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BBenenne

3amaun OOHApPYXKCHUS CHIHAJIOB Ha (DOHE KOPPEIUPOBAHHBIX I[MOMEX YACTO BCTPCUAIOTCS B PAgHO- U
THIPOJIOKAIINHU, B CTATUCTUYCCKON TCOPUU CBSI3U, B MEIUIIMHCKOW TUATHOCTHKE M BO MHOTHX JIPYTUX 00JaCTSIX HAYKH
U TCXHHKH.

Pemenne TakWx 3amad MOMKET OCYIIECTBIIATHCS C HCIOJNB30BAHHEM TNPOLEAYP JCKOPPEISAIUH HIH
BbIOeMBaHMs HaOmoaeHui [1,2,3]. Ecnu BeposTHOCTHBIC XapaKTEPUCTHKH IOMEX HEHM3BECTHBI MM OHU U3MCHSFOTCS
BO BpEMEHH, TO IEJIeCOO0pa3sHO WCIONL30BaTh AaNalTHBHBIE aAITOPUTMBI Jekoppersiouu  [2,3,6]. OmHako
BBIUMCIIUTEBHBIC 3aTPATHl IS pPean3alliii MHOTHX W3BECTHBIX MPOLEAYP ACKOPPENSINHA BECbMa 3HAUUTEIBHBI, YTO
3aTPyAHSAET WX TEXHHUUYECKYIO PEaH3alrio, OCOOCHHO B PEXHME PEaTbHOTO BPEeMEHH. B CBSA3M C 3THM BO3HHKAET
mpobeMa Co3/1aHMs OTHOCHUTENFHO IPOCTHIX U AP PEKTUBHBIX MPOLEAYp aJalTHBHON AEKOPPEIAIHH.

B Hactosmie#t paborte Takas mpoOiieMa penraeTcs Ha OCHOBE MeETOoJa aJalTHBHON TICEBIOTPaTUCHTHOM
JeKoppersnuy HabmoneHuit [4,5], mpu OOHapYXEHHH CHTHAJIIOB W3BECTHOH (opMbl Ha (pOHE CTAIMOHAPHBIX H
HECTAIMOHAPHBIX KOPPEIUPOBAHHBIX IIOMEX.

CHHTe3 aJITOPUTMOB 00HAPYKEHUS

B WU3BECTHBIX ONTMMANBHBIX ANTOPHTMAaX OOHAPY/KEHHs JIEeTePMHHHPOBAHHOTO CHMTHama S Ha (oHe
rayCCOBCKOM IMOMEXH C KOPPEIIIMOHHON MaTpuIleit R permaromniee npasuito uMeeT By [ 1-3]:

=Ay—H,

xRS ,
<Ay —H,

rae H; - runoreza o Hammuum curHana; Hy - rumore3a o0 ero oTCyTcTBHHM;, X - BeKTOop Habmrogenuil.B meromax
BBIOCITMBAHUS M OPTOTOHAIBHBIX TIpeoOpazoBanuii [2,3,6], anroput™ oOHAPYKEHUS 3alTUCHIBAIOT CISIYIIUM 00pa3oM:

_ = ZA'O—>H1
Xyov \ )
<Ay,—H,

e Xy =V'X , Sv = VS, V - Hmknsist TpeyronbHas Matpuia Takas, uto R'=V'V . Omeparmio n V' X moxHO

paccMarpuBaTh Kak —JIEKOPPENSIIMI0 BXOAHBIX HAOJIONCHUH, JJIS BBIIOJHEHUS KOTOPOM NOJKHA OBITh H3BECTHA
Matpunia R. Eciam matpuma R ampuopu HewsBecTHa, TO MOTYT OBITh HCIIOJNIB30BaHBI aJalTUBHBIC MPOICTYPHI
JICKOPPEISIIUU C TPEABAPUTEIBHBIM OLICHMBAHUEM 3JIeMeHTOB Marpuilsl R [3,6]. I[TomoOHbIe MaeHTH(PHUKAUOHHBIC
MPOLETyPhl UMCIOT OFPaHUYCHHOE MPUMEHCHHE, SCIIM HAKJIAJBIBAIOTCS )KECTKUE OTPAHUYCHUS HA BpeMsl 00pabOTKH.
PaccmorpuMm Oonee  mpocThie O€3bIACHTH()HUKAIMOHHBIC aJAlTUBHBIC IMPOIEIYPHl JCKOPPEISIUA WU alrOPUTMBI
0OHapyKCHWUS, BBRITIOTHSICMBIC HA UX OCHOBE.

