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Beenenne

OpHo¥ M3 3ajay, penraeMbIX B Ipolriecce 00paObOTKHM CHI'Hala B PaJMOTEXHHYECKHMX CHCTEMax pPa3IMYHOTO
Ha3HAUCHUS, SBJISIETCS ONpEACICHHE MOMEHTa mpuxona curHaira. OLeHKa JaHHOTO MapaMeTpa HeoOXoauMa, B
YaCTHOCTH, B PaTUOJOKAIMOHHBIX M DPAJHMOHABHTAIIMOHHBIX CHCTEMaX, a TaKKe B CHCTEMaxX CBS3U C BpeMs-
UMITYJIbCHOM JHOO0 YacTOTHO-UMIYJIBCHOW Momyisiiuei. [IpuMeHeHne curHaioB ¢ Oonpmioi 6a3oii (CHTHANOB C
pacIIMpeHHBIM CIEKTPOM) MTO3BOJISET MOIYIUTh Ha BBIXOJE COTVIACOBAHHOTO (PHIIBTpa CHTHAI B BUJE Y3KOTO ITHKA,
YTO yIy4llaeT NOTEHIUAIBHO IOCTHKMMYIO TOYHOCTH OIIGHKM MOMEHTa Impuxoaa curHama. OpHako mpu
peanuzanuu 00paboTku curHana B udpoBoi (opMe BO3HUKAIOT MPOTHBOPEUUBBIE TPEOOBaHHS K BHIOOPY YaCTOTHI
JAUCKPETU3allMu CUTr'HaJIaA. C OHHOﬁ CTOPOHBI, i1 YMCHBIICHUSA BBIYHUCIIUTCIBHBIX 3aTpar, a, CJI€A0BaTC/IbHO,
9HEPronoTpedICHUs] U CTOMMOCTH ammaparypbl, HEOOXOAMMO HCIIOJIb30BaTh KaK MOXKHO 0ojee HHU3KYI 4acTOTy
JUCKpETU3allU. C IlpyFOﬁ K€ CTOPOHBI, JJIA MOBBIIICHUSA TOYHOCTU OLUCHKHW BPEMCHHOI'O IMOJIOXKCHHSA HUMITYJIbCa,
BO3HHUKAIOIIETO HA BBIXOJIE COTIACOBAHHOTO (PMIIBTPA, YaCTOTA JUCKPETH3AINHU JTOJDKHA OBITH KaK MOXHO BbIlIe. B
JAHHOM JIOKJIQIE PAacCMaTpPUBAETCS KOMIIPOMHCCHBIM ITOJXOJ, TO3BOJISIONIMH TOBBICUTH TOYHOCTH OLIEHKH
BPEMEHHOI'O ITOJIOKCHHS CHUTHANIA IPH HU3KOHW YacTOTE AMCKPETHU3AlWH 3a CYET IPUMCHEHUS WHTEPIIOJISALIUH.
OCOOCHHOCTBIO TPEANIaraeMoro ajlrOpUTMa SBISIETCS Y4eT OTPaHHMYCHHOCTH IIOJIOCHI YacTOT 00padaThIBaeMOTO
CUTHAJIA.

