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U skladu sa &lanom 38 pravila doktorskih studija kandidat je dio sopstvenih isttaZivanja vezanih
za doktorsku disertaciju publikovao u Easopisu sa (SCI /SCIE) liste kao prvi autor.
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'l Spisﬁk Mdﬂ.l-va doktoranda iz Obl,?Sﬂ.Elﬂktﬂtﬂkihﬁtudija lmje 1e pubhkoYaOUE_,ﬂ-&ﬂpiﬂi]ﬁa !
sa (upisati odgovarajutu listu) ANQRIBIHG

Spisak radova iz oblasti doktorskih étudi]'a koje je kandidat publikovao u ¢asopisima sa
SCI/SCIE liste:

1] I. Stankovi¢, M. Brajovi¢, M. Dakovi¢, C. Ioana, and L]. Stankovié,
“Quantization in Compressive Sensing: A Signal Processing Approach,” IEEE Acess,
eatly access publication, 10 Mazch 2020, doi: 10.1109/ACCESS.2020.2979935

Link na tad: https:/ /ieeexplote.ieec.org/document/9031296
Informacija o IMPACT faktoru ¢asopisa:
https:/ /ieeexplore.ieee.org/xpl/Recentlssue.jspPpunumber=6287639

[2] 1. Stankovié, M. Brajovi¢, M. Dakovi¢, C. loana, and LJ. Stankovi¢, “Bit-depth
quantization and reconstruction error in images,” Signal, Image and Video Processing,
accepted, 2020.

Link na rad: https://link springer.com/article/10.1007/511760-020-01694-4
Informacija o IMPACT faktoru €asopisa:
https:/ /www.sptinger.com/journal /11760

[3] 1. Stankovié, M. Dakovié, and C. loana, “Decomposition and Analysis of Signals
Sparse in the Dual Polynomial Fourier Transform,” Microprocessors and Microsystems, vol
63, pp. 209-215, November 2018.

Link na tad:

https:/ /www.sciencedirect.com/science/atticle/abs/pii/S0141933118301492
Informacija o IMPACT faktoru €asopisa:

https:/ /www.sciencedirect.com/joutnal/mictoprocessors-and-microsystems

[4] I. Stankovié, I. Orovié, M. Dakovié, and S. Stankovi¢, “Denoising of Sparse
Images in Impuisive Distutbance Environment,” Multimedia Tools and Applications, vol. 77,
no. 5, pp. 5885-5905, March 2018, DOL: https://doiorg/10.1007/511042-017-4502-7

Link na rad: https://link.sptinger.com/article/10.1007 /511042-017-4502-7
Informacija 0 IMPACT faktosu asopisa: https:// www.springer.com/journal/11042

(5] I. Stankovié, C. Ioana, and M. Dakovi¢, “On the reconstruction of nonsparse
time-frequency signals with sparsity constraint from a reduced set of samples,” Signa/
Processing, vol. 142, January 2018, pp- 480-484, DOIL
http:/ /dx.doi.org/10.1016/j.sigpro.2017.07.036

Link na rad: )
https://www.sciencedirect.com/science/article /abs/pii/S0165168417302827

Informacija o IMPACT faktoru ¢asopisa: ‘
https:/ /www.sciencedirect.com/journal /signal-processing
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[6] LJ. Stankovié, M. Brajovié,I. Stankovié, C. Ioana, and M. Dakovig,
“Reconstruction Error in Nonunifosmly Sampled Approximately Sparse Signals,” IEEE
Geoscience and ~ Remote  Semsing  Lattors, Vol 17, 2020, in  print, doi:
10.1109/LGRS.2020.2968137

Link na rad: https:// iecexplore.iece.org/document/8981905
Informacija o IMPACT faktoru &asopisa:
https://ieeexplore.icee.org/xpl/RecentIssue.jspPpunumber=8859

[7] N. A. Khan, M. Mohammadi, and I, Stankovié, “Sparse Reconstruction based
on iterative TF domain filtering and V1terb1 based IF estimation Algorithm,” Signal
Processing, vol. 166, January 2020, DO https://doi.otg/10.1016 /i.siepro.2019.107260

Link na rad:

https:/ /www.sciencedirect.com /science/article/pii/$0165168419303123
Informacija o IMPACT faktoru Easopisa:

https:/ /www.sciencedirect.com/journal/signal-processing

(8] LJ. Stankovi€, M. Dakovi¢, I. Stankovié, and S. Vujovi6, “On the Errors in
Randomly  Sampled Nonsparse Signals Reconstructed with a Sparsity
Assumption,” IEEE Geoscience and Remote Sensing Letters, Vol: 14, Issue: 12, Dec. 2017, pp.
2453 - 2456 , DOI: 10.1109/LGRS.2017.2768664

Link na rad: https://ieeexplore.ieee.org/document/8110831
Informacija o IMPACT faktoru ¢asopisa:
https:/ /iecexplore.ieee.org/xpl/Recentlssue.jsp?punumber=8859

[9] M. Brajovi€, I. Stankovi¢, M. Dakovi¢, C. Ioana, and 1. Stankovi¢, “Error in
the Reconstruction of Nonspatse Images,” Mathematical Problems in Engineering, Volume
2018 (2018), Atticle ID 4314527, 10 pages https://doi.orp/10.1155/2018/4314527

Link na rad: https://www.hindawi.com/joutnals/mpe/2018/4314527/

Informacija o IMPACT faktoru ¢asopisa: https://www.hindawi.com/journals/mpe/

[10]  LJ. Stankovi¢, I. Stankovi€, and M. Dakovi¢, “Nonsparsity Influence on the
ISAR Recovery from Reduced Data,” IEEE Transactions on Aerospace and Electronic Systenss,
Vol. 52, Issue: 6, Dec. 2016, pp. 3065 - 3070, DOI: 10.1109/T'AES.2016.160312

Link na rad: https://ieeexplore.ieee.otg/document/7855605
Informacija 0 IMPACT faktoru Casopisa:
https://ieeexplore.icee.org/xpl/Recentlssue.jspPpunumber=7
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Poglavlja u knjigama:
[11] L. Stankovié, M. Dakovi¢, and 1. Stankovi¢, “Compressive Sensing Methods for

Reconstruction of Big Spatse Signals,” in “Biomedical § ggnal Processing in Big Data”, E. Sejdic
ed., CRC Press, 2017.

