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NPUMEHEHUE METOJIOB HEJIMHEMHON JUHAMHUKHU
JIJIA AHAJIM3A CBOMUCTB CUI'HAJIOB, COOPMHUPOBAHHBIX
HA OCHOBE TPOUYHBLIX INTOCJIEJOBATEJIBHOCTEHN

[Toka3aHo, 4TO B HACTOsAIIEEe BpEMs CIOKHBIE CHTHAJBI, TOCTPOCHHBIE Ha OCHOBE IICEBIOCITYYalHBIX IOCIIEI0Ba-
tenpHOCTeH (IICIT), HaAXOAAT aKTUBHOE NMPUMEHEHHE B PA3IMIHBIX O0JIACTAX NEATEIHHOCTH. YKa3aHO, YTO MHOTHE
n3BecTHble OnHapHbIe [ICII, Hanpumep. koxel bapkepa, m-mocieoBaTeIbHOCTH U TIp., 00IaJa0T pa3IMdHBIMU He-
JIOCTaTKaMM, 3aTPYJHSIONIMMHU UX UCTOJIb30BaHUE HA MpakTHke. [loaToMy mpencTaBisercs pa3yMHBIM HCCIeA0Ba-
HUE MyTeH yCIOXKHEHUS! CTPYKTYphI CUTHAJIA HE 3a CUET YBEJIMUYEHUS YKCia CUMBOJIOB B €T0 TIEpUOJIe, a 33 CUET yBe-
JUYEHUs KOJIMYECTBA 3HAUYECHMI, KOTOPbIE MOXKET MPUHUMATh YUCIIOBas MOCieA0BaTeIbHOCTh. OJHUM U3 CaMBIX
OUYEBUJIHBIX U HaUMEHEE 3aTPATHBIX C BHIYUCIUTENILHON TOYKU 3pEHUS TOJXOI0B JIJISl YCIIOKHEHUS CTPYKTYPBI CUT-
Halla SBJISETCS WCIOJB30BaHME TPOWYHBIX mociemoBarensHocTel (TII). OTMedueHO, YTO, HECMOTpPS HA HAJIWYHE
Oopmioro KonmdecTBa padoT Mo yKa3aHHOH TeMaTHKe, HEKOTOPHIe BOMPOCH HE PACKPHITH B TIOIHOM Mepe, HalpH-
Mep CKPBITHOCTh M HAaJICKHOCTh TAKUX CHTHAJIOB MPU MX HMCIIONH30BAHWU B CHCTEMaX Iepenayn NaHHBIX. [Ipemro-
JKEHO JUISI OIICHKH CKPBITHOCTH W HaJEKHOCTH CHTHAIIOB, COPMHPOBAaHHBIX Ha ocHOBe TII, MCIIONB30BaTh METOABI
HenuHeHo# nuHamuku (BDS-cratucTuky, mokasarens Xépcra, nuk-gakrop). Ha ocHOBe NMpOBENCHHBIX UCCIEIO-
BaHUI MOJATBEPIKACHO, YTO CUTHAJIBI, CopMHUpOBaHHbIe Ha ocHOBe TII, 00HAPYKUBAFOTCS C MOMOIIBIO METOJIOB He-
JTUHEHHON JAMHAMUKH, B YACTHOCTH ¢ momoisio BDS-cratuctuku. [Ipu 3ToM ¢ moMomibio mokaszarens XEpcra Takue
CUTHAJIBI HE OOHAPYKUBAIOTCS, T.K. OHM KIACCU(UIMPYIOTCA Kak Oim3kue K Oenomy mnrymy. OTMEUeHO, YTO BCe
curHaiel, chopmupoBanubie Ha ocHoBe TII, 001a1ar0T XOPOIIUM (COTIACHO PEKOMEHIANUsAM) HK-(hakTopom. Tak-
JKe yKa3aHO, 9TO OONBIIMHCTBO HMCCIEAYEMBIX CHTHAJIOB, c(hOpMUpPOBAaHHEIX Ha ocHOBe TII, ABMSAIOTCS ONM3KUMHU
K CHTHajlaM, c(popMHpOBaHHEIM Ha OCHOBe Kiaccmdeckux OmHapHBIX [ICII. Mcxoast M3 3TOro, UX MOXKHO PEKOMEH-
JIOBaTh K HMCITOJB30BAHMIO B CKPBITHBIX CHCTEMaXx IepeJadd JaHHBIX — XOTS TaKhe CHUTHAIBI U MOTYT OBITH OOHa-
PYXXCHBI, OJJHAKO PacKpPBITHE UX CTPYKTYPHI OYAET MPEACTABIATH ONPEIeIeHHBIC TPYIHOCTH, T.K. OHH UMEIOT NpHU-

3HaKH Kiaccudeckux ouHapHsIx I1CIT.

Kunroueswie cnosa: TPOUYHBIC MMOCIICAOBATCIIbBHOCTHU, CUCTEMBI IE€EPEAAYN JaHHBIX, CKPDBITHOCTb, HAJIC)KHOCTD,

HeJTMHEHHAS JUHaAMHKa

BBEJEHUE

B HacTos1ee BpeMs CIIOKHBIE CUTHAIBI, MOCTPO-
€HHbIE Ha OCHOBE IICEBIOCTY4alHbIX MOCIENOBATENb-
Hocreit (IICII), HaxomsT aKTWBHOE TPUMEHEHHE
B Pa3iMYHBIX OO0NACTIX JAEATENLHOCTH, HAallpuMep
B MEIUIIMHE, CUCTeMax Mepeladd JaHHBIX, Paguali-
OHHOIi 0€30MacHOCTH, FeOPU3NIECKON TEXHUKE U TIP.
[1-5]. OmauM U3 OCHOBHBIX CBOMCTB, KOTOpPOE OIpe-
nensetr npeumymiectsa [ICII nepen npyrumu TUnamu
MOCJIEJOBATELHOCTEH, SIBISIOTCS ONTHMAJIbHBIE aB-
TokoppensiuuonHbie pyHkuun (AK®D). OOpyHO mOJ
onrumanbHON AK® mornmaetcs Takas AK®, y koro-
poii OOKOBBIE IMUKH CYLICCTBEHHO MEHBIIEC aMILIHTY-
Ibl HEeHTpajbHOTO nuKa. HecMoTpst Ha pa3sHooOpasue
knaccoB IICII, enuMHCTBEHHBIM KJIACCOM JBOMYHBIX
TICII, oOmamaromux ONTUMAJIBLHBEIMH CBOHCTBAMH
AK®, gapistorcss nBouuHble KoAbl bapkepa. Mexny
TEM YHUCIIO KOJI0B bapkepa HUUTOXHO, a uX 0a3bl He
npesbimaoT 13. [ToaTomMy 00 WX aKTHBHOM HCIIONb-
30BaHMM B HACTOAIIEE BpeMsl HE MPUXOIUTCS TOBO-

puts [1-5]. [pyrmM OIMpOKO HMCIONB3yEMBIM
Ha mpaktuke kiaccom IICIT sBasroTcss m-moc-
nenoBarenbHocTd. OHHU, B OTIAMYME OT KOozxoB bapke-
pa, 00JagaloT HECKOJIBKO XYJIUIMMHU KOPPEIALUOH-
HBIMHU CBOMCTBaMH, HO 110 CPaBHEHHIO C HUMHU — OT-
HOCHUTEJIBHO OOJIBIIIMM YHCIIOM KOJIOBBIX CTPYKTYD.
[TosTOMY 10 HACTOSILErO BPEMEHHU, C YIETOM IIPOCTO-
Thl X peaju3allii, OHW aKTUBHO NPHUMEHSIOTCS AJIsS
MOCTPOCHHUA CJIOXKHBIX CUTHAJIOB B PA3JIMYHBIX CHUCTC-
Max. OIHAKO STHUM IIOCIIEAOBATEIBHOCTSAM TAKXKe
MpUCyIIX HEAOCTATKH, CPEAN KOTOPBIX BBIACINM CJIC-
nytomue [4, 5]: npuramiexHocTs K kKateropuu [1CIT
C MaJIbIM 00BEMOM IIOCIIE[JOBATEIBLHOCTEH, HEI0CTa-
TOYHasl JUHEHHAs CIIOKHOCTD U TIp.

