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Abstract-Defending the territory against the incoming threats
like high speed Intercontinental Ballistic Missiles (ICBMs),
Theatre Ballistic Missiles (TBMs), multiple Re-entry Vehicles
(RVs), Quassi-Ballistic Missiles (QBMs) and simultaneous or
coordinated attack ofone such class or combination ofall,
stillposesa daunting challenge tothemissile defence designers.
Although missile and other supporting systems are designed (or
selected) using extensive modeling & simulations and each of
them undergo various stages of qualification and checks, itis
imperative to carry out the actual flight trials to assess the
performances of each of these along with the overall mission.
Many times, flight trial with actual target is not possible dueto
unavailability of high speed (or higher range) targets and test
range constraint. In this paper, a method has been proposed
where theflight trial can be conducted with alow speed target
which can simulate allthe problems of hight speed target and
hence eliminate the requirement of testing high speed real target.

Index Terms-Ballistic Missile Defence, High Speed Target,
Hardware Limitation, Flight Simulation.

OnMarch23,1983,RonaldReaganannouncedtheStrate-
gicDefenseInitiative(SDI),popularlyknownasStarWars.
SubsequentlyseveralothercountriesalsopursuedforBallistic
MissileDefence(BMD)fortheirowncountriessecurity.
Ironicallyeachofthosecountriesalsogavegreatimportance
todevelopingveryintelligentandhighlyeffectiveoffensive
missilescapableofdeliveringnuclearwarhead,whichwill
eventuallycauseenormousdestructiontotheenemylandmass.
Thetechnologiesrequiredtoengagethesetargets,alsodevel-
opedinlatertimesandthusthebattleforsupremacybetween
offensiveanddefensivecapabilitiescontinuedforeverlet.al
[2]] .

Toreliablydestroyevenasimple,non-manoeuveringtarget
travelingatgreatspeeds(upto8-10 kmls) andprobably
possessingdecoystocreatelastmomentcountermeasuresis
verydifficult.Todoso,formanysuchobjectsapproaching
simultaneouslyhassimplybeeninfeasible.Themarginof
errorinBMDoperationcomesdowndramaticallyiftarget
accompaniesnuclearwarheads.Nuclearweaponsenormously
compoundedthetechnologicalchallengeofBMD,because
theysetthestandardforsystemperformancesohigh.In
essence,whenthetargetpayloadsarenuclearwarheads,only
perfectornear-perfectBMDperformanceisofanyrealinterest
[[3]].

Themissiledefencehasseenmanysuccessesworldwide

andstillremainoneofthemajorareaoftechnologicalmarvel.
Introductionofnewtechnologieshaspushedtheinterceptor
design,aswellastheassociatedweaponsystemstoperformas
afullproofmissileshield,butnoneofthesystemsworldwide
hasprovidedtheguaranteeof100%protectionagainstthe
enemytargets.

Althoughmissileandothersupportingsystemsaredesigned
(orselected)usingextensivemodeling & simulationset.al.[4]
andeachofthemundergovariousstagesofqualificationand
checks,itisimperativetocarryoutnumberofflighttrialsto
assesstheperformancesofeachofthesealongwiththeoverall
mission.ThedevelopmentphaseofMissiledefencesystem
canonlybefinishedifvalidationintermsofsufficientnumber
offlighttrialsaredoneandtheperformanceisdemonstrated.

Thepurposeofflighttrialsistoprovetheconceptand
allthesubsystems.Thiscanbedoneevenwithelectronic
targetandlowspeedtargets.Theotherobjectiveistoshowthe
capabilityinrealscenarios.Butvalidationatentiretyusually
isnotpossibleduetofollowingtypeofproblems:

1)Flighttrialsmaynotbecosteffective,
2)Targetsofallclassmaynotbeavailable
3)Testrangemaynotbeadequatetoaccommodatethe

engagementgeometry
4)Enemytargetinformationnotknownpreciselyand

hencethetargetthatistobeusedinflighttrial,can
notguaranteeexacttargetbehavior

5)Fullscalewar,wheretheactualenemytargetmaybe
firedisnotanobviousoption

6)Internationalpressure,etc
Insuchscenarios,themostappropriatemethodologythat

canbefollowedistousethemodelingandsimulationfor
theentireoperatingenvelopetoassesstheperformanceofthe
missileunderallpossiblecases.Subsequentlythevalidation
procedurehastobeestablished.Thevalidationprocesscan
followatwostepapproach:

1)Feasibleengagements:Numberofflighttrialscanbe
conductedandtheflighttrialdataneedtomatchwith
thepre-flightperformancepredictions.