Radovi publikovani u drugim asopisima:
[12] 1. Stankovi, M. Brajovié, M. Dakovi€, and L. Stankovi¢, “Analysis of Noise in
Complex-Valued Binary and Bipolat Sigmoid Compressive Sensing,” Telfor Joutnal, Vol.
11, No. 1, 2019,

(13] L. Stankovi¢, and I. Stankovié, “Reconstruction of Sparse and Sonsparse
Signals From a Reduced Set of Samples,” ETF Journal of Electrical Engineering, Vol. 21,
pp- 147-169, December 2015.

Medunarodne konferencije (indeksirane u bazi SCOPUS):

[14] L. Stankovi€, M. Brajovi¢, M. Dakovi¢, IJ. Stankovié, and C. Toana,
“Quantization Effect in Nonunioftm Nonsparse Signal Reconsttuction,” 94
Mediterrancan Conference on Embedded Computing, MECO 2020, Budva, Montenegro, June
2020.

[15] M. Dakovié, M. Ponjavi¢, I. Stankovié, J. Lerga, and C. Ioana, “Time-Frequency
Analysis of Tonospheric Whistler Signals,” 272h Telecommunications Forum TELFOR 20139,
Belgrade, Serbia, Nov. 2019.

[16] L Stankovi¢, M. Brajovi¢, M. Dakovi¢, C. loana, and LJ. Stankovi€, “On the
Quantization and the Probability of Misdetection in Compressive Sensing” 27k
Telecommunications Forum TELFOR 2019, Belgrade, Serbia, Nov. 2019.

[17] L. Stankovié, J. S. Sewada, M. Geen, C. Ioana, M. Dakovié, and J. Mars,
“Transmitted Sequence Influence to Sonar Target Detection using Compressive
Sensing,” IEEE OCEANS 2019, Seattle, WA, USA, October 2019.

[18] L. Stankovié, C. loana, M. Brajovi¢, M. Dakovi¢, and LJ. Stankovié, “Time-
Varying Cross-Range in Wideband Sonar Imaging,” 7725 Int'l Symposium on Image and Signal
Processing and Analysis (ISPA 2019), Dubtovnik, Croatia, September 2019.

[19] M. Brajovi¢, I. Stankovi€, L]. Stankovi¢, and M. Dakovié, “Decomposition of
Two-Component Multivariate Signals with Ovetlapped Domains of Suppott,” 7725 Int'!
Symposium on Image and Signal Processing and Analysis (1ISPA 2012), Dubrovnik, Croatia,
September 2019,

[20] I Stankovi¢, A. Digulescu, C. Ioana, and K. Dayet, “Electric atc detection using
compressive sensing,” 27th Symposinm GRETSI 2019, Lille, France, August 2019.

21] I, Stankovi¢, C. loana, and M. Dakovi¢, “Sequence Compatison in
Reconstruction and Targeting in Underwater Sonar Imaging,” [JEEE OCHANS 20719,
Marseille, France, June 2019,

[22] 1. Stankovié, M. Brajovi¢, M. Dakovi¢, and C. loana, “Gradient-Descent
Algotithm  Petformance With Reduced Set of Quantized Measutements,” 825
Mediterranean Conference on Embedded Computing, MECO 20719, Budva, Montenegro, June

2019.
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[2.3] I. Stankovié, M. Brajovi¢, M. Dakovié, and LJ. Stankovi¢, “Complex-Valued
Binary Compressive Sensing,” 26th Telecommunications Forum (TELFOR 2018), November
20 - 21, 2018, Belgrade, Serbia

[24] I Stankovié, C. Joana, M. Dakovié, and L}. Stankovi€, “Analysis of off-grid
effects in wideband sonar images using compressive sensing,” IEEE OCEANS 2018,
Charleston, South Carolina, USA, October 2018,

[25] M. Brajovié, I, Stankovié, C. Joana, M. Dakovi€, and LJ. Stankovié,
“Reconstruction of Rigid Body with Noncompensated Acceleration After Micro-
Doppler Removal,” 52 International Workshop on Compressed Sensing applied to Radar,
Multimodal Sensing, and Imaging (CoSeRa), Siegen, Germany, September 2018.

[26]  LJ. Stankovié, M. Brajovi€, I, Stankovié, C. Joana, and M, Dakovi€, “Analysis of
Initia] Estimate Noise in the Sparse Randomly Sampled ISAR Signals,” 5t International
Workshop on Compressed Sensing applied to Radar, Multimodal S ensing, and Imaging (CoSeRa),
Siegen, Germany, September 2018,

[27] I. Stankovié, M. Brajovié, M. Dakovié, and C. Joana, “Effect of Random
Sampling on Noisy Nonsparse Signals in Time-Frequency Analysis,” 26th European Signal
Processing Conference EUSIPCO 2018, Rome, Italy, September 2018.

[28} 1. Stankovi¢, I. Djurovié, and M. Dakovi¢, “Adaptive average BM3D filter for
teconstruction of itnages with combined noise,” 7th Mediterranean Conference on Embedded
Computing, MECO 2018, Budva, Montenegro, June 2018.

[29] L Stankovi¢, C. Ioana, M. Dakovi¢, and I. Candel, “Sparse Signal Reconstruction
in Dual Polynomial Foutier Transform,” 7th Mediterranean Conference on  Embedded
Computing MECO 2018, Budva, Montenegro, June 2018.

[30] I Stankovié, C. Ioana, and M. Dakovi¢, “High-Resolution Local Polynomial
Fourier Transform in Acoustic Signal Analysis,” 59%% International Symposium ELMAR
2017, September 18-20, Zadar, Croatia

[31]1 L. Stankovi¢, C. loana, and M. Dakovi€, “Model-based decomposition of
acoustic signals in dispersive envitonment,” 26th Symposium GRETSI 2017, September 5-
8, Juan-les-Pins, France

[32] L Stankovié, M. Dakovi¢, and C. Ioana, “Time-Frequency Signal Reconstruction
of Nonspatse Audio Signals,” 22nd International Conference on Digital Signal Processing IEEE
DSP 2017, August 23-25, London, United Kingdom

[33] M. Dakovi¢, L. Stankovi¢, B. Lutovac, and I, Stankovié, “On the Fixed-point
Rounding in the DFT,” 17th IEEE International Conference on Smart Technologies, IEER
EUROCON 2017, Ohrid, Macedonia, July 2017.

