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nels requires the introduction of so-called cordon bands and it does not allow to realize the potentially achievable
transmission rate.

Thus, the development of a method of synthesis of signals of finite duration, optimal in the sense of maximum
concentration of energy in specified frequency ranges, is the actual problem. It is in this formulation, the problem of
forming of channel signals and is considered in this work.

The method consists in the formation of the channel signal on the basis of eigenvectors with coefficients, which
are information bits of the original signal. Eigenvectors are formed on the basis substrip matrix calculated for a giv-
en frequency range. The sequence of bits must have a bipolar appearance. This form of the original sequence elimi-
nates the possibility of losing the eigenvector with the multiplication of a zero coefficient. The coefficients can be
any number of which increases the speed of the transmitted information.

The probability of correct reception of the transmission of information is comparable to the best method of bi-
nary phase shift keying, which has the highest noise immunity among existing methods. High noise immunity of the
optimal method is conditioned by the fact that the transfer of information bits are used eigenvectors substrip matric-
es, which is known to be orthogonal to each other.

Security information transfer is provided by the permutations of the eigenvectors to the formation of the channel
signal, which requires knowledge of the exact location of rearranged eigenvectors when restoring data at the receiv-
ing end, the key of this method of protection will be a map of the exact location of the eigenvectors.

The method allows to significantly improve the efficiency of frequency resources by minimizing the energy frac-
tion of the chapels of a given frequency range, while also significantly reduce the interference between adjacent
channels. In addition, the generated channel signal has a noise immunity comparable with the most noise-stable bi-
nary phase shift keying, with no loss in speed of information transmission.
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PACLUNPEHUE YACTOTHOIO OAUMANA3OHA AYANOCUITHANOB HA OCHOBE MOJENA
B3BELUEHHbIX KITACTEPOB
JIrobumo H.A., JIykun A.C.

MI'Y um. M.B. JlomoHOCOBa, (-T BEIYUCIUTEIHHON MaTEMAaTUKN ¥ KHOSPHETHKH,
nabopaTopus MaTeMaTHYECKIX METOIOB 00paboTKu n300paskeHMH

Beenenne

Pacwupenue wacmomnozo ouanazona (PY/l) — 310 00paboTKa ayamocurHaia, HaIpaBlICHHAs Ha yIydlIeHHE
KayecTBa 3By4YaHHS 3a CUET T€HEepalli OTCYTCTBYIOIIMX YaCTOTHBIX KOMIOHEHT curHana [l]. Heo6xomumocTs B
Takoi 0OpaboTKe BO3HUKAET, €CIIM ayANO CUTHAI MOJBEPIcsl HEXENATEIbHOW (PUIBTPAMU B MPOLECCE 3BYKO3AIH-
cu, nepenayu Ui BocrpousseneHusa. Metoasl PU/I yci0oBHO MOXKHO pa3ienuTh Ha ABa TUIA 10 HAIWYHUIO JAONOJ-
HUTENBbHON MH(POPMAIMK 00 OTCYTCTBYIOLIMX YaCTOTHBIX KOMIIOHEHTAX:

o «cnemnbiey («blind») — He UCTIONB3YIONIKME AOTOTHATEILHOW HHPOPMAITUH O PECHHTE3UPYEMbIX KOMIIOHEHTaX
e «He cruemnbie» («non-blind») — HekoTopast nH(pOpPMaLIUI O PECUHTE3UPYEMBIX YaCTOTHBIX KOMITOHEHTaX Iepesa-
eTcsl B ayJMOIIOTOKE B 3aKOJMPOBAHHOM BHJIE.