1. ITocTanoBka 3agaun

[Tpu onpeneneHny BPEMEHHOTO TOJIOKEHUS IETEPMUHUPOBAHHOTO CUTHAJIA CO CIyYallHON HadalibHO#M (hazoit
IMpUHUMAaeMasi aJInTUBHAs CMECh CHTHajla C IIYMOM IPOITyCKaeTcs uepe3 (MIBTpP, COTIACOBAHHBIA C CHUTHAIIOM,
MMEIOIIMM [POM3BOJIbHYIO HaudalibHylo (azy. K BbIXOmy (uIbTpa MOAKIIOYAETCS AMIUIMTYAHBIA JETEKTOp,
(dhopMupyroIuil OrubaroIy0 BbIXOJHOro curHaia [1]. MOMEHT JOCTH)KGHUS MaKCHMyMa 3TOW orubaromieil u
NPUHUMAETCsl 32 OLIEHKY BPEMEHHOTO IOJIOXKEHHsI BXOJHOTO CHUrHana. B naHHOl paboTe mpeamoiaraercs, 4To
crcremMa 00pabOTKH peanr3oBaHa B HM(POBOM BHIE U HA €€ BXOJ| IOCTYIAeT KOMIUIEKCHAs! OrM0aroliasi CHIHAIbHO-
IyMOBOH cMecH. DuiIbTp B IaHHOM Cilydae JOJDKEH OBITh COTJIacOBAaH C KOMILIEKCHOW Orudaromiell 0XuaaeMoro
curHaia. JJi1 BRIXOJHOTO CHTHAJIa COTJIACOBAHHOTO (DMIIBTPA BBIYHCIISIIOTCS a0CONIOTHBIC 3HAYCHHS OTCYETOB (HITH
WX KBaJpaThbl, YTOOBI W30EKaTh BBHIYHCICHUS KBAJIPAaTHOTO KOPHS) M HIIETCS MAaKCUMYM, IMOJOXECHHE KOTOPOTO
MOJKET CIYXXHUTHb OIICHKOH BpEMEHH INPHUXO0Ja BXOAHOTO cHurHaia. OJHAKO TOYHOCTh TAaKOH OIEHKH OrpaHHYeHA
MIEPUOJIOM IHICKPETH3alUN CHUTHAJla — IPH BBHICOKOM OTHOIIECHHH CHUTHAI/IIYM M PAaBHOMEPHOM pacIpeleIICHUH
MCTUHHOTO TOJIOKEHHUSI CUTHAlIA [0 OTHOIICHHI0 K (pa3e JAMCKPETH3alK JUCIEPCUs] OLIEHKH HE MOXET ObITh
MEHBIIIE, YEM T 12, tne T — mepuo AMCKPETU3AIINY.

YMEHBIINTh AMCIEPCHIO ONEHKH MOXKHO WyTeM HWHTepnojsnuu curHaima. IIupoko wu3BEeCTEH MeETOox
napa60queCK0i/'1 HUHTEPIIOJIAINU, KOI'/1a Y€PE3 MaKCUMaJIbHBIN B])lXOZlHOﬁ OTCUET yo 1 COCCAHHE OTCYETHI CJIEBa ym )44
CIIpaBa Y, IPOBOJIHUTCS Mapadoa, Mocie Yero aHaTUTUUECKH ONpEeelsieTcs MON0KEHNEe ee IKCTpeMyMa. DTO JlaeT
crepyoyto Gopmyny asst nonpaku At (B T0JSIX MHTEpBaia TUCKPETU3AIMU T), KOTOPYIO HEOOXOIUMO 100aBUTh
K TIOJIOKEHHIO MaKCUMaJIBHOTO OTCYETA!

At=t._Yp7¥m
2 2YO - yp ~Ym

JanHas popMysia MpocTa ¢ TOYKH 3PCHHS OpraHU3alliy BBIYMCICHUHM, HO OHA HUKAK HE YYUTHIBACT TOT (DaKT,
YTO CHrHaNI B HU(POBOI CHCTEME HMEET OTpPaHHMUYCHHYIO II0JIOCY YacTOT, ONpEJeNsieMyl0 B COOTBETCTBHU C
teopemoii KorenbHnkoBa. Ecimm mnuk KoppemsanuoHHOW (QYHKIMM CHrHaia, (GOpPMUPYEMBIH Ha BBIXOJE
COTJIACOBAHHOI'O (PHIIBTPA, SBJISETCS OTHOCUTENBHO MIMPOKUM (TO €CTh Ha €ro LIMPUHE YKJIAIBIBACTCS JOCTATOYHO
MHOT'O OTCYETOB), 3TO HE MMeeT OOJBLIOrO 3HAYCHHS, HO IPH Y3KOM KOPPEISLMOHHOM IHKE, IHPHHA KOTOPOTO
cocraBiseT 2...4 mepuoma AUCKPETHU3ALUH, MOTPEITHOCTh Mapa0OoIHYecKOl MHTEPIIOISIIUN MOXKET OBITh BechMa
3HAYUTEIBHOM.

