface in high
spatial resolution.

A high precision narrow fleld of view may be considerrd which mavy be stecred to
areas of interest, whilat still inrorporating a lower precision wide field of
view mode.

PERFORMANCE REQUIREMENTS

Imaging radars of thiam type would typlcally operate in a polar orblit of around
850Km altitude which implies an orbit pericd of near 90 minutes.

The ability to discriminute to 10 meters on the Carths surface in a narrow
coverage atrlf of say 50 Km anywhere from 250 to 750 K from the spacecraft
ground track is practical.

Alternatively at a resolution of ({say) 50 metera a wlath of 460 Km may be
axamined,

To achlieve thin performance wlth a real aperture vadar would requlve a vary
large antenna aperture, however the vehlcle motion can be exploltedl to
synthesise such an aperture,This synthetic aperture radar together with a pulse
doppler real apurturu radav operation can be comdined to provide high resolution
bnth In range and azliwuth directlons.

The examinatlon of the return mignale In orthogonal polarisations can reveal
additlonal inFormation about the target, The receptlon equipment should thus be
able to operate In two aimultanecus polarinaktionsg.

Providing the narrow coverage area which s rapldly stesrable {mplies a phased
array antenna syntem, A seriesa of deflined wider beamn can also be provided,
gince the time of atrival of radatr returns from the Barth's surface can be
readlly predicted such & radar may position a reception heam appropriately In
time mequence to intercept the return. Thle allowd a narrow high galn beam to
be used, enhancing the l!nk budget and signiricantly improving the rejection of
gpurlous returns, To perform this Function a fast contrul system and fast beam
awitching is required,
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SULUTIONE

To provide sulutions to these design requirements a number of areas must bs
examined and an attempt made to match current mpacecraft practice and near
future developments in thn most optimum manner to the overall requirements.

Geuometrical constraints.

In spacecraft radars there are a BT R YRR TSIV Rt T

number of constraints which are - iL~'\>\_ N -3 -
|

derived from the geometry of the
spacecraft to ground diatances and g,
angles. These, when analyted, require 1 o )
a system design which either arranges E ﬂb“‘ e,
the direot return of the transmitted Hh».
pulse from the ground directly . [
beneath the spacesuraft to artive i
back at the spacecraft when it is i
transmitting or provides a dwep nuli [™ &m
{ 384B ) in the reception antenns at !
that angle, PFurthermore since the ’ F
systam is a sampled data system ' ) N
enough mamples must be obtained to ; N
provide the requisite abllity to o~ ey et
thth:l:l. .h 1urqol antenna. ir?ln . n Y
restrictm the pulse repetition AL AL Led
frequency. In flgure 1 & typical figure 2 CGeometric constralnts
design chart is shown relating the

pr! to the avallable ground coverage. Possible coverage areas are shown.
This example is at a B25Km altitude for an antenna aperture of 20 b{ 2 meters
using a planar phased array coasisting of $00 sub-arrays weach of which has an
individual transmlt receive module opera:ting at 5.3GHz with a transmit peak
power of 10w and a pulse length of 50 micromscands.

Antenna design

The elevation beamwidth and gcan requiremonts are modest by mowt standardms. A
soan width of 22 degs and a narrow beamwidth of 1.3 dags define the elevation
aperture. Beam control by quasi-uniform amplitude and phase excoltation im
desired to maximise the beam power, Binc narrow beam patterns and mors
controlled wide beam of up to § degs suffice, The assoclated awimuth beams are
narrow and selectable from 0,1 to 0.5 degs necessitating an antenna length of
20 maters, Dual polarisation is reguired.

In the past, slotted waveguide |rrngl have been optimum for concentrated source
transmitters, not only for thelr inherent electrical properties but becaumse the
necensary waveguides are box girder structures which provide inherent structural
members for tha arcay,

Dual polarisation and distributed tranamltter recelvers balance the cholce
toward patoh miovostrip radiators for thelr aimpliclty of manufacture and thelr
rolltlvulr broadband performance and the abllity to have dual feed systems for
two polarisations,

Such & structurally thin rf radiator provides a practical heat path for the
transmitter-receiver to be mounted behind the antenna and wstill thermally
radiate excess heat through the antenna which rarely points at the sun. The rear
of the antenna panel is nubjected to diract sunlight for part of the orbit and
views ¢old deep spsce at 4K for the rest of each urbit. It has therefore to be
conatralned not to absorb or radiate heat.

Normal operatlion for broad area operation is to transmit with a wide beam

| around @ degrews) and to receive on a narrow beam of around 1.5 degs. This is
tirst jm-itlonad at the extreme edge of the expected raturn atea and then
stepped in time across the transmit beam coverage area during the recsption
time, The receive beam may be broadenad in angle when it is away from the edges
without degrading the total ambiguity rejeoction properties of the system.

Subarrays for such beams have been manufactured with gains which ars measured
at 18.2dB compared with the theoretical performance of 19.5 dB on single Tllnlr
substrates providing dual polarisation. The substrates, being extremely light,
give the promise of excellent full array structures with gainms close to 50 d8,




Resultant module plan

REQUIRED POWER.

The radiometric resolution of the final image is dependant on the total 1link
budget and the number of independent images that may be averaged. With a modular
arrangement one must gelect the peak power available from each module,
Semlconductor amplifiers at C band or ¥-Band frequencies utillae GaAs FPET
devlces to generate the final outpul power, Such transistorn have a power output
dependant on the width of the junctich in the device, Simple long gates sufter
from the degrading effects of the resistive and reactive effects of the gate aa
a transmismion line. Designerms thersfore produce multiple parallel gate
transmission 1lines to reduce this effect. Theua are in effect parallel
transimntors, Within a die this effect and the low input impedance resulting
causes a practical limit to the peak output for a high frequency device that can
be usefully used of around seven to eight watts. The prudent system designer
therafore designs his aystem for elther that power per elsment or develops other
ptratagies. With only (say ) six watts per element the total powar is aseverely
limited or a large number of modules is required,

, Antenng (i
LN .
\ ‘L].’Hibnl.\. Yoo b owaty P A IR
' 3} ' v
- [ ‘!

S ' X
Uteryt +™ : r. ) l } N e -l

) Lo .

. ?,' \ | l . | g } e

' i

Al 1o Pt

CegAn qwlt-h Nt

flgure 1 Pover Amplf?ler arrangement

Current beam dhape conslderations require a minimum number of modules to provide
thie gystem whereas cost and ccmxlexlty considerations provide an upper bound.
A balanced cutput amplifier conflguration has baen chosan unln? Eive watt neak
power amplifletr glving a ten watt peuk output at up to 100 microsecond pulse
length, An addition advantage of this system iy that by driving one or other
sidey of the input hybrid outputs €from the ampliflers to one or other oucputs
may be produced which are directed to the melested antenna polarisation port
without additlonal switchling, ff {u the future it ls reguired to increase the
power wo change the outpuc device not the aystem configuration. Such amplifiere
use a draln supply which {s pulsed to congerve ensrQy, The guasi-linear
oanatlon allows talloring of the tranamit rf pulse In amplitude 1f requirad to
lingarise the overall syntem. This property 13 used to allow a simpler and lower
cost systoem,

RECEIVER SENBITIVITY.

The total link performanse reqguites that the recelver have a low nolse factor,
The ability to withstand Lhe leakage during tranamit periods and the demire for
a low consumption limiter made us consider tho upse of HEMT transistors to glve
a ver¥ low amplifier nolse factor, allowlng the use of a slmple active limlter
of only mederate perfocrmance, and a negllgible associated power consumption. A
GaAe switch ip used at the input directing the leakage transmlt power to a louad
followad by a 0.8dB nolse fantor HEMT amplifier . To simplify the matching fou
low nolse and double the umplifler's ability to absorb leakaym a balanced
amplifier conflguration is used with & broad band Lange coupler. Buch an
arrangsment provides A total nolse factor refwrred to the input terminale of
dround 2dB and a gain of 12dB for 100mW of tutal de power. The protsction awllceh
van operate in less that lOngSece which ls more than adequate.

DOWNCONVERS1ON OR NOT?

Many phased arrayu provide only ampl fFiratjion at the varrier freguency before
combination through phase sghifters of the recelved solgnalr. Provided the
distances are short and the mass of the system not critical thin is appropriate,
The path distance ls however twenty melters and with a toldable structure where
mass and power are critical, Downconverdion with UGaAs MMIC elements providens a
solution providing three advantagus. Flratly convernion to frequencles In Lhe
20 to 300 MHz reglon allows slmple conversiun of the signals for optical
tranamifslon, secondly the local osci)lator drive may be phawe shifted by the
same phase shifter that le used for transmit beam forming and thirdly by the use
of slngle aldrband conversinn the need for a input filter van be removed. Such
input fllters are large and expensive and are ditticult to make compatible with
millimetre dimenuin» planar MMLIC desligns,

The downconverter chip g folloved by Lf ampliflcatlon at 300MHz using 2541 yain
atages which have galn set in 0.41B quantimacien by a controller, The currep
teeeiver total current s 304mA &bt Hv, mont ol which o uued by o non-optimioed
downconverter device, Thig can be Improved by the gpecivic design o1 this ltem.




COMMON CIRCUITS.

Central to a phased array aystem is the ability to vary the phase of the signal
being applied or received from the radiators., For reasons of cost and complexity
it 1is desirable to time share thir requirement between reception and
transmission. Due to the small frequency difference (5.3 and 5.0GHs) between the
transmit signal and the local oscillator signal the phase shifter may be shared.

5.0 to 5.33GHz Phase shifter

D ™ cMD's Rx

figure 4 Common circuits and phase shifter

The incoming transmit signal or the local oscillator drive signal is passed
through a six bhit differential transmission line phase shifter comprisin? atelp
lines on a 250 micrometar substrate switched by GaAs switches. Not only is this
ltralfht!orward and simple but it provides an extremely fast switching
transition which is desirable for recelve beam dynamic following.

The resultant signal is amplified and switched either to the power amplifier low
level stage or to the local oscillator drive for the downconverter. In either
case its level is adjusted by the final amplifier controllad digitally to give
s defined signal level which is able to be selected for the particular function.
In this way the power amplifier output level which is measured by a simple
detector may be adjusted to take into account large range temperature effects,
change of output with life and individual unit tolerances. If required the total
module power may be lowered to provide a measurs ©' amplitude beam control.

The ocontrol system requires an additional function. The control system receives
its serial digital command bitstream as a amplitude moduluted 5.0Ghz signal
which is demodulated by the common circults and pamsed to the control circuit
as a haseband signal.

CONTROL REQUIREMENTS.

Each TR module must be autonomous but be synchronised from a central acurce. It
must be capable of setting the power connections, gain and phase of the module
to pre-stored values for each of the states of the module, Tcansmisslon and up
to thirty two different receive states may be required for each of (say) sixteen
different prf types. Switching between these states is required autonomously
uuring a prf jinterval with timing quantised in 200nSec periods.

Since each module would be far too complicated with an absolute timo standard
the internal clock in a module is resynchronised at the beginning of each
transmit pulse.

The performance im achieved by a state machine architecture with a crystal clock
controlled by a phase locked loop operative at the commencement of each transmit
period. The perial digitul command pulse with a 10 MHz cluck raite synchronises
the timing and carries the command information to merely start the transmission.

A previounaly transmitted command message has pre-stored the inage, sub-aperture
and range pulse information within each TR module controller for a period of an
orbit in advance. This information is specific to a TR module and contains the
correction of the required phase information taking into account the
deterministic errors in the signal path from the central unit to that modules
radiator and back.

Such a control system in a flight model would be an ASIC cmos device. In our
demonstrator system a single high performance DSP device is employed to simulate
the state machine and the required small semiconductor memory.

Such highly integrated control systems provide significant advantages in
slmplifying the design requirements on the analogue portions of the TR module
since they do not have to he to a consistent absolute calibration and the deaign
can concantrate on the stability requirements.
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Signal distribution

Each TR module requires during the transmit period a low level coherent drive
signal containing the desired LF modulation. Durlng the receive period a
coherent local cscillator drive signal is required. Command synchronisation
signals are required between prf periods which may be blnary bit streams
amplitude modulated on the local osclllator drive signal.

During reception fwo intermediate frequency signals are required to be
tvansferred to the unit control where they may be summed with the other TR
modules' output.

This is required to be simply performed for 500 TR modules in such a way that
it is low mass and so that the antenna may be folded and deployed.

Coaxial.
Thin coaxial cables may be thought practical but even two cables to each module
would have a crippling mass penalty in a spacecraft with a 20 meter antenna.

Optical.

A viable alternative is to tranemit the drive signals to the TR modules by
directly modulating a 1.5mW semiconductor laser at the TR module transmit
tfraquency. This 1s practical at frequenciea of 5GHz., The resulting optical
signal is split into 32 ways by an optical waveguide splitter ( a passive device
ol low mass ) and then passed to the TR module in a 1lmm external diameter
optical fibre with a maas of 0.aqm.m”. Sixteen such systems provide the full
array capabllity. At each TR module a photodetector recovers the RF signal and
provides it to the amplitude detector and phase shifter.The fibres are randomly
distributed to ensure that a failure does not disable a specific part of the
antenna array.

In the return path for the intermediate frequency signals, power is more
critical; lasers are impractical due to their support circuitry but for the
lower rf frequency Light Emitting Diodes (LED's) can be usad. Each if directly
modulates & LED producing around 20 microwatts of optical power. One channel
produces a wavelength of 830nm and the other 1300nm. These are combined by an
optical multiplexer and passed down a 20 meter fibre to the central unit where
they are comblned in successive optical combiners of 16:t1,l6:1 and 211 ratios,
The dual wavelength signals are then separated by an optical filter and the
resultant signals detected in Avalanche PIN photodiodes before being amplified
in the usual manner,

It should be emphasised that most of the system is completely passive, very low
mass and uming a star oonnection method very fallure tolerant. Buch optical
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figure 5 Optical distribution of tf and control signalna,

transmission is very Th.-e stable, able to be folded, uses connectorless fused
junctions and is predictable i{n performance.

Such a system has been deasliqned an: built for use in a demonstrator to verify
the 1ink budgets of a SAR spaceborn. imager.

PRIMARY POWER.

The primary power in a spacecraft is derived from batteries during operation
when the sun is in eclipse. For a full availability syitem sufficlent energy
must be stored from photovoltalc cell systems during sunlight to ensure
availability dur.ng spacecraft darkness.

Significant power is required for space radarg and a choice has to be made
between deriving the secondary supplies for the distributed element centrally
or at the point of use, The low voltages and the current required predicate
local power conversion., To avold high mass and signiticant resistive loss a high
voltage dc bus i used between the primary source and the local powrr
convarsion, Semiconiuctor switches able to handle the higher voltages of a 200v
dc bus are now available for the spacecraft user and can be incorporated, This
permits a low maes solution, The alternative of a high voltage bus at (say)
20KHz ac transformer coupled to the loads cannot be dismissed bhut presents
problems due to the non uniform powecr requirements of the lucal converters.




The current designs of point of use power units operating with megahertz
frequency dec to dc converters for the automobile industry show that zero voltage
switching converters with synchronous rectification provide axcellant efficiency
coupled with very small mass and volume of an order not obtainable a few years
ago.

Such design methods allow a TR module power unit tfor a modent seven watts to be
readily designed with the appropriate characteriatics and in a technology which
is compatible with high,( by spacecraft standards), production volume.
Coupled with appropriate fail protection input circuits such modules may be
attached to a 200v dc supply in & quasi-star connected system which provides
adsquate reliability,

Radar signal generation

Pulae dopgl!r systems of thias type require bandwidths between 10 and 52MH: to
provide the required range resolution due to the varying incidence angle of the
beag Yét: the Earth's surface. Individual beams should be optimised for their
bandwidth.

Correlation between transmit and received signal by surface acoustic wave
transversal filters is a practical and apparently low power method but usually
require temperature control of the filters which mitigates against any low puwer
properties. Recent designe, with direct digital generation of I and Q baseband
transmit signals which are modulated on to the carrier, allow arbitrary
waveforms to be produced and are much more nattn!actorz. permitting inatantly
stablr. waveforms to be generated. A signrificant additional benefit is the
ability to pre-distort the transmit waveform to counteract any phase or
amplitude distortion prasent in the combined transmit receive path,

Such systems require high speed low power d-a and a-d conversion and 20nSec
cycle time low power semiconductor memories, Buch systems have now been
demonstrated with 50 MHz sampling and 40 MEz bandwidth and allow fast versatile
pulse doppler mystems toc be used,
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Digital LFM generation and correlation

Direct digital correlation to compress the pulse can be credibly designed at
lower speeds using specific VLSI devices in 808 cmos designe. Current
demonstrators use J mlicton devices but with avolution to 1.2 micron array
devices in the future the higher bandwidth may be correlated. Currently only 12
MHz systems have been built at spacecraft power consumption levels,

Inatrument control

Such radars require central control with time -juantisation of the order of
100nBecs. In the past contrul has been performed by multiple microprocessors
which have operated with microsecond or greater instruction times and therefore
the purely radar vontrol has had to be performed by conventional logic. This has
been a hindrance to simple control., Modern fast Digital Signal Processor devices
have instruction times of the order of 1l00Onsecs and allow mcst of the 'glue’
loglc to be dispensed with and allow complex Ffast operations to be held in
program memory.

4-7



ANALYSIS ON BOARD

The raw signal return after digitisation may be digitally processed to give the
tange compregsed result, at the required bandwldth, by digital correlation using
specific cmos devices of low power. Thls can provide the required range
resolution,

The generation of the synthetic aperture, upually for more than one independent
imaga to allow subsequent simple averaging, is a simllar operation but although
the input data rate is slower, it is much more complex due to the simm of the
data set,
Until recently it would not have been conasidered for on board impiementation
since it would not reduce the data rate to the ground unless multiple ilmages
could be performed. Advances in devices allow us to consider on board
implementation which can reduce the resultant data rste to the ground but more
significantly allow examination of the image on the spacecraft and simple
analysis to be performed with the analysis result or the result and a small
image of the relevant area to be transmitted thereby vastly simplifying the
round task and opening the way to near tactical use of the data narticularly
or ocean observation.
The technical area most critical for this opsration is the power consumption of
relatively fast semiconductor memorie¢ which predominate in the power
consumption of auch real time azimuth processors.

RESULTANT OVERALL S8YSTEM
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RESULTANT OVERALL PERFORMANCE

Ope:ating Frequency 5.3GHs
Travsmit bandwldth 52MHz
Pulse leng 100 microseconde max,
Pulse tepition frequency 900 to 2000 Hz
Peak transmit power SKW
Receive noise factor 2dB
Antenna beam
max gain 50dB
elevation beamwidth 1.4 deg minimum
8,8 deg maximum
apimuth beamwidth 0.14 deg
or 0.28 deg

beam staerable in elevatlon over 22 degs
and in azimuth over 1,5 degrees
overall dimenslon deployed 20 by 2 meters

Compressed receive
pulse width 24 nSecs

point impulse function on ground
with -4dB widths of 10 by 10 meters minimum

primary powet at 200v de 2.9 to 3.9Kw

CONCLUSIONS

Future surveillance spacecraft, for ocivilian or military use, will have to be
designed with a high degree of adaptablility. The requirements for sdaptability
and low cost are equally required in the civiiian and the milltary fleld.
Systems of limited scope and performance will not be acceptable. We have tried
in this fupar to give one example of a radar design which allows adaptability
both during the design and bulld stage and also in its operaticnal use.
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DISCUSSTON

J.Dorey

May we huve mure comaents on the stability of the sipgnal reference, using aptical fibiey?

Author's Reply

The stability requitements Tl into three citegorivs -
a)  over the pulse travel time tar pulse compression arotod 5-0 msee
1 over the tasinmm subaperture time o alloss the syithetie apenture o he toraed siy SO0 msee

and
©)over the hie o atlow the correetuntenni bemm shape ta be formed.

Citegory ayansd by sre readily met, Category ¢ requires the rms vaniadion of the SO0 o so siginal paths to be stible over

thne tearound S aegices ofangle which is the auntisstion lesel of the phiase st Fibres sre sore stuble than
eyuivalent compleaity plustie dicieetric coaxinl cables,

J.LHurdunge

What is the pow 1 comumsption of the optwal distobution” vitimpornant?

Author's Reply

The power consomption of the ostical distribution systen is notnegligible, neither 1 the equisalent uumnnpnnn ol
conxiul systent sinee the coastal loss aver 20mis around 13- 14 dB wherens the direct optical toss is <.t 1 dH A trade

hetween mass, power and mechanical complexity inadepleyable arvay fivours optical,
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e A frequency aglleo 94 Mz pulse-dopploer ridar with
dual polarisation capability
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ABSTRACT

The design of a coherent, frequency anile 94 GH2 radar frontend {s roported, This radar {ncludes
features 1ike pulse to pulse frequency aqility in steps of 10 HHz within & bandwidth of 40D Mz and
tfixed or staggered PRF 1n a wide range hetween 1 and 50 kHz. The nutput power of 16 Watt and the
antunna galn of 45 dB result in an effective radfated power of B9 ARm, The polarisatinn of the teans.
mtted wave 1s switchable from pulse to pulse either From UG to LG or from horizontal to verticdl,
This depends on the kind of primary fteed horn used for the 300 mm casseqrain antenna, fo- and cross
polarized echo signals are rocoivnd and processed hy two separate hut identical recelver channels,
Line scanning with 4 ate of 20 scans per second is done hy a flat rotating mirrore, o

INTRODUCTION

Bestdes of the frequency range around 35 fHz the band at 94 Mz offars another atmospheric window with
tow attenuatfon. Tnis high frequoncy allows the application of vory small antennas maintaining a
narrow beamwli dth, Therefure, systems at these frequencies are fdeally sufted for a varfety of applica-
tions where at the same tiue small size, low weight and high directivity or high latera) resolutlon
are required, e.g. 1n missile secker applications.

In this case the radar often works under severe clutter conditions; on the other hand, a4 Wigh latoral
and range resolution is necussary to determine important target features,

To measure signatures of different targats and clutters, a vorsatile sweasuroment radar systom was
developed. In the following table, the most fmportant features of this radar are Hsted:

Freyuency P94 Mz

Agitity

AN MHz in staps of 10 Mg
Eftective radfated power ¢ A9 obm

Transmit polarisation switchable from pulse to pulse, RICAHEC ar
hord zantal/vertical by cholece ol the antonna

feed horn

Range resolution N am
Pulse wideh P ZIINTEY

Pulse repetition fraquency 1 to W0 &g {Hixed or stagqered)

Recoiver 7 channels tar co- aret ross palariyation
Peak to valley ratio FR L W[ VA TP
Antonna syston M) mm Casseqgraln vysten, .7 donroe b width,

fiat rotating mirvar tor 1ne scanning

Radar control ;owperators koyhoaed or compater interface

PRINGIPLF DF DEERATINN

A simplified block diggram of the radar {s shown 1n Fig, 1. As o trequency roference, a b Mz orl-
stal oscillator is used. From fts signal all required frequencies, coven bop PREQ are derfved by multd-
plication, division and up- or downconversion,

In the mm-wave range, the tirst part of frequency processing 1s done at halt the operating frequency
alluwing the application of more standard and reiiable components and semiconduitor devices,

A 46,24 GHz VOO 1s phase lucked to the reference source emploving a harmohic mixer, In order to
dchieve very high spectral purity, the funn-diode VGO s additionally cavity stahllized /1/. 1ts
output puwer 15 fed Into the varactor upconverters for both the transmitter synchronisation and the
Tocal usclitator branch, The low frequency input signals of the upconverters provide the Freguency
aytl{ty and a cunstant frequency offset between transmittor and Yncal oscillator frequencies which, at
this stage, amounts to half the recefver F frequency. The output siqnals of both hranches are tocking
two second hammonic mode oscillators at their fundamental frequencies /2/. In this way, active fro-
quency doubling with mure than 3 Jif qgaln {s achieved,

-
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one of these fundamental/secand harmonic mode oscillators acts dirvoctly as Ioncal oscillator for the
two receiver channels while the other serves as injection tocking source of the [HPATT power ampli-
fier,

THEATT POATR AMEEY TF VR

For this radar application, a high degree of coherency and phase stability ts required. Therefore, a
transmi tter with Jow phas. error is necessary. Since the Frequency chirp of pulsed osci)lators (n the
free running state {s converted 1o phase chirp in the injection locked state, two main conditions are
derived from the requirements mer* joned before:

A low lacking gain {e.q. i) dB) and a high lecking range (n.ng. 1 GHz) and low chirp of a1l oscilla-
tors in the free runrning state are essential,

Thercfore, the THPATT power amplifier is composed of a three stage injectfon locked IMPATT-oscillator
cnafn /3/ shown 1n Fig. 2 followed by a 4 oscillator hybrid power combiner /4/ shown tn Fig. 3, The
Tow power stage of the IMPATT oscillator chain [(Fig. 2) employs a 1h0 mi single drift [11PATT.diode
fnitfally optimized as CW-device. This diode {s preheated by & NG current of 200 mA, An additional
current pulse of 400 mA 1s required to produce cutput power. This mode of operation reduces the Fre.
quency chirp caused by temperature rise of the davice significantly.

For the medium power stage a specia) designed 1.5 W single drift pulse IMPATT-diode is used, This
diode has a styniffcant current-frequency dependence that enables chirp compensation by current pulse
shaping (see bias pulse modulatar),

A double drift diode delivering 12 W peak 15 used in the hgher power stage, [t nceds a pulse current
of roughly 11 A, Bias pulse Shaping {5 absolutely required fur proper operation of this design, hut
unfortunately it has less influence to i1ts inherent frequency chirp. However, the thereby caused phase
chirp is compensated hy prodestortion the phase chirp of the medium power stage.

In this way, o maximum phase ripple of only +3 degree {s achieved. The output power of the IMPATT
osuillator ryatn, rediced to 6,4 W by circuit losses, serves as injection power for a four oscillator
hybria power combincr, shown as blockdtagramm {n Fig 3,

Four IMPATT-oscillators are powercombined by four 3 di/90% hybrid couplers as shown {n the center of
Flg. 3. Additionally, the symmetry of this arrangement {s used to provide switching uf the output
ports without any 1055 of output power. This {5 done by using a PIN~diode switch in the input path of
the power combiner., If the injection Signal 1s fed to port 1', the combined {or sum) power appears at
port 2" while the difference power comes out at port 2' and vice versa,

foth output ports are connected to the two transmit/recelve diplexers in the antenna frontond, where
wach port 1§ associated to cne polarisation. The combiner {s matched by means of broadhand {sgcircula-
tors at the input ports (inserted between PIN-diode switch and combinor) as well as the output port,

Necause the [MPATT-diodes of the oscillators Ay to N4 shown fn ¥19, 3 are operated {n 4 uode simidar
to 4 saturated reflexion amplifier, their contribution tu the overall phase chirp {5 as quod as
negylectable,

Output power per diode {s ahout 7,5 watt peak, the combiner vutpat power at the ports 2' or 2" amounts
to 20 Watt peak.

Circult Yosses as well as the {nsertion Joss of the PIN-diode switch reduce the synchronfsatinn power
available tor the combiner to about 4 Watt peak. The output power ot tho anteonn foed was measurnd gs
16 Watt peak, This s caused by the losses of the fsocirculators, turnstile coupler, T/R-diplexers
e.toe,

RECFIVER FRONTEND

A mare dutailed block diagram uf this part of the radar 1s qiven In Fig. 4, Directly connected to the
circular waveguide antenne feed horn, a turnstile Junction serves as polarization coupler separating
an arbitrarily polarized incident wave {nto two rectangular wavequide outputs representing the LNC and
RHC polarized components. A clirculator serving as T/R diplexer, a PIN-dfude STC and a badanced wmixer
are connected to each of these ports. Nepending on the required transmit polarization, the output
puwerr uf the IMPATT amplifior 1s fed to one of these uirculatars,

In order to reduce losses In the receiver paths, the complete arrangement s bullt {nto a4 compact
hluck using E-plane techniques for clrculators, S1Cs and mixers /4/. The turnstile coupler was scaled
down from ower froquency versions /6/. The Ceplane clrculators /7/ shuw a reduced bandwidth compared
to H-plane circulators; thelr set-up, however, is very simple and casy to fabricate,

M xer and ST0 are realized {n Finline technique /%/ 1ategrated vn a singln substrate for each channel,
The STC provides a maximum attenuatine of about 0 df, The conversion toss of each channel (including
circulator, STC, mixer) amounts to 9.5 df, the SSH system nofse figure {including IF contribution) iy
13 di. The mechanical dimensfons are 75 x 60 x 20 mw,

IF SIGMAL PROCESSING

Both cu- and cross-polurized signals are processed 1n two fdentical IF amplifiers, Hehind o tow nofse
IF preampiitier (NF = 1,5 dB) an IF-STC switch usiog a rual gate FET {s implemented. The additional
dynamic ranga ot 40 d gives an overall STC dynamic range of 70 di, The slope of both the RF and [F
STC 1s digitally controlled by means of a PROM, Thus the STC slope s accurate and temperature stahle,



A range nate with a dynamic-range of 70 dB as well as a precision step attenuator {s implemented in
the 640 Mz IF path. Atter filtering, the [F-siqnal 15 downconverted to 160 MHz. At this freguency, a
Yugartthaic amplitier with o dynamic-range of 60 Al and a phase-constant Timited are implemented. This
Timiting ampliticr has a phase ervor of less than & degrees over A AR of input dynamir range. Coho-
rent detection 15 accomplished using 1-9 phase detectors for both channels as wnll as an -0 detector
tor the diftforentiy) phase of the two channels,

MECHANICAL CONSTRUCTION AND SCANNER

The mi)Timeter wave parts of the radar are adssembled on a separate thermally insulated chassis which
is tampergture controlled by means of heating and fan-cooling, This chassis, together with the first
IF circuftry, the pulse power supply of the transmitter and the antenna are mounted in the radar head
as shown {n Fig. 5. To this head, a mechanfcal scannar with a rotating flat mirror is connected, The
flat mirear §e motallized on both sides. Thus, with a ratation rate of 670 turns per minute, a scan
rate uf 20 scans per second is achieved over & opurative scan angle of +30%, The antenna and the
scanner are covered with a hausing {ncluding a tow toss radom (0,3 dn),

The radaer heard is connected via cable to a 19 inch rack containtng the second IF level circuitry, the
necessary sfgnal processing components, the hasic frequency procassing and the basic power supply, The
Ratdar can be operated either hy a keybord type operation board or under computer control, The complete
radar equipment s shown {in Fig. 6,
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DISCUSSION
{.A,van der Spek
Can the system derive the seattering matrix of euch resolution cell of w target?
Author’s Reply

Yey, it is able to determine the complex scattering matrix in a cel! of 15m with an absolute resolution of IJ¥em. The

accuracy to determine the disnce of the object is typical for pulse radars, Processing is done by the group of Mr. Buars,
FGAN-FHP, Wachtberg Werthhoven — sce buss, card. '
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Application of supurresolution meithods for airborne radur

” . Nickel
FLAN-~IIFM, Electronics Deparunent
Neuenabrer Str, 40
D=~6307 Wachtberg 7, F.R. GermRny
! BUMMARY.
oA

Thia paper examines the usnfulhoss of suparresolution methods for alrborne radar. Angular resolutlon of
clonaly flying turgoets 18 an Interesting application. For SAR imuges superresolution methods do not suem to be
vary helpful. Wo give n survey of tha posslbiv methods und point out problems and constraints,

1. INTRODUCTTION,

Superresolution muthods for spoctral and angular resolution enhancmment mre currently widely discussed, These
maetheds are applied in selsmology, apeech recognition, and Tor exporimentul purposss in sonar, bhut not yot for
radar, The tlme requiromonts for radur aro the most domunding of the mantionod applications. Modern radar

systoms hive to work complotely automatic concorning turgel dotectlon, estimation, und tracking., On Lhe other

(..,.‘ tnnd, tho radur algnal to be rosclved andsor the noise buckyround 18 normally slmplor than in other
q: applicatlons, These differont constraints roguire (o roflect upon Lthe radar appllention. Genaral vierwpoints for

applying superresolution to ground based radur have been premented in [1,2]. Por wirborhe radar wo have
differant modos of operstion und conatraints thin for ground based radar, For the alrborno trucking and
survaillance radar wo have a suvoers clutter problotn which Is o cruelal polnt for suporrmsolition, A special
nirbiortie radar mode Is the Synthetir Aporture Radar (SAR), which creates pletures for reconnudssance or
detects moving targuts. This paper examlnes the use of superrosolution moethods under these constraints.

2. PRINCIPLES OF SUPERRESOLUTION.

By conventional procossing wo denote the forming of a sum boam using 4 plane wavefront welghting for
ungular resclution or applying the discrete Fourler transform Tor specteal rosolution. Bulh types of processing
ure mathomatienlly agquivalent, ‘'he use of somo ampiliuda tupor to roducoe the prinelpad sjdoiobos 18 aino
consldarad as conventional processing. This typo of processing makos no nesumptions about the expovtad
slgnal bocauss ft 1y dertved from the Fourler teanaform, and it s robist againsl systom errors.

Superrasolition imethods ublain thelr herended rosolving power from & more tefined medel of tho expeeted
slghal, The slgnal modol 18 matehod 1o the messured data sccording to o eriturion of L The measired
data can by the outpat of tha conventionn] procussor (henm omtput), Fer stutistionl russeus this bonm-=spuce
upproneh doos not glve 1 vary high dogron of supereesolotinn Powerfu) anporycaodution sethady gre busod on
the spatiels tompural swaples of the recelved wiveform, ‘This moans that anguine suporresolution can unly be
achinovad with an antoniu RePny. For [WPRo aPrTiys Wo cab Use SUbDAPPRY ouULpULs,

Rubuntness, Mulching a detallod slgngl modei 1o tho data means to fnterprat the fine structure of the rocelved
wiveform. Therefore all supareoselution methods are sensitlve to urrors, "Robustioess’ wiih superresolution
methods ean only bo obtalnomd by choosing ® reallstie signal model and & well defined nolse background.
Suporresolution should always bo a second stage of provessing, aftor vonventlonnl dotection wind direetion
finding

Resolucwon ol The elasslewl definitfon of the resolubion finlt 14 givon by the ahllhey o sepurate Two
spwetenl Hnoews point targats. BFor conventionnl processing this rosalution Hiit ls npprosimately piven by the
3B bewmwwldth, The superrasslutlon cupabithy e messired by the fenetion of the beamwidth at which twn
difforent wignais can bo resolved, Suporessolution does therefurg nut nocessarly menn bigh fosobilon, 1F wo
have an antenns with & broad benm. "The differencs In the two definitions of resolution s best Hingteated by
Lhe followling exwmple: If we want Lo resolve two vehlelon, the clusaleal resolution 18 given by the pixel stae,
but superrosolutlon tries to nateh the superposition of the allhouetros of These two velfeles,

J. APPLICATIONS FOR ATRBORNE RADAR.

‘The most interesting applieation far superresolution methods (v mngular rnsolntlon onhateement, bocgise uf the
Hmitntlona for the antonne aperture. Che best application in the rosddution of formaions of wieeenft for the
wlr-to-uir louvkime radar (oint targots ngainst o 'white'-nolsn hackgronnd). For the resolutlun of low Clyiog
aireruft for thu nir-tu-ground lovking radar tho effectivoness of the elutter filter 1s provailing the potentiand
nuperrogolution. For forward leoking radar the conventlonsl MU may b sufficient, but for o sldeluoking aerny
u modorn AMT] fur tho whole mrray output voctor (apaco-thne procassling) s requleed,

For SAR Image enhancemant thore seotn to be ol vary useful applications lor suporrosohition methods. In
prineiple the angulur SAR pattern da a conventional apoctral astimnte which could be enhaneed by
superrasclution mathodn, llowevor, the rosulution of SAR, Lo, the time wperture, I8 chonen ap lirgo ws posaible
fur the glven errors of the samples. Having wxtended the aperture to the maximum tolerable Umil for the
rolust conventionsl procesaing, more scnsltive mothods can not glve better resulis.

In summary, we have that the main appiication of superresolutlon mevhods for abrborne rndar s angular
resoluttlon of furmutions of 1argets
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4. DESCRIPTION OF THE MAIN BUPERRESOLUTION METHODS.

supeorresolution urcays, For a typieal array with thousands of elemnnts, it is presently too expensive to digl-
tize all alement outputs. In general, one uses subarrays to raduce the stumber of channels. The posittons of
the cantres of the subarerays constitute a superarray. The whole array can be copsbderod os the superareny
having the subrernys g8 elements. One can show that for a ragular fally fiied arrny sne should weold repalar
saburrays bocanse of the geating lobe problem. Geating lobes neise beennse the supernreay pasitions have
dlstances greater the half wavelength. This results not only in a perfodic repatition of the high resolution
anpular spectrum, but also in 8 folding-in of targets outslde the ungular reglon of Interest. If we choose
subarreys of different shupe such that the superarray !s randomly Alstributed, wo can avold grating lobes.
Howevar, the signal model inherent In \ ne mupsrresolution methods requires array clemonts with equsl
pattorns. For nufficlently large number of subarruys we need not to correct for the differant subitrray patterun
because the orrors average. Superresolution methoda which are restricted to iinear oqually spaeod arrnys can
not be applied to Ilrregular super/ subarrays.

Tarket decorralation by spatial avericg, Many superrssolution methoda can not resoive complutely corrainted
turgets {o.g. caused by multipath). We can overcome the problem by modifylng the covariance muttis estimate
such that the aignal covariance matrix has a rank nqual to the target number (docorrelation techniques). A
popular method to do this {8 "apatial averaging’, which moans to averagn Lhe ureay outputs over u sliding
subarrey of L elements (3}, This is equivalent to aversging the sstimated covariance matrlx over u siiding LxL
submntrix along the main diagensl. Equally spaced slemant positiuna are necossary for this fochnique (ho
Irregular superarray). The renulting covarianes matrix hus a dimewslon cqual to the averaging subarray, Lo,
wa shcrifico aperture size for Larget decorrelntion, Correlated targets are not vonsldersd 4 sorfous problem for
airborne radar,

Notation ¥or the following description of the superresolution methoda we use sa n standnrd notation gta) for
tha voctor for convantlonal beamforming without any tapar {phused array besmforming} In a directlon @ Lo
8y(0)er oxply(2n/2)xul for & Hnoar array with olemonts at posltions & (1=1.N). u= s1n(8) denotes tho
projoction of the unit direction vactor with szimuth angle 8 on tho K=axis, For a planar array the direction s
diven by the projection of tho unit diraction vector on the (x,y)=plane rnd we have wy=

axpli(2a /» )(xju+yv)l. For most methods g can bo multiplled with a modersie amplitude taper without changing
the performance of the mathod signifieantly.

4.1 Linear prediction mathods.

Thosn mothods are well known und are frequently ussd for timo sorios analysis, The caommon property of these
methods Is that they can he Interprated os mothods to exteapolate the rocolved waveform buyond the abienng
aparture by a sultuble prodiction filtet, A lot of virlatite of thia type have uppeurnd, The bhanle proceduros
are the maxhinum=ontropy (ME=) mothod or nutorogrossive modol fitting (AR=) mothod (wirg=Lovinson (4],
Murpla (6] ete). ‘I'homo methods ostimate @ contintous angulae power spectrum of the form

TS TRVANTAT S UTES

whora [ la an appropelnte pradiction fllter vootor, crleulnted frot the ostimatod eovarlatoo matrix (spatindly
smoothod, or with lmposed Touplitz structyre, ote),

Thenr: mothods nre good for ostimating arbiteary spectrn with large sunple numbers in time sories annlysis.
For the given case of radar ahgilar rosolution (pure apectral lines) the methods wre not very well suftoed. Wo
hava blocks of tima and apaco dute, the subarray conteon may not be ogquully spresd aond most of the fast
wigorithms are not applicable In this eane. th ense af a planie werny, the metheds ean ol oastly he extoled
to two ditnensizng, Furthermore, the detection perfornnnes with these mothods b aerions problom heennse
thue distribution of the stdelobes of the estimntod speetra 18 untnvourabile (ggeraer poioo in {41). Toe
dotermine the optimum fiter longth some criterin have beon sugpested. Shmolatlons showod thur an optimum
titor langth may not exisl, One may have elther o spoctenl estinate with snail varcinnee ond bad resolutlon
or w speetram with high sidelohen and gond resolution, (2]

4.2 Capon-typoe Mothods,
Thewe methods use apoeteal ostimates of the Torn

Sef00= (o g eyt e

whore @ 18 the esthoated roverinnee mutrix (posstbly spriinlly smoathed) wid P posiilve and ronl. Fhe cnsn
r=1 18 due to Capon, (4] poie, tho axtonsion to arbiteary rowns presented by Piearenko (6], for =t this s
niso enlled “thormsl tolse algorithm® {710 Mothods which use the ratio ol 5, v fur different r have alko hoop
sugpantad, |8 '

Thene methady are wpplicable to rnedom phosae areny s, Uhey by poad doteetiun performnes, thnt 18 to sag,
the distelbuition of the enthnated speeteam 18 nol vory newvy tnbled for nosuftictontly large number of sumplon.
The wypieal foature of these mothods 18 the prohibitive amount of compurmtons Guatelx inversion, ponsibly
matrix multiplicntlon).

4,9 8ignal subspace methouds.
For this eclass of mothods 1t 14 ansumed that the slgmds to be rosolved e inon lowor dlmenstonil subspaer of
the whole complex spaee of srray output veclors.

Profectiot wetheds are a subeluss (n this entogory. They use negulne power density wathinndes
86 )m 1-g¢o flpacod with p= - x 3"

I a4 projectlon metrix and projocta on the spheo arthogonil Lo the signnl space (complement of the sigoal
spien, ‘nolso spree), The columns of X are a set of orthonormulized voetors which span the esthonted signal
spaee, Thure aro differont approsches to get an eatimnte of the signal spaeoe §:

. _adu



B The MLSIC algurithm 19,10)0 X Is composea of the dominam elgenvectors of the ostimmled covaPlanes muir .
This method is known for tts vxeollont resolution propettles. 16 s applleable 1o aebitrary arenys and not for
eomipetels correlitod targets, vxcopt with spatial averaging,

8 The Hung- Puener (0T -) projectlon, Less computatiopal expente da required 308 Te estlinntd by slinply
vethopeinlising the mensared duatic veetors FLEA210 10 the dlgnrl-ta nelse =atfa fa bigh, the data veetors
wpproximately spioe the signal sobspuee. Phis method performs ot bad far strong sogreos [0, bt the prabiem
In Lhat there is only very lhnited dath avernging posstble (n conrrast to nveraging given by the ostimated
voviarianca matrix). The mothod s applicable Lo arbitrary nrrays, but not for completaly corrolntod turgots,
The HT=-projection c¢an be extendad to srbitenry number of samplos  the rolumns of the estiimated rovarintee
mateix ire used A8 1 haals For Ltho slgnal subspaea, (2],

M The hmkresan-ufts (K'7=) method It tha "nolse spaco” |8 reprosentod by one single vector &g vunlvlent
to the signal spuce boing of dimensjoh N-1, the projection can he written

H
L= aa,
The ahgular spucteim Sy, thon tekes the Tortn uf S,y wid B8 closoly related Lo 1 Tho mothody of Reddi and
humnresans/Tufts, nee (U] for both, have this form, Caleulatlon of the voetor Ky 1 biased oh elgenveetor or
stnpular valuo decomposition. In contenst to nll other projectlon mothods, Lhe Roddi- wnd KT-mothed b Wanlied
to linonr nreays,

A sucond mubelnss in this seetion nee pigebrade gethods. onew the slgeal subspnce lisn hoen catiminted, thone
mathods ealeulaty the dostred directions by solving nigeheraie oquations inslocd of masimisim, mindhulsiig n
Reah palinorn:

8 Root finding methods. Al projection methoda (ke woll aa Buaear prediction methods and Capon methoda) ean
be turned intoe qu,T(\u*nlv methods thoense of w0 Booat caually spacad weray with X® kasd Inoahis cuse ane
Tdentifles R8s wh, with 2= expdnul, ue dingd), The denominalar of the sean puitorn t-'»', (and nlsn SAke Sep)
then e be consldered w6 real=valied polyuomial with complex arglancnit 2 of degres INC Tho rools 2y, ol
this polynominl, projected on the unit eirele, give ostlnntes fur 1 {0¢y)s Leo of migyy and henen ot the
direction,

& RSPRIT alpgorithm [L4] This method iy applicabin to falely arbitrary aernys: the arrsy e 1o compone of two
(overlapping) subnreays which ditfer only by a constant abifl, The diroetions wre found by anrlysieg the
ofgunstiueture of the auto- nnd crosm=covieritnes wrbrlx Sf thase twe subirrays, Two chien -decompositions nro
regubred: first 1o dotorming the slgnal-alonn covaeiancs ertimite Tor nueh subnreny, aned then Lo solve the
putinrnllzod nlgenproblom whith Lthe two gignid covarinaes esthnntes, Suportor performanes of ESPREIT ovep Mbhic
hus beon reported, |16],

Although tho signat subspues wnthods have good eodolution propmrttes, 1hoy roguirs tn serernd ton s 1onilve
cnleulntions, only the shapto 11-method could b fes)l enough for airborne applientions, but PIMI - mothodg
maentionad bolow are butter suited for autanntic provoasing.

Iy petheges Lesting problem. Por all signnl subspaen melhods we heed 1o Kiuw Lo sthmonsdon of the siponl
wibspries My Thin feoe dirfianle doteetion problem bueeaime the tests must o vumplotely automatic wndg well
dofinad, Por the olgrnvector prajection (MUSIC) some sugpostions anve been ande TLOG T nlsn Top e 1
wathod (vd) In o sddition to flading the dimutisian on the signnt sub: pree M". wi bive to detoel the bt
mumboee which 1a I penernl difforon froe Moo s e wnaslly done by comprreing the penka o the aean
pattern with a threshold. The distetbution \1F the sideloban ot The sean patteen I Dhen Doportwot . Pl
behuviour of thowe tocts and the thes arising from easeading 1w 1est peoeadinres are nn opep Tl fag
FHNanFeh,

4.4 Paramotric targe!l modol fliting (FrMe).

Plicar wethods bnve boon dekeribed dn (TR ARL A complete parmmeteelznt fon o the sewomesd sfennd vect e o g
wsel, Many treget neadols whth compilented parmgetertzar bon wee posithle Baeoendar, the polnl Inepet
masnption whth anknovn mnplludde 18 mosy approprinte:

M
se ¥ ulp = Al (1
b=

The anknown paeneeters arg 0 oahd the complne wnpiitades by G ToM) whieho e b campriged i accomgde
vertr hond o complox hNaMeninteie A, A= n|1(0|), (e GNY e model s ehoson seech that vhe aenn
sytnred error botwoosn megssred date goaid medol g intioan,

win TN )

Oy Ly

Fhe minbnine nvee beodson besst sguares probiem and tho solution enn be weitton down for each g sl thien
(2) reddueos o

Y
i Y by aalarbally g® om
1] k=1
Huenuse of the detapministie amplitnde model the wothod s able to resolve vven complenly correlated targets
Thin mukes PEME- methods of specind imterest o pdal to counter maltipinh

l'gratuter estmnation, The wun probfem with PUME methods sooms 1o bo lne comprivational oxpease to minimise
the mean squared eeror tunetton (20 Many Bdeas for fast mindmisntion of (23 or GO hinee been presomed




B Analytical detorminiation of the optimum parameters for small numbers of elemants in special arrangements,
net npptteables for gonerat planar arrays.

& rrony o method  For one data veetor (K=1) and the number of data components equal te the number aof
unkrewns, the winfmisation of (2) reduees to an equation. Solving this equation s called the Prany ~method
and i~ closely related to AR-model fitting. This method is resticted to lunar antennas,

@ Alternating profection methods. The minimlsation of the multi-dimensional function (3) can be reduced to a
sequenen of 1-dimonsional minimisations if only ona direction Is varied whilo the others are kept fixed. Of
couree, convergence does not become faster with alternating projections compared with multi-dimenstonal
minimisation.

8 Newton-type methods. These are the classical methods for minimising non-linesr functlons. Although the
number of iterations Is much less than with a simple sieepest deacont gradlent aigorithm, the direction up-
dntes are more complicatnd ¢t rompute. This is not very attractive for real-time applications.

B Stochastic approximation methods, The function (2} Is minimised for K=| by a gradlent search, but for each
iteration astep a new data vector {a used. No storage of the data or covariance matrix I8 required. in
addition, orne can show that this algorithm car be reduced to a procedure which uses only the outputs of
parallel beams. This {8 very offective for phased array radar. Because the stochastic approximation is also
wble to follow a nun-stationary target situation (If not changing too fast), this algorithm Is also sulted for
tracking targets,

the ) The target number can not be found by minimising (2), because this function is
monotonically decreasing with M. A sequence of white riolse testa, 18], Is slmple to calculate nnd has been
tested In simulations and cxperliments, This test is sequential with respect tu the target number and it
tequires the minlmum number of the cexpensive prrameter estimations.

Lixperjme regults. S.mulatlons and several experiments with real duta have proven the superlor performance
«f the PI'MF algorithin with stochastic approximation for different radar applications. Sume expurimernita are
ecopdueted st FEM with the cxperimental system DRESAS which uses a fully adaptive auperresolution algorithm.
It consists of & planar 8«clement array at S~band shown in fgure 1. The digitised element outputs of the
antenna are fed to a microprocessor. The targets are slmulated by the ) Rntennas in fronl of Lhe urray. FIg.
2 shows the results of the superresolution. The § dots within the circles show the directions cf threa sources
estimated by the stochastic approximation as described Ip 18], The size of the dots is proportional to the
ostimated amplltude. The directlons correspond to tha true directions better than 0.1 bemmwidth, The inner
citele Indicates the mize of the 3dB beamwidth of the untenna and this glves an Improssich of the ssparation
between the sourres. Target sepuration is approximately 0.6BW and 0.0BW. The 3 most left vertical bars show
the averaged estimated amplltude and the crossline indicates A threshold. This I8 used to reduc. the assumed
number of targets Uf the amplitude falls below the threshold. The most right of the four vertical burs shows
the test statistic for increasing tho number of targets, accerding to the white-nolse tust described n [18].
Figure 3 shows the block dlagram of direction estimation and targut number Increasing/ decreasing tusts, One
can switch the sources sn and olf or move the sources and the system displays the source situation in real
time. ‘The tests for lncreasing and decreasing the target number together with the stochastle approxlmatlon
algosithin for direction estimation constitute an adaptive closed loop superresolutica. Thie degroe of
automatisation has not been aclileved with the othoer superresolution algorithins yat.

The achioved depres of superresolution with DESAS wus aiways better than 0.5 beamwidth for two sources of
nqual power, With a well callbrated array resolution goes down to 0.2 bemmwldth, but detection thon hocumes
i problem Targets with unegual power require a longer convargence time for the direction of the wesk larpet,
more than @ tarpets alwo requlre longer convergence time. The limiting facior for superresolution (s malnly
array Inaecuray, not the signal-to-noise raclo, which slmply produces slower convergence.

FIR. 12 1EM -BESAS oxpertmentnl set -up: 8 oloment recolving 8resy.



o ——

7-5

Fig. 8: FFN-DESAS display of results with closed-loop superresolution by
stochastic approxlmation and muiti-hypotheses Lest.
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Fig. & FEM~DRESAS: Strueture of elogod=-loop supereesoliution with parimeter
estimation amd tosts.

6. PKOBLEMS.

superreselution methods sncounter throe problemas: high acearney of the reeoivingg areny, luege compu'alion
t'me, relinbility of the results.

Aveurgey of Whe recelyinyg aerpgy, Good perfortuanen of 8 sercesoliition methods ot nooreasowsable priee ean only
be achleved by compensating errors uy software (So!f-calthrating darravs). We have to provide different points
in thu recelving chalp of each channel for inserting a test signal. Chunnel offset, ampliflentior nnd
arthogop4ality asrors in the 1= and g-channel, intet- channel amplitude~ and phage=-orrors fur differom
frequ-ney bands can then be rorroeted digitally, The only heportant herdware reguiroment is then channel
stablilty and a suffictent dynamie range (nanber o1 Blts) fov cach chunner chanhe! necursey roguirements
deerease with the number of channels. For robustness rossong we will therefore chonse ta have ms many
stharrays o8 wuocan affora.

computaion time, For airborne radar applicatione the fast "PME-method by stochastie approxiaton soemy to
bi. best su'led. For few targets thin mothod does ot reyuaire excessive computation time. The main

computational load arlses from puralle! digital beamforming, for which faot special hardwire has {o be
designed.

] y 0 ? . The probubiiity of detveting the cortect target number wilh superresolution metheds 1y
much lowor th-t with conventlonal processing. Spurifous targots due to array errors will appear. Robust
yiiperresoltition methads will tend to detect Lo few of & glven numbar of targets in an interferehee=feen
anvironmenct. For a high probabllity of correct superresolition good ecluiter (abd possibly jummar) suppression
and well dofined detectlon procedures arn nuvessary, The perfurmance of Lhe test procedures nesls to be
Investigated with real Jdata.
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6. CONCLUSIONS.

For alrboarne radar, regolution of closely flying targets is tte main application of superresofution methods, For
SAR there seen to be ho possibilities for a reasonahle use of sajerresoiutlon The adaptive Parametrie Targut
Model Mty method sepms Lo be the most promising meihod far the reasons of stmplicity, robusttiess, and
relinbilfty.

A planar atray with jrregular aubarrays and hardware for self-calibration would typically be part of n

reulisation, ‘'he attalnable ¢nhancement in rasolutlor will be not more than 1/8 of the antanna beamwidth.
The limiting facior of suparresolution will be the array accuracy rather thar the alpnui-to-nolse ratio.
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S THE PHARUS PROJECT:
~\  DESIGN OF A POLARIMETRIC C-BAND $AR IN THE NETHERLANDS

by
P. Hoogeboom and ¥.J. Konmen
FEL~TNO
P.O.box 96864
2509 JG The Hague
The Netherlands

' SUMMARY

A In The Netherlands a digital SLAR system (X-band) is umed since many years in radar

remote sensing research. An example of reaulta and the system’s kay features are given
in this papar. Calibration and high gqeometric and radlometric accuracy were the keywcrds
to succuas in remote sensing for this wsystem.

Bassd on this experience a polarimetric C-band airoraft SAR is designed, that will
be finalised in the 19%0’w, The uystem ls designed using modern technology. In its final
version it will make use of a phased array antenna with solid state amplifiers.

Bafore this system can be developed, a number of problems have tu be solvad. This
{8 done in several theoretical and practical ptudies, In one of these preparatory
studies a SAR testbed will be constructed, to test parts of the technology that will be
used in the final dystem and to gain experlence with alrborne SAR in general. This
testbed will be described Ln the paper. .

Tha dataprocessing fer the PHARUS saystem raquires the development of software
tools, that take guometric and radiometric corrections into account, as wall as thn
callbration. This in turn requires accurate measurements of the alrcraft position and
attirude,

PREFACE

The PHARUS project (PHARUS stands for Phosed array universal GAR) s varried out by
the Physics and Electronics Lakoratory of 'I'No (FEL-TNO) in The Hague in cooperation with
the National Aerospace Laboratory (NLR) in  Amsterdam and the Microwave and
Taelecommunication Group from the Del{t University of Technslogy. The project is
aponsored by the Ministry ot Defense and by the Natlonal Remote Sensing Ooard (BCRY,
Delft). 'The program management on behalf of theoe partners is carried out by tha
Motherlands Agancy for Aerospacae Programs (NIVR) {n Delft,

1 INTRODUCTION

In the mid seventies radar experiments uring a wvhort ranye scattorometer wero
started in Tho Natherlands, mainly for the determination of radarsignatures of
agricultural crops. This work was performed at X=band (a=3 cm) and later on also at 16
GHz (A=8 mm) ([1]. The meapurements were taken during a number of growing seamons to gain
more insight in the varlations from year to vyeat. This led to work in the area of
modeling and crop ciassiflcation. It was soon recognized thut calibration of tha data
takuan at different times and under varying inclderncs angles s very important but also
guite difficult to achierve.

The work described above was carried out by o number of [nstitutes, wach ono
vovering a epecific discipline, ‘This multidisciplinary cooperation was organized through
the ROVE taeam (Radar Observation on VEyetation). Nowadays the Nethorlands Ramote Sensing
Board takes carae aof sponsoring this ROVE work. The expaerience gained with thls program
lad to the use of a digital and calibrated X-band HSLAR system. Among othors the
multitemporal orop classification could be demonstrated with *“his wyastem (2], [t ia
discussed in more detall in chapter 2.

