LMPpPOBO

B.®. KPABYEHKO,
[1.B. YYPUKOB

Lindbposas obpabotka
CUrHanoB aTOMAapHbIMU
bYyHKUMAMM 1 BeMBNeTaMu

ITEXHOCCDEPA



Nn P

LUMppoBOM 06paboTKM

B.®. Kpasuetko,
4.B. Yypukos

Lindbpoeas obpaboTtka
CWUrHaNIoB aTOMapHbIMU
byHKUMAMYU U BeriBNETaMM

Moa pea. 3acnyxeHHoro fJeArens
Hayku PO, a.p.-M.H.,
npod. B.®. KpasueHko

TEXHOC®EPA

Mockea
2019



YK 537.87 + 621.371
BBK 22.336
K78

Peuenzenmsr:

Iycmogoium B.H. — axaoemux PAH, Hayuno-mexnonozuteckuii yeHmp yHuKanbHoeo
npubopocmpoenusi Poccutickoti akademuu nayx.

Kpiokosckuit A.C. — dokmop uzuro-mamemamuieckux Hayk, npogpeccop,
Poccutickuil Hoswili yHUugepcumem.

K78 KpaBuenko B.®., Uypuxos /1.B.
Hudposan 06paborka cHTHAIOB AaTOMAPHBIMH GYHKUHAMH U BelBIeTaMH
Mockpa: TEXHOC®EPA, 2019. — 182 ¢. ISBN 978-5-94836-506-0

MoHorpadus IMOCBSLIEHA HCCIEJOBAHHIO, Pa3sBUTHIO M Pa3pabOTKe METOO0B
aHanu3a (PU3MYECKHX CHCTEM HA OCHOBE Teopuil R- M aromapHbiX (yHKLHI,
WA-cucreM (QyBKLUHHA, NOCTPOEHHIO AJITOPUTMOB OOpabOTKH M MOAEIMPOBAHHM:
[IPOIECCOB JUCTAHLHOHHOIO 30HHPOBAHYSA U PaAH0aCTPOHOMHH B LEJISIX yay4ile-
HUsl QHU3UYECKHX XAPAKTEPUCTHMK IEpe/iadl, BOCCTAaHOBIEHHS U PAClO3ZHABAHMSA
MHOTOMEPHBIX CUTHAJNOB. PaccMaTpuBaloTCd HOBLIE BecOBble (YHKIUH (OKHA) H
GUABTPHE C KOHEYHON UMIYNECHOHA XapaKTePHCTHKOH HA UX OCHOBE, & TAKKe 0pTo-
rOHaJibHblE M aHanuTudeckue BeiBaerTsl. lccnegosana o6o0OLIcHHAs TeopeMma

- OTCYETOB HAd OCHOBE aTOMApHbIX GYHKLUI U ee yacTHble ciyyau. Paspaboran anro-
PUTM CHHTE3a MHOIOMEPHBIX (GYHKLHH C MPOU3BOJBHOW reoMmerpueit omopHOii
obnacru. Ilpemnoxeno u 060cHOBaHO 0600611IeHNe DYHKUUE HEOMPEACICHHOCTH 110
BPEMEHH U 4ACTOTE MPUMEHUTEABHO K aHAIIU3Yy CIOXKHbBIX 30HAUPYIOIHX CHIHANOB.

Kuura npennasHauena Juis HaydHbIX paOOTHUKOB, aCIMPAHTOB M CTYXEHTOB,
paboTaroiux B obnactu uudporoii 06paboTKK CUrHAIOB IPUMEHHTENBHO K COBpe-
MEHHBIM 3aJayaM pagdo(QU3UKHU U PAJHUOTEXHKKH.

YK 537.87 + 621.371
BBK 22.336

© 2019, Kpasuenko B.®., Uypuxkos /I.B.
© 2019, AO «PUL] « TEXHOC®DEPAY, opuruHan-makeT, oQpopMiIeHUE

ISBN 978-5-94836-506-0



VICTOR FILIPPOVICH KRAVCHENKO,
DMITRY VICTOROVICH CHURIKOV

Digital Signal Processing
by Atomic Functions
and Wavelets

Edited by the Honored scientist of the Russian Federation,
doctor of physical and mathematical sciences,
professor V.F. Kravchenko

TECHNOSPHERA
Moscow
2019



UDK 537.87 + 621.371
BBK 22.336
K78

Reviewers:

Pustovoyt V1. — academician of RAS, Scientific and Technological Center of Unique
Instrumentation of the Russian Academy of Sciences.

