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TEXHUYKU EJIABOPAT

IIpoGJsieM KOjHu ce TEXHHYKUM pelieheM peniaBa:

CaBpeMeH pajap 3a Ba3[yIIHO OCMAaTpamke MOXKE OWTH 3aCHOBAH Ha IMOJYMPOBOJAHUYKOM
NpEeIajHUKY U MPOIECOpPY CUrHajia MO3HATOM Kao JETEKTOp MOKPETHHUX HUJbeBa (SHT. moving
target detector (MTD)). MTD je cienupuyHO OCMUIILIBEH 32 TIOTPeOe MPUMEHE Y HMITYJICHUM
Jlomnep pagapuma 3a Ba3[ylIHO OCMaTpame KOjU pafie y pexXUMy HHCKe (peKBeHIUje
noHaBJbarba umnysca (eur. low pulse-repetition frequency (LPRF)) [1]. Pamap ca MTD
nporiecopom, Tj. MTD panap, jeana je moaBpcera umiyscHor Jlormep pagapa.

Konnent nmnyncuor [lomiep pamapa mounBa Ha EMUTOBAY ITOBOPKE UMITYJICA ITO3HATE KA0
KoxepeHTHa yHH(OpMHA TTOBOpKa umiysica (enr. coherent uniform pulse burst) [2] u anamusu
onoujeHor curHana nomohy 6anke Jlormnep ¢uiarapa, Koja ce 4eCTo UMIUIEMEHTHpa momMohy
muckperne @ypujeoe Tpanchopmanuje (DFT). IlotuckuBame kiarepa, Tj. HEXKEIHEHOT
CHTHaJIa OJOHMjCHOT O] CTalMOHAPHUX WU CIIOPO-TIOKPETHUX O0jeKara, IOCTHXKE Ce
oIbarBameM CIIEKTPATHUX oa0Mpaka KojuMa je ooyxBaheH HajBehu neo eHepruje kiarepa.
[TomenyTo onmbanuBame je €KBHBAJCHTHO 3aHEMapUBamy, WU ,,IICH3YpUCABY' HM3JIa3HOT
curHana u3 Jlomep ¢unrapa y 4uju npomycHH OIceT yia3u Hajeehu 1eo eHepruje Kiartepa, a
3a KOje ce Kaxe Jia Cy ,,3acierbeHn * kiaarepoM. Ho, 1e0 KOpUCHUX CHrHalia, 0J0MjeHUX OJ1
IIMJBEBA, Tj. IOKPETHUX 00jekara oJ] uHTepeca, Takohe he Outu ogdaueH y OrMcaHOM IPOIIECY.
Haume, nusp MoXKe UMaTH TakBY panujayiny Op3uHy na My JloriepoBa gpekBeHIrja yaa3u y
oricer (pekBeHIINja KOju je IIEH3ypUCcaH pajJu MOTUCKUBamba Kiartepa rna he TuMe u b OuTH
notucHyT. OBakaB orcer (peKBeHIHja Ha3uBa ce ciena 3oHa (enr. Doppler blind zone), jep je
paznap ,,clemn’, oAHOCHO, HE MOX€E J1a OTKpHUBA IIUJbEBE ca oJpeheHnM orcerom paaujaiHuX
Op3uHa. Crerne 30He Cy LIEHTpUpPaHEe Ha 11eJI00pOjHUM YMHOUIIMMA BPEAHOCTU (pEKBEHLIN]E
noHaBJbarba uMmnysca (enr. pulse-repetition frequency (PRF)), a mmpuna uMm je jeanaka
MIMpHUHY IeH3ypucanux Jortep ¢punrapa. [Tomenytn npoGiem HapounTo noraha pagape Koju
pane y LPRF pexumy, jep makcumaiina JloriepoBa ¢ppekBeHIIMja 01 HHTEpPEca MOKE OUTH U
HEeKOJIMKO myTa Buma oja PRF, mTo pe3ynryje BUIIECTPYKHUM CIIEMMM 30HaMa Y OIICETY
JlorutepoBux (ppexBeHIHja 011 MHTEpEca.

Wmajyhy y Buay na je BpIIHa W3Ja3Ha CHara MOJYNPOBOJHHYKOT TpeNajHHKa PeIaTUBHO
HUcka, pena Beanmunae 10 KW, monynpoBOJHUYKK pajap ce Ocjama Ha eMUTOBAE TyTHX
UMITyJICca, Tpajaba pena BennunHe 100 us, 1a Ou ce 0CTBapro MPUXBATIBHUB OJHOC CUTHAI-IITYM
(enr. signal-to-noise ratio (SNR)) 3a nns/beBe Ha BETMKUM aa/buHamMa. EMHuTOBame Iyrux
UMITyJIca JOBOJHM 10 TpoOiieMa 3ampaunBama (eHr. eclipsing), jep mpujeMHHK Mopa OHTH
WCKJbYUEH JIOK Tpaje mpenaja, ma ce ryom MoryhHOCT OTKpuBama ITUJb€Ba HAa MallUM
najbHHAMA.

[Tpobnemu ca BuaspuBOIINY IMJbEBA Y3POKOBAHH 3aMpauyMBam-eM M CIICTIUM 30HAMa MOTY ce
npeBa3uhu, uin 0apeM yOIaKUTH, TPUMEHOM CJIOXKEHEe UMITYJICHE MOBOPKE, KOja Ce 3aCHUBA
Ha y4ellbaBarmy KPaTKUX M JIyTUX UMITYJIca U pa3nnautoM PRF y pasnmuuntuM nHTEpBaIIMA
KoxepeHTHe oOpaze (enr. coherent processing interval (CPl)). YVuenubaBameMm KpaTKux H
Oyrux ummysica yOnaxkaBa ce MHpobOiieM 3ampaynBama, jep KpaTKu HMITYJICH oMoryhyjy
OTKpUBaW€ IIUJbEBA HA MAIMM JJaJbUHAMa, a IyTH UMIYJICH oMoryhyjy OTKpUBame IIUJbeBa Ha
BEJIMKUM JajbuHaMma. Ynorpeobom Bumie PRF yOnakaBajy ce epexTu cimenux 30Ha, jep ako ce
noroaHo onadepy PRF, muss koju je npu jenHoj PRF y cnenoj 3ouu Hehe OutH y cienoj 30HU
npu apyroj PRF.



Jenan ciiokeH TanacHu OOJUK KOjU MMa MOTEHIMjall Ja 00e30e1 BUIJbUBOCT CBUX JaJbHHA U
pamujaHuX Op3WHA O] HMHTEpeca je KOXEPEHTHAa YyuelllJbaHa II0BOpKa UMIIyJca ca
BumiectpykuM PRF  (enr. multiple-PRF coherent interleaved pulse burst (MPCIPB)),
npukaszana Ha Ci. 1.
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Cn. 1 - KoxepeHmHa y4yewsbaHa No8OpKa umnysca ca suwecmpykum PRF (MPCIPB). Mpeyzemo u3 [3].

MPCIPB noapa3ymMeBa Jia ce BpEeMEHCKH IepHo;] 00paBKa [iJba y TIIABHOM CHOITY aHTeHE (CHT.
dwell time) nogenu va N CPI, npu uemy ce y cBakom CPl emutyjy aBe yuelsbaHe CeKBEHIIE
KpaTKUX M AYTMX HMIyJca, ca KoHcTtaHTHOM BpenHomhy PRF. Ilomenyra opranuzanuja
MPCIPB je nHa HewTo Ipyrauuju HauuH npeacrasibeHa Ha Ci. 1, riae je CPl nonessen Ha Buie
eNIeMEHTApHUX TanacHux obsuka (eHr. elementary waveform (EW)), ox kojux cBaku caapixu
KpaTak UMIYJIC Tpajama Ts W AYT UMITYJIC Tpajama T;, a Kalllbemke y3JIa3He WBUIE Tyror
UMIIyJIca y OJHOCY Ha y3Ja3HY UBUIy KpaTkor umnynca APRIg je koHcTaHTHO. Tpajame EW
y n-tom CPl o3naueno je ca PRI, a kpaTak ¥ JIyr UMIYJIC ce €PEKTUBHO IMOHABJhA]y ca
MeprUoIOM ToHaBJbarba uMmmysca (eur. pulse-repetition period wimu pulse-repetition interval
(PRI)) xoju je jennak Bpeanoctu PRI,. ts, T, APRIs n 6poj EW yuyTap CPIl np umajy ucre
BpenHocTH y cBUM CPI, 1ok je Bpeanoct PRI HenpomenssuBa ynytap jeanor CPI, anu ce mema
npenackoM y Hapeaau CPl. Ako ce anicrpaxyje MoAy/Iamuja yHyTap KpaTkor U Jyror UMITYJICa,
MPCIPB je nornyHo neduHucaHn BennduHama Tg, Tp, APRIs, np, N u ckymom PRI. IIpema
TOME, ITPOjeKTOBamke, o JHOCHO n300p MPCIPB cBoau ce Ha n300p MOMEHYTHX BEIMYUHA.

VY tpehem ozxesbky pana [4], mpodaem m3bopa MPCIPB ¢dopmynucan je kao BHIICIUIBHU
ONITUMH3AIMOHH TPOoOJIeM. MaTeMaTHYKd MOJeNl HaBEJICHOT ONTHUMH3AIMOHOT TpolieMa
cacToju ce oA 3 NMpPOMEHJbHBE OJUIydHBama, 6 OrpaHHYera y OOJIMKY HEjeHAaKOCTH U 3
GbyHKIMje Hba.

VY [4] cy nerassHO OmmcaHe TPETIIOCTaBKE M TpaHcopmanmje y3 momoh kojux ce Opoj
MPOMEHJBMBHX OJUTYYHBaa MOKE CBECTH Ha camo 3:

e xesbeHO nosehame npse mpase ciene JJomnepose ppexsenumje, r*,
® Tpajame Iyror UMITyJICa, Ty,
e mHajkpahu PRIy ckymy PRI, PRI,,;;p,.



dopmaiHe nehUHUII]E TPOMEHIBUBUX OJTYUHBAbA X1, X, | X3, K0 U BEKTOPA MPOMEHbUBHX
oJulyurBama X, npeysere u3 [4], HaBeaene cy y (1). [IpomensbrBa x4 je npupogan 0poj, a x,
U X3 Cy MO3UTUBHU peasHu OpojeBu. MehyTuM, y mpakTUIHO] UMILIEMEHTAIU]U TeHepaTopa
panapcKor CUTrHajia, BPeIHOCTH X, U X3, KOj€ MPEIICTaBIbajy BpEMEHCKE HHTEpBaie, J00ujase
Ou ce 1EeNOOpPOjHUM YMHOXKaBamkeM TEPHOJIC CHCTEMCKOT TakT curHaima. [Ipema Tome, ca
CTaHOBHINITA ONTHMH3AINjE MPOMEHJBHBE X, U X3 CY €JIEMEHTH JIUCKPETHUX IOJICKYIIOBa
CKyna TIO3WTHBHHMX peanmHux OpojeBa. CxomHo Ttome, mpobiem wuszbopa MPCIPB je
KOMOMHATOPHH ONTHUMH3AIIMOHU TTPOOIIEM.

