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PaccmaTpuBaeTcss OKTaBHOIOJIOCHBIN CIEKTPAJIBHBIN aHANIW3 CHTHAJIOB Ha OCHOBE IHMCKPETHOro mpeoOpasoBanus BeiBner (DWT).
IToka3aHo, 4TO ¢ MOBBIICHUEM NOpsIKa QYHKIHIA BeHBIET yBEIMINBACTCS KPYTH3HA (DPOHTOB YACTOTHBIX XapPAKTEPUCTHK MOJOCOBEIX (DHIETPOB U
YMEHBIIACTCS] B3aHMHOE BIMSHHE YaCTOTHBIX II0JOC (HEepeKpecTHhIC HCKakeHWs). IIpuBeneHb! ObICTPBIC BBHIYMCIUTENIBHBIC AITOPUTMBI U
BBIYHCIHTENbHBIE CXEMBL.

1. Beegenue

AHanM3 CHEKTPOB BCEBO3MOXKHBIX CHTHAJIOB IIMPOKO HCHONB3YETCS B Pa3IMYHBIX NPHIOKEHHSIX IS
JIMarHOCTHKU COCTOSIHUSI TEXHMYECKUX CHCTEM (TypOOreHepaTopoB, ABHUIaTeliell), B Te0JIoropasBeike, acTpousmKe, B
3aja4ax OOHApyXEHHs CUTHAJIOB, CKPBITHIX LIyMaMH, ISl MJCHTH(UKALUK pEeud, CUHTE3a CUTHAJA C 3aJaHHBIMU
CIIEKTPOM H T.II.

B cBS3M ¢ MHTCHCHBHBIM pa3BUTHEM B TIOCICIHHE JIECATHIICTHS JIEMEHTHOW ©a3bl BBIYHCIUTENHHOMN
TEXHHUKH BCE OIEPAINH, CBA3aHHBIE C 00pabOTKON CHTHAJOB, BKIIOYAs aHANN3 CHEKTPA, BHITIONHAIOTCS METOJaMH
MPSAMBIX BBIYHUCICHHNA. DTO 0OCTOSTENLCTBO MOTPEOOBAIO B CBOIO OYepeab pa3pabOTKH OBICTPHIX BBIYUCIUTEIHHBIX
mporeyp, OOeCHeUNBAOIINX aHaJdW3 B peajbHOM Maciitabe BpeMmeHH. OZHMM W3 TaKuX MpPOIENyp SBISAECTCS
anroput™M ObICTporo mpeobOpa3zoBanns Pypbe, KOTOPHIH pealn3yeT aHalIW3 CIEKTPa C IOCTOSHHBIM YaCTOTHBIM
pa3pelnieHrneM | IMoJIOCor (aHAIM3 ¢ IEPEMEHHOUN TOOPOTHOCTHIO).

OnmHako, B psie MNPaKTHYECKUX NPWIOKEHUH TpeOyeTcs NPON3BOJUTH CICKTPAIbHBIA aHAIU3 C
MHO)KECTBEHHBIM pa3pelleHneM, KaK MpaBuio, 0ojee BEICOKOM Ha HU3KUX YAaCTOTAaX M MOHIKAIOUIEMCS - K BEPXHHM.
[osiBnenne B Hawanme 80-X TOIOB TEOPHM BEHBIICTOB, Pa3BUTOH B paboTax [1-4], mo3BoiseT pemuTh Mnpodiemy
CIIEKTPAIIFHOTO aHaJIM3a C MHOYKECTBEHHBIM pa3pelIecHHEM Ha OCHOBE OBICTPHIX alrOpUTMOB. B Hacrosmeit paborte
paccMaTpuBarOTCsl HEKOTOpBIE acIeKThl aHaM3a CHEKTPOB B Oa3uce  BEHBIETOB IMOKa ciIa00 OCBEUICHHBIE B
JUTEepaType.