Kaxk YKa3zaHO B MHOT'OYUCJIICHHBIX HUCCIICAOBAHUAX
[4-11], mpencraBisieTcss pa3yMHBIM HCCIIEIOBaHHUE
MyTeHl YCIOXXHEHMsI CTPYKTYpbl CHTHajla HE 3a CuUeT
YBCJIMYCHUA YMUCIIa CHMBOJIOB B C€ro mnepuonac,
a3a cyeT YBEIMYCHUS KOJMYECTBA 3HAUYEHHH, KOTO-
pple MOXXET TNPUHMMATh YHCIOBas IOCJelI0BaTeNb-
HOCTb, T.€. HCCIIEJOBAHHE MHOTOYPOBHEBBIX IOCIEI0-
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BarenbHOCTEM. OJHUM M3 CaMbIX  OYEBHIHBIX
1 HAaUMEHEE 3aTPaTHBIX C BBIYUCIUTEIBHON TOYKH
3peHHs TOAXOJO0B IJIsl YCIIOKHEHHS CTPYKTYPBI CHT-
HaJla SIBJIAETCS UCIOIb30BaHUE TPOUYHBIX MOCIIE0BA-
tenpHOCTEH (TII) [1-5, 12-20]. UX oTnmunTEIHHOM
YepTOl SABISIETCS BO3MOXHOCTh CO3/aHHUS TOCIEI0BA-
TEJBHOCTEH ¢ MOYTH UAEANBHBIMU KOPPEISILUOHHBIMU
CBOICTBaMH, OOJIBIIONH 00BEM MOCIEAOBATEILHOCTEH
u mp. llpu 3tom no cpaBrenuto ¢ OuHapabME [1CIT
MPOMCXOANT HE3HAUYUTEIBbHOE YCIIOKHEHHUE armapa-
Typsl ux popmupoBanus u o0padbotku. Cpeau ux He-
JOCTaTKOB BBIJEISIOTCS YBEJIUYEHHBIH NHK-(aKTop
no cpaBHeHuto ¢ OuHapueivu [ICII, a Takke Hepas-
HOMEPHOCTh CIIEKTPAJIbHOro npezcraBieHus. OnHako
9TH HEAOCTaTKH HE MEIIAl0T aKTUBHOMY HCIIOJIb30Ba-
Huto TII, T.K. UX OperMylIecTBa MO3BOJSIOT UM YC-
MEIHO KOHKYPHPOBaTh ¢ Myuiumu ouHapHbiMU [1CTT
Ha (hOHE MHOTOYPOBHEBBIX U MHOTO(a3HBIX TIOCIEAO0-
BaTEJILHOCTEH, aJITOPUTMBI CO3JJaHUSI KOTOPBIX MOTYT
OBITH JJOCTATOYHO TPYAHOPEATN3YEMbIMU.

BMmecte ¢ Tem, HecMOTpsi Ha Hanuuue OOJIBIIOrO
KOJIM4ecTBa paboOT MO YKa3aHHOH TeMaTHKe, HEKOTO-
pble BONPOCHI HE PACKPBITHI B MONHOKW Mepe. B yact-
HOCTH, OIIGHKE CKPBITHOCTH M HaJeXKHOCTH TaKUX
CUTHAJIOB IIPU HX HCIIOJIb30BAHUU B CHCTEMax Iepe-
Jauydl JAaHHBIX YJEJNEHO HEeAOCTaTOYHO BHUMAHUS.
B MHOrOuUMCHeHHBIX myOnukanusax [5—7, 12-20] oc-
HOBHOE BHMMAaHHE YAEISIETCS KIACCHUYECKUM II0Ka3a-
TeJsIM, B YAaCTHOCTH HCCIEAYIOTCS KOpPPENALNOHHbIE
1 B3aMMOKOPPEJISIIMOHHBIE CBOMCTBA TAKUX CUTHAJIOB,
WX KOJMYECTBO, JIMHEHHAs CIIOKHOCTh U mp. B psane
pabot nmpoBoauTcsa aHanu3 muk-pakropa TII [5, 15].

Kak yrBepxkmaercs B paborax [9, 10, 21],
JUIS OLIEHKH CBOWCTB KOJIOBBIX ITOCIJIE€JOBATENbHOCTEN
Pa3NIUYHOM NPUPOABI BO3MOXHO HCIOJIB30BaTh HE
TOJIBKO KJIACCUYECKHE TOKAa3aTeNll, OCHOBAaHHbIE Ha JIM-
HEWHBIX METO/aX, HO TAK)KE M HEJIMHEWHBbIE METOMBI,
OCHOBAHHBIE HA TEOPUU HEIUHEHHOW AuHamuKu. Ta-
Kas 3a7jaya MpeacTaBisieT HHTEpeC U TpedyeT I0IoJl-
HUTENBHOM MPOpadOTKH.

MATEPHAJIBI U METO/IbI

[npoxo m3BectHO [4—11], 9TO OOHUM W3 caMBIX
pacnpoCTpaHEHHbIX HAMpaBICHUH HCIOJIb30BaHUS
CJIOKHBIX CUTHAJIOB, MOCTpoeHHbIX Ha ocHoBe [ICII,
SIBIIACTCS. UX NPUMEHEHHE B CHCTEMaxX Iepenadu JaH-
HbeIX. VMcrnonp3oBaHHEe B TaKUX CHUCTEMax CIIOXHBIX
CHUTHAJIOB C XOPOIINMH KOPPEISLIUOHHBIMH CBOMCT-
BaMU MPEJCTaBIAeT 3HAYUTEIbHBIH UHTEpeEC, T.K. TO-
3BOJISIET JOCTHYB IOBBIIIEHHON MOMEXO3AIUIIEHHO-
CTH, BBICOKOW JIOCTOBEPHOCTH IMepeAaun HHpopMma-
LMY, BBICOKOW DSHEPreTUYECKOW U CTPYKTYypHOU
CKPBITHOCTU M3JIyYE€HHM, BBICOKOW CKOPOCTH Iepenaa-
91 HHPOPMAIUH U TIP.