Xy =1r", X3 =15, X3 = PRIy, 1)
x=[x1 x2 x3]T

JIONYCTUBH MPOCTOp OIyunBama X, oapehen ca 6 orpaHuyera y OOJHMKY HEj€IHAKOCTH,
dopmaino je nedunucan y (2). lerampu uzohema GyHKIHja orpaHrdera o1 g, (xX) 10 ge(x),
Mory ce BujieTu y TpeheM onebKy pana [4].

X ={x|gj(x)=0,j=12,..,6}
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[TapameTpn MaTeMaTHYKOT MOJieNia KOjU ce MojaBibyjy y (2) uMajy cieneha 3Hauemwa: Af,, je
orcer (peKkBeHIIrja, y KojeM He cMe OuTu mpaBux cienux JlomiepoBux ¢pekseHuyja, R; je
MHCTPYMEHTAJHA JaJbuHa, ¢ je Op3uHa cBemioctu (299792458 m/s), Arpyi, je HajMame
oAcryname npoMeHsbuBor (akropa PRI (Bumetn Tabemy 1 y [4]), Qsyr j€ MUHHMaNaH
n03BoJbeH 01HOC SNR | SNR;, (SNRg je oAHOC MPUMIBEHOT CHTHAJIA U IITyMa Kaja ce o0jekar
Ha MaKCHMAJHO] Ja/bMHM KOja je 3aMpayeHa TOKOM €MHTOBama Jyror HMITyJca
,,OCBETJIN* KPaTKHM MMITyJICOM, a SN R; je 0IHOC IPUMIBEHOT CUTHAJIA U IITyMa KaJia ce oojexar
HAa MHCTPYMEHTAITHO] AaJbUHHU ,,0CBETIH " TYTUM HUMITYJICOM), R,,in j€ MUHAMAITHA JaJbUHA OJT
uHTepeca, D je MakcuMaiaH J103B0JbeH (pakTop momyHe, 03 je Tpoaenudencka MUprUHa IIaBHOT
CHONa aHTEHe, W j€ yraoHa Op3uHAa OKpeTama aHTeHe, Ary,, je Cpelbe OJCTyName
npomensbuBor dakropa PRI (Bumern Tabeny 1 y [4]), a N je Opoj paszmuumtux PRF y
HMITYJICHO] TIOBOPIIH.



[IpBa ¢yHKuMja mMJbAa je OJHOC MPHUMJBEHOT CHUTHAjJa W IIyMa Kajxa ce objekar Ha
WHCTPYMEHTAIHO] AaJbUHU ,,0CBETIN  IyruM umnyicom SNR; .

Jpyra pyHkimja usba je nporeHat Jlomiepose BumibuBoctu DV P, nepuHucan Kao mporeHaT
orcera JloriepoBux (pekBeHIMja 01 HHTepeca KOjU HUje MPEKPUBEH BUILECTPYKUM CICTUM
30Hama. Bumectpyka ciena 30Ha je orncer (ppekBeHIja y KOjeM IOCTOj! MPEKIAamke CIETnX
30Ha nBe wim Buie PRF.

Tpeha dhynkumja uska je Herupana HajBeha pezonynuja mo paaujarHoj 6p3uHu —V R, 4y
®dopmainne repununmje pyaknuja nusba Fy (x), F,(x) u F3(x), kao 1 BekTopa QyHKIIHM]ja [I1Iba

F(x) naBenene cy y (3). JonyctuBu mpoctop IuibeBa Z aedunucan je y (4), 10K je cam
BUIICHUJbHU ONTHMHU3AIMOHH TpobsieM dopmysucan y (5).

P.G*2%c 0; ¥+ Arpin 1
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fmax
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Z ={F(x)|x € X} 4)
x* = arg;nax F(x)s.t. gj (x) =20, j=12,...,6 (5)

[TapameTpu MaTeMaTHYKOT MOJeNa KOjU ce 1mojaBibyjy y (3) umajy cneneha 3Hauemwa: Py je
BpILIHA CHara eMUTOBAHOI CUTHaNA, G je ToOUTaK aHTeHe, A je TajacHa Ay>KHHA HOCHOLA, O je
panapcka nospinuHa objexra (enr. radar cross section (RCS)), k je bomimaHoBa KOHCTaHTa,
Ty je ctannapaHa Temnepatypa, F je gakrop myma npujeMHUKa, Lg Cy CUCTEMCKH T'yOUIH, a
fmax = 2Vmax/7A j€ anicomyTHa BpeqHOCT MakcuMaitHe JlorutepoBe (ppekBeHIIHjE 01 HHTEepeca.
Oynkuja MBZD(f) ommcyje pacmopen BHIIECTPYKHX ciienux 30Ha. M3pa3 3a MBZD(f)
MOXe€ ce BUJICTH Y jeHaunHu (24) pana [4], y3 HanoMeHy J1a je y TOM paay HaBeleHa QpyHKIHja
o3Hauena ca MPBDI(f).

OO03upoM 1a Cy CBe MPOMEHJBMBE OUTydnBama achuaucane y (1) aucKpeTHe, ako ce
MIPOMEHJBHBA X; OTPAaHWYH Ca TOPHE CTPaHe, M3BOJJBHBHU IMPOCTOP OUTYYHBama CaAPKH
KoHauaH Opoj Tauaka. IIpema Tome, pemieme onTuMu3aiuonor mpodiaema (5), 1j. IMapeto
ontumanat ckyn (ITOC) moxe ce ofpeauTu METoAOM HcLpIHe mperpare. Hanme, motpe6HO
je Hajpe nmpoHahu cBe Tauke y U3BOJBUBOM IPOCTOPY OJITyYHBaAKa, U3PAUyHATH BPEIHOCTH
¢dbyHKIMja UIba y TpoHal)eHUM Taukama, a 3aTuM ofpenutu [lapero ontumanue (ITO) Tauke
nopehemem BpeqHOCTH (YHKIIHM]Aa IMJba Y CBAKO] TaYKH ca BpeIHOCTUMA (QYHKIIH]a IUJba Y
CBUM OCTaIMM Taukama. Ha oBaj HaunH Moxe ce er3akTHo oapeautu [1OC, mo meny myror
BpEMEHa U3BpIlaBamka u JIolle CKajJaOUIHOCTH.



[Tpobnem Koju ce OBHM TEXHHYKHUM PELICHEM pelllaBa je apokcuMaTuBHO oapehusame [10C
3a ONTHMHU3AUOHU TpobieM nedunucan y (5), MeToaoM Koja je Opa M CKalaOHMIHHja O
METO/Ie UCIIPITHE TIpeTpare, MEpeHo OpojeM omepairja nopehema koje ¢y norpedue na 6u ce
oapenuo [TOC.

Crame pemieHOCTH TOT PodJaeMa y cBeTy:

Onrtumanan u36op ckyna PRF 3a LPRF umnyncue Jloniep pagape, mehy mpBumMa je mpoy4aBao
Rihaczek. ¥V unmanky [2], Rihaczek je omucao mporenypy 3a u36op ckyna PRF, Tako na ce
MaKCUMHU3HMpa HHTEPBaJ y KojeM cy cBe JlomiepoBe PppekBeHInje BUABUBE IIPU OapeM jeTHO]
PRF. IMonpa3ymeBajyhu na ce ckyn PRF Oupa mo momenyroj mpoueaypu, Rihaczek je
npoy4yaBao IpoOJieM MHUHHMH3AIMje BpeMeHa OopaBka LWJba y CHOIY aHTEHE, IOJ
OTpaHUYCHEM 33/1aTe MIMPUHE HHTEPBaja y KojeM cy cBe JlomuepoBe GppekBeHINje BUAIBUBE
pu G6apem jennoj PRF, npu uemy je ykyman 6poj PRF y ckymy Tpetnpan kao mpoMeHJbHBa
o/utyurBama [2]. Y cBom HapemHowm pany [5], Rihaczek je mpormmpuo npodiaem yBoaehu 6poj
umnyica y CPl kao mpoMeHJBHBY OJUTy4MBama, T€ MPEICTABHO (OPMATU30BAH MPHUCTYII 32
pemiaBame mpobiiema. Y cBojuM pagoBuma, Rihaczek ce ycpencpeano Ha ontumusanujy
KOXEpPEHTHE YHH(POPMHE TIOBOPKE Y OKPYKEHY Y KOjEM je OTKPUBAE OPAaHHUYCHO KIIATEPOM.
[Tpobnem koju je y cymtuHH Bunienubad, Rihaczek je cBeo Ha jeaHOIMIbaH, 00YXBATUBIIN
BUJIJBMBOCT Y IoMeHY JloruiepoBux (ppeKBeHIHja KpO3 OrpaHHUYCHC.

Stocker [6] je npoyuaBao LPRF mmmnyscHe MOBOpKE ca MMITYJCHMAa Pa3IMYUTUX Tpajarba,
YKJbYUyjyhu M TIOBOpKE ca ydyellJbaHUM HMMIIYJICUMA, Y OKPYKEHhY Y KOjeM jeé OTKpUBAmbE
OTPaHUYEHO IIITYMOM, y IMJBbY TIOCTH3ambha 33AaTuX ep(hopMaHCH OTKPHBamba IMPH OTPAHUIEHO]
BPIIHOj UMITYJICHOj cHa3u. StOCKer je Bpeme OOpaBka 00jeKTa y CHOIMy aHTeHE IT0CMaTpao Kao
[IUJb KOjU Tpeba MUHIUMH3HPATH, 0K j€ YKyITHa eHepruja Ha nuiby y jeqHoM CPl oOyxBahena
KpO3 OrpaHHYCH-E.