2. Teopus
ByneM paccMaTpuBaTh CIEKTpaIbHBIM aHaan3 MHOKecTBa S  curHanoB s(¢), NpUHAIIEKANIUX

MIPOCTPAHCTBY KBaJpaTUYHO MHTErpHpyeMbIX (YHKIWH. B pesynprare Takoro anammsa Mbl pa3OuBaeM (pasneisieM)
CHUTHAJI Ha OT/JEJIbHBIC KOMIOHEHTHI, TAKHE, YTO

s(t)=sjo(t)+ Xs;(t), (1)
j=1
rae s (f) - HU3KOYACTOTHAS KOMIIOHEHTA
5, (0=2e;, (09, () (20)
k

SJ (t) - BBICOKOYaCTOTHBIC KOMIIOHCHTBI CUI'HaJia

s;(O=>.d, (W, ().

(26)

rie ko3 OUITUEHTHI OTIPEACTSIOTCS U3 YCIOBUS OPTOTOHALHOCTH 0a3UCHBIX (DYHKITHIA:
¢, (k)= [s()p, 4 (1)t (3a)
d; (k)= [ st (0t (36)

[IpeobpazoBanue curHana no ¢opmynam (3) Ha3bIBAIOT aHAIM30M, a BOCCTaHOBJIECHHUE 1O (opmynam (2) —
CHHTE30M, KOTOPBIi IPUBOJMUT K BEIYMCIICHUIO CIIEKTPAJILHBIX KOMIIOHEHT B BbIpakeHHH (1).
[Moncrasnss Beipaskenus (3) B (2) momydum:

oo

5, (0= js(r)cb L (=T)dt (4a)

—oo
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HOE Ts(r)‘l’j(t—r)dr, (46)

rae QyHKIMu

D, (=Y, (mp, (m-1) (52)

V() =D W (my (m—1) (56)

HasbIBalOTCs sgapaMu Jlupuxiie MHTerpallbHbIX IpeoOpa3zoBanuil (4). OHU MpeACTaBIIOT COO0H UMITYJILCHBIE OTKIUKH
COOTBETCTBYIOWIMX (DHIIBTPOB: HU3KOW YacToThl "BbIpesatomiero” u3 curuana §(¢) KOMIOHEHTY S Jo (¢) u nonocosbIx

(uIBTPOB, "BEIpE3aOMMX" U3 CUTHAJIA BBICOKOYACTOTHBIE KOMITOHEHTEI.
Brimounasist npeoOpaszoBanne @ypbe ITUX sAAEp, TOTYIHM:

b (@)= oo

A 2
¥i(0)=|v;(o).

HOCJ’IGILHI/IG COOTHOLICHHUS IIOKA3bIBAIOT, 4YTO q)opMa ‘laCTOTHOﬁ XapaKTCPpUCTUKU (1)I/IJ'II)TpOB IIOJIHOCTBHO
OIMPCACIIACTCA CHCKTPAJIbHBIMU CBOﬁCTBaMI/I 633I/ICHLIX (l)yHKHI/Iﬁ. Kak H3BCCTHO, B CIICKTPAJbHOM aHAJIU3C I
OLICHKHA MHTCHCUBHOCTU CIICKTPAJIbHBIX KOMIIOHCHT BaKHO, ‘1T06I>I COCCTHUC YaCTOTHBIC MMOJIOCHI HE MEPCKPBIBAINCH.

B HaI/I60J'IBIIIeI71 CTCIICHU HJIA 3TOI71 nejan noaxongsaTt 6aSI/ICHLIe q)yHKIII/II/I, 3aJaHHbIC Ha OrpaHUYCHHOM
MHOXKECTBE TOYeK (0a3uchl ¢ KOMIIaKTHBIM HOCHTEJIEM) M MHOToKpatHo mud¢depeHuupyemsle. [Ipu  sTom

KOMIIAKTHOCTbH 63.31/ICOB MHUHUMHU3UPYET YUCIIO

BBIYHCIHTENBHBIX omepamuii, a P — kpartHoe,
HanpuMep, audQepeHIupoBaHne TapaHTHPYET
3aTyxaHhe 4YaCTOTHOW XapaKTepUCTHKH Kak