2)Infeasibleengagements:Everycomplexsystemcontains
severalsmallersubsystems.IntheBMDscenariothere
areseveralelementsthatparticipateintheoverallmis-

Authorized licensed use limited to: Auckland University of Technology. Downloaded on July 26,2020 at 04:33:47 UTC from IEEE Xplore.  Restrictions apply. 



Theelevationplaneequationcanbesolved independently
as:

VT H sin (cPef + lef) + VT x cos (cPef + lef) =

VMf [sin / ef cos (cPef + lef) - cos / ef sin (cPef + lef)]

FromtheFig-[1,2]the relationship betweenthegimbal
angleandflightpathanglecanbefoundinboththeplanes
(Azimuthplane & Elevationplane),andthis relationship is
givenby Eqn-l.

(1)

-VTX+VM f sinief

VTH+VM f COSief
VTH sin(,pT-iaf)

tan (cPef + lef)

tan (cPaf)

3)Errorinthe computation ofwarheadfiringtime,esca-
latestoalevel,wherethemissileexhibitsthetendency
tomissthetarget.

4)Reactiontimeofthe BMD systemasawhole,reducesas
thetargetspeedincreases.Thetimeavailablefromthe
timethetargetisdetected(bytheearlywarningradars)
totheactuallaunchofthemissilefalldrasticallywith
targetspeed.

Extensiveflightsimulationaredonetovalidatethemissile
performance priortotheflighttrial.Theaimistoreduce
thenumberofrequiredamountofflighttesting. In caseof
complexaerospacesystemsthisprovideswell recognized ben-
efit. Simulation usuallyidentifythescenarioandthedifferent
possible casesinrespectofsubsystemstopredicttheoverall
performance [[1]].Thispaperbackstheideaofcombining
the concept ofsimulationand conducting certainnumberof
flighttrials,sothatmany impractical missionscanbeavoided.

II. SIMULATING GIMBAL ANGLE

Atypical engagement geometryforballisticmissileinter-
ceptionappearsasshowninfig-[1 & 2].Hereitisassumed
thatmissile longitudinal axisisalongits instantaneous velocity
vector(i.e.angleofattackattheendareassumedzero).This
isasafeassumptionasmissileguidancedoesnotkeepmuch
correction attheend.Thetargetusuallydiffusedinitsdecent
phase,whichmeansmissilewilllookatthetargetalways
intheupperhorizon.Henceseekerneedsahigherpointing
freedomtowardstheupperdirection, RPF beamshouldbe
pointed upwardandifa directional warheadisemployedit
alsoneedtobecantedtowardsbodyupdirection.

The engagement cannothappenina tail-chase modebe-
causeofthehighvelocity disadvantage ofthe interceptor with
respecttothetargetlet.al. [6]]. Hencetheflightpathangleof
themissilecannotbecomenegativeattheend.The minimum
possible valueof terminal flightpathangleofmissilecanbe
0°.

Thustheguidancelawusedinthemissilehastohavethe
followingobjectives:
(i) Non-negative flightpathangleatinterception.
(ii)Rangeof interceptor is enhanced withlowvelocityloss.
(iii)Meettheseekerlookangle constraint duringterminal
phase.

sionof neutralizing thetarget.Thedesignerneedtofind
outtheinfeasibleelements(orunrealisticconditions)
thathindertheactualvalidationprocessor conducting
theflighttrial.Theseelements(flightconditions)canbe
replacedwiththeir corresponding models(orequivalent
simulated conditions) toconductascaledflighttrial
wherealogicalconclusioncanbe ascertained aboutthe
overallsystem performance.