Sedivy [7] ce 6aBuo ontumu3zanujom yHu(OPMHE MOBOPKE Y PpekBeHnnjcku armwHom MTD
panapy. Sedivy je mpoyuaBao moBopky ca nBe PRF, amu kapakrepuctuuHo je na je kao
MIPOMEHJBHBE OJITYUHMBaba Y3MMao Y 003U M yUeCTaHOCTH Hocuora. Sedivy je Kao nusb Koju
Tpeba MaKCUMHM3UpPATH MOCTaBHO IMpPBY MpaBy cieny Op3uHy. Y ciydajy ca camo nBe PRF
MaKCUMU3allfja TpBE MpaBe cierne Op3vHE EKBUBAJICHTHA j€ MaKCHUMU3AIHU IIUPUHE
uHTepBana JlomnepoBux (pekBeHIja y KojeM je o0e30eheHa BUABMBOCT O3 IpeKuaa.

Hughes [8] je moctaBno u3bop ckymna PRF 3a pagap koju paau y pexxumMy cperbe GpeKkBeHInje
noHaBJbama umityica (ear. medium-PRF (MPRF)) kao nmpo0GiieM Bulielu/bHE ONTHMHU3AIH]E,
WJIM TaYHK]j€ MHOTOIIMJbHE ONITUMU3AIIH]je, 003UpoM j1a je uaeHTudukobano 9 nusbesa. Hughes
je nubeBrMa 00yXBaTHO BUAJBHBOCT y IpocTopy AasbuHa / JlomnepoBa GpekBeHIyja, M0jaBy
JyXO0Ba M MOTpeOHO BpeMe OopaBka 00jeKTa y CHOINY aHTEHE. 3a WHUIIM]ATHO UCTIUTHBAE
pemiewma mpobiiema aytop je kopuctuo Tpu anroputma: Non-dominated sorting genetic
algorithm 11 (NSGA-I1I), Multiple single objective Pareto sampling (MSOPS) u Tpehun
HEMMEHOBAHU aJiTOpUTaM KojH je Taja 0uo y pa3Bojy. CBa TpH alropuT™Ma Cy Umaia CIU4yHe
nepdopmMaHce U TpoM3Bea CIMYHA PEIIeHa, 3a KOja je ayTop MPETIIOCTaBHO Jla Cy OJIMCKa
crBapHoM [lapero dponty (I1d). Hughes je Takohe cyrepucao Ha MoryhHOCT KOMOMHOBambA
peliema J00MjeHUX pa3InuuTUM AIFTOPUTMHUMA U ITPOHATAKEHE KOMIIO3UTHE allpOKCHMaIIH]je
[1®, mana nenyje 1a je y KOHKPETHOM CIy4ajy OAYyCTao Of Tora 300T Mpeayror Tpajama TaKBe
oreparyje.



Kao mTo ce BUIM W3 MPETXOTHOT M3Jarama, MpoOJIeMU ONTHMATHOT H300pa KOXEPEHTHHX
YHHU(DOPMHUX TOBOPKH HUMITYJICA M YYCIIJbaHUX TOBOPKH HMITyJICA HCTPaXHBaHU CY H
peliaBaHu oj cTpaHe ApPYrux ayropa. Ho, mpema HammM ca3HamHUMa, CTake TEXHHUKE HE
o0yxBaTa pemiemhe npodiieMa anmpokcumatuBHOr onpehuBama [IOC 3a onTUMH3aNMOHU
npobsem uzbopa MPCIPB, nedunucan y (5), meromom koja je Opka M CKalaOHIHHja O]
METO/IC UCIIPITHE MpeTpare, MepeHo Opojem omepainuja nopehema Koje cy norpedHe 1a ou ce
onpexauo [TOC.

Onuc TEXHHYKOI pelieha ca KapaKTepucTHKamMa, yK/byuyjyhu nparehe
WIyCTpalMje ¥ TeXHHYKe LpTexKe:

OBO TEeXHHYKO pelllemhe OAHOCH Ce Ha IOCTYyHak 3a anpokcumaTuBHO ojpehuBame I1OC 3a
ontumu3anonu mpoodiem m3dopa MPCIPB y nonynposogamukom MTD panapy, nedunucan
y (5), MmeToioM Koja je Oprka U ckalabMIIHUja OJ] METOJIe MCIPITHE TpeTpare, MepeHo OpojemM
omeparuja nopehema koje cy nmorpedne ma 6u ce oapeano [TOC. TexHWYKO penicme je
3aCHOBAHO Ha TMOMYJapHOM BUIIEHHJbHOM eBosnyTHBHOM anroputmy NSGA-Il, koju je
JeTajbHO onmcaH y [9].

[TocTynak, KOju je CylThHa OBOT TEXHHYKOT perieka, HazBaH je NSGA-I1 with Combining of
solution sets using Exhaustive Search (NSGA-11+CES). IToctynak NSGA-I1+CES nerasbHo je
OIKCaH Yy o/1ebKy 4. pana [4].

NSGA-II+CES je 3acnoBan Ha NSGA-Il ca GuHapHOM penpe3eHTalHjoM MPOMEHJBHBHX
OJUTy4HBamba, JeTHOMO3UIIMOHUM YKPIITalkheM, OUTCKOM MYTallljoOM H 3ayCTaBJbabeM Ha 0aszu
JOCTUTHYTOT 3aJ1aTor Opoja rereparyja. [lapamerpu oBakse Bapujante NSGA-II cy: Benmnunna
nonynainuje Np, 3amatu Opoj renepanuja N;, BepoBaTHOha yKpiTama p. W BepoBaTHoha

MYTaIuje Ppy,.

Mortus 3a pa3zBoj NSGA-I1+CES 6uine cy nome nepdpopmance camor NSGA-I1 Ha mpeagmeTHOM
npobiiemy, kao mro je omucano y [4]. Haume, nopehemem anpokcumaruje I1dD nobujene
jenaum u3BpuaBambeM NSGA-II ca ersaktaum I1d no6ujeHuM UCIPITHOM MPETParoM, yo4eHo

je [4]:

e 1a ce nojeauHayHuM u3BpiaBambeM NSGA-II nobuja nomra anpokcumanuja [1D,

e 1a anpokcumanuja I1d 3navajHo Bapupa of u3BplIaBama A0 u3BpuaBamba NSGA-1I,

e 11a je Opoj paznuuntux pemrewa (eHr. different solutions) na xpajy n3BpmaBama 3HauajHO

MarbU 0J1 BEJIMYHMHE MOIYJIalldje, Tj. a TIOCTOjH BEJTHKH OpOj MPEKIIOMIbEHHX pelieka (SHT.
overlapped solutions), ogHOCHO MOHAaBJbaEka UCTOT PEIICHA.

Excrutoparmjom mpocropa mapametapa NSGA-II, youeno je nga mosehaBame BennuuHe
nomnynanuje u (y Mamboj MepH) BepoBaTHOhE MyTallje JONPUHOCH MOOOJbIIAKkY KBAJTUTETA
nobujene anpoxcumanuje [1D, nok Bapupame Opoja reHepaiija u BepoBatHohe ykpiiTama He
JTONPUHOCH MOOOJpIIaky KBanuTeTa nobujene anpoxcumaryje [1D [4]. Mehyrum, gak u ca
3HayajHO NoBehaHOM BENMUYMHOM TOIYylaluje, a TUME M 3HaYajHO MPOAYKEHHUM BPEMEHOM
W3BpIlIaBama, KBaUTeT anpokcumanuje I1d u moHOBBUBOCT pe3ynTara U Jajbe HUCY OWIn
3a0BosbaBajyhu [4]. TIpu ToMe je O6poj pasIuuuTHX pelieha 0o 3HaYajHO MarbH O] BETUYHHE
nomnynaiuje, Tj. Hajeehu Jeo BpeMeHa W3BpIlIaBama je TpaheH Ha MOHOBHO NMPOHAIAXKEHE
pemeba Koja ¢y Beh nponahena [4]. Tlpumeheno je mocrojambe HEIOMHUHHpPAHHMX Tadaka y
anpokcumanuju I[1® koje ox ctBapaux [10 Tauaka oactymnajy camo o GpyHkuuju musba SNR; .
TakBe Tauke mMmajy ucre BpemHocTH QyHkuuja mwba DVP | —VR., kao oarosapajyhe



ctBapHe 10 Tauke, a oactynajy mo SNR;. Y 10myCTHBOM IIPOCTOPY OUTyYHBamka CUTYaIlHja
j€ CIIM4Ha, MOCTOjH MOTIYHO HoKIaname 1o ™ u PRI,,;,, a oactyname 1o 7; [4].

[Toctynak NSGA-I1+CES uckopumrhasa BapujaOuitHOCT pe3yaTara J00HjeHUX M0jeIMHAYHUM
mBpiiekuMa NSGA-1l y nmuspy mobossinama kBanurera anpokcumanuje [1d. NSGA-11+CES
ce 3acHMBa Ha MoHaBJbamky u3Bpiieka NSGA-II Np nyra, popmupamy yHHje CBHX pelIcHa
nobujernx y cBux Np m3Bpmiema NSGA-II m ucupmHOj] mperpasu 3a HEJOMHUHUPAHUM
pememuMa y yHUju. KapIuHATHOCT yHHUje CBHX pellema Jo0HjeHuX y cBUX Ny U3BpILICHA
NSGA-II je 3anemapsbriBa y oHOCY Ha OpOj Ta4yaka y JOIMMYCTHBOM MIPOCTOPY ONTyUUBaba, 1M
je ¥ Tpajame HCILpPITHE MpeTpare yHyTap YHHje 3aHEMEpJbUBO Y OJHOCY Ha Tpajarme MCIPITHE
nperpare Mo 1ejoM JOIMYCTHBOM MPOCTOpYy oaiyunBama. Jujarpam toka nmoctynka NSGA-
I1+CES npukasan je Ha Ci. 2 a).