B nanHoit paboTte cunTaercs, 4YTO KOPPEIALMOHHBIA MUK SBIACTCS Y3KMM U AJIS BBIIOJHEHHS HHTEPIOJIILUH
CHTHaJa B €T0 OKPECTHOCTAX JOCTATOYHO HCIIONB30BaTh TPH YMOMSHYTHIX BBIIIE OTCYeTa Yo, Ym U Y, Curaam,
HMHTEPIOIMPOBAaHHBII B COOTBETCTBUM ¢ TeopeMmod KoTelnbHMKOBa, B TakOM Clyyae MOXeET OBITh 3alucaH
crenympM obpazom (0e3 morepu OOIIHOCTH CYMTAETCSs, YTO LEHTPAIBHBIA OTCYET MMEET HyJIeBOW HOMep, a
MEPUOJ] TUCKPETU3AIIUU PABEH €JMHHUIIC):

sin(nt) sin (7(t +1)) sin(n(t-1))  sin@)(1 ym/Yo Yp/Yo

St: =
O=Yo= =+ ¥m L e I R TS I

AHaIATHYEeCKH MaKCUMyM (l)yHKIII/II/I (2) HaWTH HE yAaceTces. OHHaKO HCKOMOC IMOJIOKCHUE MAKCUMYMa 3aBUCHUT

(1

2

JHIIb OT JBYX NEPEMEHHBIX — HOPMUPOBAHHBIX 3HAUCHHUH OOKOBBIX OTCUETOB y,’n =Ym / Yo 1 y'p = yp / Yo » 9TO

MO3BOJISICT UCKATh HCCJIOXKHBIC HpI/I6J'II/I)KeHHBIe (bOpMyJ'ILI.
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2. Cayyaii BelleCTBEHHOI0 CMTHAJIA

dopMyna U1 OLEHKM IIOJOKEHHS MAaKCMMyMa B BELIECTBEHHOM cCiydae Obula IIOJy4eHa HaMH paHee,
pe3ysbTaThl OImyOJIMKOBaHbl B [2], 3/1eCh NPUBOISATCS TOJHKO OCHOBHBIE IOJIOXKEHHs. B ciyuae BeLIeCTBEHHOTO
CHTHAJIa TI0JIOXKEHHE MaKCUMyMa MHTEPIIOIMPOBAHHON KPMBOW At 3aBHCHUT OT IABYX HOPMHUPOBAaHHBIX IT€PEMEHHBIX
Ym' H Yp', 4TO TO3BOJSAET BBHINOJHUTH HATNSATHYIO BH3yallM3allUI0 3TOH 3aBHCHMOCTH. OKa3bIBaeTCs, 4TO JIHHHH
PaBHOTO YpPOBHS SIBJISIFOTCS NPAKTHYECKH MPSAMBIMH M PaAMAIBHO PACXOIATCS M3 TOYKH C KOOPIUHATAMH
(0.8416, 0.8416). Takum 00pa3oM, E€CTECTBEHHO NPEACTABUTb HCKOMYIO (YHKIMIO KakK (YHKIHUIO YTJIOBOM
KOOPJHMHATHI () OTHOCUTENBHO JIaHHOM TOYKH:

' —0.8416
At=f(p)=f arctgy',“— (3)
Yp— 0.8416
AHanu3 3TOH YIVIOBOM 3aBUCMMOCTHU IIOKA3bIBAET, YTO OHA ABJIAETCS NPAKTUUECKU JTMHEHHOM:
At=0.5235((p—§j. &)
O6bvenunss (3) u (4), modydaeM cieayroree:
yh —0.8416 Yp—Ym