In the 1980’'s it was realised that tho work had to be extended to more and alno
lower frequencies and tc other areas of Interest. These ldea’s led to tho dewign and the
uso of a multiband airborne scatterometer. The DUI'SCAT multiband ajrborne scatterometer,
desiyned and bullt by the Delft Unlverslty of Technology [6] I8 capable of acquiring
data at ¢ frequencles ranging fiom 1 - 18 GHe.

The datascts from thin systom form tho basis for the knowledge that {s hacesdary to

aviluate hew applications In tho tield of remote senelng, Apart from studylhg 4he
bohaviour of targets ~na a function of treguency or Ipcldence angle, the polaripation
dependence can be atudied, which becomes ol growlng importance Az the internast in
polurimetry increasea. In the near future the DUTSCAT will ba fitted with a possibliiity
to moasure two [ike polarlsations and thoir phass difterence wlmultaneous'ly, which

ehahles a thorough preparation for the polarimetric AR system.

The next rtep is the development of an airborne polarimetric Sak gystem In the
C-band, ralled Pharus (pPhased array universal HAR). The vhoico ol the parameters for
thils system arc based on the oxperlence we gained with the provious programs. Thls means
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that special attention will be pajd to the data accuraty, Ln the end the system will
have to deliver radarbackscattormapa: calibrated images with o high level of qeomatric
and radiometric acvcuracy.

The frequency used for the PHARUS s the same as {or the ERS-1 satellite, The
"universal" aspect of the PHARUS SAR ls found in lte twofold application: both military
and clvll programs in The Netherlands will benafit from it. The PHARUS project consists
of two phasest a definition phase and a realisation phase, In the definition phasa
studies are carried out on antannatechnology and alrcraft motion measurement and
compensation. Furthermore a SAR testbed is constructed. This relatively simples SAR
system will be ready in early 1990 and will be used to study in detall thes problems and
limitations of aircraft SAR syatems. The results of these preparatory studies will guidae
the design of the Ffinal PHARUS SAR, -'.lch we hope to realize in 1991 -~ 1993, Morae
details about the Pharus project in go .41 are given in chapter 3. Chapter 4 deals with
tha design of the SAR testbad PHARS.

2 THE NETHERLANDS DIGITAL X-BAND SLAR
For many years a digital X-band SLAR system has been uged for radar remote sensing

research in The Natharlands. It demonstrated the possibilitias of radar for ramote
sensing applications, Some properties of this system are given ip table 1.

frequency ! 9.4 GHz (X-band)

transmitted power it 25 kW

pulselangth t 50 / 250 n8 (7.5 / 7.5 m)
polarisation t HH

antenna beamwidth : 10 mrad ( .6 ° ) twoway

P.R.F. t 200 Hz

recording t 4096 *» 8 bit sampling @ 50 MHz (3 m)
intarnal delay line calibration

Table 1t Specification of SLAR system parameters

By using an internal delay line calibration the Byatem is capable of delivering
calibrated imuges. The geometric and radiometric distortions in the captured data are
corructed oftf line with a compater. This process makes usme of the aimultaneously
recorded aircraft attitude and position parameters, that are dellvered by an inertial
navigation systam., Atrter correction and resampling images of high quality become
available [3). A high image quality ls often desirable, for instance in the ocame of
multitemporal crop classification [2,4]).

Discrimination between various agricultural crup types In one radar image is
sometimes dirficult, Dy comblning several images, taken under different incidence angles
or at different times Iln the growing season, unanbiguous classitication of crops becomes
possible. To ennble a prosperous identification it ie neouessary that the images can ba
overlayed on to sach other and that the reflection cosfficlents (grey values) may be
rompared betwean images,

Figure 1: X-band SLAR fllght over a testarea in the Flevopoldar. Altitude 4000 m,
Image dimenalons: 6 x 15 km,

In figqure 1 4 BLAR image is nhown, taken over the Flevopolder in The Netherlands.
This area has been used frequently in remcte sensing experiments, The alroraft flaw at
4000 meter altitude. 'fhe grazing angle ranges from 60° to 30°.The {image shows the tine
radiometric and goometric quality that iz reached through the previously dascribed
corraction technique. The radiometvin accuracy is in tha ovder of 1 dB. In figure i the

:Pte?nu was looking to the lett and tne alrcraft moved from the upper right cornar to
e lefl.
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A disadvantage of tha SLAR technique is the degradation of the azimuth resolution
as the range increases, This effect ims also noticeable in figure 1. For example the
rhitee line features in the dark field just above the amall tawn in the lower right
corner of figure 1 are responses of corher reflectors. These pint targets are imajed as
lines due to the roduced azimuth resolution of apporximately 76 meter (3 dB resolution
measure). The resolution reduction is one of the reasons to move over to SAR tachnique
in a new radar imaging system,.

3 THE PHARUS PROJECT

A fow years ago three institutes in The Netherlands developed a plan to design and
build a polarimetric cC=-band aircraft BSAR system of a novel design, meant as a
replacement for our current SLAR system, These institutes are the Physics and
Electronics Laboratory TNO in The Hagus, the National Aeroepace Laboratory NLR in
Amsterdam and the Microwava Laboratory of the Delft Univarsity of Technology. It took a
leng time in 1986 and 1987 to raise the necesaary funding. This can be sesn in tiqgure 2.
As A result the system will be completed much later than originally expactad.

— o l"p;up. atudy I
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B developmunt high res. SAR
2 R 1992 "PASARN
{ \ e e b n
o \ AT
1991 s s oo e 'll'h.lrun testphase
" B 1994 " Upe 5! PHARUN
Flgure 23 Block dlagram ot the PHARUS project,

Tho plans tor the MHARUG SAR aro based un the experience that wae bullt up with tho
previounly describad programs, The cholee tor C-band was bacod on the developmont of the
k49A  BRE  watelllte proyram [%]. Howevar, our lnitlal hope to have It flying
simuttanecusly with the EKS=-1 seens to bo unrealintle, dus to the earlier mentioned
delay suffered from fund raloing, The OSAR testhed PHARS will pe flyling simultaneoudly
with the ERS-1 now, but PHARS 15 not meant to be an oparationnl aystem. Of wvourse
simultansous {maging i ntill poswsible, but thore will be severu limltations on the
PHARS data,

Figure 2 shows a block diagram of the PHARUS project. The project consists of two
phason, a definitlon study and a realisatlion phase. Thu dafinition study le intonded to
Inurenme our knowledye on SAR and to dovelop the techneology thel will be usad In the
tinal aystem. In figure 2 it can be snenh that three preparatory ustudies will be carried
out bafore the actual PHARUS ayntem i designed. These wstudies are considored to be
ennantlial far a proper design of the PPHARUS.

The systom will have an active array antenna, reason why o preparatory study on
antenna technology is included. Kspecially the problems of decoupling betwaen the
various polarisations and the integrated antenna dosign (includiny power and low nolse
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amplifimra) will be studied. A satisfactory data quallty from a polarimetric SAR may
only be expected if the antenna fulfils high requirements.

A second preparatory study, the antenna motion and compensation study is necessary
to build up experience with corrections of aircraft or rather antenna movemanta. The
paper by Ottan [7) at this symposium tlreats the subject in detail. Since the aircraft
motiona give rime to serious problems in SAR imaging, a thorough study is necessary to
ba able to meoat tha mevere conditions that are put upon a modern imaging system.

In the third preparatory study a SAR testbed will be realimsed in the aircraft that
will probably also carry the PHARUS. The teatbed is necessary to study general problemsa
of aircraft SAR and to study the coherant integration procaessea which in the aend
determine the sensitivity of the asystem., Finally the testbed can be used to datermine
the antenna motions from the radarsignal (via autofocus techniques). The results will be
compared with motlon measurements taken from other sensors, like an inertial navigation
system, gyro’s and accelerometers. This forms an important input for the final choicae on
a motion companmation system. Since the calibration of a radar equipped with an active
array antenna is difficult to perform, scveral calibration schames will he tested in the
PHARS. The next chapter trests the design and realimation of the SAR testbed PHARS in
more detail.

Upon completion of the preparatory studies anough experisnce will have peen built
up to design the polarimetric PHARUS system, This syastem can then be realised in the
period 1991 « 1993, Simultaneously a flexible software package for BAR processing,
ocalled PASAR (Preprocessing of Airborne SAR data) will be davaeloped. Apart from the
usual SAR processing, this software package shall perform geometric and radiometric
corrections. We hope to make use of the experience that was bullt up with the processing
software for tha presaent SLAR system.

It is still to early to give detailed specifications for the PHARUS ayst.m. They
will be fixed during the design phase. Tha plans are heading for a polarimatric SAR with
user salectable values for resolution (1.5 - 10 meter), swath (near range, far range or
wide swath with reduced rasolution) and racorded polarisations (one, two or four
polarisations). The frequency will most probably be the mame as used for the PHARS:
C-band (5,3 GHz). It is expected that the system wil) be operational by the end of 1993,

4 DESIGN OF THE SAR TESTBED PHARS

In table 2 sume kay paramaters of the PHARS are given. On oha hand this testbed can
ba conaidered am a simple SAR system with a limited range, on the other hand it i{s a
state of the art technology tastbed, designed to test modern technology for the PHARUS
SAR., A Bingle patch antenna is used for tranemieeion and receptlon. 'This antenna im
rigidly fixed to the airvraft (no mechanical motlon compensation)., The beam can ba
ataared in coarme steps of 3.5° to compansate for the average driftangle. The horizontal
beamwidth of the antenna is wide enough to eliminate the influence of alrcraft yaw, once
the beam im corrected according to the average drift angle of the aircratt, which may
vary between ~12" and +12°,

Figure 3: The 8 x 4 vlemant patch antenne tor the UHARS, dimanajons nre 35 x 1b am.
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~fraguency t 5.3 GHz (C~band}

-antenna ¢ one 8 x 4 elemant patch antenna for transmit and receive
beamwidth 9 * 24 degr, VV pol.
course step beamsteering (3.5°)

~tronsmitted power : 160 Watt peak by 8 transiutors

= PRF i 3500 Hz (fixed)

-pulsewlidth t 32 ne (4.8 m) after compression
12,8 us bsfore compression

=-digitisation t 4096 uamples, 8 bits @ 87.5 MHz (range offset 1F)
=range t 6 - 11.7 km
~resolution 1 4,8 moter in range

6 moter # 21--6 looks or 1 meter single look in azimuth
-azimuth presumming: 16 x
=ajrcraft ¢ Swaeringen Metroj used at an altitude of € km,

and a speed of 100 m/s

Table 2: Properties of the BAR toatbed to be realised in the preparatory study
on aircraft SAR PHARE.

The antenna exists of B8 rowa of 4 elaments aeach, aw can be seen in figure 1, The 4
elensnts ars connected by transmission lines and radiate equally to narrow the vertical
antenna beamwidth to approximately 24° as desirsd, Each row of the array antenna is
connected with its own mlcrowava moduls, The conhection, indicated by a small circle at
the top of sach row is fed through the substrate to the microwave module at the backside
of the antenna. The 32 aquare radiatois are equally spaced at approximately 0.75 a. ‘The
total dimensions of the antenna are approximately 15 x 135 cm,

The use of distributed power gensration with transistors instaad of central TWT
{traveling wave tube) powar yeneration ylelds a much smallecr than umual peak power in
both the PHARS temtbed and the final PHARUS system. Each transistor power amplifisr in
thae PHARS delivers 20 Watts, resulting in a totnl transmitted powsr of 160 Watts. System
sensitivity is realimad by the use of a high PRF (3500 Hez) and a large pulse compression
ratio of 400. In the PHARUS systam the peak fowor will ba increased to approximately 2
kW and pomsibly the pulse compression ratio will also be further increased,

I L
Freq, ORO mixer IF mixer -
Gener. PLL amp

| 2

module antenna

dlg tal 958 combine
chirp Mod. splitter

Figure 4t Blouk diagram of the PHARS symtem.

In figure 4 a blook diagram of the testbed is ashown. Most of the mlcrowave
electronics 1Im concentrated in the T/R modules, whivh are described in the next
paragraph. The 8 radiating sections of the antenna are each connected to a modulae. Thae
modules are conhected to a powar splitter/combiner. on the left side in the blouok
dlagram ths frequency generation and chirp modulation can be found. The upper right part
is the actuui receiver.

At the backuide of the antenna 8 microwave transmit/recaive modules are mountod.

Figure 5 shows a drawing of one of those modulem. The module measures 4 x 13 cm and is
produced in stripline tachnology on Aluminumoxide substrate.
These modules contain a two stage FET power amplifier, a low noise amplifier, a limiter,
a 4 bit phase shifter and 2 S8PDT wwitchas, to actuate elther tha raceivo or the tranamit
channel. The power transimstors are switched on just bafore transmission of the pulams,
and mwitched of lmmediately afterwards to reduce the consumed electrlcal power. The
noisa figure of the receiver chain is 1.3 dB.

A power aplitter/combiner natwork oconnectc Lhw § modules with the actual
transmitter/ruceiver. The transmitter uses a dielectric resonance osuvillator (DHO) to
generats the microwave carrier, The DRO is phase locked to a orystal oscillator. The 8.3
GHe signal is modulated by a single side band modulator with a diyitally generated IM
chirp of 31 MHz bandwidth,

— ————
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Figure 51 The T/R microwave module. & of these are used in the PHARS,

The receiver chain ig rather straight forward: ths microwave signal is convarted
down to 350 MHz, the ZF frequency. This rather high frequency is chonen, bhecause the
FHARUS systum will use an lncreased bandwidth of approximately 100 MH#z, necassitating a
high IF frequency. The output of the IF section is mixed to anh offset fredquency of 21
Miz and then A-D convaerted in 8 bits, with a 87.5 MHz mampling rate.

The range lines are produced at a rats of 1500 H¢, belng tha radar PRF. The
associated datastream is much too largo to stora on magnetic tapa. Our interest goes to
the dopplerband between =50 and +30 Hz, whloh corresponds to the indicatad 4 1look
azimuth remolution of & meter, This bandwidth can be sampled by the recording systam at
a maximum value of 218 Hz. To reduce the range line frequency of 3500 Hz to u 218 Hz
sampling rate and to fllter out the doppler components outside our band of interemt, a
Finite Impulse Responsa filter (FIR) is uped am & woighted presummer. This presummer
attenuates frequencles outside the intorval =164, +164 Hz at least 10 dB, as shown in
tigure 6. In addition the antenna characteristic further raduces the amplitudes of msuch
high doppler freguencies, because they ovome Lrom targets that are at the edges of tho
antanna beamwidth. The doppler frequency transfer functions of the antenna and the FIR
presummer are given In figyure 6. "This plut showe theoretical values; measurements ara
nut yet available. The reduction in dopplerbandwidth by the FIR filter ahnex presummet
|s clearly whown.

0 dB =g -y
attenuation B

in dB "HL“_
N
\ e
\‘i
=30 dB \f = r\
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- ¥ -
=60 di

0 He 109 218 - = dopplerfrequency - = 656 Hz

rigure 61 Antenna (1lne with plusmses) and azimuth filter (atraight line) cnaracteriativ
s 4 function of doppler freguency.

The dlqital data remaining after arimuth presumming with a factor of 16 will be
recordad on a MBR (High Bit Rate) recording syscom, Thim system s also used tnr the
SLAR and the DUTSCAT. Apart from the azimuth presumming there le no on board processing
for thea testbed, By getting down as much data as poasible, very flexible experiments are
snabled with the asystem ot the cust of long procossing times. This is not a major
dlsadvantage since the amount of data that will be gathered with the testbed ls amall
anyway. After all the teatbad PHARS i3 not an operational cyetem.

The aircraft that is used in the project is a4 Swaaringen Maetro II, a twin enaine
husiness plane, owhed hy NLR snd in usa ss a laboratory alrovatt. It will fly the LFHARS
and the PHARUS at an altitude of G000 meter with a specd of approximataly 100 m/s. The
ajiroraft is equipped with various menmors to acquire alrcratt attitide and pocition.
Among others an lnertial navigation system, equipped with lasergyro’s is available. The
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data ot these sensors are also recorded on tho MBR rocording system that is uded for the
radar datn,

'he PHARS is mounted in the middle section of o gtandard N-containor (bomb), a
cylindor of 45 cm diameter and length over | moter, This contajnor is attahed under the
tudelage, close to the center of gravity of the atreraft, At thin pnsiticn the Influenco
nf unwunted aircrafted motions is minimal and the sensors of tha inertial navigation
systam are nearby.

5 CONCLUSIONS

Beuring in mind the experience in remotc uaensing, bhuild up over more than ten
years, a polarimetric SAR aystem is designed in Th: Netherlands.

The projoct im carried out in two saps., In thls paper the .irat atep, conslating
of a SAR testhed and preparatory studles, ls described in dotall. This SAR system will
have limited capabilities, but is good mnough fur a number of esmential experim:nts and
servrg the purpome of acquiring espurience with aircraft SAR and its technology.

The system is bullt up with atate of the art technnlogy, Remarkable features are
the fixed antenna (no motion compensation) and the low punk power, gencrated by avlid
dtate devices, Thies low peak power glives the system a very low probability to intercept,
An important fantura in nperativnal military applications.

The molld state technology r..inues the dimenslons of the radar considerably and
avoids the ude of potentially dangerous high voltage powcy supplies for TWT’s. Tha use

o1 MMIC’s in the PHARUS ls investigated in the preparatory study on antenna technology.
Application of MMIC's would further reduce the dimenalona of the radar system.
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DINCUSSION

Jucobsen
At thereny HCCM coinidettions in your proprmne?

Author's Reply
The PHARUS progranm is supported by the fiistry of Defense and the Netional Renote Sensing Bod. We try .
ICOrporate i podant reseazeh subjeets from both commuities, The design of the SAR esded amd o the PHARUS
pobarimetic SAR s chivietensed Ly fow peak poser, Bigh PRI jind high daty evle, combined witha frequencey chivp.
From the military paint of view this “spread spectrum technigue” deed conributes tos deeseased vulnerability of the
systene s it carrier e toemitted ndiation. ALe sine time v bigh - oherent integration gaiin espeeted with this
system naskes juniming more difficolt
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{ Abstract Lot

v ~ o

ROBAR (Rotor-S8AR) 4{# a synthetle uparture radar concept based on rotating sntennms of a hallcopter for
pllot aight target datection and target localisation with high resolution, Thae ROSAR aoneapt has potentisl
benafits for clvil and mllltary hellcopturborne imsging application, Lf the antennas are mounted at the
tilps of the rotor blades, for axample [Fly, -if. The oconcapt has two main potentlial banefitas, that are, the
imaging field of view Ls 360% und there ls no need fur a forward velooity of the oarrier platform. At op-
possd to SAR systems basad on linear movemant of the antenna ROSAR imaging is based on synthetic aptarures
of a ciraular shape. Thus, the ilmage formatien process requires a polar format proocessing architeoture,
The ROSAR prinaiple la also applicable for other radar mepping systems with rotating antennas, not only
tor helloopters, , .-

1, Introdiuction

ROSAR has been investigated theoretically, by simulaticns and by experiments, all hased on an ideallued
olrculat movement of the transmitting and recelving antenna vith constant angular velocity. Tha acneept
conalats of & pulsed radar, A point targst in the {lluminated swath generates s recelved signal, which may
be correlated witl the dorresponding refarence function to s poiut spread funstion, If this processing ia
done ooherently, a synthetic aperture of aircular segmant shape would be formed. The heart of the ROSAR i
the pecial processing, where the recelvad raw signals are correlated by internally generated or stored
refurence sighelu w'th the result of angular aompression, thus getting a high angular resolutien,

By simulati~n techniques we have investignted the real angular resolution depending from the above mentio-
nad parsmeters and additional othar patameters which bacome Important in the future applicatlon. HWe hava
aleo Investigated in which ranges epmcial reference mighals or a crmmon referenaa signal can be used rde-
pendent frem the tolersble angular error.

In accordanes to the thecretlioal results and to the remulte of the mimulations we have made ah erperiment
with a real rotating antenna bub of ocourse with a scaled down angular veloolty of the rstor. The illu ina-
ted swath conslsts of meadows, bulldinge, bushes, trees and of 4 corner reflectors in a knowh posii.. 4,
Thud wa can proof the resulta of the theorcotical lnvestigations and simulatlons,

2. The ROBAR Conoept

rig, 2 {llustrates the basloc ROSAR aonflguratlen with the Jlluminating/receiving antenhas, The antannas
are mounted at thea tips of the rotorbladws, whareby a olrcular ring shaped swath (s illuminated, The ac-
tual 1lluminaticn geometry depends on the altitucde H, above ground, the slevatjion antenna patterne and
the depression angie 8,

At aach popltion along the track of the antenna at the clrcumferenoe of the clroular path the radar pulaes
are goherant trunamitted, dohsreni. reseivad and storad., The angular distance da = o/f, with the angulsr
velocity m, end the pulse rupatition fraquency f, ! aquivalent to the interpylse perioed tp = 1/f;, by 1§-
near movemant. nf the antenna, Since the flluminated awath 1o a clrculsr ring, the signal prosasalng s a
funat ton of rotation angle u =~ a,t,

3, basic Doppler Dlscussion
The antanna geometry for & aingle totation la Illuntrelad in #fg, T with the aswimpt)on Liat the ground
rangs to targel Rap at a = 0¢la much qreater than the length of the rotorblade ! and the altitude ab.ve
qround H.e Lyes Byp >> 1Loand Ryy 2> 1.
Fot Noppler neleulation the followlng moditicet fonr are asaumed:
- to forward velocity of the cartisr platfoum
the antenna phase center 1o assured to be al the tip ot the rotorblade
anly one [oint targst {a illuminated
- inmlastic rotorblades,
A pnint tacget {n the llluminated scens genevates a time perlodic Doppler sttt Lo {n the carrler fregquen-

ay fo of the tranamitted sigral 9y [1]. For Deppler proceasaing the :an-e tasyst R must be nalculated f{rat
{Flg, 71+ The range to target T Lla with the anquiar velccity e, and rhe rotatlon angle a » a,t)

R{t) = Rgy =~ L + com a,t (1}
For a transmitted signal

Splt) = Ap(t) » com et , 02
the recelved wignal 8p with the time periodic Doppler shift results to

antt) « A (o« ESBIL L gon g n - 1B, o
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The fraquency ta of the recoived signal is
: dR 2 :
f“(t)-!¢~z—c~&'-—d~é—)-mf.-:'|!(t|. )
The Loppler fraquency shift f;, 1a the differsnce betwesn the received frequency fa and the transmitted fy:
2.4
folt) = falt) « fp(t) = ~ 1" () . (3)

The time periodic Doppler ehift fp la twice tim targets range rate R divided by tha wavelungth A of tha
transmitted RF aignal.

With

Alt) = !ﬁé&i -t L oain wat 6

the Doppler shift fp in frequency is

folt] » - % CR(E) m - % cme Lo ouln eyt w - % v v ooein et (%3]
with the tip volooity of the rotor blade v = w, * L,

For Rge »> L and Rgy >> H, tha Doppler funotion is a aine wave, The complute Doppler syrle (aine wave)
corresponds to «n omni-directional antenna aximuth pattern. The maximum Dopplar lrequenay shift is

Voman| = § + @0 + 1w &gt ®)

for @ot w £ 90° and the minimum Doppler frequency snift ia

| Lomin| = O He "

for mat = 0% and st = 180*,

If the plene of rotatlon la not perfestly horlzontal, an additional Doppler term oncuts, ainde the eftec-
tive altitude H, 18 no longar constant but time dependent. For tha follewing calculations this effest will
be naglected,

In SAR systems the arimuth resoiution Ls prapertional to the bandwidth Bp = 2 - |fpuax|, therefore the
maximum antenna bsamwidth y = 180° the maximum rotation angle 18 apg, = 90°,

The phase history ¢y of the aoheren demodulated raceived signml 9xn la after mixing down to zerro carrier
frequenayt

¢ r.
erit) ~2n I tpit) dt = 1% LN PO PR J sl mat dt
0 0
L (1 - oos mt), (10)

The recetved signal 8p ia with Ap » 1 in exponential format for Rgy >» L and Rge >> lat

113
. 3t = ol {l-aon m,t)
Yp(t) = alientt) R (1)

with the inephase part. Iy of the algnal 8yt

{n{t) = con [ éﬁ v Lo (1 - vos -nt)] (RF3)

and the quadrature part gy

Qnit) = aln [f-"— Lo ) - aow amt)}. (1)

Flg, 4 ahowa Lhe recelved algual S, for the {1lumination of ane point Larqet with & w 0,21 m (1,3 0k2), e,
w 0,2 0 and Lm 6 moam & funation of rotation angle a = w,t with - 90° € o € 90°, For Rgn >> 1) and Ry
»> N, the aignal dowa not depand on rengn to target, Fig, da shows the Ln-phase componsnt 1, and Fig, 4b
the quadrature part QO af the recsived aignal Sy, The dotted Line ahows the [oppler frequency shift f,,,

1, Bynthetls Apurture
At HO®AR the ayntietic sperture 8 [u defined by the way ol Lhe sntenna A with the beanwldth y durlng the
{lluminatlon of & targat O (Fig, %, Thia la

Gy o L [1 . ﬁﬁ:} , (AL}




For tar range targeta wlth Rgy > ©oequation (14) almplifims to

S eyt {14
A polnt tarqet O ls llluminated durling the rotatlon angle

-ﬁ—r“utﬁ {16)
with @ = a,t. For Ryp >> L wquation (16) simpllfies agajin to

“teanl. an

The integration time Tg Ia

<

Ta =% (18)

for Hga »>> L with S ey L oand v = &, ¢« L follows

-
't‘,,“.n

. (19)

5, Azimuth Rasolutien

In AR systema the arimuth resclution la dofined by the point spraad tunotlon, whiah is the reaponse of
the ayatem to a point target, The polnt epread function 8y remuits from corralation of the recelved migna)
with the referenca Punation. This procems 1x & almple way to conwider matched tiltering, Wien the tacelvad
aignal and the reference funckion sto matched, tha output of the correlator has his maximum, In linear BAR
systama the correlator output la a ajna-function und the time remolution Ls inversely proportionsl to the
Doppler bandwidth Bp. In most common definltions [?] the awimutb resolution La glven by the -3 dB width,
whioh 1s the wngle or distance between the points 3 B below the peak value of Lhe point spread functions
mainlohs, The =3 dB polnts correspond to the half powar level, respeatively to the 0,707 ({0,5) level of
the amplitude,

Al ROSAR the point spread function 5, 1z not a sinc-Functlon but tor y » 1BO® in cass of Rga >» L and Ry
»> ll, & Beanel funstion Jo flrat kind nf order 0, {,e,

8ylag) = Jg [gl e u,J 120

a8 a functioh of the angle differenum a,. Flg. 6 shawa the absolute Sap of the point mpread function 4y,
normalized of tha maximum valua J4(9)1

p. 4x
Iy r'lo'u,. ,
Aos i) » T )

a8 a function of the angle differsnco u,, wheroby o, 1o normalized to the quatlent A/L {n Big.6, Flg, b
ahowa, that the hest atiainable angular 1esclution appuae 18

A
Sanman * FT (27)
This squation (22} for ayguam 14 olily valid for y - (80" and By oo 0 teapeat lvely By > Hae o the higlent

widniobs of Sywiuy) im 7,9 dB belew the malnulobe n contrast to the uinc-fuhation of Lhe 1inear SAR, wheie
the higheat sidelote s 13,2 dB helow the mainlobe,

For other haamwidtha y the szimuth resolntion can he eatimated with the aid of the thaory for algnain with
large  timw bandwldth product, 1.e, Ty + 0y, > 1, bacauss time resclution of the compressed pulam 1n then
inverne to the Dopplerbandwldth By {}]. The time resclutlon for iluoar SAK AL = )1/l 18 at ROSAE nauiva
lent. to the angular resclution Au ~ e, * AL - @, /R, If bhe asaiwplion of large time bandwldth preduct ta
valld and with Ry »> L respectivaly Rgy »> i, the angular resnlution oay for ROSAR with

7. .,
Bo = 2 ¢ |Lingmal = &gtk yin Py

will become

3 A .
ayg ™ 0,80 ¢+ B8 w oy, 88 ¢+ ~ . . (74)
A der et s aind

———
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The azimuth resoluLion a,, 1a independant of the angular velocity e, Hith

Ao (25

Az
[ nln(})

the arimuth resolution for HOSAR cun be caloulated, For y n 180° equation (25) s equal to egiation (22)

which was derived by the Ressel funotion Jg. Flg, 7 showa the angular resolution a,y a4 a furation of the

besmwidth 1, wheveby the time bandwidth product ls great encugh far ocalculating equation (28). In a di-
atance Rg, the szimuth resolution in metres ls

Ay = ®ap ' Ryos {76)

The range rewolution Ar im the resolution of the pulsed radar, With the tranamitted pulse length t and the
apeed of light » the range rasolutloh Ar La For Rgg >» L and Rag >> Hee Jo80 8 « 01

ar e Sl zn

§. The Range Curvature Problem

Wh!le travelling along the alroular synthatic aperture, the range to target does not ctwmain conatant (»ig,
A). The cutveture AR,,, of the synthetlo apsrtiire 1a for Ryg >> L reapactivaly Rge >> H. primarlly onsumed
by the radius of rotation L and the antenna beamwldth y and {4 practically indepandent of range to targnti

Ay = b+ [1 - oos (})]‘ [28)

Now we muat detarmine, how many range oalla Ar are asnoolated with ARpex. Tf ARgex LA for (natance leas
than the half of the ranje cell, the tange nurvatura problem van be ignoread. In the other cias a corrsati-
oh must be done.

Tha maximum posalble rangs ocurvature ARp,, #ith y ~ 100° ta the length of the retorhlude L (aq, 28). Py,
$ ahows the shape of 4llnen 80 & function of the beamwidth y. Because AdRye. Lt for a glven beameldth y 11-
mited, a correction L4 eawily pomwible,

7, Rxpariments with a Hotating Platform

A the DLR in Obetpfaftenhofen & flrat ROSAR experiment with a red! votating antenna but of coiutse with o
scaled down angular velooity of the rotorblade has hesn done Lo astablish the 1esults of the thecry and
simulations, The radar 1s & mopostatic pulaed radar, 1,m. & conmen entenna {s uaed For both tranamitting
and recalving, In a knawn poajtion four dornmr tefleators ware positioned and uned for demonatrat lon  of
the arimuth resolution, The recmived achoxignals hsve boan measurad In the T and Q componants and the 1e-
caived algnal hes boen correlated with the reference funotlon to a polnt spresd funotion, rig, 10 ahuwa
the geumetry of the measurament oonfiguration for Lhe rotating platform and the llluminated awath with the
reflactors in e radlal distance of 265 m and Ln an engular position hotween a, = 22%* and ny = 240", (e
parameter of the messursmont geomstry are ¢lven ln Table 1, In consaguwnoe of the low aititiude Hy, = 2,45 m
the deprewsion shyle ¢ {a givan to 0°,

The measurad data were stored and processod by Lhe Exparimantal FRadar Messurementayatem SARSUAT aof (he
DLR. SARSCAT L a ooherent L-band Radsr, Table 2 summatizas Lhn parameter of the measutemant sgquipment .

With the transmitied pulae length + of 200 nn the jange raaclutden Ar s 10 m and the total numbsr of 1an-
ge bina La N = SW/Ar » 8,

Table 3 summar|zea woms ROSAR dealgn pavametarn for  the fourth range hin wlth the corner raf laotors iy a
radial distance Ry = 265 m and an angular poattlon betwesy 274° and 240%, Por thia configuration Lhe cal-
anlatlon of the dealgn parameters conld be done with the assumpt tonn Rgn > boand e o UL,

A cortaatlen of Rangs Curvature {a not. necessary. Fig, 11 ahown thea lu=phane 1,4 (Fly, 114} and Lhe Hun-
drature part Qug (FLy. U1 of the tacelved algnal dpg an o Funallon of totatlon angle n v o, The tecel

ved slgnal of tha touith tange bins Sue han baen voriwlated with the reforence fulckion S,y Lo a peln

apreacl funotion 8,4, Flg. 12 ahows the reference algnal Hyq With the (n-phana lpg (Kfg. 12a)  and the qua

drature part Qpe (Fly. [2b), 1.,

Bpa(t) » Ipg(t) & § © Qpail

LAY ] g! [ P § BT u”L)J [ ] [gﬁ o {1 - von at) )]

an a tunckion of rotation sugia a = et wiih

-hsasn % .

The polnt apread tunctlon dgy For nna retation with ny = 160° redults La

ap
Soatant = [ ongter  rte e ()

o
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' :-Hrmn_h boamw f ety ¥ 16°
oreval 1o l.(u:vl_'l' Y t iht
:l_eprosnion avgie L] 0°
Albitude He 2,5m
dlatanze ts awath Ran 160 m
swath widtn W 240 m
, radlal distance to reflectors Rga 265 m
angular positlon of reflectora ay 225¢
%y 240e
| latern! distance hatwaan raflustors AX 15 m
langth of rotorklade L fm
' angular veloclty B 0,2 &1
‘ erossection of reflector [ 100 m?
’ Tabla 13 Parameter of tha measuroment geomelry.
: — -——
frequancy fe. 1290 iy
pularisatjon v
pmak power Py 50w
trenamitted pulae lengih ' 200 ne
rmceiver bandwldth \ Ea S MHz
pulse repetition foequenny fe 100 He B
range 1eaotution At om —_J
Table 21 Parsmuter of the HARSCAT-Measurementsystem.
fynthietic Aperture lanqth 5 4,82 m
Range ;:l-l\la(uu* ARy ax 0,48 m
tip veloaity of roterblade v 1,7 ma=!
integrat Lon tine T ioa
tumber of pulses per Apertute 2y 1200
tatal number of pulpas im 3600
Dioppier bandwldth B, \ 4 H7
Tublx 3: Some ROSAR denign parameters.
aa a tunction of the angle difference «,. the albsclite of the point spread tunction 8,4 {4 amplltade {x
the function S, normallzed te tha maximum value Sogmast
} .
Sana iny] * dulacl (1)

Flg. 17 showa the poin. apread fiotlan Sppqle,) with the four cor-er rmflectors th an angitlar pesition
Letween 225° and 24.°,

With the ment loned parametars the thecretic azimuth resojution s,e (m with equation (2812
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o * 2 - 1,020, (32}

5o bcsinth

Hith Rgq = 265 m the azimuth resolution in distance ls

Ax ~ app * Ryq ™ 8,2 m. (33)

Fig. 14 shows a detall of the point spread funatlon 8gn4 (6} between 220% and 240° to compare the attai-
nable azimuth resolution of the ROSAR with the resolution of m rotating antenna with real srray. Fig. 1da
shows & rhoto of the illuminated scene with the four corner reflectors and two traffio slyns. ™y, 130
dhows the dlsplay of a rotating antenns with a resl array Sgaqla), This image lu produced b{ the motran of
the antenna along the circumference of the clreculax path, The resolution of a raal srray is obtained by
the antenna beamwldth y [4], The azimuth resclution is approximstely 133 m and the reflectors respectively
traffic migna aan not ba resolved, Fig. Ifc shows the point apresd functlon Sppe{ar) of the ROSAR with an
azimuth resclution of 1,2° and 1,3%, i,e, Ax is approximstely 5.2 m, With this resolution the reflesctors
oan be ressived, but the traffic signs with a lateral distance of 4 m gan not be resolved,
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DISCLUSSION

RKlemm
How does ROSAR perform when the helicopter s moving? Do you expeet ndditionsl resolution®?

Author'y Reply
When the helleopter is moving we then have to constiuet several velocity individun referenee Tunetions wd the sipnal
processing will beeome very more complieited, Anadditional eesolution could, fu prineiple, be expeeied.

J.Richard
Oucelrype d'umtenne sera implantée surle rotor et coniment seris-clle alimentée (pur le sipal RE)?

Author's Reply
We will use u wive-gulded horn ontemin at 38 Gilz or 94 Gz whieh will be integrated D the tip ol the rotorblade, The
supply of the antenm will be achieved by tlesible wave guides integrisied b the totorblade,

Javobsen
Whint parteulars application da you e b mind with this coneept’?

Author's Reply
Heticopter pllo sight with alt weather capatility snd high resobution. Sueveitiance, tiget detestion, reconnuissitiee and
Toealisation as u supplement to the optronie sensors speclalty in dirty badlefield and bad wenther conditions Alignnent
of un Inertisl/weeming gulded missile with u RE-seeker hewd launched feom a helicopler,
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TITLE CAPABILITIES OF BISTATIC SYNTHETIC APERYURKE RADAR
FOR COVERT BATTLEFIELD SURVEILLANCE
AUTHOR C. D. Hall
AFFILIATION Marconi Space HSystems Limited
ADDRESS Anchorage Road
Portsmouth
Hampshire
PO5 HRU
, ENGLAND,
(
3 Abatract

The capabilities of bistatic synthetic aperture radar
to provide rupid update rate, real-time covert radar
surveillance to the military user are considered. The
sputial remolution and senaitivity achievable from a
teotical syatem using a emall RPV-borne transmitter
and a static ground Lamsed receiver are discussed and
the relative advantages of two distinct types of
emisaion modulation are exumined, Finally, a number
of areas requiring Purther atudy are 1dentlf15d.
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1. Introduction

Bistatic synthetic aperture radar (SAR) is a combination of the bistativ radar
configuration nnd the high resolution processing techniques which have been
developed for DAR., With this technique, motionu of elther the transmitter, or
the receiver, or both transmitter and recelver are used to facilitate the
xﬁnerT:gon of synthetic transmit and recelve apertures by the processing
algorithoe,

The value of this technique for battlefield surveillance is its potential to
provide the level of covert surveillance capabllity to the user which is usually
aseociated with passive u{stann. These aystems use natural emissions from the
target and soene for the imaging procesa and are usually vapable of high angular
resolution but do not easily yield ranging data, The particular atrength of the
bistatic SAR technique is that it combines the covert nature of paseive
surveillance with the asccurate ranging capability usually amsociated with actlve
systems such ae radare and lidars,

The apecitic feature of histatic systeme which provides the user with a covert
purvelllance capability is the potentially large separation which can exiut
between transmitter and receiver., Thie separation means that theve is no guiding
emiagion Ygich might lead to retaliation againet the user who im located at the
receive site.

The transmit element le however, vulnerable and careful consideration must be
%lven Lo the mitigation of the ammociated system vulnerability, The prime

unction of the tranemitter Il tu illuminate the scone on behalf of the receive
element: therefore it should be recognised that concealment of emission is not a
viable approach to the mitigation of vulnerability, It le felt that a more
realistic approach is to attempt to win the attrition costs on behalf of the
transmitter and make the cost of its destruction unacceptably high. Particular
features that promote thim approach are the following:

i) design the tranamlt platform around a rheap remotely giloted vehiocle
RPY) and aim for a cost which allows the p atfornm to be regarded as
throw-away. This approach aimem to win the attrition cost against an
anti-radar missile as the probable attack weapon.

ii) d::lga the platform to be small g0 as to be lesr vulnerable to artillery
ARLLACK,
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Tiniléy, the general benefits provided by this type of survelllance systea
ncluae:

% the provision of preciase range data

¥ day-night operation

% an imaging capability of comparable spatial resolution to thernal IR

L axc:llont oloud and rain penetration -~ better thai thermal infra-red
systems

* a quasi "movie" imaging capability with image update rates uround one
frame pear second

2, System Qeometyy

The particular bistatic systea considered in this fapor is one in which the
transuitter is mounted on a cheap RPV and the receiver is ltntionnr{. and ground
based, Ume is then made of the plotform motion in the processing algorithms
u:uocl:tedt withth tPa recelive
elemen o synthesise a very ety g .
ignx b irannni& : erture thg i 4&?#27

ere provide e very hig . .
lpatlni resolution (v 8 metres) - ’?,a“'h\7>
needed for surface surveillance | TMANSMIITER “‘"”“”‘M -

and the detection of tanks.
scwmil,i_‘:“m TARaET

ATy - VERICLE

The rincipal elements of a
bistatic radar =system are shown | ram
in Flgure 1, where it ocan be . : o
sean that  the transmitter - *F#q.\‘ éf':’
illuminates the mcene which is RECRIVER S e

to be observed, and wsignalm, —
backsoattered from the scene —
together with wignals direct VELOCTTY Y
from the tranamitter, are R
intercepted at the receiver. -

The gdeometry associated with
bistatic radar systems is more
couplicated than that sssocisted
g}tt :?noutatl?irldn::. In the | L50-DELAY
static configuration, range |" . L et
bins are foraed on ellipsoids of | "5V CONTaURS
revolution with foci at the “—
transnitter and receiver
locations. The range bins which Figure 1  Blementm cf a Bietatic Byatem
lie on the wscene wurface
therefore lie on the ellipaes
which are aluc visible in Figure 1. Each of the ellipses marks the locatlion of
a contour of constant time difference on the path transmitter-target-receiver,
and 80 {l. can be seen that there 13 nov simple relntionnhlf between time
difference and rangc from recelve locatlon to target (as is the came with
monostatic systems)., Rather, there is a more complex relationship in which
range and time are a function of bearing and transmitter looation.

3. Spatial Resalution

It is common practice to divide the .mage produced by an imaging aystem into a
two dimensionul array of contiguoue pixels whose spacing is of the order of the
system spatial resolution. In particular, a radar image is usually arranged so
that one axls of the inage conforns to the direction of increaming time delay -
the range direction - and the other axis, to the direction perpendicular to
range - often called the azimuth direction. With the blstatic BAR system under
consideration here, it ls convenient to adogt the same structure and amsoclate
the range direction with the direction of the trancmitter/receiver bameline.
The imuglng rocess in thig came therefore uses the time diffeience betweean the
direct pat ?transmltter to receiver), and the scatter path (tranamitter to
target to receiver). Howaever, in order to conplstol{ deteraine the range from
tardet to recelver, two additional pleces of information are required, range
from transmitter to recelver and bearing of the target relative to the reneiver.
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Having thus determined the rauge associated with a given target return, the
target is thereby located as lying within a range bin whose length can be very
short but whose width s identical to that of the receive antenna beam. Suppose
now that the recelve beam i8 maintained, pointing In tke direction of the Larget
as the transmitter proceeds along its flight path. A wnole seguence of returns
from the tarfet is intercepted at the receiver location, each return being
asgociated with a different transmitter location as the plattorm mcves along ite
trajectory., It can be shown that successive returna will differ in phase by a
predictable amount which 1a characteristic of the locationa of the scattering
centrra which produce them and is the basis of the synthetic apurture processing
which enables many distinct pixel locations to be identified acrous esuch receive
beam. The spatlial resolution associated with the aperture which ::an be
synthesised from these returns comes specifically from the component of motion
perpendicular to the sight-line between tranamitter and target. Thuam, the
direction of the ideal trniectury for ultimate resolution ia perpendlcular to
the tranamit/target sight-line, However, it is worth noting that this ldeal
condition will meldom be encountered in the fleld and even then, processing will
be complicated by range walk, or the need to retrieve conmecutive target returnn
from different range bins,

The consequence of this is that an analogy can be drawn showing that the angular

width of the receive beam in the mystem, {8 equivalent to the angular field of

view asBoolated with & passive TV atyle of viewing myatem, The synthetle

aparture processing then allows that recelve beam to be mub-divided inlo many

;valie{ pTxela Just as the TV goan mechanism ldentifies many small pixels in the
picture.

In the rnnge direction, spatinl resolution ls set by the bandwidth of the
transnitted signal. For this example two cases are considered, one being a
linear FM chirp, the other being a continuous pieudo random binary phase shift
keyed mequence zP/N code). Examples showing the relative performance of syatems
etuploying linear FM chirp and PN code emissionm are presented in Figure 2,

In the arimuth direction, fine spatial resolution is nchieved by means of
aperture synthesia techniquen. It is convenlent and valid to thlnk of these
techniques am permitting the uﬁnthenls of a very large transmit aperture. The
pystem agimuth resolution is thus established by the transmit elementas of the
systenm and therefors although menaitivity im {mpaired, linear spalial remolution
remains constant ae the receiver is moved away from the target, providing the
transmitter target clatance remalns constant,

This section ends with some examplem of the spatial resolution likely to he
achieved with this type of blatatic 8AR, In the range dircotion an emission
bandwidth of 30 MHz would be eufficient to realise a range spatial resolution of
around 6m,¢ In the azimuth direction, spatial reﬂolution/on can be shown to be
given by equation (1)

A Rr
/oﬂ 2 ‘l.norannn-.unoo-na-on-u.ono-»no~o.»|-.n.-(1)
la
where N = operating wavelength
Rr = range from transmitter to target
1« = length of synthetic aperture

A consequence of synthetic aperture processing is that mamples must be taken at
gpecific intervals along the desired aperture, The spacing of these samples has
a profound etfect upon the quality of the image which can ultimately be produced
by the system; in particular if the spacing between samples I8 too great then
ambliguities will be obmerved In the image., These ambigulties can be regarded as
resulting from diffraction grating lobes which exist ae a result of the tinite
number of samples taken alon% the aperture.- The desirable maximum distance
batween samples can be calculated by arranging that angular spacing of the

4. ating lobes be greater than the angular width assoclated with the receive heam
at neuarest viewing range, Thig distance can be shown to be on the order of the
dimensiona of the receive antenna, Now, with a mobile transmit platlorm, this
places 8 requirement on the emission modulator, that the pulse repetition
fraquency (or the P/N code repetlon [requency) be greater than a minimum set by
the ratlo between the RPV platform velncity and the width af the permive pntonna
aperture. In the case of continuous P/N code emidsions some of which can have
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very long repetition intervals, the sampling requirement is tranaferred to the
receive element where individual samples of complete range linea muat be taken
at a rale set by the same criterion which constrains the emiseion modulator,

For a typical case operating at 9.6 GHu, a synthetic aperture of length 50m
wotild be needed to provide an agimuth redgolution of 6m at a stand-off range of
B8km from transmitter to target. 8ince an aperture of this length can he
produced within a period of one second by an RPY trnvelling at little more than
Mach 0,156, this type of system should be capable of producing images to a
spatial resolution of Om at a rate of one image per mecond. The individual
sample ruto in such & case with a receive aperture width of 1z is crequired to be
at least 50 He, Although this image rate is aot sufficient to give the smooth
motion associated with TV 1mn§eu, it ia quite adequate for the needs of a
survoeillance syatem intended for use against ground based vehicles.

4, Benmltivity

The senalitivity of bistatic SAR aystems is momt uasefully exTrenuad in units of
normalised radar cross section (NRCS) or ou . Thim vnit ls dimensionless and
quantifies the concept, "bistatic radar cross mection (m?) per unit area (m?)",
In attespting to quantify what iam a useful oysiew mensitivity, thero {8 a need
to know what values of go are tlecal of the Bcenes to be viewed by the system.
Now although there is a reamonably extenmive base of data gquantifying monostatic
values of oo for the rural environments in which the system might be deploved,
there i a dearth of such data quantifying bistatic measurements., A further
reakon favouring the partlicular geometry chosen for this system lg that the
scattering geomet.ry at the mcene is approximately monostatic so that the values
of systen sensitivity derived can be related to existing monostatjc medasurements
with reasonuble confldence,

System senmeitivity la a functisn of every elemeni of the aystem including
transmitter, scene, and receiver, However, in the analyses coaducted ao far,
it hus been found convenient to identify an Interface, located at the scene, and
define there a ground irradiance amssociated with the transmitter, Thie divieion
enables the Lwo elements of the syutem, transmitter and receiver, to be studied
in relative imolation so that when the receive element is analysed, the analyals
¢an proceed on the simple asgsumption that the transmitte» places a given
i11luminating power over a given uarea,

System seneitivity is conveniently expressed in terms of "noime equivalent oo
(NEvo) where NEgo 18 ldentical with that value of oo which would produce the
same signal at the n{ntem output as is produced there by thermal noisc in the
system, Ualng the relatively mimple model of the system outlined above it can
readily be shown that system sensitivity ls given by equations (2} and (3)
respectively for FM chirp emisslons and for P/N code emisslons.

The principal difference between these two exgreaaionn is the inclusion of an
additional term on the top line of equation (3) which takes account of the
gignificant uncorrelated noise component that results from the sidelobes of the
autocorrelation function of the P/N coded emission. ‘'The autocorrrelation
fuonction (ACKF) amsociated with 4 linear I'M chirp 1s characterised by the well
known "sin x over x" function which has a sharp rentral peak and sldelobes which
decay rapidly. This type of function providea a negligible contribution to
overall system noise. However, the ACF with a continuons P/N coded emission ip
characterised by a single large central peak and Bidelobes whode intensities are
essentially constant and inversely proportional to the number of code chips

contributing to the correlated signul and leads to an additlonal noise component
which can be signlficant,

FM chirp emission
4n Ae ve Rr? KTaye

PAr Rt\ fp Lt Lr La

NEco =

.Albnlcllnnnnlucclcltl»tn-uttn(z)

P/N code emission

Ar vt Rr? (AnkTays + H Or Ar 0o Lt Lr La M/fe)
NEOD = ..:..(3)

P Ar Re ) A8 Lt Lr La
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where

Ax = area illuminated by transmitter Lt = loeses in transmit segment

Vi = velonity of transmitter platform Lr = loases in receive segment

Br = range from scene to receiver La = atmospheric propagation

k = Boltzmann's Constant » ground irradiance ( = P/A: )
Tayw = system nolse temperature Br » width of receive beam

p x mean RF power generated in HPA go w background blatatic NRCS

Ar = effcotive aresa of receive antenna fao s P/N code chig rate

A = operating wavelength M = No of range bins in image

fm s pysten slant range resolution

Uaing these relationshipa, it can be shown that the sensitivity associated with
a8 aysten qlfloying 4 Quite modest transmit power is more than adequate over the
ranges likely to te encountered in the battlefield, Performance data which
characterine this fyge of a bistatic system have been caloulated and are
presented in Figure 2 together with typical values of signatures likely to be
found in the scene, and relevant values for the system parameters. The data
should be interpreted as follows, Values of system sensitivity expressed in
units of NEoo are indicated by four lines, two dashed and two full, which cover
various combinations of transmitter emisslon modulation and atmospharic
propagation conditiornm. The relationahip between these plots of menmitivity and
the regionu of typlcal target and background Bignatures which are shown as
hatched areas on Figure 2 le that at the range (Rr) of interest, these featuresr
will be vieible in the final image providing NEvo is smaller than the features
to be obmerved, 1t can be aeen that although the performance achievable with
linear FM chirp emismion la lifnlftuantly better than that achievable with
continuous BPSK pseudov-random (P/N) code emimsion, the latter providem an
adequate capability for observation of both targets and mcene features.

The extent to which features are vialble above the system thermal noise floor
reprenented by NEoo , Ju a functlon not only of the magnitude of thuo difference
between feature and noime floor, but also of an artifact of synthetlc aperture
processing called "speckle" which is & nolse component that is proportional to
the intensity of the features being imaged, Speckle can be reduced by amsigning
each pixel in the final inage to be the avoraf« of meveral statistically
independent measurements; thia process is called multi~look imaging. Howaver,
in thie case, provision of the independent samples required hy thie procens
calls for an unacceptable macrifice in spatial resolution and the decimion ham
heen taken to present n single look image on mcreen. In this image, although
speckle will produce a substantial nolse component, typically 4.8 dB for a
single~-look image, the difference between t{Tical target and background features

is sufficiently large that targets will still be vieible,
NEo,, _SYSTEM. PARAMETERS
dB) o
( EA OO /7 /;’:‘:gr“"“ Ar = égkm X 10kn
0 arge eatures vi @ n's
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Figure 2 Performance of a Typlcal Blptatic SAR Systeg
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b, Syatem_lmolementation

The system envisaged for this role consiats of two major elemunts, transmitter
and recelver. The diviulon of activity between the two is such that the
transmil element. js kept very simple and rontaing only a stable local
oscillator, sun emigsion modulator, a modest. RF power amplitier, and a gsimple jow
gain antenna of broad beam width, The RPV is likely to fly at an altitude i
around 500m to 1000m and will illuminate an area between 26km? and 100km?
depending on terrain llmitations. The data presented in Figure 2 show that even
when illuminating the larger area, excellent mensitivity can be achleved.
Congecuently, it is useful to point out that there ias no particular requirement
for tie tranamitter to i1llumlnate just a emall part of the aurveillance zune
through a high gain, steered heam. Rather the system operates uming a very
broad beam from a fived low galn antenna which provides a floodlight
‘1lumination; this ls esmentinlly the microwave equivalent of the illumination
provided by a starsnell or flare for night operation of vislble band seneors,
Thus the relatively vulnerable, transmit rlement of the system retaine its
aimplicity and the more complex elements of the system are concentrated in the
puasive and therefore less vulnerable, recnive element,

The recelve element contelns two low noise ampliflers (LNA), one for the scatter
pualth through which the scene ls observed, the other for the direct path along
which the direct signal from the platform is recelved, Assoclated with each LNA
thore im an antenna, the one assoclated with the direct Rnth in envisaged am
buing of low gain, typlcally belng very almilar in itn ~haracteristica to the
transmit antearn; the antenna usmocisted with the scatter path is u high guin
narrow beam element through which the scene 18 observed, (This mode of opnratiun
somiwhat resowbles the way In which the telescope uwasoclated with high
resoletlion, narrow fleld of view visible band and IR sensors iB used to observe
secenas).  in addition to the KF components, the receive element aluo contalns
the range correlator (for M ahirp or /N code) and a powerful processor tor
tranaformation of the raw radar returng Inlo 4 recognisable {mage, Thiw
processor e regulred to undertake s number of functions during this
trangformation., Before proceseing can commence, the current aystem geometry must
be determined, Therealter raw returns wre tranatormed into a raw image, and
finally the rav image ls transformed luto s realiwtic maplike projection for
vbeervation by the user,

The processlng envisuged for this systom differs (rom that asmoclated with
alrborne and spuceborne SAR'S predominantly in the volume of data requlring Lo
bhe procesned., Because both of these symtems cover very wlde areas at high spood
and at high spatisl resolution typleal sample rates lle in the reglon of teuns of
nillions per second. The bistatic SAR aystem however, im denldned Lo operate
over 4 much more limited roglon so that eoven when operating at ranges out to
10km, the nominal 8° arimuth beam width will generato 4 sample rate of only 0.2
mlll;oun por second, All the computationally intensive proceasing operations
involved with this aystem are correlations and with an airborne or spaceborne
YAR, theso operations can convenlently be conducted in the frequency domaln,
making extenslve uwe of FFTI' Lechniques, [n thle case however, range walk and
repeated prucesning of imagem of ono locatlon ualng u muccession of differaent
correlation functions as the system geometry changes, meang that time domain
processing in more appropriate, The computation rate assoctatod with 200,000
plxels per sec with time domailn processing dopends on the azimuth width of Lhe
tmage. In thiw case, Lhe image js some 200 pixels wide, each ol which I
supported by two raw date samples. Thus, the corrolntion function for each
imuge pixel is of length 400 samples, and the final data processing volume
amounts to [G0M operatlons (multiply and add) per second, Thia procesalng vate
in large but with modern procunalnﬁ devices can realistically be conceived nn
Polug n?rV|ced by hardware accommodated on a few (pousibly vne) Double
surocards,

The deternination of system geometlry has been ldentified am one of the eritical
areas which remaln open for more conceptual study., Succosaful image formation
relien on detalled knowledde of the system geomelry in order to generate
approprlate aynthetle aperture fliter functions, The accuracy required of such
geometric data 18 stil] boing studied but two anlternstive approasches to the
accurste determination of Lranamitter location have been identiticed. One relies
on the eatabllishment of additional direct path recelve aites in the vicinity of
the recelver so that triangulation and iuterferometric Lechniguea could be
employed for transmitter location determination, The other relies on the
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incluszion in the transmit platform of a CPSS receiver which might be used as a
reluy eierent to modulate a sub-carri r from the platform so that a full GPSS
decoder at the receive elerent could be emvloyed to determine the platform
location. Neither of these solutions meems very attactive although each appecrs
to praoviue a feasible soiuvtion if absolute precision of system geometry is shuwn
to be a prerequisite for succaessful operation.