(34] L Stankovi¢, M. Dakovi¢, and C. Ioana, “Decomposition of Signals in
Dispersive Channels using Dual Polynomial Fourier Transform,” 6th Mediterrancan
Conference on Embedded Computing MECO, Bar, Montenegto, June 2017

[35] M. Dakovi¢, I. Stankovié, M. Brajovi¢, and LJ. Stankovi¢, “Sparse Signal
Reconstruction Based on Random Search Procedure,” 40th International Convention on
Information and Communication Technology, Electronies and Microelectronics MIPRO, Opatija,
Croatia, May 2017

[36]  I. Stankovié, M. Dakovi€, and 1. Orovi€, “Overlapping Blocks in Reconstruction
of Sparse Images,” 40th International Convention on Information and Communication Technology,
Electronies and Microelectronies MIPRO, Opatija, Croatia, May 2017

[37] M. Dakovi€, I. Stankovié, ]. Ender, and L]. Stankovif, “Sample Selection
Strategy in DFT based Comptessive Sensing,” 24th Telecommunications Forum TELFOR

2076, Belgtade, Nov 22-23, 2016
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[38]  LJ. Stankovi¢,I. Stankovié, and M. Dakovid, “Analysis of Noise and
Nonsparsity in the ISAR Image Recovery from a Reduced Set of Data,” 426 International
Workshop on Compressed Sensing Theory and its Applications to Radar, Sonar and Remote S, ensing
(CoSeRa) 2076, 19-22 September, Aachen, Germany, 2016.

[39]  I. Stankovié, and W. Dai, “Reconstruction of Global Ozone Density Data using
4 Gradient-Descent Alporithm,” 58 International Symposinm  ELMAR-2016, Zadar,
Croatia, September 2016.

[40]  S. Vujovi¢, I. Stankovié, M. Dakovi¢, and LJ. Stankovi¢, “Compatison of a
Gradient-Based and LASSO (ISTA) Algorithm for Spatse Signal Reconstruction,” 52
Mediterranean Conference on Embedded Computing MECO 2016, Bar, June 2016

[41] L Stankovi¢, I. Orovié, S. Stankovié, and M. Dakovié, “Iterative Denoising of
Spatse Images,” 39th International Convention on Information and Communication Technology,
Electronics and Microelectronics, MIPRO 2016

[42]  I. Stankovié, and A. Dragani¢, “Compressive Sensing Reconstruction of Video
Data based on DCT and Gradient-Descent Method,” 23rd Tekcommunications Forum,
TELFOR 2015

[43] 1. Stankovié, I. Orovi¢, and S. Stankovié, “Image Reconstruction from a
Reduced Set of Pixels using a Simplified Gradient Algorithm,” 22nd Telecommunications
Forum TELFOR 2074, Belgrade, Serbia

Dbrazloier_iie mentora o korifcenju dokrorske disertacije u publikovanim radovima

Doktorand MSc Isidota Stankovi€ je ve€inu svojih istraZivanja na kojima je zasnovana doktorska
disertacija prezentovala kroz 10 radova, koji su publikovani u renomitanim medunarodnim
Sasopisima sa SCI/SCIE liste, sa IMPACT Factot-ima od 1.01 do 4.38. Na 5 radova, kandidat
je prvi autor. Dio rezultata je objavljen 1 u radovima (njih ukupno 30) koji su izloZeni na
medunarodnim konferencijama koje su indeksirane u bazi SCOPUS, kao i kroz dva rada u
drugim Casopisima. Kandidat je, pored toga, autor jednog poglavlja u monografiji renomiranog
medjunarodnog izdava€a. Dio istraZivanja je obavljen na PolitehniCkom Institutu u Grenoblu
{(Grenoble INP) na Univerzitetu u Grenoblu (University of Grenoble Alpes) u skladu sa coruselie
ugovorom izmedju Univerziteta Crne Gore i Univerziteta u Grenoblu. U nastavku slijedi
obrazloZenje klju€nih rezultata publikovanih kroz 8 radova u renomiranim medunarodnim

Casopisima, koji predstavljaju 1 temelj predmetne doktorske disertacije.

Nauéni rad “QOuantization in Compressive Sensing: A Signal Processing Approach” publikovan je u
renomiranom Casopisu IEEE Access sa IMPACT Factor-om 3,75 i u njemu je predstavljena
analiza uticaja kvantizacije na tekonstrukciju tijetkih i netijetkih signala sa nedostajucim obircitna.
Analiza je sprovedena pretpostavijajui razne faktore i nivoe kvantizacije koji mogu da uti¢u na
rekonstrukciju. Izvedena je egzatna greka u rekonstrukciji kvantizovanih signala. RazliCiti
algoritmi za rekonstrukciju signala na osnovu redukovanog skupa dostupnih odbiraka su
kor¥¢eni. Pored diskretne Futijeove transformacije, razmatrani su i drugi domeni signala kao sto
su Gausova i Bernulijeva transformacija. Rad sadrZi opseZne numeritke rezultate, koji potrvrduju
taénost rezultata egzatne greSke. SadrZaj rada je pokriven u drugoj glavi disertacije.

U nauénom radu ,,On the reconstruction of nonsparse time-frequency signals with spavsity consiraint_from a
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[ reduced set of samples”, koji je publikovan u renomiranom &asopisu Signal Processing, sa IMPACT
Factor-om 4.38, uticaj nedostajuéih odbiraka na rekonstrukciju nestacionatnih signala u
vremensko-frekvencijskom domenu je analizirana. Nestacionarni signali po prirodu nisu potpuno
rijetki signali, jako se broj bitnih komponenti moZe radunati kao mali (rijetki). Rekonstrukcija
PredloZeni pristup omoguéava izdvajanje nestacionarnih komponent signala uprkos njthovom
preklapanju u vremensko-frekvencijskoj ravni, $to predstavlja veoma znadajan prilog rje$avanju

problema koji je odavno poznat u vremensko-frekvencijskoj analizi. SadrZaj rada je obraden u
drugoj glavi doktorske disertacije.

U nauCnom tadu “Decomposition and Analysis of Signals Sparse in the Dual Polynomial Fourier
Trangforn”, koji je publikovan u renomiranom asopisu Microprocessors and Mictosystems, sa
IMPACT Factor-om 1.16, razmatrana je analizia i dekompozicija rijetkih signala u dualnoj formi
polinomijalne Furijeove transformacije. Pokazano je da akustitni signali, zbog svoje pritode, se
bolje analiziraju v dualnom domenu zbog svoje brze frekvencijske promjene u kratkom
vremenskom petiodu. Uspjednost dekomopozicije i rekonstrukcije je predstavljena u nekoliko
primjera, pokazajuéi teZinu problema u ne-idealnim uslovima akustiénih signala. SadiZaj rada je
obraden u Cetvttoj glavi disertacije.