[II1poko M3BECTHBIM NMPHUMEPOM «HE cienoro» meroga PYUJI sBisieTcss TEXHONOTUS peniukayuu CReKmpaibHoll
nonocel — SBR [2]. DTa TexHONOTHS SBIACTCS OCHOBOW TaKMX (POPMATOB aynuo KomupoBaHusa, kak mp3PRO u
AAC+. B HuX cxKaTuio ImojaBepraeTcs He BeCh YaCTOTHBIM AWAIa30H ayAHo CHUTHaja, a TOJIbKO 00JacTh HU3KHX U
cpemanx gactor (HY). B obmactu Bricokmx gactoT (BU) BEIUHCISIOTCS mMapaMeTphbl CIIEKTPaIbHON ormbaromei u
IepesaloTcs B MOTOKE B BHUIE HEOONBIIOr0 00BbeMa JOMONMHUTENBHONH mH(opMmarmmu. Ha ctopone nexomepa BU-
JMana3oH PEreHEepPUpPYETCs IyTeM TPAHCIIO3UIUH CYIIECTBYIOIINX CHEKTPAIbHBIX KOMIIOHEHT B 00IacTh BBICOKHX
gactoT. @opMa CreKTpaabHON ormbaromeil KOppeKTUPYeTCs 3a CUeT MOMOTHUTEIbHON nHpopmanmu. B cuny crna-
0011 YyBCTBUTEIHHOCTH CIyXa K UCKa)XCHUSM B oOnactu BU, naHHas TEXHOJIOTUS TO3BOJISIET YBEINYUTH 3P PEKTHB-
HOCTh KOJIUpOBaHHs aynuo Ha 50%, 4To genaeT e€ NMPUBJIEKATENHLHON Ui MHOTUX CHCTEM LIMPOKO(OpPMATHOTO
Bernanus, Takux kak XM Satellite Radio u Digital Radio Mondiale [2].

«Crerpie» METOABI HE MCHOJB3YIOT JIOMOJIHUTEIbHOW MH(GOPMAIMK, a NPEICKa3bIBAIOT (GOPMY CHEKTPaIbHOM
orubaromieit B odnactu BYU Ha ocHoBe nHpopManmu, npeacrasieHHol B HU-auanazone. OauH U3 NPOCTHIX BUIOB
TAKOro Mpe/CKa3aHus onucaH B pabore [3], Tae npenyaraetcs TMHEHHas SKCTPAIOJSIMS CIaja SHEPTul B 00J1acTh
BBICOKHX 4acToT. B cratbe [4] mpeanaraercst 3 peKTHBHBIA BHIYUCIUTENBHBIN MeTo ] pereHepannu BU-nuanazona
Ha OCHOBE HEINMHEWHOTO MCKa)KEHHS BXOJHOTO CHTHaja. MIHTepecHBIH Moaxo/ MpemioxkeH B [5], Tae sKcTpanois-
st BU-orubaromnieli ocyImecTBisieTcst 3a C4eT JIMHEHHOTO MPEeACcKa3aHis OHOBPEMEHHO B YACTOTHOW M BPEMEHHOMN
obnactu. lpyrue BapuaHTbl, HCHONB3YIOIINE CTATUCTUYECKUE MOJIENN IPEICKa3aHNsl OTHOArOIEeH PpeCTaBICHbI B
pabotax [6,7].

OO1mas cxema pabOThI «CIETBIX» U «HE CIIETIBIX» alTOPUTMOB BHIIVILANT OANHAKOBO. BHavase qUCKpETHBIN cUr-
HaJl TIEPEBOJUTCSI B YACTOTHYIO O0JIaCTh C HCIIOJIB30BAHMEM YaCTOTHO-BPEMEHHBIX MpPeoOpa3oBaHMM, TaKMX Kak
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OKOHHOE TIpeoOpa3oBanue Dypbe, KBagpaTypHbIe 3epKAIbHBIC QUIBTPHI MM MOIH(ULIUPOBAHHOE AUCKPETHOE KO-
CHHYyCHOe peoOpazoBanue. JlanpHeiimas 00paboTka OCYIIECTBIIETCS B BA dTala:

1. rpy06as reneparus BU-curnana (TpaHCHO3HINS, HEMHHEITHOE HCKaXKCHNE),

2. (hopMUpOBaHHE aMILIUTYIHOW OTHOAIOMIEH CIIEKTPa BHICOKHUX YacTOT.

[MomyuyuBIIKICS TaKUM 00pPa30M CIEKTP MEPEBOAUTCS 0OpaTHO BO BpeMeHHYt0 obnacth. [Iporece PU/] o ciry-
Yasi TeHepalluy CIEeKTPa BBICOKUX YacTOT NPOWILIFOCTpUpoBaH Ha Puc. 1.