6. Discueslon of Capabilities

The selection of operating frequency is a conYronise between & number of

conflicting requirements which include the fullowing;
L) senaitivity and sputial resoclution

¥ field of view

* processing complexity

Primary drivers tcwards higher operating frequecy are the desire for finer
spatial resolution in order to achieve better drtectiun and classification
capabilitiea from the system, and the demire to operate with a« small a receive
antenna aperture ag possible in order to ald concealment of the receive site.
.t can be seen from equations 2 and 5 that the senaliivity achievable decreuses
linearly with operaling frequency., What is lese clear from these equationa is
that for a constant angular field of view, which is8 given by the agimuth width
of the receive beam, the receive antenns ares ls constrained to decrease
gimilarly with operating frequency. Thus, the overall consequence of an
increase in operating frequency is a reduction in mensitivity which ia
propn=tional to the square of frequency. There is also, however, a diiver
towards lowe: operating frequency which comes from the desire to cover wider
fields of view without sucrificing sensitivity. In this situation it is poassibic
to retain mencitivity at the expense of azimuth spatial resolution.

Finally, 1t is important to vemember that with a synthetic eperture s, -,
there 18 no inherent limitation on azimuth spatial resculution but at lower
ovperating frequencies the time taken to furm the synthetic aperture increases
snd this limits the rate st which tuli resolution images can be presented to the
user,  The practical constrainls on the system are however, appreciable. The
max.num length of aperture shich can usefully be employed depends fundamwentully
on the time during which the system and the featurss observed by the system
rewnin noherent. - no useful improvement in spatial resolution can be achieved
frow thu aynthesis of an aperture over a4 period longer than thias coherence time.
The paraweters which affect this coherence time include stablility of system
operating freguency, stability/accuracy of knowledge of transmit platform
locatinn and velocity, and uitimalely, stabilily of the phase characteristic of
features oogerved in the scene.

Like other ground based viewing systems, the line of sight to the target can be
interrupted by features such as hills, trec.: and buildings present in tha scene.
Therefore it is important to point out that althcugh there is an airborne
element to this system, the KPV platform whi:h carries the transmitter, a
specific limjitation of this system iv that of Llerrain features which may limit
the clear line of sight availahle beiween target and receiver.

The most serious limjtation to uhe cuapabilities provided by this system risult
from the noffents ol target notion., A feature of srnthetic aperture processing
is Lthe ambiguity existing bLetween Lhe doppler _hifts present in returns from Lhe
seene which result from target motion aud the comparable shifts .hich result
from piatform motion, These ambigvities result in the misplacing of moving
featuses in the flinal image.

Yeoie interesting Lo compare and contrast this bistatic system with a complete
mobestirtic SAR on an RFV platfoim, The bistatic implementation makes use of a
chicap, aimpie, RPV platiorm which carries only a broad beam transmitter to
provid® illumination For a grov.t Lased Hbserver whereas the SAR implewmentat lon,
while providing airborne vbservations thatl. are less liable to terrain
obeecrat ion than goound-based observations, requires that a much larger payload
te carried on Lhe BPV.  This payload would congist of a transmiiter, a receiver
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and a data down link, and would be substantially more complex, massive and
expensive than that associated with the bistatic system. In particular, much
more of the SAR gystem is pregent in the vuinerable piatform sres so that the
attrition cost associated with its destruction moves to favour the enemy rather
than the user,

7. Conclusions

A system concept has boen deacribed which could potentially provide an
all-weather, day-night, tactical covert radar surveillance capability for the
military user. The system is based on bistatic aynthatic aperture radar
techniques and rcijee for its potential cost-effectiveness, on the lozation of
the bulk of the system uonTnnente at the receive site where, becavse the receive
pite 18 passive, they are leas vulnerable to attack. The transmitter is located
on & swall RPV platform and is conceived as being a throw-away ltem in timer ol
hostility but could be a retrievable item during training perlods, It is
{ptended that the transmitier should be sufficiently amall and cheap that its
vulnerability to artillery attack would be low and its engagement by a:ti-radar
miss1le, very expensive. It has heen shown that this type of system has the
potential to provide a near real-tiue imaging capability over ranges of around
10km. The spatial resolution achlievable 18 around 5m and this when coupled with
the sensitivity available from the system is sufficient tc ensure that vehicles
would be clearly distinguished as point targets from the background of the
scene, The capabilities provided by two distinct types of emltsion modulation
have been examined, Linear FM chirp and continuocus P/N code, and appreciable
degradations have been shown to be associated with the P/N code type of
modnlation so that FM chirp is the more favoured form of illumination.

Finally, although no apecific Feature which renders the aystem non-viable he« yet
been identified, Elatform stability, platform location, blstatic SAR

processing, and the effects of target motlon have been identified as significant
problem areas requiring turther study and consideration.

DISCUSSION

€. Baker
The RPY requiires motion comipensation. Docs this make iva valnerable, expensive platferm negating some of the
adyantages of the bistatic coneept!

Author's Reply
The RPY may aot be compelled to carry motian compeasation equipinent, nlthough certainly, correction for RPV
platform motion is needed by the system, ! suspeet that the neeessary correetions cen he denseed frem observitions
() made ar the recebve site hy deploying additional reeci ver units in the fornr of an interterometer or, less desivable,
hecnuse this icreases the complexity of the plattorm, (b) by deplogiog on the RPY simple GPSS transponder, which
cilables the receive site to determine the RPY lueation,
Both upproachies provic.e information which is nogded (o modify the seathetie aperture correlition algosithms. The
ditticulties associited with this task Lave nor beeistudied and are expected to be significant.

Jncobsen
What is the slatus of your projgt?

Aulhor'y Reply
Current states of this projectis coneeptual,

WRenlel
o bistatic SAR the synclisonsition between ansnetee and eeceises plays st ingonian paut, How do you forese 1o
establish this syichronisation and which aceuraey do yor expect”

Lol s Ruply
Phe question quite cort oy teentilies the seed tor syichronisation betweon transmitier and receiver This
syachronisution is requived tor both inging and aperture syithesis, Both reyuitements are atisticd by tie inforniation
carried on the direet path, Phis put’cis the path of shortest time betseen ssminer and reeeiser ahd ensures diat the
recuiver site hay the potential to receive total isfoanution about the emission from e trasmitter hetore it receives
infornmation from the tanget vin the seatter panh, Phis means that the acearcy achicvable is limited only by the quality
tiink budeet) wsocioted with the direet puth. ACthis tme, we have not guantified this ink, Ploweser, we telt it alticient,
al this tine, tridentity that the potentisd o completely resolve this issu: already exists,
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\ SUNMARY

}In this paper the remarkrble capabilities and teatures of alrborne synthetic aperture radar (SAR),
operating in the millimutric wavelmmw) vegion, are d’scussed with refepence to n battlefiwld survelliance
application. The SAR system pr--viden high resolution tveal-time imaging of the Lattletivid and moving
targut detection, under advetse environmentsl conditions (e.g., weather, dust, smoke, cwbscurants). ihe most
reievant and original aspects of the system descyibed in the paper are the band of operation {l.a. mmv in

1::;, lieu of the more traditional microwave region) and the use of an unmenned pluttorm. The former jnplies

A

reduced welght and size requirements, thus allowing use of amall unmanned platform. The Intter  enbonces
the system opersntionsl effectiveness by permitting accomplishment of tecognitinn missions in depth beyond
the FEBA,

An overall system architecture {is described baped on  the onbonrd wsonsor, cthe plattowm, the
conmunication equipment, and a mobile pround station. The relevant preblem of  detec! low wd Lnuglug f

moving target ls finally demscribed.
t\/

This paper describes the feasibility study of a mepsor for battlefield surveillance and turget acqul-
sition, The need to penntrate in the enemy tergitory for several tens of Rms raquires, .1« sensor platfurm,
the ume of unmanned Jalrcraft {UMA) cuch @8 drones and removely niluted vehicles (RYV), Today, UMAB  are
cjuipped with electro-optical (0} nnd infrared (IR) remote sensing systema. However, the pertormance of
such systems is lipited by weather condition and the presnuce of amohe, dudt, and urtlficial  obacurants
v?{ch are present during a battle, Theme reaaons motivate the use of radar systems which cun operate
all-weather,

1. INTRODUCTION

Of course, conventlonal radar does nut provide the same measurement accutracy tesolutlon of the ED  and
1R systoms, The use of synthetic aperture radar {SAR) concept allows to overcome such limitations. Briefl,
speaking, the SAR achieves high resolution hy exploitation of the UMA motion. The movement, nlong the UMA
path of radar antenna which is side=looking, emulates a4 very long synthetic antenna to which corvesponds
very narrow beam along the azimuth und, consequently, a very good azimuthal resolution {11,

The use of UMAs allows to deeply penctrate into the enemy tervitory and to parform e.m. sensing of the
interesting scepe trom short distances, typlcallyt 10 Kn ta 20 Km. In such sltuation, (L I8 worth uonsi-
dering the use of mmw in liny of the usuul microwaves widoly adopted ln the tmajoritv of today rodars. The
following benefite accrue by the use of mow, namely: (i) compact radar systems, and (Li) better resol-
utions for & given roal untenna aperture ares. The limitations trelated to greater attenuation of mmw dve
not very much relevant in our case becsuse nf the short range required to the tadar., 1o sum up, the system
dencribed in tnis paper is a SAR operating at 33 OKz (wavelength = 8,37 mm), and installed on-board an
RPV. Tha frequency of 35 GHr was selected in lieu of 94 GHz hecause of the lower atmospheric uttetuntlon,

The remaining part of the paper is orgunirzed as follows. A defsiled description of the whule system and
of It (perating modes iw provided in Sect. 2. The main parameters wml the block diagrom uf the radar are
tliustrated in Sect., 3, In Sect. & the radar performance ave derived ih vlesr aud raln  environmeats,
Finally, the problem of detection und imeging of & moving target s afforded ILn Huct, 3,

2. SYSTEM DESCRIPTION

The operational requirements for the system can be summarized us folluwa: (a) Imaging of territory
orean with different e.m, reflectivity such as roads, bulldings, slrports, (b) detection and imaging of
alowly woving ((.a. with sperd up to 40 Fm/h) tavgets such as tanke, cars, troops; and {c) o,~ratiun
during the day or night. in presence of mist, fog, mudevate vain, smoke, and dust. The runge il usimuth
resolutions are required to he 5 mt, while rodiometric resolution should be 1.5 dB. These values ailow to
classlfy the dutected targrts.

The systex is composed of four subsystews, namely: (1) the vehicle, (11) the radar, {111) the air-
gtourd-afc commynication Liuk, and (iv) the ground station, A plcturial view of the system during «
miseion is shown {u Pig, |,

The vehicle s & wt. loug and 0.4 mt of dlameter, The flight cen be remotely piluted ur preprogranmed,
The flight duration is between 1 and 2 hours, The crulse speed |8 200 me/sec. Two missions sre acheduled
for the RPV, one having 1500 mt height and the cther having 10000 mt helght (see Flg, 1),

buiing the mlssion the PV can penetrste wmore than 50 ¥m beyond the PEBA. The pusition uccuracy of the
WPV s 39 mt, while the specd accuracy is In the order of 1%. Finally, the stiitude errors along piteh,
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roll, and yaw are approximaiely, 9.) deg/sec. Trese parnwatsrs pley a key role in the evaluation of the
actual {maging resolution, Ar it will be dipcussed fater, (L¢  fuaccuracy of platform positioning 'imlits
the achitavable SAR resulutton,

The radar puyload, of approxinate.sy £ Kp. le installed in & volume of 50 1t available tn the RPV uose.
The powar supply, needed to the payload, is 300W. ptovided thru o network of 268 Vdc, A liquid coo)ing
aystem is also forere3an. Two aatennas of ) mt leagrh and 24 om width are installed on the two RPV  sides,
in such a way that two mwaths, syametric to flight (ine, are obtulned. The antennm bemrwidth In  elevation
18 20 deg in the 1300 mt miasion, while (8 5 dvg in the 10000 mt missicn. The antrnna beam of *~nudir angle
is :: deg In bouh canac. the corrvespulding swalh  widths dva 8 ¥m and 2.5 K, respectively, The anteons
weight is 2 Kg.

The data link subsystam allows communication between the radar and the gronnd station. The 1ink is ECM
=~1fe. The up-liuk is narrow band. :t sllews to treoasmit to the radar command and contrel signals such as
radlation on, werting up of wurking modes, et:, Thie same Link providen control a'gnsls to the REV frame in
the remotuly piloted mode, The dowp-link Is wide«band (64 Mhit/sec). It provides to th: groind atatlon the
radar raw-data related to the remotely terted scena, and othor signalm concarning the vadar BITE (built=in
test equipment).

The ground station ham three tunctious, namely: (1) moni.aring and control of RPY tl ‘ht, (i1) radar
management and control, end (111} processing of radur rew~dare (holographic signal) to form the image of
the scena, Tu thesr putpuses, ftous units ote instosiled in the sticion, namely: HAR pioceuning unlt,
display unit with Reybuard, dats 1ink inturface unlt 4pd recording unit, The holographic slgnal (i.a the
signul scattered from the auvane and stored in the radar in & range-aziLuth mabrin) s transmitted to
grouad and processed in the SAR processing unit, The display unit, which e diyvectly nunnected to the dats
iink Intertace, monitors and con’roim the RPY tilght and the radar working modes throvgh the keyioard., Tthe
display shows up the synthesized imagan 1o a vnal-time ar off=1line busis. The recordinp unit wtores. rvada-
raw=data, processed lmeges, and kinemat)c pacameters of RPV f£light,

The SAR processing unit provides the scene lmege by metehed tlltering of the holographic slgnal. Poughly
apeaking, the matched filtering is Implem»ated thru a comprowsion of the hologram sulong the range nxnie,
wnd en additional compression of the resuliing signil along the weimuth axis [1]. The range compression im
Iuplemented by correlating the hologram with the tranmiitted chirp signal, The szludth coempression s
implemented by correlstior with a  reference aginmutka' funstlon. It ~an  be shown that the futiction (s
another chirp with paramuters depunding on tha “RPV-sensed sconn" ralative geometry. In the sysiem (tey:p-
ibed in this puper, thn reange compression is directly performed won=hoard, whilo the asimuth compression
~which is computat.onally intensivo~ is Implemented in the ground statici A simplified schemn of the SAR
processing unit i{s shown in Fig, 3. Tha computer architecture lmplementing the SAR peocassing 1 & mix ol
dedicated and microprogrammed hurdware, The main features of the computer is rulated ¢o the ability of
teal-time procemsing the hologram, The computer dats rate, the ssme of date link, is 64 Mbit/sac which
derives from 2000 samples, coded with 8 bit, with a4 data rate of PRF u 4 RHz (see Yects. ' and 3). The
2000 samples coriempond Lo Lwo teal valued samples for cach renge ccll avallable [n the swath  The )argeet
number of range celle {» 1000 und partein” to 1500 height mirsion,

1, ON-NOARD RADAR SV:1EM

The purpuse of on-board radar system js to sense thm scere, by trunsmission of a roherent waveform, and
to recelive the corresponding scatiereo holograph{c signnl which is stored in & range-sezimuth metrix, The
wcheme of on-board vadar le shown In Flg., 4. The mrin elementes of the radec are hriefly described in the
following, The selection of rader parameters is, sometimes, a complex task which ‘s fulfilled by resorting
to u computer program. The demcription uf such muthodulogy La out ot the ucope of this paper, a devsiled
approuch tu the problem iw outlined in [2],

The antenna is a slotted wavegulde, The anblenna is fixed te the RPY frame, thus ptoviding the same off-
nadlr angle of 30 deg fot both mimslons. As already montsonad, the eievation beamwidth nham different
values for the two misdiouw. This Is achleved, with the sume antepna width of 24 cm, by uslng an 111~
uminstion tapering fa the low altltude minsion. An improvement. foreseen for second gensration sywtems |s
related to the use of phased-array sntennas which wlluw the cempebsat lon of platforn ettitude vrrorn  and
the baam agility to spot, for instance, arvas of limitwd surtace in tle contrulled scena,

Yhe Rit sourco provides the locu! wcillation and the drive signals to the tranumitter, The transmitted
waveform iv a pulse train, where ea. n pulse is frequency modulated with a chirp code. The pulse durat.on
Is & psec and the chirp bandwidth is 40 MHz, The runge resulutlon corresponding to tha compressed pulse ls
§ mt. The pulse repatition fragquency of ths wavetorm is PRF = 4 KHzj the corresponding duty cycle i 2.4%.
The value of PRF ip selected in such a way to contuln the Doppler spectrum of the statlonary svene and the
echives From the wscving targets, By the relative geometrv of "rader-imaged weone  the Doppler spectrum
width of the wtetiunary swcenc is 400 Hz, The welevtion of PRF = 4 Rlz is motivated by the need to leave
enough cleared frequency tu  the echoes from woving targets which will be received withuut frequency
arbiguity (see aiso wect. 3).

The transmitter, which is n coherent TWt, modulates and amplities the wovetorm. The TWE peak power in
100W, while the aversge power is 7.2W,

SAW technology e adupted to implement the chirp geterdtor and comprissor: the requir-d compression
tétlo s 180, The superthet radio frequency unit amplifies and down converts, to an lntermediate frequency
banit, the recelved signul. The nverall receiver noise tigure is 12 dB.

Finally, the vide) ptoceseing unit provides 2 coherent basebsnd signal, implements the A/b  conveislon,
generates the siow tima (i.e. the azimuth absciess) and fast rtime (L.e. the range abscissa) axes of the
holographic matrix, and sends the data to the down-link. The sampling frequency Ls 40 MHz, “hile 8 bit are
used {n the digital represcentation of the data, table | provides weight, volume, and power consumption of
the d.fterent radar modules. Talle 2 sums up the main rader putrameters for the two missions.
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4. RADAR PERFORMANCE

The YAR imaging wuyubiliclar can be expressed 1in termn of detection probability, for a gilven
probabl ity of false alarm, of the signal backacattered by 4 cell in the sensed scene. It is reasonable to
have an almost uniform detection probability throughout the ceile in the scane, Additional figures of
merit are the sanmor spatisl resoluticns (ulong range and agimuth), which estsblish the cell dimensions,
und the radiomatric resclution which represents the uensor capability to diseriminate two sdjacent cells
having ditferent roflectivity,

The runge resolution is related Lo compressed pulss durationl it has been pointed out thac such
repolutiun is & mt us required hy aystem specifications, The aeimuth reselution is related to the antenna
length and to the rumber of indcpendent locka averaged during & synthetic antenns period. The antenna
length te 1 mt to which corresponds a maximum azimuthal remolution of 0.5 mt. Such high resolution cen be
terded-off with the radiometrle resolutinn, The dveraging of 10 indepsndent looks ved the aeimuthal
resolution to the required 5 mt, but greatly improvea the radivmetric resolution to a value which is
better that 1.3 db, Sush valua is good snough ro distinguish the different types of reflectivity pertinent
to roads, airports, etc, as required by the specifications,

The detectlion prubabllity i related to the ratio of the signal power-to-distutbance powsr, More spe-
citically, when radar objective s to lmege & scene, & parameter to be avaluated is Lhe ratio betwaen the
power reflected by & crll of the scene to receiver noise power

Dutaction of a point-like target i the tudar objective in another operationsl situntion of interast,
In this case, it Is worth conmidering the ratlo Detween the power scatteged by the target to the power
acattered by the coll of the scene plus receiver noise power, Such power ratios are csally evaluated by
resorting to the range equation for the SAR case {2], [3]. by mssuming a terrain reflectivity of -28 dB,
which is an average value jor 30 GHe, and a reference value of 1 my for the terget RCS, it ls shown that
comfortuble detaction probsbilities (PD = C.9) are obtained for the two RPV missious,

The detectinft pertormance dogradus in pressnce of attenuatlon dur to atmosphare, mist, fog, rain end
dust. Mhe atrtenw tlon due to atmospheru is 0.8 dB/Km (one way), which produces a two way overall
atten ation of 3.24 db for lew altitude mimsion, The attenuvation raimes to 7.2 dB for the high altlitude
mission. These sttenuatinne do not impair S8AR detection performauce,

in presence of fog and rain the asnalysis is wore complex, First of all, in addition to attenuation
theve in also A backscattaering process producing @ disturbence at the radar receiver input which may
obscure the scene lmage. The deleterious effects of disturbance depend not only on the power of
backmcattered signal but also on its temporal correlatioh &s compared to the SAR coherent integration
Lnterval., Sscondly, the fog and rain are limited in space am shown in Fig. 5. This geometry gives tise to
!wo cases to be inveatigated, In cese (a), X_, > X, wheré X, is the abwcissa of the conmidersd vell (e.g.
that ut the widdle of swath), The rain c8fmn la pral@ﬂt in the considered cell! the processas of
attenuetlon und buckecattering are contempuraty prassat., In case (h), Xq < le the rain coluan im between
the radar and the considered ce!t-only the attenuation process is cons %ered‘ A detailed analynis of the
problem (4] glves tha Following . -sults. First of all, consider the case of SAR looking at & point target|
in this case the terrain veflection io consideced as an additionnl disturbance, In the low sltitude
migsion, it is shown that thc signal-to-overall dis'urbsnce power ratlo (o 3] dB in sbsence of rain and
reducos to 13 dB in presence of rain (with rate of 5 ma/hr) (n the target cell, Tha & dB3 loss doas not
prevant tavget detection. The other case to consider refers to the imaging of terrain, Now, the umseful
signal is that scettered by the ground cell, When the rain Is not present in the cell of interest, raln
rates close to 3 mm/ht do not appreclably affect SAN imaging capabllities. The situation is worse when the
considered cell is inside the rain column: even for low tain rate (e.g, 1 ma/hr) the SAR imaging
capablilities ate severely degraded,

5. DETECTION AND LMAGING OF MOVING TARGETS

A SAR looking at a moving target having unknown kinematlc parometers does not provide & yood Image of
the same. This 1n bevuose the reference szimutiwl chirp, to be used In the compresston process, (s matched
to *he chirp scatterad by the stutionary scene whilc t (8 miswetched to the chiep scattered by the moving
target,

Conslder w polnt-like target having a radial speed with respect to SAR platform. It {s shown [5] that
the corvesponding imege of the point hes the tollowing azimuthal offset with recpect to the correct
positiong

AX =R, VIV €]

whare R_ Is the minimum slunt renge uf target from the rudar, V_ is the target speed radisl compunent, and
v the p?«tfurm apeed. 1t A X is greater than the synthetic npefture. rhe targnt is lost. Additlonmily, &
turget with radial wpeed compunent may migrate through move than one range cell. A reduction of the
coherent Lntegration time, for arimuth focuusing pertinetit to o certaln renge cell, is experienced, This
phenomenon produces & spread of energy throughout the ratge cells interested by the target migration, and
a reduction of the agimuthal resolution,

Gunsider now @ target having an azimuthal speed component, This produces & defocus in the szimuthal
direction with 4 consequent loss of agimuthal resolution, The defacus ls not apprecisble if the phase

error of the scattered slgnal {s less than ‘A /2 throughout the syutletlc untenns. The corresponding spoed
agimuthal component which doas not produce defocus ie:

2
v y‘/cnoxn (2)

whers % {8 the tequired szimuthal tresolution, and A la the wavelength,
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In the more general case, both szimuthal and radial components of target speed are different from zero.
Azisuthal defocus, energy spread along range, and aszimuth offget are contemporary present. The
correspunding SAR impulse response is quite different from the expected "sinX/X" type function along
azimuth and renge sxes. Actually, it looks like un oblique parallelogram having msny small peaks along the
parallelugram axis in lieu of just one large peak in the true target position. Recause the parallelogram
shape is related to the target kinematic parameters, it is understanduble that the measurement of the
par:lielogram axin slope glves & mesns to re~focus the target image [6),

Let now cr.~sider the strategies to detect and image moviig targets, Detection is rot easy because of
the anergy smesred throughout range cells, Additionaliy, the scattering by the stationary scene, which now
scte as & clutter source, makes target detection more difficult, Once a target has been isolated from the
stationary scene, it is pecessary to submit the detected signal to a ve-focus process to restore the
aginuthal rasolution pertinent to s stationary target.

To this end, the first strategy refers to a proper selection of radar PRF value, As already mentioned,
it {s worth to have a PRP larger than the stationary sceae bendwidth; {.e. BD & 2V/L, whare V 1o platform
spead, and L is antenns length [2]. In the RPY ~use, BD im 400 Hr end FRF is 4 KMz, This is becauie the
tatget Doppler frequency will likely be out of clutter spectrum, thus allowing the required separation of
tatget from mtaticnary scene, Additionally, target Doppler frequency will be unambiguous fnr target tedisl
npeed up to 60 Km/hr,

To understand in which way is possible to separata moving point-like targets trom the stationary scene
cahalder Flg, 6, 1t ghows the arimuthal chirp, for a certain range cell, cor esponding to the following
four conditlons, namely (1) atationary point target, (2) target moving along track, (3) terget moving
closs~track, and (4) target having both agimuthal wsnd radial components of spesd, The matilematical
@rpression of the acimuthal chirp for s moving target is as follows (9]

{D(t): &;". + .%l_o (\4@_'_ R,m,)t )

where V_ is the target radial speed, V_ is the target arimuthal speed component, and & iw the radiul
conponnﬁt of target acceleration. The qhnntlty 2 V./2 is the so called target Doppler centroid, while (v!
+R a)/’"R Is the target bDoppler frequency rate, It should be noted that the backscattered signul
frof afl extenfed stationary scene produces many azimuthal chirps all parallel to chirp (1),

A firet rough apptrodch tu separate the stationary scen. from moving target 1s to cut out the Doppler
frequency spectrum (-0,3 B, + 0,53 B ]} of course, a moving target represented by the azimuthal chirp (2)
cannot be recovered, A DopBlar ti1toF bank. which uniformly spans the frequency intervals (-PRF/2, -BD/2)
and (BD/Z, PRF/2), is a means to detect moving targets represented by azimuthal chirps as tiose labelled
(1) and (4) ln Pig, 6. This Doppler filter bank compensutes for only the Doppler ceutroid 2vr11L of ey,
1. Table 3 givem an indication of the performance that may be obtairied by that channel of the bank which
is matched to the target Doppler ventroid, The table indicates the target UDoppler centroid F,, the
az{muthal biss A X, the renge walk, the resolution along aelmsth ( @ ) dnd along tenge ( ) el peak
af the signal after Doppler centruld compenmation and the integroted sidelobe ratin (1SLR), Two types of
moving targets are considered, namely| (&) target moving crosa track with V= 11 m/s, and (b) target
having the two components, along range and azimuth, of the speed. The results Rhow that the high altitude
misaion suffers the higest degradations.

A more effective method to detect a4 moving target and to correctly ostimate Lts positlon and RCS s
that shown in Flg. 7. Each renge line of the hologrephic matrix is range compressed and then corner
turne]. Afterwards, the processing along aeimuth ls implemeated by means of 4 bank of (NM+1) filtars, Each
tilter i (mplemented, in the frequency domain, as follows|

the range compressed aignal {u transformed by means of FIr1,

) the reference signal h ] {s truneformed by means of FFT, and

1) the transformed |Lgna1§ from (1) and (1l) are multiplied and ve-tronsformed in the time domain by
1FFT,

The first channel is dedicated to imaging of the statlonary scene; "h_ " {w the azimuthal chivp matched
to a representuative point ol the stationary scene. The NM channels "y " are matched to the azimuthal
chirps of the type of eq. (3). More in detall, Index i i& telated to mntéhlnn of Doppler centroid, while
index J vefers to matching of Doppler rate, The proposed processor effectively remuves the azimuthal
offset and the ezimuthal defocus| additionally, an indiecation of kinemetic parameters and the RCS
autlmation of targets is allowed, Target detection is ubtalued by thresholding each channel of the tiiter
bank | threshold value can be obtained by autogate along range. The estimstlon of target kinematic
perameters is obtained by the indexes "{j" of the chatwel giving detection, The target boppler centrujd
provides V_, while the Doppler rate is related to the two purameters V. and a . lurget RCS (& obtaiued
aftnr the énvelope detector, The performanve vvaluation of g prucenntnuclchamu Limilar to that presented
in Pig. 7 is given ip (9],

The channelized processor of Pig, 7 still nuffers some limitution related to the resolution
capabilities of the hl] filters, Targets having close in vdlues of Doppler centrold and Doppler freyuency

rate may tot be digtinguished by the processor. Additionally, a target with a large value of Doppler
frequancy rate muy give rise to more than one detection in contiguous filtevs of the bank.

To overcome these limitatlons resort is made to the process{ng scheme depictad in Fig., 8. The procvessur
is ronstituted by two channels operating on the range compressed holographic signal. The lower channel,
which 18 quite conventional, provides the imuge of the wtationary scene. The upper chaunel is dedicated to
detection wnd {mnging of moving targetw. The rutionale of the propomed appruach ls Lu transform the signal
from a time sequence into u mised time-frequency representation. This representation is quitn uveful tor
signal having non-statlonary {nstanteneous frequsncy. The awlmuthal chirp of SAR, which {s & non-
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stationary signal, If properly transtormed provide a wedge in the (W, F ) representatlon. W is the
transformed value of the azimuthal chirp, while t and f; are the lnguprndent variables of the
rransformat fon W(t, f. ), A transformation which enjoles a numbvr of features is the Wigner tranaform [10].
In fact, the Wigner Lﬂan.rnrm of a chirp Iw a wedge in rhe transformed space or, equivatently, a line in
the (t, £.) plane, lt can be shown that the line parsmeters are the Doppler centroid and the Doppler
frequency rate of the azimuth.l chirp., Looking st the Wigner transform of the range comprassed hologram,
we hove a band of chiips eround the temporal axis, Few othor lines Indicate the presence of moving
tmigets, A possible way to dovect moving targets 1im to reject the Batationary svene before applying the
wignar transformation. The subsequent detection of target and estimation of Doppler parameters can be done
by means of Radon transform [10] or Hough transform [Bl. The Radon transtform i{s cquivalent to {ntograte
the mignal W(t,f.) along a line in the (t, £,) plane. The maximum value will be reached when the
integration line, which is swept throughout the Qt. t.) plane, ia superimposed to the target azimuthal
chirp. The Hough transform ia an efficient way to map g line in a point onto & transformed plene, In the
presort cawe, the Doppler centroid (f C) and the Doppler frequency rate (£ ) are the axes of the plane,
‘'arget detection and Dopplei p-ranetop estimation is sccomplished by threlﬁoldlnl the Hough transform Hg
(f.., £) to look for spikes in the transtormed signel. AL present, a theoretical study and simulatious
'3 'gpiﬁg on te evaluate the performance of this novel procesmor.

6. ONGDING RESEARCH AND CONCLUDING REMARKS

It has been shown the feasibility of & mmw SAR on-board of & RPV, The operational usefulness of such
nyaton hés also besn proved.

A thorough understanding of the system complexity and uchleved perfotmance need further investigations
whizh presently are going on, They refer to the compensotion of platform attitude errors, to FECM-ECCM
problem, and to the simulation of the whole system.

A proliminary analysis of the effects of attitude errors on the image quality shows that the maximun
allowable srror along each of tha three axen is 0,02%/8 in order to preserve 5 mt resolution [?7]. Such
requirement is gnot fulfllled bLy the RV under consideration. Two slternatives are at prement under
considerationt the first tefers to the {nwtallatinn of sn inertial navigation system (INS) in the RPV
frame, the sscond considers the usa of autofocus and Doppler centrold loops to adjust, at algnal
procenssing level, the imsge distortions [8].

The image degradations caused by ECN {s snother toplc under investligation, In the mecond generation
systems, where phased-arvay untennam are planned to  uwe, ECCM techtilques based on spatial filtering of
direntional jemmers will be spplicable. Nevertheloss, the samn conuept can be  applled to the synthetle
array antennu, Such spatlsl filtering techniques of jammers are under investigution.

Finally, & powerful wimulation tool in under development with the purpose of evulusting the nystem
performance in prewence of complex environment [8). Briefly speaking, the wsimulator ls ahle to gencrate
weverul typas of hologramm, such as thosn pertalning to a moving target meen by a platform with attitude
errors, and those relevant to stationary and not homogencous ecences. The holograms ure fed to another
noftware packuge which emulates the on-board rudur and the SAR processing modiule in the grouml station. A
better mppreciation of the system geometric and radlometric resciutions will be possibie.
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TAKLE 1
UNIT WELGHT (KG) VOLUME (L) PUWER
REQUIRED (W,

TRANSMLITER 3 20 150
RECKTVER ] 1 .-
VIDED BROGESE ING 10 10 .
G GENERATOR 5 ] 150
PLANAR ANTENNA P .- -
OTHERS 5 5 -
TO1AL (¥} 48 500

Tahle | ~ Welght, volume, and power

requited by ou-board radupy wnits
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TABLE 2
FARAMETLR H#ox 1500 m H = 10000 m
REV speed (m/a) 200
Waveleugth (mm) 8.57
Antanna length (m) 1
Antenna width () 0.24
Antenns gain (on) 38,7 41,8
0ft nadir sngle (%) 50
Elevation busmwidth (°) 0 5
Range from scone (Km) 9 20
Swath width (Km) L] 2.5
Teanstitted pulse durgtion (as) [
Durotion of coupressad pulse (ns) 13
Hunge compression ratic 180
Rangs chirp bandwidth (MHz) 40
PAF (He) 4000
Duty c¢ycle (%) 2.4
Arimuthal chirp bandwidth
from stationary mscene (Hw) 400
Integrated pulse number in azimuth 1542 3428
Renge remolution (m) 3
Aeimuth resolution (m) 3
Range cell number in swath 1000 L1l
Aeimuth cell nueber per unit time (m) 7200
Sytithetic snteana length (m) 77 m
Numbey of independent looks 10
Redivmetric resolution (dB) 1.8
Trensmittad average powar (W) 7.2
Trariamittad peak power (W) 300
g1t nunber of A/D [:}
Rate ot duta link (Mbit/sec) 64
Af0 wampling frequency (MHe) 40

Table 2 - Main radar rarametars for the twn REV mias{onm

TABLE 3
REFERELCE, h={%0mn h= 10,000 m
PARAMETEN v =0 Veu 1 wis V.7l ale Vrlllmln Vo7 nls
Ve 0 Voo 0 vc-‘)u{u Vgmo Vn-‘rnln
Py (Hzl 0 1762 2418 1 2429
AX (m) 0 -2.4 -1 ~2.6 1 3Y]
Runge walk 0 Q 4] ] 1
A, isl H 5 10 7 62
I
Py, In] 5 5.5 6.2 3.7 5
Paak {dn) 0 -1k ~h1 ~4 ~12
}BLR 4B} 13 10 9.8 9.4 11

Table 3 . Perforsence of Doppler f1'ter bank
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DISCUSSION

R.Klemm
Whatt is the minimum target speed you e deteet?

Author’s Reply
"The minimum deteetably target radial speed Is equat to the maxinum frequency of the statlonary seene, Assuming wn
offanudie angle of 60° and o wavelength of D008 me, a value of 7Zkm/his obtained. Conecerning the minimuni detectable
target nzimuthal specd, at present a detatled investigation Is being undertinken o eviluate the eapabifity of sepamting
target from clutter, on the busiy of Doppler rate filtering.

WKeydel
Do you foresee absolute radiometrie calibration®? 1 yes, what bs the necuraey”

Author's Reply
There are two ways of achieving the 1.5 J3 radiomarrte calibratton elidmed in the paper, naely: () intornal calibration
and (i exterml calibrathon teehiniques, Both echnlyues are foreseen in our system, ernal eatirutlon is based upon
generation of culibration of some signals, Bixternal calibrution, bised on corner reflections displuced on friendly ureas,
Iy available for justone partion of the RPYV mission.

vin d.Spek
The system uhms at i resolution of Sx5m, This seems just notenough for the butdelield, Could you comment on tis
cholee?

Author's Reply
Tl resolution of Sx8m is the result of o trade-off betweer deteetion mid elassitication and ek of ks, s ed
vehicles ete., versus simplicity of hirdwire hivp senerator, reduced processing lomd, and reasonnble cost.
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LINEAIREMENT EN FREQUENCE®
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RESUME

INTERET. OE LA PROGRAMMABILITE DES IMPULSIONS QENEREES OANS LES $AR ET ALTIMETRES

La possibliite de progrommar les caractéristiyies de 1'impulsion émlse d'un radar ambarqué sur satelli.e
sera una nécensitd pour les radars futurs,

Dany un radar altimdtre, una impulsion trds courte permet de mosurer dus distances avec une précision
cantinétrique au-dessus des ocdans mals n'est plus adaptée pour fonctionner au-dossus des glaces el dns
terres & rause des signauxy plus fatbles st du reltef plus important que ''on rencontre au-dessus de cow
surfaces.

La pnysibilitd de rdduice la bande du signal sur les glaces et les Lerres permnt Jd'améltorar e bilan de
115;?on et q:dlurglr ta fanBtre d'acquisitisan dans te cas d'un radar altimdtro utilisart la turhnique
full-deramp".

Dang un SAR qu un SLAR incepahie do changar Jes caractdristigues de son Impulston, Yo résolution
transverae des images est inversement proportionnelle au sinus de 1'angte d' ingidonca, Par wxemple, sur
des hasges arisey entra 15% et 65¢ d'Incldence, la rdsolution dvulue cans un facleur 4,4, [ ublifantinn
d'va chirp avec une bande programmable peimet dr rdsoudre cot Inconvénient wt, comme on paut te
démuntrer, sans Capact significattf sure le bilun de liaison,

Cat wxpond discute dey diversss Lechniques pour programmer los caractéristiques du chivp, Ta plupary de

ces tachniques sont numdriques, mals waus montrons qu'tl peul dtrn Intdrassant. de ey assarler 3 ey
techniques analaginues,

INTRODUICT?ON

Lo stgnal & yenérer est une dmpulvton modulée  lineatrement on frdquencs  dont  tos  principalos
coractéristiguvs sont lus svivantes

- Bande J'wxcursion Programnable Jusgu'd quelquos centalnes de Mégahertr
- Durée 10 8 50 us volrae LOC un

= Errours d'amplitude Qualques diziémey de dB

~ Lrreurs du phane rapides 1 & 2 degris rms

= Erroury de phase lenvoy Quelquoy degrds

te ydndératour pourra, sl ndcessairae, corviger les uerrours de phase lentes des aulres sownc-sysbomes du
padar (oxomple @ celles des Fhitres, dos amplly, ote o),

Fi rafson de 1'aspucl programmabiiitd, on se Dimlte & 1 'expose dos solutions bandes wur o gandration

numdriqus.

1.1, RAPPELS SLA LA THEQRIE DE U'ECHANTILLONNAGE
Considdruns un signel \s(_((.) dont. e specire ost & support Timitd @
Sl_(f') S0 paur ot

On wontre que le sighal est anblevement déterming par Ta sulte dénombyable des achant!lons sin/2 ),
pris aux instants discrets n/2rc, n aoprtenant & 1'ensemblo des entloery,

Cu théorame permet donc de remplacer un signal 9 (L) par un slgnal dchantillannd -«"(r.). obtenu A partir
du urlt) par la multiplication do e stgnal par ufle Tonction d'dchant {1 1orhage a(t).”
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Ie cas ideal est 1'echantillonnage par des distributions de Dirac

w{t) (3/254) 5 8(t - n/ite)

te signat ‘L(t)' le signal échantilionné ¢ (t) et ovry spactres sont représentds sur la Figure 1,1/A,

a reconstruction au signal s it} 3 partir de s {t) se fait simplemenl par un filtre iuéal passe-bas, de
band» Fc, Ce fiitre r-constifun le signal annfhglque s (f) par interpolation entre les échant‘l1on 3
auss est-i} appeld tiltre d'intarpolation.

Le cas sauvent Jtiiisé en pratique est 1'échantilionnage avec maintien (voir Figure 1.1/B). Le spectre du
signa! dcnantilionné est celut du cas fddal mul iplid pav la fonction :

sin (n Tm 1}

nTm f

La reconstiuction du signal s {t) noun distaordu est obtenue par le filtre interpolateur {déai suivi d'un
réseau correcteur de fonction He transtert :

wim

sin (n Im f)

whan s teeaperels w i temnga 1y
+ 1
(: &
\ to
! ' Lot f
0 ]
. \
l
- v
. Swgr)
’
. [ ¢
ECHANTHLLONNAGE D'UN §.GRAL ECHANTILLONNATL D'UN SIGNAL
PAR LES DISTRIBUTIONS DE DIRAC AVEC MAINTIEN
Figure 1.1/4 Figure 1.1/8
1.2. CARACTERISTIQUES D'UN CHIR™
Erenquat cne termpgre ) b ' uee Smpate e aylee Ve o meet e topgnons R e durke et it en
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SPECTRES D'UN CHIRP POUR B.T = 60 ot 8.T = 120
Figura 1.2/A

2 - ETUDE QES SOLUTIONS

2.1, GENERATION SUR FREQUENCE PORTEUSE INTERMEOIAIRE

(e type de génfration consiste 3 générer le chirp centré sur une fréquence porte. se aussi faible que
possible et A transposer ensuits le signal 2 la fréquarce désirde par un oscillateur local. Ce principe
est {1lustrd sur Ja Figure 2.1/A,

Dans le cas idéal, le chirp est géndrer sur une fréguence de B/d ou B est la bande du chirp, la fréquence
d' 8 hant |1 Tonnage est épale a 28, et la fréquence de transposition est ggale a f_ - B/2 s! on prend e
battement supérieur, ou 'o + B/2 s} on prend te battement inférieur. °

fn pratique, !l faut prendre des marges pour faciliter les filtrages des diftdrenis parasiter comme
il lustee sur la tigure 2.1/8.

Ce type de génération a |'avantage de ne nécessiter la géndration qus d'un seul signal, 11 a, par contre,
)" inconvente~t d'une fréquence d'échantillonnage supérieure a 28 contrairement a certaines solutions se
contentant d'une tréquence moitle. De plus, le plan de fréguance est comploxe ; t1 peut méme &tre
néressai. o deo réaliser une double translatiaon de fréquence pour que Te 11ltrage des signaux parasiies
soit posasible.

Le type de geéneration esb intéressdm pour lew chirpy o faible bende. 11 ne convient pas nour Tes radars
a haute rvécotution.

'
RGN Hi [T ;

v e ! W W amng e

R

i
i
(]

[FTRvEr] [RYIUED

el P Tean e DTS

B R R R - AU DL A

’ T g b Vil eaeer e [ e panar e Ve e Loele

GENFRATION SUR PORTEUSE INTERMEDIAIRE GENERATION SUR PORTEUSE INTERMEDIAIRE
S 1DEAL CA3 REEL
Figure 7.1/A Figure 2.1/8
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2.2, GENERATION DIRECTE OES VOIES VIOEO ! ET Q
Une solution pour générer le signal s(t) = cos (Znf t + nkt?) consiste & générer les signaux 1 = cos nkt?

et Q = sin nkt?, ces sighanx dtant ensuite rospec@ivement multipiiés par cos 2nF t et -sin 2nf t puis
sommés, P P

Ce principe est 11lustré sur la Figure 2.2/A. Les signaux ont uns bande B/2 ; on peut donc laa
échantillonner avec une fréquance f, 2 8B

En pratique, 11 faut prendre f_ = kB avec k > 1 pour faciliter 1o filtrage des spectres d'échantillonnage
inutiles et pour faciliter 1'iau1|!brugt on amplitude st phase des deux voies. On choiaira k entre 1,3 et

1,4,
L: capacité ménmoire requise sur chaque voie est de f. X T omots,

HORI 0GL
fe

NE ML

MEMOIRE
SINUS

ML MO

VMO Lead
CULINLES A

i
!; A ‘ . “‘J“'Il'l‘|U||‘1|\"||'I“”|"‘m”l:l| ;
b iy | et ERTESRER i)
. " i) H
; : ; ; RN AR PR N AN R N N
! § ; R L ERELE T
! Yo e T e | Mt PP

GENERATION DIRECTE DES VOIES VIDEO 1 ET Q GENERATION DE LA PHASE DES VOIES 1 kT Q

Figure 2.2/A Figure 2.3/A

2.3, WENERATION OE LA PHASE OfS VOIES I ET Q

Au 1leu de géndrer las signaux | = cos tke? et G = sin nkt?, on peut générer le signal 9(t) = nkt? moduio
?n et caleulor ensuite | = sin (®(t)) et Q - cous (w(t))

Le caleul du signal &chantillonné ®{ntu) peut se faire uvec deus additionngurs-accumulateurs (Te - l/te =
période d'échant!ilonnage).

In uttet @
Notons @ &(n) - nkl:n’
Ona @ (nel) = ukT: (neg)?
nh!; (nivtoer])
T 8(n) 1 tew)
o tin)  (envd) nbl;

je méme, or a @ t(nri) {#ntd) ukl;
. ?
t{n} Jnklﬂ

le  principe  est danc  d'avoir un  additinnneur-accumilateus pour  calcuier f{n) ot un
additionneur-acs umudateur pour caleuler o(n) . On e dédult Te wynoptigus de e figure M.3/A
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%? nombre de bits requis sur les additionnsurs-accumulateurs dépend de ta précision de programmation que
on désire.

Le choix de ta friquence d'échanttillonnaje Fe fixe ia bande maximale Bmax du chirp gue 1'on peut générer
Brax ™ Fu/d

02 g :)l est une marge pour faciliter le filtrage dos spectres d'échantillonnage {on choisit a entre 1,3
L} 1

On a dong @

B
ZHkT: & 2n —;— T:

B 1
uZn_——.T_
- '

a* Bhax

2 B 2
2 N s e o«n

1 .
at (Brayx T Bpgy @ (B T)

Par exemple, prur BmlnT = 30C0, on trouve a®(8__ T)}/2 = 2940 = 211'5.

max

Le codage de 1'incrément ZNHT: se falt sous la forme :

kTt oo (ag2® e a2l e a2l L sa 2 L }

1
Si on utilise 15 bits, la précision de programmation de la bande est donnde par :

2 B
o8

. gl

a (ell\l)( max

Cela donne dant e cas Bmal T = 3000, une prdcision de B/B = 18%, ce qui est médivcre.

max
L'ut{lisation d'un additionneur-accumulateur de 24 bits permet d'atteindre dans le caas conuidéré 0.08%,
ce qui est excellent

La valeur maximale de 2nkT: vaut 2/{at{B__.T)), soit 2'1]‘5.

max
Le repiatre stockant anT: peut donc e contanter de 12 bits de moins que les
additionneurs-accumulateurs, si on se¢ limite aux pentas poaitives, [| faut autant de bits si on veut
programmer des pontes négatives.

Le calcu! du sinus et du cosinus oeut se faire & 1'aide d'une table. Une table de 256 mots (28) permet un
|drass|v7 par pas de 1.49. Cela pmut @tre suffinant si ure mémolire rapide 512 mots de 8 bits n'est pas
disponible,

La Figure 2.3/A montre la taille des divers registres utilisds.

Las composants les plus critiques sont
- Las Additionneurs-accumulateurs 24 bits haute vitesse, ot
~ Tus Mémolires 256 ou 512 x 8 haute vitesse.

Les timites de programmabi)itd de cette golution et de Va solution précddente ne sont pas les mbmes.

Avec la géndrution directe des vofes | et Q, nous sommes limités on bande et en durée du chirp (en bande
par lu frégquence d'échantiltlonnige et en durée par la capacité des mémoires).

Avec la gindratinn par la phase, nous ne sommes Jimitds que par la bande. 11 y a auss) une tlmite an
durde (dépend du nombre de bits des additionneurs) mals cette limite est trbs au-dalh du besolin.

Ce type de sulution utifive un déphaseur n bits. La phase ®(1) = nkt? est déchantillonnda 3 une tréquence
f_ - k.28 (k>1), puls codém sur n bite entre -n et vr. La phase codée vommande ie déphaseur gui module
dBnc une porteuse.
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Ce principe est i1lustré sur la Figure 2.4/A. La frdquence porteuse peut 8tre une frdquence intermédiaire
qui seralt ensuite transposée 3 ta fréquence d'dmission ou plus simplement lta fréguence d'émission
directoment. L'aspect filtrage pourrait &tre déterminant dans le thoix entre ces 2 solutions,

Les performances de cette sciution dépandent des caractéristiques du déphaseur .
= précision da phase,

- temps de commutation,

- orreurs d'amplitude,

+ parasites de commutation (synchronisation des bits).

Catte solution vaut étre attrayante pour un nombre de bits faible (inférieur 3 4 bits environ).

LIMITEUR

FILTRE
I w| DFPUASELR L, f //\/w/ -
P n bis SORTIE CHIRP
Ltdquenae .
poriousn CON(2PLEpt FikA?)

L

Mi MOTIRE rl-—--—-—- le

'GENfRATKON DIRECTE SUR PORTEUSE AVEC UN DEPHASEUR
Figure 2.4/A

n

3 - IMPERFECTIONS DES CHIRPS NUMERIQUES

3.1, INTRODUCTION

Dans cette section, nous étudions tes Imperfoctions des solutions talsant appe! A la géndration des doux
signaux vidéo | el Q utilisés ensuite pour attaquer un wodulateur BLU pour 1a translation du chirp 2
fréquence intermédiaire. Le synoptique da cas solutions est reppeld sur la Flgure 3/A,

On paut distinguer les impurfections dues aux convertisseurs et les imperfecticng dues au modulateur.

l. o I(1) COs( kA7)

Dannoes |

ﬁw—q%

Z
l
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|

1, N ) SINGELK 1)

SYNOPTIQUE DES SOLUTTONS A GENERATION DES SIQNAUX I ET Q
Eigurs YA
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3.2, IMPERFECTIONS DUES AUX CONVERTISSEURS
Les imperfections dues aux convertisseurs sont principalement le bruit de quantification et les glitches.

Le bruit de quantificatian est d0 & 1'utilisation d'un nombre finl de niveaux pour coder le signal. Le
bruit de quantification peut &tre divisé en un bruit d'amplitude et en un bruit de phase.- Le bruit
d'amplitude peut &tre négligé car le chirp eat Timité dans la chatne #mimsion. Le bruit de phase paut
dtre facilemant estimé.

11 vaut environ : @ p— 1/(2".J3) (en radians) A 1a sortie du modulateur, ol n est le nombre de bits de
chaque uonvurttn;uu?.

Par sxemple, pour des convertisseurs ayant une prdécision de 6 bits, on obtient une errsur de phase de
0,62° rms (équivalent b un rapport signal b bruit de 40.8 dB),

Le spectre du bruit de quantification est pratiquemsrt blanc dans 1a bande ZF. (en sortie modulateur) ol
F. ast la fréquence d'échantiilonnage,

Len "g11tchcs" sont les transitoires qui apparaissent pendant les changements de code. 18 sont dis 3 des
imperfections de synchronfsation des bits de commande. Le plus important se prodult au changement
1000,.,.0 sn Q111,...1. Pour les minimiser, les convertisseurs doivent #tre munis de latches internes.

L'énergie de "glitch" garantie par les constructeurs est de 1'ordre de 50 pV-s, L'impact des glitches sur
le signal généré est difficilo h estimer ; des simulations sersiant nécessaires. (I1 faut tenir compte du
nombre de glitches, da leur ampiitude et de leur spectre, tous ces parambtres étant fonction des
changements de codes).

3.3. IMPERFECTIONS DUES AU MODULATEUR

Les imperfections potentinlles d'un modulataur BLU sont les suivantes :

désdquilibre d'amplitude ontre Tes voles I et Q (d0 aux CNA, aux filtres ou aux mélangeurs),
déséquilibre de phase entre les voles I et Q (d0 aux CNA, aux filtres ou aux m4langeurs),
errsur de quadrature des Osclllateurs Locaux sur lss mélangeurs,

tutte des Oscillatsurs Locaux X travers les mélangeurs,

offsot entre les voles | et Q,

ondulation d'amglitude ou de phase dans la bande (commune mux deux voies ou en sortie FI),
retard entre les voles I et Q.

Le signal en sortie d'un modulateur {ddal aurait comme expresslon : s{t) = sin (2nfpt + nkt?)

La figure 3/B donne !'effet des diverses imperfections considérdvs en sortie modulateur. La plupart des
imperfections ont pour effet de générer un chirp de pente oppusée. On & dgalement calculé les exigences
sur chaque phénoméne pour que les signaux parasites générés sofent 45 dB sous le aitgnal utlile.

IMPERFECTION S1GNAL IMPARFAIT PARASITE GENERE

Déséquilibre d'amplitude

Déséguilibre de phase

Offset (ou tulte d'OL)

Erreur de quadrature

Retard antre voies

oOndulation d'amplitude

Ondulatlon de phase

Q=(1+a).8in(nkt?)

Q=sin{nkt?+ @)
Q=sin{nkt?) + ¢

uLudcus(Enfpt*a)

Qesin(nk{t+d)?)

1={1+a.coullt)cosnkt?
Qx(1+a.cosOt)sinnkt?
[-cos{nkt?+dcosilt)
}eain{rkt? +drouit)

a
~ sin{2nf t-nkt?)
2 p

]

= sin{2nf t-nkt?)
) P

[4 aln(dnfpt)

[}
~ win{2nf t-nkt?)
P »

ntidt.
—= s in(2nf t-nkt?)

a
- cus(?nfpt+nkt'tnt)

2

RN -

:ux(?nTthnkt'zﬂL)

{MPERFECTIONS O'UN NODULATEUR BLU

Figure 3
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IMPERFECTION SPECIFICATION POUR S/P > 48 dB
Déséquilibre d'amplitude a<1,1% (0,1 dB)
Désdquilibrs da phass ® < 0,6°
Offout (ou fuite d'0L) t<8,610
Erreur dea quadraturs o <0,6°
Retard entre voles d < 36 ps (pour B = 100 MHz)
IMPERFECTIONS D'UN MODULATEUR BLU
Figure 3/B (suite)
4~ N P CES

4.1. INTRODUCTION

Dans catte section, nous discutons das méthodes pour améliorer les performances d'un géndrateur de chirp
numérique,

Deux méthodas sont considérées :

= utilisation d'un muitiplicateur de fréquence puur acerottre la bande d'un chirp,

- utilisation d'un VCO et d'un diviseur ds fréquence pour accraftre 1a bande d'un chirp tout en
amgliorant certaines imperfections dues & la géndration numérique.

4.2, UTILISATION D'UN MULTIPLICATEUR OF FREQUENCE

1.8 bande d'un chivp "numérique" est Vimitde par Ja rapiditd des circulits numériques utilises : 20 MHz
environ an tachnologie TTL, 100 MHz environ en technologle ECL et 300 MHz environ en technologie AsGa.

S| pour une htechnologie dunnée, on veut gncore augmenter la bande, une solution conslste & utiliser un
multiplicatour de fréquence, Une muitipliication par n accroit 1a bande d'un facteur n.

Cepandant, Yes imperfections du chirp Initial sont également multipiides par le facteur n, ce qui 1imite
J'utitisation du procddé.

Par oxemple, pour no2 les niveaux des parasites du chirp dtudiés dans 1n paragraphe 3 remontent de 20 log
v, solt 6 dB par i seule multiplication,

4.3. UTILISATION D'UN V6O

Ce procédé conuiste A& utiliver un VCO que 1'on asservit en phase sur lo chirp numérigue (volr Figure
4.3/A), Lo diviseur par N pevmet de muitiplier la bande du chirp numérigue par N, Le génératour de dent
de scie permet, en pré-commandant la VCO, de réduire les exigences sur & boucle de phase nt notammeni
ung bande de boucle falble peut-éire utiiisée. La découps permet de couper la sortie VCO en dehors du

chirp utife,
Les avantages de cette sulution sont déterminantes quant & la rdduction des imperfections sur le chirp :

1) Le brult de quantification est filtrd par Te Filtra de fa boucle de phase d'of un gain de a/(zth).

?) Las chirpy parasites (de pente opposée) sont filtrés par le filtre do boucle (sauf pendant une faible
durde),
3) La fulte d'OL pst dgalement flltrée par le filtre de boucie (sauf pendant une faible durée).

L'amélloration apportée sur le bruit de quantifivation auturise 1'utilisation de convertisssurs a nembre
de bits plus faible. La tiltrage des chirps paravites pas le Fiitre de houcle acus amdne 8 nous demandar
st les ¢ voles | et Q dans le pénératsur numérigue sont encore nécessaires ou s cn peut se contenter

d'une soule vale | cotts question nécessiterait une étude plus détaillée.

En concluslon, les amédllorations apportéws par |'asservissement 'un VCO sur un chirp numérique sont
attrayantes, 11 n'y & pas de prubléme de falsabilitd. Liutiiiwation de ce procddd (méme pour Nel)
dépendra des performances qui peuvent étre obtenues avec les solullons clasaiques.