Algoritam za rekonstrukciju slika bazitan na spudtanju gradijenta predstavljen je u radu “Denoising
of Sparse Images in Impulsive Disturbance Environment”, publikovanom u renomiranom nauénom
asopisu Multimedia Tools and Applications, sa IMPACT Factor-om 2,31 Algoritam se zasniva
na slijepom nalaZenju o$te€enih piksela i rekonstrukeiju istih. Jedini uslov je da je slika tijetka u
transformacionom domenu i da o$teCeni pikseli degradira ovo svojstvo. Algoritam je testiran na
mnogim ptitnjerima, sa razlifidm brojem oSteenih piksela i sa razliditim nivoima rijetkostl.
Poredenjem sa drugim savtemenim algoritmima dokazana je njegova robusnost. SadrZaj rada je
obraden u petoj glavi disestacije.

Rad ‘Emvr in the Reconstruction of Nonsparse Images” publikovan u renomiranom <asopisu
Mathematical Problems in Engineering, sa IMPACT Factor-om 1.01, sadrZi analizu
kompresivnog odabitanja u domenu dvodimenzione DCT. U radu je izveden egzaktan izraz za
energiju greske u rekonstrukciji signala koji nijesu rijetki u ovom domenu, a rekonstruisani su uz
pretpostavku o rijetkosti. Posebno razmatran kontekst primjene odnosi se na digitalne slike.
SadtZaj rada poktiven je u petoj glavi doktorske disertacije.

Iako tijetki signali imaju mali broj nenultih komponenti, kada je signal odabiran nausmi¢no
odabiran, gubi svoju karakteristiku rijetkosi. U radu “On the Errors in Randomly Sampled Nonsparse
Signals Reconstructed with a Sparsity Assumption” uticaj nasuminog odabiranja u kompresiviom
odabitanju je analiziran. Rad je publikovan u €asopisu IEEE Geoscience and Remote Sensing
Letters, sa IMPACT Factor-om 3.83. Najbitniji aspekti ovog rada obtadeni su u drugoj glavi
doktorske disertacije.

U radu “Reconstruction Ervor in Nonaniformly Sampled Approximately Sparse Signals” koji je publikovan
u renomiranom &asopisu IEEE Geoscience and Remote Sensing Lettess, sa IMPACT Factor-om
3.83, predstavljena je generalizacija ralunanja cgzatne greSke rekonstrukcije signala pribliZno

~u -~ -
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tijetkih u transformacionom dotnenu, zasnovano na neuniformno odabiranje signala.
Neuniformno odabiranje signala moZe do€i zbog podrhtavanja senzora kao { njegovih fizi¢kih
nedostataka, Kao dva posebna slu€aja odvajaju se uniformno i nasumiCno odabiranje. Rad je
obraden u drugoj glavi disertacije.

Konalno, u radu “Noxsparsity Influence on the ISAR Recovery from Reduced Datd” uticaj netfjetkost na
radarskim signalima (kao $to su ISAR slike) kotiteCi mali set raspoloZivih odbiraka. Rad je
publikovan u tenomiranom &asopisu IEEE Transactions on Aerospace and Electronic Systsems,
sa IMPACT Factor-om 3.67. Rezultati rada pokriveni su u drugoj glavi disertacije.

Jedan dio rezultata kandidata publikovan je i kroz 30 rada izloZena na renomiranim
medunarodnim konferencijama koje su indeksitane u bazi SCOPUS, medu kojima su i
konferencija EUSIPCQ, koja je $iroko poznata kao jedna od najznalajnih konferencija u svijetu
u oblasti obtade signala, IEEE OCEANS, jedna od najve¢ih konferencija iz oblasti okeanskog
inZinjeringa, pokrivajuéi sve njegove aspekte (kao $to su sonarni sistemi i obrada sonarsnih
signala), zatim konferencije MECQO, CoSeRa, DSP i brojne druge konferencije prepoznatljivog
medunarodnog renomea.

‘Dawmm i oviera (pefatipowpisodgovoraeossbe)
AT ET _'I'-I-.-
U Podgorici, /& . N\
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Prilog dokumenta sadrZi:

Potvrdu o predaji doktorske disertacije organizacionoj jedinici

Odluku o imenovanju komisije za pregled i ocjenu doktorske disertacije

Kopiju rada publikovanog u €asopisu sa odgovarajuce liste

Biografiju i bibliografiju kandidata

Biografiju i bibliografiju ¢lanova komisije za ptegled i ocjenu doktorske disertacije sa
potvidom o izboru u odgovarajule akademsko zvanje i potvrdom da batem jedan Clan
komisije nije u radnom odnosu na Univerzitetu Crne Gore
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1. Introduction

Nonstationary signals that cover most of the time and fre-
quency domain may be well localized in the joint time-frequency
domain, These signals are dense in both time and frequency, con-
sidered separately. However, they could be located within much
smaller regions in the joint domain using appropriate representa-
tions [1-6]. The basic time-frequency tepresentation is the short-
time Fourier transform (STFT). It can be easily related to the
Wigner distribution and its cross-terms reduced versions |7]. These
representarions will be considered in this paper. The signals are
sparse in the time-frequency domain if the number of noenzero co-
efficients in this domain is much smaller than the total number of
coefficients, For example, a sum of few nonstationary signal com-
ponents, being well localized in the STFT at each considered time
instant, is a sparse signal in this domain.

A signal that is sparse in a certain domain can be reconstructed
with fewer samptes than the Shannon-Nyquist sampiing theorem
requires, Compressive sensing is the field dealing with the prob-
fem of signal recovery with reduced number of available samples
[8-14]). Reducing the number of available samples in the analy-

* This work is supported by the Mecntenegrin Ministry of Science, project grant
funded by the World Bank (Grant no. 01-1062) loan: CS-ICT “New ICT Compressive
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sis manifests as a noise, whose properties in the discrete Fourier
transform (DFT) domain are studied in [15]. These results will be
used to define reconstruction properiies in the STFT case. The in-
fluence of noise in the two-dimensional DFT is examined in [16]. If
a nonsparse signal is reconstructed with a reduced set of available
samples then the noise due to the missing samples of nonrecon-
structed coefficients will be considered as an additive input noise
in the reconstructed signal.

In the compressive sensing literature, only the general bounds
for the reconstruction error for nonsparse signals {reconstructed
with the sparsity assumption} are derived [10,17,18]. In this
manuscript, we have presented an exact relation for the expected
squared errot in approximately sparse or nonsparse signals in the
time-frequency domain, reconstructed from a reduced set of sig-
nal samples, under the sparsity constraint. The error depends on
the number of available samples and the assumed sparsity, that is
crucial for any compressive sensing based reconstruction. The re-
sults are given in the form of a theorem. Theory is illusrrared and
checked on statistical examples.