ITycte umeetcst ciydaitnas mocienoarensHocTh (CIT) x(1)(i=1, 2, ..), ¢ HyJEBBIM CPETHUM ¥ HEU3BECTHOM
koppensiponHoi pyakmuei (K®) R, (m,1)=M {x(m), x(m+1)}, tme M {.} - onepanus MaTeMaTHIECKOTO OKHIAHMSI.

Ha6mronennss x(i) MOTyT cojiepaTh CHIHAl M3BECTHOH (opMbl S. B mpeijaraeMbix ajropuTMax peliarolee
MIPABUJIO UMEET BUJ:

-T2l |2 A > H,
zZ
11 ’
<Ay - H,
rie Z — BeKTop Hab/oeHuil nocie Ipolieayphl alanTUBHOM Jekoppensuun Bektopa X, T.e. Z = L{x}.
=1

3nech L{.} — omepatop ajanTHUBHON NEKOPPENSLUH, a S - BEKTOp CHIHala MOCJE alaNTHBHON JEKOPPEISIUH:

S = L{g} . OnepaTop aganTHUBHOMN JEKOPPEISINHU TOJDKEH 00€CIICUNBATh BHIMOJIHCHHUE YCIIOBHS
R, (m,p) = M{z(m) z(m +p)} - 0 (1)

Uil BceX m W p. Takoil omepaTop MOXKHO TIPEICTaBHTH B BHJC IOYTH IIPOM3BOJNBHOW JIMHEHHOW KOMOWHAIMA
HAOJIOICHITA:

n
z(i) = X(i)_' > Cin(i+j) 2
J=—n
j#0
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rae Ci={Ci_n Cintl> - - -Cinl» Cin } — BEKTOP BECOBBIX Kod(durmenros s i-ro orcuera CII, 2n - pasmep obmactu
BECOBOTO CyMMHpOBaHUs. JJis1 TOrO , 4TOOBI 00eCIIeYnTh BhITIOTHEHHE YCIoBUs (1) HE0OX0MMO U3MEHATh 3HAUCHUE

Ci B COOTBETCTBHH C H3MECHEHHEM BeposATHOCTHBIX cBOMCTB CII x(i). 3HaueHne BekTopa Ci MpeIuiaraeTcsi BRIYUCIUTD
C TIOMOIIIBIO TICEBIOTPAJAUESHTHON TIpoTieAypHI [7],

ci+1=ci —Aio(VQ(ci)) 3)
rne  VQ(ci) - rpaguenT peamusauuM  (YHKUMOHANa  KadecTBa  allOPUTMA  JCKOPPENSALMM,  T.€.

VQ(Ei) =VJ (Ei) +&; ] (Ei) — ()YHKIIMOHAJI Ka4€eCTBa; 5 ; - omMOKa HAONIOACHHUS Ha i-M mmare; () (.)-HeKoTopast

dyHKIMS OT peanmsanuM rpajueHTa (YHKIHMOHAIA KauecTBa; A; - BEKTOp CKAISAPHBIX Kod(duimentos. s
CXOJIUMOCTH IpoLeTypbl 3) HE0OX0aANMO BBITOJIHEHHE yCIIOBUS MCEBAOTPATUEHTHOCTH

M{V] T(Ei) . (p(VQ(Ei))} =0. B xauectBe ¢pyHkumu () (.) MOXET ObITH BHIOpaHa, HAPUMEp, 3HAKOBast (DYHKIHS

@ ()=sign(.). @ynkumonan Q(Ci) MOxeT OBITH ONPEAENICH HECKOJBKHMH Criocobamu. M3BECTHO, YTO afanTHBHBIC

QITOPUTMBI  JETATCA Ha JBa Kiacca. [lepBeIi  KJIacCc — HICHTU(HUKAIMOHHBIC, a BTOPOH KIAcC —
OC3bIICHTU(UKAMOHHBIC ~ aJNrOPUTMBEL. B  anroputMax TMepBOro Kiacca OCYHIECTBISICTCS MpeIBapUTEIbHOC
OILICHUBAHUC HEU3BECTHHIX IApaMETPOB HAONIOJCHHMN, a 3aTeM OSTH OIICHKHA WCIONB3YIOTCA  JUIS OINPEICICHUS
apaMeTpoB aIropuT™Ma 00paboTku. XapaKTepHOH 0COOCHHOCTHIO WACHTH(GHUKANMOHHBIX MPOIEAYD SABJISACTCS TO, YTO
WX KAueCTBO MOJXKET 3aBHCETh OT MOTPEIIHOCTEH OICHOK MapaMEeTPOB HAONIOACHUHA , a NPU UX TEXHHUYCCKOU
peanu3aiu TpeOYIOTCS JIOTIOJHUTEIbHBIC BBIYMCIHUTENBHBIE PECYPChl AJIsl ONpPECTCHUs] OLEHOK I[1apaMeTpoB
HaOmoneHnii. B anropurMax BTOpOro kjiacca mnapametpsl aaroputma oopadoTku CIT u3MEHSIOTCS B COOTBETCTBUU C
M3MEHEHHEM HEKOTOPOTo HaboqaeMoro GyHKIMOHaNa KadecTBa. TakuM (QyHKIIMOHATIOM MOXKET OBITh HAIPUMED,