Kryukovsky A.S. — doctor of physical and mathematical sciences, professor,

Russian New University.

Kravchenko V.F., Churikov D.V.

Digital Signal Processing by Atomic Functions and Wavelets
Moscow: TECHNOSPHERA publishers, 2019. — 182 p.
ISBN 978-5-94836-506-0

The monograph is devoted to research and the development of methods for
analysis of physical systems on the basis of theories of R- and atomic functions,
WA-systems of functions, the construction of processing algorithms and simulation
of remote sensing and radio astronomy processes with the objective of improving
the physical characteristics of the transmission, recovery, and recognition of
multidimensional signals. The new weight functions (windows) and finite impulse
response filters based on them, as well as analytical and orthogonal wavelets are
described. The generalized sampling theorem based on atomic functions and its
special cases are investigated. The algorithm of synthesis of multidimensional
functions with reference area of complex shape geometry is developed. The
generalization of the ambiguity function of time and frequency in relation to the
analysis of complex sounding signals is proposed and justified.

The book is intended for researchers, postgraduates and students working in the
field of digital signal processing as applied to modern problems of radiophysics and
radio engineering.

© 2019, Kravchenko V.F.,, Churikov D.V.
© 2019, TECHNOSPHERA JSC, design. All Rights Reserved



CopepxaHue

Beenenne e
Cumcok ucnonbsyemux coxpamemm e

I'nasa 1.

Aromapbie QYHKIMH B 321a9aX GUISTPANUHU ¥ 11 poBoil 06pabOTKH CHFHANOB

1.1. OcHOBHEIE CUCTEMBI aTOMapHBIX QYHKLUUI U pUznyecKue
XapaKTCPUCTHKH. ... ..
1.1.1. CemeiicTBO aTOMaprlX (I)YHKIII/II/I fup N(x)

1.3. ®u3uyecKue XapakKTepucTuKu
1.2 KoHCTpyKLI# BECOBBIX (PYHKLUI U ynqueHMe UX qmmqecxux
XapPAKTEPUCTHK . ... e e oo
1.2.1. Becopnie hyHKUUU KpaneHKo Kamepa _
1.2.2. BecoBnle pyukuuu Kpasuenko — Harronna
1.3. KoHcTpyKUnu GUALTPOR ¢ KOHEYHON I/IMIIyJILCHOI/I XapaKTCpHCTI/IKOI/I
Ha OCHOBE aTOMapHbIX QyHKUMN

1.3.1. ®uabTpH ¢ AMHEHHON Ha30Boi XapaKTCpI/ICTI/IKOI/I R e
1.3.2. Tunel KUX-punsTpoB ¢ 1MHEHHOMK dazoBoii XapaKTepI/ICTHKOI/I

1.3.3. Pazpaborka KUX-punsrpoB ... .

1.3.4. TlocTpoenne GUILTPA C KOHEUHOM I/IMHyIIbCHOI/I xapamepmcmxou
.30
23l

1.4, O606uIeHHEIE PSIABI OTCYETOB . . .
1.4.1. O606LIEHHbIE PAABI OTCYETOB HA OCHOBE aTOMaprlX (I)yHKLu/m

1.4.2. ®uznveckuit cMBICH 0OOOIIEHHOIO psijla OTCYETOB. .
.35
.39
.40
JA45
47

1.4.3. Becopas ¢pynkius Kpapuenko — KoTelbHUKOBA )
1.4.4. O6061iueHHas TeOpeMa OTCUYETOB JJisl CJIYyYaHbIX CUTHAIOB
1.4.5. AHanM3 4aCTHBIX CIydyaeB 0000LMIEHHBIX PSAOB OTCUYETOB
1.4.6. YyeT norpeurHocteit 00001IeHHOM TEOPEMBI OTCYETOB