The noise in the reconstructed STFT influences other rime-
frequency representations that can be calculated using this STFT.
The §-method |6.7] is considered as an example of such signal tep-
resentations.

The paper is organized as follows. The theoretical background
of compressive sensing and time-frequency signal analysis is pre-
sented in Secrion2. The theorem and formula of nonsparsity in-
fluence on the reconstructed signal is presented in Section3. The
numerical results are given in Section 4. The conclusions are pre-
sented in Section 5.
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2. Theoretical background

Let us consider a multicomponent signal
C
x(m) =3 x(m), (1
=1

where components x(n) are nonstationary and the total number
of components is C. Assume that the signal is sparse in the STFT
domain. The STFT of the discrete-time signal is defined as

N2
Sn(m k)= 3 x(n+myw(m)e SHm (2)
m=—Nf2

at an instant n and a frequency k. The window function of length
N is w{m). The windowed signal x(n, m) = x(n+ m)w{m), which is
K-sparse in the STFT domain, can be written in the form

K
x(nm) =" A(n)elwmiN, (3)
=1

The signal and its STFT in a vector form are
Sw(n) = WyHnx(n) (4)

Hyx(n) = Wy'Sy(n), (5)

where Sy(n) = [Sy(n, 0),5y(n. 1),.... Sy(n, N—1)]" is the STFT
calculated at time instant n, X(n) is the original signal (column)
vector within the window, Wy is the DFT masrix of size NxN
with coefficients W (m, k) = et-J27km/N) and Hy, is a diagonal ma-
trix with the window values at its diagonal. Analysis and recon-
struction of the whole signal based on the STFT is straightforward
with appropriate overlapping. It is presented in [1,2,6).

With the assumption that the signal is sparse in the STFT do-
main, we can reconstruct it with a reduced number of samples,
according to the compressive sensing theory [8,10,17,18,21].

The number of randemly positioned available samples for the
reconstruction is Ny « N. For a given n the available signal samples
are at the positions

n+me{n+m,n+mg,... n+my}.

The number of unavailable/missing samples is Ny = N — Na. The
available samples (measurements} of the windowed signal are then
defined as

Yo = [x(n+ mo)w{m), ..., x{(n + my)w(my )17 (6)
Note that
¥n = ASy{(n),

where A is the measurement matrix. The matrix A is obtained by
keeping the rows of the inverse DFT matrix corresponding to the
available samples

Yolmy)  Yn{my) Yrvoy (my)
Yolm)  yni(my) Y¥inoq (ma)

=1. : : (7)
.u’fa {my,) ;/fl (mn,) lWN—\ (my,)

where t/,(m) are the inverse DFT matrix coefficients yn(m) =
L exp(j2mmk/N).

The goal of compressive sensing is to reconstruct the original
sparse signal (using its windowed overlapped versions) from the
available samples. A general compressive sensing formulation is

min|{Sy(n)|l, subject to ¥, = ASy(n).

Here we will assume that the initial STFT is calculated using the
available samples only

Na

Swo(n, k) =3 x(n+ mw(my e~ Fmik 8)
pum

SNQ(H‘) = NAHyn, (9)

where superscript H denotes the Hermitian transpose.
The mean and the variance of this STFT, at a given instant n,
calculated using the available signal samples only, are [15]

K
E{Sna(n k)] = 3 Nadi(m)8 (k — ki) (10)
=1
Nu_ < 2
var(Spo(n, k)} = Nz = DA - 8k - k), (1)
i=1

where §(k) =1 only for k =0 and 8(k) = 0, elsewhere.

In general, time-varying signals are not strictly sparse in the
STFT domain, Because of their nature, most of these signals are
either approximately sparse or nonsparse. A signal is K-sparse in
a transformation domain (in our case, in the STFT domain) if it
has only K (K<« N) nonzero coefficients in this domain at posi-
rions k € K = {ky, k,..., kg). Other coefficients, for k ¢ K, are zero-
valued. A signal is approximately sparse if the coefficients for k e K
are significantiy larger than rhe coefficients at k ¢ &, A signal is not
K-sparse if the coefficients for k ¢ K are of the same order as the
coefficients at the positions k € K. If we want to use the compres-
sive sensing based theory for any of these signals the sparsity as-
sumption has to be made. In this paper, we will analyze the error
in these signals reconstructed under the K-sparsity assumption in
the STFT domain.

Signal reconstruction is done using estimation of the nonzero
coefficient positions, based on (8) and calculating the unknown co-
efficients Ai(n) based on rhe known signal values x(n + m;). Vari-
ous reconstruction algorithms can be used. For the numerical ver-
ification of the results we will use an iterative form of the OMP
algorithm. The reconstruction algorithm used in this paper is an
iterative form of the OMP algorithm, introduced in {19,20]. Since
the introduction of compressive sensing, many reconstruction al-
gorithms have been developed. A review of reconstruction algo-
rithms can be found in [21]. The main reason to use the presented
algorithm is the fact that it uses rhe sparsity assumption in an ex-
plicit way (producing K nonzero coefficients in the reconstructed
signal). Also, its computational complexity is low. Other algorithrns
that also exploit the sparsity assumprion in an explicit way can be
used as well,

In the first step, the position of the maximal STFT coefficient is
found as

ky = argmax{Sxa (M)}

Matrix A, is formed from matrix A by omitting all columns except
the column corresponding to k,. The first STFT estimate is

SR (n) = (A?ﬁ] )_1 A';'y,-,.

The signal is reconstructed and subtracted from the original signal
at the positions of available samples. The STFT estimate is calcu-
lated again with this new signal and its maximum position k; is
found. A new set K = {kj, k3} is formed with corresponding ma-
trix A;. The new estimate Sg(n) is calculated and the signal is re-
constructed, The procedure is repeated K {assumed sparsity) times,
with the final reconstruction

Sg(n) = (AfAL) ™' Alya.
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The reduced measurement matrix Ag is obtained from A by select-
ing the columns corresponding to K detected nonzero coefficient
positions

Vi, (my) g (mq) Yy, (m3)
Y, (ma) Yy, (my) Yy, (M32)

=1 : : (12)
Ve, (M) oy, () l‘l’k. {my,)

3. Nonsparsity in time-frequency signal analysis

The reconstruction error of sparse signals is an important topic
in compressive sensing. 1ts general bounds can be found in [10,17].
An exact formula for the expected squared reconstruction error,
with the STFT as a sparsity domain, is presented by the next theo-
rem.