—_ N
Q)= Xfz()-z(+K)* “)
k=1
rae N — o6aacts aexoppensuuy. Peanusanus rpaguenTa 9Toro (yHKIHOHAA KayeCTBA UMEET BUL
- o |N .
VQ(ei)=—=1 X0 -z +k)* } (5)
dci (k=1
OmnpenenrM KOMIOHEHTEI BEKTOPa VQ(Ei) . JIIst 3TOTO 3aIIMIIEM YaCTHBIE IPOU3BOIHBIE
N N . .
i Y (z()- z( + k) b= Y 2-(z(1)-zG+Kk))- @ -z(i+Kk) +Mz(i) (6)
aCij k=1 k=1 aCij aCij
YuureiBas (2), mpeodpa3zyeM 3TO COOTHOIIICHUE K BUAY:
N N
i Y (z(1)- z(G + K)? b =-2z(i) Yz(i+k) - (x(i+r1)-zG+1)+ XA+ Kk +71)-2(31)) 7

dcy; k=1 k=1

rae r=-n,-n+1,..,-1,1,...,n-1,n. CiienoBaTenbHO, KOMIIOHEHTHI BEKTOPa BECOBBIX KOI(DGUIMECHTOB Ci BBIYHCISIOTCS C
MTOMOIIIBIO CIICAYIOIIEH PEKyPPEHTHOH (HOpMYIIBI:

Cistr = Cir T A sign{z(i) g‘,z(i +k)-(x(+1)-zG+1r)+x(A+k +1)-2(1))} 8)
k=1

rae r=-n,-n+1,..,-1,1,...,n-1,n. Kpome nmuneiinoi komOuHamu (7) B Ipoueaype ACKOPPEISIMA MOXHO HCIOJIb30BATh
OJTHOCTOPOHHKE KOMOUHALINI

-1 n
z(i)=x()— ¥ cyx(i+j), z(i) =x({) — Xeyx(+j) 9
j:—m ]:1

Pe3ynbTaThl YMCIEHHOT0 MOIeTUPOBAHMSA
UwnciaeHHOE MOJENMPOBAaHHUE MPEIOKEHHBIX aJTOPUTMOB MPOBOAMIIOCH KaK JJISl CTAI[MOHAPHBIX, TaK M IUIS
HectanoHapabix CII. PesymbraTel uccienoBanus mponeaypbl nekoppensimun ans CII ¢ pasmuuabimu KO

nipuBeieHs! B [4,5]. Huke npencrasiiensl xapakrepucTiky anropurma oOHapyxenus it CIT ¢ KO Buna R, (u)= p‘u‘ .

XapaKTepuCTHKH TIONMy4eHbl s ~Todeynoro” curHaza S1={0,1,0} ¥ 111 NPOTHKEHHOTO CHIHAJIA

§2:{0,1,1,1,1,1,1,0} opu P = 0.9, Gf =1, M{x(i)}=0, Pe=102. IIpeanonaranoce, 4To A - umeer mocrosiHHOE

3HaueHMe JUIs BCEX KOMIIOHEHT BEKTOpa BecoBbIX Kodhouumentos Ci (A =0,0015), o6macts BecoBoro
CYMMHpPOBAHUsI BKIIOYa€T CEMb OTCYETOB, a OOJACTh NEKOPPEISIIMM - TPH OTCUeTa. AHAIN3 IOJY4YEHHBIX
pe3yIbTaTOB MOKA3bIBAET, YTO MPH MOTPEITHOCTH omnpeseneHus P paBHoi 0=0,001 u JIOBEPUTEIHLHONU BEPOSITHOCTU
paBHoit Pg=0,99, momyuenHble XapaKTepUCTUKN OOHAPYKEHHSI HEPA3IMYUMBL. TaKoi e BBIBOJ MOKHO CHIENaTh U IPU
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aHaIM3e 3aBUCHMOCTEll 3HaueHHil MOPOTrOBOTr0 CHIHANA Ul S1 M MCEeBJOTPAANEHTHBIX MPOIEAYp OT KodddHImenta
koppersiu  (puc.1). Ha sToM prcyHKEe KpuBas 2 COOTBETCTBYET ONTHMAIBHOMY alrOpUTMy, a KpuBas | —
aIalITHBHOMY.