Jujarpam Toka qOMEHCKH crienuduyaHe mporeaype Koja yoaakaBa TUBEPTEHIIN]Y pellckha 110
MIPOMEHJBMBO] T;, puKkasad je Ha Cir. 2 0). [Iponeaypa je n3BoasbrBa 3aXBajbyjyhu YnCHUALIN
na oj cBUX (pyHKIHMja 1Hba, camo SNR; 3aBHCH 01 IPOMEHJBHBE T;, & CACTOJU CE y TOME Jia
ce 3a cBako peueme koje je mpousseo NSGA-II, npomenspuBa t; garor peuiema ypeha Komuko
roa je moryhe, y3 momiroBame orpaHuucia HaBeaeHuX y (2), a 3atum BpeaHoct SNR;
KOpHTYyje pemMa HOBOj BPEITHOCTH T,

( NSGA-II+CES Improve different

solutions
v v
IS =1
v > i=i+1 !
Prepare NSGA-II input le For I-th different solution,
parameters increase 7, as much as

e possible, taking care not «——

.j> Ng o . to violate constraints
B g(x)=0, /=1,2,...,6

A J

Execute NSGA-II

YES
Y v

A 4

Find different solutions
among NSGA-II results

A J

Improve different
solutions

A J
Find non-dominated
solutions among
improved different
solutions, using
exhaustive search

a

Merge non-dominated
improved different
solution sets from all Ng
runs, and eliminate
multiplicate solutions

Y

Find non-dominated
solutions within the
merged set, using

exhaustive search

END

For /-th different solution,
recalculate SNR, to
reflect the increase in 7,

I=1+1

- V /> NDS -
YES

END

0

—NO

Cn. 2 — NSGA-II+CES: a) Aujaepam moka anzopumma, 6) Aujazpam moka npoyedype 3a Kopuaosare peulersa, eoe je Nps
YKynaH 6poj pasauvyumux pewera 0obujeHux obpadom pe3yamama jedHoe usspwera NSGA-II. lpeyzemo u3 [4].

Ckyn HenOMUHHpaHUX peuniewma koja cy pesynrar NSGA-II+CES nazpahemo kommo3utHOM
anmpokcumarigjom [IOC (KAIIOC), a meroBy mpojeKnHjy Ha TPOCTOp OJTyYUBamba
KoMno3uTHOM anpokcumanujom 1D (KAIID).



[Tapamerpu noctynka NSGA-I1+CES cy:

e BenuuuHA nomynanwuje Np,

3agatu Opoj renepanuja Ng,

BepoBaTHONA yKpIITama P,

e BepoBaTHOha MyTaryje p,,,

e 0Opoj moHoBJbeHUX m3BpIIeEHA NSGA-II Nj.

N3060p BpemHoCTH HaBeneHHMX MmapaMerapa yTude kako Ha kBamuteT KAIIOC, Tako u Ha
Op3uHy u3BpLIaBama nocrynka. ¥ [4], kao mepuna kBanurera KAIIOC ycBojenu cy ykynaH
0poj pazmuuutux pemema y KAIIOC u 6poj Taunux pemema y KAIIOC, nok je kao Mepuiio
Op3WHE M3BpIIaBama y3eT MpuoOimkan Opoj omepaija nmopehema MOTpeOHUX Ja ce OApean
KATIOC N, unja BpenHoct ce padyHa kao No = M - N5 - Ng - Ng, rae je M 6poj dynkiuja
musba. 1lIto je Behu Opoj TauHMX pemiema U mITO je Mama pasnuka u3mely 0poja yKynmHHX U
tayHux pemema, To ce KAIIOC cmatpa kBanuretHujom. Ca apyre cTpaHe, IITO je Mambe
oreparyja nopehema motpedHo 3a oapehuBame KAIIOC, To ce Op3nHa W3BpIIaBama cMaTpa
BehoM.

VY [4] je y xpaTkuM IpTama onkcaHa CTyauja y Kojoj cy nopehene nmepdopmance NSGA-
[1+CES ca 12 pa3nuuuTux CKynoBa BPeIHOCTH IMapaMeTapa, Ha MaTeMaTH4koM Mojeny u3 [3],
KOjH je CIIMYaH MaTeMaTUYKOM MOoJieny JeuHUCAHOM Y OKBHpPY omnuca npobnema. Ckyn Sy =
{Np = 400,N; = 100,p. = 90%, p,, = 4.3478%, N;r = 30} y [4] je unentudukoBan Kao
,,Haj00JbU* CKyI mapameTapa, jep 06e30elhyje Hajpehu Opoj TauHUX peliema y3 HajMambu Opoj
CYBMIIHUX peniema, koja uHucy I10. Ckyn S, = {Np = 100,N; = 25,p, = 90%, p,, =
4.3478%,Ng =30} y [4] je wunmenrupukoBaH Kao ,,HajOpKU CKyI Iapamerapa, jep
00e36ehyje Benmku Opoj TaUHMX peElIeHa y3 pellaTUBHO Mald Opoj omeparnuja mopehema.
Mebhyrtum, ckyn S, 7[aje ¥ pelnaTUBHO BENMKH OpOj CYBMILIHHUX pellema, Ma OM ce merona
MpUMEHA MOIJIa NMPENopyYUTH ako Op3MHA M3BpILaBalkba UMa HAJBHUILM NPUOPUTET U aKO je
Moryhe TojiepucaTi CyBUIIHA peLIeHa.

Pamu unycrpanuje neppopmancu NSGA-I1+CES 6uhe npukazanu pe3ynraT TecTa, Ipey3eTH
u3 [4]. 3a motpebe Tecta, kopuiiheHa je jeJlHa MHCTaHI[a MATeMaTHIKOT MoJiena qe(uHICAHOT
y OKBHUDY OIrca mpobiiema, Koja oJiIroBapa XUIMOoTeTUYKOM caBpemeHoM paaapy y VHF oncery.
VY Tab. 1 npuka3ane cy BpeJHOCTH MapaMeTapa MaTeMaTUYKOT Mojela Koje cy KopuitheHe y
TeCTy. Tsrgp U PRIgrpp Cy KOpalll JUCKpeTHU3allHje MPOMEHIbUBHUX OATy4YnBama T, U PRI in,
PECIIEKTHBHO, a Of,, j€ CTaHJapjHa JeBUjalMja CIIEKTpa KiaTepa yciea BeTpa. 3a morpede
TecTa Takole je mpeTnoCcTaBbeHO Ja MPOMEHIbMBA OJUTYIHBaba T HE MOKE UMATH BPEIHOCT
Behy ox 35. Tect ce cactojao u3 jearor m3Bpiema NSGA-I1+CES ca mapameTpruma u3 ckymna
S1 = {Np = 400,N; = 100,p, = 90%, p,, = 4.3478%, N = 30 }.

Ha 6u ce yrBpauo kBanurer KAII®, a tume u xBanurer KAIIOC, BpuieHo je nopehemwe ca
er3akTHUM [1® noOujeHHM METOAOM HCUpPIHE MpeTpare, Koju je npukaszad Ha Ci. 3. [1O uma
gyetupu Kpaka: 1) A-B, koju ce cactoju o tauaka A, B u cBux tavaka [1® usmely mux; 2)
A — C, koju ce cactoju ox Tauke C u nBe tauke [1® HenocpenHo necHo ox tauke A; 3) D-E,
Koju ce cactoju ox Tayaka D, E u cBux tavaka [1® uzmely wmux u 4) F-G, koju ce cactoju ox
tauaka F, G u cBux tayaka [1® usmelhy mux.



Tab. 1 — Mapamempu mamemamu4koa MoOesa Koju 00208apajy xurnomemuykom caspemeHom VHF padapy. lpeyzemo u3

[4].

Ilapamemap Bpeonocm
Pt 8 kw

G 426

A 1.6667 m
To 290 K

03 6°

w 36 °/s

F 1.6965
Ls 26.3027
o 5 m?
Rmin 1.5 km
Ri 360 km
Vmax 700 m/s
D 0.1

QsnR 10

N 4

USTEP 10 ps
PRIgrgp 10 ps
Ofw 0.3 Hz

Ho, jeauno je xpak A—B peneBaHTaH 3a mpolec JOHOIIEHa OJIyKe Y MPaKCH, jep cBa TpU
rpeocTajia Kpaka HyJe 3aHeMapJbUBO mMoBehame BpeTHOCTH jeaHe on (GyHKIMja Iusba, Ha
yIITpO 3HaYajHOT CMambEeHha BPETHOCTH jeTHE 01 IPEeOoCTAINX (QYHKIM)a LUJIba.

Pesynratu Tecta mpukazanu cy Ha Cn. 4, y Buny nopehewma KAIID nobujene momohy
NSGA-II+CES wu erzaktHor [I® poOujeHor wucipmnHOM mperparoM. Bumm ce npa je
NSGA-II+LEC ycreo na mponahe cBe Tauke kpaka A—B ctBapror [1®, a 1a HUje ycneo aa
npoHalhe camo 6 Tauaka octanux, HepeneBaHTHUX kpakoBa [1D. KAII® caapxu 3 cyBuiIHa
peliema, Koja cy MelhyTuMm Tako Mo3MLMOHMpaHa Ja He Ou JoBena J0 3HA4YajHUX rpelaka
NPUIIMKOM JIOHOIIEHa OJyKe. Pe3ynraTu Tecta MHIUKYjY Ja jé ca CTAaHOBMIITA TAYHOCTH
noctynak NSGA-I1+CES ajekBaTHO permieme mpeMeTHOT mpodiema.

3a npumep KopuiheH y TecTy, YKynaH Opoj Tayaka y JOIyCTUBOM IPOCTOPY OATyUHBamHbA j€
Ng = 1102106, Ha ocHOBYy uera mpuOmmxan Opoj omepainuja nopehema mnoTpeban 3a
onpehuBame ersaktaor I10C m3nocu NES = MNZ = 3643912905708. Ca apyre crpame,
npubnmxan Opoj omepauuja mnopehema mnoTpedan 3a oxapehuBame KAIIOC mnomohy
NSGA-I1+CES uznocu N = 1440000000. ITpema 6pojy onepanuja nopehema norpeOHuX 3a
onpehusame [TOC, NSGA-11+CES je on ucpmnue npetpare Opsxu npudimxuao 2500 myra, mrto
je paszmuka o npeko 3 pena Benuumae. NSGA-II+CES je y3 To u ckanabuiaHujH, jep Opoj
nopehema y NSGA-11+CES ne 3aBucu oz 6poja Tauaka y JOIyCTUBOM IPOCTOPY OJUTyUHBabA.
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Nondominated solutions in objective space, full sample composite (30 runs)

]
22 - g0 ©
@
%
[:)
-22.5 4 8
Eﬂa EB@
© G
2 2 % 9 ‘e
'gx - i : B 63o
mg e
-23.5 4
@
= O  True
1] 2] .
X 244 g +  Nondominated
e ] O Correct
[22]
o
-24.5
o)
-25 - ©)
15 0
10 50
5
0 100
F,(x) = DVP [%]
F,(x)=SNR

Cn. 4 — Pesynmamu u3zspuwasarba NSGA-II+CES ca napamempuma Np = 400, Ng = 100, p. = 90 %, pm = 4.3478 %, Ng = 30,
cmeapHu M@ (naasu kpyzosu), KAM® (upseHu kpcmuhu), npecek MN® u KAM® (upHu keadpamu). Mpeysemo u3 [4].