—— e
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Synchro

Générateur de
dent de scie
et de découpe

+ 1w VCO

8,7

1
Chirp numérique ’X/
N

L e e oot e e ot e = L et e i em b i e

VCO ASSERVI SUR UN CMIRP NUMERIQUE
Figure 4,.3/A

® - GORAECTIONS D' AWPLITUDE ET DE PHASE
5.1, [ATAGDUGTION

Parmi les distoraions que subit Te signal, certaines, peuvent ou méme doivent dtre corrigees. Ce sont las
distorsions d'amplitude résultant de 1'dchanti)lonnage svec maintien et égalament Jos distorsions
d'amplitude et de phase apportées par certains filtrages critiques dans la chatne radar.

Certaines de ces corrections pourraient Strs effectudss dany le traitement des échot radar, mais cette
solution eat plus complexe que 1a correction des distorsions au moment de la génération du signal,

Les corrections psuvent dtre faites, soit par filtre correcteur analogique, soit au niveau de la
génération du chirp, soit par dispositif spécia) placé en sdrie aprds le générateur chirp,

21-.7§?:i on ne discute que lew deux derniars ty-2s de correction suxquelles on peut demunder une grande
(1 té.

5.2. CORRECTION AU NIVEAU DE LA QENERATION

Pour Yes générateurs de chirp basés sur la génération directe des signaux, les corrections d'smplitude et
de phase sort simglement prises en compte, dans le calcul dec dchamtiilons b stocker dans lec mémnires
sttaquant lew convertisseiirs,

Pour Tes gdnérateurs basés sur 1a génération de 1a phase, meule la correction de phase paut 8tre prise en
compte, La corrsction de phuse so fait par changement périodigue de 1'incrément contenu dans lo registre
R de ta Figure 2.3/A. Le changement d'incrément se fait ) un rythme trds Inférieur A& 1a frdquance
d'dchantillonnage, car les erreurs corrigéen sont trés lentes, Le nombre de bits des
additonneurs-accumulateurs doit dtre suffisant pour que la correction soit précise.

5.3, DISPOBITIFS DE CORRECTION

Las corrections d'emplitude et de phase peuvent se faire wn utiiisant un atténuateur et un déphaseur
comiandablas. Les amplitudes de correction sont falbles ; des composants analogiques wsont dong
préférables On proposs le wchéma de principe da la Figurs 5.3/A.

Le choix de la fréquance d'échantillonnage F; dépend du spoctre des erreurs b compenser. har exemple, sl
on sUppose un nombre maximal de rlr!odou que les errsurs peuvent avolr pandant la durde du chirp de 5 et
une durde d'impuision de 30 us, ta fréquence d'dchantillonnaye Fy dait dtre de 400 kHz.

Cela ne fait que 12 dchantitions & stocker. Les circuita de commanda de 1'attéinuateur ot du d¢  aseur ne
wont donc pas critiques.
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DISPOSITIF DE CORRECTION D'AMPLITUDE ET DE PHASE
Figure 5.3/A

8 - EXEMPLE DE REALISATEION

6.1, DESCRIPTION GENERALE

ALCATEL ESPACE o réalisd une maquette en technotogle LCL at AsGa dent les principales caractéristiques
sont les sulvantes @

Architacturs du typo décrit dans e paragrephe 2.2,
Une seule voie rdalisée,

Taille mémoire totale : 2 048 dchantillons de 4 bits,
Fréquence de Tonctionnement Jusqu'h 400 Mhz.

6.2, DESCRIPTION DF_L'ARCHITECTURE

Le synoptique da 1a maquette est prédsenté sur la Figure 6.2/A,

e convertlssayr numérlgue/cnalcgique on technologle AsGa fonctiunne & 400 MH2. taes dunndes fournfes au
convertisseur gont nbtorues wn sdrialisant les dopndes de B mémoires RAM de capacité 256 x 4 en
technologle ECL. La partie mémolre foncticnne donc avec une horluge de 4Uu/8 = 50 MHz.

Les données des mémolres RAM sont chargées & partic de mémolres PROM lentes dés la mise sous Lension de
l& maquatte.

Pour réduire la comploxité, seuls 4 bits de codege ont 6Lé utilisds.
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Les composants utiliadés sont las suivants :

PARTIE CHARGEMENT

4 PROM 2K*8 ; 2716

8 convertisseurs TTL ECL ; F100124

2 convertisseurs ECL TTL + F100125

1 compteur diviseur i F100136

1 bascule ¢ F100131

i gultéﬂ1|xour ; F100171

R/N i F100101 & RAM de NISE SORTIE
Gette partie consamme environ : 16.8W PHOM et} 208 x 4 EN [edall CNA
en paralltle SERIE
- PARTIE ECL
4

8 mémoires 25644 | F100422

3 drivers ; F100113 '

3 compteurs divissurs i F100136
Cette partie consomme environ : 13.5W SEQUENCEUR
- PARTIE ASGA (Composants TRIQUINT) | —

2 adrialisateurs %) HORLOGE

1 compteur diviseur 1 TQ1l2

1 CNA i TQ61128V

SYNOPTIQUE DE LA MAQUETTE

Cette partie consomme environ : 13.6W Figure 6.2/A

La consommation totale do 'a maquette est donc de 43.6W.

6.3, EXEMPLE D'UTILISATION ET OE RESULTAT

L'exemple présanté permet la géndration d'un chirp centré sur 125 MHz, de bande 50 MHz ot do durds 5 s,
La fréquence d'échantidlonnage est de 400 Mhe,

La Flgure 6,3/A montre le spectre targe bands du signal 3 la sortie du convertissaur. Le rdsultat obtenu
est conforme aux prédictions théoriques avec la périodicité du spectre et la modulation d'amplituds en
sin a/x rdsultant de )'échantilVonnage avec maintien.

Lu Figure 6.3/B montre 1a spectre du signal centrd sur la fréquence de 125 MHz (spectre désird),
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\ REALTIME, ADAPTIVE RABIOMETRIC CORRECTION
: FOR IMAGING RADARS SYSTEMS

Joao R, Moreira & Winfried Poctzsch
German Acrospace Research Fatablishment (DLR)
Ingtitute for Radio requeney Technology
R0O3| Wossling, FRC

ABSTRACT

T'his paper prosents a new solution of noreal ime radiometrie image correetion that also minimizes the
quantization and saturation noise introduced by the process of analogue-to-digital (A/D) conversion of
raw data of colierent and non-coherent imaging radae systems. The impleamentation of this procedure
has been successfully performed with the experimental SAR Syatem (15 SARY of the DR,

1. INTRODUCTION

In a conventional imaging radar ayston the hackseattered signal is received, downconverted, analogue-
to-digital ﬁ/\/l)) converted, formatiod wd recorded. If this radar system is low at low albsdes, 1000
for examplo, the backseattered sighal intensity will vary too widely withis the range swath, so that a high
signal dynamic range ol the radar systeny is necessury.

The dynamic tange, normally limited by the A/D-converter, can be expanded by varying the gain of the
1F-acction, so that the varianee of the signal before the A/D-conversion remaing conatant mnd i fode-
pendent of range. The choice for the value of the signal variance for o guantization with o mini=mm
distortion has been studied by ). Max (Ref. 13 und G Giray et al (Ref 2).

The variation of the Ili-section gain compensales the range dependent decrease of the backacatterad
signal power. 'This decrease, desetibed by the radae equation, depends mainly on the targe! roge, type
and incidence angle and on the antenna pattern, A typical gain curve for this compensation beging wilh
a small value amFincrcuHm with tanye,

As this gain curve cannot be exuetly determined tn advance, due to inaceurale information about the
terrain charactoristics, Lhis paper discusses aomethod (o generate it precisely in real-tme, This method
will be called rudiometric image correction (R1C),

2. RIC-SYSTEM IMPLEMENTATION IN A SAR-SYSTEM

Igure | shows the iplementation of the RI(T-H{M(!!H in n Synthetic Aperture Radar (SAR) with
1/Q-detectdon. The backseattored signal is reccived, downconverted and vange compressed, AL the
[P-section the signal amplitude will be modified by the gain or correction curve, The correction curve
is readlzed by two devices: a high speed and a low speed attennator.

By a high speed attennator the fast varintion of the correction curve is peneeated (mormally called sensi-
tivity time control ot STC).

By the low spaed attanu. tor we enn adjust the optinnim operating point or ntteniation bins for the high
apeed attenuator, The low speed atfenindor is normally cafled automatic gain control ar AGC.

The [Faignal is then demodulated, by the Q- detrclor for cxample, and A/D-converted. The
RIC-systemn, that controls the AGC- and STC-attennators, reads the converted raw data and caleulates
the slgnal Intensity as a function of range over a glven infearation time, The iotegration thne can e
varied from severnl seconds up 1o some minufes.
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3. GENERATING THE STC-C'URVE

Pigure 2 shows the blocadingramm of the adaptive control system for the generation of the 8TC-cor-
rection varve. The whole loop consiats on a STC-dlenuator, the A/D-converters, o signal summation
to estimate the echo signal intensity, n comparison of the eslinated sipoal intensity with o referonce level
given in Rell [ and 2, onideal onolf relay, an integrtor and n DA convarter that penesates the cantrol
sigiad Tor the analogue 8'TC-attenuador,

The RIC-system evalizes this loop for all the range bing so that we uhluin o attentation eleve as a
funetion of time or rage at the control input of the 8TC-nHennator.

The loop parnmeter to be changed at each iteration "k” 1 the imit “d 7 of the ideal on-ofF relay, The ideal
on-off relay i ensy to be implemuented by software and keepa tie systern siabde swith o known ripple (Ref.
3. The ripple amplitude at the output a(k) of the confrol system s given by the limit d of (e on-ofl
relay. 'The adaptive control will ml]lum the timit “d” with Ym';;u value Tor the first itermtions so that the
output converges fast 1o the given reference value, ‘The fimit "d” becomes smnller with the namber of
iterations in orcder to reduce the ripple amplitode, Tinaly we pet o restdual amplituda error of less than
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Figure 2, Nowlinear adaptive control system for the STC cueve genernting
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4, GENERATING THE CORRECTION CURVE

The eotrectlon curve consista of the STCOnve and the AGC-Jevel. A detiiled Block disgram of the
STC-curve genernton is showo i Fagiee G Pl algorithn can be explained as otlows:

[ Aninitilisation of the R1C-systenm s nude and o caonstant TEsection gain s progiammed.
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2. The caleulated signal intensity curve as a function of range (sce Figure 3 is filtered using moving
average.

3. The adaptive control aigorithon calealutes the STC-curve that is adso filtered using moving averipe,
‘The steps 27 and "3 will be repeated until the given number of iterations of the control system ix
complete.

4, The operation point of the §TC-atlenuator Is checked, If the operation point of the 8'TCeatteruntor
is optimum, the AGC-level will not b modified. The operalor reeeives a message reporting the
success of the radiometric cotrection, The STC- and AGC-dota will bo recorded for later analyais,
It no range compression has bran made, the §TC.data will be also used for ealeulnting the weighting
of the referance function for digital rangs compression.

If the operation point of the STC-attenuator s not optimum, o new AGC-level is enloulated and
programmed, A new 8TC-curve must be derived und steps 727, 73" and "4" are repented,

AMPLITUDR AWPL TTUDE
BEFORE 8TC AFTHR BTC 4 a
18 34 "
i
SO [ 38 i . ~sp il
TIME/FANGE TIME/RANGE TIME/RANGE TIME/HANGE

e e

— L
8 (k) _—{?E-l-_—. CONVERTERS @ )
GAIN s s e+ o]

] RIGNAL INTENBITY
/ Z BUMMAT TON
:] SIONAL INTENBITY
N [J/ A GAIN fi-4)
il [vorais ! f 1 |
y ¥ TME /FIANIGE
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ase g r L OF 0 {
nﬂm (e e . - FANGE _---5‘:——-] . TIME/FANGE
(T (L] Moving — - b REFEWENCE
T1He/ NG AVERAGE " ., W LEVEL

Figure 3. Detalled block dingrumm of the STC.curve generation,

5. RESULTS

The inplomentation of the RIC-System has been suceessfully performed with the expetimental C-3and
SAR-system during fights in Oclober 1988, The SAR-system uses i l/({-dulminn with two 6.bit
A/D-converters which ench run at 100MB2Z und have ndynamic range of 2541 at ADM T2 or nn effective
bit number of 4 (see Rot. 4). An n system dynamie range of more than 4008 was required, o §TC at-
tenuator with aprox. 15d1 range was emplayed. 'The hardware of the RIC-system conntuts of an interfoce
to the A/D-vonverter buffers, a microprocessor systen that calenlatos the 8TC- and AGC attenuntions,
an § bit-D/A-converter for controlling the npalogee STC-attenuator and o digiind 7 bl -attenviator for the
AGC-function (Ref. 3,6 and 7).

Pgure 4 shows an example of a §TC-curve generation, The alrerall (1D0-228) flew in the up-dosn
direction and ou the left gde of the image, Heneo the left side of the image corresponds to near gy
and the right alde correspunds to far range,

The upper rnn of the image Is processed without STC, this meana with o conslang STC curve, T fhis
case the A/IX converteis have a high saturation rate in nenr e aind produce s high quantization noise
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in far range. In mid range the A/D converters work with minisnum conversion noise. The averaged signal
amplitude is shown in the upper curve as a function of slant range.

In the middlc of the image the gencration of the §TC-curve with 7 iterations was started. Hero the
RIC-system has averaged 32 range lines within 3 scoonds for wach iteration that corresponds to a strir
in :he u}mge. The lighter strip represents the initialisation and the next strips correspond the first, second,
. iterations,

After carrying out the seven STC iterations one obtains the corrected image shown in the botton part
of the imags. The lower curve shows that the averaged signal amplitude remains constant with range.
T‘l;e.resci‘dunj signal variance error of less than 1.0dB at the inpuls of the A/D converters was also
obtained.

" DFULR__NE = HF___E=SAR SYSTEM REALTINE - AR - PROCESSOR _

E:perimental flight ~ 1 -Band /  $1¢-Curva Generotlon Evnmple :’:_';4; :.:;12":..,,;.“”':" .'Dlg;’.?.\-’“

ngyw Purcineters > + Range Maolutlon © 6 M ¢ Azhvutn Resalulibn 8 M (Hest 1aNgR} /1A m (tar range)

+ Pivet Spacmg in Range - 8 m o Pirel Spucing (n Alimiuth -+ & m * iage Side - 1940 v w SBED 1 (Rdnge ® fimuth}
+ altute - 9% m * Ground Speed © T4 m/f + Ueprennion Angle © 48° |4 12%) + NP Cantar "raquency B 3 GHr

< Palarisation Vv 4 Numbet of Lagba - 1 & Pedb Sidelobe Rdlia 1= 26db aimuth/ ~ 364D rarge  » ADL averllow wilh S1Cwi %
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Figure 4. An cxample of the STC-curve genevation

Ale the A/D-converters used have an effective number of 4 bits, we get from Ref. 2 the following con-
ciusions:

e  Optimum K, K Is defined as the saturation level of the A/D-converter to the input rms voltage ratio.
For a 4 bit A/D-converter we have the minimuim A/D-conversion noise by K= 2.5,

¢  Saturation ratio. By K =2.5 we obtain a normalized quantization noise power of 1.055-2, a satu-
ration noise power of 0,2413-2 and a total noise power of 1.2913-2, Considering the probability
deasity function of the radar aiﬁml before the A/1D-conversion s a normal distribution, wa get for
K =25 a saturation ratio of 1.3%.

Figure 5 shows the histogram in far range of the image without STC (upper snrt of figure 4). The his-
togram was calculated from 1024 smmnples of the /\(D-convcﬂcr. The standard devintlon iy 7.5 and the
saturation level of the A/D-converter is 32 considering 64 steps of the A/D-converter, The overflow
frequency is | sample that corresponds to 0,1%. The ratio K for this case is 4.3, ‘The A/D-converter has
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a small excursion, works helow its optimum operating point and causes a high conversion noise duc to
high quantization noise.

Figure 6 shows the histogram in ncar range of the image without STC (upger part of figure 4). ‘The
histogram was also calculated from 1024 samples of the A/D-converter. ‘The standard deviation ist 23.1
considering 64 steps of the A/D-converter. The ovetflow frequency is 329 samples that corresponds to
32%. The ratio K for this case is 1.4. The A/D-converter has a large excursion, works over its optimum
oporating point and causes a high convaraion noise due to high saturation noise,

Figure 7 shows the histogram in near range of the image with STC (bottom part of figiure 4). The his-
togram for the whole rm?e swath is pract cal]g the same, 8o that we can take this example as a general
one. The histogram was rlso calculated from 1024 samples of the A/D-converter. The standard deviation
is 12,7 considering 64 steps of the A/D-converter, The overflow frequency Is 14 samples that corre-
:{)onds to 14%. The ratio K for this case is 2.5, This result matches with Ref 2., so that the
/D-converter works at its optimum operating point and causes minitmum conversion noise.
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DISCUSSION
N.Lannelongue

You are presenting the phuse areay performance as o main limbtation for superresolution. Can you give us more detadt in

the performunce requirements for the phased areny (beam shape, number of colls, phuse and amplitude beam
culibration, residual coupling ete.)?

Authu.'s Reply

Ruquired aceuracy depends on separation of targets und number of chunnels, For the given example of B clements 200

phuse errors can be tolerated tor targets separated 122 beamwidih, For closcr HITgets QUeUraey requirements inerease
ripidly.

Cd.Baker

What s the pertormance of the superresolution algotithims when Hluminating targets made tp of many points scutterers
in 4 residund background of correlated no-guussian clutter?

Authur's Reply

Scattering points separated less /1) beamwidth do ot matter, For seeker hoads superresolution as a glint error
redr ton technigue iy lmpurl‘um. Correlated non-geussian nulse affects significantly target number determination, not ——
very much ungle estimation. Fieid experiments with clutter will be

done in the future with the FFM ELRA system,
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\ CONCEPT FOR A SPACEBORNE SYNTHETIC APERTURE RADAR (SAR)
SENSOR BASED ON ACTIVE i HASED ARRAY TECHNOLOGY

by

A.Brunner, E.Lunger
Siemens AG Munich,
Telecaommunication/Sen “conductors
SIFRE 25
Landshuterstr, 2.

D-8044 Unterschletssheim
Federal Republic of Germany

and

/ H.Ott), K.H,Zeller .
{ DLR Oberpfaffenhofen, 1
Institute for Radio Frequency Technology i A

QE trach

For surveillance with spaceborne remohe sensing systems quite often a spatial resclution

of 1 mor less is reaquested. In the paper & SAR concept ls presented for a low flylng
satellite.

Assuming a peak power of 5 kW and using actlve phased array technology a swath width of
sbout 30 km at an off nadir angle of 35 is considered to be reasonable. A wide awath
width oombined with a high resclution can only be achieved Lf we use a flxed antenna
beam for transmitting which {lluminates the whole aswath width, while a very narrow
antennh beam scans the swath in the manner as the refleated pulse travels from the near
range to the far range across the swath width.

For the active antenna aystem a high efficlency of the tranamlt/rencive.moduls, low
losses In the faeding network and doubly polarized rpdimting elements with high polari-
zation purity are considered of utmoat importance., - .

An antenna conoept based on the slotted waveguide prineiple is dencribed: /
for an aperture of 10 m x 2 m 38400 doubly polarized radiating elementa and 3840 active /
phase shifter modules are proposed.

The technology of the CaAs-based modules with spscisl respect to space requiremenl re-
sulting in an eaonomle solution of the power generatlon below 3 W per module ls de-
soribed.

Keywords

Synthetic aperture radar, SCAN-SAR, high resolutlon, active phused array, multi-polari-

zation, slotted waveguide array, subarray, active T/R-moduls, SPDT~swilch, UaAs-ampli-
fler,

1, Intr. luation

Spaceborne SAR syatems have galned enormous attention after the short but succesafull
L-band SAR operation of SEASAT in 1978 /1/., Shuttle-borne SAR systems were launched
the firat time /27 {n 1981 (B1R-A) and & second time /3/ in 1984 (SIK-B). The next
shuttle-borne SAR systems /U, 5/ are planned for 3 missions to be launched in the
period between 1991 to 1994, These will be the Radar Lab Missions (SIR-C/X-3AR).

SEASAT, SIR-A and SIR-B used horlizontal polarization and l..pand, The swath w{dth was
approximately In the order of 100 km to 40 km and the spatial resclution around 25 m
to 40 m. The main differences between the previous three projects were the off nadir
angles (SEASAT 20°, OIR-A 47°, SIR-B 15" to 60' adjustahle), coming from the different
applications., SEASAT was ideal for oceanle research, due Lo the strong radar returny
at 20" off nadir, S1R-A was land epplication oriented (enhancement of terrain atruc-
turog, less senaitive against geometrlc layover) and SIR-B could be optimized to all
diaciplines (adjuatable off nadir ungla).

SIR-C/X-SAR will introduce new capabilities in apacebornms NAR sensors. It will incor-
porate multifrequenay, multipolarization and varliable off nadir angle. The aswath
width will echange between 15 km and 100 km depending on the chosen parametera.
Geometric resolution wili bn around "5 m to 30 m.

All theae mentioned spaceborne SAR asensors for civil applications were limited in power,
data rate, avalilable technology and attitude control accurany of shuttle. In thu paper

some ideas will be discusmed how to schieve g spacsborne SAR sensor with higher aspatial
resolution and a reasonable swath width, The discusalon will ronsapteate on the unlching
and {te distributed transmit/receive modules,

2. System Considerations for a Low Flylng Satelllte-borne High Resolution SAR
2.1 SCAN-SAR principle

It is a well known faot, that SAR systems have conflioting requirements with respect
to high spatial resolution and of a large awath wldth and one usually has to make a
compromise for & platform flylng at a specifled altitude with a given speed.
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Reasons for thedse system limitationy are, on the one hand, the need for a physically
short antenna (in flight direation) for a high resolution and, on the other hand,
the need to suppress range ambigulties, A short antenna i)luminates a large area on
the ground and, therefore, the reflected radar signals are apread over a large
Doppler freguenry band., The Nyquist theorem raguires a sampling rate (pulse repeti-
tion frequency) larger than the Doppler frequency. For u satellite altitude of 2%0 km
and an off nadir angle of 35° the real antenna aperture needed for a SAK system
amounts to at leaat 1m to 2 m . The resolution of 1 m (1 look processing) In azi-
muth leads to a real aperture length of 2 m. For the same spatial resolution in rangs
3 pulse length of 2,4 useo with a compression factor of 600 is neaeasary. This swath
width would be nearly 30 km and the PRF about 8 kKz., 3/N computationm show that for
the assumed peak power of 5 kW the antenna gain needs to be {ncremsed.

A solution to achleve this without reducing the awath width is to illluminate tha
whole awath in the transmit mode, but to mcan in elevation (ranre) with a very
narrow beam at the same opeed as the pulse traveis from the near range to far range
part of the swath., In order to achieve the narrow scanning beam for reception, an-
tenna aperture dimensions of 2 m in azimuth and 10 m ir nlevation are assumed. Fiy,
2.1 uhows a aketched configuration, fig., 2.2 the travel.ing wave front far the
transmit and the scanning receive mode,

To simplify the system discusslon the off nadlr angle of the transmlg antenna
pattern at the mid awath position will be assumed to be conatant (3%°)#),

The characteristics of such a 5AR system are summarized below
frequerncy 9,6 GHz
Antenna dimension in range 10m

{n azimuth 2 m.

Tranamit pattern in elevationt
Beamforming amplitude and phase distribution in order to ouppress slidelobea and to

compensate for near range/far range 3/N differconces, Half power beamwidth approx, .57,

Receive pattern in wlevation:
No amplitude Laper acrous the aperture, bul phase steoering-capablliLy for a beam
shift of + 2.,3", The 3 dB-beamwidth (s 0.16°.

Tranamit/receive pattern Iln azlmuthy
Constant amplitude and phese distribution, 3 dB-beamwidth (s 0.8°.

Antenna gzin, transmit mod. 38 dn

recelve mode 53 dB

Peak power 5 kW

Pulse length 2,4 pa
Pulse oompression lactor 600

Pulse repetitiaon rate (PRF) 8 kH
Chirp bandwidth (RF-bandwidth) 200
Swath width single polarization 30
15

dual polarization

MHz
ks
km

A/D converslon 2 bit in-phase (1) and 2 bit in-quadralur (4). The radiometrie reso-
lutlon depends strongly on tho back scatLer coufl'iclent &', on plxel wize and, of
qoutse, on speckle,

Fig, 2.3 shows the Influence of the alghal to noige ratio for | luok, 2 loovks, U
looks and 8 looks operation.

Multiple polarization

The PRF ia B8 kHz for nach polarization, This meann, for nimultuneocus quad-polariza-
tion operation, an interlaced 16 kHz PRF scheme will be used, Naturally the hipgher
FHF reduced the swath width from 30 km to L5 ka in order to avatld range amhiguitian,
Dual polarization means for erample VV (tranamit/receive) and VH on one pulue while
on the next pulse HH and HV are selected, This quad-p. larizatlon scheme implies )
tranamlt and 2 recelve channels, The transmit channel (g changing ils polarization
With ?ach pulre, while tho recelve channeln are vertically and horlzontally
polarized,

L]

The eleclrunie beam dteerlng capability could be used for the transmit and
ruceive pattern in order to galn a variable mid swath position (off nadip
angle). This would require a Flexible (matched) PRF,
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In case of 1 transmit and 1} receive channel only, the Interlaced pulsing scheme
will be about 32 kHz for ocuad-polarization. In this case the swath width will be
reduced to 7,5 km,

It should be mentioned that the high sampling rate {n azimuth (about 4000 per sec.)
results in a falrly low blt number needed for the As/u vonverter (2 bit for I, 2 bit
for Q). Nevertheless the data rate for single polarizalion and swath width of 30 km
(1 m resolution) results in a data rate of about 1 Gbit/s, In the case of the quad=
polarization mode the data rate doublea to 2 Gbit/s (15 km awath width or 7.5 km
swath width in case of I receive channel),

These very high data rates show the necesiaity of data reduction or data compression
schemes. Even onboard realtime prooessing helps only in the case of multilook oper-
ation, not peleviant here, The data rate then reduces with the inverse value of the
look number,

Double Polarization Phased Array Antenna Conuept

Radiator element prinoiple

The antenna aperture of 2 m x 10 m has to be filled with radiator clements asbout
2/3 » apart from each other. With a square lattice of 20 inches distance (0.6H>
at 9,6 OHz) 50,000 radistor elements would be necessary for horlzontal as well as
for vertical polarization. In order to avoid 50,000 active modules with phase
shifters, subarrays must be formed., Since in the azimuth plane a beam of 0,8'

half power beumwidth hes to be sieered less than 1' several, e.g. 10 radiator ele-
ments can bs fed and steered by one active module. This would lead to "only" 5000
aotive modules, of which everyone has to generate 1 W power in order to achiave

5 kW system peak power, Additionally the posslbility of using an econcmic series
fed l0-element-subarray is offered,

A simple series fed antenna subgroup is based on the slotted wavegulde principle.

A very lmportant fect for the choice of the radiator elements is the requirement

of using horlzontal and vertiocal polarization in transmit and receive path., In this
way the U4 different transmit/receive operations (horizontal/horizontal, horlzontal/
vertical, vertivals/horizontal, vertical/vertical) yield further information about
the scanned ground area, The additional information quality depends on the polar!-
zation purit{ of the radiator elemsnts, Thersfsre rectangular orthogonally slotted
waveguldes with their well defined fields and ourrents are proposed. The second
high performance factor of the slotted waveguldes ls thelr low loss behavior,

Fig, 3.1 shows the principle of the double polarization mlotted waveguide array,
The vertical polarization ls radiated by the horizontal slots on the broadaide of
the rear waveguldes, The coupling factor and therewith the amplitude distribution
along the radiating wavegulde can he adjusted by the distance of the slots from
the centre 1ine on the broadaide. The horizontal polarization 1s radlated by the
vertical slots on the small slde wall of the front waveguldes. These slots are
derived from the alternately inolined alots in the small side wall of waveguldes.
Since undistorted vertical slots of that kind do not radiate, a small aoylindrical
post ls introduved neapr the slot center whioh causes the fleld lines to oroas Lthe
alot. The coupling factor can be amt hy the diameter or the depth of the poat in-
side the wavegulde, The poat on the alternate aide of the sloty corresponds to the
alternate lnclination of conventional amall-side slots. An inolination of the alota
would reduce the polarization purity.

The slotted wavegulde subarrays are resonant types and fed from the rear near one
end, They are about 25 om long and have 10 slots. This corresponds with an Inslde
wavegulde broad wall dimension of 20,0 mm, which is reponsible for the wave-

gulde wave length and the slot distance in flight directlon, The waveguide distance
{n the orthogonhal plane is about 21 mm. The feed llnes of the horizontnlly and
vertically polurlzed element output come from the polarization swltch, which is
operated elsctrunically to meleot the different pclarization modes.

Array structure

The double polurization subarray conslisting of two 10-ilot wavegulden is the
smallest hullding block of the arraz antenna., The 20 m® array aperture therefure
needs 3840 subarrays of them and 3840 actise modules. That means,one module haa to
genarate 1.3 W RAF power., There are many poasibllities for the feed system and the
acombination to subpanals. One ia shown in fig. 3.2, The output of the 3840 polari.
zation ewitchens are attpohed to the 3840 active modules., It meems economic for the
active module to inolude Lhe paolarization switoh as an integrated part in the same
way as It lncludes the transmit/receive aswitoh for decoupling of HPA and LNA., If
the co- and cross-polarlization components reflected from the ground have to be
received simultaneously, the aotive modules and the power divider syatem would be
necessary twics, which would be bulky, heavy and expensive. The next step in com-
bining the aubarrays is a power divider for 24 moduls in the elevation plane. The
24 elements cvover 0,5 m out of the 10 m elevation dimenalon. 160 powsr dlvidera of
*his type are neaessary, Since the sidelobe level of the elevatinn plane should be
below -20 or =25 dB the power distribution over the aperture must be tapered.
Therefore, elther tha 20 power dividers along the 10 m-dimenaion are tapered and
not identical or easler they are ldentical and the attenuator pads in the active
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moduley can be set to different valuea. The 160 power dividers elther aunsist of
10 different types with respectively 2 x 8 identical specimer oross the 2 me
dimension or they are all identlcal.

The next step is to feed 8 power divider outputs lying along the azimuth dimen-
sion, This nearly 2 m long power divider can be realized in . rr *wo sectlons
depending on the subpanel size. All twenty exemplara f ther 1.° dividers Are
identical and can deliver & constant amplitude distri-.ut' =~ over tha U u azimuth
dimension with high galn, because sidelobe signals in fl.. . diregtio: can be
suppressed by processing.

The final 1120 divider extending over nearly 10 m in elevation alsc hac tapered or
constant energy distribution and can be constructed, for instunce, in 1L neparated
ons~mater parts which are put together by single or double RF connections,

The 160 power dividers of 1124 type ocan ba realized sconsmically ip aeries division
principle, All the others muast operate according to the parallel princlple,

Beam steering

The 480 radiator element rows in the elevation plane can be individually ateered by
the phase shifters of the modules, Thus the 0,16° beam can be exactly positioned
within the 4.6" of the swath width. In the transmit case the full 4,6 are covered
by defocusing the phase distribution,

The 0.B" beam in the azimuth plane can be asteered within less than + 1° for align-

ment corraations by the 8 phase shifter cclumns along the 2 m dimension,

Aotive T/R-module techrology

The basic requirements [or active transmit/receive phased array modules (fig.h,1)
including high power amplifier, phase shifter and small signal amplifler are llght
welight and low power aonsumption, Therefore new technological solutions and meche-
anical design are necessary for the T/R-modules, thelr mechanical supports and coul-
ing. The major drivers for the weight are not the slectronio davices themselves

like GaAs and 31 IC's or dimorete components, but the module boxms and the ceramie
substrates for the thinfilm alroults with thelp hoavy metallic base plates. In con-
ventlonal dosigns these parts welgh 80 to 100 grammes per T/Remodule not inclu
ding support, feeding, controlling and ccoling equlpment,

Design and materlial of the module box muut be matohed to the cooling method. Heat
pipes are attractlive because ol thelr effeotive and diatributed heat extraction,
They can bs fully i{ntegrated in the mndule boxem and he deslgned as one-plece
parts, With the optimum heat tranafer of heat pipes materinls with worse thermal
conduetivity can be used e.g. metallized curamios for parts of the module box, La
repluce the heavy base plates for tho hybrid clrcuits (flg. 8.2). (hese Cu-Mo-
laminates nr kovar sheets commonly used to provide an easy handling and assumbling
of the thinfilm devicea, are usually 25..,40/1000 inches thlck and con‘ribute about
15 to 20 grammecs to wvery T/R-channel, For the thinfilm asubstrates the usual
2571000 Inches alumina ia replaceable by 10/1000 inches alumina or BeO, The latter
gives, in addition to the light-welght, an exovellunt thermal conductivity,

Consldering the eleotronlo olrcuits, most of the omponents are realizeable mono-
ilthhically ln a well praven menner., Small-signa' amplifiers SPDT-aswltches, phase
shifters and microwave attenuators with 4,..5 bi' pesclubion are available for
differant [requencles up to Ku-band and higher W97

More critical is the situation with the high power amplifiers, Though hybrid and
monolithic designs with 3 to 5 Watt HF-output and with sulficlently amall dlimen-
alons are {n production, these components kave atill many probloms and cause high
cost,

Not lems critical iy the power consumption of these ampliflers, malnly at X-band and
higher frequencies. Becsuse of the low gain of high power GaAs-transistors al these
frequencies, the required RF-input power s in the order of 15 to 20 % of the out-
put power., That means 3 to Y stages with staggersd output power, untll the Input
power of the complete amplifier is ln the range of the small signal devices used

for the signal processing. Despite the Power Added Efficlenay of auch amplifier is
in the urder of 20 to 25 %, the total power disslpation of a typical clasa A X-band
amplifier is about 15.,.20 W for 5 W RF-output with 1 dB compression in the CW-mode,
0f course, the smaller the duty factor, the less are the losses, but in practice
considerable heat is gonmrated and an uncomfortable high DC current must be managed
by the power supply. To overcome this prcblems at SARs, a smaller RF power per
module 1ike 1 t5 2 W should be preferred. Such medium power amplifiers can be
realized monolithically with a good yleld and muoh batter efflclency than hlgh power
devices (EL?. 4.3), This means that the power dissipation is lower and the DC-gating
of the amplifier iy simpler., In addition with this minor output power the DC-pulses
during the duty cyole are much better to soften by buffer aapacitors in the modules.
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The accomodation of the active modules behind tho radiator elements is easler rlor
this SAR phased-array concept, compared to asarch and tracklng radar phased-arrayas,
because of the common steering of many radiator elements by one active module. That
means, there is more spage fur every mndule In the averay, the module box can he lap-
gory thus the polarization switeh can be integrated (n, fig, 4.2).

An additional advantage §a the smaller Lemperature gradient, duslde Che modnle box
boeause af Lhe botter distribution of the heat sonrcesn, That means the [ndividual
cumponents operate at lower temperatures, the elactricsl data show less temperature
shifls and the aoctive SAR phased-array is more prelimble.,
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The broad hall power beamwidth of Lhe transmit antenna and the narrow
beam of the reenive antenna are Indieated,
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DISCUSSION
J.Richard
Quelles sunt les capacites muximales de pointage de Fantenne en élévation”?
Author's Reply

From off NADIR 35° 1 35° that means from NADIR tw 70" off nadir,

N.Lannclongue
What is the value expected for the purity of polarisation?

Author's Reply
Lowet than -30 di3,

LMcMillan
Recognising that low efficiency of the PA requires low voltage and high currents, what solution have you found to the
pulse storage capacitors, o, if no storage, how do you hundle the ca, 100 A or s of pulse current?

Author's Reply
Froblem is basically solved. The problem is reduced with medium output power,

K. van Kloosten
(1) Theamount of power ta be dissipated is high und has to be rdiated in space, Both front and backside are nice
isotuting (likely CFRP metallised waveguide). How da you think to solve this problem?

(2) The scan volume is small and with microstrip you would be able to operate in the “dip” of the x-pol pattern with
reasonable polurisation performance, Please comment,

Author's Reply
(1) The total surtice of the 3830 active modules is much smaller thin the 2510 m° of the array, Therefore, it is not too
ditficult to accommodute heat sink plates for heat radiation to space.

() The antenna coneept can be applied also for o lurger sean volume, For o sean volume of + several degrees the
slotted waveguide congept shows already improved cross polurtzation purity,

C.).Baker
As you have only one reeeiver chunnel, how do you cope with the differential dynumic runge of the co- and cross-polar
return signals?

Author'y Reply
Principally, this has to be done with the dynamic range of the module receivers (at the moment, there are the 'wo co-
polurizations only under discussion, und the here mentioned problem is one of the reasons for thut). However, the
question touchues the whole complex of eulibration (including S1C) which is under consideration just now. Whereus
external calibration for all polarizinions will be done on the same way as for X-SAR/SIR-C and ERS- 1 (with large test
and calibration arcas for instance in Oberpfuffenhalon), the internat calibration of this lurpe wrray is just uinder

diseussion now,
\
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e \ A MOTION COMPENSATION STUDY FOR THE PHARUS PROJECT

by
M.P.G. Otten, ¥ 8¢,

Radat & Communications Divisien
Physics and Elsctronios Laboratory
P.O, box 96864
2509 JG The Hagus
The Netherlands

In the PHARUS project, & polarimetric C-band BAR is being developsd, which will be praaeded by a
non-polarimetric test system called PHARS, A motion compensation study Lls a«lmo part of preparatory
studies for the final PFHARUS deaign.

A SAR dats simulator has been daveloped as a tool for the investigation of the effects of
alreraft motions on tha SAR image, From the SAR mapping geometry, & terraln desoription, the rader
narameters, and detailed trajectory and attitude dats of a non-manoccuvring airoraft, the simulntor
generates raw data with a given range resalution, This can bs processed, by arimuth compression, into the
SAR lmage.

A ascondary purpose of the simulation im to determine the impact of swvaral dealun parameter
choices, and to provide well-definaed test.input for BAR processing software that ia being developed,

The results of Lest runs with real flight data have been verified theorstically, and have shown
the nved for motion compunsation, It haos slso demonstrated a major advantage ot <inulation, in that it
cah take many factorm inte account at tho sams time, including for instanoce the BA” procesning method,
which is hard to do theoretically,

Y
L1ST OF BYMBOLS ;
A : antenna aperture (atea)
.LOS 1 line-of-sight acneleration
Bw 1 bandwidth
Dnn ¢ aslmuth shift
Ql. i lever arm dlstouce
H i altitude
Fn { recelver nolse factor
tl,ltf t affective sampling frequency
Atd t ubilized Doppler band
[ t walghting compunmation parameter
Nnr : aslmuth presumming factor
PCR ; pulse compression ratio:
Ph i tranemitted peak powsr
R t slant range
RCH t radar orces ssction
Py t szimuth resolution
£, t (slant) range resolutlon
T. t integration {eperture) time
VLos t line-of-sight velocity
.otr 1 phase error
A : wavelength
¢ t depressjon angle
0: t azimuth beam steering angle
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1. INTRODUCTION

The FHARUS project {1} mims at the development of a polarimetric C-band aircrafbt SAR in the
Hetherlatds, and ia carried out by the Phyaics and Electronics Laboratory TNO (FEL), the Natlonal
Asrcspace Laboratory (NLR), and the Delft Univarsity of Techniology (TUD). Prisr to the realisstion phasse
of the project, i.e. the bullding of PHARUS and final software development, there is the detinition
phass, oconnisbting of several preparatary studies, one of which is conoernsd with motion compensation, FEL
and HLR collaborate on this study, )

In the definition phase, a test system is also built, called PHARS, so that sctusl experience
with most aspects of SAR can be ga‘asd before the final design for PHARUS is mads.

The fivat phass of the motlion nompensation study was the development of an aircraft S5AR
simulation program at FEL, salled SARGEN, This simulation has recuntly bsen takan into use by HLR to
carcy out the second phase of the study, the motion error snalysis,

This paper focuses on phane one of the study, ths development of the simulation program SARGEN,
and some first results of simulations with ‘resl’ flight datas that were made available by NLR,

2, SAR BIMULATION AND MOTION COMPENSATION

Though motion compensation studiea can be carried out purely theoretically, a simulation has a
number of advantages,

In the first place, practically say investigation that can be carrisd out theorstically can also
be dohe with s simulation, In fact, the firat thing to do would bes to validats the simulation with a
nunber of thworetically verifisble test runa. Howaver, the sinulation can handle situations which soon
becomw too complicated for theory: all typem of errors can be considered, motion ean be singled out and
combined am desired, and real flight data can be used direotly: motion variables will usually not be
independent., so that considering all of them 'st the same time’' is more realistio than incohersntly
adding up an error budget., Furthermore, the particular asimuth compression method im taken Lnto mccount,
sucondary effects which might otherwise be overlooked will becoms apparent in a simulated imege, and the
image quality can be judped in any objective and subjective way,

Apart from a motion compsnsation study, & simulation can aslsc aid the mnking of design chnices,
9.8, by determining ambiguity levels or signal-to-noise ratios, and it cen genarate known test input data
for SAR processing software under development,

3, AIRCRAFT SAR SIMULATION 'BARGEN'

The primary purpoae of the simulation is to study azimuth distortion and delocusing caused by
aiprcraft motion, The negessary capabilities and psrmissible limitations of SARCGEN have been eatablished
according tu this aim, The following simulation model wea connidered to be adeguate;

A situstion is .imulated where a non-manceuvring aircraft flies along a trajestory, which la
perturbed by motion devistions in sll directions snd in attitude (xull, pltch, and yaw), The deviations
are assumed to be not so large am to caune rangs walk, but achitrary otherwlse. A certaln mslant range
resclution achieved by pulne compreasion {s sssumed, bub the pulse compression itself i{s not simuleted,
The motion reference point may be displuced with cespect to the antenna phame centre. The pointing of the
antenna i3 arbiteary, but fixed during one simulation run, Tha rader FRF may be fixed or coupled to the
aircralt ground velocity, An asimuth presumming factor may &lso be speoified,

The Lmaged terrain may consist of any vollsction of point targets in a two dimensional plane,
vach glven by & position, RCE, and phase term (complex reflection coefflcient)

Thus the ocutpul of SARCEN seprwsents range compressed, and presunmed coherent raw dats, which
then needs azimubh compreseion to form the SAR image.

Figute 1 shows & block diagram of the complets simulation, i.w. up to the final image, and the
otganisation of in- and output data

! Only relevant in case of closely spaced polut targets
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Figurs 1. Simulation block dlagram

The input parametsrs are organized in five data sets:

geometry | parameters which desoribe fixed distances, like nominal altitude, distance to the imaged
wwath, displacsment Latwesn motien reference point and antenna phass centse sto,

terrain | deagription of the point tnzl;t ¢olleclion

radar : wavelength, PRF, powet, bandwidth, range resolution, anteuna dimensions ete,

£light data: aix btime sequencea: three position- and three attitude variablum, plus the tims itaelf
(tima step is variable).

run parameters: desgribes the simulation pup itself, i,s, the sxtent in azimuth and rangs, and controls
the selection of flight variebles, and of variable or fixed PRF,

A file of raw data is generated, along with a 'sumary’ of the wimulation patametars, some of
which are necessary input for ths agimubh compression (veloelty, FRF, wavelenath, range etc). The
processing parameters specifv asimuth reselution, weighting parameters, snd the image format: siza, pixel
spacing etc,, which are again awunmarined aftyr procaasing in the image parameter file, along with the
reaulting humber of lines and pixels,

The simulation has besn implemented in the FORTRAN 77 languegs. Bince a simulation such ar this
van sasily become excessively bime consuming, a falr amount of effort has been devotud Lo optimization of
the computations. Nevertheless, some limitstiona remaini study of etatistical phenomena (speckls) would
tequire, in this set-up, collections of point targets that are Loo large to handle, but such
inveatigations were not intended,

Flgure 2 ahows how, ideally, tha simulation would be used in a sst-up for motioh catmpshaation
study, and how, in soms cases, this may be approximated by & simplar sst-up, which reguites only
straightforward uncompensated BAR processiny, Note howsver that this alternative sst-up presupposes that
the motion that is assumed to bs compensated 18 indesd compensated in svery respect, which is not alwaya
trus, For inatance: phase errors mey be perfeotly serrectud, but deterioration of the signal-to-noise
ratio dus to antenna misalignhment cannot be undone. Such partial compensation of motion cannot be
simulated in the elternative set-up. The slternative approsch mhould therefoxs only be used, bearing its
Limitations in mind, Furthermore, since the raw deta gensration wil) often be more time consuming then
the subsequant SAR procesming, it may even be more practical to use the firat approsch, if an acourate
set of £light date L{e available, One could genurate a set of raw data using that set of flight data,
after which proceasing can be dohe with motion vompansstion with any desirsd error imposed on the flight
dats,
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Figure 2, Bimulation set-up for motion compensation study
Top 'idwal’ set-up
Bottom: simplified set-up

In principle, subofocus can also be inoluded in a simulation uyole, However, womething would
have to be done about the statistical properiies of the simulated data, bo which autofocus algorithms are
inherently senmitive. Adding speckls with the proper atatistica to the image data, without simulabing the
uhdeklying phymical process, is therefore considered as a futurs extension,

4, SIMULATION EXAMI'LES

Soma test gimulations were curried out using f£light dabs of an HLR alreraft, o Bwearingen Metro
11 (Feirchild), which is used for Remote Senaing experiments, and which may in futurs serve as the S5AR
platform, A fictltious scehe wan oraated, desoribed below, containing enough festures to ruveal any
distortion, defoousing, snd ambiguitien:

Point targebs are arranged in cross track lines, at 3 m intervals (less than the range
resolution), slong track lines, at variable intervels, and one 'disgonal’ line, ALl polnt tergets have
RCSwl mz. sxcept those constituting the diagonal line, which have RCBe100 mz. sew figure 3, The simulabed
trajectory is about 600 m at 104 m/s stound spwsd. The actual fiight data are deploted in figure 4 ( aee
figure § for voll,pltoh, and yaw definitions), Notw: the x-position (along track) is the x-position after
subtraction of the nominal speed.
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Flgure 5, Roll, pitch, and yaw dafiniticns
Top : Roll, pitch, and yaw axes of the airfrane
Bottom : Relative orientations with reapect to ground speed

Other simulntlon parmmeters:

- neat slant range R =13 kn
- altitude H =8 km
- antenna peinting:
depression angle: 8. = 24,4
azimuth bean steering angle: 9. - .58
excopt in the uncorrupted image whete 9. =0t
- wavelength: A =0,088m
~ PRF : coupled to vueloolty, PRF = 3500 Hz, at 100 m/»
- antenha aperture: A =0.35mx 0.135m
(uniform illumination ansumed)
- transmitted posk power) P" - 14hO W
receiver nolse factor: Fn = 2 db
- bandwidthi B" = 31 MHs
» pulse comprossion ratic: PCR « 400
- range tusolition Py " B m
= agimuth presumnming factor N!ﬂ = 18
- lever arm distance gu = (5,0, 1.0, -0.5)m

Thess parameters - exu.pk the lLever arm distance, which is rot kuown yet - are generslly
representstive of the sctusl PHARS parameturs.

The szimuth compression is carried out using line-by-line (time domain curvelation) and Doppler
processing (‘'deramping’+FFT). In both cases the arimuth reeolution Pu is 8 m (2 pixels/resolution cell),
and taised conine weighting is applied to achieve -30 dBb aldslobes,
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Figure 6 showa tha uncorrupted SAR Imags (lino-by-line procesasd). As can be sven in the
vortical line atructures, the actunl resolution is not as good as the theorstical 3-dbh resolution. Tuis
is becauss a resolution cell only contains 2 pixels, a0 that & small dip between two polnt target
responses cannct be seen, Around Yhe diagonal, tormed by 100 m’ point targats, & light area is viaible:
this is the result of the sidelobes (of the aynthutic beam) tising sbove the noiss. The maximum signal-
to-toine ratio, for the i mz targots, is found to be about IO dB, after procesaing: in the 'uncorruptud’
case, the anterma {s perfsctly eimed, so that the maximum gain is obtained, Since the sidelobes of the
synthatie beam sre about =30 di, they do not clearly show, for the i m’ targeta, but they to for the
100 mz RCS targeta, which of course axe 20 dB higher,

0 pixel value 200

Figure 8, Uncorrupted simulated SAK image

Figure 7 shows the image that results when ali motion variabies as shown in figure & are
Included, and whan the antenna and mobtion reference point coincide (no Lever arm). Since the PRF is
coupled to the velouity, the x-metion error is slready compasnsated, and the bean atsering angle
compsnsates for part of the averags yaw, so that there is Little overall gain leaa,
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Figuve 7. BAR lmege with motion exrors (no ‘lever arm' sffeat)

To gat n fuosl of the degtadation that might be expected, some approximations of image slilft and
defocuning can be made,

To determine asimuth whift, the Linear motlon pomponsnts (constant velooity) in the y- and z-
dlrectlon should be estimated,

The steepust part (beginning of trajectory) of the y-motion corresponda to about 0,43 m/s. The
resulting line~of-sight velocity ia:

VLOBHVy-eu(D.) “0.4m/s (1
a0 that the shift D" at 13 km range is:

D“ - VLOE.n / Vx . +30m ()

The moxlmun s~veloclty is 0,3 m/s (wecond half of trajectory)., Along the lins-of-sight thig

Lecomest

VLOS L] vltnman) = 0.12 m/a (3)

yiolding an azimuth shift of

D“ - 15m (4)

As tor defocusing: A quadratic phase crror can be estimated by considering the average cross

track acoeleration during one aperture time (T‘). T. is given by:

T. = N0AR / (3'V"D.) 20,70, )
{x in 1.1 because of the weighting).
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Closer examination of ths flight date (not shown hers), reveals that the maximum z-scosleration
averaged over 0.7 &, is about 0.4 m/lz, in the middie of the trajectory. Tha averaged y-acceleration has
an axtremum of -0,45 m/s, but this coours at the beginning of the trajectory whers the scene happens to
be ‘empty', A more typiocal value is 0,13 m/lz.

An sverage cross track acceleration along the line-of-sight of 'LDI yields an sdge-of-apexture
phase error ofi

2
$opr ™ (ANIN) A g NTD) (LY

A commonly applied limit for this kind of srzor is M, The s=acceleration has a line-of-sight
companent. of 0.18 m/s”, s hhl@ l." m 0,7r, Noticsable defocusing may Re expeoted from this. An y~-
acceleration of 0,13 m/a” leads to 0." ® 0,6x, These valuss that axe 'just ever the limit' eonfirm the
impzassion of figure 7 the defoousing is not totally dsstructive but olearly visible. These axe,
however, rough approximations, The aotusl motion contains higher ordezr phame errors, which haven't been
considered, Furthermore, when tha uzimuth compression is done lLine=by-line, the actusl spresd of a
particular polnt target response in oman of constant oross track acceleration, is determined not only by
the quadratic phase error acroms the apsrturs but alse by the changing orientation (linsar phase
compatishit) of the lplriu:o Ltself, since thism has the effect of keeping the target in the synthetic beam
for a longer or shorter time, depending on the direotion of the acosleration. This doss not apply to
Doppler batch procsssing, whete a batoh of pixels i fozmed from one aperturs,

Figure B shows the resulting imags, when Dopplex processing is spplied. Reasons for the obvious
differences are|

In Doppler processing, a batch of image points is formed from one batoh of raw data samples.
Therefore, all plxels in one batoh will be influenced by the wame phase sxrors moross the apsrture, and
the degradation is practically the same for all pixeis belongin, to this batch (unless motion errocs are
sxtromely larse), This causes discontlnuities in esimuth from batch to batoh (batch meam). It alwo
results in ocoasional ’'double imaging' or disappearance of parts of the scens, Furthertors, the
integration length, and thus the location of the batch edges in amimuth, must vary with range. Bo, points
at the same agtimuth location, but slightly separated in rangs, may belong to diffaerent batches, and
therefore auffer from different degtadation effacts: this leads to discontinuities in rabge as well, In
genaral one cah say that, for & given trajechory, the response to any partioular point target depends on
the type of processing, whare for Doppler processing, this reaponse is hard to predict. It would L wven
more diffioult to predict, by other means than simulation, how theae differences influence the
pertormaice of autofoous algorithms,

Adding the lever arm displacement, soms more changes Appear, sed figure @, In the left sootion,
the yaw rabe goss from positive to negative, causing & shift which alsc goes from positive to negative,
30 that the Left part of the imags has shrunk, For example, & Yaw rake of ~1.4'/a gives rlse to a y-
veloolty of -0.12 m/s, which causes 8 »14 m shift, Defocusing is hard to predict, since the variations
can not be very well approximated by quadratic exrors, For instance, the rather sharp change of Lhe roll
rate at two time instants, shows up as & 'bresking up' of the upper horisontal Line segment in the left
asction, and of the disgonal in the middle,

As fur gain variations: these are small, and cannot be detested leuleyz. Thure Ls some galn
varistion, however, mainly dus to yaw, not sxoseding 1 dB,

2 Unfortutiately, soms apparent largs scale intensity fluctustions appesr, due to imperfectiony of the
photagraph,
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Figure 8. Doppler procesmed SAR image with motion errors

Figure 9. Simulated SAR Lmage with mation errors
inoluding 'lever arm' displacement



24-1)

The simulation may also be used to detsrmine suitable processing paramsters. For instancs, when
Dopplar processaing is applied, some fragquency margin has to bs taken {nto acoount to accommodats the
anbiguity inherent in a discrete Fourisr transform of a not stricily bandlimited signal. This margin can
be manipulsted by resampling betwssn the foousing and transformation oponuonla. Narrowing ths margin
makes the computation more efficlent, but inoreases the ambiguities. Figure 10 shows one example of & tvo
narrow freguency marain: the FFT sampling frequency was redused by a factor of four gfter the facusing
operation. Note that the imaged Doppler Sxequency rense A!‘ is sbill only & thizd of tha effective
sampling frequency £

l,nt!‘
Atd - le. a 104/ ENL7 He (7
tl.ot! ® 35000(104/100)/(16s4) N 57 Hg (8)

Though ambiguily Llevels for such processing schemes ocould be determined snalytically, this is
quite difficult, among other things dus fo the combination of presumming hafogxs and averaging after
foousing, or 'deramping’ of Doppler frequencies, Presumming/averaging aan be desoribad as ordihary filter
operations, but deramping aannot, since it is hot time invariant, In fact, the image clearly shows that
the ambigulty varies, dus to the varying position in asimuth of the atrong targets. In such a case, »
simulation provides a gquicker way of finding the answers,

Flgure 10, Ambiguities in a Doppler processed BAR image

3 Thin yielda lesw degradation than downsampling hefora foousing
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%, CONCLUSIONS

The alrcraft SAR simuletion ia a very useful tool for the FHARUE motion compensation study, bome
simulation examplaes nat only show the theoretically verifiable effects, but also soms sffectms, that can
be explained qualitatively, but aze difficult to quantify theoretically, sapsoially with respest to
Doppler processing.

Additional advantages are the posaibility to quickly determine the final impact of many desiszh
paransters, and the possibility to generate well-defined teat data for SAR processing software,

Adding simulated speckls is considered as a future option, when autofoous algorithms ore to ba
inveatigated using simulated deta, Other extensions that are conmidered are FIR prefiltering, in atead of
plain presumming, and in-flight beam mcanning.

REFERENCES

(1) ¢, Hooguboom
THE PMARUB PROJECT
pPaper No,10 of the AGARD Bymposium 'High remolution aif~ and spaceborne radar’
May, 1888, The Hague, Ths Hetherlauds,
[2]1 M.P.0, Otten
Physica wnd Electironics Laborutory TNO, The Hague
AIRCRAFT 8BAR BIMULATION 1.0
rapuct FEL-10980-44

DISCUSSION

GE.Huslim
You have noted that the mnbiguity level is dependent upon the processing block size, Is not this phenomuetion due o the
phuse maodulation of the spectrum under the presutn filier? Please curify,

Author's Reply
N, the varistion in ambiguity v due to down sumpling being varried vut betore FI“i-ng wnd after focusing to the centre
of it huteh, T his down sumpling s meant to avold excessive rodunduney, Le imaging o much larger Doppler fregueney
runge than the frequency range of Interest, Singe the focusing Iy done with the full (origlnal) sampling frequency, pisels in
the middie of a batch do not suffer from inereused nmblguity by subseguent intogratlon, but plxels tewr the edge do. So,
In fct, the ambiguity level depenas on the poxitlon of a plxel in a bateh, OF coutse, the effeet depends on the reduction
of the xampling frequency, which determines the FET ouput frequency range,

R.Horn
(1 Want kind of method iy intended to he used for motion compensation in ihe PHARUS system?