At=0.5235] arctg —n/4 |=0.5235arctg

yp —0.8416 1.6832—ym—VYp

[Monyuennas opmyiia COAEPKUT ONEPALMIO BEIUYMCICHUS apKTaHT'€HCa, YTO HEYJ0OHO JUIsl MIPAaKTHYECKOTO ee
UCIIONIb30BaHMs TIPH  pealn3alid  ajJrOpUTMOB C TOMOMLIBIO IM(POBBIX CHTHAIBHBIX MPOLIECCOPOB  HIIU
NPOrPaMMHUPYEMBIX JIOTHYECKUX HHTETPalbHBIX CXeM. YCTPAaHHTh (YHKLUHIO arctg MOXKHO, BOCIOJIB30BABLIKCH
TPUOIMKEHHBIM BBIpOKEHHEM ISl Hee, IIPUBEICHHBIM B [3]:

arctg(X) = —
1+9x%/32

[MorpeurHocts nanHou (opmysl 1pH |X| < 1 HE MPEBOCXOAUT 5.10°° pamman mmm 0.3° [3]. HWcnons3ys manHOE
NpuOIMKEHUE U1l apKTaHTeHCa, MOJTy4aeM

a2 223305~ Ym)(1.6832— vy —Yp) 0.8812(Y} — V) — 0.5235(Y}y = Yim)

! ’ 12 12 ! !
(1.6832 _y;n_y’p)z +3%(y,p_yr’n)2 2.8332-1.6832(y p+Ym) +1.28125(y g +Ym ) +1.4375ym Y},

Takum oOpazom, NPHOIMIKEHHOE BBIPAXKEHHE VISl CIBHIa MaKCUMyMa UHTEPIIOIMPOBAHHON KPHBOI OTHOCHTEIILHO
LEHTPAIFHOTO OTCYETa MpPEICTaBJIseT COOOH OTHOLIEHWE KBAJPAaTHYHBIX (OPM OT HOPMHPOBAHHBIX 3HAUYCHHH
OTCUETOB, COCEJJHUX C MAKCHUMYMOM.

3. Cay4aif KOMITIEKCHOTO CHTHAJIa

[To aHaNOTMM ¢ BEIIECTBEHHBIM CIIy4aeM, OyAeM UCKATh NPHOIIKSHHYIO (OPMYITy ISl CMEIICHHUS ITOJI0KSHUS
MakCUMyMa B BHJC OTHOIICHWS KBaJIpPATHYHBIX (OPM OT HOPMUPOBAHHBIX 3HAYCHHH OTCUETOB, COCEHHHX C
MakcuMyMoM. OHaKO B JaHHOW CHTyallMH 3TH HOPMHPOBAHHBIC OTCYETHI SIBISIOTCS KOMIUIEKCHBIMH, IIO3TOMY B
($opMyITy ZOKHBI BXOJUTh UX BEIIECTBEHHBIE 1 MHUMBIE YacTH 10 OTAEIBbHOCTH:

Ym =Ymr * Wmi>  Yp =Ypr + I¥pi-

Takum 00pa3omM, anmpokcuMupyemas GyHKLUA sBisieTcsl PyHKIMEH YeThIpeX NepEeMEHHBIX, YTO He IO3BOJISEeT
BBITIOJIHUTH €€ HarJIIHYI0 BH3yalu3auuio. byneMm uckarb GopMysly, IO aHaJOTMU C BEIIECTBEHHBIM CllydaeM, B
BUAC OTHOIICHUA KBAAPAaTUYHBIX (l)OpM OT BCIICCTBCHHBIX U MHUMBIX yacTen HOPMHPOBAaHHBIX 60KOBle OTCUYCTOB:

B PYrr > Ymi> Ypr» Ypi)
Q(Ymr» Ymi»> Ypr» ¥pi)
rze kBagparnunsie Gopmsl P 1 Q UMeroT B 0011eM ciydae ey BU:
P.Q(Ymr> Ymi»>Ypr» Ypi) =80 + 81 Ymr + 82 Ymi +83Ypr +a4Ypj +
2 2 2 2
*asYmr + 36 Ymi +87Ypr +8Ypi +39Ymr Ymi +210Ypr Ypi + (©)

! ! ! ! ! ’ ’ ’
+allYmrypr 812 Ymi ypi T a13Ymr Ypi a4 Ymi Ypr-
OpHaKo MCKOMas armpoKCUMHUpPYIomas (GyHKIHS JOKHA 00J1aIaTh PSAAOM OYCBHUIHBIX CBOWCTB!