A. A.TABPUIIEB, J. JI. OCUIIOB

C yderom pekoMmeHmanui u3 pabor [5, 12-20],
ObUIO IPOBENEHO MOAEIMPOBAHHE IEpeAaBacMbIX
curHaioB, chopmupoBaHHbeix Ha ocHOBe TII. Mcxon-
HBIC TMCPECAaBacMbIC TaHHBIC (HOFI/I‘IGCKI/IC HYJIb
Y eIMHUIA) 33J]aBAMCh C MTOMOIIBI0 TeHepaTopa Ou-
Hapueix [ICIT u pganee mepeBommnuck B 6azuc {—1,
1}. 3aTem momydeHHBIE CUTHAIBI PEOOPA30BHIBAIHCH
B IIymMonoAoOublii curHan ¢ BPSK-monymsmuei,
mpudeM Ui nepemadn 1" wmcmonp3oBayach HpsMas
TII, a nns nepegaun "—1" — unBepcHas TII. Takum
oOpa3zom, Jiist Kaxaoro u3 tunos TI1 ObLIO MOTYYEHO
mo 50 mocnenoBatensHOCTEH. CBOWMCTBA TOTYYESHHBIX
MOCJIeI0BAaTEIbHOCTEH 3aTeM HCCIIEOBAIUCh C IIO-
MOILBIO METOJIOB HETMHEWHOW JTUHAMHKH.

EJIb UCCJIIEAOBAHUA

Llenpro mccneaoBaHUs SIBISETCS OIEHKA CBOMCTB
CUTHAJIOB, C(POPMHPOBAHHBIX Ha OCHOBE TPOMYHBIX
IOCJIEJOBATEIIbHOCTEH, C IIOMOIIbIO METOJOB HEJIH-
HEWHON IOUHAMHUKH Ha MpEeIMET UX HCIOIb30BaHUSA
B CUCTEMaAX Hepenaqu JAaHHBbIX.

PE3VJIBTATBI NCCJIENOBAHUA

[IpoBenennsIit aBTOpamMu 0030p MMyOIUKAIUil TIO-
kazan [5, 12-20, 22], yto B HacrosIlee BpeMs s
CHCTEM Tepe/iavyd JaHHBIX BBIISISIOTCS ABa OONBIINX
xiacca TII:

DT X, ={x;....X,,..., Xy}, x; €{0,%1},
rae N — nepuo/ mocie10BaTeIbHOCTH;

2) TIT X, = {xo,...,xj,...,fol}, x; € {0,1,2},
rae N — nepuoJ mocie10BaTeIbHOCTH.

OTnyuTensHBIM TPU3HAKOM TepBoro kiacca TII
Xs ABIIsSIETCS] HAJIMYKE 1ay3 Ha T€X BPEMEHHBIX I03HU-
musix, rae x;= 0, Torga Kak Ha OCTaJbHBIX MO3MLHUAX
nepeaaloTcsl CTaHIapTHble MMIYJbehl (x; ==1). Ort-
JUYUTEIBHBIMHA IIPH3HAKaMu BToporo kiacca TII X,
ABJIACTCA HCIOJIB30BAHUE TPOUYHOU CHUCTEMBI CHHC-
JICHHSI, TIPEICTABICHHON IIOJIOKUTEIbHBIMH LEIBIMU
yuciamu. B cooTBeTcTBUMU C [22], B JaibHEHIeM
niepBbid kimacc TII Oyxem Ha3pIBaTh CUMMETPHYHBIMA
TII (CTII), a BTOpOIi KITacc — mo3unuOHHBIME TI1I
(ITTTD).

TunoBble cxeMaTHUHBIE CHEKTPAJIbHBIE IUArpam-
MbI UCCIICAYEMBIX CHIHAIOB, C(HOPMHUPOBAHHBIX Ha OC-
Hose TII, npencraBnens B Tadm. 1.

UccrnenoBanunsi curHasnos, chOpMUpPOBAHHBIX Ha OC-
Hose CTII u IITII, mpoBenemM ¢ MOMOIIBIO H3BECTHBIX
METOJO0B HenuHeHou nunamuku [10, 21, 23], npuse-
JIEHHBIX B Ta0J1. 2.

HAVYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 3
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Ta6u. 1. CxemaTU4HbIe CIIEKTPATIbHbIE JHATPAMMBI HCCIIEyEeMbIX TPOUYHBIX OC/IEA0BATEILHOCTEH
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Taoa. 1. Oxonuanue

A. A.TABPUIIEB, J. JI. OCUIIOB

Hcrounuk ‘ CrexTpainbHas [uarpaMmma
Curnansl, chopmupoBanHbie Ha ocHoBe [1TTI
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Tao.a. 2. HekoTopsle U3 METOJOB HEITMHENHON IMHAMUKH, IPUMEHSIEMBIE AJIS1 OLIEHKH CBOMCTB TPOMYHBIX

nocJjieJoBaTeIbHOCTEN

HasBanne metona

®opmynbHOE BBIpaKCHHE

BDS-cTaructuka

g)=C ()"

C
W, v (&) =N -m+1 o

, TIe Cm,N (e) m Cl,N—m (¢) — xoppe-
Gm,N (8)

JILIMOHHBIE UHTETPAlIbL, a O, , (§) — CpeAHEKBaJpaTUYHOE OTKJIOHEHUE

ITokazarens Xépcra

R/S=(r/2)", rne R — HOpMMpOBaHHBI pa3Max Bapualuy (Pa3sHOCTh MaK-

THYHOC 3HAYCHUC CUTHAJIA

CHUMaJIbHOTO ¥ MUHUMAaJIBHOTO 3HaUYCHMH M3MEpsSeMOro napamerpa), S — CTaH-
JapTHOE OTKJIOHEHHE (KOpeHb KBaJpPaTHBIM OT JUCIIEPCUH), T — HEpuol (IJIUHA
psina) Habmoaenuil, H — nokazatenb Xépcra
[uk-dpakrop U, .
P=—"% rne Unyx — MaKCUMaJbHOE 3HAUE€HHE CUTHANA, 0 — CPEJHEeKBajpa-
c

Ussectro [10, 21], uto BDS-cratucruka w(eg)

0asupyeTcs Ha CTATHCTHYECKHUX CBOMCTBAX KOPpPEs-
[IMOHHOW Pa3MEPHOCTH HCCIIEAYeMOro Imporecca
B (pa30BOM IIPOCTPAHCTBE, KOTOpasi, B CBOIO OYepe/lb,
OTIPE/IENSAETCS KOPPEISAIHOHHBIM HHTETPAJIOM. DTH
JAaHHBIC 3a4aCTyH MPEJOCTaBISIOT OoJibie HH)OP-
Mallny 0 KJ1acce mpoiecca (CiydaifHbie, XaOTHYECKHUE,

peryisipHble), 4YeM OSHEpreTHUecKHue MOoKa3aTellu.
B cootBerctBum ¢ [10, 21], BDS-craTuctuka B psine
CJIy4aeB MOXXET BBICTYIaTh B Ka4eCTBE MEPBI CKPBIT-
HOCTH TIepe/laBaeMbIX CUTHAJIOB. B cBoto odepenp, mo-
Kazarenb XEpcra H MO3BONSET pa3ieiuTh MEXIY CO-
00l meproINYecKre U CITydaifHbIe MPOIIECCHI, a TAKKe
MO3BOJISIET OOHAPY’KUBATh CUTHAJIBI C TAPMOHUYECKOI
Hecyitueit [10, 21]. Emre oqHuM BaXXHBIM IMOKa3aTEIEM