/ p- Tak Kak CHHTE3  BEHBJICTOB,
a

OTBEUAIOIMX  O3THM  YCJIOBHSM,  SIBIISICTCS
IPEJMETOM OT/EJBHBIX HCCIENO0BaHUH, 31eCh
MBI IIPOWJUTIOCTPUPYEM YacTOTHO -
n30MpaTenbHBIE CBOMCTBA HM3BECTHBIX 0a3HCOB.
Ha puc. 1 u 2 noka3zans! npeodpazoBanust Pypoe
e Oasmca  Jlobemm , db20 wum  Oasmca,

Puc. 1 @ypoe - obpasel basucuvix Gynxyuii Jobewu db20 -a) u CHHTE3MPOBAHHOIO M3 TayccoBoi dyHkimu [5].

cunmesuposannwix u3 gyuxyuu Iaycca. W3 oTHX  pHCYHKOB  BHAHO, 4TO  JUid
CHEKTPaTbHOTO aHANN3A KeATeNbHO MPUMEHSATh

0a3ucel Ooyiee BBICOKMX TIOPSJIAKOB, TaK Kak ¢
YBEIIMYCHUEM TIOPSIIKA YMEHBIIAIOTCS OOKOBBIC KOJICOAHHUS YaCTOTHBIX XapaKTEPUCTHK (BHIBTPOB M YBEIHYUBACTCS
KpyTH3HA (DPOHTOB.

|£/{a_ri|ff/|ﬁ}'w) |
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3. AJITOpATMBI
Teopust kpaTHOMACIITAOHOTO aHAM3a MIPUBOJUT K CJICAYIOIINM PEKYPPEHTHBIM (hOpMyJiaM ULl BBIYUCICHUS

koo duumentos ¢ (k) n d (k) , koTopsle noyunM Ha3sBaHue aHamus3 ot "Tonkoro” K "rpy6omy" mMacirady:

c; (k)= h(m=2k)c ., (m)(6a)

d; (k)= g(m=2k)c,, (m) (66)

B xauectse koopduimentos ¢;(k) Ha camom "Tomkom" 3HaueHMu macwraba j = j, NPHHUMAIOTCA

BPEMCHHBIC OTCYCTLI CUTHAJIA, T.C.

cjm(k):s(k).
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Puc 4. Muozowazosas cxema
setignem-ananusd - a) u cunmesa - 0).

Hrepanmonnas mporexypa (6) OOBIYHO 3aBepIIacTCs IIPH HEKOTOPOM 3HAYEHHH = j,, KOTOpOe

BBIOMpAETCS UCXOS M3 apUOPHON HH(OPMAIMU O CUTHAJIE, @ UMEHHO, O €r0 MPOA0JDKUTEIbHOCTH.
JIs  BBIYMCICHHUS CHEKTPATbHBIX KOMIIOHEHT 1o (opmyrnaMm (2) MoxeT ObITh TodydeHa (opmyna
BOCCTaHOBJICHHS (CHHTE3a) OTCUCTOB CHTHAJIA [T Ka)XIoro Maciutada, Kotopas uMmeeT Buj [5]:

ca(k) =" c;(m)h(k—2m)+ Y g ,(m)g(k—2m).

[Ipormecec BoccTaHOBIEHUS HAET OT "Tpydoro" mMacmraba K "TOHKOMY'".

Cxema MHOTOILIATOBOW MTEpAlMOHHON MpOLEAYphl aHalM3a M CHHTE3a MpUBeIeHa Ha puc.4, mpuYeM, s
ya00CTBa "CTBIKOBKH " CO CXeMOM aHaJIM3a, POIIeCC BOCCTAHOBIIEHHUS HA puc 40 IMOKa3aH CIpaBa HaJeBO.