Theorem 1. Consider a signal x(n) with time-varying components. Its
STFT values are denoted by Sy(n) = [Sy(n, 0),Sy(n. 1)... ., Sy(n, N —
1", The total number of signal samples within a window is N. As-
sume that the available signal samples are at Ny random positions,
defined by n4+m e Ny, and Ny =N — N, is the number of unavail-
ahle/missing samples. The signal is reconstructed under the assump-
tion as it were K-sparse in the STFT domain {(with the assumpton that
the reconstructian conditions are met for this sparsity). The recon-
structed signal with K nonzero STFT coefficients at k € K is denoted
by Sygl(n). The error in the K reconstructed STFT coefficients is:

1wk ) — Sur (I = Ky 50 (n) — S o) (13)
A

The K-sparse version of Sy(nt) is denoted by Syk(n). The elements of
vector Swx(n) are Syx(n, k) =Sy(n, k) for ke K, and Syx(n,k)=10
for k ¢ K. The reconstructed STFT Syg(n) is formed in the same way,
with coefficients for k « K being obtained by the reconstruction pro-
cedure and the remaining coefficients, for k ¢ K being set fo 0.

Notation ||SN(n)||§ is used for the expected vaiue of the squared
narm-two, Le. [|Sn ()2 = E(Xi ISn(n, 0)2).

Proof. Assume that the compressive sensing conditions for the
reconstruction are satisfied for the assumed sparsity and the
number of available samples [17]. Then we can reconstruct K
coefficients (Aq(n),Az{n), ..., Ax(n}) using, for example, the it-
erative OMP procedure explained at the end of Section2. The
result is Sgp(n) with K reconstructed coefficients. The remain-
ing (nonreconstructed} N — K signal coefficients with amplitudes
(Akq1 (). Agyz(nd, ..., Ay{n)) produce noise in these K recon-
structed coefficients. As defined in (11), the noise variance from
one nonreconstrucied coefficient is

A () | NaNy /(N = 1). (14)

The signal amplitudes in Syg{n) are proportional to Ns. The am-
piitudes are recovered to their original values, proportional to N,
the same as if all samples were available. The scaling factor is then
NjN, for the reconstructed coefficients. Consequently, the scaling
factor for the noise variance in the reconstructed coefficients is
(NfN.)2. That is, the noise variance of a recenstructed coefficient
caused by a nonreconstructed coefficient is

NZ NuN,
|Ai<n>|2N—£ T =
The white noise energy in the reconstructed coefficients of Sg(n)
will be K times larger than the variance in one reconstructed co-
efficient. The total noise energy caused by the nonreconstructed
coefficients (Ay,1(n), Axy2(n).. . Ay{), in K reconstructed coef-
ficients is

25, M
JAi(n)]| NWI' (13)

N

ISue () -Swe(DIE = KNTE 5 Al (16)
A ik

0 frequency 100 0

(d) Reconstructed STFT with K = 32

Fig. 1. Reconsiructed STFT with varying assumed sparsity K with Nx = 2N/3 avail-
abte samples.

Table 1
The error in the reconstructed coefficients and the total error (in dB) for Ny =
2K/3 and N4 = 3N/4, and various assumed sparsity levels K.

Na K Error in the reconstructed coefficlents  Total error
Statistics ~ Theory Statistics ~ Theory
N3 4 =214 -21.8 -0.4 -04
2N[3 B -19.8 -20.5 -2.3 -2.3
2Nj3 16 =230 =235 -8.3 -8.3
2N{3 32 -40.9 —41.8 -29.4 -29.5
2N[3 64 =535 -54.8 —45.1 —-45,2
3Nf4 4 -228 =233 -04 -D4a
3N/4 B -219 -223 -24 -2.4
aNM 16 =250 -253 -84 -8.4
3NJA 32 -428 -43.6 -28.5 ~2986
3N/ 64 -54.4 -56.6 —-45.2 —-45.5
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Fig. 2. Total reconstruction error as a function of the number of available samples
Ny for various assumed sparsity K. Theorerical results are presented by lines and
the statistical with dots, Dots for Ny > 4K, when the reconstruction is possible with
a high probability, are filled.

where Syp(n) is obtained from Sg(n), as defined in the theorem.
Energy of the STFT, corresponding to the nonreconstructed coeffi-
cients only, can be written as

N
ISn(m)—Sux ()15 = 5~ INA;(n) |2 (17)

I=K+1
From (16) and (17) follows

N
[ISng () —Snic{R) |3 = KM—”,'\,IISN(R)—SNK(R)I@

In the case when the original signal is K-sparse, ie. Sy(n) =
Swx (1), or when all samples are available, i.e. Ny = N and Ny =0,
there is no error

ISve (M) =Sk (M) |5 =0. O (18)
4, Numerical results

Consider a combination of two linear frequency modulated sig-
nal components
x(n) =1.5exp (j192mn/N + J48mn® IN? 4 Joo)

+exp (j48mn/N + j16m n? IN? + jiog) {19)

for 0<n=<1280. The STFT is calculated using a Hamming window
of the length N = 256 with a step in time of 32, Note that the sig-
nal is not sparse in the DFT domain since its components sweep
almost the whole frequency range. Various numbers of randomly
positioned available samples N, have been considered. The phases
¢ and ¢, are random between O and 27. [n the reconstruction
a K-sparse signal in the STFT domain is assumed, with various
K =4,8,16,32, 64. Nllustraticn of the reconstructed signal STFTs for
N4y = 192 randomly positioned available samples and K = 8, 16,32
is shown in Fig. 1.

The statistical error E;, and the derived (theoretical) error E, in
the reconstructed coefficients, are calculated as

Es = 1010g (|ISwe (m)~Swa(n) ) (20)

Ee = 1010g (K2 185 (m)~Sue (1) ) (21)

where Sy(n) is the original STFT of the signal, Syx(n) is equal to
Sp{n) for its K reconstructed coefficients and Syg(r) is the recon-
structed STFT with K nonzero values. The total reconstruction er-
rors can be calculated as

Ef% = 1010g ({15 (m)~Sa (1) (22)

0 frequency 100 200

{c) The SM calculated from the reconstructed STFT with X = 16

0 frequency oo 200 0

{d) The SM calculated from the reconstructed STFT with K = 32

Fig. 3. The 5-method (SM) calculated from the reconstructed STFT with varying as-
sumed sparsity K and Ny = 2N/3 available samples.