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3



[IPUMEHEHUE METO/IOB HEJIMHEMHOW JIMHAMUKU /151 AHAJIU3A CBOMCTB CUTHAJIOB

123

Tab. 3. PacueTs! 1 ucciexyeMbpIX CUTHAIIOB, copMupoBaHHBIX Ha ocHOBe CTII m ITTII

Hcrounnk BDS-cTaTHCTHKA w ITokazarens Xépcra H Muk-dpakTop P
Curnansr, chopmupoBanHbeie Ha ocHoBe CTTI
[5] 45.50-53.50 0.45-0.59 1.39-1.79
[12] 40.60-51.30 0.45-0.65 1.68-1.98
[13, 14] 15.00-25.00 0.43-0.69 1.76-2.45
[15] 49.30-63.00 0.40-0.55 1.51-1.90
[6] 45.30-55.60 0.72-0.81 1.50-1.70
[17, 18] 48.30-62.40 0.49-0.63 1.40-2.00
[19] 40.60-60.00 0.43-0.54 1.50-1.80
Curnaisl, chopmupoBanHbie Ha ocHoBe 11TII
[7] 31.40-36.00 0.60-0.75 2.10-2.50
[16] 33.40-41.40 0.58-0.79 2.30-2.52
[20] 32.20—42.00 0.69-0.82 2.16-2.30

ABJsieTCsT THUK-(pakTop curHanoB P. VYBennueHHOe
3Ha4YeHUE NHK-()aKTOpa OrpaHUYMBAET PEaTU3yeMbIe
3HAYEHUs SHepreTudeckor 3PpQPeKTuBHOCTH paguore-
pedarouiero ycTpoucTBa, CHIXKAET NOMEXOYCTOHYHM-
BOCTh INpHEMa, YCIOXKHSAET U YAOpOXKaeT NMpHUMeHse-
MYIO almaparypy, a TakKe CHHXKAeT CKPBITHOCTb Iie-
penaBaeMbIx curHaios [23].

B Tabn. 3 mpuBeneHBl paccUMTaHHBIC 3HAYCHUS

BDS-cratuctuku w(e), mokasarenst Xépcra H u nuk-
(hakTopa P Ans WcclemnyeMbIX CUTHAIOB, chopmmpo-
BaHHbIX Ha ocHOBe CTII u IITTI.

Kax BHIHO W3 MONydeHHBIX JJISi CUTHAJOB, cop-
MupoBaHHbIX Ha ocHoBe CTII, nanubix (Tadim. 3), Ta-
KM€ TIOCJIEIOBATETFHOCTH B OOJBIIMHCTBE 00JaNat0T

sHaueHusMu BDS-cratuctuku w(e) € [45.00, 60.00],
32 HCKJIIOUEHUEM NpEJCTaBICHHBIX B pabortax [13,
14]: ux 3nauenue BDS-ctatuctuxku w(e)e[15.00,

25.00]. IlomyueHHBIE pPE3yNBTATHI MOKA3HIBAIOT, UTO
curHaiel, cpopmupoBannsie Ha ocHoBe CTII, B esom
SBIISIOTCS ONM3KMMHU K CHUTHANaM, c(hOpMHPOBaHHBIM
Ha OCHOBe Kiaccuyeckux OunHapubix TICIT [10, 21],

3HaueHne BDS-cratuctuxku xotopeix w(eg) € [40.00,
50.00]. Curnaisi, chopmupoBanubie Ha ocHoBe CTII
u3 pabor [13, 14], sBugrorcs OIM3KUMH K YEPHOMY
mymy [10, 21], 3rauenne BDS-cTatuctukn xotoporo
w(g) € [3.00, 19.00]. OtHOCHUTENBHO pE3yIbTATOB
pacuera mnokaszatenss Xépcra H, ciaeayeT OTMETHTb,
4YTO BCE MOJy4YeHHble 3HaueHus aubo H ~ 0.5, nubo
H>0.5. Cornacho [21, 24], MOXHO TOBOPUTH O OJIHU-
30CTH TaKuX IIOCJIEIOBATEIILHOCTEH K OenoMy IIymy.
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Kpome Toro, Bce curnansl, chopMUpOBaHHBIE Ha OC-
HoBe CTII, o6mamar0T JAOCTATOYHO XOPOIINM  ITHK-
¢daktopom P <2.50, T.K. HE MIPEBHILIAIOT PEKOMEH/I0-
BaHHBI [l CHCTEM Hepefadyd JaHHbIX [OPOr
P <4.00[23].

Kak BHIHO M3 MOJIy4eHHBIX IJI1 CUTHAJOB, chop-
MupoBaHHbIX Ha ocHOBe [1TII, nanueix (Tabmn. 3), oHn
Bce obOmamaroT  3HaueHWsMH ~ BDS-cratuctuku

w(g) €[31.00, 42.00]. TlomyueHHbIe PE3yNbTATHI TO-
Ka3bIBaIOT, YTO CHTHAJIbI, C(hOPMUPOBAHHBIE HA OCHO-
Be IITII, sBnstoTCS ONM3KUME K CHUTHANaM, COpMHU-

pOBaHHBIM Ha OCHOBe Kilaccuueckux OouHapHbix [1CIT
[10, 21], 3Hauenne BDS-cTaTUCTHKH KOTOPBIX

w(g) € [40.00, 50.00]. TloguepkHem, YTO 3HAUYEHUE
BDS-craTuctuku curHanos, cOpMHPOBAHHBIX Ha OC-
nose IITII, mensire, uem 3Hauenne BDS-cratuctuku

curHanoB, chopmupoBanubix Ha ocHoBe CTII, u Ha-
xomuTcst Ommke Kk Oemomy trymy [10, 21], BDS-

CTaTHCTHKAa KOTOPOTO w(g)S|1.96|. OTHOCHUTEITEHO

IIPUBEJCHHBIX 3HAUEHUU mokasarens Xépcra H cie-
OyeT OTMETHTh, YTO BCE IIOJYUYCHHBIE PE3yJbTaThI
H>0.5. Cornacno [21, 24], Takoii moka3aTeiab CBUIC-
TEJIBCTBYET O TOM, YTO IIOCIIEIOBATEIBHOCTH OJIM3KU
Kk Oemomy mymy. Ko Bcemy mpouemy Bce CHUTHAJEBI,
chopmupoBanuble Ha ocHOBe [ITII, obnamator mocra-
TOYHO XOpOUIMM MHUK-pakTopoMm P < 2.50, He mpeBoc-
X011 UuM peKOMeH[{OBaHHLIﬁ AJid CUCTEM IIepeaadyun
naHebIX (P <4.00) [23]. B nenom nuk-hakTop curHa-
noB, copmupoBanubix Ha ocHoBe I[ITII, mpeBocxo-
IUT TIAK-()aKTOp CHUTHAJIOB, C(HOPMHUPOBAHHBIX HA OC-
Hose CTII.
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OBCYXJIEHUE