(2) isitintended to implement real time motion compensation on bonrd the slreraft?
Author's Reply
(1) The MG study bs cureently In progress: It stild as to be decided what method wil e required. However At s very
Iikely thit fight puth data will be recorded on tape Tor off=lne correction, supplemented by some sutofocus

procedure. Reguiremients for the fnertind unit sl hiave o be determined, seeording to the owteome of this study,
Also, severl nutofocus algorithims will be evalusted in this study,

(2)  Norreal-time correction is foreseen in the near future,
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\\\ A SOLUTION FOR REAL TIME MOTION COMPENSATION FOR
e - -\} SAR WITHOUT USING INERTIAL NAVIGATION SYSTEMS

Joao R, Moralra
German Aerospace Research Eslablishment (DLR)
Institute for Radio Freguency Technology
8031 '‘Nessling, FRG

BSTRACT

his paper reporis a new soluliun for real time motion compensation. The main idea is to exiract
all the necessary motions of the alrcraft from the radar backscatter signal using a new radar con-
figuration and new methods for evaluating the azimuth spactra of the radat signal. Hence an iner-
tiel navigation system becomes unnecessary for o lot of applicationa, The motion compensation
pearameters for real lime motlon error correction ara the range delay, the range depondent phase
shift and the Fulsa rapelition freguency. The motions of the alrcraft to be exiracted are the dis-

lacement In line of sight {LOS) diraction, the alrcraft's yaw and drift angle and furward veloclly.

esults show that m three look image with an azimuth resolution of 3m In L-band using a small
alreraft Ibelachlevabla and the implementation of this method In real time using an artay ptocessor
is feasable,

v

"l
1. INTRODUCTION

Synthetic eperture radara (S8AR) syntheslze a long antenna by transmitting elsclromagnatic energy
and coherently adding the successive reflacted and received pulses in order to obtaln high resol-
utlon In fight (azimuth) dire tion. The resolution in range direction is achiaved by transmitting very
short pulses or by using pulse compression. Tu achlave a coherent Integration, called azimuth
comprassion, it I8 necessary that phase arrors, rasu(ting from spurious platform motion arrors, are
compansated. The platform motion error is defined as lhe error belwean the actuul flight path and
the nominal one. For SAR asyatems mounted on amall aircrefta the motlon errors ate considerably
high due to atmospheric turbulence and aircraft prouperties. Obtaining the motion errors of the
alrcralt, motion compeneation can be realized adjusting the pulse repelllion frequency (PRF),
applying a range dependent phase shift to each received pulsa and delaying it. By adjustiny the
PRI one compensates (or the alrcraflt forward velocity vatintions, so that the emistglons will rccur
at constantly spaced Intervals. Adjusting the phase and range delay one compensates for the dis-
placement in LOB-direction.

This paper will report a method to extract the displacement In LOS-direclion, (he alrcraft velocity,
the yaw and dtifl angle from the radar raw data. This mathod Is hased on the analysis of the az!-
muth spectrum of the radar raw dala, The primary condition fo tmplemant this method |s the use
of a wide azimuth antenna beam. This Is oblalned using a short lixed mounted pencil beam
antenna rathor than an nsual long stabillzed antenna (Boessweltor ot al, 1083}, Thus bath the
complex glmballng system and the clufterlock loop 18 avuoldad,

2. PROPERTIES OF THE AZIMUTH SPECTRUM

Conslidar the radar geomatry of a strip mapping SAR, whera V(1) is tha alrcinfl forward velocity,
Vo(t) the velocity airnr In LOB-diraction, | is thae time, PRF is the pulse repetiion fraguancy, 9 the
angle of the cross-flight direction to tho direction of a polnl on the ground und R the range. Tho

antehna points at a right angle to the nominal filght path teminating & swath to one side of the
alrcraft, Due to V(1) and Vu(f) tho tracecmflted pulse witl « noa frogquency or dopplar displacenienl
of.

2. V(t) Bind \ 2.V -co 0

Fdopplur = 1 1 (’)

whern 418 the wavelonght of the transmitted pulse
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Using the radar equation the azimuth power spactrum P(f} can be expressed as the product:
S = k- 6%n-8 ( ®

where [ 15 the frequency, G(g the one-way antenna gain in azimuth direction and B(/) the ground
reflectivily, considered real. G*(), thal represents the antenna paltern, can be shifted in frequency
by the combination of yaw and drift angle o and the velocity in LOS-diraction V,(f) as follows:

2.vv(l):lsln o(l) + 2~\;p(f) )

whara 1, is the frequency shift of G(f), o () = a(t) 4 #{1), a(f) Is the yaw and fi(t) is the drift angle
of the aircrafl. BY(f), that represents tha ground reflectivily, can be shifed In fraquency by the
velacity in LOS-direction V,(f) as follows:

2200 0

where /, is the frequency shift of B*(/).

The extraction of the motion etrors of the aircrafl is based on two methods. The first method ana-
lyses only the ground reflectivity part of the azimuth spectrum and Is called Reflectivity Displace-
ment Method (RDM). The second method analysas only the antenna pattern par of the azimuth
spectrum and Is called Spectrum Cantrold Method (SCM).

™

3. THE REFLECTIVITY DISPLACEMENT METHOD (RDM)

The reflectivity displacement method analyses the frequency shift between two ground reflectivity
functions of adjacent and strong overiapping azimuth spectra. It is considered, that the ground
reflectivity function B(f) has a high contrast defined as:

-F;%F.Ja’mdr
[—1——- Jzz(r)clr]2
PRF
so that the antenna pattern, that has a wide beam in azimuth direction, can be considered

approximately independent of frequency. The frequency shift V() between two ground reflectivity
functions can be derivad from eq. 1 and 4 and expressed as:

K =

-1 ()

2.V3H . At 2.V, A
Vit & - A"f}? + "g) (8)

where R the range, Af the time interval between the two adjacent azimuth spectra. The mextmum
bandwidth of the frequency shift function V() is dependent on At and Is expressed, consldering the
sampling theorem, as:

The frequency shift V(l) can be determined from the position of the maximum of tha correlation
between two adjacent azimuth spectra. This way gives a vary accurele frequancy shit due to the
fact that the two adjacent azimuth spectra are strongly correlated.

As we gel V(1) by this correlation, the acceleration in LOS-diraction V() must be separated fron
the forward veloclly V,(f). This Is done using a low and a high pass filler. The forward velocity has
a very low bandwidth, for example 0 to 0.05Hz assuming a turbulence with a standard deviaticn
of about 1m/s and a small alrcraft as the Dornler Do228. The acceleration in LOS-direction has &
much higher bandwidtt,, whare only the higher frequencies are important for mction compensation,
for example frequencies higher than 0.4Hz. Considering the power spectral Jensity (PSD) of the
acceleration in LO8-directiun and the PSD of the forward velocity of the Do228 aircraft, we get an
overlap between the two terms of eq. 6 of iess than -15dB, so that both the forward velocity and the
acceleration In LOS-direction can be well separated from each other. The displacement in
LOB8-diraction is obtained integraling two limes the acceleration in LOS-direction. Figure 1 shows
the block diagram of the reflectivity displaceman! meathod.
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The accuracy of RDM depends on the contrast K of the reflectivity function B(h), By imaging land
surface that Is not homugeneous we get always a high contrast K, that implies a high accuracy of
the RD method. By imaging an homogeneous source as sea or desert we get a low contrast K, that
implies reduced accuracy of the RD method. The degradation of the accuracy of the displacement

In LOS-direction with the decrease of the contrast K Is greater than the degradation of the accuracy
of the forward velocity.

CALCULATE THE
ATIMUTH SPECTRUN 8
{TINE k)

CORRELATION
Kit)=g (k) » 8t k=1)

HAX INUM HIGH PASS / /‘ | { 4 | DISPLACEMENT
oF Kif) FILTER *3 IN LOS=-DIRECTION
DISPLACEMENT -
v ikl LW PASS 1 ’ '
L b~ FOANARD
FILTER “ YELOTITY

DFVLR

Figure 1.  Block diagram of the Raflectivity Displacament Method (RDM)

4. THE SPECTRUM CENTROID METHOD

This mathod basically determines the doppler cantroid of the antenna pattern part GY(/) of the azl-
muth spectrum. As the beamwidth of the antenna in azlmuth direction is very wide, the method
using the azimuth frequency spectrum of the processed tomplex imagery {Li et al, 1885) has & very
low bandwidth, due to the illumination time of the antenna that is longer than 30s in L-band.

As the lllumination time of the antenna |s long the ground reflectivily can be determined very pre-
cisely using a Kalman fiiter, if the refleclivity does not change with the time very mri=h. Extracting
the ground reflectivity from the azimuth spectrum we can determine the doppler centrold with high
accuracy and bandwidth. The accuracy of the ground reflectivity prediction depends on s contrast
K. If K I8 high the ground reflectivily varies strongly with the time due to bright targets that always

have a variable and not predictable refleclivity. I K is low, the ground reflectivity can be easlly
determined.

The doppler centroid of the calculated antanna pallern Is shifted by ¢{f) and V() according to the
eq. 3. ¢(t) Is a comblnation of the vaw aﬁr) and the drift anpla fi(f) of the alrcrafl, Yaw motion Is
caused by turbulence and alrcraR instabillty and the drift angle s caused by wind, The yaw motion
has a high bandwidth and the drift angle has a very law bandwidth, so thal () has almost the
same bandwidth as the velocity in LOS-direction, Thus, they have to be saparated considering the
geometry of the alrcraft. The displacement in LOS-direction, yaw and drift angles arc calculated
by estimating the doppler centrold of the calculated antenna pattern in near (C,(t)) and far range
(CAt)) and evaiuating the data of a high precislon barometer (B,(1)) supported by a radar allimeter
{H(t). The yaw motion is separated from the drift angle via a high and a low pass filter, Figure 2
shows the block dlagram of the specirum cenlrold method (BCM).

Finally, the SCM works with high accuracy, when the contrast K of the ground 1eflectivity ln low.
When the contras! K Increases, the degradation of the accuracy of the dispiacament in LOS-direc-
tion and of the yaw angle I8 grealer than the degradalion of the accuracy ot the drift angle.

e e o i Ceemnen e
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Figure 2.  Block diagram of the Spectrum Centrold Method (SCM)

5. COMBINATION OF THE MOTION EXTRACTION METHODS

The combination of the two methods Is Implemented to Increase the accuracy of the displacement
in LOS-direction. Thus the accutacy of the displacement in LOS-direction will be almost inde-
pendent of the contrast K of the ground reflectivity function. This I8 implemented glving different
welghtings to both methods according to K.

6. RESULTS

This motion compensation systam has been succeasfully implemanted off-line with the raw data
of the Experimental SAR 8ystem of DLR (Horn,1988). The main lealures, that this system has, are
8 high PRF and an aziiaulh antenna widlh of 46° in L-band and 17° In C-band. Figure 3 shows an
example of motion compensation where the displacemant in LOS-direclion In near range is
represented on the bottom, The main parameters for motion compensalion were:

o [lluminhation time > 30s.

Implementation only of the RD-method.

Bandwidih in LOB-dlrection & 0.1 up to 1Hz,

Bandwidth of forward velocity & 0 up to 0.06Hz.

Number of range bins for the averaged azimulh spectrum : 32,
Number of averaged azimuth spectra used : 20,

Estimated residual error of displ. In LOS : 8mm (1e).
Estimated residual error of farw, velocity: 0.1m/s (1a}.
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Figure 3. Example of Motion Compensation with the RD-mathoed
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DISCUSSION

J.PHardange
Jusqu' 8 quei.e frequence de motivements ce trattement pouvait-il étre appliqué?

Author's Reply
1 suppose that this method can be applied at higher frequencies than O.84 Ha, ax it s the case in our systemn, but this
requires faxter computing systems,

J.Ender
(1) Isthe correlution of consecutive azimuth apectra done with complex, amplitude or power ipectra’?

() Could you ey something about the atate space of the Kalman filter predicting the reflectivity?

Author's Reply
(1) We use azimuth power spoctra,

(2) No, I have to refer to MrMoteira,

P, Hoogebaomn
What is the PRF in your system; does it fully cover the wide Doppler spectrum due to the large untennn besmwidth? [y
there any spectral folding? Is the raw data recorded at this high PRF, or ia there any data reduction?

Author'y Reply
The PRF ix | KHz; the Doppler bandwidth in C-Band is about 700 Hz with an azimuth beamwidth of 17 Deg, Azimuth
ambiguities are well below =20 dB in the processed part of the spectrum. Presently, the data are recorded ut o rate
uccording to the 1 KHz PRF, We apply ho data rate reduction,

/1
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L'IMAGERIE DES CIBLRE MARINES A LA FRONTIERE
ENTRE LE BAR ET L'ISAR

Marie PENOU
THOMBON~CBP / RCM
170 bd Gabriel Péri
92242 MALAKOFP CRDEX
FRANCE

Pour disposer d'une fonction olassification des oibles marines aur un zadar adroporté
de surveillance maritime, THOMAON-CSF développe un symtdme d'imagerie haute rdmolution.
La forme d'onde utilisde pearmet &'obtenir une haute rédsolution en distance ot d'effectuer
un craitement cohérent qul ageroft la résolution naturelle de l'antenne. Les mdthodes
usuelles d'imagsrie synthétique SAR ou IBAR ns sont pas directement applicablea puiasque
la cible et le radar sont mobiles. Le traitament adaptd tient compte des mpéoificités
du probléme st se situe entres le traitement SAR et le traitement ISAR, D'autre part,
l'image résultante est dgalement hybride et aon interprétation n'est possible que &i
les deux phénomdnus sont pris en compte, Des améliorations de la slgnature ainsi oktenue
sont alors envisagesables pour rendre plus efficace l'identificution manuelle ou automa-
tigue de la oible Addtectds,

INTRODUCTION

Los radars de survelllance maritime futurs devront permettre des traitements intelligents
de l'information., En particuliler, la démignation d'objectif comportera les indications de
localisation, de vitesse at de cap de 1a oible ainsi qu'une fonction identification. Il
ast dono important de disposar d'une signature des cibler marines exploitable pout une
classification manuelle ou asutomatique, L'imagerie radar haute rdsolution wemble rdpondre
A ce besoin, En effaet, un traitement aynthétique dérivé des tralterents BAR et IBAR four~
nit dans la majoritéd des configurations opdrationnelles une vue en perspective du
navire A identifier et une analyse détaillée des compomantem d¢ 1'image mynthétique
permat de ddfinir des traitements d'imsge gui fournirovnt une silhouette du rnavire,
Cette silhouette peut slors &tre analyséde par un opérateur humain ou uh processeur
automatique,

1 - ZRAITEMENT GAR QU TGAR
En imagerie radar hautoe rdsolution, deux techniques sont a priori utilisables )

~ 1'antenne gynthétique directe ou 8AR
= l'antenns synthdtiqua inverase ou ISAR,

Dans les deux oas, l'image attendus est une projection plane ol la premidére dimension
est lo rémultat d'une analyse fine de la distance radar et obl deux dchos situds & 1la
méme distance mont wsdpards par effet doppler. Les deux mdthodes se distingusnt par
l'origine des vitemess dea dchas, le traitement qui an est déduit et le plan de projec-
tion de l'image obtenua.

1.1, BAR

L'antenne synthétique directe est largement utilisée en cartographie., Les doarts de vi-
teyse ront oréds par 1'avancement linéaire et uniforme du porteur radar A antenne
letdrale et wont lids & la pomition en agimut des diffuseurs, Cette technigue fournit
une image fine de cibles tixes avec une résolution optimale IDtliUU 1'antenns est pointée
A 90 dogréds de la route avion, Le traltement adapté est une corrdlation avec une fonction
de rdéférence, la réplique, qui dépend des ocaractdristigues da vol de l'avion (1,2),
Cette rédplique est ocaloulde partir de la caentrale & inertie de l'avion ou évalude
A partir du lignnx ragu., Pour une résclution donnéde, le tamps d'intégration ndcessaire
orolt aveo la distance radar-cible,
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Ce traitement appliqud A un radar de surveillance maritime A antenne latérale fournit
une vue de dessus du navire A identifier dont 1la résolution en azimut est dégradde par
les mouvements lindaires de la cible ; de plus d&s gus le navire présante dea oscilla-
tions 1l'image obtenue n'est plus la vue de dessus attendue car la position des échos eat
modifide par leur vitesse propre, souvert lide & leur hauteur.

1.2, ISAR

L'antenne synthdtique inverse wsamble plus indiguée pour obtenir 1'image d'une oible en
mouvement. Son principe eést bien connu dans le car 4'un radar lmmobile (3,4). Les doarts
on vitesse utilisde pour disoriminer les échos situds A la méme distance du radar sont
oréés par les mouvements propres de la cible dont 1'ampleur at la direction sont en géné-
ral inconnus, Pendant la traitament, le mouvement de la cible est amssimilé A une rotation
de veoteur constant. Le traitement adapté ert dono une simple analyse spectrale (5),
L'image obtanue est une projection sur un plan contenant 1'axe radar~cible et perpendi-
culaire A 1l'axe instantand de rotation(s), Cette techniqua n'est afficace que si la
olble est animée de mouvements de rotation dont 1'axe instantand n'est pas paralléle A
la ligne de visde,

Par exemple, pour un navire en tangage, paralléle A 1'axe radar-cible, le traitement
ISAR donhs una vue de¢ cotéd ; c'ust-A-dira une projection sur le plan contenant l'axe
longitudinal du navire et ses auperstructures, La rémolution et lea facteur d'échelle
sur le deuxidme axe (calui des hauteurs) sont fonotion de 1l'ampleur des mouvements
qui est a priorl inconnue, De plus si le navire n'est pas parallale & la ligne de vigde
qui appartient toujours au plan de projection, 11 est comprimé an dimtance d'un facteur
proportionnel au cosinus de l'angle définimsant la route du nhavire par rapport A l'axe
radar/cibla. Les dimensions rdelles du navire (longueur et hauteur) sont proportion-
relles A celles de l'image mais restent lnconnuas.

Pour un radar aédroporté A antenne latérale, le plan de projoction de 1'image obtenue
par traitement ISAR aest plus complexs, En offet, ‘'analyse spectrale est dgalement
sensible A la vitesse de l'avion et la pomition des échos sur 1'image eat donc fonotion,
outre leur hauteur, de leur position en asimut, La reprémsentation du navire ast en fait
une petrspective qui permet de connaltre la longuour réelle du navire mals la hautour
vraie des suparstructures ne résulte plus d'une mimple homothétie sur le douxidme axo.
D'autre part, la rdsolution sur cot axe est ddgradde par !'avancement du porteur.

1.3. Conoclusion

Ddw gue le radear et la oible ont des mouvements, 1'image obtunue par traitement BAR ou
ISAR n'est plus une projection mur un plan horigontal ou vertical maiv st une représan-
tation entre la "vue do demsus" [BAR) et la “"vue do profil" (1SAR). En effet pour un
radar adroportéd en antenna latérale et un navire présentant des omsoillutiona de roulis
et (ou) tangage, lee deux types de traitement forunissent une vus en perapective gui
donne des informationa sur l'attitude, la longueur et la position des superstructures du
navire. bour interpréter 1'image obtance, L1 est nécessaire de comprendre touw les
phénomdnes 3 1'origine de sa formation, De plus, 1'analyse dnu différentes sources de
mouvement permet de Jdéfinir un traitement synthétique adapté aentre lea BAR et 1'IBAR
qui améliore la résolution par rapport aux deux autres techniques., Il est montrd dans
la sulte gue c¢e traitement est une corrélation dont la répligue est calculde A partir
de la centrale & inertie de 1l'avion et de certains mouvements de la cible évaluds par
pré~traitement,




2 - IBAITMENT GYNTHETIQUE ADAPYR

2.1. Analyse des vitesses de la cible

Pour déterminer le traitement adapté, les origines possibles de vitesses des diffuseurs
da la cible par rapport & l'avion sont recenséenm @

~ 1'avancement lindaire du porteur radar,
« len translations de la cible,
= les mouvements anyulaires du navire (roulis, tangage, lacet).

Seulss les vitsases radiales ont une influence mur la fréquence doppler des échos at
dono sur la formation de l'image ; les mouvements angulaires d'axe instantané de rotation
paralldle A la ligne de viude ne seront pas conmidérds.

Lem translations de la cible sont dues A 1'avancement 4u navire sur la surface de la mer
st au pilonnement., Le pillonnement est an géndral trés faible, il induit une vitesae
5&6{*%0 proportionnelle A la hauteur de l'dcho et contribue & la part "vue de profil*
s mage,

L'avancement lindaire du navire se décompose en una vitesse tangentielle (paralladle
4 celle de l'avion) et une vitesse radiale. La vitesse radiale n'a pas d'incidenca
sur la formation de 1'image puisqu'elle 4 une valsur identique sur tous les pointa
situds & la méme dimtance, Elle doit néanmoina 8tre dvalude pour corrigar les migrations
en case distance gu'elle induit qui pourralent dégrader l'image.

La vitesse tangentielle du navire a un comportement identique A la vitesse du porteur.
En effet, elle modifie la vitesme lindaire apparsnte de l'avion par rapport A la c¢ible,
C'est donc cethe vitesse apparente (vitssse de 1l'avion moins vitesse tangentielle du
navire) qui est prime en compte pour le calcul de la réplique, Cette composante permet
comme dans le cas d'un traitement BAR de séparsr dea points situds & des asimute diffé-
rantk ot est A l'origine de la partis "vue de dessus" de 1'iuage.

Les mouvemants angulalires d'axe s-rfandlculaire A la ligne de visde et & la route de
1'avion (lacet) sont en général négligeables, Ils induisent dgalement des vitesses radi-
alen fonotion de la position an agimut de 1'dcho et contribuent b la part "vue de dessus"
de 1'imaga., La vitesse radiale due au lacet est supposde constants durant le temps
de traitemant et n'est donc pas prise an compte dans le calcul de la rdplique.

Enfin, les mouvements angulaires d'axe perpendiculaire & la ligne de vimde et paralldle
4 la route de l'avion (combinaison de roulis ¢t de tangage) ne modifient pas non plus
la ocaloul de la réplique adaptde. Ilm parmettent de dimtinguer des édchos altuds A des
hauteurs différantes. FEn effet, la vitemse radiala induite ewt porportivnnelle & la
vitesse angulaira instantande, supposén constante pendant le temps de traitement, et
A la hauteur de 1'dcho. Cette dernidre cvomposante des mouvements forme la partie IBAR
ou "vue da profil" de 1'image.

2.2, Traitement pynthétique

Le traitement adapté est une corrdlation comme dans le ocas du BAR mais avec une réplique
tonction des mouvemente de la clble et de l'avion, La clble étant 1soldo, la corrdlation
paut 8trs efiactude par simple tranuformés de fourier (7) } c'est-d-dire que le signal
requ aeat multiplid par la répligue adaptde et la transformde de fourler est appliqude
au résultat de cette multiplication,

La répllyue est connue par un pré-traitement qui doit fournir la vitesse tangentielle
de la ilble. Pour ne pas ddgrader 1l'image par des migrations en distance, la vitessc
radinle de la cible doit aussi 8tre évalude par pré-traitement,

La traitement proposd owt donc le sulvant 1

- 1'analyse fine un distance vat effectude [compression d'impulsion, atrateh, band:
synthétique, ...) pour séparer les dohos en case diastance (8,9).

- Bur chaque case distanne, lee effets dee mouvem nts parasites de l'avion connus par
len informationa de la centrale & inertle st évantuellement de capteurs accélérométriqus
sont corrigén, 1l suffit de multiplier le signal regu par un signal dont la phase tient
compte de ces parasites. Eventuellement cette phase peut inolure la vitease uniforme
de l'avion pour pré-foculiser le signal A traiter,
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- Le pré-traitement ou autofoualisation du aignal peut &tre une simple analyse mpectrale
de chaque case distance, En effet cette analyse donne sur chaque case la fréquence
doppler de 1'écho dominant. Sur la majoritéd dea cames, cat écho & une hautsur nulle (les
superstructures ocuupent une partie relativement réduite du navire) et donc msa fréguence
est uniquement fonction de la position en azimut de la cible, Lea cases ol cette
fréquenre est modifide par la hauteur de 1'écho peuvent étre dlimindes, La fonction
deanant la fréquance du signal en fonction de la case distance analysde st alors
linéaire et sa punte est lide A la présantation du navire par rapport & la ligne de
visda, Une régressisn lindaire sur les ocazes distanse retenues permst donc de trouver
1'orientation de l'axe lengitudinal du navire par vapport A l'axe radar~cible, D'autre
part la moyenne des fréguences sur l'sneemble dea cases distance retenues est uniquemant
fonotion da la vitesse radiale du navire qui peut btre ainsi caloulds., La vitesse
tangentielle est déterminde A partir de 1la vitesss radiale et de la prdésentation du
navire. D'avutres méthodes d'autofocalisacion sont proposdes dans la littérature {(10).

= La vitause radiale est utilisde pour corriger les migrations éventuellas des éachoa
en diatance, La vitesse tangentiolle de la oible ddtermine la répliqua adaptée au aignal,
Le traitement de corrélation peut alors &tre effectué par simple transformée de fourier
focalisation fine du signal sulvie d'une analyss spectrale.

Le tempg d‘int‘fration eut @tre dans une premidre dtape adaptéd A la vitewse lindaire
du porteur corrigée de la vitesss tangentielle de la cible et A la rdsolution cherchée
puis 8tre modifié au vue de l'image an fonction des mouvements angulaires de la cible,
Bn effet, la résolution est limitée par 1la fréquence de variations des omcillations
propras de la cible at cetts frdquence fixe le temps d'intdgration utile maximum (Annexe
L)y Pour amédliorer la rduolution, i1 faudrait adapter le traitement aux varlations
des mouvemente d'oscillation du navitre.

p'autre part les mouvements angulaires sont variables et 1'interprétation de 1'imagas
sera favorisde sl le traitement est effectuéd lormgu'ile ont une amplitude importante.
Pour ce le traitemant est effectud sur des séquences successives du signal regu et
pour obtenir des images suffisamment espacées dans le temps (éclairement long de la
cible), l'antenna est pointde sur la oible au lieu d'avoir une direction fixe vomme
dans le mode BAR olassique, L'image ol lsw superstructures sont le plus apparentes
est ratenue pour la classification (image 1).

2.1, Synthdne

Le moda dtutilisation du radar emt proche de 1'IBAR, L'antenne omt pointde sur la ciblo
pour disposer d'un temps d'dclalirement supérieur A celui finé par l'ouverture naturelle
do 1'antenne, Pour bdnéficier du mode BAR, 1'antonne doit ndanmoine 8tro dépointde
par rapport & la route avion de nsorte que la ligne de visde wolt proohe da la
perpendiculaire & la route avion.

Le traltoment adapté est ddrivéd du traltement HAR puisque c¢'ast aussi une corrdlation,
le ocaleul du signal de référence nédcessite en outre une autofocalisation du signal
regu, Les ocontraintes de traitement sont prochem du mode I8AR 1 la rdavlution obtunue
sur l'image et le temps de traitement asont lids aux mouvemente propres de la woible.
fn particuller, la dimtance radar-cible n'a pas d'incidencve aur le tempa d'intdgration
qui est limité par les varjations de roulis otlou) tangage.

Enfin pour s'adapter aux variations des oscillations du navire, plusiours imoges sont
cbtenuas A des inotants successifs correapondant & différantes amplitudes du vacteur
instantand de rotatlon, Alnel, 11 ewt possible de sélectionner 1'image la plum adaptéu
A une identification,

3 - INTHRPRETATION DR L'IMAGN

L'image obtenue est une perspuctive dont 1'angle de projection déiend de 1'importance
des opcillations du navire. ¥n effet le premier axe correspond la distance radar
et la situation dews points brillants sur le deuxidme uxe, gui correspond A la fréguence
doppler des échows, est fonction da leur position en azimut et de leur hauteur pulsque
ces deux facteurs contribuent A4 la vitesse radiale d'un édoho.
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Expreasion de la vitease radiale d'un écho au premieyr ordre 1

2
vr w258 LN,y
D D

avac 1

Vr 1 vitesse radigle du diffuseur

H 1 hauteur du diffussur

Y 1 position en asimut du diffuseur

V 1 viteass relative du porteur par rapport A la oible (vitesse rédslle de l'avien
moins vitesse tangentielle de la cible)

D 1+ distance avion=gpible .

@ t vitesse angulaire de le cible projetde sur la route avion

La position de l'dcho wur le deuxidme axe est obtenue par une analyse Rpectrale et
est dgale A sa frégquence doppler qui est donc donnde, aprés focalisation (suppression
du terme dépandant du temps), par 1

Pd e - &YX, 20H
AD A

avac i

rd 1 fréquence doppler du diffuseur
A t longueur dlonde du signal émis

L'image du navire peut dtre interprédtde comme une homothdtie de la projection orthogonale
du navire mur un plan contenant l'axe radar-cible et perpendiculaire au vecteur
instantand do rotation qul a une composante sur )'axe défini par la route avion,
et une ocompomante sur l'exe dey hauteurs, V/D, Le facteur d'dchelile Jdéfinimmant
l'homothdtie ewt la norme du vecteur inatantand de rotation, Cette reprdsentation ast
difficilement exploltable puisque le plan de prodection et le facteur d'homothdtie
dépendent du terms i, inconnu,

Lew paramdtres de vol de 1l'avion et la vitesse tangentielle de la wibla &tant connus,
lm tyrma V/D 1l'est dgalement. La reprdsentation est alors modifide pour gue la position
des dchos sur le deuxidme axe soit donnde par

Y +ad  avec a =R

La repréeentarion du navire est alors une projection mur un plan horirontal. Cotte
projaction n'est plus orthogonale et 1'angle de la projection ost définit par le
coefficient a, En effnt a reprdsente l'angle du vecteur sulvant lequel s'affectue la
projection avec la normale au plan de projuction, Le plan de projection étant connu
et paralldle X la surface du navire, la perspective obtenue donne la longuaur rédelle
du navire el son orientation par rapport & la ligne de visde, Balon 1'importance du
coefficient a, dont la connalmsance est 1ide A celle des osclllations propres du navire
les muperstructures paraissent plus ou moins dilatées, Rlles 1w meront d'autant plus
quand le radar est loin du navire.

8i la cible n'a pasn de¢ vitesse angulaire l'image obtenue est une wimple vue de dessus
(projeation orthogonale 1 a4 = 0) wur laquelle la longueur et la largeur du navire peuvent
ltgo mesurdes, Ces Indications ne permettent qu'utte clapaification "groysidre" de la
cible,

Dés que le navire a des mouvements de roulis et{ou) de tangage, les Wuperstructuras
du navire apparalssent (a ¢ 0), Quand le bateau est perpendiculalre & la ligne de visde
1'image emt plum difficilement axploitabls car les suporstructures aont prrjetédes aur
1'axe du navire et ne peuvent dono pas y O8tre situdos,

Enfin quand le navire a des mouvements et gue sa routa n'est pas paralldle A calle
de l'avion {ce qui est vral dans la majorité des vas), la pesrspective obtehue devient
exploitable pour la classification, En effet la ligne des points de hauteur nulle donne
la longueur réelle du navire. Dlautre part les superstructures sont situdes de tagon
exacte mur l'axe de navire et sont proportionndes entre olles. Cette aignature peut
étro anulysde par un opérateur humain,

Pour aimplifier l'interFrdtatlon de 1la signature, l'orientation du navire étant détermind
ar le le traltement d'autofovcalisation, la perspective peut &tre redressds mans pardre
es informations de longueur et deo position des wuperstructures (image 2). BL les supwer-

utructures wsont particulidrement dilatdes (cas d'une distance radar-cible dlevde),

un factaur d'dchelle peut alors 8tre appliquéd au deuxidme axe do 1'imasge, Cette contrac-
tion da l'image permet d'amédliorer la résolution et de prémenter une silhouette mieux
proportionnde,
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AMELIORATION DE L'IMAGE ET PERSPEQTIVES

e mode opérationnel proposé permet d'obtenir une sdquence d'images oh l'angle de la
perspective présentée évolue avec la vitease angulaire du navire. Cette dvolution se
traduit par des dilatations et des cohtractions des &Auperstructures du navire. En
suivant, leur hauteur apparente sur la suite des images et en modédlisant les mouvements
de roulis et de tangage, les variations de la vitmuse angulaire instantanéde de chaque
image peuvent étre évaludes. Les traitements d'image doivant permettre dans un premier
tomos d'améliorer la finewse des dchos, ils devraient aumsi localiser les #dchos de
hauteur nulle gui ne subissent pas de modification sur la séguence d'images pulegu'ila
ne sont pas ssnsibles A 1l'angle de projection., lLe but est d'obtenir une silhouatte
compacte du navire sur laguelle il ne restera plus qu'd évaluer un facteur d'dchalle
pour connaltre la hauteur vraie dea superstructuras, Néanmoins, méne si la silhoumstte
obtenue n'est pas proportionnde, slla fournit une signature identifiahle par un ophrateur
ou par un sysatéme automatique de reconnaissance de formes.
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Image L ¢

- sur la deuxidme et troisiéme vue, les mouvoments anguleires ne sont pas suffissmment
importants pour fournir une image caractéristique du navire. Leurs varistions rapidaeas
perturbent la reprdsentation.

- 8ur les trolm autres vues, les superstructuras sont apparentes et parmattant avec
1'information mur 1a longueur du navire (mesurabla sur 1'image), de c¢lammifier le navira.

-
"1-
o

image 2a Image 2b
Image en perspective du navire Image précddente rerirensde

~ donne la longueur et l'orien~

tation du navi:e

- parmet de placer les supmratructures
pur |'axe longjtudinal du navire

- donne ausal la longueur réolle dv navire
- la vomparalson avec la uilhouette du

navire muonhtre que les superatructures
ne sont pas & l'dchalla
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ANNEXE

TEMPS D'INTEGRATION = RESOLUTION

Avion
Navire
z
Va 1 vitesee avion
.
Vb t vitesse du navire
w1 angle entre la route du navire ot la ligne de visée
5 t site (B8 ~ 0)
b 1 distance avion / oible
G t ¢ventre de gravitd Au navire
\tr 1 vitesse angulaire de roulis
(et 1 vitesse angulaire de tangage

vitesse angulaire cde lacvet (it 1~ 0)

Boit un polnt M du navire i G—bf[g]

X 1+ pomition du point sur 1'axe radar/cible
Y « position en asimut

It hauteur du peint

la vitease radiale du point M par rapport & l'avion aat la sonme de 3 termes 1
- la vitesss radiale du navire i Vb cos u

- la vitesse redials induite par l'avandement relatif du porteur t

-(va - Vb sin v)3 & (va = Vb ein u)
n b

Y

~ la vitesss radisle induite par lu roulis et le tangage

(4ruln o+ 0t vos o) H

ol Ut win o+ Ut cos o amt la wompooants du vectwur instantande do rotation sur 1'axe
(ay), la vcomposante sur l'axe (GX) n'ayant pas d'incidence sur la vitesss radiale du
navire pdar rapport A l'avion,

La fréquencve doppler du point M est dono 1

2. yie vy 2
fd,\[ = D+\m] + 4w

ofl
VeVa = Vb ninu
m Ut win o ¢+ Nr cosw

Vr = Vb coa »




284

2
Aprés corraction du terme dépendant du templ[—;—b—- t] , @t du terme consatant [-2'-—-;-’5]

1'analyse spectrale de la case diatance conesidérde donne ¢

2.y
AD

fod = - y 2Ly
\

La résolution sur f£d est dgale A-}; o T eat la temps d'intdgratien sl | emt oconstant

pendant 1'intdgration,

8i U varie, la frédquenne doppler du point M ddpend du temps, soit 1

fa(t) = -2 VY, ?..”.(%L.*!

avec U lt) = 0 we com ( wt) 8in o b Or wp coB { w pt) cOA
ob

4 ¢ ¢t angle maximum de tangage

0 r t angle maximum do roulis

Wit %f I Ty t période de tangage

wr 125 1 1y 1 période de roulim
r

2.VY 2U

1'o0 fd (t) w - &b 4 L0
a’'o (t) D y

1

A

[lnih Wy wp tcoBn fp ..:r]

+ 24 [."_t__&t___t_z_ Bin o 4 _‘Zr_iE.j__*ﬁ ooau]
i 3

La rdésolution mur la fréquence pour un temps d'intégration 1 est donnde par le maximum

de 1
o2 caleewed alny 4 iy w3 com n
# at N T [_ b -

La rémolution esmt optimale et vaut % toracgun  vérific

L, gty wtd Bln o+
TN

sl Hy + démigng la hauteur maximale du havire,
le temps d'intédgration optimal ast cdonnd par

173

Oy wpd uvod o
Z

A

+ ”,_4 l-.’ rJ QOB n ]]

8 “[Hm[ ﬂt wtjj sinn

La rdsolution sur la hsuteur obtenue est alora AH
avec —‘——e‘—ﬂ (g Wy slno 1 By wpcosn ) o= .}1

, A Wy (Ap wyd Bin e b e vyt con o)
solt AN - A0 wyg slna v iy wp uUﬂu.Y’[ T » T

APPLICAPION NUMBRIQUM (v = 45°7)

) RESOLUTION
- VALEUR DE ROULISET | TEMPS D'INTEGRATION
TYPE DE NAVIRE TANGAGE OPTIMAL MAXIMALE SUR LA
HAUTEUR
Mer forte
PETIT NAVIRE Te w8y #r » 20" 0,164 03am
(longueur « 50m) |T, « 83 v w 5
Hauteur maximale : | Mermoyenne
15m Trubs At w 10° 0,205 0.5m
Ty = 8y ot = 5
GROS NAVIRE Ty m13s st e 10°
(longueur « 100 m) 0,245 06m
Hauleu;‘r)naxlmale P T = B W ow 5
m

PR
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DISCUSSION

C.J.Baker
What ire the cross and down runge resolutions of your measurements?

Author’s Reply
La résolution en distance radar est de 3 m. Sur deuxiéme axe, elle est certainement melllieux, clte est
lide & la vitesse angulaire du navire qui est inconnue mais certainement importante, vuc la haateur
apparente du mat,
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Probleas in ISAR Processing with Range Resolution
by Stepped Praguency Bursts

Gerd Krdmer, Ressarch Establishment for Applisd Science, FGAN - FHP
Neusnanrer 3tr. 20, D 5307 Wachtbsrg-Werthhoven, Germany
p

. Abstract

If & target image is reconatructed from an ISAR measurament by immediate ap-

noressing distance from its center, It ie shown that with an ISAR sensor ape
plying ltogpcd fraquency burats, samples of the 2-dimensional Fourier Trans-

form of a 2-dimensional scatterer density are measured and how a target image
vean be reconstucted.

rof et

1. Introduction f

In this paper, the generation of s target image based on rotative motion of
a target is considered. If the target

bo |
s
\\r) Tlluaeton of the Discrets rourier Transform, the image bescomas blurred with
=
<O

s moving on a known trajeotory, it is
asaumad that its motion relative to the radar can be decomposed into a radial
motion of a referance polnt superimposed by a rotative motion. If the target
im moving with fixed orientation in mpace on a straight trajeotory, the axis
of rotation is orthogonsl to the plane spanned by the positon vectors of in-

leial and end point of the target trajectory segment on which the processing
of the ISAR image is based.

It is assumed that the radar traassmits pulse busts consisting of impulses
with routun?ulnr onvalopes of width T whose carrier fresguencies lncrease from
impulse to Impulse by a constant amount £ . Tha m-th transmitted pulse burst

is desoribed by
Ne-d
unt) .; ract(EKT =Ty ) @3 (3X(L,+KE, e+ B (1-1)
0
where
o it IxI» 4
rect(x) = { 1 othervise (1=2)

denctes the rectangular impulme envalope and complex notation has baen used
because signal procvessing in I and Q components is ussumed throughout the
following, The time interval between |dauoont impulses within one burst is

denoted Ty, the distance of inmpulses with equal carrier fraguencies in adja-
cent bursts is denoted Ty.

tet the signal delay due to the reflection of the radar signal by a socatte~
ring center at the reference point be denoted by t,. Neglecting attenuation
and RCS, the signal received from that soattering center would be given by
NE-L
Bpnit) -2 nou___b.,r,."-‘k wmly-te).
kRO oI(AMLy +RE, It + Bmp) g= 2N Lo+ ke, ), (1-3)

The received lmpuises are downconverted into ! and Q components whioh are in-
tagrated over the impulse duration time T, It im amsumed that the integration
ate extent T le large compared to the delay variation due to the diatance of

he individual target scattering centers so that all contributions are integ-
rated with negligible loss.

If the amplituda of the integrator output resultinyg from the -cut:-ring cen-

ter under consideration is denoted ay, the complex valued response on the k-

th impulse aof the m~th burst is given by .
okm .o.-jzﬂ1£,+kr‘)tc

- age= Il toa=axt, bty k (1-4)

The ocomplex numbers obtainsd from the integrator may be corrected by nulti-

plication with €J3Wkfits to provide tor the refarsnce on the soattering cen-
ter with delay t,.
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To allow for a perfect imaging of the woattering centars by twofold ngllcl-
tion of the Disarete Fourier Transform on the complei numbers obtained,
atriotions have to be applied to target sige und rotation mpsed. Let NI deno-~
te the numbar of inmpulses per burst, see Eq. (1-1), and ME denote the number
of bursts to be processsd, The. if .

It is now assumed that a scattering center ls displaced in range by some di-
atance y and in crossranye by sone value x with respect to the refarence
point and that it is rotating with angular veloclty wW. Then in analogy to Eq.
(1~4) the complex numbers obtalned at the integrator output area given by

81km = ala-jzwﬂ, (t,+§ycosw(k'r! +m'x'5) * ;_?‘-xsinw(k'rr +m'ra)) s

(0= J3nta ty+ BycomT, 4uT,) + ﬁ Hm LR kT + ﬁj‘.{) )ik (1-8)

By applying the correction with e 32w kts i roliows

Gun = 850" 3270 (t+ Rycosunityemny) + & xutnwiktynmy ),
R ;m»r‘é {YCOSW{ KTy +mTy) + sclfnov(kfl‘:-m'r‘) )3 (1~8)

re-

Usy(1-comu (NT=1)Ty+(NB=1)Tp) el v
,"z{' XELDW(NI=1)T <1 .

(NI=1)f, <efq (1=7

m%LMx-an((Nx-nr;»«(ua-mms)«' [l

it follows from Eg, ()-6), approximating the sine by a iinear function,

2,
qlkm”‘i'-jm"tﬂ' Z‘f-’y)..-jln' -a-'mdl‘,»m .-jiﬂ‘%"y'k (1-8)

from which x and y uvan be imaged by taking the Disorete Fourler Transfornm
with respect to k and with respect to m. %f the restriotione in Eq. (1-7) are
not fulfilled, howsver, aombination and k¢ terms appear which result in a
blurring of the Lmlgr increasing vith the targat Jimensions in range and
crossrange /i/. In the following, pomsibilities to avoid imege blurring will
ba investigated.

2, ceneration of the radar echo

It im ausumed that the distribution of the wmcatterit y centers which wshall be
imaged oan be desoribed by a 2-dimanilonal scattersr density funotlon
s(x,y). Thia can be thought of as baing & projection of the target scattering
oonéorl into & plane orthogonal to the axim of rotatlon. In the case ot iso-
lated scattering centers, m(x,y) contains Dirac pulses. 1t is further assumed
that throughout the whole data collectlon time for one ISAR image the same
wosttesing venters vontribute to the gonaration of the echo signals,

¥lg. 1 Unit vector in wave propagation direction in target coordinate system

1t is further assumed that within the target dimenslons the radur dignals can
be desoribad by plane waves. The coordinate syatem x,y in whioh the ecat'.erer
u.nm;{ is desoribed is assumed to be orthogonally oriented with iwspeot to

o axls of target rotation, itm origin is taken as the reference point. Let
Wy in Flg. 1 denote the unit vactor in wave propagation direation in the tucw
get coordinute system %,y Tortalnlng to the k«th impulme of the m~th burst
and let t, denote the signal delay corresponding to the referance point.
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wieh
Ry = (cosfyn minfyn) (2-1)

it followa for tha component of thu integrator output signal for the k-~th
impulae of the m-th burst resulting from the element a(x,y)rdxdy in analogy
to Eq. (1-4), neglecting an amplitude Factor commoh for all received impul-
aes,

dopm * .(x,y)dxdy.“?"ﬂ,ﬂlf‘)(!:‘-0- é().(.'ﬁw))

w = IIM(L KT, Yoy, y) 0~ IRATE, HKE, )%(?'i'ddxdy (2-2)
with
% .y
and (¥i%y) indicating the det preduct

(i»i’w) = xaosfy, + ysingyn, (2=3)

To caloulate tha total utput signal, Eg. (2-2) has to be integrated over the
acattering density, thus

. @"JAM(Lotkey )ty

xkm
fj‘.(x'y).-jZﬂ'( | +RfA )%(xno-?kmi-yuin?km)dxdy (2=4)

introduoing the 2-dimsnsional Fourier Transform of s(X,y)

B(u, vy = [[s(n,y)a*IAMux+vy)ayay (2-B)
it oan be seen that gy, of Eg. (2-4) squals

xm = @33 fo*"fa)tos(é( £, +ke, JoouPyep, -g-( £o ke, yainfyp) (2-8)

Thus, except for the factor e=-jan(f,+kf,)te, which is hald constant by track-
ing the reference point, by the 1BAR sensor samples of the 2-dimensional Fou-
rlier Tranaform of the msoattarsr density are measured, During the transmission
of the NB bursts consisting of NI impulses each the target orientation chan-
qes bx sone angle A%, 1f the x-axis of the target ooordrnutc system is arbie
trarily placed in the bisector of the angle 4¢,the samples in the 2-dimenmio-
n;l fr:qu;?oy ?luno u,v are located in a sector symmetrical to the u-axin as
shown in Fig. 2.

8ince the msamples are loocated in & bounded area of the u,v-plane which doas
not lnolude the origin, they can be regarded as a description of e 2-dimen-
sional bandpass signal.

4y
-sg ’o w’] ‘pﬂ ™ ’
f ot e, o . -~Z

Fig, 2 Location of sample points in u,v-plane

¢onsider a 2-dimensional transfor funotion restricting the input on a rectan-
gular area of width Au and 4v, respectively, centared st (ug,0),

H{u,v) = rcot(‘ll'%n)rnot(*;) (2=7)
with rnut{x) according to Bq. (i1-2). The corresponding 2-dimensional impulse
responde is given by

¢ s

REXS




-y

g

hix,y) =Aubvai(mdux)e~12MyXaimavy) (2+8)
with
1 if x=0
asigx) = { ming (2-9)
® elsevhare

Restricting the Fourier Transform S(u,v) of the scatterer density s(x,y) on
the rectangle by multiplication with H(u,v) from Eq.(2=7) correspords to the
2=dimensional convolution of s(x,y) with h(x,y) from Eq. (2-8), denoted

gix,y) = .(*»Y)‘h(xoY) {2=10)
Thus, if two distinot moatteriny centers exist acvording to

vy (%,y) = dondiy)+Sin-ug)dty-yo) (2=11)
it followm with Eg. (2~1. .

G1(%,¥) = h(R,y) + hix=%g, ¥Y~¥g) (2=-12)

Bince am a first approximation h(x,y) from Bq. ia-l) is restrigted on tne ine
:arv:é Ixfei/(2bu), [y[e1/(2dv), tha two soattering centers can be distinguise
ad

lx,ka!a or |y,,|<zl; (2~13}

YQ’I%V [!__._ ______ >
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Fig. 3 Reconstructed scatterer density

The equivalent i~dimsnsional low pass signal of
G(u,v) = 8(u,v)H(u,v)

with H(u,v) from Eq. (2-7) ia given by shifting the Prourier ‘fransform to the
origin resulting in

G(u,v) = 8(utug, virect (f=)ract (=) {2=14)
and tharetore

g (x,y) = (80 e~ 33y 8 guavel raux)ul oravy) (4=18)

L

1t is intended to reconmtruct the wmcatterer density of a target from the
egquivalent a-dimensional o?ulvnlcnc low pams signel pertaining to the section
of the 2-dimensional Fourier Transform us measured by the IBAR mansor. To
zcrform the reconstruction by application of the Discrete Fourisr Transform,
he sampled funotion in the sector of the u,v-plane according to Fig, 2 has
to be resumpled in a rectangular lattice /1/, Posmibilities for tha resam-
glin are currently under inveatigation in the FHP,

o distinguimh two scattering centovs acdording to the definition underlylng
B, (2=12) mnd Fig.2, an wall as the definition of u and v according to Eg.
(3=6), they have to be separated by

4
In,_,[}[:-‘-- Tm?_ (2-16)

in rangs or




|Yn|>£; -{-fo-at-n,‘-‘-’ i3 toe (3e17

in crossrange, It follows thus from Eq. (2-17) For tha necessary angular
change

LYo a-18
49> 2%, ( )
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JBUMMARY

A muthod for a fast two-dimensional Inverse synthetle uparturs radar (ISAR) Imaging pracess is presented, A coherent
short pulse radar 1s used to sample smplitude and phase of the backscaltered field tom a continuously rolating object.
This is being done while a narrow range gate is awoeping in range stopa of |8 om nce=an the larget plano al a typlcal speed
of 130 m/n. Applying sl aynthatio aporture endar (SAR) principlos, in an offiine process for each range coll an scceptable
good cross-range resolution can be obialned whon procensing angle intervals of less than 30%, "The Influcice of analydoal
approximatons as woll us the ¢fTost of moving scattering centors through soveral range resolution colls during the process
interval can cause severe Image dogradatuns. Two methods for partiel and complute compansation of Wese ofects under
the aspect of minimum loss In procossing apoed have boen doveloped and will ho prosonted here.

A'S
\\

1, INTRODUCTION

By&rounlng radar echoas from geomalrical complex shapad objects It is possible to reconstruct the apalial distribution
of the scallerlng centers In form of twa-dimanaional images. ‘The fleld of radar schoes can bo describad an a linenr
superpositon of high freyuency signuin malnly backseattored from Indopendent apot refloctors. ‘The exact determination
of the two-dimenslonal radar signature is tho hest prerequisite for IdentiNontion of unknown objucls pasaing the radar
beam, lnwever, these Inlenslona can bo aMected by process Inheront ervors which ean resull In imnge smenring elfeots
and in systarmatically decreasing RCS values.

Two-dimensional radar imaging Independently requliron the resolution In rnnge, the radar line of sight, anc in cross-range,
the azimuth dirsctlon. Range renolution is oblalned from the tima-dolny Information of the radar echoe. That can ba
uchleved sither by wing wideband multifrequoncy slgnals where timo-delny sorting Is realized vin FI*T algorlthms or by
using a gated short pulss radar, in which ense tha range rasolution s dutermined by the scho pulse duratlon. In order to
obtain the cross-range resolutlon, & relative mollon bolween radnr sannor and targot Is nocomsary. Coherent datn rampling
of amplitude and phase of the received signals is necossary for high resolution Imaging. For this, amplituds and phase
values elthor oblalned in the fequency domain by varylng the slgnal fraquency or in the timo domatin by ransmiting short
pules atl a constant frequency have o be recorded an a finctlon of mepoct angle. With the ald of the synthotic aperiur
radar (S8AR) princlplo a syathotle pencil-like antonnn boam can he genarated In an offdine process avatunting the rocorded
cohorent data samples. The crom-range resolution, glven by the width of the synthelle apertur antenna beam, In deter-
mined by the aperturs longth which Is equivalent to tho procossad nngle knterval, 'That provides a two-dimenslonal image
of tha projucton of the apatinl disttihution of tho acatlering conters onto a plane normal to the rolalion axis, A detatled
survey sbout BATL or ISAR (invarse synthelic nporture radar) methodn b given in 1] = [4] .

Paxt inaging :schniques are neaded or time and com elfeetlve investigations of the backacaltor behaviour of sculid modols
or original targels i the roal world identiNcalion problems, O the nther hiand, nirborne Iitelligence and reconnalsunce
also require Mt imaping teehnlques, 1n oneh ense, the gharanloo For o simple and ralinble Image Interpretation requires,
that degrading offacts on Imnge quality rexulting rom Lhe lnago process {tsell have to be known and tn be removed oa
far us ponible.

The expariments darerlbad in this paper have been conducted with o short-pulse Dopplor-tadar. Thin ks the advantage
of range resolulion In real thine by awoeping tho delay tme for the recciver gate sontinuously or slepwise, ns it was done
hero at a consldorable volocity. In an offline process fast SAR principles wers npplied to genorate endur mages for
small-angle looks with proconsed nnglo intervals of lews than 30° Scalod targets of amnll size nre usually mounied on
slyrofoam-columing standing on ground-based Lurntables and they are homogoneously Hluminated by the stationary radar
10 thut the generaled relative mollon helween thy radar senaor and targol ia a circlular one, Bocause of' the equivalonce
Lo the relutive motion goneraled by n moving radar and a siailonary targel an it s tha Jaual sitwation that we find In SAR
technique all experisnoun made In IBAR imaging oan be transfered to BAR Imagling and vice vorsn, ‘This also holds teue
Tor the case of & ground stationed radar and a moving ohjoel with a transverae velocity comproniunt as I is glven In the
cases of observing and following o passing alrcenil with tho radnr heam or sventunlly ohsorving even a stralght line Nylng
alrcralt intorseoting u fixed radar beam 5] .

The most signifioant Image degrading offects resulling from the usual 1ISA R processiny of eohsront raw dala In the time
domain are discussed. Theso ofTects monlif depend on the inotion of seattering conters tirough resolution cella, capecially,
if the eoherent integration Ume Ia longer than the transit Umo of a scalloring center through one range coll. In those onses
tha sMuclive synthellc aperiure s shortened and signa! contribulions of n single scatloring center will appear in nolgh-
buuring range cells so Lhal Lhe calsulated RCS I decronsed and Lo imagod scattering contor Is smeared oul over sevoral
reaofution cells. A similur offect In cross dirocilon can b obnerved reauiting rom cerlaln approxlmatluna relovant for tho
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fast imnging procuss. ‘T'wo mothods for partially and complote cornpensation for thass limnge dagrading cTocts ars brisfly
prosented. Both methods have boon developed undor the aspect of fast image procossing,

2, EXPERIMENTAL SETUP

The system uied hors was a gatod coherent shorl pulse radar, which covars the [requency range between § and 18 Gha,
The recelver gate width as woll as the tranamilter pulse length could be adjustad from 1 s down to 0.8 ns. This aparatus
fo used for ground-hased high resnlution RCS-mearuroments of ncadurnical abjesix, soaled modals or orlginal argets,

In order Lo abtaln high resolulon In range, a constant recelver gale widih and transmilter pulse leng' of bout 1 na is
used. In niost practical cases thin adinwunent Is aullicient for imaging 1argets with inaximum object dimenslon down to
aboul | m, Por a iwo-timenslonn! imaye goneration of tha apatia) targol rofloctivity disteibutlon nt a fixed frequoncy the
delay time of the recciver gato Is reprtitively swupl in steps of | na, corrasponding to a dopth of Ay = 15 om for each range
coll, whureby the swoeping time here was fixed to 41} ms, 40 rango sieps were used during each sweap whieh I equivalent
to"un lmn;do depth of 6 m, Thirs adjustment required nn amplitude and phase snmpling . the backscaitored algnal at svery
miilisesond.

Mot of the RCB-mensurements which are performed al outdootr-rangen suffer from ground reflextons, ‘This elfect can
be suppressed by installing radar fences at proper pasitlons inside the monsurement range (6] . Migure 1 shows a typieal
measurement range for smallar acaled targews as I wan used for this work, ‘The targots had bean mounted on a contine
uously rotating styrofoam column nnd wers homogencously illuminated by tha ground-based stationary radar. The range
sweapi wers triggered by the angular dacodor every 0.1" at a lxed rotatlonal speed of |"/sec. The oifective 1peed of the
moving range gaie was chosen to 130 m/sec, only limited by the maximum nvalinble viden bandwidth of 3 kHz,

3. FAST ISAR-PROCI:SSING

To oblaln cross-range resolution Lypleal BAR principlos will be usad. This Is posslble, because only n relative motlon
belween radar ssnsor and target Is required, so that the SAR principlos also held In tha Inverse case of a stationary radar
and a moving object, Due to (he rotational targot motion, for cach range cell n aynihotlc aperture can be generated on
part of a circle around the targol, an depicted In F'lgure 2, with an oquidistant apacing of the aperturo tlementa of 0.1°,
carrmponding Lo the dala sampling triggerod by tha angular dacoder, The maximum cross.range dimonslon 1) in object
space that cun be imugod without any allasing artifacla is doterinined by this angular increment 80 via the rolation

A
m et

where A denotes the algial wavelangth,

The typloal SAR or ISAR prinaiple is to foeus and to stoer in cach range coli a narrow synthalic antenna boam acrows
the largot plano via componsation of slgnal phase diffsrences resuling ftorm differant rignal pathlongths hetween a targe:
point to each aperture elemont. ‘This can be realized stepwlse for every rosolutlon cell Al a conswant rango by # sohorsnt
superposlilon of the recelved complex signals sampled ovary 0,17, afler preceding phase corrections domanded by the
focusing process have beon applied.