T 1 e 1 il
WckaxeHHBIN cCUTHAI YacToTHOE Ipeodpa- I'py0as reneparus CrinaxuBaHue Oru- O6parHoe peobpazo-
30BaHHE Gatorieit BaHUE

Puc. 1. O6mas cxema paboTsr anmroputma PU/I.

IIpennaraemslii MeTO

B nanHol paboTe mpenyoKeH HOBBI METOJ pacIIMpeHns YacToTHoro auamazoHa (PY/]) ayamocurnana, oOmas
cxema KOTOpOro aHaJIoTHYHa ONMCaHHOM Bblle. Ha BX0ox 1mofaercss AMCKPETHBIN 3ByKOBOW CUTHAJI C OIPaHUYEHHBIM
CIIEKTPOM YacCTOT, T.€. B CIIEKTPE JAHHOTO CHTHaja OTCYTCTBYIOT FapMOHHKH HA YacTOTax BBIIIE HEKOTOPOTO 3Ha-

YCHHA f;’ut . Tpe6yeTC${ pacliupuTh CIICKTp CUr'HAJIA, ,Z[O6aBI/IB B HETO OTCYTCTBYIOIIIUC YaCTOTHBIC KOMIIOHCHTHI, HE

TCPAA MPHU 3TOM €CTECTBEHHOCTD 3BYYaHUs.
B kauectBe YaCTOTHO-BPEMECHHOI'O HpeO6pa30BaHI/ISI (GaHKa (I)I/IJ'II)TpOB) HCIOJIB3YETCA OKOHHOC Hp€O6pa30BaHI/I€

®ypee (STFT) ¢ okaom XanHa junHOM nopsiaka 30 Mc U iepekpbitieM 15 Mc. brioku curnana X;V peoOpa3yroTcs

B 4aCTOTHYyIO OOmacte:  y, =Mx", ¢=1,2,..,T, Me R"" 3)

a TaKKe TMOABEPTaloOTCs HEJIMHESHHOMY TTpeo0pa30BaHUI0 z, = F (th ) , t=12,...T “4)

N
, §21. Cyrb nenuneiinoit punsrpauun F' coctout B re-

rne F' — nenuneiinas gpynxuus. O6pano F' (x) = |x

HEpaly HOBBIX TapMOHHMK B MCXOJHOM curHaje. Ha mpaktuke Ui ycTpaHeHHs 3G QeKTa HAIOKCHUS CICKTPOB
(anuacunea) uCoOMB3yeTCs MPOLIECAYPa MEPETUCKPETU3AINH CUTHAIA IO M TTOCJIC HEIMHEHHOTO MPeoOpa3oBaHus:

z, =4 (g2 *F(g1 *(T x,w))) 6]

3nech g,,8, — AHTHAIMACHHIOBbIC GUILTPbL. OKOHYATENBHO JAHHBINA CHIHAI IIEPEBOAUTCS B YACTOTHOE IPE]-
o " _
CTaBJICHHUE: y, =Mz, r=12,..T 6)
Takum 00pa3oM, ik KaXI0r0 BXOAHOIo ayauodpeiiva Mbl IMEEM JBa SK3EMILISPA JAUCKPETHOTO CIIeKTpa:y, —

CIICKTP HMCKa)XCHHOI'0O HU3KOYACTOTHOI'O CUIrHaJla U S’t - ((paCmHPEHHLIﬁ>) CIICKTP HMCXOJHOI'0 CuUrHajia. B takom

cllyyae mpole/iypa J00aBIeHHs HOBBIX CIIEKTPAJIbHBIX KOMIIOHEHT UMEET MPOCTOM BU/:
yr(k)7 lgkgkcut’ f
cut

s, (k) = 1=12,..,T m,  rmek, =

,a fs - 4acTo-
7.k, k, <k< %H J

Ta OMCKpeTH3amuu curHaia. IIpeoGpasys curham §, oOpaTHO BO BPEMCHHYIO OOIACTh M CKJIaJbIBas MOCIEI0BA-

tenbHO Bee dpeiivpl £ =1,2,...,T , Mbl nOMyYaeM HOBBIH CUTHAI C PACIIUPEHHBIM YaCTOTHBIM UATIA30HOM.