C yueToM BBEAEHHBIX OTPAHUYEHHUH B IEPBYIO
oyepenb 0OpaTUM BHHMaHHE Ha OOCYKICHHE Xapak-
Tepuctuk T1I, KOTOpBIE BasKHBI JUIsl CUCTEM IEpeadnt
naHHbIX. [lomydeHHBIE pe3ynbTaThl MOATBEPHKAAOT,
91O cHrHaibl, chopmupoBaHHbele Ha ocHOBe CTII
u [ITTI, oOHapyXHBAKOTCS C TIOMOIIBIO METOJIOB HE-
JIMHEHHOW JWHAMHKH, B YaCTHOCTH, C IIOMOIIBIO
BDS-ctatucTUKHA.  YCTAHOBJIEHO, 4YTO CHUI'HAJbI,
chopmupoBanHbie Ha ocHoBe TII, sBsTOTCS OMU3KH-
MU K CHTHajiaM, c(hOpMHUpPOBaHHBIM Ha OCHOBE Kiac-
cuaecknx OwHapHbeIx [ICIL. Ilpm sTOoM c momoripio
nokazarenst Xépcra Takue CUTHAIBI He OOHapy)KHBa-
I0TCS, T.K. OHM KJIACCU(PUIUPYIOTCA Kak OJu3Kue
K Oenomy mymy. KoMMeHTHpys mosyuyeHHbIE 3Haue-
HUS TUK-()aKkTopa AJsl TAKUX CUTHAJIOB, OTMETHM, YTO
BCE CHUTHaNBI, copMHpOBaHHbIE Ha ocHOBe TII, 06-
nanaT xopommM NHK-(pakTopoM. Oco0o BbIIEINM
curHaibl, copmupoBannabie Ha ocHoBe CTII, mpuse-
NneHHbIe B paboTax [13, 14]. Tlo 3HaueHusiM mokas3are-
ns X€pcra M mHK-(aKTOpa OHU SIBJISIFOTCS CXOXUMH
C IPyTUMH CHUTHalIaMH, c(hOPMUPOBAHHBIMH Ha OCHO-
Be TII, HO mx 3HadyeHne BDS-cratncTikm ykaspiBaet
Ha TO, YTO OHM OJIM3KH K yepHOMY Hrymy. [loaTomy nx
PEKOMEHIyeTCsl HCIIOJIB30BAaTh B CUCTEMAX Iepenadn
JAHHBIX c MTOBBIIIEHHBIMH TpeOOBaHUSIMH
K CKpBITHOCTH, T.K. U3 BC€X PAaCCMOTPEHHBIX CHUTHa-
JIOB, C(POPMHUPOBAHHBIX HAa 0CHOBE TII, OHU SBISIFOTCSI
HambOonee OmmM3kUMH ©W K Oemomy trymy, BDS-

CTaTHCTUKAa KOTOPOTO w(5)$|1.96|. [omyaenubIi

pe3yabTaT TaKKe MOATBEP)KIACTCS MX CXEMaTHYHON
CHEeKTpadbHOW AmarpaMMoit (cM. Tabn. 1), koropas
oOnamaer Ooyee paBHOMEPHBIM W IMHPOKHM CIEK-
TpOM, YeM OOJIBIIMHCTBO OCTAJIbHBIX CHTHAJOB,
chopmupoBaHHbIX Ha ocHOBe TII, y MHOTHX U3 KOTO-
PBIX Ha CHEKTPAJILHON AMarpaMMe npeodnagaer u3pe-
3aHHOCTh U HEPAaBHOMEPHOCTH CIIEKTpa.

Kpome Toro, uzsectso [4, 5, 8, 11, 25], uto B mo-
clleZlHee BpeMs 0co00€ BHUMAHHUE yIeNseTcs BOIPO-
caMm oOecredeHus] CTPYKTYPHOH CKPBITHOCTU CHCTEM
nepenauyn faHHbIX. [Ipexne Bcero 3To CBA3aHO € TEM,
YTO MHBIE TEXHOJOTUH PEAIN3aLUHU CKPBITHOCTH, Ha-
IPUMEpP DSHEPreTUYEeCKOM CKPBITHOCTH, HPUBOIAT
K YXYJIIEHUIO 3JeKTPOMarHUTHOW JOCTYIMHOCTH abo-
HEHTOB CHCTEM Iiepellauyd JaHHBIX, a MPHU3HAKH WH-
(OpMaLIMOHHON CKPBITHOCTH IIPOBOLUPYIOT HEAaBTO-
pHU30BaHHBIX aOOHEHTOB K NMPHUMEHEHHIO CPENICTB Je-
CTPYKTUBHOT'O BO3JEHCTBHUS, UTO SIBJISIETCS HEXela-
TEIbHBIM MOMEHTOM. B o0mem Buze CTpyKTypHas
CKPBITHOCTB 3aBUCHT OT CII0c00a CMHTE3a KOHKPETHO-

A. A.TABPUIIEB, J. JI. OCUIIOB

ro curHana [4, 5, 8, 11, 25]. OgHUM U3 MEPCIIeKTHUB-
HbIX  HANpaBJICHUH  OOCCIICYCHHS  CTPYKTYpPHOU
CKPBITHOCTH MOXET CTaTh TaK Ha3blBaeMas MapamMeT-
pudeckass mumukpus [25]. [lox Heit, B obmem Buze,
MOHUMAETCS] CTPYKTYPHAsi CKPBITHOCTH, KOTOpasi Mpo-
SBIISIETCSL B pe3yJibTaTe HENpPaBUIILHOIO BBIOOpA 3710-
YMBIIUIGHHUKOM 0a3uca aHajgn3a. JTO MPOWCXOIUT
MOTOMY, YTO C(HOPMHUPOBAHHBIH CHI'HAJ, B OCHOBY
KOTOpOTO TIOJIOKEHA CHelHaabHas (QYHKIUs, UMEET
BHEIIHUE IPHU3HAKK M3BECTHOI'O MOIYJIMPOBAHHOTO
kosebanus. B kauecTBe mpumepa BO3MOXKHO IIPHBEC-
TH OJIM30CTh CTPYKTYp BEHBIETa M rapPMOHHYECKOTO
CUTHAJIa, IPEACTaBICHHOTO cuHycouaoun [25]. [Ipose-
JICHHbIE aBTOPAaMHU MCCJIEJOBAaHMS IIOKAa3bIBAIOT (CM.
TabJ1. 3), 4TO OOJBIIMHCTBO UCCIICIYEMBIX CUTHAJIOB,
chopmupoBaHHbIX Ha ocHOBe TII, sBNsOTCS OMU3KH-
MU K CHrHajiaM, c()OpMHpPOBaHHBIM Ha OCHOBE KJac-
cudecknx OwHapHbix [ICII. Mcxoms wu3atoro, mx
TAKKEe BO3MOXXHO PEKOMEHAOBaTh HCIIOJIb30BATh
B CKPBITHBIX CHCTEMax NEpefaydl JaHHBIX: XOTb OHHU
W MOTYT OBITb OOHapYXEHBI, OJJHAKO PACKPBITHE HX
CTPYKTYpBl OyAeT TpEACTaBIATh OIpeCICHHbIC
TPYAHOCTHU, T.K. OHU MUMCIOT MPU3HAKU KJIACCUYCCKUX
ounapusix [1CII.

3AKJIFOYEHUE

B nanmHO#t paboTe mpoBeneHa OILEHKAa CBOWCTB
CUTHaJIOB, c(opMHUpOBaHHBIX Ha ocHoBe TII ¢ momo-
L0 METOJOB HETMHEMHOW TMHAMUKH Ha MPEIMET UX
WCTIONTF30BAHMS B CHCTEMAX Mepeaadu TaHHBIX.