1.4.7. Aapo paaa orcueror Kpasueuko—JleBurana ... ...

1.5. HemmapamMeTtpuyeckoe olleHMBaH ue GYHKLIVH IIOTHOCTH
BEPOSTHOCTH MOCHEIOBATENBHOCTHA CITy4alHbIX BETUYMH o
1.5.1. JomycTUMBIE OLICHKH (hYHKIUU TIJIOTHOCTU BEPOSITHOCTHU U €€
NPOU3BOAHBIX . . ... e e
1.5.2. UnCACHHbIA SKCIEPUMEHT
Betgomwl
[naga 2.
ITpumenenne WA-crcTeM QPyHKLHI B 3a1a4aX PaIMOPU3IUKH

2.1.1. Oproronansusic WA-cuctembr Gyskumi {up®)} ...
2.1.2. Axroput™ KpaBYeHKO IIOCTPOEHHUSI OPTOroHa bHbIX WA-cucTeM
Gbynkumi S
2.1.3. IlocTpoenue OpTOI‘OHaJ'IbeIX WA—CI/ICTCM cbyHKLu/m Ha OCHOBE
atoMapHbIX pyHKuMit h, (x) B
2.2. OpTtoroHaiabHbie WA-CUCTEMBI (I)yHKupm B uI/I(I)pOBOI/I 06pa60TKe
CHUTHAJIOB M M300PAXEHU I

.
15

16

.16
1 1.2. CemeiictBo aToMapHbix dyukuuith,x)
19

17

22
-2
22

':26

32

.49

25l
DD
.56

2.1. [Tocrpoenue oproroHalbHuiX WA-cuctemM Qyukumit

57

57
.64
.65

67



C/ Codepxcanue

2.2.1. Ynanenue uiyMa U KOMIIpeccust OTHOMEPHBIX CUTHAIOB. .. 67
2.2.2. YnaneHye LiyMa 4 KOMIIpeccus u3obpaxesun .69
2.3. AHanutuueckue WA-cucteMbl GYHKUMA T4
2.3.1. Tloctpoenue kommieKCHbBIX WA-cUCTEM (byHKuym R .74
2.3.2. @yHKLOHAJ KauecTBa BeIOOpa BeliBneTHOrO 6aszuca A
2.3.3. AHanu3 BpeMEeHHbIX psIIOB KOMIJIEKCHBIMU WA-cHCTEMaMu
BBUBOIBL | e 83

I'nasa 3.

Cunre3s muoromepubix uugpoBbix uisTpoB .84
3.1. Teopusi R-byHKIIMi1 1 oOpaTHas 3a1a4a aHannanecxou FeOMCTpI/IH .84
3.2. CuHTe3 IBYMEPHBIX LIMGPOBbIX QUABTPOB C HECTAHAAPTHOM

reoMeTpHEil ONIOPHOM 00MacTH .. 89
3.2.1. AByMepHbIe LUGDPOBBIE d)l/UIprLI C KOHC‘IHOI/I I/IMHYII]:CHOI/I
XapaKTePUCTUKOM 89
3.2.2. JIoKyCbhl CJIOXHOMI CbOprI U onop}{me 06!IaCTI/I [[BYMCprIX
M(POBLIX PUIBTPOB C KOHEWHON HMTYJIBCHOH XapakTepucTHKOMi . 91
3.2.3. [Toctpoenue IByMepHOTO (bUJILTPa C KOHEYHONH UMITYJIbCHOR
XapakTEePUCTUKON i 91
3.2.4. YucneHHas peajusauus anropmma " aHanm @nsuqecxnx
pE3YNLTaToB, .. e 93
3.3. AHAJIUTHYECKHUE l]BYMeprIC WA CUCTEMBI prHKupm U UX
dbusnyeckue CBOHCTBA e 105
3.3.1. TlocTpoeHHE IBYMEPHEIX WA CUCTEM beHKLlI/II/I L 105
3.3.2. ®uU3MYECKHUE CBOMCTBA aHATUTUYECKUX JBYMEDHBIX WA CUCTEM
DYHKUAR 109
BBIBOMBL e 112

I'naBa 4.