E* =10log ((KN—M + l) ||SN(n)—S~K(n)||§). (23)
NaN
The reconstruction error values averaged over 100 realizations,
calculated using (20), (21), (22), and (23}, are shown in Table 1.
The total reconstruction error as a function of the number of
available samples is presented in Fig.2, The number of available
samples is varied from 25 to 250. We assumed the sparsity values
K =8,16,24, and 32. The theoretical results are presented with
solid lines and the statistical results are given by dots. Filled marks
indicate the region when the reconstruction is possible wirh a high
probability, Na = 4K, {17]. Nete that any exact recovery can be ex-
pected only if Ny > 2K,
The results can be easily applied to other time frequency-
representations whose realization can be implemented using the
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STFT. For example, the pseudo Wigner distribution can be calcu-
lated as

Nz
WD(n k) = 3 Sn(nk+0)Sy(n k- i). (24)

i=—N/2
Its cross-terms free (reduced) version, is the $-method

L
SM(n, k) = ZSN(n,k-t-l')S;,,(n,k—i), {25)
=L

where [ should be sufficiently large to include auto-terms, but not
too large to produce cross-terms [7]. The S-method calculated from
the reconstructed STFT is shown in Fig.3.

The noise analysis in these distribution can be easily done
based on the derived relations for the noise in the STFT and the re-
sults in [22]. Sparse reconstruction of bilinear time-frequency dis-
tributions is reviewed in [23].

5. Conclusions

The influence of nonsparsity to the reconstruction of signals
that are approximartely sparse in the time-frequency domain is an-
alyzed in this paper. The relation for the reconstruction error is de-
rived, The reconstruction results are statistically checked, Statistical
results are in high agreement with the derived theoretical results.
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The acoustic waves transmitted through a dispersive environments can be quite complex for decomposi-
tion and localization. A signal which is transmitted through a dispersive channel is usually non-stationary.
Even if a simple signal is transmitted, it can change its characteristics (phase and frequency) during
the transmission through an underwater acoustic dispersive communication channel. Commoniy, several
components with different paths are received. In this paper, we present a method for decomposition of
multicomponent acoustic signals using the dual polynomial Fourier transform and time-frequency meth-
ods. In real-world signals, some disturbances are introduced during the transmission. Common form of
disturbances are the sinusoidal signals, making some of the frequency domain signal samples unreli-
able. Since the signal components can be considered as sparse in the dual polynomial Feurier transform
domain, these samples can be omitted and reconstructed using the compressive sensing methods. The
acoustic signal decomposition and its reconstruction from a reduced set of frequency domain samples is
demonstrated on examples.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The dispersivity in underwater channels has been a challenging
topic in the recent years. Many channels with the phenomena of
dispersion have been studied. A dispersive channel in underwater
acoustics is a system which produces nonlinear signal transforma-
tions [1-5]. That is, it shifts the propagating signal in the phase
which will cause shifts in frequency and time in the received sig-
nal. Another characterization of dispersive channels is that it pro-
duces multicomponent signals due to mulripath propagation which
can occur for various reasons. The main one is the scatrering of
acoustic signals on the sea botrom.

The received signal in a dispersive channel is different from
the transmitted signal. It is a complex and non-stationary signal.
Because of the non-stationary nature of these signals, the time-
frequency signal analysis is a suitable tool for analysis. It can help
in detection, extraction and localization of transmitted signals. The
most common tool for the analysis of non-stationary signals is the
time-frequency signal analysis [6-13]. A common problem in prac-
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E-mail addresses: isidoras@ac.me {l. Stankovit), milos@ac.me (M. Dakovid),
cornel.icana@gipsa-iab.grenchle-inp.Ir (C. loana).
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0141-5331{© 2018 Elsevier B.V. All rights reserved.

tice is strong harmonic disturbances. After these disturbances are
removed, the signal components should be reconstructed.

In the theory of sparse signal reconstruction, a signal is sparse
if it has only few non-zero compenents in comparison to the total
length of the signal. If the signal is sparse, it can be reconstructed
with less measurements |14-18|. The considered acoustic signal is
sparse in the dual polynomial Fourier transform (DPFT) domain,
and the noisy measurements (impulses) occur in frequency do-
main, The impulses in frequency domain will introduce sinusoids
in time domain. These disturbances are removed, and the signal
components can be reconsrructed by compressive sensing meth-
ods, such as the matching pursuit algorithm. In this paper, we
present a merhod for decomposition of a signal which was trans-
mitted through a dispersive environment.

The paper is organized as follows. In Section 2, the received
signal from a dispersive channel will be medelled and explained.
In Section 3 basic theory of compressive sensing is introduced.
The polynomial Fourier transform for analysis and loczlization of
acoustic signals will be presented in Section 4. Numerical results
and conclusions are given in Sections 6 and 7, respectively.
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Fig. 1. The time-lrequency 1epresentation of the impulse response of five modes.

2. Modelling of the received signals from dispersive channels

Let us assume that an underwater acoustic wave is transmitted,
Assume a linearly frequency medulated (LFM) signal of the form

u(n) = emen’, (n

The signal propagates through an isovelocity underwater dispersive
channel [2], having the same velocity of sound over all volume [1-
5]. We will assume that the transmitter is located at the depth of
z; meters. The receiver is located at the depth of z meters. The
distance between the transmitter and the receiver is denoted by r.
The transfer function of the channel is

HUD = 3 gn(z)gn (2 22Uk D)

m=1 kl’(m’ f)r
+oo

= 3" Acm. £ ryexp (jke(m. fr). 2)
m=1

where gm(z;), gm(z;) are the modal functiens of the m-th mode for
the transmitter and the receiver, respectively. The attenuation rate
is Ac(m, f,r) = A(m, f)/+/F . The transfer function depends on the
number of modes, and the modes are dependent on wavenumbers
ke(m, ) ]2)

kim. ) = (2L - (- 09) 5 )2 3)

C

where D is the channel depth. The sound speed in the case of un-
derwater communications is ¢ = 1500 mjs. The modal functions
£m are the sclutions (2] of

d%g 2 f
5+ (T -#mD)e=o0 )
It is obvious that the transfer function of a dispersive channel
is of a muiticomponent structure, The components depend on the
wavenumbers k;(m, /) and their frequencies, on modal functicns gn,
and the distance r.
The received signal is then

x(n} = un) «h(n), (3)

where h(n) is the impulse response of {2). An ideal time-frequency
representation of the impulse response of a dispersive channel en-
vironment is shown in Fig. 1. Our goal is to decompose the mode
functions, which will make the problem of detecting the transmit-
ted signal straightforward, This decomposition makes compressive
sensing methods application possible to use as well. The decompo-
sition method wilt be formulated within the compressive sensing
approach.