OTMmeueHo, YTO B HACTOSIIEE BPEMS CIIOKHBIE CUT-
Hanbl, mocTpoeHHble Ha ocHOBe IICII, maxomar ak-
THBHOE TpPUMEHEHHE B PAa3IUYHBIX OONACTIX [es-
TEJIHHOCTH, HANPUMEp B MEIUIIMHE, CUCTeMax Iepe-
Jlaudl JaHHBIX, PaJUallMOHHON Oe30macHocTH, reodu-
3W4YeCKOM TexHuke u mp. [1-5]. YkazaHo, 4TO MHOTHE
n3BectHeie OnHapubie 1ICII, Hanpumep xomer bapke-
pa, M-TIoclieA0BaTeIbHOCTH U TIP., 00JaaI0T pa3inud-
HBIMH HEJIOCTAaTKaMH, 3aTPYAHSIOIUMHU UX UCIOIb30-
BaHMe Ha mpakTtuke. l[loatomy, cormacao [4-11],
MIpEJICTaBISIeTCs pa3yMHBIM HCCIIeJOBaHUE MyTeHl yc-
JIO’)KHEHUS] CTPYKTYphl CHUTHaja HE 3a CUeT yBelIHnye-
HUS YHCIIa CHMBOJIOB B €T0 MEPHOJIE, a 32 CUET YBEIH-
YeHHsI KOJMYECTBA 3HAYEHHH, KOTOPHIE MOXKET IpH-
HUMaTh YUCIIOBas IOCJIEI0BATEIBHOCTh, T.€. HCCIE-
JIOBaHHE€ MHOTOYPOBHEBBIX I10CIIE0BATEIHLHOCTEH.
OpHMM HU3 caMBIX OYEBUAHBIX M HANMEHEE 3aTPAaTHBIX
C BBIUHCIIMTEIBHON TOYKU 3pEHUS MOJXOJO0B NS yC-
JIO’)KHEHUS] CTPYKTYphl CUTHaja SBISETCS HCIOIb30-
Banue TII [1-5, 12-20]. Otmedeno, 4T0, HECMOTPA
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Ha Hajgu4are OOINBIIOr0 KOMMYeCTBa padoT Mo yKa3aH-
HOW TeMaTHKe, HEKOTOphIE BOIPOCHI HE PAaCKPHITHI
B MOJHOM Mepe. B yacTHOCTH, OIEHKE CKPBITHOCTH
U HaJIeKHOCTH TaKUX CUTHAJIOB IPU UX HCIOJIb30Ba-
HUM B CUCTEMax Mepeauyn JaHHBIX YJEJIEeHO HelocTa-
TOYHO BHUMaHHA. [IpenioxkeHo Uid OLEHKHM U Ha-
JOEKHOCTH CUTHAJIOB, COPMUPOBAHHBIX Ha OCHOBE
TTI, ncrroap30BaTh METOJBI HETUMHEHHON TMHAMHUKH.

C yueroMm pekoMeHpanuii u3 pabot [5, 12-20],
ObUIO TIPOBEACHO MOJEIMPOBAHUE IEPEeaaBaeMbIX
CUTHAJIOB, ¢()OPMHUPOBAHHBIX HA OCHOBE CUMMETPHY-
HpIX M mo3uiuoHHbIX TII. CBo#cTBa MONMy4EeHHBIX
MOCJIEI0BATENILHOCTEN 3aTEM HCCIEJOBAUCH C TIO-
MOIIbI0 METOIOB HenuHeitHOW auHamuku (BDS-
CTaTHCTUKH, TMOKaszarens XEpcra, NHUK-pakTopa).
[lonTBepkneHO, dYTO CUTHANBI, C(HOPMHUPOBAHHBIE
Ha ocHoBe CTII u IITII, oOHapyxuBatoTCsA C TTOMO-
IIbI0 METOJOB HEIMHEWHON NUHAMHKH, B 4aCTHOCTH
¢ nomombio BDS-cratuctuku. [Ipu 3T0M ¢ moMoIipio
nokasarens X&pcra TakUe CUTHANIbI HE OOHApy>KuBa-
IOTCS, T.K. OHH KIACCUPUIMPYIOTCA Kak Oiu3Kue
K 0enomy 1mrymy. OTMedeHo, 4TO BCe CHTHaJBI, chop-
MupoBaHHbIe Ha ocHOBe TII, 001agaroT mpueMaeMbIM
nuk-pakTopoM. Oco00 OTMEUYEHBI CUTHANBI, chopMHu-
poBannbie Ha ocHoBe CTII u3 pabot [13, 14]. Tak,
0 3HAYCHUSIM TIOKa3aTenss XEépcra U MuK-(hakTopa
OHU SBIISIOTCS CXOXKUMH C JPYTMMH CHUTHAJIaMH,
chopmupoBanHbiMUA Ha ocHOBe TII, HO WX 3Ha4YeHHE
BDS-cTatucTiku yka3piBaeT Ha TO, YTO OHU OTHOCSIT-
csi K yepHoMy mymy. [loaTomy ux pekoMmeHIyercs
UCIIOJIB30BaTh B CHCTEMax IepeAayd AaHHBIX C II0-
BBIIICHHBIMU TPEOOBaHUAMHU K CKpBITHOCTH. U3 Beex
PaCCMOTPEHHBIX CHTHAJIOB, C()OPMHUPOBAHHBIX HA OC-
noBe TII, onu sBiusgioTcs 1o H-oieHke HamnOoJiee
OMM3KkUMH U K 6eoMy mrymy. OTMmedeHo, 9To 00Ib-
HIMHCTBO MCCJEAYEMBIX CUTHANOB, C(HOPMHUPOBAHHBIX
Ha ocHoBe TII, sBIgrOTCS OMM3KUMMHM K CHUTHAjaM,
c(hopMHUpOBaHHBIM Ha OCHOBE KIIACCHYECKHUX OWHap-
weix TICII. Mcxodss U3 3TOro, MX TakKe BO3MOKHO
PEKOMEHI0BaTh MCIOIb30BaTh B CKPBITHBIX CUCTEMAaX
niepeayn JaHHBIX — XOTh OHH W MOTYT OBITh OOHa-
PYXEHbI, OHAKO PACKPBITHE HX CTPYKTYyphl OyneT
MIPEJICTaBIATh ONpeAeNeHHbIE TPYIHOCTH, T.K. OHHU
UMEIOT Tpu3Haku Kiaccudeckux OwmHapHbIX [ICIL
OTo0 yKka3plBaeT Ha TO [25], yTo oHHM 00NamarT mapa-
METPUYECKON MHUMHUKpHUEW M3-3a HaJW4yus BHELIHHUX
MIPU3HAKOB M3BECTHOT'O CUTHAJIA.
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APPLICATION OF NONLINEAR DYNAMICS METHODS
FOR ANALYZING THE PROPERTIES OF SIGNALS FORMED
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It is shown that complex signals based on pseudorandom sequences (PRS) are currently being actively used
in various fields of activity. It is indicated that many well-known binary PRS, for example, Barker codes, m-
sequences, etc., have various disadvantages that make it difficult to use them in practice. Therefore, it seems
reasonable to explore ways to complicate the structure of a signal not by increasing the number of characters in
its period, but by increasing the number of values that a numeric sequence can take. One of the most obvious
and least computationally expensive approaches to complicate the signal structure is the use of ternary se-
quences (TS). It is noted that, despite the availability of a large number of works on this topic, some issues are
not fully disclosed, for example, the secrecy and reliability of such signals when used in data transmission sys-
tems. It is proposed to use nonlinear dynamics methods (BDS-statistics, Hurst exponent, peak factor) to evaluate
the secrecy and reliability of signals generated on the basis of TS. Based on the conducted research, it has been
confirmed that signals generated on the basis of TS are detected using nonlinear dynamics methods, in particu-
lar, using BDS-statistics. At the same time, using the Hurst exponent, such signals are not detected, since they
are classified as close to white noise. It is noted that all signals generated on the basis of TS have a good peak
factor. It is noted that most of the studied signals formed on the basis of TS are close to the signals formed on
the basis of classical binary PRS. Based on this, they can be recommended for use in hidden data transmission
systems — although they can be detected, however, disclosure of their structure will present certain difficulties,
since they have the characteristics of classical binary PRS.
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INTRODUCTION