Jis yaydieHus KadecTBa MpeiaracTcsl CriIaXHBaTh CIEKTPAbHYI0 OTHOAIOIIYI0 CTEHEPHPOBAHHOTO CUTHANA

y(k), 1<k<k,,
mepes TeM Kak CyMMUPOBATH €10 ¢ HCXOMHBIM: (k) = ()
s,(k) =

t=12,.,T
P07, k), k. <ks§+1

Beca pt (k) H€06XO,Z[I/IMO 3aJaBaTb TaKUMH, YTOOBI YPOBCHb BHOCUMBIX HMCKaXCHUH ObLI MHHUMAaIbHBIM. Oue-

BUJIHO, YTO ONTUMAJBGHBIM BapHAHTOM SIBIISIETCS] BBIOOD p, (k)= | y:) (k)| / | », (k)| , roe y,0 (k) — UCXOHBIN (HEUCKa-

JKCHHBII) CIIEKTP.
B manHO# paboTte mpemokeH MoIX0M, TO3BOJSIONINN TPUOIU3UTEIFHO OLEHUTD OTHOAOITYI0 BRICOKHX YacTOT
Ha OCHOBE MH(OpPMAIUK, PEJACTABICHHOW B HU3KOUACTOTHOM nuana3oHe. CurHan pa3ouBaeTcs Ha 24 4aCTOTHBIX

JAuaria3oHa B COOTBETCTBUU C KPUTUYCCKHUMU MOJIOCAMU CIIyXa. 3HayeHMs pt (k) npeamnojararoTcda nmoCToOAHHbIMU B
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IIpeenax OfAHONW KPUTHUYECKOI IMOJIOCk. B KaXk10M 4acTOTHOM JHana3oHe BBIYUCISIETCS JIorapr(M MOIIHOCTH CHT-
Hana. Jlamee cTpOMTCSl perpecCHOHHAas MOJENb, OMMCHIBAIOINAS B3aUMOCBS3b XapaKTEPHCTHK CIEKTPAIbHBIX OTH-
Oaromux. OTa B3aUMOCBSI3b MOJEIHPYETCS 3a CUET UCTIONBb30BAHMS KIACMEPOE nap, KaXKAbIH U3 KOTOPBIX IPEICTaB-

ngeT coboit NuHEHHOe O0TOOpaXkeHue ¢, (x) npoctpancrea HU orubarommx B BU. Bxoamusie 3nauenus HY oru-

0aroIIUX HCIOJB3YIOTCS I (POPMHUPOBAHUSI BECOB ﬂl(x) , CBSI3BIBAIONINX Pa3IMYHbIE KJIacTepsl map. IDTO MO3BO-

JISIeT TUIABHO MHTEPIOIUPOBaTh (POPMbBI BHICOKOYACTOTHOM OrHOAlOIei Mpu Mepexojie OT OHOTO KiacTepa map K
JAPYromMy, 4To ABJIACTCA NMPCUMYIICCTBOM IO CPAaBHCHUIO C MOJECJIBIO KJIACTEPOB Map € KCCTKO 3a(1)I/IKCI/IpOBaHHI)IMI/I
rpanuiamu [6]. B uteparype onucaHHasi perpecCHOHHAsI MOZEIb HOCUT Ha3BaHUE MOOE/b 636EULEHHBIX KIACMEPOS8
— CWM [8]. Ha puc. 2 npecTaBieH Mpolecc TeHepaii BHICOKOYACTOTHBIX OTHOAIOIINX JIJIS Cllydast 7 KJIacTepoB.

PYO+CrN -+ PYd -+ CTN Py WckasHe HH B
ncu CUrHan

Puc. 2. ['enepariust BRICOKOYACTOTHOM orubaroieii ¢ Puc. 3. Cpennue cyObeKTHBHBIC OIICHKU Ka4eCTBa
HCIIOIb30BAHUEM MOJEIIN B3BELIEHHBIX KIaCTEPOB. pasznuysbIX anropurmos PU/I.