In & rectangular coordinate system - whore y donotea the range coordinato - lhe phase of o backacattered signal from a
point located &t {x,, ) In Lhe objoct space and maasured relative to the tranamitted sgnal ln givon by

% LR
{2) ey y) -~ Af- [ Ry + 2(y, con 0, = xy sin 0,) + -J—Ro 1
where x'; and »'; ate the aoordinnies in an object Nxoed coordinate systom dofliod by the coordinito tenusformation
Y wy oonl,~ x ainf
(3) 1 n
x'emyaln G, +y conlly

for cloukwina rotaling the tnrgol by an ang) 0, = nd0 (neintegor) [7] + Ay donotes the distance from the radar
sensor to the cenler of rotation and ry = /x4y s the radial distance botween a point (2, 5) on the object and the
rotution axla. A so-onlled direct mothod will focus and steor the syntholle hoam according to tho retriion

N-1
@ Amo=d Y PO o L felry ),

N0
where Alx, ) I8 the resonstruciod avernge aignal strength backscaticred from a Wirgel point located at (x,, )i N glves
the number of data samplas whish Is squivalent (o the progess asngle AD
() A0 m N 80
und V{0, y) denotes the recelved complex signal in the I-h range at the angle 0,

In order (o limit the somputationsl burden, howaver, tho number of mulliptications | renuired for forming nnd stesting
# synthetic antennn beam, cun be significantly teduced, If Rewr, and furthermere If' the process angle can be confined to
values A9 « 30° , 5o that the approximations aln 0,2 01, and con 0, 2 | cnn ho applied, With these approximations
Bau(2) and (4) yleld
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where all angle Invarlant phase terms are written outside the summation and will be neglecled subsaquently because they
carry no angular information so that Fiq.(6) reduces to
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which has the form of a digital Fourier-transform [7) , Thorefore, tha aross-range roaclution In each range cell can be
oblalned by using Fast Pourler ‘Transform (I'I'"') algorithma. Past data snmpling In comblnation with fast soflware
algorithms NNl Lﬂl condltions for a apoody two-dimanslonal image genaration, It is # furthor advantage of this method
thet the knowledge of an exact position of the rolatlonal center In roapect lo the ranga coordinate is not required, because
the phase correctione In Eq.(7) de nat Include the range coordinate y, 'The methed describied in this paper can be used
for groundtruth 1SAR imaging and, in principle, for lmaging of moving targots, which also have a transverse veloclty
component, or for Imaging of ground-based targots obiorved from an alrerafl,

Howaevar, the process of » stepwise range galo sweep across the targol under Loat an well na the applied rpproximations
when derlving the Imngo algorithm chn yicld slgnifeant focusing errots, which cnuse an Inoreasing blurring of the ploture
ir its periphoral aran In case that objoct dimenslons and proceas anglo aro large, Beeause Iarge prosous anglee are roquired
for a fine cross-rango resolutlon which I8 delermined by the crosa-range coll size Ax vin tho relation

B Axmghe

a high resolution of seatlering conters nind an oxact delormination of RCS-valuen will he limited, if' o Nirther srror got-
recting mansures are being taken,

4, IMAGE DEGRADING EFIFECTS

The typical degrading elTecls are demonatruted for a caso whers the field of 20 independontly scattering polat refectors
of equal crosi-section with a mutual distance of about | m had been slmulated, A subsequant analysls with the algorithm
of Hq.(7) created the Image displayed in Flguer 3. The recelver gato longlh and the transmitter pulne longth sre both
sasumed to be | s, und the other parnmeters are Ay = 18 cm (deplh of a range coll), 4 = 3 om, AQ = $,5" and Ry =
600 m,

Thera aro two domlnant efTects, which cause thoxe dogradations. ‘I'he dogradations In range dleoeton mainly result from
the approximution cos # ¢ 1. This approximation can anfoly be used for proceas angles of tese then nbout 3° I we
reformulate the approximntions used for derlving Fe.(6) by taking Into aceount higher orders we arrive nt:

) -51-'5- K (1~ con AD/2) A,

If we use tho Jell hand slde of 11q.(9) to calculnte the plinse orror arlsing from 1iq.(7) for & polnl geattorer located at
{x=0,y= 6m), wo oblain a deviation from the Ideal value of nbout 168", which menns, that the phasa corrections par-
formed on signals at the odgo of the aportur I InsuMclont and will result in a nearly aniiphase condition ecompared to the
phave-correcied nignnl from Lhe aperluro cohter,

The second dominant effect on imugo quallty I the migralion of n sealtering canter through more than one range cell
during tha proceastng time, That so-called range walk reducen ihe effuelive nperture width nnd henco the resolution quality,
eapecially for scalterlng conlors at tnrgor crons distances. or the rapge celt lncluding the rotational centor I'igure 4 shaws
an sxperlmental result of the sampled signal amplitude shape orlglniting from a point scattorer maving on a circlo of the
radius r = | m during tie angidar lnterval of AO = 81,2, "Tho recelver gate width and the 'ransmitier pulse length again
wore both 1 ts, As # fleat rosull, we ohserve tha expected trlangle ampliinda shapo, an a consequence from the sonvelution
of the receiver gate with the racelvnd echo pulse, which menna, that tho sampled eclio amplitude In cash range cell srongly
depends on thy locatlon of a scattering cenler In the Image plane. As a second rosult, one oan sos thal If the process
interval ls cumiderable targer than the transit Umo of scatloring conter through « resalution cell, the scatloring centers nre
only deloctable across a mited angulnr Intorval which is smaller than tho procoss interval, Henes, tha effuctive width of
the synthetlo aporture [s fimited and the croms-rango resolutlon becomen Independont from the slze of the angular process
interval, In Flyure 4 tho meanured width of the fvot print from the anmpled point reflector echo given by the product
rf, (0, mefTectlve apertirs longth) exlends about 40 cin which I equivalont to 2,0 ns, whotoas & widih of y,,,, = 30 om
would be expecied enrresponding Lo the convolution of twa rectangular funotions each of 1 ns, The reason For this devi-
atlon ls, that the recelvar gate and the transmilier pulse do not exhibit any longor n well dofined roctangular but a more
guunsinn pulse shapo If theso tow gate nnd pulse longths are reached. tn arder 1o avold amblguous dofinitions the measured
convolution reault shown in Figure 4 ln taken to dofine the range fitor function (range gate) used for all other mage
tusults presented In the followlng chaplers,

Swvern! intevmodlate atopy of Lhe amplitude change depending on the acaltorers Iaternt pondlion are displayed in
Flgure 3. For crons-rango locations x > X, Whete K, It defined by

(10) Xeonv ™ 22?3!. '
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the effeciive mpariure will bo shortencd. AL Lhe same timo, the maximum signal eontribution of a paint roflector will also
appear In neighbourlng ranga colls, as depicted In Figura 6, So, the range walk effect caunes a decronss of the recon-
structed averago signul amplilude, a decroase In range rosolution and nccording to Bq.(8) for x > x,,,, A decresse in
cross-range resolution, Defocusing effocts the signat amplitudos as is shown in Figure 7, whero for the same paranieters
as in Figure 3 the onvelope of the amplitude maxima of all roconatrucied unit point reflecto, s at any position in the Imnge
plane is calculated for two relevant cases of object size. 1t I8 emphasized, that these calculntions only hold for point-like
soaltersra with a maximum cross climension of feas than Ax, For cross dimenslens greator than Ax & special troatment ls
necessary due o the extanded backoatier pattern (7],

It in & general techriique In SAR and ISAR Imaging 10 weight the npertura signals V(3,,)) hefore data processing,
ncoording to Bq.(7), with & window funclion, In order to redi-ce the side lobe levels of Imaged soaltering conters [8] . The
use of windows can remarkably roduce degrading effects, bocaune aapeclally at the edgon of the synthotlo aperiure, where
tie foousing errors are largont, the aignals V{0, ;) will be mostly damped snd therofore the Influence of phuse correstion
srrors will be redused too (7] \ The ceault In liustrated in Figure B, Dut nevertholoss, Lhere sthll exist significant image
degeadations, eapacially, if maximum argel cross dimension In greater than 2 x,,,,,

The dominant image dograding offools oaunad by an Incorrest focused aporture are typical when ‘rroomln; time domain
raw data In ISAR/SAR techniques, and they are also prasent in processing frequency domalin data. In order to obtain
reliable results elther for an exaot interprotation of the two-diniensional radar imagos under the aspact of camoullage work
ot for the Identification of typical target dignatures undor the aapuct of Larget classification and target idontfication the
dominant degrading effects H:ave to bo known and aomponsaled for,

8, COUNTEL MEASURTS

In this paper two techniques for 'imiting or oven componsatng Image degradatonal efTocts are brinfly presonted, These
techniques hiave heen daveloped under tho uapect of a fast imagoe processing. Both techniques require tho knowledge of
the range gate number including tho rotatlonal contor and the know:edge of typlenl signnt shiape lor a polnt scattersr ns
& cohtetusncn of the range walk, which gives the spatial Nlter form of the range pato, ma shown In Fignre 4, As an
axampls aomo results have heon ealculated ~ith the parnmetora displnyed in Figuee 3.

AMPLITUDE CORRECTTIONS
The first presanisd method r an amplidude-vorractive measure as described In more detall in |7) . Approximatng the
slgnal shapy of V(8 ) by u simple triangular functon for cqual langthe of receiver yate and transniltior pulse, an indi-
oated in Fipure 4, one onn derivo an analytleal dencription for the ampliluda behrviour of a moviay target point reflector
depending only on it lateral potltion. Using a 11amming window an weighting functlon the nmplitide dependence of the
reconatructsd signals f, on the cross-range coordinate x rosulis in
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An another rasult of [7] the amplitude dupendence £, on Lhe range coordinale y can bo approximate . by

(13) 4~ 0.65+038 con( §- -}f;"-)

whers Yo, I8 defined by
4

4
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Bo, the envelope f,, of the raconstiusted lwo ditmeniloint raselution Minctlon maxima of nll raftector posiitons In the iniage
rllnl. a1 shown In Figure 8, onn by approsimatod very wol! by the rroducl of M, I the tunctlon £, s onen khown, 1L
8 very say Lo componiate the amplitude degendatlon by simply multlplying the reconastructed signal amplitudes Agu,y)
with the Invarss fudeuon 1, 1 The computational sfTort ln amall, 1o that there v na slgnificant toss In processing speed.
The efTect of this eountermessure 1a demona!rated In Plgure 9. Hore, tho recon.tructed Jignal ampliludes o unit point
seatterers ara nearly equal ater applying smpiltudo correolinas, 1o that a rellabla quantitive imerpretation of the calou-
lated RCS.vuluse ls posuible, un lony an the croms ditnansion of the Individual lninged eeatiorlng ennter in less than Ax.
Although the degradations o Iinaga rerolution are not affected, the mmplltude cnrragtive measurs is aufficlent for matiy
situatlotis of practieal relerines, ospecially, it the maximum laterat object position [x| s leas tran or wightly above x
a¢ [s demon:trated In Mgure 10, If the objet dimenslon 1 is much larger than 2 x,,,, 84 In case of a real alrcraft tlfﬁ:
at the mentoned RI-paramelers the low In rasolution wlll be significant ax is shown lor the imaging of simulated pairs
of unit polnt reflactois .n Plgurs 11,

'THE FOCUSED .~ PI'RTURD
In erder to snhance the resclution, the aythetic aperiure must he correctly focuned in the image pinne, that means, the

anotler: through ranotution galls hun to be scompsnaated for. Already twunty yoarn ngo, rown and Iredericks 117 derlved
for pulas doppler redar measuirements a fundamental mothod, which conalsta of taking the Fourlor wansform of range

(1) =gy Axw
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sweep data, follawed by a gentle distortlon of this range tranaform plane, and that followed hy a Iwo-dimensional Fourler
transform resulting n correct focusod Image. If no optienl transformation daevicos aro tmod, such methods cont some
computntional effort and cansequently caise i loas [ speod for the Image generation malnly due (o un additionnl two-
dimenstonal Foutier tranalorm,

Anothier method suggested here, Is a specal tracking technigue, where polnt rellectors wiil be traced through soveral range
osils, If required. ‘this mathod s supplementod by & aingle proprocessing phase correction ruplnclr*hmo phase approal.
mation vullned in Sectlon 2, where phase contribulions of lhe y, coal, lorm have boon neglected, The additonal phase
correction ia descrlbed by

(1) Vi n)m VOus) otp L~ 3 b cory]

which, however, now requires a knowlodge ahout Lthe locaton of the relational centor,

PPor componwation of range walk offects, sesticring contors can be Lraced through severnl range cella il the processing time
Is larger than the Ume necded for the soatloring conter Lo move through a resolulion cell. In thee sllustiona the maximum
dotoctable slgual strongth will also appenr In nelghbouring range colla. The example In l’l&urn 12 uisplayex the aignal
strength versus aapoct angle In thres hoighhourlng runge colla for a point refloctor erossing the lsth tunge coll durlng the
angular interval A0, The phase of the backscattored signal only deponda on the distance botweon the radar scnsor and the
current locatlon of a scaltorlng conter, Tho signals In the nelghbouring range cells £ | rnmpled ot cqual anpect angles
therefore are In phase to those of the |-th range coll as long ax the miotlon of the seattering center in range diroction durlng
the time lntorvarbolwoun the signal samples In neighbouring rango cells Ia nogligiblo, Tlance, it is possible to use theso
signals for coherant extenslon of the analysabls ungular interval which Inturn lends to u lnrgor effective aperture. ‘This can
b achloved, for inatance, by replacing all thoss lractiona of the slignal snmplex in the 1-th rango eell at a glvon aapeet angle
by signal contributians of nelghbouring range cells, whera tho nmpllludes of the (niter oties nra larger, For the ahove
mentioned parametor sot this will happen I th. atgnal nmphitude of a polnt reflector bocomos loss than 60% of lis maxl.
mum,

Figure 12 displayes an oxampls of this cohehent algnal extension, The focation of the scaltering conter ul half of the
proness angle rnlervnl A0/2 ls ansumed (o bo at Lhe center of the I-th range cell and the totsl migratlon path 8y In range
direetion during the process interval in msumed to ba 24y (Ay = depth of a rangu cell). lore signal amplitudes larger than
60% of ila maximum are only extended on hall' of the interval AD . In ordor to raduce the hereby resulling image quality
degrading ratge walk eMoots the signal values glven by the dashod weons onn be cohorantly combinud Lo form & focused
synthetic aperture In the I-th rangs cell. In cases whero the migeation puth dy in larger than 3Ay the angular interval, during
which the slgnal amplitude exceeds the 60% -mark, It limited to lons than AG/3 und therefore signal contribulions of' a point
scotterer In flve and moro neighouring range colls have to be inclidad In the signal oxienalon process, ns shown in
Figure 13, lowever, Ui langulur shape of tho signal envelope resv'iing from this tracking procedure will cause an
Increass of sidelobe leval for acaltering conters even il Humming windows aro used In the imaging proceas. ‘Tha enhianced
sldelobe level can be further reducod I ono allows an controlled cohorent oveorlapping of sampled dutn soctiona from
nelghbuuring colls in order lo amuoth the signal shape ax outlined In [97, Tl senttorlng centors will bo naged then only
with negligible distortions and with rellable quantitative RCS values.

Applylng this tracking technique al sach stop of atooring the focused boam, mueh more computer Ume will bo consumed,
because the fusl I'I'T algorithma can not ho applied for tin diroct mothiod. ‘Therelore, I cross-rango direction the image
plane le devided (n strip llke zunes running poraliol lo the range coordinate. Now, for each zone an Individual tracking
procedure ls applled which resuls In an optimal fooused aperiuro In every ranye coll arranged for a polnt rofloctor at the
centar of each zone, IM the cross range oxtension of a zane is such dimanaioned, thal diiTvrences in range walk insido oach
zone remain small, them for all poinla the same tracking arrangemants may ho appliod na for the position at the center
of the zone, Therefore, Lhe usual st image algorithm based on FI-nigoeithme can ngaln be applied to achlove u
rone-wive undistortad cross-range rosolutlon, whorshy only the roconatructed datn inside onch singla zone are takon into
account to conteuet the Mnat facused Imago [91 The ihcrease of computationnl olort ia llmited by the number of zones,
heoausa each gone roquires the applieation o one FFT. The number of zonon depends on the maximum vhjsct dimanslon
and on the longth of the pracossed anglo interval, "I'he dofinlion of the rone widtis In somewhat sehiteney. VFor the
parameter valuns glven above, tho dofinition

(16 Rym(mi08) 45 metad.

has been faund useful, where £ R, denotes the boundnrles of tho 2onas In zeoss-range diroction, Comparud to the method
auggested by [[11]. 1t is & Marther significant mdvantage, that 4 cortect focused aperiure is obtalned by procesing pure tme
domaln caw data, a0 that no (urther data manipulalions with inherenl unknown offeels as cavand by applying additlonal
fore- and backward transformallons do exist.

The two examples for correct focusad images in Flgures 14 and 16 demonatrate the eMclency of this method. Figure 13
shows the experimental selup correspotiding to Figure 16, The image of Flgure 16 In processed with sn unusually large
provess angle of $1.2° in order Lo realize u migration path for the outrs polnt seattorer through more than 6 range oslln,

8. CONCLUSIONS

In this paper & combined hardware/ao\wars method for gensraung fitst \wo-dimenstonal ISAR Images has beon pre.
sented, The one-dimensional RCS-profiles varsus rango are produced in real Ume with the ald of a gated coherent thort
pules radar, Small-angle looks are sufficient to obtaln high crom-range rosolutlon using fast BAR principles. It was shown
thel s Incorrest foousing of tho synthelic aperiure can cause sovers degradntious on Image quality The misin mechanisms
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for thesa effects are Identifiod and two compensating countormaasuras have baon prasentod. Examples of processed images
from simulated and experimental dia domonstrated the crpabilitios of thess methads.
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RADAR OBSERVATIONS OF A FORMATION OF TWO FIGHTERS
A CASE STUDY FOR ISAR IMAGING

Frits Willems
TNCG Physics and Blectronica Laboratory
PO, Box 96884
2809 JU The Hague
The Netherlands

JUMARY

This papar reports on 8 study of ISAR imaging of a formation of two fighters, The
observations are interpreted in terms of relative motionas of the two sircraft by use of
model study and computer simulation, g

0. INTRODUCTION /

AD-PooE & ¢49

ISAR is an acronym for Inverse Synthetic Apertura Radar, This is a techhique to obtain
high crosm range spatial resclution of a flying target. The ngential translation im
used to synthesize & large radar aperture. The aim of ISAR is to resclve the individual
radar highlights of the target,

The target is sssumed to be a collection of highlights on a rigid boedy. Each
highlight contributes to the radar return. The contribution is a function of radar
reflactivity and distance to the antenna., By processing coherently recorded radar
returns it should be possible to estimate the flight path of each individual highlight,
The £light path of a highlight ¢an be describad by the path of the center of motieon (CM)
of the target and pitch, vaw and roll of the highlight. The problems which arise in the
entimation of the velocity, pitch, yaw and roll of the target are addreased in this
paper.

In order to dimeriminate between the contributions of the different motiona to the
ISAR processing we made a model studv. The results of this study have been verified by
computer sinulations and spplled to readar data of a formation of tio fighter aircraft
which wam obmerved under controlled conditions.

1, MODEL STUDY

The target is ihodeled by a collection of L discrete highlights on a rigid body. The n'"
radar ed¢ho can then be written as,

A
n e fmdRr, (1)

L
¥
=
- g T

with
n s number of radar echo
¢ w number of highlight h
a = radar reflactivity of the ' highlight

» distance of the *h highlight to the radar at the

rader return
A n wavelength of the reder

th
L n

We constrain ourselves to the 2 dimensional description of the target gevmetry for
the sake of gimplicity. We describe the target in a plane which includes the radar and
the Flight path of the target, Figure { gives the geometry in which the radar and OM are
moving with respect to the origin of the grid. The origin is the center of 1BAR
procesaing (CP).

The distance t& the radar of a single highlight can be written ans,
i

N
2 2 [
v [ Rh + (xm+ ymj + 2 Rn(xmlln(dﬁ) + oy, conlé )] ] (2)

with h th

ro distance of the (" highlight to the radar at the n
radar return 'h

R - distance of the redsr to CP in the n~ radsr return

X @ mcos(a) + dcon(d ) + ¢ coBiM) n Al + FcoB(r) (n ae)t
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Y, * Msin(o) + dsin(e ) + ¢ win(d) n AL + F ain(y) (n a0t
m.° w distance of CM to CP at n = O

c = velocity of CM relative to CP

@ » acceleration of CM relative to CP

AL = pulme interval of the radar S
a, 1, r, 8and ¢, are indicated in figure { C

Under the assunmption of R: ¥ x'+ y', On- W n At and ¢n- w n At we make a Taylor
expansion up to the second order of Oq.(2) around n = O (t » 0),

L Rn tm dw + [cr LI d"’tul+ u.] ] (n &t) +

a
[!L e, ond we dcosid,-8,) m: ] (n at)8 (3)

with
Mo M BINTO ¢ &) Moge ® MaCOB (8,4 @)
d"- d&un(a“ ¢°) dw L] d\col(%‘ ¢°)
RN lin(0°+ n o ® ccol(OO» m
awa lin(0°+ ) a,.® uco-(soo r)

Next we investigate four specisl cases of ¥q, (3);

4/ A target stationary to CP

(CPwCH, mn O, ¢c n 0, a =, u..a)

B/ A target rotating areund CF
(CP o« CM, mu O, ¢ n 0, aw )

c/ A target translating with a uniform velocity with respect to <P
{aw O, W )

d/s A target accelerating uniformly with respsct to CP
(ww U}
]

s
l"‘
A VO TS T w—
‘!
™, y-Pos (xm
Bl
li
v N
Q "
£
»® *

FONAES ll

fig.1 fig.2

Figure 1. The gecmatry of a target moving with respect to CP. The geometry is a
projection of the target onto the plane spanned by the tlight path and the radar, The
relative valocity (c) and relative acceleration (m) vector of the target at CM are alsc
plotted. The aymbols sre explained in the text.

Figure 2. The flight path of the formation. B indicates the baginning and B the end of
the run. The radar is positioned at (0,0). The dashed lines indicate the field of view
of the phased array radar.

I




1.1 A STATIONARY TARGET

For a stationary target the radar return can be written as

; L
2
v .ﬁ.zn‘.lﬂix[lﬁtdid‘"u.nhl] %)
' o=
If the phame history of CM is known we cah reducs £q.(¢) to

[
"‘n,z a( .‘"jé[dhrul“ M] (8
tow
with
e
.‘"J: d

u"‘ . a (4]

A DFT symmstric arodnd n w» O of Xq.(8) gives

L N/& 8 N
E = &t z “:2'8".1 [:d“rwiu 'NJ'\ (5)
Cowt uN/R

E is a linear combination of L minc func:ionl. The main lobes do not overlap when N is
-utticiontly large., The power lptctrum P (a E E ) ham L peaks in that case. The mtrength

of the (' peak 1a hay |* (s |u;| . a ) at g = I d, wat.

The frequency axis gives a messure for the cross range of tha target
Ak
d\er " r—-—m‘ T (7)

The angular valocity of the target is approximsted by
V° cou(‘u)
u. ~ -...—1:—-—-— (8)

with
Vo = valocity of the target at n = 0

.n = distance of the target at n = 0

¢° s appect angle of the target at n s O

This darivation shows that the power spectrum of moticn compensated radar raturns
can be used to produce & cross range image of tha target if the phase history of CM is
known and pitch, yaw and rell ocan be neglectod.

1.2 ROTATING TARGET

During short time intervals pitch, yaw and roll motion of & terget can be described by
uniform rotation w, around CM. The motich compansated radar returns can then be written

L
e = d..a‘-’ﬂﬁg[d\ fw, + w1 nat -
2 ¢ °r (9)
. f
(
[d“u‘w.+ o wlw - a ) wy } (n ae)? ]

We investigate the DFT of EqQ.(9) em the power spectrunm has proven to be a useful tool to
examine the IHAR image of & stationary target.

L N2 2 M
£ o=y a 3 FT 3 [ R diarley + wyl At - p ] "
(ot -N/& o)
N [d“_u‘». + dqol(¢ - ‘ ) u: ] n at)t ]

The term betwean acoolades in Hq.(10) is & discrete form of a Fresnel integral -
defined Fresnel sum in the rest of the text - which is discussed in the appendix. The
DFT of Bq.(9) is & sum of L blurred sine functiors with
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d_a A Kk (11)
et !'TTa:‘T::T_KT_F

The blurring is proportional to the second order term in Eq.(9). We can make an
satimate of this tern by taking typical values for A, o, w 4nd w.. The cbssrvations ars
nade in C band 86 A s 008 M, With ¥ = 200 n 87 and R « {8 kn e get « % 0.0f rad #”,
The AMB angular velocity of a typical fi.ht.r‘ is & 9 deg ™t w0 w, £ 2.08 rad st The

typical l:ll of a fighter is 20 m sc d £ {0 m, Tha second order term is s ¢

(w (00,05 28 n/ 0.08), Tha rasultas in the appandix indicate that For a one second
integration interval the blurring of the peaks in the I3AR image can be neglected for
values ¢of the second order tern s &,

1.3 TARGET WITH UNIFORM VELOUITY

In the case of & rigid body of L highlights translating uniformly with respect to CP the
motion compensated radar return can be written as;

L
2 ]
. 2 a; Ly [ [c' LK R ] noAt + e w{n At) ] (12)
t = f

The DFT of kq.(13) has the form

L N/@ 2 "
Eh v Al z u: 2 ." m by [cr * [mutl‘+ d\:r] “y ] At - N n+
U= f =N/
2 o (nan® 113)

Eq.(13) in a meries of Fresnel sums. Each Freshel sum is symmetric arcund
R® é T N ] at

The positien of the t'h highlight in the spectrum is shitted compared to the
stationary target (c¢f. Kq.(7)). This shift is proportional tc the line of sight velocity
difference between the translating target and CP. The croms,range velocity component
causas & blurring of the paak in the power spectrum if & n £, & for a ! wecond

integration interval, With w ~ 0,01 red s and A 20,08 blurring occcurs when
PO 2. W
or F e, !

1.4 LINEAR ACCELERATING BODY

The cane of the accelorating body is slmost analogous to the previcus case. Whan

8, " g, + 8n At the second order term in Eq.(12) can be written as;

2 4,

K| F* %oy (14)
The blurring of the ISAR Lmage given by ¥q.(14) dependr on the magnitude and mign of a
shd € son"

1.8 1SAR IMAGE

The power spectrum can be used to make & radar image of a target if the phase history of
CM is known. A bad estimate of the phase himtory of CM shows-up as blurring of featurer
in the power spectrum as is discussed above for both a uniformly translating and an
accelerating target. The offset in the power spectrum due to the velocity term in the
first order term of Eqms. (12 & 13) is of no importance in tha processing of & mingle
target as we are only interssted in relative siges of the target. Whe. the velocity in
Iqs. (12 & 13) is large compared to ¥ (the valocity of CP) the sangular velocity W, will

be wrongly estimated causing & bad scaling of the ISAR image (¢.f, £Q. (7). frLe scaling
of the target is also influenced by the internal rotations of the target,
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2, RADAR OBSERVATIONS OF A FORMATION OF TWQ FIGHTERS

The resultz of the model study have been used to interprat the radar echoes of a
formation of two fighters. By analyzing subsaquent intervals ue cun estimate the motion
of one of the airplanes in the frame of the other ¢ne. The analysis is illustrated with
sone computer simulations.

2/1 OBSERVATIONS

A formation of twe fighters of the Royal Duteh Air force flew somw predafined tracks in
view of our instrumentation radar in the fall of 1§87, We amked the pilots to keep the
formation inmide a box with the size of 78 m Lin the %, v and # direction. One of the
floun trecks im ahown in figure 3. The track is plotted in tha coordinate aystam of the
radar.

The formation ie ouserved with an experimental phased array radar, The redar
parameters are | C band; fO00U pulses per second; a bandwidch of iMHg.
8.8 MOTION COMPENSATTON
The results of the processing of a part of the first leg is cdiscussed below. The fllght

path of M can be approwimsted by a straight path for this pert of the track. The
distance of CP to the radar (Rh) can ba expressed as,

R, = [ R, + (v nant v 2k, v ainte,) n at ] ' (15)

if Vo V° + A n At and Ro »» ¥V n At then

va cos"(8) 4 min(e,)
PkR#Vllnla)nAlw[ .
n a o Q

] (n o)t (16)
2R, 8

The motionh compenmation im performed by multiplying each radar return with a
correction factor wxpl-14.). Thim factor nam the form

-3¢, ~ 4 [ Al (nat)t « A2 nout ]
L ] ~ a (17
with
» 1
V_cos (8 ) A sin(e)
Al = [ g e s 2 ] !TE 118}
eF, 2 ‘
A2 « v_ain(e ) 1 (19
o Lt A

Tha paramaters A/ and A2 canh be astimated by a mecond order fit to the phame data
of tha =zoharently recorded echo returns. When short intervals of a straight flight path
are processed the contributions ol the individual highlights can be regarded as noise on
the sscond crd!r phase fit. This procedure for mobtion .ompenmaticn iw described by
Eerland (1vde)

2,3 COMPUTER SIMULATION

Wa have simulated radar returns for a formation of twe targets. Esach target conmists of
thrus highlights along the body axis with a spacing of 8 m. The emplitude ratio of the
three highlights are { | Q.78 : 0. 45 from nose to taill. The tuwe targats are lined-up
Wwith a relative distance my The paremecers for four sinulaticrs are given in table I[.

Rot ¥y and 6 are the parametars for the target at CP.
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TABLE 1

Ro Yo eo N At s a LR

Km nat ’ . natl na? n
& 18 200 50 & [-] -] [-[+]
b |t 200 20 ) -t 0 a0
s | 18 T 30 P 1 0 &0
d | 18 #00 0 e ° 1 )

Table 1. Parameters used in the computer simulation

The radar paramsters used in the simulations are the sarme am the paraneters of the
instrumentation radar,

The ISAR images plotted in figure 3 are Hanning tapered power ppectra of tha motion
compenasated radar returna. The frequancy aXis of the images are scaled with Eq.(?). The
velocity, range and amspect angle used in the Bcaling are estimated from the processing
of the rader returns,

A comparimon of images 3a, Jb and 3¢ shows that the measured distance batwesn the
aircraft is very sensitive to differances in the range velocity. Image 3d demcnstrates
that the accelerations indeed mhow-up as a significant widening of the highlight
featuras., The peak power decreases iues to the widening. The limited spacing of the
highlights compared to the width of the blurred main lobem introduces significant
contributionn of cross-terms of ovarlapping main lobas to the image of the accelerated
targat in Figure 3d. The cross terms cause the distortion of the image.

2i 4 DATA PROCESSING

We have analysed 27.8 seconcds »f tha first leg rangihg from ¢ » 2,0 to t = 34.8 a. This
interval is divided in intarvals of ! second., Between L = 7,0 and t « {$.8 5 the
intervals cverlap 0.8 § and betWween ¢t » (5.5 and ¢t = 34.5 & the intervals are adjacent,
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Figure 3. ISAR i(mages obtained from computer simulated radar data. The parameters of the
four images are given in table I
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We applied the motion compensation method of Kerland (1984) to the radar returrs in
@ach interval. The method gave A! and A2 for CM of one of the aircraft. The tapared
power spectra of the motion compensated radar returns showed two targeis in most of the
intervals. In the intarvals between t « 13,85 and t « (8.5 4 images of the targats
ovarlapped, The results ror eight intervals are given in figure 4. The images are
linad«up on the leading sirecraft. The airoraft at CP is slways pomitioned in the middle
of the individusl imege. Note that CP is not always et the same girceraft. The effects
discussed in the model study clearly manifest in the images. One cbserves a rapid change
in the observed crosa range distances of the two slreraft, The widening of the image
and decrease of peak power of the incorrastly motion compensatad airorafe is clesrly
observable in some images.
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Figure 4. [BAR images of tha formation for aight processing intervals. Tbc start ahd end
time of sach interval are |§vnn in the plot. The agpect angle € is -9¢. 5" for t = 7.5,
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In ordar to estimate the phase history of the not motion compansated aifrcraft we
proceaded as follows.
1/ Use tha 'CLEAN' mn'l:ho':l3 to remove the aircraft at CP in the fraquency domain.
2/ Apply an inverse Fourier transform to get 'CLEANED' radsr returnas,
3/  Multiply the 'CLEANED' radar returns with the inverse motion compensation factor

exP(vJOn) (wwe ¥4, (17)) of ©F,
4/ Use the motion compansation method to estimate the phase history parsmeters of the

secend airoraft (Al and 4.

]
With.the help of Eq.(19) and 4P and A2 we can astinmste ¢,
4 in
AR - AE = Alr‘n lin(Oo) bl
4d n
a dr T (20)
Eg.(18) gives
P
at - Al 0 |84 winge 4 2l B gag ) | 4 (211
Tz M, P oRi8y) | X ¢
-]

whare

Vo ® velocity at n =0 of the aircratt wWith phase history coafficients Al and A2,

[}
Vu » velocity at n wQ of the aircraft with phase himtory coetficients A; and Aé.
[ ]

AA = acceleration difference bestween the two aircraft

with

[ ] ,
Vo.' V°. "n e Avcrvu wa write BEq.(21) am

af A;- e, ::"V 4 n 3
- ir A sl B ta2d)

The uncertainty in the satimatiaon of Al and 48 equals (& n / ) and 1@ n /Y,

respactively (Eerland 1984), T is the length of the proceawing interval (7T = f & in our

care).

With

The error in the estimation of c'_t‘o.l..l.own from,
be, = A2 (23
AdE v 2 1t
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Figure 5. The oross range distance as function of time. A linwsr fit to the data is also
plotted. The correlation ccefficisnt of the fit is O.8 for 20 data points.
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If we use the subsequent estimated values of c, to derive o (= Ac /At wem Eq.(26))

ba_ u £t0.025 m 8™%. When c_ is derived with help of £q.(22) we sstimate ac_ as

A AAL da &,
gt | TR TP, (a0

With 84! = t# n, Aaw 20,086 & 8", A w 0.06 n, Ry 18 10" n and Vou 200 m 8™ this
results in Acgr « 23 m o™, Thin in s large arror. Another possibility to estimate LI

is by uss of the meapured distance between the aircraft., The diatance ! of the centers
of motion of buth aireraft is (o.f. Eq.(14))

(-]
L= “~: o, (25)
The distance ! can be cbtained from the ISAR images. The distance | gives us m, As
w and ¢, are knoWn. A regression anralysis on the values of L derived from processing
succesaive intearvals gives ah estimate of Cgrt The blurring of the ISAN images introducem
an uncertainty in the msasured values of L, The cross range distancs my, i derived from

an averagad valuo of | measured with CP on aircraft 1 and CP on aircraft 2. Thim gives a
1o arror of {0 n. The derived values of m. are plotted in tigura 5 together with a

linear fit, Due tu the large individusl errors theare is nc use for a higher order
regression analysis. With the obtained alope we get m°“(¢-7.6 n) &« 8278 (4.0) m and

-4
e,.. 0. 3% (0.8) mas",

From Kq.(24) we derive dae 0.08 m a™" wince dc v 0.2 m w™, A4l = t2om,
ANeo0o8m R« t810" nand Ve 200 m ™', The error in a_ is probably a little larger
a8 we have ighored systamatical deviations from a linsar time depsndence for L The
assumptions underlying the darivatioh of a with Eq.(232) have bmen testaed by correlating
a, with Acr / At

de e Qt e t] - ¢ lL -]
AT TTITSITTS R 1) (28

whare
t1i] = the time halfway the i'" cbsarvation interval

The slope® of the correlation im 0.8 and the correlaticon coetficient is O A for &0
points These results justify the use of the linear regresaion of ngrand Eq. (22) to

darive a. in view of the larger error in a, whean using Eq,(22) we applied the more
straightforward Bq. (26) tu estimate a.

2.8 RESULTS

The methods described in the previous section are used to derive the cross range and the
range distance between the twe aircralt am function of time.

cross range distance

L S c"(t -~ lo) (27)
with

Moar® 82,78 m .

€, ~0.38 n »

te® 758

range distance
me M+ Z‘nr"‘ (48)
n

with
Mo Fange dimtance at ¢t = 7,8 g

¢, range velocity in the n" time interval
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liue to the limited ranhge resclution L im only known to about 78 m. In order to
illustrate the relative motion in the formation we assune Mor® S0 m., In figure © we have

plotted the derived relative pomiticns in the formation of the two aircratt in the
frame of the resr sircraft with the help of Eqm,(2/ & 28). The direction of the tlight
in tigure & in consistent with figure 4, The range axim is positive in the direction of
the radar, Duw te overlep of both aireraft in the IBAR imagas between ¢ w {3 and

t = 17 8 no direct informeticon on the relative pomiticsn could be oxq&nctcd in this tine
interval. From the fact that tne images overlap we deduce €, < Oma’, The overiap

glves values of U close Lo U (sem Eq.(25)) for (3 § ¢ £ {7 a. This gives
[
;E . -m {29)

At L w (B8 m a2 mand we 0,01 rad 8™ which gives e,e -0.22. This value of < _is
aspumad betwaen ¢ o 18 and t » {7 w. It should be emphasized that the shoice of Mooy is
arbitrary, With tha cholcw of Map of 80 m the tWwd aircraft are approsching each other.

This seems a sound assumption as it is likely that we have obsarved the twe aircrafe in
the procesas of forming a formation,

3 CONCLUSIONS

Khowledge of the phase history of the canter ¢f motlon of a target is a prevequisite for
high quality ISBAR processing. lnacocuracien in the estimatos of velocity snd acceleration
of tha ceanter of motion and rotation around the center of motion causa blurring and
wrong mcaling of the image., Wrong scaling is due to a mimfit of the first order term and
blurring is due to a misfit in the sscond ordar term of the phase himtory of radar
highlights, The first order term is dominated by the range velocity and retation around
the canter of motion while the second order torm is dominated by tha cross range
velacity and the range a-- ‘aration, These uffects are illustrated in ISAR images of a
formation of two sircraf

In the case of a t. mation sach of the two airplanes can be taken a feience
point for processing. He: :ith it im posyible t¢ derive the relative ra valocity
batween the two aircraft with whicn we are sble to estimete the croms range distance
batween the two aircraft. The croes range distance as function of time gives an
eastinete of the relative ciosm range velocity between the aircraft with which the range
accaleration can bhe estimated, The so derived range acceleration is consistant with the
range acceleration sbtained by the time derivative of the range velocity, With the
derived croms range distance and renge velocity we can reconstruct the relative motion
of the two sircraft in the formstion. Only tha zero point of the relativa range
distance is unknown.

In the description of thn relative motlons in the farmation given above, each
ajrcraft 48 implicitly sasuned to be a single point scetterar, In case of a single
airoraft obssrved with high range resolution radar it should be possible to ume a
similar approach to estimave iterstively the parametars describing the phase history of
each individual highlight. Thess parameters could then be used to derive linear
accelerations and rotations during the processing interval leading to a model of the
targat,
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Figure 6, The position of the center of motion of the leading aircraft in the frame of
the trailing sircreft, The center of motion of the rear aircrsft ia located in (0.0). The
time increases frow top left to bottom right,
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APPENDIX FRESNEL INTEGRAL

An integral with second order complex sxponential powers is r«_.lled a Fresnel intagral.
Ona form of the Fresnel integral is given by

+8
3 [ atdexe ]
Fix) = I [} dt (Al)

-8

When x is replacad by x' (e« -x/8m) Eq.Al rerresents the Fourler transform with a uniform
tapar of the function

3act
£(t) = & (AZ)

The power function of F(x, 18 dofinec as

Pix) = Fix) F (0

2
5 ¥-a
Bix) = 4= [c[z‘a']..c[z '] +
L

Ya Ya
2
; +am ; -as
8 E ] .-8 (A3)
[ va [ va

with

x

Ui{x) = @ J. con( ¢! ] dt
2]
x

B(x) = fé“ J un[ o ] de
P

£q.(A3) is symmetric around x = O, Ths power function approaches s cquared sinc function
if the parameter a goss to gero, The main lobe of the powar functior flattens end widens
for increasing abesoclute valuss of the paraneter a. The widening and flattening is
fllustrated in figure Al. Ih tnis figure Ye have plotted the uniformly and Hanning
tapered Fourier transforms of Kq.(A2). The iHanning taper is used in gensral to suppreas
side lobes in the power spectrum. The figure is mcaled to the maximum of each feature.

Thea values of paramster a are 0.0, &5, 6,0, 10.0 snd &J.0 respectively and
# « 0.5, The difference betwsen the jagged uniformly and smooth Hanning tapered plots is
striking. Pull vidth at half maximum (FWHM) is defined as the width of the main lobe at
the minus 3 dB point., From figure AL !t is clear that FWHM is increasing with increasing
a, The ratio of the width of the respunse to the width »f the squarsad sinc function (a e
©) iw & { .25 when a » (0, This means that the power functicn gets m.gnificantly blurred
for values of a larger then 5,



RRH]

.

1D~ISAR Imaging of Manosuvering Alrcraft

J. Ender

Forschungsinatitut f0r Funk und Mathematik (FFM) der FGAN
Neuenahrer Sir. 20, D=6307 Wachtberg-Werthhoven, F.R, Gormany

PUMMARY
;

Most operating radar systems don't provide sufficient range resclution to resolve flying tarzets in range di-
rection, Nevertheless, high crose range resolution cah be obtained by 1~D ISAR Imuging, This procedure will be
U) succansful only, 1¢ tha target motion s compensated with & high accuraey. In this psper, n motion com-
pensation technique ls introduced based on Kalman forward«backward=smoothing on radar position eatimutes
O together with spaectral Information, An (terative arror correction procedurs (mutofocus) yields a crosm range
image with sufficient resclution, Correct sealing and utimmon or the Imulng lxh dlroctlon no dnrlvpd from
«7) tho flight path by a simple orientation modsl. ""‘,\L .
\
<

Some sxperimental ir-rustigation of thia kind of 1SAR~processing was done with the ELRA phased array at
Werthhovan, FRG, Ecno sequerices of targets of opportunity were recorded mnd off-line processsd, With the
nutofocus procedure coherence times up to & geu could be achieved providing resclution cells in the magnitude
of 1 m. !Imnges during straight flight periods as well as along curved flight paths were generated. The re=~
liabllity of the information glven by the signatures was oxamined by tomparison of !mages aof the same air=
eraft at different poaltlons and different flight manoeuvers, but at the same aspget angle.

1. INTRODUCTIUN

Radurs without brondband equipmuent cannot achieve any target resolution in the range dirertion, Nevertheloss,
IBAR~methods promise sufficient croms range resolution as & tool for clasaltication, Compared to 2D-methods,
which have been Investigated Intensively ([1],,.,[01), the Information contaitt of 1D=IBAR signatures !s limited,
But, mt Jeast, the turget dimenalons us well as u few dominating scetterihg centsrs can be ldentifled, 1D<IBAR
{s not a subset of 2D-IBAR, since custommry motlon compensation taechniques like the isolated-scattwrer-
track~mathod |2! cannot be applied, On the other hard, the amount of datw ls much amuller; so Lthe computa-~
tional effort can be concentrated on procedures with maximum avallable performance.

It the flight path of the turget and its orlantation relative to tho radar are known in the magnitude of A/8,
)D~=ISAR js a rather simple procedura, conalsting of a motion compensation part (phase correctlon according to
the distance between the antennas phase center and a target flxed polnt) followed by spectrum anulysis,

‘The main problem {a to get exuct knowledge of trunalational and rotaticnil motion, Due to this, the first
IBAR-experiments were rostricted to rectllineur flight sactlons [4]. A fllterbank over all posaible velocity
vectors mude focussing possible. But for other flight manoeuvers this method (¥ n¢ longer feaslble. Ordinary
ponition estimates provided by the radur ate to rough for this purpose. Analysls of the complexa echo sequaence
ulona eventually permits the gensration of high resolution spectra but doos nol give mny relution to the tur-
get concerning Imaging axis and scaling, So we trled to put position estimates and spectral lnformation ex-
tracted from the echo sequence together into & Kalmun filter. Slneo u continoua ostimate of the fllght puth ls

teeded, we used a technique developped at the FFM by H.J.Mieth |7| combining forward-backward smoothing
und Interpolation,

Imnging axis and wcallng are determined by the momentaneous angular veloclty vector. The latter can be de-
rived from the Plight path, if some elementary rules of aircraft motion ure taken into accuunt, This model lg
restricted to ordinary manoeuvers of wing alrcraft and does not vxtend to rotoreraft or land and sea vehlcles,

The axperiments with the ELRA phased arrmy indicate, that this procedure ylelds rellable results In the most
caneon. Difflculties arlse In the transition stage from stralght fligth to curved flight and In the lunding phage,
where Irregulsar mution und clutter inference pravent fovuwssing,

2. MODEL OF ORIENTATION

In the case of manoeuvering targets vactor notatlon seems to be uppropriate. Conslder two carteslsn coor-
dinate systems, the first one (x.,v.z) being ground fixed with It's origin In thu antennms phusu centetr wnd the
z~axis directed to zenith, the second one {x'.y'.2') Pixed to the alrplane with It's origln in the targets center
of gravity (Pig. 1),

The target motion in six degrees of freedom Is describad by the translational Part R(t) (motlon of the centsr

of gravity measured in the radar coordinate aystem) and the rotational purt given by an ortinnnemal matelx
M(t), A target fixud point t position r' (aircraft coordinates) |s transformed to pround coordinstes by

rtym R(t) + M(O)P

The only reilable Information about the orlentatlon i# given by the target track. The dynamle behaviour of
tho aircrart may be simplified by the following two conditlions (Flg. 2):
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) the noae of the alrplane aiways . : ' I
points In the direction of motion R transiation z y
M rotation

(i) the roll angle is determined by
the component of thé resuiting
peenloration vector perpendicular
to the motlon axis (balance of
power)

using these conditions, the matrix M(t)
can be expressed by Ri(t) and its first
and second tlme derivatives R(t) and R(t).
In the following, the scalar product is
denoted by "+, the vector product by ",
the transpose of & matrix or vector by
"t and obvious time dependancies are
omltted,

object coordinates

With  ue ® R /|R|
g = gravity uccelsration vactor
t o= (g unue (R
U v l/ll' '

the orlyntation matrix can be written as

Me (Ut X ! —~ radar coordinates
\x
Fig.l: Coordinate systems

condition (i) condition (1)
litt torce

centritugal
torce

)
\
L |
(]
[
v
]
1
'
'

grdVHy

Fig.&: Orlentation mode!
0. IMAJING HQUATIONB

1t an estmute R of the teanslationsl part of motion is avallable, the motlon compenastad phuse history of one
scuttorer at point r' is glven by

& m ~20(|REMP' |~ |k 1w =3B(|R[~|R|+R\MP/|R))
= =3B c=u'r),

where ¢ denotes the motlon compensation arror, u = —-M'R/|M'R| the unit vector in target coordinates pointing
to the Hudar and pein/A the wave number,

A Pourier analysis of the signal containing the component a.eapyd(t)! will glve an response st the momenta-
nesus Doppler frequoncy

0= -2086 + 200

Imaging axis and scale are delarmined by tho first time derivetive of the unit vector u, the linear part of
the motlon compensation error causes a shift of the spectrum. The length of the Poucler anaform window -
determining the resolution - is {imited by the nonlinearity of phase, that means, the second time derlvates of
t ahd 4 During the Integration time the phuse deviation from & linadr function of time should not be gredter
than 1’/8, In practice, the contplbution of the motion compensation error to the gquadrutic term is more sevare
than the contribution of U, As & conseguence, u better estimstion of the flight path {s more important than a
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reduction of nonllnearities caused by the rotutinn, Thia can, for Instance, be achioeved by nonequidistant
resampling.

4. ESTIMATION OF FLIGHT PATH AND MOTION COMPENSATION VIA MIETH'S ALGORITHM

In contrast to motion compensation techniques which take their Information only from phase and dappler hi-
storien we intended to relate it to the observed track. In this way it |8 possible to get a siftultaneous esti~
mate of Imaging axis and soaling,

Let Zym Z(vat) be tho sequence of complex video samples, R(ty) independent position measurements taken at
the times tu, If A Gauss-Markovian dynamlc flight model Is mssumed, sn appropriate track estimate based on
R(ty) 1s glven Dy the Hauch~Tung-Striebsl aigorithm {8] (Kalmup forward=backward<smoothing), The sequence
of smoothed state vectors can be interpolated continuously In an optimum sence by Nleth's igorithm (7],

It the vector of mensured data is extended by the radial velocity, determined by tas momentaneous boppler
froquency bused on apectral analysis of the motion compensated sequance Zs, the accuracy of the filtered
tilght path is Increased by & high degres. It is not necassary, that the data for Doppler analysin are taken at
contral times ty forming m common vector; instead of this, the two Kinds of mesmsurements can Dde timed
independantly and fed into the filter. The absense of the just missing component has to bo taken Into account
by sstting the curresponding elements of the inverse messurement cnvasiafice matrix to zero.

8. ADDITIONAL TOOLB
Remaval of velocity ambigulty,

Since the PRF used in the oxperiments is rather low (8500 Hz), the feedback of rudisl velocitias has to tuke
cars of the Doppler ambiguities. These arv removed by the following procedurs: |. To reducs nolse, the com=
plex samples ure smoothed by 8 moving window adapted to the momentaneoun Doppler fraquency, 2. The phase
differsnces of successive smoothed data are tracked beyond the 2ft=iimits and summed up ("phuse unwrap-
ping"). 8. The phase incremant vver the recorded time interval is compered to the corresponding range lnhero=
:nont‘ The integer number of blind velocities are computed. which have to be added to the unambiguous Dopp-
er estimates,

Estimation of variances

The track fitor neads the messuring covariance matrix, which contains position and veloeity components. The
varlances of poasition messuremunts sre estimated simply by a line fitting over some nelghbouring polnts, The
radial velocity variances are set equal to the resolution cell of the momentaneously used Doppler filter
length, multipiled by a fixed factor 2 to 5, with regard to pussible remaining motion compensation errors,

6, COMPLETH IMAGINU PROCEBDURE

The off=ilns processing of the recorded duta Is done in severn] stops (see fig. 3); not all detalls are discus-
sed in the paper): first, the complex offset for euch sample sectlon with u fixed untennu look direction ls
compensated. In the next step, local variances of the position mugsurements are estimated and vaiues excee=-
ding pre=defined tolersnces are removed. A first flltering ls done with the track mousurements only {without
phuse Information). After upplying & phase unwrapping procedire described in sectlon 5, the Doppler amblguity
|s sliminated by storing the integer multipies of blind velocity for emch point of memsuremant,

Now the iteration beginm By aid of Mleth's interpolation formuls, the continuous range history Is developed
and used for a first motion compensation, The sectlonm of the partitloned compensated echo saquence are
Fourler transformed with a double ovarlapping Hamming weighted FPT of predefined window length,

By comparison to & threshold which is adjusted relative to the maximum spectral power, the global frequency
band occupled by the spectrum of the motlon compensated signal is dotermined. A low pass filtering according
to this bandwidth, followed by Nyquist resmmpling, reduces the amount of dats.

The motlon compensution orcor mppears in the spectra ws & temporal variation of the center frequency. De=-
pending on the stage of resojution, differsnt methods for the estimation of the error frequency history are
chosan! At the first stage, no resolution of turget wcattering centers im present. In this case, the center fre-
quency |s estimatod as welghted mean, If some degree of resolution has bwen resched, the time development of
error frequency s determinad by searching those shifts of consscutive spectra, for which maximum correlations
are achleved. Accurding to experience, a corrslation of threshelded logarithmic valuec yields better resuits
than correlation of power spectrs.

The ercror frequency aeguonce serves ax un estimuate of the difference betwaeen trus radiel velocity and that
radisl velocity proposed by the previous motlen compensation, The latter |s corrected by that amount and fed
back to the track filter,

In the following iteration, the motlon compensatlon is performed with much higher accurmcy, since the track
tilter Is rad with high precislon radial velocity values, Accordingly, quadratic and higher order phase error
terms are reduced and the Fourier time basu can be incroused without spectral blurring effects. Becaume of
the higher spectral resolution the following arror estimate i more precise than the previous one, such that &
new track filtering is worth while.

The procens is stopped, When nho further focuasing is possible. This in the case, If thy Fourier rusolution cel
bocomes smalier thun the remaining fast varylng psrt of the motion compensation error,
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At this stage, the estimate of the flight path has reached its maximum sccuracy. According to the orientation
und imaging eguations (sectiona 2 and 8) the momentaneous imaging axis and scaling factor are calculated for
each IBAR Imagc.

position
complex o tinding
samples 1, stage: (nitializing results
clutter
suppression
F======° Doppler
astimate 1
motien smoothing|
sompensation Rib) (1) ]
L ] !:-l--————.-—_————-—-—-—-—-—n
2. sluge: iteration
input ot ——m—--
dynaemlic
Kuk+l gliding puramaeters and
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Flg.y: ISAR processing

7. EXPERIMENTAL RESULTS

The sxperimental Investigation in this kind of I8AR=-procassing was done with the ELRA phased array radar at
Werthhoven, FRG. BLRA (experimental glectronically stesrable pgdar) oporates at @ wavelength of 11 em (8-
band) st & maximum bandwldth of 1 2. The beam direction Is steared by O bit phase shifters, which are
controiled by a phase calculator. Bum and difference beams atre avallable as digital 10 bit 1 ahd @ video sl-
gnals, For & detailed description see (8], (9],
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The recording Is done In the following manner: first, ELRA is operated In the search mode only {10 psec pul-
ses), If the semrch results Indlcate & promising target, the [BAR mode Is switchod on. In this mode., a contl-
huous sequence of 1 usec puimes (s transmittod at a fixed PRF of 600 2z, Simultrnoously, the antenha geis
every 0.1 to 0.2 sec & new ateering command In order tn track the target. Now tho scho sequencs within a
range window centered at the maximum rusponse can be stoyed together with the position fluding results in
RAM memory. When this is full {nfter about 10 minutes), tha data can be transferrcd Lo tape, which s ex-
plolted later by a GPC.
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Flg.d: Raw track

Fig. 4 shows the raw irmok (without any filtering) of @ repeated mpproach to the Cologne alrport. This target
of opportunity wus found ont to be a Boeing 787, The tlight path (mean distance ea, 90 km) vonslists of many
stralght and curved sections prosenting & variety of different aspect angles and Imaging vecturs,

Aftar the firat motioh componsution a sequence of Doppler apectra is obtalned, mure or less centered at zoro
frequency (Ply. 8). ‘The resolution Is not yet wufficlent to gat n reflectivity structure of the target. On the
other hand, the Doppler signature vonuistine of & spectrum of turbine frequencies, comos forwurd qulta well,
In the next iteration these responses, which don't belong to the target motion induced relative Dopples, wiil
be flitered out by u digital low paus.