MzpmaBame NSGA-II+CES ca mapamerpuma u3 S; Tpaje Mame on 2.5 MuUHyTa Ha
CaBpeMEHOM pauyHapy ca meHtpaiauM mpouecopom Intel Core i7-4700HQ, yuecranoctu
takta 2.4 GHz u 12 GB panne memopuje.

3axBaspyjyhu BucokoMm kBanurety KAITOC u penatusHo Op3oMm uzBpmaBamy, NSGA-11+CES
O Morao na Oyje KOpPHCTaH aiar 3a MPOjeKTaHTe PaJapCKUX CHCTEMa, alld U 32 KOPUCHUKE
palapcKux CUCTEMa, Kao IITO Cy IUIAHEPHU MUCH]jE, TIa YaK M ONepaTepu Y TOKY OIepaTHBHOT
pana panapa. Hamme, mpunmkom mpomene onpehenux ¢dakropa Koju cy HoJ KOHTPOJIOM
oreparepa, Kao IITO je HIIp. Op3uHa OKpeTamba aHTeHE, WIIM BaH KOHTPOJIE oreparepa, Kao mTo
je Hip. Op3uHa BeTpa, J0JIa3u 10 IPOMEHE IIMPHUHE CIIEKTpa KiaTrepa, Koja ca Apyre cTpaHe
yTude Ha BpenHocT pynkiuje nuiba DV P. IIpema Tome, Moryhe je aa TOKOM OnepaTHBHOT paja
MPCIPB xoja je Owia onTthMaiHa IMOCTaHE HEONTHUMAJIHA, YCIEA MPOMEHE MPETXOHO
nomenyTux (akropa. Camum Tume notpebHa je moHoBHa ontumuzauuja MPCIPB y toky
OTIEpPAaTUBHOT paja, paau Mpuiarolema HOBOHACTAINM YCIOBUMA. 3axBaJjbyjyhu peraTHBHO
KpaTKkoM BpeMeHny u3BpiuaBama, NSGA-11+CES uma noreniyjan 3a onrcano npuiarohaBame
MPCIPB TokoM omepaTUBHOT pajia pagapa, Tj. Y peaTHOM BPEMEHY.

NSGA-1I+CES 6u Morao na O6yae KOpHCTaH ajiar U 3a UCTPaKMBaye y 00JIaCTU UMITYJICHUX
MOBOPKH y UMITyJICHUM JloTuiep pagapruma, Kao U 3a HCTPaXKUBaYe y IPYTUM O00JIaCTHMA, KOjH
ce cyoyaBajy ca onTuMu3auuoHuMm mpobiemuMma y kojuma NSGA-Il, wnu Heku apyru
METAXEYpPUCTUYKH ONTHUMH3AIMOHH QJTOPUTaM y CBOM H3BOPHOM OOJHMKY HE Jaje
3a/10BoJbaBajyhe pesynrare.
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e Jloka3: o0jaBibeH paj kareropuje M22 [4]
e Jlucra panuje npuxBaheHUX TEXHHUYKUX pelietha (TI0jeIMHAYHO 3a CBAKOT ayTopa)
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Abstract: A solid-state, very high frequency (VHF) band, moving target detection air surveillance radar requires a complex
pulse burst waveform to mitigate the visibility issues originating from the blind Doppler intervals and range eclipsing. The
waveform employs multiple pulse repetition frequencies to mitigate the effects of the blind Doppler intervals and interleaves
short and long pulses to mitigate range eclipsing. In the authors’ previous works, they pointed out that the waveform design is a
multi-objective optimisation problem and defined the mathematical model of the waveform optimisation problem. They also
presented how the exact Pareto optimal (PO) set can be determined by means of exhaustive search. In this paper, they improve
the mathematical model of the waveform optimisation problem by altering the way in which one of the objective functions is
calculated and adding a new constraint, which eliminates meaningless solutions. Finally, they propose a solution method based
on a multi-objective evolutionary algorithm. The performance evaluation test indicates that compared to the exhaustive search,
the proposed method provides a solution that is insignificantly different. However, the proposed method is more scalable and
requires over three orders of magnitude smaller number of comparisons to determine the PO set, which makes it more viable for
the online waveform adaptation.

1 Introduction clutter. However, a portion of the useful signal is discarded in the
process as well, which brings into existence the blind Doppler
intervals (BDIs), where the detection of targets is impossible.
Periodic repetition of BDI at integer multiples of the pulse
repetition frequency (PRF) is especially problematic for MTD
systems. MTD systems operate in low PRF (LPRF) regime, where
maximal Doppler frequency of interest can be several times higher
than PRF, resulting in multiple repetitions of BDI within the
Doppler interval of interest.

Low peak power inherent to SST, which is on the order of 10
kW, requires the use of long pulses to achieve acceptable signal-to-
noise ratio (SNR) for long distance targets. Long pulse use causes
significant range eclipsing since the receiver must be turned off
while transmitting.

Air surveillance radars are widely used in both military and civilian
domains to achieve timely detection and reliable tracking of
aircraft. Radar cross section (RCS) of an aircraft is larger at very
high frequency (VHF) band than at higher frequencies, which
makes detection easier. Considering this and the cost-effectiveness
of VHF transceivers and antennas, VHF radars can be a valuable
asset in military air surveillance applications.

A modern VHF radar is usually equipped with solid-state
transmitter (SST) and employs moving target detection (MTD)
processing [1, 2], which is a kind of pulse-Doppler (PD) processing
[2].

PD processing is based on transmitting the coherent uniform
pulse burst [3] and analysing the received echo signal by means of Visibility issues caused by BDIs and range eclipsing can be
a Doppler filter bank, which is often implemented using discrete mitigated by using a complex waveform, which we designate as
Fourier transform (DFT). In PD processing, the suppression of multiple-PRF coherent interleaved puls’e burst (MPCIPB). As
unwanted statiqnary or slowly moving target echoes, i.e. clutter, is shown in Fig. 1, the MPCIPB waveform consists of N coherent
achieved by discarding the spectral samples where most of the processing intervals (CPIs), each of which consists of np

clutter energy is concentrated. The discarding is equivalent to .
discarding the output signal of the Doppler filters blinded by elementary waveforms (EWs). EW consists of a short pulse and a

CPl4 . CPl, B CPIy

—» A{;,TS ,t—L.<
APRIg APRIp,

PRI, |

Fig. 1 MPCIPB waveform. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer, Operations Research Proceedings 2015
by K.F. Doerner et al. (eds.), © Springer International Publishing Switzerland 2017 [6]
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long pulse with durations of zg and 7, separated by pauses of
appropriate durations. EW duration is equal to pulse repetition
interval (PRI), which is reciprocal to PRF. Values of g, 7, and np
are the same in all CPIs, while PRI is constant within one CPI, but
varies between different CPIs. Multiple PRFs are used to mitigate
the effects of BDIs since a target within BDI on one PRF is likely
to be out of BDI on the other PRF. Interleaving of short and long
pulses is used to mitigate range eclipsing, since short pulses enable
short-range detection, while long pulses enable long-range
detection.

In [4], we formulate MPCIPB waveform design as a multi-
objective optimisation (MOO) problem [5], where both Doppler
visibility and clear region detection performance are objectives,
which should be maximised simultaneously. By adopting the
approach with a posteriori articulation of preferences [5], the
solution is obtained in the form of the set of Pareto optimal (PO)
points [5]. In [6], we expand the mathematical model of the
MPCIPB waveform optimisation problem by introducing the third
objective — Doppler resolution, and an improved Doppler visibility
metric based on the clutter model and calculation of BDI extents.
Both of our previous studies have a similar conclusion: clear region
detection performance and Doppler resolution can be increased at
the expense of decreasing Doppler visibility, and vice versa. Those
studies also suggest that the final choice of a single PO point could
be performed by a radar operator. However, the mathematical
model from [6] has several shortcomings, outlined in Section 3,
which demands further modifications to the model.

We use exhaustive search in [4, 6] to find the exact solution of
the MPCIPB waveform MOO problem. However, the exhaustive
search does not scale well [6]. Moreover, it is usually considered
slower than the randomised search algorithms, although it can be
viable nowadays if the search space is not very large [7]. Optimal
MPCIPB waveform depends significantly on the clutter Doppler
spread, which in turn depends on the wind conditions and on the
antenna rotation speed. Therefore, if a change in the wind
conditions or the antenna rotation speed is anticipated, the online
re-optimisation of the waveform would be required. It is intuitively
clear that accelerating the re-optimisation is beneficial. In [6], we
suggest that a multi-objective evolutionary algorithm (MOEA) [8]
could be used as a more scalable and faster solution method for the
problem.

The goal of this study is twofold: (i) to improve the
mathematical model of the MPCIPB waveform MOO problem
compared to our previously published model and (ii) to propose an
approximate solution method for the problem. The solution method
should be more scalable and faster, in terms of the number of
comparison operations required to determine the PO set (POS) than
the exhaustive search. While this study is clearly a continuation of
[4, 6], both the mathematical model and the solution method
presented in this study are novel to the best of our knowledge.

The rest of this paper is organised as follows. Section 2 presents
a short review of the literature about the PD waveform
optimisation and MOEAs. Section 3 presents the mathematical
model of the MPCIPB waveform optimisation problem, while
Section 4 presents an efficient solution method based on a MOEA.
Section 5 describes a test used to verify the proposed optimisation
method, and discusses the test results, while Section 6 gives the
conclusion.