PesyabTaThl

Jnsi cpaBHHUTENBHOIO aHAIM3a PE3yJbTaTOB PaOOTHI PAa3IMYHBIX AITOPUTMOB OBLI MPOBEAEH TECT, B KOTOPOM
Y4acTBOBAJIM HE3aBHCUMBIE cirymarend. KaxioMy U3 HUX Mpeaiarajoch CpaBHUTH (POHOrpaMMy MCXOIHOTO (HEHc-
Ka)KEHHOT0) CHTHaJa ¢ pOHOrpaMMOi HCKa)KEHHOT0 CUTHAJIa M BapHaHTaMy 00pabOTKN pa3InYHBIMHU aITOPUTMaMHU
PYJI. CyObekTuBHAS OIEHKA KauecTBa pamkuposaiack oT 0 (CHIIBHO NCKaKeHHOE 3ByYaHHE MO CPABHEHUIO C OpH-
THHAJIOM, OOJBIION ypoBeHb momex) A0 100 (TouHas KOmus OpUTrHHANBHON (POHOrPaMMbl, OTCYTCTBHE MOMeX). B
TECTOBOM Habope y4acTBOBAJIM 3aIIMCH KaK PEYEBBIX, TAK M MYy3BIKAJIBHBIX CUTHAJIOB C PA3IMYHON CTEIICHBIO MOJIH-
¢donnu. YactoTa qUCKpETH3aLUK BXOAHBIX AAaHHBIX cocTaBisuia 44.1 k['m. [l MogenupoBaHHs BEICOKOYAaCTOTHOTO
HCKaKEHUsI K CUrHajaM ObLI MPUMEHEH HHM3KOYacTOTHBIA (QuibTp ¢ dactoroi cpesa 5.5 xl'n. Anropurmsr PUJ
BKJIFOUAJIH B ceOsl:

e PYJI — perenepauus BU nuanazona npoBoauiack 6€3 UCIOIB30BaHKS CIIIaKMBAaHUsI BECOBBIM KO3 (QUIIMEHTOM,
coryacHo ¢opmyiie (7), aHaJIOrn4Ho MeToxy [4].

e PUJI + CTI'JI — pereneparus BU muama3oHa mpoBOAMIACE C HCIIOJIB30BAaHHEM BECOBOTO KOA((GUIMEHTa IS
crinaxuBanus (8). B kauecTBe mapaMeTpoB CIieKTpaibHOM orudaromield Opanach CpeaHssi MOIIHOCTh CUTHANIA B Y3-
KO mostoce 4acToT 0e3 MCIIOIb30BaHNS MOJIENEH BOCTIPHUATHS.

e PUJ + CTI'JI + IICH — perenepanus BYU nuanasoHa mpoBoauiach ¢ HCIOIb30BaHUEM BecoBOro koaddummenrta
JUTS CTJIQXKUBaHUA (8) ¢ y4eTOM OIMCAaHHOM B TAHHOW CTAaThe MOAEIN BOCTIPHSATHS 3BYKOBOTO CHTHAJA.

Ha puc. 3 u3o0paxeHsl cpenHue CyObEKTHBHBIE OIECHKH KadecTBa MPHUBEACHHBIX alropuTMOB. OCHOBHBIM He-
JIOCTaTKOM ITOCTPOEGHHOTO alIrOpuTMa SBILSIETCS MajeHUE KadecTBa NMpH oOpaboTKe MOIM(OHUIECKOTO CHUTHAA.
[peanonoxuTenbHO, 3TO CBA3aHO C BO3HMKHOBEHHEM 3((eKTa UHTEPMOAYISIUUA HPU HEIMHEHHOM HCKaKECHUU
curHana. B nanpHelinieM mianupyercs aaantupoBath MeToasl PUJI, ocHOBaHHbIE Ha HEIMHEHHOM HCKaXEHUH, K
NnoJu()OHNYECKHM CUTHAJIAaM IIyTeM MPEABAPUTEIHHOTO pa3zieieHHs HCTOYHUKOB CHUTHAJIOB B MOJIHU(OHUYECKOMN
CMecH U IPUMEHEHUs onycanHoro anroputma PUJI oTaenbHO K KaKIOMy UCTOYHUKY.