Currently, complex signals constructed on the ba-
sis of pseudo-random sequences (PRS) are actively
used in various fields, for example, in medicine, data
transmission systems, radiation safety, geophysical
engineering, etc. [1-5]. One of the main properties
that determines the advantages of PRS over other
types of sequences is the optimal autocorrelation func-
tions (ACF). Usually, an optimal ACF is understood
as an ACF in which the side peaks are significantly
smaller than the amplitude of the central peak. Despite
the diversity of PRS classes, the only class of binary
PRS with optimal ACF properties is binary Barker
codes. Meanwhile, the number of Barker codes is neg-
ligible, and their lengths do not exceed 13. Therefore,
their active use is currently out of the question [1-5].
Another class of PRS widely used in practice is m-
sequences. They, in contrast to Barker codes, have
somewhat worse correlation properties but in compar-
ison with them, a relatively large number of code
structures. Therefore, up to the present time, taking
into account the simplicity of their implementation,
they are actively used to construct complex signals in
various systems. However, these sequences also have
disadvantages, among which we highlight the follow-
ing [4, 5]: belonging to the category of PSPs with
a small volume of sequences, insufficient linear com-
plexity, etc.

As indicated in numerous studies [4—11], it seems
reasonable to study the ways of complicating the sig-
nal structure not by increasing the number of symbols
in its period, but by increasing the number of values
that a numerical sequence can take, i.e., to study mul-
tilevel sequences. One of the most obvious and least
computationally expensive approaches to complicat-
ing the signal structure is the use of ternary sequences
(TS) [1-5, 12-20]. Their distinctive feature is the abil-
ity to create sequences with almost ideal correlation
properties, a large volume of sequences, etc. At the
same time, in comparison with binary PRSs, there is
a slight complication of the equipment for their forma-
tion and processing. Among their disadvantages are an
increased peak factor compared to binary PRSs, as
well as uneven spectral representation. However,
these disadvantages do not interfere with the active
use of TSs, since their advantages allow them to suc-
cessfully compete with the best binary PRSs against
the background of multilevel and multiphase se-
quences, the algorithms for creating which can be
quite difficult to implement.

At the same time, despite the presence of a large
number of works on the specified topic, some issues
are not fully disclosed. In particular, insufficient atten-
tion has been paid to the assessment of the secrecy
and reliability of such signals when used in data
transmission systems. In numerous publications [5—7,

12-20], the main attention is paid to classical indica-
tors, in particular, the correlation and cross-correlation
properties of such signals, their number, linear com-
plexity, etc. are studied. A number of works analyze
the peak factor of the TS [5, 15].

As stated in works [9, 10, 21], to assess the proper-
ties of code sequences of various natures, it is possible
to use not only classical indicators based on linear
methods but also nonlinear methods based on the
theory of nonlinear dynamics. Such a problem is of
interest and requires additional study.

MATERIALS AND METHODS

It is widely known [4-11] that one of the most
common areas of using PRS-based complex signals is
their application in data transmission systems. The use
of complex signals with good correlation properties in
such systems is of considerable interest, since it al-
lows achieving increased noise immunity, high relia-
bility of information transmission, high energy and
structural secrecy of radiation, high data transmission
speed, etc.

Taking into account the recommendations from [5,
12-20], the transmitted signals formed on the basis of
the TS were simulated. The initial transmitted data
(logical zero and one) were specified using a binary
PRS generator and then converted to the basis {—1,
1}. Then the received signals were transformed into
a noise-like signal with BPSK modulation, whereby
a direct TS was used to transmit "1", and an inverse
TS was used to transmit "—1". Thus, for each of the TS
types, 50 sequences were obtained. The properties of
the obtained sequences were then studied using nonli-
near dynamics methods.

RESEARCH OBJECTIVE

The purpose of the study is to evaluate the proper-
ties of signals formed on the basis of ternary se-
quences using nonlinear dynamics methods for their
use in data transmission systems.

RESEARCH RESULTS

A review of publications conducted by the authors
showed [5, 12-20, 22] that at present two large classes
of TS are distinguished for data transmission systems:

DTS X, ={xy...., X5, Xy}, X, €{0,£1},
where N is the sequence period;

2) TS X, = {xo,...,xj,...,fol}, x; € {0,1,2},
where N is the sequence period.

A distinctive feature of the first class of TS Xs is
the presence of pauses at those time positions where
x;=0, while at other positions standard pulses are



transmitted (x;==1). A distinctive feature of the
second class of TS X, is the use of a ternary number
system represented by positive integers. In accordance
with [22], we shall refer to the first class of TS as
symmetric TS (STS) and the second class as posi-
tional TS (PTS) in the following.

Typical schematic spectral diagrams of the studied
signals formed on the basis of TS are presented in
Tab. 1.

Tab. 1. Schematic spectral diagrams of the studied
ternary sequences

We will study the signals formed on the basis of
STS and PTS using known methods of nonlinear dy-
namics [10, 21, 23], given in Tab. 2.

Tab. 2. Some of the methods of nonlinear dynamics
used to assess the properties of ternary sequences

It is known [10, 21] that BDS statistics w(¢) are
based on the statistical properties of the correlation
dimension of the process under study in the phase
space, the correlation dimension in turn is determined
by the correlation integral. These data often provide
more information about the class of the process (ran-
dom, chaotic, regular) than energy indicators. In ac-
cordance with [10, 21], BDS statistics in some cases
can act as a measure of the secrecy of transmitted sig-
nals. In turn, the Hurst exponent H allows us to sepa-
rate periodic and random processes and also allows us
to detect signals with a harmonic carrier [10, 21].
Another important indicator is the peak factor of sig-
nals P. An increased value of the peak factor limits
the realized values of the energy efficiency of the ra-
dio transmitting device, reduces the noise immunity of
reception, complicates and increases the cost of the
equipment used, and also reduces the secrecy of the
transmitted signals [23].

Table 3 shows the calculated values of the BDS

statistics w(g), the Hurst exponent H, and the peak
factor P for the studied signals formed on the basis of
the STS and PTS.