O6paboTKa pagHOJOKAMOHHBIX CUTHAJIOB M CHHTE3HPOBAHHE anepTypbl

AHTEHHbI ATOMAPHBIMHM QYHKUMAMHE e 113
4.1. ObpaboTKa CUTHAJIOB B pauuonpneMHOM yCTpOHCTBe e 113
4.2. llndpopas 06padboTKa CUTHAJIOB B AHTEHHAX C CI/IHTC3I/Ip0BaHHOI/I

anepTypoit ripu GOKOBOM 0630P€... ... .. . 118
4.2.1. TeoMeTpUsl CUHTE3UPOBAH U A anepTypr R o 118
4.2.2. ®opmyna 1anbHOCTH . . .. .. e 119
4.2.3. Curuans B cucremMax CI/IHTeBI/I]I)OBaHI/IH anepTypm 120
2.2.4. Asyxarannas undposag obpabotka curnanos PCA 122

4.3. Tlpumenenne pyukunit Kpapyenko— Kakisepa K 3ajayam BECOBOFO
yCpenHEeHUs pa3HOCTHOM 4YacTOThl . 123

4.4, ObobuieHre QyHKIUU HCOHpelIC.TICHHOCTPI 1o BpeMCHM M 4acTOTE
Ha OCHOBE ceMeicTBa aTOMapHbiX DYHKIIU i IPUMEHUTENbHO
K uu¢ppoBoii 06paboTKe CUTHAJIOB B AHTEHHBIX CUCTEMAX ... 125
4.5. Aromapubie t WA-cucteMsl GyHKL U B KOPPEJsIHIHOHHON o6pa60TKe
PamMONOKALMOHHBIX CHTHAMOB ... ... 135



Codepxcanue

4.5.1. @uasTpauMs KOpPEeNsAIHOHHON GYHKLINHU C TOMOILbIO ATOMAapHbIX
v WA-cucteM GyHKuMM o 14
BoiBoabL ..149

I'nasa 5.
Kom0#AMPOBaHHBIIi AJITOPATM ONKHCAHUS COXKHBIX KOHTYPHBIX 00 bEKTOB
1 GuabTpanMu u300paxKeHnil B YCJIOBUAX MOMEXH BbICOKO HHTEHCHMBHOCTH 150
Beenenne e 150
5.1. Brinenenue KOHTypOB O6’beKTOB u3 I/I306pa)K€HI/II/I i 152
5.2. NluneiiHas dunbTpauns nzobpaxeHnii B 3agaye BbmeneHmI KOHTypOB‘ A58
5.3. TlonuepkrBaHUE rPaHUIl OOBEKTOB HA U300paXeHUU ...155
5.4. Buigesnenue rpanui npu o6paboTke U300pakeHnil. CorJIaCOBaHHO-
W30MpaTeNbHblil GUABTD. e 156
5.5. KOHTYp#BI KaK AUCKDPETHBIE CUTHAJIbI. YpaBHeHMe qepTex(a I 4]
5.5.1. KopupoBaHue KOHTYPHBIX OHHAPHBIX u3o0paxeduit 161
5.5.2. Knaccudukanus KOHTYpHBIX CHTHayoB ... 164
5.5.3. DneMeHTapHbie KOHTYPHL .. . . . 164
5.5.4. CTOXHBIH reoMeTpUYECK Uit 06’beKT U €ro aHaJTUTHYECKOE
ONUCAHWME e e 164

5.6. HucieHHbIH 3Kcnepnmem . 166
BB BO L 169

BaKMOUCHME 170
CHHCOKHHTepaTypu e 17
Undopmanus 06 aTopax L. 179




Contents

Introduction .
The list of acronyms___

Chapter 1.
Atomic functions in the filtering and digital signal processing problems

1.1. The main systems of atomic functions and their physical characteristics_

1.1.1. The family of atomic functions fup,(x) .. .
1.1.2. The family of atomic functionsh(x) . .. .
1.1.3. Physical characteristics
1.2. Construction of weight functions and the 1mprovement of their physu:aI
characteristics . . e
1.2.1. Kravchenko—Ka1ser welght functlons
1.2.2. Kravchenko — Nuttall weight functlons,,, e
1.3. Design of FIR filters based on atomic functions
1.3.1. Filters with linear phase characterlstlcs

1. 3 3 The development of FIR-filters_
1.3.4. Construction of filter with ﬁmte impulse response ,,,,,,
1.4. Generalized sampling series .