2 Related work

PD waveform optimisation is an actual research field with many
published scientific papers. Most of those studies were focused on
increasing visibility by appropriately choosing the set of PRFs.
Basic recommendations on how to choose the PRF set are given in
standard textbooks about radar, such as [1, 2]. The most complex
case of PD waveform optimisation is in medium PRF (MPRF)
radars, where multiple repetitions of blind intervals exist not only
in the Doppler frequency dimension but also in the range
dimension. Optimal MPRF set selection for airborne radars using
evolutionary algorithms (EAs) was studied in [9-11]. The same
problem was formulated as a MOO problem in [12].
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Rihaczek [3, 13] was among the first to study the optimal PRF
set selection for LPRF PD radars. A procedure for PRF set
selection is described in [3]. The procedure maximises the interval
in which all Doppler frequencies of interest are visible on at least
one PRF. Based on the procedure, Rihaczek [13] devised a
formalised approach for the design of blind-speed elimination
schemes. Stocker [14] analysed how to select LPRF PD waveform
to achieve the given detection probability in the clear region while
minimising the required dwell time. Sedivy [15] proposed a
procedure for the optimal selection of PRFs and carrier frequencies
in the agile MTD radar when PRF and carrier frequency set
cardinalities equal to two.

Metaheuristic algorithms are frequently used to solve
combinatorial optimisation problems in a computationally efficient
manner. Among them, EAs are particularly popular. Recently, EAs
have been successfully utilised in the fields of inverse synthetic
aperture radar (SAR) imaging of space debris [16], multi-band
SAR MTD and imaging [17] and electronic support receiver search
strategies optimisation [18]. Non-dominated sorting genetic
algorithm II (NSGA-II) [19] is a mature and well-known MOEA,
which was used in many studies on optimisation including some in
the field of radar engineering, e.g. [12, 20, 21]. In [20], NSGA-IL
was used in resource management of the opportunistic digital array
radar antenna aperture. In [12], NSGA-II was used as a reference
algorithm for the many-objective optimisation problems of MPRF
airborne radar waveform design. In [21], NSGA-II was used to
solve the two-objective optimisation problem of high-frequency
surface wave radar waveform design. However, to the best of our
knowledge, NSGA-II has not been used in the domain of solid-
state VHF MTD radar so far. NSGA-II has the overlapped solution
issues when applied to some classes of combinatorial optimisation
problems. The issues were thoroughly analysed in [22, 23].

3 Mathematical model of the

problem

optimisation

Mathematical model of the MPCIPB waveform optimisation
problem proposed in this study comprises of three decision
variables, six inequality constraints, and three objective functions.

Generally, the variables which determine the MPCIPB
waveform are as follows:

* the short pulse duration, zg,

* the long pulse duration, 7,

¢ the number of PRFs, N,

e the set of PRIs, {PRI,|n=1,...,N},
¢ the number of PRIs within the CPI, np.

However, to reduce the complexity of the optimisation problem,
many studies, such as [4, 6, 9—12, 15], do not assume that N is a
variable, but instead, seek to optimise the waveform for a fixed N.
The same approach is adopted in this study.

Since the antenna is rotated mechanically at a constant speed,
dwell time is fixed to the ratio of the 3 dB antenna beam width, 6;,
and the antenna rotation speed, @. The overall waveform duration
can be expressed as np- N - PRI, where PRI, is the average
PRI. In this study, we assume that the overall waveform duration is
as long as possible, but not greater than the dwell time. For a given
PRI set, this condition can be achieved by setting np as in (1) [4,
eq. 2].Thus, np is not a variable, but a function of other variables,
i.e. the PRI set

— 93
= LU-PRIavg : NJ M

As we will show later, the short pulse duration, zg, does not affect
any of the objective functions, and thus it is not a decision variable.
However, it has to be determined to fully describe the waveform
because it affects the optimisation problem in a subtle way. Let
SNR; denote the received SNR, when a target at the maximal
range of interest, i.e. the instrumented range, Ry, is illuminated with
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the long pulse. Let SNRg denote the received SNR, when a target

at the maximal range eclipsed by the transmission of the long
pulse, Rg, is illuminated with the short pulse. SNRg has to be high
enough to ensure adequate detection performance at Rg, which in
turn imposes a lower bound on zg. We introduced the minimally
acceptable ratio of SNRg to SNR;, denoted Qsng, in [4]. Osnr 1S
defined by (2). If QOsnr = 1, the detection performance at Rg is
equal to the detection performance at R;, which is assumed in [14,
p- 132]. However, Qsng may be well above 1, since the minimally
acceptable detection probability is generally lower at Ry than at Rg

(4]

SNR
SN_RE > Osnrs Osnr 2 1 2

By using the radar range equation (RRE) [2, eq. 2.29] to express
SNRg and SNR;, while noting that Rg = (71.¢)/2, where ¢ is the
speed of light, (2) can be rewritten as (3) [4, eq. 7]

4
e
75 2 OsNR (ZLRI) T (3)

To assure that the minimum range of interest, R, is not eclipsed

by the transmission of the short pulse, (4) [4, eq. 8] must be
satisfied

2R
g < “)

c
By combining (3) and (4), 75 is eliminated from the problem,
resulting in an inequality constraint for 7, given by (5) [4, eq. 9].
After 7 is determined by solving the optimisation problem, any
value of 75, which satisfies both (3) and (4), can be chosen

4
\/ 1 .%.(&) )

Osxe € c

Having all PRIs in the PRI set as decision variables may be
problematic. It could lead to large dimensionality of the decision
space, which furthermore depends on N. A convenient approach
was proposed in [4] to reduce the number of decision variables and
eliminate the dependency of the number of decision variables on M.
The approach is based on recommendations on PRI set selection
from [1, p. 2.41, p. 2.91]. PRIs should be chosen as in (6) [4, eq. 3],
where Fp is the first true blind speed, if factors r, are coprime [4]
PRL,=(l/Fg)-r,, mE€N,n=12,...,N 6)

Factors r, can be decomposed as in (7) [4, eq. 4]. Here, r* has the
meaning of the desired ratio between the average PRI of the
waveform and the PRI, which would result in the blind speed equal
to Fg. In other words, r* has the meaning of the approximate
number of Doppler ambiguities which have to be covered [1,
p-2.91]

rm=r+Ar,, renN, Ar,€Z n=12,...,N @)
On the other hand, set Ar, which is defined in (8) along with its
important statistics [4, eq. 5], governs the spread of the individual
PRIs around the average PRI

Ar={Ar,n=1,...,N}, Arm = min(Ar)

1w )]
Al = max(Ar),  Aryy = 57 Z Ar,

n=1

Table 1 [4, Table I] shows the recommended contents of Ar sets for
N=4and 5[1,p.241,p.2.91].
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Table 1 Ar sets and their statistics

N Ar Armin ATmax Argyg
4 {-3, +2, -1, +3} -3 +3 0.25
5 {-6, +5, -4, +4, +1} -6 +5 0

By adopting the scheme defined by (6)—(8) and Table 1, for a
given N, PRI set is fully determined with only one PRI and r* [4].

Owing to reductions and transformations described in the
previous paragraphs, only three decision variables are used in this
study: the long pulse duration, 7, the approximate number of
Doppler ambiguities, which have to be covered, r*, and the shortest
PRI in the set, PRI;,.

From (6) and (7), PRI,=(/Fg)-(r"+Ar,) and
PRL,;, = (1/Fg) - (r" + Arpy,). By dividing the expressions to
eliminate 1/Fg, we obtain (9). Thus, any PRI in the PRI set can be
expressed as a function of r* and PRI,

n=12,...,N )

Using (9), (8), and basic properties of summation operator, it can
be seen that (10) holds

N %
PRI, = L $ pRl, = " A%we ppp 10
avg = N n_r*+Ar_ min ( )

n=1
Formal definitions of the decision variables x;, x,, and x;, and the
decision variable vector x are given in (11). Variable x, is a positive
integer, while x, and x; are positive reals. However, in a practical
system, both x, and x; would be positive integer multiples of some
base interval defined by the system clock. Therefore, from the
optimisation perspective, x, and x; are discretised positive reals,
and choosing them is equal to choosing the positive integer
multipliers of the discretisation interval
x =1,

X, =1, X3 =PRIy,

(1D

x=[x x X3]T

One constraint on the decision variable vector is given by (5).
Derivation of the other constraints follows.

To assure coverage of the range interval eclipsed by the
transmission of the long pulse, i.e. [0, Rg], the interval between the
beginnings of the short and the long pulses, APRIg, must be greater
than or equal to 7. To assure unambiguous range measurement up
to Ry, the interval between the beginning of the long pulse and the
end of the EW, APRI;,, must be greater than or equal to 2R;/c.
Intervals APRIg and APRI;, are shown in Fig. 1. By combining the
two conditions we obtain (12) [4, eq. 10]

2R
PRIHZTI+TL, n=1,...,N (12)

If D denotes the maximal transmitter duty cycle, then zg + 7; must
not be greater than D - PRI, From this condition, assuming
Ty < 11, we obtain (13) [4, eq. 11]. The preceding assumption is
justified for most practical systems. Equations (12) and (13) will be
satisfied for all PRIs iff they are satisfied for the shortest PRI,
PRILin

7. <D-PRI,, n=1,...,N (13)
The PRI set must be chosen so that the first true blind Doppler
frequency, Fp, is greater than or equal to A f,, = 4V,./4 [4], where

Vma 18 the absolute value of the maximal radial velocity of interest,
and A is the carrier wavelength. If we combine the condition
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Fg > Af,, with (6)—(8), we obtain (14). Combining (14) with (12)
while noting that 7; > 0, leads to (15)

LA
PRIy, < 55 (14
ua
. 2R
r ZAfua'TI_Armin (15)

The number of PRIs within the CPI, np, must be >1, since MTD
processing cannot be performed with only one pulse in the CPI.
Feasible decision space, X, determined by six inequality
constraints, is given in (16)
X={x|gx)>0,j=12,...,6}

. 2R
§®) =1 = Afua T+ Ar(N)

sl 1 2Rmn (2R
&(x) = — =

Osxk € c

2R,

8(x) = PRI, — <~ L (16)
1

84(%) = PRI, — D L

4+ Aryin(N
a0 = 2 ey,
6 r+Ar 1 _
&(¥) = o 74 Afyayg ‘2N PRInin

Five constraint functions, g,(x) to gs(x), are obtained by
rearranging (15), (5), (12), (13) and (14), respectively. The sixth
constraint function, g.(x), eliminates degenerate solutions, in which
np = 1, from the feasible decision space. The proof that g,(x) > 0
assures np > 1 is given in Appendix 2.

The first objective function is SNR;, i.e. the ratio of the
received signal to noise, when a target at the instrumented range is
illuminated by the long pulse. SNR is a measure of detection
performance at long ranges, in a noise-limited environment, i.e. the
clear region. To calculate SNRy, we use the RRE.