After some lterations (2 to d4) the tinal resolution Is achloved (fig. 8). Normally, we ubtain u rosolution cell
of 1 *o 2 meters depending on distance and signul to nolse ratlo. In flg. 8 the resolution Is about | mater,

Duw to the model of orlentation, mapect vector, imuging axis und scale are computed for each ISAR-image. This
information gives a basis for computer drawings of the alrcralt from ths right viewpoiut with the corract sea~

ling. These drawings are superposed to the IBAR-signatures in order to recover scattering putts causing spe~
¢lal responinas,

Since the accurmcy of runge history was increased in the courss of itermtions by & high degres, the track

nccurkey after the tast Hitering i much better than In the beginning, which 8 shown In fiy. 7 at a procossed
purt of the tlight pnath,

Due to the varlety of flight manoeuvers glven by the track In fig, 4, It was possible to compare differcnt si-
tuations, where aspuct and imaging vectors of the wame dirgetion promise slinline 18AR-plots, As & tost of re-
llabllity, In fig. 8 cwo such situations are opposed. The two parts of the flight path have In common, that the
forward edge of the radar nearer elevator pusies the dirsction orthogonal Lo the line of slght ut the cepnter of
Integration tims. 1f this edge Is mssumed to be m (lnear uniform reflector, the time behaviour of the echos
should be like & min x/X. [n the frequency (imuge) reglon & rectangular response with geometrical correspon=

O
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danca to the projected alevator edge should be obaerved. Apurt from some ripple, which is (nduced probably by

tha finite time window, u certaln agresment

with the expected pattern cun be staled,
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Fig.8: Doppler speetrn &ftor Fiest motlon componsntion

CUEG)
ELEVa

Hy the Fiht side of wome IBAR=plots in flg. & additional framed plois are mounted fop conpableon, Thuse are
results achieved by the FEL-TNO, ‘the Hague, Nethorlunds, with Lhe UCAS phased urrny, using an maging
procadure, which takes into account sligth varlations from o sirulght line flight by polynomial fitting 0]
t angie but at s different wuvelength

‘I'he sircraft vwus also & Buelng 707, obwerved at the same azimuth uspec

uring # different tight manoeuver,
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B. CONULUSIONS 337 -

We Introduced a technique of motlon compenaation suitable for Lhe genaration of ID~IBAR plots of alrcrafts
The experimental results with the ELRA phased array indicated that this procedure ylalds rollable resuits in
the case of airiiners on stralght and curved flight patha, Military targets were not observed.

The computation was done off-line teking n procossing time of some hours per minute recorded data. Ne-

vartheleun, it seems possible to orpanlze the processing scheme in « pipelined manner to get a quaml on-line
image genaratlon,

1D~IBAR images contaln at lesat the informmtion about the target dimensions; beyond that, a few strong
squttorers may bv racovered, A saquence of ISAR plots at different aspect mngles allows to identify stable

scattorers and to eliminate artifacts, In this way, 1D=-IBAR could serve together with other information as a
classification too] for rudurs without high range resolution capabillty.
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DISCUSSION
J.Dorey
1think that Fourier-Fresnel transtorms would be better thun FET+Kalman fllieeing, What s your oplinion?
Author's Reply

Lugree with you, that these methods should be investigated. Nevertheless, it will nelther achieve a compensution of

phase terms of higher than secomd order, neither will 1t contribute to an aceutate estimute of aspeet, inngine sAls sad
seule,
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This paper describes target imaging based on ISAR techniquea, It conmists of two parts! theoretdosl
topios and exparimantal cenults, The former illustratas the 81i%e of processing functiond needud to obtain
the targat image starting from the zadar sahoes, Ney proceasing asteps include motion eompensation and
ragongtruotion of the reflegtivity function, The sesund part of the paper iluustrates an sxpezimantal sete
up based on e ourrently avallable traokiny tadar, & deta recordewr and off-line procussing facllities. A
high otoss-zange resclution image of a MB=339 alroraft has baen obtained by proowssing recorded radar
#ohoes from & Selenis X-band tracking rader.

. ',' K
v
1, INTRODUCTION

In this paper a radar imaging teahnique based on tie spatially coherant peocesaing of radar returns
will be described /1,2/. Thic technlgua la well mstabllshed in litwrature and, in eome aunse, has many
similarities with other imaging technigues such as spotlight §SAR, lmage reconstruation from projecticns,
stc. The techniqua oonsidersd in thll(rlpur le generaily refarred to as ISAR (Ihverse Bynthetic Apurturs
Radar}, A high resolution imags of radar varqget im obtained by acherently procesaing echoes rolative ko
diffwrent aspects cadar-targut,

In the flrst section of this paper the theoretical kasea /1/ of the imaging techniguu will be
desc:ibed, I8AR processihg cousists of baseband conversion, motion compansation, and the reconstruation of
the reflectivity function. The last step is performed by means of an Invevas Fourler 'franaform of the
motion vompunsated algnal, It will ba notwed, in partigular, that the depth of field of the reconstruoted
{mage depands nn the couple ot coordinates (X,¥) employad to reprasent the motion-sompensatsd signal.

Thu second part of the paper desoribes an expecimental sst-up besed on a uurruntlx available tracking
radar, a date recorder, and oft-iine processing fsailities, A oross-rangs high reaclution image of an MH
333 aivcraft has buan obtained by procesasing the recorded schoes from Selsnias Xeband tracking radar. From
the reconstructed profile it has besn possible to obtaln a rough watimate of target axtension on the croas

range dimenslon, Finally, a telisble estimate of the radisl ard tangential componenta of target velooity
have bean obtained by the motlen dompwnaation algorithm,

2, THEORETICAL TOPICS

In the ISAR systenm considered in thie pepar, (fig. 1), the radap in locatwd in the oriyin 0 of the
reference axas 4, The target s reprosanted as s bidimensicnal object which moves in the plane §y. The
referance voordinates ay, with origin in 7, are fixed to the target. The Lransmitted and teceivad signals
apit) and splk) are eapressud in thelr analytical formas

Bplt) = Aytb) cexp(ddnfe] (1
splt) = Agtt) ranp(jdne) @)

where A (t) and Ay (t) are bandlimited signels. It will be asaumed that the tranumitted signal is one ot

the waveforms typically employed in radar applications, i.8,! the monocromatio pulue or chirp. tnitlally
the tranamlsaion of a nontnuous wavetorm will bo considered. The expression of ap(t) is obtained frem oy ()

asauming that the electromagnutlo properties of the target oan bu desoribed by a wvomplex funvtion £{x,¥),
defined on the ooordinates xy of the target. oignal sy is then down convertsd, motion compsnsated, and
wapreased in function of a suitable coupla of variable XY. The motion compensated signal sy (X,¥) is well

apprrximated by the bidimensional rouximr Transform of f{x,y). The roflectivity function, that la the
tarnet image, can then be reconstiucted by means of an Inverse Fouriex Transform of ai' (X, ¥)

2,1 THE SCATTERING MODEL

The scattering model ls based on the phisical and geometrical diffrsctiun theosy. Thia model refers
to the notion of ldewal polnt scatterers, eguivalent acatterers, and the reflectivity funotlen /1i,3,4,5/.
The point snatterscd are cornezs, edgea, and, in gensral, patrts of the targets whose bunding radlus (s
urllcr than the wavelungth, For an airoraft thess patta may be the sdges of the wings, of the impanayge, oz
the noss,

Referring to tig, 2, the ideal i~th point scatterer with coopdinates (H;ryy) Le such that the
reoelvod signal sy, Lle related to tha tranamitted signal s, as fullows!
By = Ay Bpltet)) (3)

where A; i3 uhe complux seflectivity of the i«th soatterer and %, ia the propagation delay, glven by:




Rix )
1-.—1.'.!&_ (4)

i e

¢ ia the light apeed and R(x .y} is target range,
When the polnt reflector ia in metien, Lq. (3) becomes:

{8 = At aplet (t)] %)

whers §, (t) 18 well appreximated by /6/

yoe By ()

Whan the target oconsiets of a collection of ldeal point scatterers, it is vety tempting to dessribe
the tecelved aignal 8y (t) a8 o superposition of the nontribulea «f all Lhe acecteters:

n
pit) - }fhu,(t-mm it

iw)

whe:o n, 1s the numbet of scatterezs, This representation ignores, howsver, the {ntersctions that enist
betwesn acatterers. Thame intersotionas give rlaws to multiple scattering and masking. These aftects are very
sensitive to the angle of artival of incldent wave, o overcome these diffioultiea, it will bs assumed that
the acatterers ippearing in Bq, (7) are an egquivalent ast auoh that thla expression la a good approximation
of the raceived slynal, 'The equivalent mei i also comprehensivea of all the system patametars that are
involved in acatterlng. These paramsters arw typloslly the wavelangth, the polarluation, and the angle of
ineldwnge of the transmitted waveform. tn pructisw the value ansumed by the lateat parameter depends on
time, as the target is generally in motion, this faot would amk, in theory, for a time varying model of
scattering, Aggording to this model, the reflactivity coetfiolents A;, or the ooordinates (x;,y,) should be
timn dupendent. In many applicstions, like that conaldered i{n the next wsectiuvn, the variation of anpant
angle ig limited to fuvw degrees, In thls cass backasattering can be dusoribed by f#q. (7).
Bg. (7} may be generslised to a continuous distribution of acatterecs am!

ity = [ £yl ettt mpI T dady )
A

whare f(x,y} la the complex reflestivity function defined over thu Larget relative to a aet of cootdinaten
ny fixed to the target. t{t,x,y} im the propagation dnln{ ralntive to point (s,y), A la Indluacively the
targut domalnh wxtension, The reflectivity funotion, reiative to the squivalent ret of point reflagtors, is
given by

Ny
oyl = L A Atken)) Biymy)) ()
)

In goneral, we can obawtve that)

+ the way of asscclating fiw,y) with the phlsical and gaometrlcal charscteristics of the cdistribuited
tazrgut 48 not oimple, In perticular the drmain A dows not colnoide nacessarily with target domain
wxatonaion,

= f(x,y) depends oh paramutary auch as fraquency, polarimation and o aspeot angle of lnoldent wave.

2,2 8IGNAL PROCKOSING

With refarence to £ly, 1 Indicate with: R(t) the dlstunce of polat T from target, @ the angle betwaen
the radlal direotlon OF and the & axils, # the angle betwsen the axes & and #. the posltion of carget op the
plane §n i determined by ¢, ® and RN, Axea u,v ave allynud twapestively with aross-rangs and range
digwetions,

Buppoaw the radas tranamits a continuoua wave with Eraguancy £

By ity £) = expliantt) (10}

By oubstitution of Kq. (10) Into Bq, (8], and approximating range delay t(t,x,y) by means of Bq, (6), the
received signal wplt,2) becomes:

sttt = exprgenee)  J [ oyl cenni-g 4B Kk p) 1 dudy (1)
A

whore Rit,x,y) {8 the distance of polnt Pn,y) from radar at time t, In particular R{t)=R{.,0,0} L& the
distance of ruference polnt T from radar

The bassband convested signsl s}y, t) la cbtalned by down mising the signal st ) with a voharenl
local oveclllator with frequency fi

0} (t,£) = mglt,£) eup(=jane-) fh] ElNy)  expl=J0 L, n,y) | dady 123

whore!
ity = B hie, iy (13

is the phaas history relative te the point Fix,y).
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Motion sompensation ronslste in removing the phase celative to a point fixed to the target from the
phage of aignal a} ., It can be supposed, without losa of gsnerslitiea,

with T. Motion compenssted algnal is then given by:

A ME, D) = s i, £) expliRlt)) (14)

where @(t)=p(t,0,0) is the phase history relative to refersnze point, By substitution of Bq, (12) in Eg.
(14), wignad ap in enprassed ast

sl (e t) = ;A} E(nyy) caupl=J9' ' (e, 0, y] ) dudy (1%

whate:

o it myie B i, ny-Rin)) e

Motion compunmatior requizes a preclae tracking of some refaterce point fised to tarqet, However the
standard deviation of the estimate error of target range muas ba of the order of one wavelsngth, in erder
to obtain a iatactory reconatruotion of target refleotivity., As this goad is difficult to achleve in
pragtical ayatems, an alternate approach muat be devised, In /7/ A technique which glves a parametyic
et imate of the phase of refurance point has been proposed, Motlon paramatera have been eatimatad direotly
from received signal by maximisation of a auitable correlstion function., As this maximieation yilves the
foous of reference point, this teghnique is referzed to as wutofocusdng, tn /8/ auch vechnique has been
applisd in the hypothesls of astraight line motion, In thia case motlon patametera have bwen estimater by
meand of an offiulent (terative algorithm,

Yo undarstand Lhe i{mportande cf motion compensation in ISAR procesaing, compars expresglona {13) and
{18), Though analogous in the forn, Lhey are quite different in substancw, In faot, whiie the formar
depwnds functisnally oh absclute phane Q(t,N,y) of peint P, the lattwy depends on @' (s, n,y)=p(t,x, y)-@(t),
which is now the phase of point P but relative to the reference point T(0,0). A target slse is negligible

compated tn target rangw, tha conditlon (@'')<<i§| ia practioally vervifled, In general ¢'' cven be
approximated by the following bilineat form:

o' W KK b oY tnn
where (R,Y) is a ooupls of varlables obtained by the wouple (tf) thtu a propsr rranaformation T!
(b, E) (X, ¥), Approximatlon (17) 18 supposed verifiud for {(x,y)eA and (X,¥)aD, whare D ias the supporting
domadn of & ' on plane RY,

By substitution of ¥q {17) into Eq (15}, aignal a'y 18 now approsimated by the bidimenaional rourier
Transtorm of f(x,y), {.e,1

sl %Y W IA[ E{n,y) rexp(=] (kX+y¥) | dxdy {18y

¥q, (18) reprwsenis the basio result of ISAR technique and, for this reason, ia called ifmaging eqguatian,
the reflectivity functlon may bs reconstructed by meann of an frvarse Fourier Transtorm of a | (X,¥)

tiney) = -‘-’1‘7 jbj 8 (X, ¥) aRp(] nkipY) ] ddt (19}

where Etn.y) {8 whe recorakructed veflectivity funutden,

Phe resclution propertles of kesonstrucvted image depand on the wextenslon of domaln D, whion is
sssantdally related to teaoking angle and to bandwidth avallable (n the received aignal,

Furthsemore we nots that approximations given by fqs, (17) and (18) are generally veritied an a
bounded domain on plane (K¢}, In thia demain the reflectivity funotien, reconatruated by means of kg. {i8),
will be well focallmed, The extension of this domain, whioh dafines the depth of field of reconstieucted
image, depends on the partioular coupls XY employed to rapresent aignal a'f « Jeplh of rield has hewn
svaluated /9-12/ for two typ.owl representations of signal s ) which are commenly referred to as
ragtangular and polar formak of data., In the first ocave aamples of aignal ay! are available on u

»

reatangular grid on plane XY, Gampilan of fix,y) may be then «Zflolently obtalned by meanm of &
bidimensional IVFT (Inverse Peat Vourlw: Tranwform) of s |/ semples, The rectanguine formet is considerea
when target motlon Le straight, In thia case the depth of fleld may ba adequate to represent amal: tarcets
(llke misallus or small alrorafts), In the polar format the o 'y Sdithles are represanced -h & polsr grid of
plane RY, thus preventing from the direct appllication of the IFFP algorithm to recever reflectivity
funation, Therufore, aome interpolaticn algorithms prior to the inverse transtorm are nearded to obtain the
sampiea on m Cartesldn grid 713/, ‘the dupth of fleld asscclated to polar foimat Lo practloally aduquate tor
all typloal I8AR applivations, Polar format will be analywed in detall in the next paragraph,

2,3 THD POLAR FORMAT

In this pacragraph 1t will be ahown that polar format derives direetly from astralght imso-penge
approninstion,

WNith refermnce to flg, 3, indlcate with {u,v) the coordinates of the peint P ln the referunce
aonordinates (u,v), The distance of P from the radar im

Rt uv) w0 {(RIE)4v) Baydy o8 120
AY taryet ales La small compared to target range, Rit,u,v) may be approximated by:

Rit,upv) @ R(E) + v (a5)

that the referance pelnt coinecldes
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The errer CysR(t,u,v)~[k(t}+v] assculated to the above approximation is given by:

Gy -———-u—z——— (22)
R R(t, U, V)+R(t) +v
This ecror vanishes when target rainge approachea to intfinity. According to npproximut..lon (22), the curved
iau-ranga contours of fig. 3 are considered stra‘ght for a Limited reglon in u dimension,

By subatitution of Eg, (31) in Eq. (18} the phass @'' ia well approximated byt

e & A%L v (23)
Cordinates \,v are telated to cvordlnates xy by tha following relationa:

u«y cos(d) =~ x' ain(d) (24)

voe gy aintd) + yr con(d) (25)

where J«@-8 1a the angle betwean ax 3 x and v. It deflnes the orientatlion of target with respect to radas.
After suuatitution of Eq. (25) in EQ., (23}, the latter may be expresssd in the bllinear form (17), it
var.ables (X,Y) sre related to variables {(t,f} by:

x~ A5 o0l
=]
Tyt (26)
v e UL gag

where X and Y depend on time thrcugh 8. By means of transformation T,y the aignal s 'R" availaule on a
rectangular domain D of plane tf, is representad on a polar domain of the plane XY,

2,4 SYSTEM RESOLUTION

The teconstr-icted reflectivity function f m.) bu condlidored tho response of & linear aystem tu the
reflectivity functlon.

Cix,yl = FIEIX,Y)] 127

Impvlss response n(x,y,no.yo) of P in the rsconatructed image of & point teflyctor located in Pixgrygl.

This response may ba edsily obtained by Eqs. 15, 16, 19 aftur substitut ing in the fulmer t(x,y)-ﬁ(x-—un)'ﬁi(y-
Yol

NikeysKoi¥g) = [ [ expl=I9'" (X,Y, 55, ¥g) Iexp L) (xX tyY) jadxay (28)
o]

where @'' (X, 7, xp, vy, {8 the mo lon-compensated phane relative to point (Y5, vy and expressed Ly means of
vatrloblaoa (%, 7).

It will be now #samed that tha m~tfon-compencied phase ¢°° may be exactly expressed {n the bllineat
varm {171 . In this cuse ¥ in a space Invarlant transtormation wh. .- pulas response wix,,) 13 glven by!

<

wix,y) = [ [ enpl(xXey¥) ldndy (29)
n

£ix,¥) can bu then wapressed as & bidimensional convolution of Lin,y) and wix,y):
?(x,yl N,y wix,y) 130

wix,y) is tvpically tha shape of a lobe centetad in point P{0,0). The width of thia tobe in a cwitatn
direrlicn glves the tesolution sttalunable in the aame direction. From Feg. (23) {* can be Jdeduced that
spaten iagalution depends nn the #hape of domaln D Lo which algnal s b8 roprosunted,

Impulse responae will be now evaluated for some typleal domaina, or windows, obtaim with the poular
representation ot data,

When the transmitted signel la manc:.omatle, the window la tho arc of clrole shuown in fig. |. The arc
apertury ia glven by the virlation of rhe aspect angle Bnp-0 during the observation time. For o purce
rotatlonal and tranlational mocion of target this varlation {8 cdus tv 4 variation teapectively of ) and .
The wltdow cbtalned vy means of u finite numbe: of frequencles f. Ia reported in tig. %, The arc radius
relative o the {-th frequency {8 given Ly ARl /e, Tow window relative to 4 continuous freguohcy bandwlath
is iltuste .ted ir filg. 6.

The {mpuise respotse by & translstury motion will be now rvaluatod. Tha geotetry of thiu mation,
(fig. 7, nes been derived frum rig, | a3saming that the axls Wbisects the angle describail by the aeyment
0T duving the cbasivation time Ty Furtharmure *he cuoordinate syatem xy 1% now pazailel to system &n,

suppoge tlat a Jarje bandwid'h ls transm’tted in thia ceas the mution vompendated signal is

reprosented, by tmeans of Eq. (26), in the annular rwgien of plane XY (fig. 8). This winlow i+ approxirated
by the re-tangular windaw:




1 for IX| $X, and Y,S¥ S¥,

Wy - (31)
0 «lsewhore

where: L s Yo Y+, Y ednf, /c, and:

4Rt
Xy o ==l ginid) 32
t,w &8y (a3

B and £, are respectively the medium band frequeno. and the available bandwidth.
Impulse response w., (fig. 9), ie then given by:

XY LLL]
Wy l1yy) = -:!“up(j—:n-yb*llnedx.-x)'una(\’.‘y) (34)

Resolutions g, loroaa-rangs), and Eye (down-ranga), are determired by the ogourrence of ths first xers in
the sinc function:

A A
[ J . . W _3m_
fa X, 4.aina "3 ol 39
. ST I
YTy 136)

Thess resolutlons correspond approximatively to -4 4B mainlobe width of ainc function.
It will be row assumed that tha aignal a%' is uniformly sampled in both tlme and freguency

dimenaions. In this case the samples nf a'' are represented on the polar grid of fig, 10, Thesa ssmples ase
then ouitably interpolated /13/ on a rectangular grid of plane XY, (fig. 11). Samples ;w of regonatruoted

reflectivity function are then ~btained by means of an IFFT of irterpolated samples,
In the discrete case impuls~ responsn w! is wall approximated byt

(134 ain(X_ %) sin(Y, 'y)
vitoy) & =he axp()eete g A sl an
R ] X Y
ain{sh 5 sintsty

In this case aystem resolutions are atill glven by Eqe. (33), (36). Furthermore the number N and M of
samples, acquired zespectivaly in cross-range and down range dimensions, muct satiafy the following
conditions:

Cy ™ Nor, 2L, (a9
Cy = Mrry 2L, (39)
where L, ed L, are targst sxtenalons, respectively ln cross-range snd down-rangs. Aassuming 'u""y"l m
L.-Ly-sn m, conditlons (51) and (52) ate verified respectively whean N2b0 and M250,

It can be observed that a good orosp-range sesolution may be dchievad with a relatively small value
of obsrvation engle 9,,, When A=3 om, ﬂ.1-1°, it glves, for istanoe, & cross-range resclutlon r.<l m, The
obsarvation time neowssary to describa this angle depends, in general, on target motion. Asauming that
target range R,~10 Km and turget velocity v =200 m/s, an obaervation time Toy=1 a is sufficient to obtain a
processiing angle 0_1-1°.

Among translational motions, the rectilinear and uniform ones represent a good approximation of real
target motion,

2.5 ANALYS1S of TRANGMITTED SIGNAL

Systum resolution ia strictly zelated to the anteusion 0 of the domsln where motlon compeasated
signal » ' is representad. In the previous chapter we saw thah this domain colucided with an arc when the
transmitted algnal ls monocromatic. More complex domains may be obtained gethering the informative content
given by different fregquencies. The Rame domains may be obtiined by meana of & large bandwidth asignal. 1In
thles case it must be proved, however, that the twcelved signal, sultably acquired and procsesed, may be
wipromsed in the form (19), Thls has besn proved /1/ for the following typical signals: wonocromatic pulse,
tultifrequential pulse, burst of monocromatic pulses, and chlep.

3 EXPERIMENTAL RESULTS

The feasibilty of technlque described in section 2 has been varitied by an imsging expmriment
porformed with a ronventional tracking radar /14,1%/. The zadat echues nave been scquired by maanm of a
general purpnse setting-up. A high resolution imsge of the MB 339 alrcraft han besn obtained by ofr-line
processing tha stored achous.

3.1 THE EXPER°MENTAL 8ET-UP
the aensor emplicyed in the experiment was a X-band tracking radar of Selenla. Redar echoes wete

acquited by means of a general purposw metting up while the aircratt wae tlying &« pre-programmed path. Tha
acquialtion set-up _® shown in flg. 12, Accordang to Ellight plsn, the alrcraft waa expsctad to fly the
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stzaight path AB with uniform speed v =130-150 m/seq. Both length of trajectoxy AB and distance Rg are
about 10 Km, When trajectory is run along, the aircraft turns, flies back along tha same trajectory, and so
on for about 15 times. Radar PRAT is staggerad with a mean value of 260 Ws. The bancband converted echoes
are scquired by the W.R. (Waveform Recorsier) HP S3180A. The N.R., works in the following way: the inpur
aignal la sampled with the cleck (internal or external) fraquency. When a trigger (internal or external)
is present at input, each sample is stored sequentislly into a record aa a ten bit word. The capability of
the record may be set up to one of the following values: 512, 1 X, 2 K, 4 K, 16 R words. Date racording
ends when the racord is full. At this cvime the record may be transferred to a buffer of the HP 9000/300 HP
¥.C. (Personal Computer), The scquisition of a new record bagins later with the next trigger, and so un, In
the expsrimen®, the W,A, wad set up with the greatest capability of 16 k words, Euternal 0lock and exteznal
trigger wers generated by reans of the timing cirouitry, which vonsists of s pulsa generator and a burst
generator, When the Muffer is full, is stornd in the hard diek. As this transfer ends, the computer
aontrols the acquisition of a new buffer, and sc on. During the target fiight, asimuth, elevation, range,
doppler and apsed were recorded by the operator at the radar-consolle. Target trajectory was automstically
plotted by means of tha Anta avallable from the data<processor.

the timing for the acquiasition of the radar pulses is reported in flg. 13: 16 pulmes are aoquired in
s4ch sweep, B for channel A, 8 for channel B.1s this way one record dontains the samples of 1024 swewps, It
18 then possible to make a rough svaluation of the rsaolution ocbtained by coherently processing one record.
The obsszvation tims Ty is glven byt

Tq = L024'PRT 80,26 8 {403

The £light plan foresses that target veloclty v, and target rangs Ry assume the following valuest Rg#l0 Km
and v, e150 m/s. 1f during the obsarvation intarval Iy={-T,/2,7,/2] target trajeatory is approximatly
tangential with respect to the radar, the processing angle O, is given by,

v
o, = -lgﬂ- « 39:1074 rad (1)

The cross-range resolution is then given by:

T, o ;é::- “«38fm (12}

This resolution, limited by the obsarvation tims T,, may be sufficlently good to resolva some target
scatterers,

3,2 SI1GNAL PREPROCESEING

signal processing of data stored in sach record have been performed by means of HP 9000/300 P.C,
8ignal pzoceasing consists of the motion compensation and redonstruction of the reflectlivity function.
Data preprocessing conalsts of the following steps:
4) aslect from each swesp of the record & sultable complox sample,
b} undersampiing the data avallable from stap a),
c) estimate and subtract the bias from the samples ubtained in step b),

3.1 FREQUENCY ANALYSIS

The frequency anslysis has besen made for each rsccrd as modulua of the FI't of the pre-processed
samples b, . Each spactrum obtained in this way has been represented in the ambigucus intarval [0,v,], where
veu87,6 m/8 is the blind speed relstive to the PRF=3.845 KHr and to the wavalength A=3 om. The maximum
value of one spesctrum ¢gives an amblguous estimete of target radial veloocity. 1n fig. 14=17 the spectral
analyais relatives to four gonsscutive records are veported, The non-ambiguous radial velocity relatives to
thepe records are glven respectively by: =487, =45,1, =43.9, «43,2 m/s (the radial velcoity is
conventionally negative when the target le approaching to the vadar).

3.4 MOTION COMPENGATION

Motion compensation consiats of removing the phasa term @{t)=drR(t)/A relative to the rafaerencs
point. This term ia not gunerally known and is estimsted by means of & parametric taechnique /7/, Target
motion has been approximated as rectllinear and uniform as:

- the airoratt {s wxpected to fly according to thia type of motion
« the observation time 7T,=0.26 s ia sufficlently short to neyleat the effects of unintentlonal pilot
manceuvers or nf athmoepherical effects like wind guat, change ot the extsrnal pressure, and so on.

in this case the refaraenca point phase @(t) is appromimated by the sscond order Taylor polynombal with
respect to t=g:

o) mu o pe o+ og? 43)
where!
e
' ..;JL Re 144)
Xt
w  remelll
B - v, (45)
2RE. v
LT WA
¥ Pl n 146)

and Fy s target tange, v, and v, are the radial and vangential velocities at te=gq.
The noetficlents } and Y have been estimatad by maximization of the fsllowlng correlation function:
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by means of the slgorithm developed in /8/. In Eq. (47) t,={k=1)n,PRT ere the time inatants of b, and N i»
the number ©f available samples, The motlon compensated samplas b'k'uu then avaluated as:

B = by renplil Bytyt¥eii Kol oN )

vhera ﬂ. and '; srs the estimates of B and ¥, Eq, (47) has been typloally evaluated with Ne¢4 samples by
cobtained by means of a suitable undersampling in the preproceseing atep,

a
Let us now spend some aonsiderations on motion parameter sstimatas. A xough estimate Rg haa buen
obtained by means of asseolation of the processed recerd with the plotted trajectory, The satimate G, han

basn obtalned by apectzal analysis., rhe estimate vy of tangentisl valocity may be sasily derived from kg,
(46) as!

x Jaky
Vi » ‘1,, 1 (49)

The tangential velooities astimated for the records considersd in 3.3 are approximatively glven by Gl-uo
m/e.

3.5 PROFILE RECONSTRUCTION

Let us novw aes how the cross-range profile of the alrcraft may be reconstructed by means of motion
compensated samples b'' . At first a simple relationship betwean crozs-range proflle and bidimenslonal
reflactivity function f(x,y) will be found.

The wing span and length of MBI39 alrzcraft, amployed in the experiment, arxe approximatively of 10 m,
Bacause of the short valus of ths wavelength and the short obsezvation time cotresponding to a small
variation of aspsct angle, the motien compensated samples may be represented on Fourier domain according to
the rectangulax format, In this case, Eq. (16) may be approximated by /10/1

o“l-‘i‘-(!‘l—'—t-u-y)
o

{50)
After aubstitution of Eq. (30) In Eq. (15), mignal %' may be approximated by:
"z
vt
pile) w [ £ tenpl-g B Bl ) (311
X @ 0
where £, (x) 1e aircraft cross-rangw profile, given by:
¥2
tytx = | £y tenpl-y By ay 152)
N

and Xy Xy od yy,y; dre the bound of tavgat extension, respectively in the cross and down range dimensions,
£y (%) may be Sunsidered as A sort of projection of refleotivity function on croas-range ditection,
By means of the following transformation:

x= Ly b e /21021 (33)

a'y is expreszed ae Fourier transform of 1

bt
8% (X) @ [ £ (8 *expl-Jan] dx (54)
o}
&'y {X) is defined in the Interval [-X,,X,), where X, is cbtelned by substitution of te7,/2 in Eq, (33}, the
reconatcuoted profile £, (x) may be obtained by means of an [nverse Fourler Transform of a'"' (%)t

xl
£.0x) = [ 8% (%) "axpliax) dx
-x.
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The data b 'h' has been obtalned by mosns of & unlform sampiing in time, Furthaxmore the relstionship ??tul
time and opatial frequency X, defined by Bq. (%3}, la linear. Consequently the N aamples b & 8¢9

repregonted on a uniform grid of the intwerval [-Xg X,!. The aamples i‘ are then ceconstructed by muans of
an FI'T of samples bt
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The diatance batween two neighbouring pixels on the axis x is given hy the estimate T
resclution:

x 0Of cross-range

AR
P e ot 1
Xy vy

where ib and ;; are the range and tangential velocity estimates. In practise the IFFT is precesded by a
serc padding of the Bamples bi) in erder to have four pinsls far every resolution cell in the reconsructed

profile,

In figg, 18, 19 the modulus of the recsnatzucted profile, before and after motion ool ation, have
been shown. It is avident that motion compensation induces a compression of ths reconstructed spsctrum., The
reconstrusted profils is atfected by two psaks whioh aze saparated by abuut 7 m, It is not a simple task to
asaooiate thuse peaks to some parts of the airoraft. If can be noticed however that the sepazation betwean
tha two peaks dorresponds approximasly to the alrorsft oross=rangs projection length.

Consider now ths estimated resolution, It is determined by the cccurrence of wmiroces in the aine
funetion. This corrzesponds approximatively to the =4 4B width of mainlobe of this funstion, It can be
indeed verified that -4 db mainlobe width of both the peaks of fig., 21 i» approximatively equal to the

sstimate ;“-5.1 of the cross-range resoluticn, This value has baen obtainad subatituting in Bgq. {37) the

» »
estimate Rowl10.7 Km, deduced from the piotted trajnctory, and the estimate V=121 m/a, obtained by Iq,
(49),

4 CONCLUSIONS

In the first section the cohatvent mpatlally procesalng of radar raturns has been described. The
taxget eslactzomagnetic properties may be described by the reflectivity funotion, defined in the reference
cocrdinates sy fixed to the target, This funotlon depends on the physical and geometzical chazacteristics
of targst, Furthezmore this function takea into account aystam parametars like wavalength, polarisation and
orientation of radar with respect to target. It has bsen shown that tha recaived signal, suitably processed
and represented on the Fourier domain XY, may se interprsted as the Fourler Tranaform of the reflectivity
funotion £i{x,y). It has been alac noted that mction compensation represents & orucial step in IBAR
procsssing. The depth of fisld of the reconstructed image depends on the particular ocouple (X,Y) employed
to represent the signal a'y (X,¥}. In particular the polar format ls sdequatas to image all ISAR targets, It

has besn then considersd that cesclutlon depsnde, in gensral, on alynal bandwidth and on the procesalng
angle,

In the second section the results of & radar imaging experiment have baen disuussed. This experiment
was made by ualng a conventional tracking radar to recanstruct the cross~range profils of an alrcraft, It
has not been possaible, howsver, to sstablish s correspondence betwesn the real and Lhe resonstructad
profile, One resson of this fact could be that the available oross-range resolution, apprekimataly squal to
€ m 48 too poor to resulve aume distinot reflectors, Furthermors, as cange resolution has not besn
aahiaved, reflesctors aligned in ra result practically overlapped (ses Eq. 52) in the reconstructed
nroflle, Notwithatanding the above-mentioned ilimita, & meaningful cross-range ccmpresslon of aslgnel
apectrum has been obtained by motion compensaticn, Finally a rellable estimate of radlal and tangential
velocities have been obtalned by motion aompensation,
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! {UNJABSTRACT

(UN}‘ln the intereat ol avintion snfely, NASA and the Federal Aviation Administration (FAA) are Jointly conducting
resenreh (o determine the applicabllity of nirborne, coherent Doppler ratlars techintques Lo detect early mitcroburat in wind shear
conditions during sireralt tnkeoll nnd lnnding, 1 eurly detection of theae severs wind shear conditions can be demanstrited,
uvoldunoe maneuvers enn be exereived und aignificanily reduce the probability of aireraft disaster, Researchiors have developed n
computer nudel of the radur which predicts i responine when viewlng n simulated microburst aguinst the simutated clutter
background of ah wirport, the no-called radar-microburst-qround cluller model,

(UNISLlles etnploying this miade) reverted that Doppler mdar can nceutulely detect microburat ahend of the alrerall In thne
for pilat evasive response, but [light experiments will be required lor complete performarice evaluation of the systens, o

(UNJAR experinienta) X-band (0.38 GHy) radar (s being developed for fiture Dight experiments to verify the simulntion
modeling resudts. This instruntent will mensure the radial thorizontal) component of wind velmlt?' by Doppler return ftom
ntnioaplierie moisture and raltlropn, 18 will utilive speeind signal procennirg techniquen to canirol the raear gatn on 6 bin-to-bin
{or pulse-1o-pulse) busis to enhutice the mierobural deteclion charucieristic, Other elreultry will correct the ratlar renpane by
renioving the alreraft fotward motiot. The processied output mignal s a measute of wind velocity along the rudar pulbiting vector.

(UNJA description of the experimiental radir, recording equipmed, and its installation on e NASA 518 [Bosity 737)
wireralt ts presented, The (ght experinents (o b conducten are also deseribed. They nre subidivided itito three phases, The et
plinne s dirceted towird e nieastirement of grotnd ciniter dati by lying landing approacties inlo typicu! wirports it clenr
weither, The secod phose addreases (he datection of wind shear conditiuns by excluding ground clutter reluma fying toward
cotvectlve storiin ut sltitudes above 700 meters excluding gronnd chutter returns, ‘the (hird phase will involve appronches to
alrpotis, during severe cunivective storm activity, to eviduale Lie sbiilty of (e radar coneepl to deteet rain reflectivity and provide
wind shoar dats und warning criterin in the presence of grand cluiier,

(UN), Introductlon

(UN)Low-allitude microburst wind sheat 18 recogntasl us o mujor hazued during takeolf and 'anding of alreraft,
Micraburats ure relatively small, intense downdrafls which spread out in ali directions upon striking the ground, When surh
wind sheur v sicountered at low altitudes during landing or tukeoll, the pliol has liitle times to reset corréctly to nmininin sile
Night (F1g, 1), tnthe United Stales during the parlod 1984 (o 1885, there were 28 nigjor civil traisport atreralt aceklents tor which
witd wheir wus o direct cuuse or o contributing factor, Four Incidents caused 828 fatulities and over 200 lrgurlu. As pan of it
integrated wind shear program, the FAA, jointly with NASA, is sponsoring n remearch effort to develop airborne sensar
techinology for detection ol low-altitude wind shear durmc aircralt taleoll and lunding. A primary requirement for an sirhorne
forward-looking sensor or syslem of sensors is to be capable of detecting both heavy ('wet') and light {"dry"] precipiation
nterobursts, One sensor being considered for Lhis uppllcation lv u tiicrowsive Doppler radar operating ut X-bund or at higher
frequencies, Sitve nbsulutely clear alr produces no rdar relum sl microwave T squenicien, sxcept very sight scattering from
druchients i the Index of vefruclius on the senle ol the ridar wavelengthi, the stiphnais in the present research s on thoke
ilerohursts cotdaintig ul least some lguld water,

{UNPreviois ealperimexunl and studles bave desmonstrated, in o Kmited way, the capabliity of witborne Doppler radars to
deteet the prescrice of wind shear, However, for abreralt linding s tukeol! applicalions, the problems of severe ground clutler,
railn nttenuation, and fow reneuuvnf lovels nst be solved, o connider these problemu, a Micraburwt/Clutter/Rudar slinvln lon
progrant has heen developed Lo atd I the evaluation and development of Doppler radar cuncepls, The stimulatlon program
iieorporates windfield and reflectivity data bases derived from a hiﬁh resolullon numerieal wind shear modeld, elulter maps
rlerived from atrbortie Synihetie Aperture Kados (BAR) buckseatler dnta, and various airborte Duppler mdar condigieat ions und
alunl processhig convepts, The progrm shnulates the operatlon of u Duppler radur lovated in wn alreraft approaching o mnway,
AENSHR sl returns Trom o wind shenr itleroburst abd ah altport clutley environment, The results of the
Micrabirst/Clutler /Rudur simaintion progrion ave presanied laler in this paper. Prelmununr sty results huve deinonstrated
the feusibility of using airborie Doppler ridars to detect wind shear, but hirther detatled ctudies will be requted, neinding nture
titght experimenta, to complelely chatneterwe thelr copabiltiies.

UKL Respsivennentn for Wind Sheur Deteclion

IUNJA prelininury set of perfurmunice requirementas’ huve bren estublished Tor design of forward-looking wirkd shear
sensors. ‘The sensors’ priciary requireniient is fo delect bevere microburst wind shear during final approach to landing (#g. 1) or
during tukeoll and to provide us u utidmum 15 to 40 seronds {upproximately 1 to 3 ki) wianing to the pilot. Advisoty
tnfurttdion on wind shear conditione B0 to 100 seconda (4 Lo B km) In front of the alreynlt is alao desired, e sensor or sensor
systent muat be able to detect wind shear coused by both heavy and light greclpllnunn nilcraburats, The senror st iweasure Lthe
average horbontal wind speeds every 180 to 300 mieters ol to u range of 8 to B km along the Nlight path and a small sector upprox.
20°) on either side ul the wirerafl (A/C) with upproxiit sly | meler per second (i/8) accuracy. These primary requircments have
been entablinbied as mitidmun guidelinen for developing sensor design requirsments ant evalualing potential concepts, The
requirements to provide other infortation and cupabilities, such us vertical wind speeds, raln refieelivily, wind turbulence,
wieroburat signature recogntiion, nnd varlous displity eapabilitien ure being developed.
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{UNNII, Bimulation With the Radar-Microburst-Ground Clulter Mudel

{UN)AIrborrie wenther radats opergte in an allocated frequericy bund around 9.3 OHz and ulilize solid stale tranamitiem of
about 100 watts. They are presently in use to dimplay rain reflectivity and wind turbulence advisory information to the pilot 1
velalively high altitudes. 1t ls of interest lo assess airborne Doppler radar concepts for wind shear delection npernting in this
{requency band ulilizing relutively low powers, Spuce limitation in the nose radome of passenger alreraft linit the maximum
unirnha sise to about 30-38 inches (78 - 91 m) in lurge airerafl and about 18-20 inches in smaller wiroragt, This mpkes it more
fmportant, from a resolution and sensitivity standpoint, to operate at the higher frequencies, 1t is destrable to keep tranumitter

ower requirements low sn that solld state transmitters can be conaidered. Other radut parameters such as Bulse Rapetition

re%uem-‘y (PRI, and pulse width are chosen to minimixa velocity and range loldover problems and to pravide acceplable range
resolution. Table 1 lists the radar parameier values being considered In the simulation study which represent state-of-the-ar
nirborne Doppler radat hiurdware implementation capabllity,

{UNITuble 1. Radar parameters used in simulation unilysis
A/C ranys lfom runway =« 3 & 7 km

A/C ground velocily «s-ees 77 my/8

A/C glide slope -- g

Froquency s-seeenoe.- v 0,3 OHa

Ani ,76 1 {80 in)

Ailenna sdge HIURY ~eevveee 10 4B
Rain Refectivity « Y

Pulse width 1 penec,
PHE secenssnias

Ant, Lilt angle --
Ant, pimuth angle --seevese 0 & 48

{UN)Antenna patierns simulated inchude a generic parabolic antenna with aize and aperture tllumination tapet specified by
input date, and a flat plate arruy anlenna with o patiern representative of those found i1 the current generation of X-band
uithorne weather radars,

[UN)The microbutst model is & detailed, numerical, convective eloud and storm raodel that caleulates the tine history of the
develupment of a micrmburasl, ‘The model uses a nonhydrostutic, compressible, atd unslsady wel of governing squatiotis which are
solved on @ three-dimensional staggered grid, The computition can be tnittated from observed dota und generales renliatic wind
Nelds that compure l'uvor-ble/ wilh observed duta such us that obtained n the JAWS study®, For the radar simulations to date, u
4x4 km Inttice of 40x40 meler grid spacing increments {two.dimenslotal axisymimetric version) have been generated nt aclected
{inie periods. Oulput parametsrs include the tadur reflsctivity lactor (dHe). wind velocity comiponents, \emrerntun. equivalent
potential temperature, pressure, and molsture content (water vapor, ice, cloud dropletm, rain, snow, and hatl/granpel), ‘The modnl
develnped under NASA aponwotship (s described in detall in references 4 and 8,

{LUNIFor Lhe radar simulation cuses discussed i this paper, a typical wel" inicroburst (s selected and used to invest igate
rudar petformance al o particular instant of Line, Figure 2 shows the reflectivity factors and velocity fleld of the axisymiedric
“wet” ricroburst used I the radar simulation, The "wel” microburat duta are token at 11 minutes after inlttation of the
microburst caleulation and resenible an axisymmetric version of the August 2, 1888, Dallas-Ft. Worth storm$,

[UN)Tle ground clulter madel used for the present simulation cases is o high-resolution X-bund 8AR nisp of the Willow Run,
Michigun, wirport srea provided by the Environmuntal Research Institute of Michigan (ERIM),

[UNIThe SAR imuge Nes produced by ERIM provide calibraled Norminlized Radir Cross Seclion [INRCS) data with a
resolulion of 20 ni, Flgure 3 shows a high resolution (3 m) SAR bmage of Willow Run airport, from which (hese duti were derived,
and the runway OR used It the stmulation taus. In the sitmulations, the alrerall s positioned at 4 selected distance from the
runway touchdown polnt un a 3° glide slope.

[UNIA probiem with the use of exinting SAR data ls ansoclated with the vaiiatlon of cross section with depression angle.
These data were tuken gl e tession ungles rarging from approximaiely 18° to 80°, whereas for the vperational airborne radar
simulated the depression angles of Lilerest ara approxinisiely 1° to 20°, To pe-tlally account for Uila difference, BRIM supplied an
stpirical depresslon-angle corteciion funclion that correcta the NRCS (o the angle seen by the alrburne rudar,

(UNIThe sinmulation Frogum in & comprehenalve calculation of the mgeewd output of an alrborne coherent an{:ler radar
aysiem viewing a low-level microburst 1long or near the approach path of the alreralt. Inputa to the program include (he radar
wysleny parameters ane large data flea thut contain the characteriation of the ground clutter utid the microburet, For more dolulis
see refetetice 7, The dround clutter data Nie conulsts of high-resolution (30 m) caltbiated SAR data of selected airport areas. The
miernburst datn fllen provide reflectivity fetors; x, y, and 2 wind veloeity components; and oflier meteorologieal parunieters with
a resolution of 40 melers. This data base is generated by 4 nuinerieal, convreuve cloud tnodel? driven by experimentilly-
delermined Initinl conditions and represents sclected Lime perlods of the microburst development,

[UNIFar each rangs bin, the sinu) i . caleulaies the recelved signal amplitude level by infeggrating the product ol the
Atlenna gain pattert atid sendering suuive amplitude und phase over a spherical-shell volume segmient delined by the pulse
width, rudar range, and ground plabe intersection, The amplitude of the return from euch Incremental seatteter in the volume
segmenl B proportional to eidher the sguare toot of the normaulized cross-section of the pround clutter lirom the clutter map) or
Lhe aquare rool of the reflectivity faclor of 1he water droplets in tho micraburst {frurm the milcroburst dula base).

{UNIPath sttenuation for each Incremental scatterer in detertinined by inlegrating the path lonwon over the trunsmission
path. Empirical forsulas® are used 1o determlie the tncrementat puth loases from the liguid water content of the microbumt.

Adreraft ground velocity tn asauiu 4 to he known accurately so that derived Duppler It low vats be referenced (o u value ol
aero cortespatiding (o that veloeity,

{UNITo cxamitne LUie expeeted radar perfonnaties in specific sl uations, several canes have beert stmtiluted usity] (ha baseliw
aysiem parainelers 1wen n table 1, the nicrobuist mode! of Bgure 4, and the gronnd ciulier map from the Willow Jun sirport wrea
Iy, 3. Figure 4 plots the Signal-to-Noise Ratio SNR) and 8ignal-to-Cluiter Ratlo (SCR va. radur rutyle (or n "wel" microbursl (hul
waottld be seen by the radur at n tistance of 7 km from the rutiway touchdown point with the antenna tilted up 2¢ from (he pnzywlrd
aireraft path. e nilcraburst ey is located on the projected path 2 ki frons the touchdown polnt, The valeuloted rellectivity
factor uf the water dropleis along & line corresponding to the projecled alrerafl path is also plotted in figure 4 for comparison o
the sinolaied rudar messusements. For (Bl cawes, 1he SNICand SCK ure high over (he entire regiion of the microbutst, with ¢
tminimut vatue of BCR « 10 dB) occuning at appruximately 3 kn from louchdown, This minimum valie s due o high clutier
power from an urbat ares at this location. The SNR exceeds 20 dB over the ratyte, with upproximately 18 dB difTerence between
the neur nide and far side of the mucrnbursl due to path attenuation and grometrical factom,
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(UN)A two-pale, high-pass Butterwortli filter wis used ta ilter (he Inphase () and Quadrature (Q) pulses (o suppreas ground
clutter. The & dB Mrequency response culofT point (s located ut a Doppler frequency, relalive (o the atreraft ground veloetty,
rurrcupumlln%ln a radiad component of wind veloelty of 3 m/xn, and (he filter has Lwo zeros al zero Doppler feequency. The effect
of the clutter Mlter cian be scen In Ngure B8, which 18 a plot of the Doppler apectium (0 a range bin 4 km from the adar, caleulated
with and without the elutter flter, For simulated velocity measuirernents, a proceasing threahold of 4 dB i used {L.e., the pulse.
pair und speoteal averagud velooitien are sal {0 sero If the radar received power is lesa than 4 <8 greater than the nolee threshold.)

{UNJFigure 8 shown the caloulation of the rudial component of wind veleclly dertved from both pulne-patr ahd apeclral
avernging aljorithms oporating on 128 sithulated 1 and Q pulses from the radar, ‘This figure also plols, for compuarisor, the “rue”
wind apeed, defined as the velocily component along the center line of the antenna beam, It should be noled that the true velocity,
as defined, will niways differ samewhat from the radar-measured velocity because the true veloelty is meanured slonyg a line (the
antenna ceuter Hise), whereas the tadar wyatem mieasurss a weighted (by reflectivity and anteana pattern) averagy of the veloeity
aver a finite volurne of the microburst, -

(UNYT'he sinuloled velocity ineasurementa nre within 2 m/s of the "irue” veloeity for velocitiens greater than 8 m/a and
Indicate clearly the potentiaity hasardotis wind shear assoclated with the microbiurat, ‘to relate the wind shear hazard (o the
aireralt, a measure called the Ifactar of hazard idex his beos delined by Bowlew,® This index Is defined by the equation:

Wy Wy
F.T.T th

where Wx in the tule of chutige of the component of wind veloclty alovg (he alreeR path, @ ls the acceleraiion of gmvily, Wi in the
vertical eomponient of wind velooity nnd V s the alreralt veloclly, Values of I grentet than 0.1 1o 0,18 are considered hazardous lo
Jel trangport alrcral depending on atresaft tepe, configuration, nid raide of Kross welghta,d

(UN)AIthotgh 1 forward-looking radur sensor cainot directly tneamire the vertleal wind comiponent, the mdial veloelly
component is measured direetly, The st term in (he squation for the ¥-gector can be derved froni rudar tsasucetients of matal
velocity us follows:

W
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where

5W. n chithge It radinl velocity belween adjacent sange bine
mu = distance heiweernt range bins

Fry = the racdial compotiert of the hazard index

{UNYThin ructial (eren ia culeulated in the stmulation from the velocily measurenients as shown in npum 0 by uveruglng
velooily differences over five range binu, which results in outputs ne shown in figure 7. The rudisd testin ol Lhe husard Dielor
reaches a muaxhmum vilue of O, for this mioroburst and botly pulse-palr and speciral avernging algoriihine give good
ieanurements of the fuctor,

{UNYThe radar simulation Rmﬂrnm van simulnts an azimuth scan mutde and generte sitilutod displays of several
varliablen of intewvst, Figure 8 shows a black and while capy ol & simulated (color) durlny of radial wind velocity for the "wel”
microburst with the haseline w2t of radar parameters. Figure 8 15 o simulated plot of e fadtal Ler of the F-factor and clearly
indicales that o polentinl wind shear hasard lies o1 Lhe airerall path, These Jisplays sliould not be interproted as recommesled
tinpliys for the wirerew, witice 1he apecillc tielhot ol alerting the crow (o o hiratd roaguires extensive wtudy, which v prosently
niderwiy, and witl ot likely consist of o warting Hght or alar which miuy be supplemetted by displinys of addittonal
infurmation to utd the girerew's deciston-making procens,

(UNNY. Experimental Doppler Radar

(UN)Dstecton of injurebutels in wenther and the 'K-w-wcu of ground clutter begine with the transiission of tadar pulses
which will be reflected by raindrops utid the ground surface. The tidar operates in the approved wenther radar band at 9,93 Qs
This frequerncy wou selected beciuso it reprasonty s ‘rnod cotmproimise between procipitation penetrution dislutweea by the radar
puilsen g the anount of reflected signal Trom raitdrops for good signal provessing.

{UNIThe radio frequency (RF) reclion of the wind shear /ikeroburst radur detector ts shiown s o blork dugron i
l’ujun 10, ‘The reference frequency sources gonenite requencios of 784.0, L66.7, 704, und 1580 MHe, The frequencles P84 Mbs and
13,9 Miz conbine 1o 777.9 MHe with tho up-conwverler, ‘The bufler-ampliler serves also us i frequency -chirp correctiun device,
The 7776 MHs continuous wave is shiaped into pulses with the pulse circult, ‘e thinsmitter pulse width ts silectable from 1 10
nilerosecondw, The fuloe tepetition mie can be chnnged from 180 to 10,000 &s;ucﬂnd. ‘e power multiplier {x 12) converia the
m?uenwy u:ra‘ {0 8,33 OHa, ‘The Uunamitier oulpul puser of upproxitiaiely 200 W s wpplied (o the duplexer which couples it to the
ntitenna porl,

(UNYThe stuplexer alen rmvldeu the recetver nection with the rellected sigiuls, ‘The 784 Miz siginl o the reference
nources is muliiplied by twelve in the inultiplier atrd ingected inlo the et loval nsctllatos with the cutput frequency of 9170 MHz
The locul vscilintor converts the received aignal dows to the liral intermedinie Irerk\mu:y {IF) 188.7 Miia with Lhe first mixer. The
second local osclliator (184.8 Mia) converiu the st IF down (o the second 1F (13,89 MH), and the third local osciliator (14,89
Mz} provides the lHnnlu for the tnphase atid Quadmture mixlig to obtain the (/@ outpuls. These [/Q chunnels are the ipis to
the procesxor and display of rain intensties.
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{UNY e information on these 1/Q channels i not sufllcient to evaluate the wealher condition above the "unway during
landing approach or during takeofl. The RF portion below the dotted line in figure 10 represents (he wind shear detector system of
the Doppler radar. The tirst IF of Lhe radar recelver is aplit into two signals. One signal is converted down o 30 MHz with the
wmixer, The local oscillator {136 MHz) 1a obtained by using the reference {requency 76.4 MHz and converting i, after smplification
with the frequency syniliesiter, to 138 MHz. The frequency synthesizer also compensates the Doppler effect due to forwerd
motion of the aj . ‘The control is derivad from the Inertial vagxn:#n Sysiem (INS), After the synthesizer, the local
onclilator signal s filtered with u pasa flter of 40 KHx bund pass and, wter amplification, provided ta the mixer. ‘Following
the mixer. a variable attenuator provides the Automatic Gain Control {AGC), The AGO in generated in the digital bin-to-bin AGC

rocessad, The IF passes through a Niter with 7 MHa bandwidth and is ampiificd befote it 1s supplied to the 1/Q mixer, The 30 MHz
iocal osclllator frequency ls generated in the rmﬁemy syriheatsar, filtered (handwidth = 40 KHy), and amplified, The I/Q
chanine] outputs are provided with Tgmgmb low-pass filters. ‘The filters are contiolled from thie contrel computer to adjust
the band to the puise width. The second channel coming froin power divider wenis the AGC drive. Afler passing throrgh
the filter {7 MHx bandwidth) and betng amplified in the logarithmic aniplifier, the AGC 1s low pass filtered and senit to the digital
bin-to-bins AGC procesaot (Fig, 11),

IUNIV, Experimental 8ignal Proceasing and Data Recording System

1LINYThe experimental systetn is comprised of u sensor (rrwlouny dencribed), & aignal procesaing system, and a da* .
reconlln% systemn deseribed here, The X-band radur detector (see block dingram, Fig. 10) provides analog 1 and Q signaly irom the
wepther lg&et from which the radial component of horixonial wind velocity is measured. The radur also supplies a logarithmic
output { represesting the tadar receiver's signal strength when the | and Q measurements were inade. In order to distinguish
the weak weather return from the sirong ground clutter, such as is present duting a landing approach, the radar recetver has, in
additton to the instantaneous dynamic range of approximately 85 dB (1 MHz bandwidth), a second dynamic tracking range of
aboul 88 dB, The 85 dB dynamic trncking range aasures thet the detector of the binto-bin AGC operates in the linear portion of
the systerts, This is achieved in this systermn by a very unijue AGC syatem. The tundamental principle of this AGC system is given
in the diagram of igure 11, ‘The rev ytver window (or exaniple is divided into 200 range bins with a pulse rate of 5000 pulses per
second and A 1 microsecond pulse width, A smaller, movable dati range wintiow covers 64 of these bins at any one time span
between two pulses. The 1, Q. and LOG signals within each of these 84 range bina (bin resolution) rre stored i the buller storage tn
n matrix fashion wlhere the tr itter pulses Py to P124 designate the proper anniple location for the received bin values n.“ﬁ.
and LOG, The average value of the recetved signal strength (LOG) for each bin is then compuiad in the AQGC processor and used to
renet the AGC vali:s independently for the specific bin over the next group of 128 transmitted pulses. Each atorage buler that
implements this is configured in two groupa siich that one can accept deta while the othier s belng read out ta the data recording
system {n a ping-pong fashion of operation that permits time for recording full radar output dala within the selected bin window
of 84 bina. This provides the capabtlity Lo atore 100 percent of the data produced by the radar sensor within the 84.bin window,
‘Two buTer-storage devices are used to oblain lwo ping-pong bulfer outputs. The first supplies the digitized data to the data display
processsr and the second supplies the data to the data recorder.