At

)

* Bsaumnas nepecranoska GokoBbIX 01cueTOB (Ypr,Ymi) <> (Ypr,Ypi) JOMKHA NMPUBOIMTH TONBKO K

M3MEHEHHIO 3HaKa pe3yibrata. bes morepu oOMHOCTH MOXKHO HOTPeOoBaTh, YTOOB! NPU yKa3aHHOM MEepeCTaHOBKE
YUCTUTENh (POpMYITEI (5) MEHSUIT 3HAK, 2 3SHAMEHATENh HE H3MCHSIICS.

e OnHOBpEMEHHAs CMeHa 3HaKay Y M y'pi He JI0JKHA MEHATH Pe3yJIbTar.
e Ilpu Yy = y'pr M Ymi =%Ymi DE3YIbTaT MHOKEH ObITb pPaBeH HYII0 H3-33 CHMMETPHH

HUHTEPIIOJIMPOBAHHOTO CUTHAJIA.
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VYuer 3tux TpeOOBaHUIl MMOKA3bIBACT, YTO 3HAYMTEIbHAs 4acTh K03(duimeHnTor B (6) M0DKHA OBITH paBHA
HYJIIO ¥, KpOME TOT0, HEKOTOpBIE Iaphl KOIGPUIMEHTOB JOJLKHBI OBITh PaBHBI WIIM IIPOTHBOIIONOKHEI APYT APYTY.
B urore nosyudaercs, 4To HCKOMast aNPOKCUMUPYoLIas (opMyJia COAEPIKUT JIUIIb BOCEMb KO (PHUIIUESHTOB!

' ' 2 2 2 2
At = al(Ymr_ypr)+az(ymr_ypr)+a3(ymi _ypi) )
- ' ' 2 2 12, 2 "o vy
1+a4(Ymr + Ypr) +as(Ymr + Ypr) + 86 (Ymi + Ypi) +87Ymr Ypr +88Ymi Ypi

Jusn momcka kxodpduuuentoB ¢yHkouu (7) ObUT mpuMeHeH cienyromui  Mertox. IIpomsBoauioch
MOJIETIMPOBaHKE Ipoliecca pueMa UMITYJIbCHOTO CHUTHaJIa ¢ JIMHEHHOH YacToTHOM Monymsnued (JIUM-nmmyibsca)
NpU HAIWYMU aJJIUTHBHOTO Oenoro rayccoBoro imyma. [lojokeHue MMITyJbca OTHOCHTEIBHO MOMEHTOB B3SITHS
OTCYETOB OBUIO CIly4alHBIM C pPaBHOMEPHBIM paclipeielieHHeM ciBura B mpenenax +0.5 orcuera, mmpuHa IUKa
KOppeIAMoHHOW (pyHKIMKM cocraBisuia 2.5 orcueta. K creHepupoBaHHOMY HMMITYJIBCY A00aBIsIcs OEmbli mIym
(ucrmonp30BaIOCh TPU BapHWaHTa OTHOIIEHWS cuUrTHaw/myM: —10, —7 u—5 ob), cyMMapHBIH CHTHANl MPOIyCKajCs
Yyepe3 COTTacOBAaHHBINA (MIBTP, MPOM3BOAMICS MOMCK MAKCHMAIBHOTO TI0 MOAYJIIO BBIXOIHOTO OTCYETA, ITOCIIE YEro
OIIpe/IeISTCh HOPMUPOBAHHbBIE 3HAYEHHs OOKOBBIX OTCUETOB. TakuM myTeM Obuia monydeHa BbiOopka u3 10 000

nap KOMIUIEKCHBIX IEPEMEHHBIX Y M y’pi JUISL K&KAOTO0 W3 TpeX OTHOLIEHWI curHai/mym. [lamee amst 9Toi