As can be seen from the data obtained for the sig-
nals formed on the basis of the STS (Tab. 3), such
sequences in general have BDS statistics values of
w(g) e [45.00, 60.00], with the exception of those
presented in works [13, 14]. Their BDS statistics va-
lue is w(g)e [15.00, 25.00]. The obtained results

show that the signals generated on the basis of the
STS are, in general, close to the signals generated on
the basis of classical binary PRS [10, 21], the BDS

statistics value of which is w(g) e [40.00, 50.00]. The

signals generated on the basis of the STS from [13,
14] are close to black noise [10, 21], the BDS statis-

tics value of which is w(g) e [3.00, 19.00]. Regarding

the results of calculating the Hurst exponent H, it
should be noted that all the obtained values are either
H=0.50r H>0.5. According to [21, 24], we can talk
about the closeness of such sequences to white noise.
In addition, all signals generated on the basis of the
STS have a fairly good peak factor P < 2.50, since do
not exceed the threshold recommended for data
transmission systems P < 4.00 [23].

As can be seen from the data obtained for the sig-
nals generated on the basis of the PTS (Tab. 3), they

generally have BDS statistics values of w(g) e [31.00,

42.00]. The results obtained show that the signals
generated on the basis of the PTS are generally close
to the signals generated on the basis of classical bi-
nary PRSs [10, 21], the BDS statistics value of the

latter is w(e) e [40.00, 50.00]. It should be empha-

sized that the value of the BDS statistics of signals
generated on the basis of the PTS is less than the val-
ue of the BDS statistics of signals generated on the
basis of the STS and is closer to white noise [10, 21],

the BDS statistics of which is w(g) < |1.96|. Regarding

the given values of the Hurst exponent H, it should be
noted that H > 0.5 in all obtained results. According to
[21, 24], such an indicator shows that the sequences
are close to white noise. In addition, all signals gener-
ated on the basis of the PTS have a fairly good peak
factor P < 2.50, which does not exceed the recom-
mended one for data transmission systems (P < 4.00)
[23]. In general, the peak factor of signals generated
on the basis of the PTS exceeds the peak factor of sig-
nals generated on the basis of the STS.

DISCUSSION

Taking into account the introduced restrictions, we
will first of all pay attention to the discussion of the
TS characteristics that are important for data transmis-
sion systems. The obtained results confirm that the
signals generated on the basis of STS and PTS are
detected using nonlinear dynamics methods, in partic-
ular, using BDS statistics. It was found that the signals
generated on the basis of TS are close to the signals
generated on the basis of classical binary PRS. Such
signals are not detected using the Hurst exponent,
since they are classified as close to white noise.
Commenting on the obtained values of the peak factor
for such signals, we note that all signals generated on
the basis of TS have a good peak factor. We will es-
pecially highlight the signals generated on the basis of
STS, given in [13, 14]. According to the Hurst expo-



nent and crest factor values, they are similar to other
signals generated on the basis of TS, but their BDS
statistics value indicates that they belong to black
noise. Therefore, it is recommended to use them in
data transmission systems with increased secrecy re-
quirements, since of all the considered signals gener-
ated on the basis of TS, they are the closest to white

noise, which BDS statistics are w(g) < |1.96|.The ob-

tained result is also confirmed by their schematic
spectral diagram (see Tab. 1), which has a more uni-
form and wider spectrum than most other signals gen-
erated on the basis of TS, many of which have a pre-
dominantly jagged and uneven spectrum on the spec-
tral diagram.

In addition, it is known [4, 5, 8, 11, 25] that recent-
ly special attention has been paid to issues of ensuring
the structural secrecy of data transmission systems.
First of all, this is due to the fact that other technolo-
gies for implementing stealth, for example, energy
stealth, lead to deterioration of the electromagnetic
availability of subscribers of data transmission sys-
tems, and the signs of information stealth provoke
unauthorized subscribers to use destructive means,
which is generally an undesirable fact. In general,
structural stealth depends on the method of synthesis
of a specific signal [4, 5, 8, 11, 25]. One of the prom-
ising areas of ensuring structural stealth can be the so-
called parametric mimicry [25]. In general, it is un-
derstood as structural stealth, which manifests itself as
a result of an intruder's incorrect choice of the analysis
basis. This occurs because the generated signal, which
is based on a special function, has external signs of
a known modulated oscillation. As an example, we
can note the proximity of the structures of a wavelet
and a harmonic signal represented by a sinusoid [25].
The studies conducted by the authors show (see
Tab. 3) that most of the studied signals generated on
the basis of TS are close to signals generated on the
basis of classical binary PRS. Based on this, it is also
possible to recommend their use in covert data trans-
mission systems: although they can be detected, dis-
closing their structure will present certain difficulties,
since they have the characteristics of classical binary
PRS.

Tab. 3. Calculations for the studied signals generated
on the basis of STS and PTS

CONCLUSION

In this paper, an assessment of the properties of
signals generated on the basis of TS using nonlinear
dynamics methods was carried out for the purpose of
their use in data transmission systems.

It is noted that at present, complex signals con-
structed on the basis of PRS are actively used in vari-
ous fields of activity, for example, in medicine, data
transmission systems, radiation safety, geophysical
engineering, etc. [1-5]. It is indicated that many
known binary PRSs, such as Barker codes, m-
sequences, etc., have various shortcomings that com-
plicate their use in practice. Therefore, according to
[4-11], it seems reasonable to study the ways of com-
plicating the signal structure not by increasing the
number of symbols in its period, but by increasing the
number of values that a numerical sequence can take,
i.e., to study multi-level sequences. One of the most
obvious and least computationally expensive ap-
proaches to complicating the signal structure is the use
of TS [1-5, 12-20]. It is noted that, despite the pres-
ence of a large number of works on this topic, some
issues have not been fully disclosed. In particular, in-
sufficient attention has been paid to the assessment of
the secrecy and reliability of such signals when used
in data transmission systems. It is proposed to use
nonlinear dynamics methods to assess the reliability
of signals generated on the basis of TS.

Taking into account the recommendations from 5,
12-20], the transmitted signals generated on the basis
of symmetric and positional TS were simulated. The
properties of the obtained sequences were then studied
using nonlinear dynamics methods (BDS statistics,
Hurst exponent, peak factor). It was confirmed that
signals generated on the basis of STS and PTS are
detected using nonlinear dynamics methods, in partic-
ular, using BDS statistics. Such signals are not de-
tected using the Hurst exponent, since they are classi-
fied as close to white noise. It is noted that all signals
generated on the basis of TS have a good peak factor.
The signals generated on the basis of STS from [13,
14] are especially highlighted. Thus, according to the
values of the Hurst exponent and the peak factor, they
are similar to other signals formed on the basis of the
TS, but their BDS statistics value indicates that they
belong to black noise. Therefore, they are recom-
mended for use in data transmission systems with in-
creased secrecy requirements, since of all the consi-
dered signals formed on the basis of the TS, they are
the closest to white noise. It is noted that most of the
studied signals formed on the basis of the TS are close
to the signals formed on the basis of classical binary
PRS. Based on this, they can also be recommended
for use in covert data transmission systems — they
can be detected but disclosing their structure will
create certain difficulties, since they have the charac-
teristics of classical binary PRS. This indicates that
[25] they have parametric mimicry due to the posses-
sion of external characteristics of a known signal.