Thispaperexplainstheinnovativemethodwherealow
speedtargetcanbeusedintheflighttrial,butinducingall
theseproblemsintothe BMD performance.Thehigherseeker
gimbalangle requirement canbe demanded byselectingthe
targetwithhigherre-entryangle.Thisintumashighergimbal
to track thetarget.Highermisscanbeachievedbyintention-
allydelayingtheseekerpointing,thusreducingseekerhoming
timeandbymakingthehandingovererrortobuildupfor
somemoretime.Warheadfiringtimeerrorcanbeintroducing
additional noiseandbiasintothe RPF measurements. The
lowerreactiontimecanbe simulated byskirtingofftheearly
warningradarsbeaminsuchawaythatdelayeddetection
willoccur.Alltheseconceptscanbecombined,toobtainthe
desiredflighttrial performance againstahighspeedtargetby
usingamorerealisticlowspeedcounterpart.

Thispaperisorganizedasfollows:The operating principle
of BMD systemsanddifferent challenges posedforthe
successful neutralization ofanincomingtargetare explained
inchapter-2and3respectively.Gimbalangle requirement
duetohighertargetspeedisdiscussedinchapter-4along
withthe technique tosimulatethesameusingthelowspeed
targetintheflighttrial.Subsequently,chapter-5 & 6provides
insightintotheproblemsofhighermissdistanceandincrease
offiringtimeerrorandits associated simulationconditions.
Thereactiontime problem is deliberated inthenextsection
followedbythe concluding remarks.

I. PROBLEMS POSED TO THE BALLISTIC MISSILE
DEFENCE SYSTEM

Ballisticmissiledefenceprogramsaroundtheworldhas
facedconstant deliberation intermsoffinancial implications
w.r.toffencevsdefencepolicy.Attackisalwaysfoundhave
anupperhandandthisleadtothedesignand production
of intelligent andverylethaloffensivemissiles. Intelligence
provided totheBallisticmissilestendtodefeatthedefence
capabilityandhence BMD remainsassecondfiddleinterms
designanddevelopment.Technologylimitationsatvarious
subsystem designphasehas compounded the problem to
higherscale.Althoughseveraladvanceshavebeenmadeand
severalcountriescouldshowthetarget neutralization, thefull
scalevalidationandtarget neutralization intheentiregamete
ofoperationremainsasachallenge.

Themajorproblemsposedbythehighspeedtargetsonthe
BMD performance are:

1)Demandlargerseekergimbalanglesfortargettracking.
2)Missdistanceincreasesasthetimeavailablehanding

over correction reducesduetolowerseekerhoming
time.
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Fig.1. Elevation Planeofthe Engagement

TargetSpeed Target Re-entry Elevation Gimbal Azimuth Gimbal
Case No Angle (degl

(mls) Angle (degl Angle (degl

1 1000 50 25 0

2 1000 60 30 0

3 1000 70 35 0
4 2000 50 33 0

5 2000 60 40 0

6 2000 70 48 0

7 3000 50 38 0

8 3000 60 46 0

9 3000 70 54 0
104000 50 40 0

11 400 0 60 49 0

12 4000 70 57 0

13 5000 50 42 0

14 5000 60 51 0

15 5000 70 60 0

Seeker Gimbal angle Requirement

Elevation Plane

interceptor.Thiscanbeavailablebyjoiningthelinebetween
thepredictedtargetpointandthemissilelaunchlocation.
Missileusuallyengagethetargetbytravelinginthisfictitious
lineandhencethisanglecanalsobeassumedconstant.

Usingthisalgorithm,forthegiventerminalflightpath
angles bafl/ef) terminaldesiredgimbalangles (cPaflcPef)

canbecalculatedusingeqn-[2 & 3].

Fig.3. Seeker Gimbalangle Requirement

Differentengagementscenariosareexploredtoexplorethe
problemsencounteredbytheinterceptoragainstdifferenttypes
oftargets.TheMissilevelocityisassumedtobe1000mls.
Whereasthetargetvelocityisconsideredas1000mls 2000mls,
3000mls,4000m/s and 5000mls fordifferentruns.Thetarget
flightpathangleinelevationplaneisvariedovertherange
[50-70]deg.Usingtheeqn-[2 & 3]theterminalgimbal
arecalculatedandtabulated . Resultsarevalidatedusingfull
missile6DOFmodelandrealistictargetmodel[[5]]foreach
ofthegivenengagementscenarios.
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Azimuth Plane

Fig.2. Azimuth Plane ofthe Engagement

Elevation Plane,

where
VT x = VT sin IT : Target Vertical Velocity
VT H = VT cos IT : Target Horizontal Velocity
VM f = Missile terminal Velocity

Prioriinformationabout VT and IT arerequiredtobeknown
whicharetargetparametersatthetimeofinterception.These
canbeobtainedbyextrapolatingthecurrenttargetstates,till
thedesiredaltitudeofkillusingarealisticballisticmodel.The
calculationwillgivebetterresultifthereisnotargetmaneuver.