q
6 q
5 2
\
1 " P>=05
4 P=10°7 08
2 A
3ﬁkPD=0,5 12 1 1 | —
Pr=10"" > > | —
2 os | 2 p09—
1 04
N 3 3 =09
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0 0.2 0.4 0.6 0.8 1 P 0 0 004 006 008 01
Puc. 1 Pnc.2

Ha pI/IC.Z MpeACTaBJICHbI 3aBUCUMOCTU HNOPOrOBOr0 CHUIrHaJla OGHapy)KeHI/Iﬂ AAarTUBHOI'O aJIroOpuT™Ma I10

ypoeHio Pp=0.5 mpu Pp=0.01 or Bemmumusr mara A . KpuBas | COOTBETCTBYeT 3HAUCHHMIO p=0.8, xpusas 2

cooTBeTcTBYyeT 3HaueHnmio P =0.9, kpuBag 3 0 =0.99. Anamu3 5THX 3aBUCHMOCTEH IOKa3bIBAacT, YTO 3HAYCHUE

kodddurmenta mara A momxso upumamtexars umtepsany A €[0,001;0,02]. Mpu stux 3savenmax A

XapaKTEPUCTUKN OOHAPY)KEHHUSI TPAKTUIECCKU COBIIAAAIOT C XapaKTEPUCTHKAMH ONITUMAILHOTO aJIfTOPUTMA.

IIpoBeeHHBIE HCCACIOBAHMS IIOKA3ajiM, YTO 3HAYCHHE IOPOTOBOIO CHWTHAJA C YBEJIMYCHHEM 00JacTd
JNEKOPPENSIIAA OT OJHOro oTcuera 70 20 OTCYETOB MOKET CHMXKAThcs He Oosee yem Ha 0,6 10, 9TO BO MHOTHX
MPaKTHYECKHX CIIydasx HecylecTBeHHO. Takum oOpa3om 3HaueHue N 1enecooOpa3Ho BEIOMpATh U3 Auana3oHa oT 3-X
10 6 orcueToB. MccmenoBaHus TaAKKE MOKA3ald, YTO KAY4eCTBO OOHAPYKCHUS MMPAKTUICCKH HE 3aBHCUT OT BEIHYNHBI
obmacTi MpoOrHos3a. IIpu MPAKTHUYCCKOW K€ pealu3ald aJfOPUTMOB OOHApPYKCHHS PEKOMEHIYCTCS BEIHUHHY
00JTacTH MPOTHO3a BEIOUPATH U3 TUana3oHa oT TpexX (n=1) 10 aeBatu (n=4) OTCYECTOB.

3aki0uenue

[IpoBeneHHBIC HCCIIENOBAHMS TOKA3aJH, YTO MPEAJIOKCHHBIC aJalITUBHBIC alTOPUTMBEI O0OHAPYKCHUS UMECIOT
3¢ (EKTUBHOCTh CPAaBHUMYIO C IOTCHI[HATBHO JOCTIDKUMOMN, PEKUM HX PabOThl ONHM30K K PEKUMY PEallbHOTO
BPEMCHH, a HMX TEXHUYCCKas peamu3alis MOXET OBITh OCYIIECTBICHA OTHOCHUTEIBHO MPOCTBIMH CIOCOOAMH C
HCIOJIb30BaHUEM COBPEMEHHOM AJIIEMEHTHOU 0a3bl.
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ALGORITHMS OF SIGNAL DETECTION BASED ON THE METHOD OF ADAPTIVE DECORRELATION
OF OBSERVATIONS
Vasilyev K. K., Ageev S. A.

432027 Ulyanovsk, Severny Venets St., 32, CAD/CAM systems department

The problems of signal detection on the background of correlated noise are often encountered in radars and
sonars, in the statistical theory of communications, in medical diagnostics, and in many other fields of science and
engineering.

Such problems can be solved by means of the procedures of decorrelation and whitening of observations. If
probability characteristics of noise are not known, or if they change with time, it is reasonable to use adaptive
decorrelation algorithms. However, computational overhead of implementation of many known decorrelation
procedures is considerable, which hampers their technical implementation, particularly in real time. This leads to the
emergence of the problem of development of relatively simple and efficient adaptive decorrelation procedures.