3akioueHune

B nauHo#t pabote ObLI paCCMOTPEH HOBBIN METOJ PACIIMPEHUS YAaCTOTHOTO JAMAIa30Ha ayJIHOCUTHAIA B Cilydae
MOTEPH BBICOKUX YacTOT. J[jisi reHepaluu BHICOKOYACTOTHBIX KOMIIOHCHT MPUMEHSIICS METOI HEJUHCHHOW (UIIBT-
parmn. J{1s mpenckazaHus BRICOKOYACTOTHOW OruOaromniell ObLia IPUMEHEHA MOJETh B3BEIICHHBIX KIACTEPOB, KO-
TOpasi UMEET PsiJ] MPCUMYIIECTB [0 CPABHCHUIO C MOJACISIMA BEKTOPHOTO KBaHTOBaHUS. JIaHHBIA METOJ MO3BOJIILI
MTOBBICUTH CYOBEKTUBHYIO OIICHKY Ka4yecTBa [0 CPABHEHUIO C ApyruMu MeTogamu PUJT.

Pa6ora BemonaeHa mpu monaepkke LI «Hayansie 1 HaygHO-TIemarornieckrue Kaapsl MHHOBAIIMOHHOM Poc-
cun» Ha 20092013 roapsl.
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BANDWIDTH EXTENSION FOR AUDIO SIGNALS USING CLUSER-WEIGHTED MODELING
Lyubimov N., Lukin A.

Moscow Lomonosov State University, Dept. of Computational Mathematics and Cybernetics
Laboratory of Mathematical Methods of Image Processing

Introduction

Bandwidth extension is the process of re-synthesizing missing frequency components in order to improve the
subjective quality of the audio signal. Bandwidth extension methods can be found in modern perceptual audio cod-
ing standards, such as mp3PRO and AAC+. Such methods can be blind, when no information about missing signal
components is available, and non-blind, when certain information about missing components is available during the
synthesis stage.

A typical algorithm flowchart for both blind and non-blind methods looks as follows:

1. Time-frequency decomposition,
“Rough” generation of high-frequency spectral content,
Shaping of the energy spectrum envelope of high-frequency content,
Synthesis of the resulting signal from a time-frequency representation.

hal el

Algorithm description

In this work, a new algorithm for blind bandwidth extension is proposed. It is capable of accurate prediction of
high-frequency energy envelopes using a Cluster-Weighted Model for MFCC coefficients of the audio signal.

A bandwidth-reduced audio signal x(t) is input to the algorithm. It is transformed using STFT with 30-ms Hann
windows that overlap by 15 ms. A nonlinear distortion (waveshaping) is used to generate “rough” high-frequency
components in time domain: z(t) = |x(t)|>. Aliasing is reduced by the use of oversampling. These high-frequency
components are transformed using a similar STFT filter bank.

To finally shape the resulting high-frequency signal, its energy is computed in 24 critical bands, and a regression
model is developed to predict the shape of high-frequency energy envelope from a low-frequency energy envelope.
In this work, a Cluster-Weighted Modeling is proposed for such prediction. The model is trained on the original full-
bandwidth audio signals to determine a set of clusters of low-frequency envelopes and corresponding high-
frequency envelopes. During evaluation stage, each input low-frequency envelope is represented as a weighted sum
of several “cluster” envelopes, and the corresponding high-frequency envelope is predicted as a weighted sum of
modeled high-frequency envelopes.

Once the desired high-frequency envelope is calculated, the shape of a “rough” high-frequency signal is trans-
formed to match the desired envelope using STFT filter bank.

Results and conclusion

The algorithm has been evaluated on speech and music using a subjective evaluation protocol with several lis-
teners. The proposed method has been compared with other methods, such as linear extrapolation of high-frequency
envelope (see full references within the paper). The proposed algorithm has shown the highest subjective quality
results.

Evaluations have shown that the algorithm is more effective on speech and solo music than on polyphonic mu-
sic. A possible cause of this effect is introduction of intermodulation components by the process of nonlinear distor-
tion. In our future work, we are planning to apply source separation techniques for individual processing of signal
components.
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