Following [2, p.75], SNRy can be expressed by (17), where P, is
the peak transmitter power, G is the antenna gain, A is the carrier
wavelength, o is the target's RCS, f is the intra-pulse modulation
bandwidth, R; is the instrumented range, k is the Boltzmann's
constant, T, is the standard temperature, F is the receiver noise
factor, B is the receiver bandwidth, and Lg is the system loss. We
assume that matched filtering is used within the receiver, so that B
and S are approximately equal, and cancel out. We collectively
designate terms, which do not depend on decision variables, as
Csnr- Combining (1), (10), and (17), we obtain the final expression
for SNRy (18)

PG’ Xonpr, B PG Xo
SNR = 3t = 3 npTL
(4n)’RikTFBLs ~ (4m)'RikT,FLg 17)
NS Wt
CsNR
g + A min
SNR; = Cong - |2 27 ! o (18)

E ' r+ Arm,g ' PRIy - N

The second objective function is denoted as Doppler visibility
percentage (DVP). DVP is a percentage of Doppler spectrum of
interest where target detection is not hindered by BDIs. Thus, it is a
measure of detection performance at shorter ranges, i.e. in a clutter-
limited environment. We consider an interval of Doppler spectrum
blind if it is blind for more than one PRF used in MPCIPB
waveform.

The key element in calculating DVP is to determine the width
of the base single-PRF BDI (SPBDI). It is the BDI around zero
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Doppler when only one PRF is used. In this study, we determine
the base SPBDI width on the basis of the number of Doppler filters
blinded by clutter. We determine the number using an approximate
approach inspired by the work of Rihaczek [13]. We calculate the
base SPBDI width, Aw,, using (19), where w, is the Rayleigh
width of the Doppler filter, calculated by (20), and o is the
standard deviation of the clutter Gaussian power spectral density
(PSD), calculated by (21). of is the standard deviation
corresponding to the clutter spread due to antenna scanning. The
expression for oz, when only one PRF is used, is given in [1, eq.
2.15]. We modified the expression by replacing the PRI with the
average PRI, resulting in (22), to accommodate the multiple PRF
case. op, 1s the standard deviation corresponding to the clutter
spread due to wind conditions, and is a parameter of the model.
Derivation of (19) is given in Appendix 1

46f

wio(n)

Avb(n)=(2[ }+1)wm(n), n=12..,N (19)

1
wig(n) = m,

or = /oty + iy @

0265
~ PRI, - N -np

n=12,...,N (20)

Ofs

(22)

To calculate DVP, we first determine the SPBDIs for each PRF, by
replicating the base SPBDI at integer multiples of PRF (23). After
that, we determine the multiple-PRF BDIs (MPBDIs) by finding
intervals where SPBDIs of two or more PRFs intersect (24). The
final expression for DVP is given in (25), with f .. = 2v./4,
where v, is the absolute value of the maximal radial velocity of
interest, and 4 is the carrier wavelength

SPBDI(n, f) =
23)
. ko Aw) k| Awm) (
L fe[PRI,,_ 7 PR, T 2 |[FEZ
0; otherwise
N
1; SPBDI(n, f) > 1
MPBDI(f) = n; 1) 24)
0; otherwise
fmax
1 — MPBDI(f)]d
DVP = [l Il f~100% (25)

fmax

The third objective function is the negated maximal velocity
resolution (VR) of the MPCIPB waveform, —VR,... VR, is the
worst VR of the whole waveform, i.e. the VR of the CPI with the
shortest PRI, and thus the shortest observation interval. VR, is
calculated as the Rayleigh width of the Doppler filter main lobe for
the shortest PRI, PRI,;,, multiplied with half of the wavelength
(26

1 A

VRmax = BRI 700 ' 2

(26)

We assume that the DFT filter bank is used in the definitions of the
second and third objective functions and that the length of DFT, i.e.
the number of Doppler filters, equals the number of PRIs within
the CPI, np, as recommended in [13].

Objective functions F,, F,, and F, and the objective function
vector F are formally defined by (27). Final expressions for SNRp,
DVP, and VR, are given by (18), (25), and (26), respectively
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Fi(x) =SNR;, F,(x)=DVP, Fi;x)= — VR

. 27
F(x) = [Fl(x) Fy(x) F3(x)]
The objective space, Z, is defined in (28)
Z={F(x)|x e X} (28)

The MOO problem is formally defined in (29)

x"=argmax F(x) s.t. gix)>0, j=12,...,6 (29)
X

Since some of the objective functions for this type of MOO
problem are in conflict [6], there will not be a single optimal
solution, but a set of PO solutions, i.e. the POS. Pareto front (PF) is
the projection of the POS on the objective space.

The new model proposed here is the improved version of the
previous model proposed in [6]. The models have three differences.
We briefly introduce the model from [6] by summarising the
differences.

Firstly, the base SPBDI width was determined on the basis of
how many Doppler filters should be censored to achieve specified
clutter attenuation (CA) in [6]. Gaussian clutter PSD was assumed,
and the effects of filter censoring were approximated with an ideal
high pass filter. However, CA was calculated using [2, Eq. 17.20],
which is a non-normalised CA formula. The consequence of using
the formula is that CA and the base SPBDI width depend on the
scaling of Doppler filter coefficients. To avoid dependence, a
different approach to determining the base SPBDI width is used in
the new model.

Secondly, it was not assumed in [6] that the length of DFT
equals the number of PRIs within the CPI, np. Thus the model from
[6] is not in accordance with the recommendation in [13].

Thirdly, the sixth constraint function in (16), g,(x), was not used
in [6], leading to the possible occurrence of degenerate solutions,
in which np = 1.

4 Solution based on MOEA

Since all three decision variables are effectively positive integers,
the optimisation problem described in the previous section belongs
to the domain of combinatorial optimisation. Given an upper bound
on x; and discretisation intervals for x, and x;, the feasible decision
space contains the finite number of points. Thus, the POS can be
found by enumerating all the points of feasible decision space,
evaluating the objective functions in each of these points, and
performing an exhaustive search for PO points. The search is done
by comparing, in terms of objective function values, each point
with all the other points. Such an approach was used with similar
mathematical models in [4, 6] leading to the exact POS, at the cost
of long execution time. In this study, we choose NSGA-II, a
popular MOEA, as the basis of an efficient solution method. The
method could enable solving the MPCIPB MOO problem online,
i.e. in run-time.

NSGA-II imitates the process of natural evolution by evolving a
set of points, i.e. the population, of size Np, through Ng
generations, to find a set of points, which is an approximation of
the actual POS. Selection in NSGA-II is based on non-dominated
sorting, which means that the points that are non-dominated [5] are
considered more fit to survive. The fittest points either directly
propagate to the next generation, or create offspring through
crossover and mutation. NSGA-II enables solving problems with
constraints and takes care that the points are distributed evenly
across the approximated PF. For a detailed description of NSGA-II,
the reader is referred to [19].

For the problem at hand, we use the binary-coded NSGA-II
with single-point crossover, and bitwise mutation [19]. The search
stops when a given number of generations, Ng, is reached.
Parameters of this variant of NSGA-II are: Np, Ng, crossover
probability, p., and mutation probability, p,,. The choice of these
parameters affects both the quality of the approximated POS, and
execution time.
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Prior to developing the mathematical model presented in the
previous section, we studied the performance of NSGA-II for the
MPCIPB waveform optimisation problem, using the mathematical
model from [6]. Selected optimisation results obtained using the
mathematical model from [6] are shown in Fig. 2.

Our study showed that the approximated POS obtained by a
single run of NSGA-II is poor from the standpoint of solution
diversity. Namely, the different solutions make <30% of the
population, on average, while the rest are the overlapped solutions.
Similarly, poor performance was recorded from the standpoint of
convergence, since correct solutions make at most 4% of the
population, on average. Furthermore, there is significant variability
in the approximated POS between runs, as can be seen in Figs. 2a
and b. Quality of the approximated POS is improved when
population size or mutation probability are increased. The best
results shown in Fig. 2¢ were obtained with parameter set Np=
1600, Ng =100, p.=90%, p,=4.3478%. However, these results
are not repeatable in every run. Besides, different solutions
comprise ~1% of the population, on average, which means that
most of the processing time is wasted on finding solutions which
are already found. It was observed that some of the incorrect
solutions diverge from the correct ones only in the objective F),
and only in the variable x,, e.g. the three incorrect solutions in
Fig. 2c.

It is hypothesised in [23] that the overlapped solutions originate
from the crossover process of the NSGA-II. Solution diversity,
given in terms of the number of different solutions in the
population, can be improved by removing the overlapped solutions.
The improvement varies from marginal to significant, depending
on the type of the optimisation problem and additional
modifications applied to NSGA-II. However, we believe that
overlapped solution removal is not an appropriate technique for the
problem at hand. Namely, thanks to overlapped solutions removal,
the number of different solutions in the final population would be
close to the population size [22]. For the subject problem, the
cardinality of the exact POS can be several times smaller than the
population size. Thus, all solutions being different from each other
would imply that most of the solutions are excess non-PO
solutions, which is not desirable. Therefore, we sought an
alternative approach to overcome the problem of poor solution
diversity and convergence in NSGA-II, as applied to the problem at
hand. We came to an intuitive, engineering style solution, which
we present next.

The approach we propose exploits the variability in NSGA-II
results, shown in Figs. 2a and b. The basic idea of the proposed
algorithm is to perform Ny runs of NSGA-II, merge the results and
then perform an exhaustive search for non-dominated solutions
within the merged set. The cardinality of the merged set is
negligible compared to the number of points in the decision space.
The algorithm, designated as NSGA-II with Combining of solution
sets using the Exhaustive Search (NSGA-II + CES) is outlined in
Fig. 3a.

The domain-specific procedure, which alleviates the problem of
solution divergence, is outlined in Fig. 3b. The procedure corrects
the solutions, which diverge from the correct ones only in the
objective F, and only in the variable x,. We designate the results
obtained by running NSGA-II+CES as the combined
approximations of POS (CAPOS) and PF (CAPF).