This problem is solved in the paper on the basis of the method of adaptive pseudogradient decorrelation of
observations, when signals of the known form are detected on the background of stationary and non-stationary
correlated noise.

In the known optimum signal detection algorithms, sufficient statistic being compared with the threshold has
the form of:

-T=l1 ZAlol — H;
z S " ,
<Ay —H,
where Z is the observation vector after implementation of the adaptive decorrelation procedure of vector X,
- — —1
ie.z=L{Xx}, where L{.} is the adaptive decorrelation operator, while S is the signal vector after adaptive
-1 -
decorrelation: S = L{S} . The adaptive decorrelation operator should ensure that condition
R, (m,p)=M{z(m)- z(m+p)} >0 (1)

be satisfied for all m and p. Such an operator can be represented as an almost arbitrary combination of observations:

n
z@H)=x({)—- X Cin(i +7), (2)
j=-n
j#=0
where Ci={Ci_, Ci_nt1> - - --Cin1, Cin } 18 the vector of weight factors for i count of RS, 2n is the dimension of the range

of weighted summation. For condition (1) to be satisfied, it is necessary to alter the value of Ci in accordance with the

change of probability characteristics of RS x(i). It is suggested to calculate the value of vector Ci by means of
pseudogradient procedure,

ci+1=ci —MoVQ(ci)), 3)

where VQ(Ei) is the gradient of the implementation of the quality functional of decorrelation algorithm, i.e.
VQ(Ei) =VJ (Ei) +&; I (Ei) is the quality functional; &i - observation error at stepi, @ (.) - a certain function of

the implementation of the quality functional gradient; Ai - vector of scalar factors. For procedure (3) to converge,

pseudogradiency condition should be satisfied M{V]J T(Ei) : (p(VQ(Ei ))} = 0. Functional Q(Ei) can be defined in

several ways. In class non-identification algorithms, algorithms of processing of RS vary in accordance with the
variation of a certain observed quality functional. Such a functional can be, for example,

- N
Qei)= Xzl z(i+k)*. )

where N is decorrelation range. Let us determine vector VQ(ci) components. In order to do this, let us put down

partial derivatives and the components of the weight factors vector ci are calculated by means of the following
recurrence formula:

N
Citlr =Cir T ki’rsign{z(i) Y z(i+k)-(x(i+1)-z(i+1)+x(i+k +71)-2(1))} .
k=1
Numeric simulation of the suggested algorithms was performed both for stationary, and non-stationary RSs.

Characteristics of a detection algorithm for RS with CF of the form of R,(u)= p‘u‘ are given below.
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The characteristics were obtained for a “point-type” signal Si= {0, 1, 0}, and for a continuous signal

§2:{0,1,1,1,1,1,1,0} at p = 0.9, Gf =1, M{x(i)}=0, PF:IO'Z. It was assumed that A is constant for all the

components of weight factors vector Ci (I =0,0015), weighted summation range includes 8 counts, and decorrelation
range - 3 counts. Analysis of the characteristics obtained shows that with Py, calculation error equal to 0=0.001, and
confidence coefficient equal to Pg=0,99, the presented characteristics are indistinguishable. The same conclusion can
be drawn from the analysis of the dependencies of the values of threshold signal for Si and pseudogradient

procedures on correlation factor (Fig. 1). In this Figure, curve 2 corresponds to the optimum algorithm, while curve 1 -
to the adaptive one.

q
6 q
5 \\ 2
1 16 PFOS
4 P=10°"" 08
2 ~ a
3] Pp=0.5 12 1 1 [ —
Pe=10"""" > > |
2 08 || | 2 08—
1 04
- 3 3 |09
\
0 0.2 0.4 0.6 08 1 P 0 o 004 0.06 0.08 01
Fig. 1 Fg.2

In Fig. 2, dependencies of the threshold signal of adaptive algorithm detection at level Pp=0.5, when Pr=0.01,

on step size of A are shown. Curve 1 corresponds to the value of p=0.8, curve 2 -to P = 0.9, curve 3 -to P =

0.99. Analysis of these dependencies shows that the value of step factor A should belong to the range of
Ae [0,001;0,02 ] . At these values of A , detection characteristics practically coincide with the characteristics of the

optimum algorithm.

The investigation performed has shown that the efficiency of the suggested adaptive detection algorithms is
comparable with the potentially achievable one. Detection devices can be implemented on the contemporary
component basis as high-speed signal processors, or as concurrent information processing units (transputers,), etc.