Thesolutionintheazimuthplanecanbeobtainedina
similarwayas:

Furthersimplificationleadto

(VT H sin /ef + VT x COS/ ef) COScPef =

(VT x sin /ef - VT H COS/ ef - VM f ) sincPef

Thesolutionintheelevationplaneappearinthefollowing
formas:

Fig.4.EffectofHighSpeedTarget

where 'l/JT canbeassumedtobeconstant,iftargetdoesnot
performany maneuver.rj... istheterminalheadingangleofthe

Figure-[3] & [4]suggeststhatasthetargetclassincreases
orlandthetargetre-entryangleincreasestheseekergimbal
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requirementalsogoesup.Similareffectcanalsobeseen
intheazimuthplaneaswell,wherethecrossinganglewill
dictatetheazimuthgimbalanglerequirementsimilartore-
entryangleintheelevationplane.However,everyseeker
comeswiththegimballimitationsandhencethehigherclass
targetstrackingmaynotbeaseasyascomparedwithlower
class.But,theeffectofhighspeedtargetingimbalangle
requirementcanbereplicatedusingalowspeedtargetbutits
trajectorycanbeconfiguredsothathigherre-entry/crossing
anglecanbeachievedwhichintumpushtherequirementfor
highergimbals.

Fromtheaboveanalysisitisevidentthat,tosimulatethe
caseno-13i.e.targetvelocityof5kmlsandreentryangleof
50°,caseno-5canbechosenwhichisagainstatargetmoving
with2kmlsvelocityandhavinganre-entryangleof70°.

III. SIMULATING HIGHER MISS DISTANCE

Asthetargetspeedincreases,theachievedmissdistance
alsogrows.Thisisduetothefactthatforagivenseeker
range,thehomingtimereducesasthetargetvelocityincreases
(producinghigherclosingvelocity).Thisintumreducestime
availabilityforcorrectingthehandingovererror.Ifhanding
overerrorbetweenRadartoseekerisnotcorrectedfully,miss
willoccur.

0.9

0.8

0.7

06
t
is05
c

04

Target Speed 1000mls
- Target Speed SOOOmls

- Target Speed 1000mls Simulating 5000m

10
Miss mstance .»

Fig.6.MissDistancevsSlowTargetwith Simulated Condition

IV. SIMULATING WARHEAD FIRING TIME UNCERTAINITY

RadioProximityFuzegivesveryaccuratetargetstatesmea-
surements(RangeandRangeRate)duringtheterminalphase
ofinterception.MissileOBCusesthemtocomputewarhead
firingtimeandissuesfiringpulsetothedetonationmechanism.
Likeothersensors,RPFalsopossesshardwarelimitationsin
termsofnoise,biasandaccuracylimits.Duetothis,there
maybeerrorinthefiringtimecomputation.Insimulationtest
bed,thiserroriscalculatedbycomparingagainstthefiring
timeobtainedusingthetruetargetinformation.

Fromtheabovefigureitisevidentthatthemissgrowex-
ponentiallyafteracertaintargetspeed.HenceitisImperative
toplantheflighttrialagainstsuchtargetwhichgiveshigher
miss.Thescenariocanbereconstructedusingthelowspeed
targetintheflighttrialwhiledelayingtheseekerlockonby
reducingtheseekertransmittedpowerandalsoincreasingthe
handingovererroratseekerhandovertimebyintroducing
positionbiasintheradarmeasurements.

Thuswithonlya1000m/stargetandbymodifyingtest
conditionsthescenariosimilartoa 5000mls targetcouldbe
exactlysimulated.Themissprofilebecamesimilartothe
actualtargetcaseasshowninfig-[6].Hence,itisconcluded
thattheflighttrialwithlowerspeedtargetcouldreproduce
similarresultastheactualcase.