BBIOOPKHM OBLT pacCYMTaH MHTEPIIOIMPOBAHHEIN 110 KOTENbHUKOBY CHTHAIN C MOBBIIIEHNEM YacTOTHI TUCKPETU3AIIH
B 1000 pa3 ¢ mempo ompeneneHus MONI0KEeHHSI MaKCUMyMa. J{J1s1 TIOBBIIICHUS TOYHOCTH OLIEHKH B OKPECTHOCTSX
IMAKa UHTCPHOJIMPOBAHHOI'O CHUI'HAJIa BBLINOJHAIACH €IIEC U napa6ony1qe01<aﬂ HUHTEPIOJIALINA MOAYJIA KOMIIJICKCHOT'O
curHayia cornacHo (1). Takum 0Opa3oM OBUTH MOJYYCHBI JKEJIaCMbIC 3HAUCHHSI HMCKOMOW (DYHKIIUHU JJIsi JaHHOM
BBIOOPKH.

[Mowuck ko3¢ durmenToB GyHKIwH (7) MPOU3BOAWICS METOJOM YHCICHHOW onTuMu3anun. L{eneBoit GpyHkimei
SIBIISUICS CPEIHUN KBAJpAT OTKIIOHCHUS PACCUMTAHHBIX IOJIOKEHHH MUKA OT JKEJIAeMBIX 3HAYCHUH, OMPEACICHHBIX
OIHMCAHHBIM BEIIIIE CIIOCOOOM.

[Mocne ompenenerns BceX BOChMH Kod(¢uimeHToB (yHKImH (7) OBUIO TPEANPHHATO HCCICIOBAHUE
3HAYNMOCTH OTHETBHBIX ClIATaeMBIX €€ YHCIHUTeNsT W 3HaMeHarens. J[ims 3Toro Kaxkapli u3 koddduimentor
MOOYEPETHO 3a/4aBaJICS PABHBIM HYJIIO, a JJIS OCTABIIMXCS 3aHOBO pellajach ONTUMU3AIMOHHAS 337a4a, P 3TOM
HCXOJIHOE pEIICHHE HCIOIb30BAIOCh B KaUeCTBE HAYAIBHOTO NPUOMIDKEHHS. B KadecTBe HamMeHee 3HAYMMOM
BBIOMpayach MEpEeMEHHas, yCTpaHEHHEe KOTOPOH MPHBOAMIO K MHUHUMAIBFHOMY MPHPALICHHUIO IENeBOW (DYHKINH.
Janee mpouecc ycTpaHeHHs IEPEMEHHBIX MPOJOJDKAICSH yKa3aHHBIM 00pa3oM — BIUIOTH JIO CUTyallUH, KOIJa
0CTaBaJIaCh JIMIIb OJTHA [TIEPEMEHHAST U3 UCXOTHBIX BOCHMU.

[Mony4eHHble pe3ynbTaThl MpEACTaBleHbl B TaOI. 1, rie mpuBeAeHbl 3Ha4eHHs KO3(D(UIMEHTOB W LIENeBOH
(hyHKIMU 71 BCeX pa3MEPHOCTEH ONTUMU3AIMOHHON 3a/1a9H.