NSGA-II+CES has an additional parameter compared to
NSGA-II — NR. Within the previously mentioned study, using the
mathematical model from [6], we compared the performance of
NSGA-II + CES with several parameter sets. We used the total
number of solutions in CAPOS, Cp, number of correct solutions in
CAPOS, Cc, and the approximate number of comparison
operations needed to determine CAPOS, Nc, as performance
metrics. We calculated N as Nc = M - Np - Ng - N, where M is
the number of objectives. A performance comparison for 12
parameter sets is shown in Table 2. The number of solutions in the
exact POS is 22.

None of the parameter sets provided all 22 points of the POS, as
can be seen from Table 2. However, as noted in [6], only 19 points
of the POS are relevant in the sense that they provide a reasonable
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Fig. 2 Optimisation results for the mathematical model from [6], objective space, exact PF (blue circles), approximated PF (red crosses), intersection

between exact and approximated PFs (black squares, only in (d))

(a) One run of NSGA-II with parameters Np = 100, NG = 100, pc = 90%, pm =4.3478%, (b) Another run of NSGA-II with parameters Np = 100, NG = 100, p¢ = 90%, pyy = 4.3478%,
(c) One run of NSGA-II with parameters Np =1600, NG =100, pc =90%, ppy, =4.3478%, (d) One run of NSGA-II+ CES with parameters Np =400, NG =100, pc =90%, py =

4.3478%, NR =30

trade-off between the objectives. Those 19 points were found with
all 12 parameter sets. The choice among the 12 sets must be made
based on N¢, which we want to be as low as possible to assure fast
execution, and Cp, which we want to be as close to Cc as possible
to minimise the number of excess points. Set 1 can be
recommended as the overall ‘best’ set since it provides the
maximal number of correct points without excess points. On the
other hand, set 4 is clearly the ‘fastest’ set and could be used if
execution speed is of utmost importance and the excess points can
be tolerated. CAPF obtained using set 1 is shown in Fig. 2d.

5 Performance evaluation and discussion

To evaluate the performance of NSGA-II+CES with the
mathematical model from Section 3, we perform a test. The test is
based on a particular instantiation of the mathematical model,
assuming the parameter values listed in Table 3. An upper bound of
35 is put on x,, while x, and x; are discretised with a 10 ps step. The
test consists of one run of NSGA-II + CES with parameters Np =
400, Ng=100, p.=90%, pm=4.3478%, Ng=30, i.e. with the
parameter set 1 from the preliminary study, described in Section 4.
As the ground truth for the analysis of the test results, we use
the exact solution of the optimisation problem, obtained by means
of exhaustive search. The exact solution is presented in Fig. 4. PF
consists of four legs, but only leg A'-B' is relevant from the
practical standpoint as it provides reasonable trade-off between the
objectives. Leg 4'—C", excluding point A', is not relevant since it
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provides a negligible increase in F; at the expense of decreasing the
other two objectives. Legs D'—E" and F"—G’ are not relevant since
they provide a small increase in F, at the expense of a significant
decrease in F,.

Results of the test are shown in Fig. 5, where the CAPF
obtained using NSGA-II+ CES is compared with the exact PF
obtained by exhaustive search. It can be seen that NSGA-II + CES
succeeded to find most of the PO points. In fact, only six PO points
were not found. Comparing Fig. 5 with Fig. 4, it is obvious that
those six points belong to the irrelevant legs of the PF. On the other
hand, the relevant leg of the PF was found in its entirety. The test
results indicate that NSGA-II+CES is an effective solution
method for the optimisation problems with a mathematical model
from Section 3.

The approximate number of comparisons needed to determine
the exact POS using the exhaustive search is NES = MN3, where
Ng is the total number of points in the feasible decision space. For
the problem instantiation used in the test, Ng = 1, 102, 106, which

leads to NES = 3,643,912,905,708. The approximate number of
comparisons needed to determine CAPOS using NSGA-II + CES is
Nc = 1,440,000, 000. Thus, for the test problem, NSGA-II + CES
determines the POS utilising approximately 2500 times less
comparison operations than the exhaustive search, which is a
difference of over three orders of magnitude. Besides, NSGA-II +
CES is more scalable than the exhaustive search, since, for the
former, the number of comparisons required does not depend on
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Table 2 Performance comparison of 12 NSGA-Il + CES parameter sets

Set Np NG Pc, % ,Dm’ % NR CD CC NC

1 400 100 90 4.3478 30 20 20 1,440,000,000
2 800 100 90 4.3478 30 19 19 5,760,000,000
3 1600 100 90 4.3478 30 19 19 23,040,000,000
4 100 25 90 4.3478 30 27 19 22,500,000
5 100 100 90 8.6957 30 27 19 90,000,000
6 100 100 90 17.3913 30 26 20 90,000,000
7 400 100 50 4.3478 100 25 21 4,800,000,000
8 400 100 50 8.6957 100 23 21 4,800,000,000
9 400 100 50 17.3913 100 28 21 4,800,000,000
10 400 100 90 4.3478 100 21 20 4,800,000,000
1 400 100 90 8.6957 100 24 21 4,800,000,000
12 400 100 90 17.3913 100 32 21 4,800,000,000

the number of points in the decision space, while for the latter, it
does.

One execution of NSGA-II + CES for the problem instantiation
used in the test takes <2.5 min on the contemporary computer with
an Intel Core 17-4700HQ processor clocked at 2.4 GHz.

The influence of NSGA-II+CES on the radar system
performance is two-fold. Firstly, if the system operates in a point
belonging to POS, determined approximately by NSGA-II + CES,
its performance will generally be better than if operating in a non-
PO point of the decision space. Furthermore, moving between PO
points can have a significant influence on the system performance.
For example, moving from point B’ to point A’ of the PF shown in
Fig. 4, 16.3% improvement in SNR and 8.8% improvement in VR
can be achieved at the expense of 6.8% deterioration in DVP.

Secondly, NSGA-II + CES improves the ability of the radar
system to adapt the waveform to changes in the environment, e.g.
wind conditions, or the operational regime, e.g. antenna rotation
speed.
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6 Conclusion

We define the mathematical model of the MPCIPB waveform
MOO problem. Compared to the model we previously proposed in
[6], the new model includes improvements in the way one of the
objective functions is calculated and a new constraint which
eliminates meaningless solutions.

Furthermore, we propose an approximate method for solving
the problem. The method, called NSGA-II + CES, determines the
approximate POS by combining the results of multiple NSGA-II
runs using the exhaustive search, while simultaneously improving
the solutions using the domain specific correction. We compare
NSGA-II+ CES with the trivial solution method of exhaustive
search. The differences between the approximate solution provided
by NSGA-II + CES, and the exact solution provided by exhaustive
search, are insignificant. In terms of the number of comparison
operations required to determine the POS, NSGA-II + CES is more
scalable, and over three orders of magnitude more computationally
efficient than the exhaustive search. Thus, NSGA-II + CES is more
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Table 3 Mathematical model parameter set corresponding
to hypothetical modern VHF radar

Parameter Value
= 8 kW
G 426

A 1.6667 m
To 290 K
73 6°

w 36°/s
F 1.6965
Ls 26.3027
o 5m?
Rmin 1.5km
R 360 km
Vmax 700 m/s
D 0.1
QsNR 10

N 4
Orw 0.3Hz

N ot e

D'
P %
24- b @

i O i
7 < X O
\ (o)
£ \ O
=, 28 )
©
£ \
g = E'
no3p
€3
w34
-36-
0
-38.
o —
e ;
0 100 Falt=ENE L2l
F16 = SNR,

Fig. 4 Objective space (grey) and exact PF (red circles) for the problem
instantiation used in the test

viable for the use in the online adaptation of the waveform, than
the exhaustive search.

Future work could generally go into two directions. The first
direction is the further improvement of the mathematical model.
One of the ideas is to introduce the number of PRIs, N, as a
decision variable. The second direction is the reduction of the time
required to solve the problem. NSGA-II + CES could be improved
in various ways, e.g. parallelising the execution, or modifying the
base NSGA-II as suggested in [22]. However, other metaheuristic
algorithms could be considered, too, e.g. the Multi-objective
variable neighborhood search (MO-VNS) [24], which seems to
perform better than NSGA-II for some classes of combinatorial
optimisation problems.
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9 Appendix

9.1 Appendix 1: derivation of the base SPBDI! width

Rihaczek [13] proposed an approximate approach for determining
the number of Doppler filters blinded by clutter. The number can,
in turn, be used to calculate the base SPBDI width. The approach is
based on comparing the limiting frequencies of the clutter, which is
assumed to be band-limited, with the limiting frequencies of the
Doppler filter main lobe. If the clutter interval intersects with the
filter main lobe, the filter is considered blinded by clutter.

For the problem at hand, we assume that the centre of the clutter
coincides with the centre of the zeroth filter. The assumption is
appropriate since the ground clutter is centred at zero Doppler and
the DFT filter bank processing is used. It turns out that the number
of blinded filters, n;, has the form of (30)

ng=2ki+1; keN (30)

If Avmax 1S the maximal width of the clutter, which blinds n¢
filters with Rayleigh width w,,, then (31) applies

Avel max = kg - 2wig (31)

After introducing the clutter width, Av,, turning (31) into
inequality, and rearranging, we obtain (32)

A Vel

>
k2 2wy

(32)
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Since k¢ is a positive integer, (32) can be expressed as equality (33)

Avg
= || (33)

We use the Gaussian model of the clutter PSD [1, p. 2.11]. Since
most of the clutter power is concentrated around the centre of the
Gaussian, the band-limited approximation is applicable. Since the
clutter power out of the +4 standard deviations from the centre is
>40 dB lower than the total clutter power, we deem that the
approximation in (34) is appropriate, where oy is the standard
deviation of the Gaussian used to model the clutter PSD

Avy ~ 8- of (34)
The width of the base SPBDI is given by (35) [13, Eq.1]

Avy = ng - wy (35)
By combining (30), (33)—(35), we obtain (19).

9.2 Appendix 2: derivation of the sixth constraint function

The purpose of the sixth constraint function, g,(x), in (16) is to
assure that np > 1. Combining (1) and (10), we obtain (36)

63 r + Armin 1
=== . 36
P L} r'+Ary, N- PRIminJ (36)

Following [25, Eq.3.7.d], we obtain (37)
<&.r*+Armm. 1
To 4+ Aravg N - PRImin
< 0 ”:‘*'A"min. 1 37
O+ Aryy N PRIy,

o2 < np
After rearranging, it can be seen than the leftmost inequality in (37)

is equivalent to gux) >0, which in turn means that
&x) 20em>22cnm>1.
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