CaseTargetTolerableMaximum
NoSpeedfiringtimefiringtime

(m1s)error(ms)error(ms)
11000 ± 2.500.4
22000 ± 1.250.5
33000 ± 0.830.6
44000 ± 0.620.7
55000 ± 0.500.8

TABLEI
BOUNDS OF FIRING TIME ERROR

Toillustratetheeffectofthefiringtimeerroronthetarget
neutralization,thetable-[I]isconstructed.Assumingatarget
of3.0minlengthandwarheadfragmentclouddiameterof
2.0m,thetargetresidencytimewithinthewarheadbeamcan
befoundoutwhichissummarizedinthetable.Theresult
shows,theallowablelimitsonthefiringtimeerror,comes
downdrasticallyasthetargetspeedincreases.

Montecarlosimulationiscarriedoutwith500runsfor3
suchcasesandtheresultsaregiveninfig-([7]-[9])

Thelowspeedtargetsproduceslowermissashoming
timeismore.Allthecorrectionsmusthavefinishedbefore
commencingtheendgameguidance.Themissileandtarget
mustbeinthecollisioncoursethatresultinnearmissand
higherwarheadeffectiveness.Theprobabilityoftargetkilling
isveryhighinthesecases.Thetargetresidencyperiod(target
insidewarheadbeam)extendstomorethanImseconeither
sidewhichgivesextramarginforanyerrorinthefiringtime
computations.

Asthetargetspeedgoesup,theerrorinfiringtimealso
increasesandtheresidencytimecomesdown.Bothofthese

12106
Miss Distance ---7

Fig.5.MissDistancevsTargetSpeed
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Firing Time Uncertainity

Fig.7.FiringTime Error againstLowSpeedTarget

factorsseverelyaffecttheoverallperformanceofinterceptor
againstthetarget.Marginsintermsoffiringtimeerror
becomesnonexistentaftercertaintargetspeedandthiswill
dictatetheinterceptorcapability.

thenetworkofearlywarningradarsinstalledinthedefending
country.Nowasthetargetspeedincreases,thetimetaken
bythetargettoreachaparticularlocationgetsshorterand
shorter.TheBMDsystemsusuallyworksintwomodes:Hot
startandcoldstart.Incaseofcoldstartlaunch,allthemissile
subsystemsareswitchedONonlyafterthetargetisdetected
bytheradars.Thetimetakenbytheinterceptormissilefrom
targetdetectiontoactuallaunchiscalledasreactiontime.
If thereactiontimefallsbelowthetotalpreparationtime
requiredbytheBMDsystem,themissionwillfailtoachieve
theobjectiveofneutralizingthetarget.

Lowreactiontimebeingcausedbythetargetspeedwhich
islinkedtotheperformanceoftheoverallweaponsystem
inBMD,needtobetestedinflighttrial.Thisscenariocan
betestedby:launchingalowspeedtargetagainsttheBMD
systemandalsodelayingthetargetdetectionbyradareither
byintentionallypositioningtheradarbeamsatselectivezone
sothatradarpicksthetargetlateorbyignoringallthe
measurementscomingfromtheradarstillapointwherethe
time-to-launchbecomesclosetothemissilepreparationtime.
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VI. CONCLUSION

EffectofhigherTargetspeedisstudiedindetailanda
novelapproachforalternatewayofvalidatingtheinterceptor
performanceisdeliberated.Theresultsarefoundtobevery
promising.Theimpactoftheabovesaidworkishuge,as
completeBMDperformancevalidationispossiblewithless
numberofflighttrialswithlowspeedtarget.Thiscanlead
tomassivesavingofdevelopmenttimeaswellascost.Cost
willbegoingtobeamajorboosttotheoverallprogramme.
Thusonlyalimitednumbersofflighttrialsarenecessaryto
checktheinterceptoreffectivenessagainstsometargets,while
againsttheothers,BMDperformancecanbedemonstratedin
atailormadeflighttrialwherethesamelowspeedtargetcan
beused,whileretainingalltheproblemsposedbythehigh
speedtargets.
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Fig.8.FiringTimeErroragainst Medium SpeedTarget
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V. SIMULATING LOWER REACTION TIME

SubsequenttotheBallisticTargetlaunchedbytheenemy
countrythefirsteventofBMDsystemisthetargetdetectionby
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