Tabnwma 1. Pe3ynpTaThl YMCICHHOW ONTUMHU3AIMA

Hucno Henesas
KI(/)IZSI);%P;H a a; asz ay as ae az ag byHKIIS
8 —0.3147 | 0.1431 | —0.0486 | —1.0464 | 0.3939 | —0.1571 | 0.3615 | 0.0920 | 7.0858-10°
7 —0.3139 | 0.1501 | —0.0457 | —1.0686 | 0.4027 | —0.1848 | 0.3900 | O 7.5112-10°7°
6 -0.3229 | 0.0666 | —0.0604 | —-0.7629 | 0.2714 | —0.2809 | 0 0 8.6996-10°°
5 -0.3054 | 0 -0.0633 | —0.6919 | 0.2921 | -0.3256 | O 0 1.0702-10°*
4 -0.3069 | 0 0 —0.6935 | 0.2973 | -0.3140 | O 0 1.5578-10°*
3 -0.3120 | 0 0 -0.7084 | 0.2977 | 0 0 0 2.9895-10*
2 -0.4385 | 0 0 0 0.0756 |0 0 0 2.3237-10°
1 -0.4188 | 0 0 0 0 0 0 0 2.3530-10°

3aBUCHMOCTH LIeNIeBON (DYHKIUH OT Pa3MEPHOCTH ONTHMHU3AIIMOHHON 3a[aull Mpe/ICTaBIeHA TaKKe Ha puc. 1.
U3 sroro rpaduka BUAHO, YTO pe3KOe YXY[IICHHE IOKa3areliel MpPOUCXOJHUT, KOTJa YHCIO HCIOJIb3YEMbIX
ko3 dunnentoB ¢opmymst (7) craHoButcs MeHble TpeX. [lo 3Tol mpuymHE A MPAaKTUYECKOTO HCIIOIb30BAHUS
npejsaraercs Bapuant QyHkuuu (7) ¢ TpeMsi HeHyJ1eBbIMU KodddurmenTamu:

o 0.312(Ypr ~ Vi)
1-0.7084(Yfnr + Ypr) +0.2977(yi2 +y2)

@®)

4. Pe3ynbTaThl MOAEIUPOBAHUS

Jns mpoBEpKH KadecTBa OLCHKM IIOJIOKEHHS MaKCHMyMa C IOMOLIBIO IIOJydeHHOH (opmynbl ObLIO
NPENIPHHATO CTaTHCTUYECKOE MOJAEIUPOBaHUE. AHAJIOTMYHO TOMY, Kak 3TO Jenanoch Hpu (GopMUpOBaHUH
BBIOOPKHM JUIsl pacyera IeIeBOi (yHKIMHU, TeHEPUPOBAIUCH KOoMILUIeKCHbIe JIUM—UMITYJIbChI C aiITUTUBHBIM OEJIbIM
rayccoBbIM IIyMOM. MX IpueM OCYyLIECTBISUICS C IIOMOILIBIO COIJIACOBAHHOTO (DMIIBTpA, MOJIOKEHHE IHKA
BBIXOZIHOTO CHTHAJIA YTOYHSUIOCH C TOMOIIBI0 (QyHKIMH (8), a Takke IyTeM NapaboaruyecKoil WHTEPIOSINUT
MOJyJIsSL BBIXOJHOTO curHana coryiacHO (1). 3aBUCHMOCTH IOJYYEHHBIX CPEJHEKBAIAPATHUECKHX OIIMOOK OLEHKH
MOJIOXKEHHsI TIMKAa OT OTHOIIGHWS CHTHAI/IIYM Ha BBIXOJE COIVIACOBAHHOrO (UIBTpa (| MOKa3aHa Ha pHC. 2
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(cmomrHass JMHUS —  pe3ynbTarT 0e3 HMCIONb30BaHUS HWHTEPIOIALNNH, NYHKTUpHas — mapabonndeckas
MHTEPIOJISILUS, IITPUXITYHKTUPHAS — YTOYHEHHE MOJI0KeHHs nuka 1o ¢opmyie (8)). 13 rpadukoB BUAHO, YTO 110
CpPaBHEHHIO C Mapabojuueckol uHTeprnoysnueit gopmyna (8) oOecrieunBacT MOBBIIMICHUE TOYHOCTH OICHKH B