1.4.1. Generalized sampling series based on atom;c functlons .

1.4.2. The physical meaning of the generalized samplingseries

1.4.3. Kravchenko — Kotelnikov weight function

1.4.4. The generalized Kravchenko — Kotelnikov samphng theorem for
randomsignals . . e

1.4.5. Analysis of particular cases of the generahzed samplmg serles

1.4.6. The accounting errors of the generalized sampling theorem . . ;
WA

1.4.7. The Kravchenko— Levitan core of the sampling series .

1.5. Nonparametric estimation of probability density function of a sequence

of random variables -
1.5.1. Admissible valuatlon of the probablhty den51ty functlon and 1ts
derivatives _ e e e
1.5.2. Numerical experlment e e
Conclusions . ...
Chapter 2.
The application of WA-systems of functions in problems of physics .
2.1. The construction of orthogonal WA-systems of functions
2.1.1. Orthogonal WA-systems of functions {up(t)}

of functions
2.1.3. The constructlon of orthogonal WA—systems of functlons on the basns
of atomic functions h (x) ...
2.2. Orthogonal WA-systems of functlons in d1g1ta1 processmg of 51gnals and
images .

2.2.1. Noise removal and compressmn one- dxmensxonal s1gna1s o

.1
15

.16
.. 16
.16
Y

19

22
21
-
.24
.24

25

e
.26
.30
A0
S )
35

.39
.40

45

49

)
X
56

-1
Y
7
2.1.2. The Kravchenko algorithm for constructing orthogonal WA-systems

64

.65

.67
67



Contents

2.2.2. Noise removal and image compression_
2.3. Analytical WA-systems of functions .

2.3.1. Construction of complex WA- systems offunctlons
2.3.2. The functionality of the quality of the selection wavelet basrs for

2.3.3. Time series analysis ofcomplex WA systems offunctrons e
.83

signal analysis

Conclusions ... .

Chapter 3.
Synthesis of multidimensional digital filters
3.1. The theory of R-functions and inverse problem analytrc geometry
3.2. Synthesis of two-~dimensional digital filters with custom geometry
reference area

3.2.2. The loci of complex shape and the reference region two- drmensronal
digital filters with finite impulse response

3.2.3. The construction of a two-dimensional filter wrth 1nﬁn1te 1mpulse
response . . .

3.2.4. Numerical 1mplementatron of the algorlthm and analysrs physxcal
results.

3.3. Two- dlmensronal analytrcal WA—systems of functrons and the1r phy51cal v

properties
3.3.1. Constructing an analytrcal two drmensronal WA—systems of
functions
3.3.2. Physical propertres analytrcal two- drmensronal WA—systems of
functions . ...
Conclusions,

Chapter 4.

Processing of radar signals and synthetic aperture antenna atomic functions
113

4.1. Signal processing in the receiver

4.2, Digital signal processing in antennas synthetrc aperture srde overview .

4.2.1. Geometry of synthetic aperture .
19
120

2122

4.2.2. The range equation_ . .

423, The Signats in the system Ofsynthetlc aperture

4.2.4. A two-stage digital signal processing RSA_ ,
4.3. Application functions Kravchenko — Kaiser to problems of werght
averaging of the difference frequency. _
4.4. A generalization of the ambiguity functron of trme and frequency based
on the family of atomic functions in the digital signal processing in
antennasystems._ ...

4.5. Atomic and WA-systems of functrons in the correlatron processmg of

radarsignals__ .
4.5.1. Filtering of the correlatron functron w1th atomrc and WA systems of
functions ...

.69

7
74

77

.84
.84

3.2.1. Two- dlmens1onal drgrtalﬁlters w1th ﬁmte rmpulse response e

89

9N

91

.93
105
. 105

....109
.12

113

118
118

123

125
135

IS S e

149



@0 Contents

Chapter 5.
The combined algorithm description for complex contour object and filter images
in conditions of disturbance, high intensity
Introduction N
5.1 Contours extractlon of objects from 1mages
5.2. Linear filtering of images in the problem of the peakmg
5.3. Underline the boundaries of objects in the image .

5.4. Edge detection in image processing. Consistently selective ﬁlter j

5.5. Contours as discrete signals. The equation of drawing .
5.5.1. The contour coding of binary images ... ...
5.5.2. Classification of contoursignals . ...
5.5.3. Elementary circuits,__. .

5.5.4. Complex geometric object and 1ts analytlcal descr1pt10n ) )

5.6. Numerical experiment ...

CONCIUSIONS e
ConcluSionS
Bibliography

Information about the authors

150

150
L 152
155
L 155
156

161

161

le4
164
164
166

169

170
171
179