C uenbio BHIYUCICHHUS CIIEKTPAIbHBIX KOMIIOHEHT CUTHAJIA JUTS KaX/0r0 3HAYCHUSI MacIuTaba MCIOJIb3yIOTCS
TONBKO KOX((DHUIIMEHTHI pPAa3OKEHUS B BEUBIETHOM 0Oa3Wce, COOTBETCTBYIOIIHME 3TOMYy MacmrTady. I[lpumep
TIOJTyYEHHs! CTIEKTPaNIbHOI KOMITOHEHTHI B MacIuTabe j,,_, TMOKa3aH Ha puc.5.

Yucno onepanuii yMHOKEHHUs, HEOOXOAUMOE Ul BBIUKCIECHUS BeeX DWT-Kod((HIMEHTOB s MaccuBa
naudbix N u JuiHe BeKTOpoB /i u g, pasHoM L, Oyner 2LN [6]. CTOAbKO Ke Oneparuii HY>KHO BBINOJHHUTH,

YTOOBI BOCCTAHOBHUTH CHTHAJI JIM BBIYUCIHUTH BCE €r0 CHEKTpalbHble KOMIIOHEHTHI. CleoBaTeNbHO, I aHalu3a-
cunte3a curHana S(f) B BeliBiaeTHOM Oasmce HeoOxomumo Bbinonuuth 4LN omepanmit. HamomuuM, 9TO 4mCIIO

oreparuii KOMIUIEKCHOro yMHOKeH#ust juist BII® pasHo N log, N, 4To cpaBHHMO WM Aaxe 0OJbIle, YeM B CIlydae
DWT.

4. MoaeaupoBanue

I'maBHOE OTIIMYKE MEXKAY CHCKTPAIBHBIM aHATU30M B 0azuce Dypbe U B BEHBICTHOM 0a3uCe 3aKIFOYACTCS B
TOM, YTO CHEKTPAIbHBIC KOMIIOHCHTHI B BEUBJICTHOM 0a3uce sSBISIFOTCA QYHKIUSIMH JBYX IMEPEMEHHBIX — MaclITada u
cMemeHus (TOJIOKEHHsT). DTO O03HAYaeT, YTO BEWBJIETHI ITO3BOJIAIOT AHAIM3UPOBATh HE TOJBKO YACTOTHEIC
0COOCHHOCTH JIFOOOTO CHI'HAJA, HO U ONPENICNIATh BpeMs ero mosiBiieHus. KpoMe Toro, BeiaencTere MacmTabupoBaHus,
JUTNTETIFHOCTh 0a3uCHON (PYHKIIMM BCErJa MOXKET OBITh COTJIacOBaHA C MPOJOJDKUTENFHOCTHIO CHUTHANA, YTO TPH
YCIIOBHH CHHTe3a 0a3mca ¢ yugeToM (OpMBI CHTHAJa WM €ro JAPYTHX CBOWCTB IOPOXKIAET IENBIH Kiacc BEHBIIETOB,
Ha3BaHHBIX aIalITUBHBIMH (TIPHCIIOCOOICHHBIMH).K PEIICHHUIO TON MIIM WHON MPaKTHYECKON 3a1aun

Puc.6 wmmoctpupyer 3(QexT BbIOeNeHWs CUTHATA W3 miyMa (oTHomeHWe curHan/mym = 0,5) mpu
PA3JI0KEHIH TI0 CTIEKTPAIFHBIM KOMIIOHEHTaM IPH BOCHMH 3HAYCHUAX MacIITada (OKa3aHbl MOCICTHIE YETHIPE).

BriBoabl

BeiiBiieTsl MOTYT YCHEIIHO MCIOJIB30BATHCS ISl IOCTPOEHHUS! OKTABHOMOJIOCHBIX aHAJIU3aTOPOB CIEKTpa, B
TOM YHCJIC U JUTA [ieNiell 0OHAPYKCHUS CUTHAJIOB B ITyMaxX. YUCIIO BRIYHCIUTEIBHBIX ONEpAIMiA IPHU STOM HE OOJbIIe,
4yeM B citydae npuMeHeHus BII®D, 4ro nemaer cnekTpaibHEBIN aHAM3 B BEHBICTHOM 0a3uce, ¢ yIETOM €ro 4YacTOTHO-
JIOKAJIbHBIX CBOUCTB, 3((EKTHUBHBIM CPEJICTBOM B PsiJICc TIPUIIOKCHHH.