1.5...2.5 pa3a, 94TO COOTBETCTBYET PHEPreTHUECKOMY BBIUTPHIITY 3...8 nb.
) X 16°

.9

10°

 —

T I B R
\ m 10 F = L EPP P E— ——
) ple R

\\
0 102
1 2 3 4 5 6 7 8 15 16 17 18 19 20 21 22 23 24 2!
g, dB
Puc. 1 Puc. 2

3akiroueHne
[pemnoxxennast ¢opmyna (8) HpH HEBBHICOKOH BBIYUCIUTENBHOW CIOXHOCTH IIO3BOJISIET CYIIECTBEHHO
MOBBICUTh TOYHOCTH OIIGHKM BPEMEHHM Mpuxoja curHaita. OmHaKo ciegyeT OTMETHTh, 4TO JaHHas (opmyina
MpeIHa3HauYeHa TOJIBKO IS WHTEPHOINU y3KuX (2...4 oTCueTa) MUKOB CHUTHANA, KOTJa MPEAIOIOKEHUE O TOM,
410 (hopMa IHMKa ONPEAENIACTCS JIUIIb TPEMS OTCYETaMH, SIBJIAETCS 000CHOBAHHBIM.
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TIME OF ARRIVAL ESTIMATION USING 3-POINT INTERPOLATION OF COMPLEX-VALUED SIGNAL
Sergienko A., Chekunova I.
St. Petersburg Electrotechnical University, 5 Prof. Popov Street, St. Petersburg, 197376, Russia

One of common tasks of signal processing is time of arrival estimation. This problem is inherent in radar and
navigation systems, and also in communication systems with pulse-position or pulse-frequency modulation. The use
of signals with large time-bandwidth product (spread-spectrum signals) allows to obtain the output signal of the
matched filter in the form of a narrow peak, that increases potential accuracy of time of arrival estimation. But when
implementing the processing system in digital form, we have controversial requirements for the choice of the
sampling frequency. On one hand, it should be as low as possible due to computational and power consumption
reasons. On the other hand, the higher sampling frequency, the better is time resolution and, therefore, time of
arrival estimation accuracy. We propose to solve this controversy through signal interpolation.

A well-known simple method of interpolation is 3-point parabolic interpolation. But this method does not
account for band-limited nature of digital signal. The main feature of our approach is taking into account this
inherent property of digital signal. We assume that the correlation peak is narrow and its shape is determined by
only 3 samples—the peak sample Y, and two side samples—Ileft yy, and right y,. In this case the peak position
depends on two normalized variables y'y, = Yn/Yo and y', = y,p/Yy, so we can search for simple approximate formulas.

We derived such formula as a relation of quadratic forms of real and imaginary parts of normalized side
samples y'yy and y',. The obvious symmetry constraints lead to a function with 8 unknown coefficients:

At 3 (Yior — Yor) + 8 (Y — Ypr) + 8 (Yini — Y5i) o
1+a4 (Vinr + Ypr) +@s(Viar + Y )+ @6 (Vi + Vi) + @7 Yinr Yr +@8Yimi Vi

To find these coefficients we generated random pairs of side samples through simulation of signal reception
(chirp impulses with different signal-to-noise ratios were used). Then the optimal set of coefficients was found
through numerical optimization (random samples were band-limited interpolated, true peak positions were
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calculated and the mean square error of deviations from these true positions was used as a target function). After
that, the least significant coefficients were sequentially zeroed, and in such a way 7 simplified functions were
obtained. It was revealed that the target function significantly increases when the number of non-zero coefficients
became less than 3. So, we suggest the 3-coefficient function for practical use:

o 0.312(Ypr — Yir)
1-0.7084(Yfur + Ypr) +0.2977(yi% +y2)

(10)

Simulation results showed that this function gives 1.5...2.5 times better standard deviation of time position
estimation than parabolic interpolation of absolute values of complex signal. It corresponds to 3...8 dB SNR gain.
Finally, it should be noted that this formula is intended for interpolating only very narrow peaks with width in
the range of 2...4 samples.
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