{UN)The AQC valut obtained from the AGC processor in this manner allows the receiver to be sct (o {ta optimum value for
distinguishing the weak return in the presence of strong ground clutter, 1L.e., optimizing the signal-to-nolse ralio in clutter
condition. The digitally-computed AGC values are used to control the rutlar system gain by setting digitally-controlied
attenuators located in the receiver chain of figure 10,

(UNYTHe recording system is 8 14-track, high speed, high storage capacity systern that Is cupabile of atoring all sensor output
information along with necessary experiment a'd housekeeping data, The systein is capable of about | hour of flight data
recording between changes of ita 14-inch diameter tape reels, at which Lim® approximately 3.6 Gbytes of data huve been recorded,

{UN)The signal processitig and recording equipment are packaged in one 60-inch high, double wide, 18-inch rack unit shown
in figure 14, All equipment 18 designed, assembled, and nircraft qualified al NASA according to requirements for the Nights
aboard the Hocving 737 aircrall,

UNIVL, Alrcralt nstallation

{UNIIn order Lo make use of an existing X-bany weather radar, the antenna and perieatal are shared by the cockpit and the
test atation located in the aft wection of the funeinge as showt: in figure 12, The waveguide swiich provides eonnection elther to
receiver/trinsmitier unit no, 1 for the weather indlcator in the cockpit, ar to the recelver/iransmittet unit no, 2 of the research
sensor systemn. The ressarch sensor system comprises (besides the standard indicator and conlrol panel] the system interface
together with the Night test system. ‘The flight tesl includes the teat control computer, the 1-Q detectors, the bin-to-bin AGC, the
atreralt INS, and the system clock. 'The flight data recor wystern (s ahown in ligure 13, The sensor data, such as [, Q. and AQGC,
and the aircraft inputs, such as INS nttitude, aireraft speed, position, housekeeping, and data system control informatian, are
converted from analog to digital data and formatted. The record electronies provide the tecessary contiol and dats flow to the
?lrbume digital recording wysum. The functional diugram of figure 13 shows the data luw and the operations in u simplified

arm.

{UNYThe location of the experiment compotients and equipment inside the Boeing 707 INASA 518} is indicated in ﬂﬁlre 14,
The fat }Jme antenna is inatalled in the nose cone protected by a radome with low losses (smuller than .8 dB) one way, The
receiver/tranmmiiter unit no, 1 in installed in the nose cone cumpartimient in front of the cockplt and, because of lack of space, the
receiver/transmitter unit no. 2 is located it the cookpit. The weather radar control unit and indicator are located in the cockpit
near the pilot. The wind shear/microburst riment station and the digital tape recorder are placed in the aft section of the
l‘u:lhge. The experirient siation consints of the control computer, data procersing equipinent, and the wind shear data display
unit,

(UNIThe flight experiment setup for the finsl performance demonstration is shown in figure 18, As shown in figurs 15, the
RF waveguide switch mukes the antenna available either to the piol (weather indicator) or to the experitientaliat in the aft
section of the aireralt (microburst detector). The experimentuliat operates the control computer and adjusts the system interface
to optimum performance by selecting pulse width, pulse repetition rate, AGC level, signal-to-noise ratls, and other parameters,
‘The data are recorded by tha Night recorder and, in nddition, a wind shear signal pracesaor s provided which will drive the
dizplays located in front of the experimentalist and the pilot, . or the experiment, the display s » standurd commerclal weather

radar indicator. If implemented as a practical aystem, the of display woul hiect t rdinaty )
plots and the rgen, P! iy type play would be Bubject to coordination between FAA, the
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(U*)V1L, Flight Experiment Plans

(UNIThe installation of the microburst detector system in the Boeing 737 afreraft and a romplete systern checkout will be
completed by the end of 1990, The planned Night experiments subdivide the wind shear r~-ar Might program Into three phases.

(UNIPhase | will initinlly establish the hasic rudar operation in the installed configuration. After afreralt Night testing of
the system (shakedown), Fhase I is mainly dedicated to ground clutter measurements and valilatlon of previons measurements of
clutter ai previously targeted airporta with the SAR by ERIM, The target atrports are located in Philadelphia, Ann Arbar, and
Denver. A local clutter measurement of opﬁ:ﬂum&y. when the weather i olear, will be nt Wallops atriield on the Delmarva
Peninsula, The clutter meastirements are important to validate the capability to synthesize computer elutter models for many
different alrports and to determine the expected SCRfor d!fferent ground coverage arounid alrports such as grass, trees, buildings
{suburban and industrial), and parked alrcrafts. Special attention will be directod toward the clulter signatures of moving clutter
gt:je{:u ;:cll\ 9;a.lm\lm, automobiles, or taxiing alrcrafts. The eatimatert time frame for theae Nights will be November 1980 to

ptember .

(UN)Phase 11 1a directed toward the detection of wind shear conditions in weather fronis at altitudes above 700 meters where
round clutter is not a factor, The abjectives of Phase !1 are the characterization of radar parameters over the operational range
or as many as porsible atmospheric conditions to support the analydcal data base of the aforementioned simulation model,
Another objective is tha evaluation of the cupability of the wind shear radar to detect wind shear by measuring solefy the
hotizontal windspeed camiponent, These flights will be conducted in the vicinity of the Denver alrport and Wallops airfield
between August 1991 and March 1992,

[UN}Phase 11l includes a serien of testa for several evaluations such as recording the radars musponse during landing
approaches at airporis during severe convective stutm activities and data analysis at the ground processor stalion from recorded
data. One objective of Phase 111 18 the collection of cumposite radar s @gnal and rlulter dita tn support the development of real-titme
provensing algorithins, These Night experiments and data nnelyse are planned for August 1991 until July 1992 at the Denver
alrport and Wallopa uirfield. Arother objective ia to define the radar's ability to provide the wind shear detcction and warsing
functicn in ters of the wind sheor hazard factor and its presentation of the hazard index to the aiteraft crew, 1.8, real-time
demonsatration of radar cipability for wind shear detection, At luter stages of the program, it alss includes the onboard
processing nnd display of wind sheur conditions to the experimentalist and the pilot. The performance demonstration flights
will tuke ploce at Denver und Watlops and are plunned for June 1992 until August 1994 and Include o detatled duta analysis.

(UN)The Phase 11t experimenis are Mlights of opportunilty because wind shear developmeni 1a very dependent on weather
conditiotis such ns migrallon of cold fronta into musaes of warm air or vice versa, ‘These conditiona appear frequently at Denver
nirport in spring, summer, and fall months and at imited frequiency at Wallops during the summer months, Other loeat.ons of
frequent wind shear atd microburat aclivilies are Dallas, Houston, and Miamt.

[UNIVIIL Coneluding Retnarks

{UNJA preliminary tradeoll und asreastiient study was conducted to evaluate the performutice of mirbortie Doppler radur
sensors Lo delect hazardous microburst wind shear during alreratt lunding. Usan.( [ rmllmmnry sel ol petformancs requireineits
for the denign of forward-looking ensors, u baseline set of tadar parunicters was developed lor use 1 uasessing wind sheay
eieciion performance ushig a radar simulation progrmm. A description was given of the simulation program, which includes
excellent models of tmicroburt wind Nelda, reatistic clutier maps of nirports, und aceurate models of Doppler rudar operation and
slgnal processing.

(UN)Stnulations were conducted with a specilic airport, selected inslantancous microburst cotiditions, und the buseline
radar paratmelers, These aimulations show that i realistic situatlons, forward-looking alrborbe radar sensors have the
polential to detect witid sheur and provide Information to the alrerew Lhot will peninit escape ot avokianice of hazardous sliear
situations,

(UN)Four the Doppler radar sensar confijuration, analyses of computer siinulation studies show that wind shear cun be
detected nccumlelg 10 to 88 seconds 1 front of an atrcrult approaching 8 hazardous microburst positioned in the Night path of
the landing atreraft. "This is uccomplished using r bin-fo-bin AGC, clulter filteting, limited detection range (64 bina), and auitable
Ut munngement of the antenna, The aehiaor 18 highly effective for the "wet” milcroburst where high signal-to-nolse ratios and
high signal -l clutter ratios are obtainsble due to a large rellectivity level,

[UNIThe experimental radar conslels of a modified Doppler wenther radar, 1ts Arst IF is used to provide the sighaln for
prucessing of the Inphase and Quadraiure informalioa and for the LOG smplifications and detection of the envelop of the 11
mtplitude The detected nignal serves ns the drive for the AGC and controls the digitally-peogrammed attenuniors for the bin-to-
bin wfristinent of puth louses

[UN)The sigial procesaing nad datu recording s achieved with analog tu digitul converslon, A matrix bulfer- storuge deviee
provides u smooth data flow Lo the recording system by using a ping-pong control. ‘two buffer-siornge devices deliver the digitized
sinal in paraliel 1o the high-speed recorder and to the wind shenr slgnol processor, The algnal processnr iy platined (o indicate
the hazard Index with displays to Lhe pllof and the sxperimentalist, The ecperimenta) rador 18 in the provess of belhyg inatalled in
{he Boeing 737 aireralt (NASA B18),

{UN}The planned flight achedule subdivides the wind shear tadar flight program inte three phases, Phase 1 includen the
shakedown flight and ground clutier measurement/recording at the Philadelphin, Ant Arbor, Denver aliports, and Wallupa
alrfield duritig clear weather corditions, Phase 1 i directed toward wind sheur measuremients from convective storms above 700
nieters without groutid eluiter. The flights witl be conducied in thie vicinity of e Detiver alrport and Wallops aidisld. During
Phuse 11, cony ective storm wind shear datu I the presence of grounid clutter will be collected. These dain will be nsed to evaliate
the cnpablity of suppressing the strong clutter signal.  Finally pedormance demonatratlon flights will be conciicied ut the
Denver airport and Wallans airfleid by August 1894,

(UNIDurtny the schieduled experiments, duta analysts und news release publicu fots will iform industry sid the public of
progress in the fleld of wind shear/nilcroburst detectinn capability using Doppler radur,

——— e g ——
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WINDSHEAR ESCAPE

{UN) i, 1 Sketeh fllustrating the microburst wind shear hazard for an approachin
alrernfl, being J)rn ed by a radar beam. Potential impact path e shown |
eacape ot avol

whee mnneuver (8 nut uclivaled,

{UN) tg. 2 Reflectivity cotitours and veloelty field for the axisymmietric "wel" microburst
miodel ysed for initial radar performance simulations studies.
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{UN) Fig. 3 High resolution SAR Image of the Willow Run, Ml, atrport aren, NRCS map,
produerd from this image daia base, 18 used to enleulate the ground cluiter
returtt in the radar simulation program,
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{UN) Fig. 4 Plol of calculoted SNR, B8CR, and reflectivily luctor va range to touchdown for
the "wet" microburst, Aircraft located -7 ki from touchdorn on 3* glide slope,

tadur anterng tiit w 2°, microburst eentered on projected flight path . 2 km
from the touchdown point, freq. = 8.3 GHz,
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Hazard Lidex va. range to louchdown derived fron the velocilles showts i
figure ? Index is caleulated fiam average velocity differences over 8 range cells
(780 m).
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Range-uzimuth display of wind velocity contours for the "wel" microburst,
baseline ratar parimeters, and conditions listed in Fig, 4, The large hewd Lo
tall veloeity nnd wind directlot chutige in clearly shown,
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{UN] Fig. 9 Range-azimuth display of hazard index (F-faclor) contours for the "wet"
microburst, same cotiditiona as Fig, 8. The potentlal shear hazard area is
clearly shown,
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\ CONCEFT AND RESULTS OF THE DLR REALTIME SAR PROCESSOR

Alberto Morelra
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). ABSTRACT
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A Realtime Azimuth Pracassor waa devniopad lor tho alrborne E-5AR syatam (Experimantal Synihetic
Apertura Radar) of DLR. The processor works with an unfocused caomprassion mothod, This mathod
praatly simplifies the data processing and is sasily implomented by a moving average approach, A SAR
Image processad by a traditional unfocusad processing mathod has 4 lowet contrast, Mghor sidalobns
and worsn rasolution than In the focusad casn. A haw algorithim was daveloped, so that a triangular
amplitude weighting could be implomanted into the unfocusnd procossing mathod without additioni
complications. Imagos processad o roallime aro prasentnd, Thoy show good contrast and steoeng sup-
prosglon of tha sidelobns. Tha procassar honrdware can ba impiomeniod with roducod costs in smali
alrcrafly and ls sultable for soveral appllcationg auch as tho detection of ofl pollulion over the soa, .

1. INTRODUCTION

Tho use of synthetle aparture radar for romotn sensing has incroasoed largely o roconl yoars duo o the
all-waathar, wida swalh ancl high reanhition capabilitiae, Imagn foamation fram SAR daly [« wall knnwn
and hvolves coharant procassing batween tha reenlvad slynal and the matehnd impilse rogspopen
futictlon, which ls also callad tho reloranee function (Fliich, 1988; Boasloy, 1982),

The E-8AR syslom of DLR (Hurn, 1988) is oparalod nxpariinentaily o U biod without pulse compreseston
(100 ns putse duration) and In C-hand with 0 FM putse I the latter caso, range compression s por
formed hy a SAW devica, An azhimuth processor was devolopod tor the E-SAR systom 1o produce roal
time imagns. it offers some linportant acvihlages

¢ the complote SAR sansor hardwars cin b tosted In roaltime,

o aroes lHuminatod by tha radar aeee monilored e coafthimo, taeilitating tor oxamplo the dotie lion of
oll spilla at sea,

¢ the procassed Image contalng anly a roduced amonnl of dida due o muliiooks on to o smabiet
procassad bandwidih, Hanen tho storsgn ean ho raducad I capaelty and roaligod by a convenllonal
vidoo rocarder,

¢ thao realtimo images can be nsad as o relorance for the high rogolotion off oe dada processing,

2. CONCEPT OF THE REALTIME PROCESSOR

For small apartures { ¢ = 20" In figure 1), the phaue history of stpoint targot s gquadratic hindion of
the transmittod pulse number Noand tuglven by (no soeint angle is consddorod)

2.0,V (PRI NY
2.1 N e
@1 h IR,

whera PRI |8 tha pulse rapatition inlerval and Ry s the minimum sangn bvtween alrenat and polot taogot,
Dllrammlstin? the phase history ylolds, for a sufflclantly smalt PRI, the dopplor frnquancy as a tunction
of pulse number, ag follows :

? 2. \
A Rn

The assimed dopplar bandwidth for procassing can then bo o oxprogsed as o funcllon of the
apartire o .
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- where ¢ s —g—. aw —g— .
\Ro 2. g mprocessed  apartiure
. ¢ = azimuth beamwidth of . . antenna,
Polnt Target - D = azimuth langth of the antenna,

4 = wavelangth and V= aircraft  speed,
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Figurs 1. Considered imaging gaometry,

I | < azimuth 3 dB beamwldth of the antenna
! Pmax! = 2 .

4.V.
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The devaloped azimuth processor works with an unfocused procaasing mathod. |n this case It proc-
esses only a small bandwidth of the backscattered azimuth signal. Tha azlmuth signal Is correlated with
a simple ractangular functlon which does not coriact its quadratic phase history, The correlation at
doppler frequency zero is performed with an acceplanle maximim . hasa error of 0" Thig means 4
maximum two way range variation, 2. {R(:k N) -- Ry] . of 1/4.

The unfocused processing method I8 basad on the fact that the accepted phase error of 90° Inads to
sufficient Imaga qualily. For the determinalion of ¢, the one way range variatlon is fimlted by 2/8,

a 1 :
(2.4) | Omae unoc FB \/ﬁ;’_

The azimuth spatial rasolution, p, is Indirectly proportional to the processed doppler bandwidth and is
oblalned by substituting (2.4) in (2.3),
J5 Ry
2

@8 p=—m—

The azimuth resolution Incraases with the squara root of ranga and is not constant as in the case of the
focused processing method. Since the relerance function | rectangular, the corralation procaess can be
carriod out very easily by the moving avarago approach, For a complox rapragentation, tha corralated
regponse is given by :

(2.8) g(N) = s(N) * rracl(%)-l j-rnc((—'g— )]

where

recl('—:—)s- 1 fin "%‘-’.NF%"%‘ 1,

= 0 e@lsewhare

wharn * means the time domain convolution, L i= the lenghl of the tectangular refarancr fonction and
8(N) is tha recaivad aztimuth signal. The Image dalection ts pmiormed by caleulaling the absolute value
of g(N).

- ? 2 @
@27)  lgM] = 2« [[5(M* rncl(—lzl-)'] - 154(N) * rent( -’zin !

whears 5(N) and 5,(N) are tha real and Imaginary part of s(N). Tha aziinuth processing conslsts af aver-
aging the real and Imaginary componants of the recelved signal. This can boe easily patforimed by a
moving average approach where the most recant vatue Is added and the oldest value is subtracted for
each correlatod point. The computational requiraments for this operation are greatly recucad and the
processor reallsation is very much simplitind in comparison with the focose | case,

2.1 THE POINT TARGET REBPONSE

Figure 2 left shows a simulated poiw target rosponse (L-band, Ry = 1500 m ) that was nbtalned with the
unfocused cotrelation method. The response has high sidalobas with a peak sideloba ratio (PSLR) of
-9 dB and an Integrated sidelobe ratio (ISLR) of -7 dB. An image processnd with the unfocised mathod
has low contrast and gives a biuread Improssion.
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‘ Rasolution : 8.94 m °* Resolutlon : 114 m
* PSLR ! - 9,01 dB ‘PSLR:-28.1d8B
*I8LR: 89 dR *ISLR:- 139 dB

| \

Figure 2.  Simulated point target rasponse with the unfocused method {leit : without weighting ; tight @ with
welghting).

A new algorithm was develaped, so that a trlangular amplitude welghting could be inserted in the
unfocused processing method without additlonal complications. The algorithm corsists basleaily of
correlating the azimuth signal twice with a single moving avorage approach, This sorresponds to a
single correlation with a trlangular function, which Is the welghting function. Several simulations were
done to optimize the processing paramotars, The critical patameter to optimize s tho duration of the
refarence function, A shartar raference function raduces tlie phase error of the procassing, but the
resolution becomes worse dus to the lower time bandwldth product. An axtremely long reforance
function cause a degradation of the image quality due to the greater phase error, The langth of the rof-
erance function was chosan lo achlove 4 good compromise botween PSLR, ISLR, rasolutlan and proc-
assing loss. Good results ware obtalned due to the fact that tha triangular referance function gives litile
weight to the correlation with the targest phase errors. The c'):rtlmlsed point target response Is shown
In figure 2 right. The procesaing loss due to welghting and phase errors totals about 2.5 dB, The

welghted response has a PSLR of -28 ¢/B and an 1SLR of - 13.9 dB and |s suparlor ta tha non-welghtad
response.

The realtime azimuth processor is composad of units petforming the following functions: corner turning
(transposing of the recelved data), correlation with the refarence function {moving avarage approach),
resampling, walghting, image detection, output Interface and trst pattarn genaration. There Is no pra-
summing of the data before azimuth processing due to the fact that the movin avarage itsell Is a filter
with & sin{x)/x frequency responsa. The realtime azimuth procegsor was developed providing two
modas of oparation : 1. traditlonal unfociised processing und 2, unfocusad processing with triangular
walghling (Moreira, 1988). Comparisons can be made In realtime to show the improven Image quality
of the new aporoach. The power consumption totals only 18 W due to tha use of modern CMOS clrculls,

3. RESULTS

Some reallime Images were selected for analysly and postprncessing. Tha follawing pnsiprocessing
lechniques were used for image corraction and enhancemant :

L] Linear interpolation of the image In range diraction was parformed in order
to convert the pixel spacing from slant range to ground rangae, Linear interpolation was also used in
azimuth direction to adapt the pixel spacing In azimuth to tha pixal spacing in range.

¢ R ction, This procedura corracts for the decrease of the backscallered signal
power [n range directicn, which i basically dapendant on target t)g:e and range, as well as on incl-
dence angle and antenna pattern. The correclion curve Is generale by Intagrating the received rader
signal over many seconds and then flitering spaclally. The correction funclion Is equal to the Invarse
mta:'ad Intensity curva. Within the corrected Image the signal intansity Is constant and range Inde-
pendant,

*  Spatlal Filtering for Spacklo Rnduction. Spackla appuary In SAR Images due to coherant process-
ing of radar 6choes of disiribuled Targel scallorers. It raduces the deteclability of objacts In tha image
{for example small ships on the sea) and also the capability to s~parate distrlbuted targets {for example
oll on sea surface). Spackle has the character of multiplicative nolse, whore the mean value ts equal to
the atandard daviation In the intansity Image. A gimple mean fiiter reduces the spackle nolso by one
over the number of uncorrelated avaraged pixels. The disadvantage of such a filter ia thal It tends to
blur edges and dacreases target intensities, whan the siza of the filter window becomes blgger than the

e ot e g-h—h“_—
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size of the target. The final image seems to be smrared and has lower contrast, Tha local statistic
algorithm (Lee, 1986) was choosen for spackie reduclion because t gives a good campromise between
computational expense and effeclivanass in speckle raduction without removing subtle detalls, 1t eon-
trots the local statistic averaging process according to tho local maan and local varlanca values, The
rasult is an image with sharp edges and canserved subtie dotails.

Figure 3 shows a 5 m® oli spiil (dark region) that was detacted during the Archimedes tia campaign at
the Dutch North 8ea Coast rMorelra. Horn 1988). Rudar 18 able to detect ol} poliution on the sea surface
by virtue of the attenuation of capiilary waves by the ol spill. Tha ship, which discharjed the oll Intan«
tionally for this expariment, can be sean at the top of this figure as a large bright spot riue to its strong
radar reﬂactlvltr‘. hare is8 up to B dB ‘Jynamic range betwaen sea and oll surface Infensity in the final
Imege. Although the transmilied peak powar was only 50 W with 100 ns pulse width in L-Band It was
possibie to achleva @ good image caontrast, This contrast ariges from the partlally spacular behaviour
of tha backscattered signal from the sea which becomes a pain in the correlation process. The signal
to nolse ratio s 0 dB in mid range for this image.
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Image processed in resitime: oil pollution on the sea,

Figure 3.

Figure 4 shows the alrport at Oburpfalfanholen near Munich (C-band). The original Imaga of the realtime
processor without filtering 1s shown In the lower half. The other part of this image was flitarad with the
local statistics algorithm. With this adaptive filtering, the spackle nolse Iy greatly roduced (ses area
around the runway). The histogram of this area agrees wall with tha histogram of an image processad
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Figure 4. Image processed in realtime: airport at Oberplaflenhofen near Munich (releasod by “Raglerung
voh Oberbayern” Nr, GS 300/272/88),

with 3 looks (gam'ma distribution, where the varlance of the Intansity imagn aquals one third of its
average).

The lake, Ammersea, near Muhich Is shown in figure 5. Te upper Image ta tha cuntinuation of tha lower
Image. Togethar, the image dimenslons total about 3 x 12 km, It 15 possible to see some sailing boats
#s wall as different structures on the watet surface caised by tho wind, The bright area al far rahge
corresponds mostly to foreals and small towns,

4. CONCLUSION

The proceasing of SAR data with the proposed algorithm can be performed in reglitime with ralatively
simple hardware. Although the supprassion of the sidelobas of this modifled, unfocused, processing
mathed I8 comparable to the focused case, the azimuth resolution is limited bacause only a sniall part
of the duppler bandwidih is processed. The azimuth resolution can be improved by flying at low alti-
tudes and by the use of small radar wavelengths.

The Implemantation of multi-looks is also possible with this algorlthm but we have opted for a single
look processing and off-line fitering of spackle nolse with the local statistic algorithm,
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SIMULATION D!'IMAGES DE CIBLES GEOMETRIQUES
PCUR RADAR A OUVERTURE SYNTHETIQUE
par
J. M. NASR
AEROSPATIALE D,8.8,8,
Département Masures (HT8/M)
Route de Verneuil
78130 LES MUREAUX

FRANCE

RESUME

Une nouvelle technique de simulation d'images provenant d'un radar & ouverture
synthétique est proposée., La méthode est axée sur l'incrustation d'une clble artificielle
simulée dans une vrale image radar captée par une antenne opérationnelle porlé puar un
satellite (SEASAT ou 8IR-B), Nous avons travaillé dans les bandes L et C et les
dimensions des cibles étudiées sont suffisamment grandes devant les longueurs d'ondes
utilisdes pour pouvoir se servir de techhiques de calcul "hautes Fréquences" de surfaces
équivalentes radar, Le calcul de SER permet de remonter au signal brut regu par
l'antenne. Un intruste ensuite 1'image de la cible simulée sur le support extrait des
bases de données de srénes coxistantes en tenant compte des reatrictions exigées pai ce
procédé particuller, Bien que les possiblilités de simulation solent réduites du fait
de ves restelctions, les résultats sont suffisamment intéressants pour permettire
d'étudier le comportement d'une cible particullédre d'intérdt civil ou militalre en
fonction des paramétres de 1l'onde radar (polarisatlon, fréquence ...).

1+ INThRODUCTION

L'utilisation de 1l'imagerie radar comme outil de survelllance et de cartographio Je
la surface terrestre a pris un essort tout A& Ffait remarquable quand on g'est apoergu guo
ces syuvtédmes dtalent blen différents de 1'imagerle visible ou infrarouge. En ellet
le radar imageur & synthése d'ouverture a l¢s avantages suivants

~ C'est un systéme tout-temps. I) est pratiquement indépendant de la couverture
nuageuse du fait des longueurs d'ondes utilisdes, Cet avantage n'egt pas
négligeable quant .on sait combien les prises de vues optiques gont dégradées par la
préyence de ltatmosphére.

Le deuxiéme avantage réside dans le Falt que 1'imayge radar donne une information
trés différente et surtout complémentaire de celle fournle par la source optique,
En effet, i i'image optique est orincipalement représentative des propriétés
chimiques du sol, 1'image hyperfréquence est liée aux propriétés physiques et
électromagnétiques,

Ces avantages ne vopnt pas sans certalng [nhconvénilenta. En effet, 'obtuntion de
données radar haute résolution passe par un traitement de signal trés complexe qu'il
et souvent difficile dteffectuer & bord du satellite porteur, Mais l'inconvénient
majeur provient du fait que la connalssance que 1'on pousdde sur ces systémes est
trop récente pour que toutes les applications militaires ou civiles des radars Imageurs
haute résclution soient connues. Or 11 est certain que la caractéristique "tout tempg"
de la télédétection hyperfréquence justifie & wlle seule l'utilisation de radars
comme moyen de surveillance par 1'image.

Alnsl, comme dans de nombreux cas de physique expérimentale, il apparalt le besoin
de faire des simulations de ce que 1'on obtiendrait uyi un systéme SAR haute résolution
édtait opérationnel, On pourra ainsi définir au mieux les caractéristiques de 1'appareil
et maltriser les paramdtres sensibles dans l'optique de l'améllocation de la
détectabilité de cibles particulidres dans une image radar.

L'article développé ici a pour obtectif de présenter un nouveau type de usimulateur
dt'image SAR., Celul-ci fonctionne de la manidre sulvante ! On nimule tout <'abord
1'image radar d'une cible connue par ses dimensions et Bes propriétéds électriques,
Cette simulation est effectude en supposant que la clble est seule dans la Fauchée
du radar. L'image ohtenue est ensulte incrustée sur un support provenant des images
BEACAT ou SIR=-B. L'algorithme est donc composé de deux étapes séquentielles qui laront
1'objet des deux paragraphes suivants. Le trogidme paragraphe présente 1les applications
possible de ce simulateur dans le domaine de la détectabilité et de 1'identification de
cibles dans des images radar.
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2, SIMULATION DE L'IMAGE RADAR D'UNE CIBLE

Cette simulation est effectuée en quatre étapes., La vible d traiter est connue par
sen dimensions, sa morphologie exacte el ses propridtés flectriques (permittivité,
perméahilitéd ), un posstde par ailleurs un modéle de Radar 3 Ouverture synthétiquoe
compatible avec le systéme opérationnel ayant produit les sopports d'inereustat fon, ©
modéle est caractérisé par @

@

Un porteur ! vitesse v n/s
Altitude H n
tnclinaison orhite Al rd

Un radar & synthdse d'ouverture ! Longueur antenne Dz n
PRF PRF Hz
Fréquence fo GH2
Longueur d'onde A mn
Inclinaigon faisceau rd
Longueur impulsion T s

Dande de todulation Af 4z
Longueur de Fauchée L m

Les quatre étapes sont les yulvantes !

1, Décomposition de 1a rihle en dléments gbométriques almples (kAY ou Points brillantw).
En affet, quand la cible est grande devant la longueur dtondae, leo signal rétrodfiffuséd
est du uniquement A un ensemble fini de rérlucteurs,

2, Calcul des Surfaces Bquivalentes Radar (HER) des EUS

3, Calcul de la SER génédrale de la eible

A4, Malcul Ju signal brut regu & l'antepne et de §'image brule de La cible,
2,1 Déromposition de la cible en EQY

Premidre é¢tage du processus, olle correspond & la détermination der points brillants
U kldments ydométriques Simples sur la cible pour chague pusitlion do celio-of dans le
lobe de 1tantenne. Fn effet, si la cible est placde dany la fauchde du padar, olle
sectipera plusieurs jusitions diserdtes dany le lobe de Ltantenhe du Faft méme de 1a
rnature mpulsionnelle du syslome, 51 ce nombre dlapulsions est N, un trouve (kgu 1)

N okz A HPRE

———

YV bzeosta) o

Puositions successives
de l'antenne

Trace

d
lobe

FIGURE 1 : Position: successives de l'antenne.
Les paramétres de cette équation sont représentds sur la figure 1,

——y -




Nous avons identifié trois types d'EGE suivant 1'intensité de la rétrodiffusion
produite, On trouvera Jdans le tableau ¢i-dessous ces trois ciasses !

TYPE A : Structureg triédriques. Elles produlsent une forte rétrodiffusion pour des
incidences trés variées. On trouvera les triddres trirectangles mals aussi
toutes les structures rétrodiffusant le rayon incidenl aprés trois réflexsions
internes.

TYPE B ! Structures diédrigques. On trouvera ici tous les EG3 rétrodiffusant 1'onde
aprés deux réflexions internes, Le diédre plan est la plus simple structure
mais nous avens représentéd en figure 2 quelgues autres possibilités.

FIGURE 2: EGS detype B

TYPE U @ Structures simples produjsant une rétrodiffusion, Cela revient A trouver un
plan tangent urthogonal au rayon incident. On citera le cylindre sous une
incidence normate 1'axe, 1'aréte pour une incidence normale ete ..

2.2 Calcul des SER den £Q3

Cecti est la deuxiéme étape de notre processus, Nous avons en entrde, pour chague
position de la cible dans le lobe, une collection d' EdS occupant une certaine position,
11 s'agit malntanant d'eévaluer la SER de ces EQS. Une foiy de plus, ces 3ER devront
dtre évaluéres pour chaque position da la cible. Les c¢ibles auxyuelles hous hous
intéressons sont de nature artifieielle (Ffabriqudes par l'homme) 2t ne sont pas
rugueuses devant la longueur d'onde, C'est pourquol, nous pouvons utiliser les
techniques d'approximation haute Fréquence suivantes (Développées en réf, &) ¢

A - Optique géométrique ! Théorle ancienne basée sur le principe de Fermat, On obtient
Ud résultat trés simple pui=que la SER vaut Tr v ol r1 et r2 sont les rayons
de courbure principaux de la cible au point diinteraction considéré,
AVANTAGE : Extrédmement simple & utiliser
INCONVENIENT : Tombe en défaut dés que r1 ou r2 tend vers 0 ou 1'infini, ce qui
eat le %ds pour toute surface contenant une droite ou une ardte (eylindre, céne
ou plan ),

B - Optique phgeique i pé&f (7) Théorle basée sur la simplification de l'équation de
dtratton-Chu permettant de calculer le champ dluectrique diffusé & partir du champ
Eéluctrique recu par la cible. L'intégrale résultat peit 8o simplifier ol les trois
cohditiony suivantas soht respectées !

- la ¢ible est loln de la source (champ lointain)
- la cible est grande devant la longueur d'onde
- on peut assimiler, au niveau du polnt d'interaction, la cibla 4 son plan tangent,

AVANTAGE : Asgez simple d'utlilisation., Prend en compte presque tous les EGY de

type A et B,

INCONVENIENTS @ Ne fonctlonne plus dés qu'il n'y 4 plus de plan tangent, ce qul est
le cas pour une ardte ou toute autre structure diffractrice.

C = Théorie Géométrique de la Diffraction (TGD) : (réf, 2 et 3) Initialement
développéa par Keller, la TGD est une extension de l'optique géométrique qui prend
en considération une nouvelle vlasam de rayons appelds rayons diffractés, On
{ntroduit alors un coefficient de diffraction D qui permet de calculer la SER dans
les cas ol l'optique physique tombe en défaut
INCONVENIENT : Le Coefficient de diffraction tend vers 1'infini dés zue le rayon
diffracté occupe deux positions particulidres dépendantes de la géométrie de la
cible et 1'illumination.

D ~ Théorie Uniforme de la Diffraction (TUD) : péf (%) C'est une extension de la TAD
qui prend en compta les positions du rayon diffracté pour lesquelles 1& théorie de
Keller tombe en défaut. On recalcule le coefficient D & un ordre plus élevé,
INCONVENIENT : Théorie trés lourde.
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Ltinconvénient global de ces thécries est qu'eslles ne donnent des rénrultats
acceptables que sur des conducteurs parfaits ce qui n'est généralement pas le cas si
1'on veut ef?ecf.uer des simulations réalistes, Il importe donc de pouvoir se ramener
3 des dielectriques, On utilise la formule suivante, qui est valable en zcne optique

0 diel =G cp IRI12 @

ol G’d“ldénigni la SER du didlectrique et O"D désigne la SER du corps parfaitement

conducteur, RF est le coafficient de réflexion de Fresnel calculd A l'intarface entre
deux miligux, Ce coefficient ne se calcule alsément que dans deux plans privilégiés
qui sont le plan d'incidence (contenant la dipection de propagatien et la normale

4 1'objet au point d'interaction) et le plan orthogonal {contenant la direction de
propagation et orthogonal au précédent). La Figure J précise cette géometrie !

Emission radnr
PLAN D'INCIDENCE

Vaecteur
propugation N'ormnle |

PLAN
ORTHOGONAL

FIGURE 3: Plan d'incidence el plan orthugonal

La fléche représente le vecteur champ électrique qul fait un angle © avec 1e plan
d'incidence, Cet angle ast dit angle de polarisation, On définit ainsi au niveeu de
1'objet un repére othonormé (//, L ,w) ol w est colindaire au vecteur propagation, //
est orthogonal & w dans le plan d'incidence et est orthogoha' & w dang la plan
orthagonal, Le champ électrique incident peut se décomposer de manidre unique sur //
et L de 12 manidre suivante !

sy ) ouBi/ Bl contt) e L w 1] i) (3)
D'oll 1e champ diffusé !
Bd//
Ed-(nu) 4)

La matrice de rétrodiffusion permet de calculer Ed// et £d)l en fonction de kiz/
et il . En effet, on obtient

B/ ratd al2 BY
. () (421 a22 Jaud) &
Qu
Qi eleilil op <Y oo/ L
T -
xr rr ©®
ol oLl gll ofell
A= T L %t

Ici, les SER sont telles que

ooy IRUIZ ou(hjde (#il)
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ol les q—ij cp sont calculées 3 ltaide des Formules d'approximation précédentes. Il

s'aglt maintenant de revenir au champ électrique regu au niveau de 1'antenne, En effet,
supposons que l'on ait une émisgion paralldle au vecteur viresse du satellite (ce qui
est le cas pour SEASAT) et une récaption directe, On nommera cotte direction H par
opposition 4 V qui sera orthognnale. La SER A& calculer est

4]

ol Edh est le champ diffusé projeté sur la direction H. Pour passer du champ diffusé

Ed de coordonnées Ed// et Edl dans le repére d'incidence au champ Edh, 11l suffit
d'effectuer cette projection, 81 les termes croisés de la matrice sont nuls, ce gqui ast
le cas généralement en zohe optigque, on obtient :

Edh 'f,'”{ IRe | o 6O o2(@) + |REL| Vod PN inZ@)} ()
11l suffit ensuite de repasser & la SER & 1l'aide de l'équation 7. On obtient

oHH « | R | Yor U0 cax?(g) + | REL| VoL JO4L) sin2(0)| 2 ®)

2.3 Calcul de la SER générale de 1a cible

line fols que les SER pont calculées pour chaque EGS et pour chaque position de
ceur-ci dans le lobe d'tantenne, i1 faut calculep la SER générule de la cihle par
combinaison des SER élémertaires, Ce calcul est possible en utilisant 1'équation
suivante valide en zone optique @ Supposcns que la cible soit composée de m EGS ! on

obtient
I 2
ot z‘«l'ifuxpu “—’%“) l )
-
ol O t est la SER générale et i (i € &1... .o mY ) sont les Hkk lémentacrea, di
est la distance de 1'EGS 1 & 1'antenne ét la longueur d'onde.

2.4 Caleul du signal brut et de ltimage brute de la cible

berniére étape de¢ notre processus de simulation de cible, nous sommes mainlunant echn
possession d'une collection de $ER de la cible représentant son comportement vig-devis
de l'onde hypnrfré?ucnco quand elle traverse le lobe de l'antenne., Il ne reste plus
qu'd caleuler le signal brut regu par le radar en moduleat Ya répnnse impulsionnelle
de celui-ci par cette BER. Pour cela, 11 Faut choleir un modélu de SAR compat.bie avec
le syatéme ayunt effectué les images support sur lesquelles 1'incrustation doit prendre

place.
Le moddle utiliséd est le suivant @

Supposons qu'il y ait M réflecteurs dans le lobe de l'antenne,
goit n l'impulsion courante,
seit k la porte courante

soit @(m}) e igm la S5ER complexe du réflecteur m,
solent (Xm, yYm, Zm) les coordoitnées du réflecteur m dans un repére 1ié 4 1'antenne,

soient (0,0 +H) les coordonnées de 1'antcnne relativement au méme repdre,
PR

noét rs la résolution en distance et f (x) la fonction de modulation en distance du
radar.,

Oon obtient le signal radar & 1'iumpulsion n et & la porte k !
meM

S(nk)e X‘KP o(m) ¢! rk. X 1) AZ(min) (n
i

avec

Aﬂm.n)-expj[.%’!-\/ X Tr e - Y22 + (H-Z)2 ) a2
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Le signal brut est calculé ainsi, impulsion par impulsion et stocké sur un support,
Il suffit de le corriger gécmétriquement et radiométriquement pour qu'il seoit
parfaitement compatible avec le support sur lequel 11 ast destind & &te incrusté, On
comprime alors ce signal brut en distance (rompression d'impulsion) et en azimut
{synthése d'cuverture) et on obtient 1l'image complexe (module et phase) de la cible

simulée préte

4 étre incrustée,

3. INCRUSTATTON

Nous gommes maintenant en possession de 1'image brute de la cible simulée pour un
cortain type de SAk. L'incrustation peut alors &tre exédcutée. Pour cela, certainas
précautions devront dtre prises, rPremiérament la zone sur laquelle 1'incrustation

devra prendre

place devra répondre aux doux critdres suivante

- Elle devra tve géométriquemsnt plane. Cela signifie que la zone ne sera pas

affectée de

prévoir la forme que prendra

reliaf, En effet, sl crétait le cas, il faudrait 8tre capable de
i: 1a réponse impulsionnelle du systéme SAP, Or, on ne

connaftra pds toujours un moddle numérique de terrain sufflsamment précis pour
pouvolir transformer cette réponse.

- Elle devra 8tre radiométriquement plane, Cela signifie qu'il n'y aura pas de gros

réflecteurs

& proximité de la zone sur laguslle ltincrustation fevra &tre

réalisée, La présence d'une grande structure réflectrice pourrait engendrer des

réflexions

Nous avong

multiples qui seraient impossible A maftriser,

cholsi une zone centrée sur l'aéroport de Cherbounrg Maupertus., En eflet,

le terrain d'aviation est plat et il rn'y a pas de grandes structures réflectrices
loln des installations aéroportuaires.

La deuxléme précaution qu'il s'agit de prendre concerne le procédé d'incrustation
Jui-méme qul est une addition complexe A complexe effectuée entre ) 'image brute du
gupport et ltimage brute simulée de 1a cible, Il est nécessaire en effet de mettre
4 0 les pixels du support devant &tre remplacés physiquement par 1t'incrustation.

De méme, 11 faudra mettre A O les pixels concernds par l'ombre portée par la cible
similée sur le sol relativement A 1'illumination radar, La position de ves pixels
est représentée sur la figure 4,

Z

*v
VUE DE DESSUS

Clble

slmulée e

BE Ombre portée

Cibl
o —g .= ¢

FIGQURF 4; Pixels convemds par Vincrustation.

Une fuis cas wrétraitements sur le support effectuds, i1 art possible de lancer
1'incrustation »ixel & pixel. On obrlent |'image brute résultat sur laquelle on fait

une détaction

nyuadratique pour obtenir les pixels en pulusance,

4. REBULTATS DE SIMULATION ET CONCLUSION

Lus résultate présentés au symposium concernent trols structures différentes qui
nous ont permis d'identifier trois paramdtres importants qui sont déterminants quand
oh parle de détectabilité d'une cible dans une image radar., Comme on pourra le
remarquer, chacun d'entre eux peut Faire en sorte que la détecticn de la cible soit

fmpossihle,

Premidre eimulation ! 11 s'agit de cing cylindres disposés A 200 m les uns des

autraes Bur un
sont hauts de
incrustés sur
ces cylindres
particulidre,

axe faisant 4%° avec le vecteur vitesse du satellite. Ces cylindres

25 m et de diamdtre dgal & 2% w. Ils ont @té simulés pour SEABAT et

la piate de 1‘'aéroport de Cherbourg Maupertus (FRANCE), Oh reconnait
parce que, dans leur ensemble, ils forment une structure morphologiquement
I1 est s80r qu'un cylindre unique n'aurait pas pu 8tre identifié. La

morphologie da 1a cible est donc un paramétre déterminant.

——
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Deuxiédme simulation t il s'agit d'une structure en U, Plusieurs simulations ont é&té
effectuées pour plusieurs or‘entations de celle-cl relativement A 1'illumination
SEASAT, Elle n'est vraiment identifiable que si elle est placée perpendiculairement au
faisceau radar. Ainsi, 1'orlentation de 1a cible est prépondérante.

Troisidme simulation : i1 s'agit de deux ardtes disposées & 90° 1'une de l'autre dans
un plan perpendiculairement au faisceau. On remarque que ei la polarisation lindaire
du champ électrique est paralléle & une de ces ardtes, 1'autre est invisible at
réeiproquement. Ainsi, la polarisation de l'onde émise et réfléchie peaut Faire en sorte
qutune cible donnée #0it indétactable. Dang ce cas et dans celui~13 seulement, certains
trait-mencs de polarimétrie peuvent &tre effectués si on dispose d'un SAR multipolari-
sation,
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CODAGE D'IMAGES SAR

P, TOURTILR
THOMBON-UB¥/LER
Avenue de Belle Fontains
38810 CESSON SEVIGNE
FRANCE

RESUME

L'imagerie SAR engendre des débits numériques tres importants tant au niveau de la
transmission qutau niveau de l'enregistrement.

Les t.dhhi?ﬂll de codaga d'images ont pouy but de reduire le débit tout en préservant la
qualite originale, oce gui permet par exemple, dialléger la capacité du canal de
transmission et d'augmenter la durée d'enregistrement.

Cat article préssnte las differantes technigiues ds compreusion existant A& 1'heurae
au:uzllo. La technique 1la plus performante A& base de transformée cosinus est décrite an
detalils,

Lew résultats obtenus avec cette technique par THOMBON=CSF montrent qu'un taux de
compression de l'ordre de 4 & 3 peut étre attuint sans dégradation visible ds 1'inage.

1 - JNTRODUCTION

Une image contiant une quantitée d!informations importante, typiquement 1'image noir et
blano est representda aprés numerismation par une matrice de painte pouvant avoir 246
niveaux de gris et elle ndcessite dono pour étre reprdsentés sous forme originale un

nombra de bits égal & 8 fois le nombre de points par le nonbre de lignawu.

Le but du codage d'images est de reduire cette quantite d'informations sans introdulre de
degradations notables dans l'image reconstruite. Plus précisément, un algorithme de codage
tranatorme l'imago ern une wséria da codes binaires qul permettent de raconstruire au
décodeur une imags dont le contenu ast arbitralrement proche de celui de 1'image
originale, 8i 1ltalgorithme est efflcave le nombre de bits de oes vodes binalres est
nettement inférieur au hombre de bits origlnel.

Cette rdduction ddpend emsentiellement de 1a oorrélation intrinséqua existant antre lem
points de l'image et de¢ la dégradation que l'on autorise & la reconstruaotion., La qualité
de 1l'image reconatrulte ddsirde dépend A son tour de l'utilisation ultdrieure de 1'image.
L'efficacitd d'un algorithme de codage est caractdrisde par son taux de compression défini
comme 1@ rapport du nombre de bits & la sortie du codeur par le nombra de bits & l'entrde
et la qualitd de 1l'image revonstruite.

Cette qualite se mesure d~ 2 fagona, objectivement par le rapport slgnal & bruit (REB)
définl comme mult !

258?
1 NN . 2
;; _1( X - *11)
I

ohxi est 1l'intenaité du point de coordonndes (i,)) dans 1'image reconstruite
et xij cdolle de la valeur dans l'image originala,

RBB(dB) = 10 1o,

ot subjectivement selon des oritéres psychovisuels.

Les différentes ndéthodes de ocodage existantes & 1'heure actuslle mont décrites au
paregraphs 2.

La méthode basde sur la transiormde cosinus qui conduit au meilleur taux de compression
est ddorite su paragraphe 3.

Des rémsultats obtenus sur des images BAR sont préssntés au paragraphe 4.

[ Sy
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2 ~ METHODES DE CODAQE

Toutes les méthodes de codage exploitent la redondance des informations prdssntes dans une
image. Cette redondance est lide & la prédictibilité des donndes.

Certaines méthodes suppriment ainei la radondance au hiveau sur point courant de 1'image
en codant la différence entre sa valeur et 1a valeur prédite A partir des points volsins,
Il s'agit de la modulation par Iimpulaion codée dqifférentielin (MICD) ou de la MICD
lﬂlptlt g: {MICDA) selon gue les poids servant au caloul de la valeur prédite suvient figés
ou variablas.

Dlautres néthodes travaillent au nivesu de blocs de points, 11 sa'agit dans ce cas de
transformst cet ensemble da points en une combinaison linéaira de fonctions de base. 81
l'ensanble de points est de taille adéguate c'est-i-dire approximativenment dgal au rayon
de ocorrélation des donndes un nombra reduit de fonotions des basé wulfit & représenter ie
signal., Da tellas méthodes do codage a'appellsnt méthodes par transformés, parmi les plus
conzucl on  trouve la transformée de Karhunen Loevs (TKL), d'Hadamart, de Fourier et
coainua (TQ).,

Le mellleur compromis aentre efticacitd de comprsasion st facilité d'implantation emt
obtenus aveg la TC.

En effat, oomma on le verra plus en détaills par la wsuite, la plupart des méthodes da
codage sont basées sur l'smploi de guantificateurs scalaires dont l'optimalité dépond da
1'indépendance des cosfficisnts transformés. Les thdorles de trajtement du signal montrent
que 'a TKL st optimals en cs msnm, cependant ses “onctions de base sont lidaes au signal
et dona inconnues au décodeur, Cl'est pour cettae ralson qu'on lul prdafére la T¢ qud
présente da trés bonnes propridtés de décorrélation pour la plupart des imeges et dont les
tonctions de base sont fixes,

Enfin, d'autres nethodes de codage tel qua le codage sous bande (1] existent, elles
correspondent & une combinalson des 2 autras types de méthole.

Dars la sulte, nous nous intércasons & la mithode A basa de TC car elle permet d'obtanir
des taux de compresaion d)levé et riéciste bien aux srreurs de transmission comma le
mentionne Jain (2],

3 - CUDAGE PAR TC
3.1 - TAILLE DES BLOCH

Dans cetta méthode, 1la TC enst appliquée sur des blocw de 1'inage. Deux raisons principales
pormettent da justifier oe choix. D'une part, ls reyroupament de pointas de 1'image ne
présents d'intdrdt que dans la mesurs ol la corrélation entrs ces points eat forte. Or ies
simulations effectudes sur dam images ont montré gu'une telle corrélation eut limiteu & un
voisinage de taille rdéduite, 4, 8 ou 16 points selon le type d'images.

D'autre part, la ocomplexitd da 1la TC oroit rapidement aveo la taille des blows. Afin de
faciliter Ll'implémentation de la transformés dem algorithmes rupides ont éte dlvologftn
ar CHEN {3]. LEE (4] et HAQUE (B8). L'architecturs de LEE & base de papillons a donné lleu

la realimation d'un oircuit VLAI [6) ganr une taille da bloc dgale & 16, En ce gui

gonocerne ltimplantation logicielle, j1 existe des processeurs spécislisds,

3.2 - DEFINITION DE LA %G

Les définitions de la TC directu et inverse saont las suivantes

dirscte 1
acqu) c(v) & ?if - ((lj+1)uw) on ((2k+1)vn)
Flu,v) = — EO Z {4,%) . cos T o W

v =0, 1, .14y Nel ou

lg pour ww 0

Ci{w) =
1 pour wwe 1,2, ,,, , N=1
inverse
wi Nel
£(4,k) » & ZQC(\.\) clv) Flu,v) . cos (ﬂ;;-)—u] vos [&};;M)
[ ya

J,km 0, %, yuu), N=1
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On  pesut montrer qu'il s'agit ‘'une transformés orthogonals, Cependant, contrairament & la
transforade de Fourier, elie n'est pas symétrigue et aelle nécessits deux processeurs
diftérents par la transformation aller et retour.

3.3 - PROPRIETES DE LA TC

La TC ssdde des propriétés qui expligquent las performances des algorithnes de
o?npro:n on qui en sont dérivés. Las plus importantes de ces propriétés sont donndes
ci-apréa.

a) Notlon da spagtxe

Il est possible d'associer & cette transfornmde 1la notion de spectre car chacune des
tonctions de base correspond A un motif dont les variations sont de plus en plus rapides
au fur et & mesure que l'on passe des premiéres fonctions & celles d'ordrs plus élavé. Lau
fonctions sont représentdes sur la figure 1.

FREQUENCY

Fonations de bane

Figureae 1

L'ordre selon lequel sont traités les voefficlents suit la repartition des freéquences
croissantes, Il s'agit d'un balayage zig-zag reprdésenté sur la filgure 2.

Ju0,..?

BY
1=0,...,7

\y

"y

aalny-g. du bloc at
repartition des fregquances
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b) Congentration de 1'dnergie

Les transformées orthogonales ont la proprieté de mnodifier fortement la répartition de
l'¢nargie tout en 1a conservant, L'aptitude de la transtormée A& conhcentrer lténergie sur
quelques fonctions de basme permet de prédire les performances d'une méthode de codage. Des
dtudes ont montre gque la 'TC dtalt parmi las transforméaes {ndépendantes du signal la
neilleure & cet égard (7).

¢) Distribution
Afin de ocoder au misux las coefficients, il est nécessaire de connaitre leurs

distributions. Des etudes approfondies ohnt montré que welon la nature des imagasc, les
distributions suiven: une loi gaussienne, laplaclenne ou de Cauchy,

Da plus, lea distributions sont centrées excepté pour le premiar coefficient qui
représants 1a valsur moyenns d'un bloc de 1'image et gul est donc pouitif., Leur variancs
décroit du premier ocoafficiert aux coefficlents d'ordre supériaur. Autrement dit, les
coefficients sont de moins en moins dispersés quand on passe das basses frédquences aux
hautas fréquances.

d) Decorrelation

Comme cela a &té mentionné prdcédenment, la TC decorréle les informations preémsentes dans
1'image et parmet donc un traltement mcalaire optimal.

o) Sosficienta & valeurs reelles

La TC produit dea coafficients 4 valeurs résllew, 11 faut dono les quantifier avant da
pouvolir leur associar des codss binairas,

3.3 - BRINCIPE DU CQDAGE PAR IC

La compression obtenue par les saysténes da codage & base de transformdes provient de 2
opérations effectudes sur les coefficlents :

a) Quantitication

Il s'aglit de 1l'opuration irréversible qui vise A diminuer le nombre de niveaux servant &
représenter un cosfficient transformé. Cette opération introduit dans 1'image une
diégradation gsndralement assimilable A un bruit blanc (b},

Un woin particulisr doit 4tre apporté au dessin du quantificateur (mseuils de
quantification, niveaux de reconstruation) pour limiter les artéfacts.

Deux typas de quantificateurs sont couramment utilises ¢

= lindaire (QL) : les seuils mont égquidistants.
= non lindaire (QNL) t les seuils sont choisis de fagon & consarver une valeur constante

4y rapport de l'erraur de guantitication sur la valeur rdells.

b) Cudage b longuenr variable (QLV)

IL »'sgit de 1'cperation réversible qui amssocie des codes binaires aux niveaux du
quantificateur. Afin de pouveir deécodsr le train binajre ragu au décodeur, il est
nécessaire d'imposer des contraintes sur le cholx des codes.

I1 eximte 2 types de codes répondant . la contrainte ds decodabilite.

- codes A& longueur fixe (CLF) t reprémentation binaire par exemple
= Qodes & longueur variable (CLV) ! de type Huffmann ou Huffwann calculé.

Les CLV produlsent par définition un nombre de bits variebles. Cela pose un probléme dans
la plupart des applizsations ol l'aon désirs obtenir un nombre de bits moyen counstant. Dans

le cas de wsdquences d'images, 11 faut prévoir une mémoire tampon et uns contre réaction
aur la pus moyan de quantification pour réguler le débit.

3.4 - SCHEMA DE CODAGE
Selon l'application choisie débit fixe ou varisble, on utilise respoctivement les schdmas

suivants i

a) QNL + CLF : voir figure 3
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Representation
—p—] TCD _>.‘ QNL 3| binaire

Schema a)

rigure 3

b} QL + CLY : volr figure 4.

TCD Mesmoire
—and > O 3| CLv L5 Tampon [

Sachema b)
Fligure 4

La complexite matdrielle des schémas est plus ou moins dquivalents. La partis dd)icate du
schéma a) réside dans le QNL qui ndcessite une batterie de comparateurs tandis qu'en ce
qui concerne le achéma b) 1la partie délicate est la rdalisation du CLV et de la mémoire
tampon ou les codes mont concaténda au codeur et isolés au deécodeur.

las psrformances an terme de rapport signal & bruit mont comparables, Cependant, le schéma
b) est beaucoup plus robuste car il code dans da bonnes conditione daes images da nature

diffdrente de cslles pour laquel il a dté optimisd sans avolr & changer les codes. De
méme, il fonctionne bien sur une largs plage de debit.

Blen que le RSB ne varis pas bsaucoup, les parformances du aschéma a) diminuent
considérablement dans ces conditions car il y a apparition d'artefacte duns 1'imaga.

4 - RESULTATS OBTENUS SUR LES IMAGES SAR.

L'slgorithme correspondant au schéma b) a détd programmé sur un ordinateur VAX 8800, Led

simulations permettent d'obtenir différents taux de comprsssion en jouant sur 1a finessa
du quantificateur,

Le tableau 1} donns les REB obtenus sur plusieurs typea d'imagea pour diffdrents taux de
nonpressivn,

Image 1

Taux de compresslon [Rapport signal & bruit (dB)
L 3 T
34.48
31.49
29.71
28.61
27.89

SN oom e w
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Inage 2

Taux de compression|Rapport signal & bruit (dB)
2T §0.07 T T
3 34.44
4 31.44
5 29.66
6 28.58
7 27,83
Tableau 1

La qualite aubjective des images obtenues esst bonne, n particulier dans le cas de faibles
taux de compression ol aucuna ddgradation ntest viamible,

De plus, deam essais complémentaires effectudas sur d'autres images BAR ont montré que
l'algorithme est robuste.

5 « CONCLUSION

Ditférentes techniques de compression A'images ont é¢té bridvement prdsentdes daus cot
article, Cslie basde sur la transformation cominus a éteé décrite en ddtails. Elle fait
partie des technigues les plus performantes A 1l'heure actuelle pour des applications ol le
taux de compression est dlevéd. Les resultats obtenus sur des lnages SAR sont tout A falt
encourageants et l'on peut ainsi espérer améliorer lems vapacités de stockage des systémes
utilises A 1'heure actuelle.
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