Puc. 5. Cxema svruucnenus
cnexmpanvholl komnonenmol S ; _(t)
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OCTAVE BAND WAVELET - BASED SPECTRAL ANALYSIS OF SIGNALS
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Octave-band spectral analysis of signals based on the discrete wavelet transform (DWT) is considered. The slope of the bandpass filter
response characteristic fronts increases and the inter-band interference (crosstalk) decreases with increasing wavelet function order. Fast
computational algorithms and circuits are presented.

1. Introduction

Some applications require multiresolution spectral analysis, with resolution decreasing from lower to higher
frequencies. The wavelet theory, which has emerged in the early 80s and developed in [1,2,3], helps to solve the
multiresolution spectral analysis problem based on the fast algorithms. The present paper is devoted to some aspects
of wavelet - based spectral analysis not yet adequately addressed in the literature.

2. Theory
We consider spectral analysis of a set of signals $(#) belonging to the space of quadratically integrable
functions. Such analysis results in signal separation into components such that

oo

ww=§fmwxmﬂnﬁﬁ S d (I ()= (1)+ S 5;(1), ()

=150 =
where the functions @ ; ; (t) and ¥ ik () are called scaling functions and wavelets, respectively,

oo

Sjo(1)= js(r)cbjo(t—r)dr (2a)

—oo

and

si(t)= ojos(r)‘I‘j(t—r)dr (2b).

—o0

The functions O jo (t) and ¥ j( t )are called the Dirichlet kernels of the integral transforms (2). They are

impulse responses of the corresponding filters: low-pass filter cutting the § Jo () component out of the signal $(¢)

and bandpass filters cutting out the high - frequency components. The shape of the spectral analysis filter frequency
characteristic completely depends on the spectral properties of basis functions. It is known that to estimate spectral
component intensities in spectral analysis it is important that adjacent frequency band do not overlap. This is ensured
by choosing higher order wavelets [4].

3. Algorithms and modelling
The theory of multiscale analysis gives the following recurrent formulas for calculating the coefficients

cj (k) and d j (k) called fine to coarse scale analysis:
(k)= h(m=2k )ey(m) Ga)

dj(k)=Xg(m=2k)cj,(m) (3b)
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The coefficients ¢ J (k) at the "finest" scale value j = Jm are assumed to be the time signal samples, i.e.,

cj (k)=s(k).
To calculate spectral components from Egs.(2) we can use the following expression for restoration
(synthesis) of signal samples for each scale [3]:

Cin(k)=Xc,(m)h(k=2m)+Y g (m)g(k—2m)

The signal restoration proceeds in order of increasing
(from "coarse" to "fine") scale. The spectral components at
each scale value are calculated using only those coefficients of
signal expansion in the wavelet basis that correspond to a
given scale.

The number of operations need for calculation of all
DWT coefficients and spectral component synthesis is
comparable or even less than that for FFT.

The main difference between Fourier - and wavelet
spectral analysis is that spectral components in the wavelet
basis are functions of two variables, scale and shift (position).
This means that wavelets allow not only analysis of frequency
features of a signal, but also determining the time of its arrival.
Besides, due to scaling, the basis function duration can be
always matched to that of the signal. Therefore if the basis
constructed is adapted to the signal shape or some other signal
properties, we can have a class of wavelets called adaptive

A mixture of a harmonic signal spike and which are tailored for specific practical applications. The
correlated noise (top) and expansion in figure given illustrates the effect of signal detection in the
spectral components with the wavelet basis presence of noise (signal-to-noise ratio 0.5) resulting from
db8. signal expansion in spectral components at eight scale values

(only the last four are shown).

Conclusion

Wavelets can be successfully used in construction of octave band spectrum analysers, particularly, to detect
signals buried in noise. The number of computational operations needed does not exceed that for the FFT technique.
Therefore the wavelet — based spectral analysis can be an effective tool in a number of applications in view of its
unique local — frequency properties.
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