In seme real-world scenarios, the signal will be received with
a kind of disturbance. Here, we will assume that the signal is cor-
rupted with strong sinusoidal disturbances

Nut
xg(n) = x(n) + ZB(eJ(‘”l"+V’l)l (6)
1=1

The strong periodic disturbances should be detected and removed.
Methods for detecting and removing strong disturbances will be
presented next.

3. Sparse signal reconstruction

Assume a signal x{n), 0<n <N and its linear transform X(k),
which will be defined as

X(k) =3 yr(n)x(n) (7)

where . {n}) is the basis function of the transform used. [n the
vector form they are written as

x = [x(0). x(1),...,.x(N - 1)]" (8)
X =[X(0),X(1),...,X(N=DJ". (9)
They are related via N x N transfermation marrix Ay as

X = Apux. (10}

We will assume that signal x(n} is sparse. It means that the sig-
nal x has only K « N samptes x(ny), x(nz),...,%{(ng) that are non-
zero. When the signal is sparse in one of its domains, it can be
reconstructed with less measurements in one of its transformation
domains, i.e. with N4 < N. The signal measurements in this case are
coefficients of its transform at positions Ny = {k1, k3. ..., kn,) . The
measurement vector is defined by

y=1X(ki). X(ka), ... X k)" (11)
Vector form of the measurements equation is
¥y =AX (12)
where A is a Ny x N matrix
Y, (0) Y, (D) Vi, (N-1)
Vi, (0) ¥, (1) Vi, (N=1)
- : : (13)
Vi, ©) W, (1) Vi (N 1)

where i, (n) are rhe transform coefficients. The matrix is obtained
by keeping only the rows of A corresponding to the available mea-
surements.

The goal of compressive sensing is to reconstruct the signal by
minimizing x using the avaifable measurements y

It is assumed that the reconstruction conditions are met. The so-
lution of problem (14) can be found in various ways. One of the
common algorithms to solve the problem is the orthogonal match-
ing pursuit (OMP) [18]. In the first step of the OMP, the position of
the largest component is found

min [|x]lg subject to

ny = arg max{xg) {15)

using the initial estimate x, =AMy, calculated using only the
available measurements. A new partial matrix of the matrix A is
formed, omitting all columns except the row which corresponds to
the estimated position n;. New matrix is then A;. The estimate of
the first component in the time domain is

x) = (AA) Ay (16)
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The signal is reconstructed at the position ®; and subtracted from
the original signal measurements. The estimate of the non-zero po-
sition is calculated again with this signal and its maximum posi-
tion is found at ny. A new set K = {ny.ny) is formed with the cor-
responding matrix A;. The new estimate x, is calculated and the
signal is reconstructed. The procedure is repeated until all K com-
ponents are reconstructed. For the case when the signal samples
are spread, we may use few samples around n; in each reconstruc-
tion step.

We will assume that the signal is K-sparse in the time do-
main, and we will consider dual polynomial transform coefficients
45 Mmedsurements.

4, Dual polynomial Fourier transform

Several techniques were developed for the localization non-
stationary dispersive channels. Decomposition, localization and re-
construction of sparse signals in the dual polynomial Fourier trans-
form is examined in this paper.

4.1. Polynomial Fourier fransform (PFT)

The idea behind the traditional PFT is to find the parameters
where the signal transform achieves the maximum concentration.
In this way we can extract all components and focalize their po-
sitions [6,7]. Let us assume a signal x(n). Its PFT is calculated as
[8-10|

Xayay..an (k) = Zx(ﬂ) e-i-’ﬁ’-(kn+azn2+a3n3+...+awn~)‘ 7
n
where oy, &03,..., @y are the parameters.
Assume that the analyzed signal is a polynomial phase signal
(PPS) of the P-th order

x(n) = Ae/ ¥ Elyan',

The signal will be highly concentrated in the PFT space of parame-
ters where the maximum of the transform is achieved (where the
transform of this signal is the best concentrated), i.e.

(.83, ..., 8p) = arg o X )|Xa2.....ap (). (18)

P /]

It means that the PFT of a signal x(n) will have the best concen-

tration when (o, ..., ap) = (Gz...., ap) . Then the goal to estimate
ay = {3, ... ap = dp i achieved.

4.2, Dual extension of PFT

For the signals whose spectral content i5 concentrated within
short time interval, with changes in ftequency the dual PFT (DPFT)
is more appropriate tool. Like for PFT, the goal of DPFT is to find
the parameters where the transform of the signal produces the
highest concentration, meaning maximal sparsity.

The considered signal is a polynomial phase signal

X(k) = Ae~/F Tl bk, (19)

in the frequency domain.
The discrete dual PFT is defined as [19]

X, 6.6, (M) = ZX(k)e}z'ﬂ‘(ﬂk+ﬁ1k1+...+ﬁpk"). (20)
k

The maximum of DPFT; ie., the maximum of the Eq (20} is
achieved when

BBy .. Bpy=arg max |x nl. (21)
(b1, b2 P) g(n.ﬁ;.....ﬁ,:)‘ By fip ()|
Ideally, the best DPFT concentration is when (fy,....f8p) =

(ba. ..., bp) . Our goal is to estimate the parameters such that
bzzbz,...,bp’w"bp -

A local form of the dual PFT, corresponding to the lpcal PFT
(known as LPFT) would be cbtained using a frequency domain
window function W(k). It reads

Xy e (LK) = 5 WDXk +1)
!
Xej-’ﬁ‘-(nk+ﬁzk3+...+ﬂpk")l

This kind of transform can be used for analysis of quite complex
non-stationary acoustic signals in the dispersive media.

5. Sparsity in DPFT

The reconstruction of signals sparse in the PFT representation
domain is shown in [20]. In this paper, we will consider the DPFT
case when some unavailable coefficients are in the frequency do-
main (due to denoising procedure on harmonic disturbances).

Without loss of generality, we will consider the analysis to the
third order DPFT. Consider that X has disturbed samples which are
found and set as unavailable. The third order DPFT estimated using
only the available samples of X is [21]

Xg, 8, (n) = Z X(k)ejg}’:"(“k+ﬂzk2+ﬁ3kl) (22)
kel

for

X (k) = Ae~I5F ikt bakd +03%), @3)

Assume that parameters S,, A3 are found by a direct search over
the interval of their possible values. When the parameters are cor-
rectly estimated (83, f3) = {b,. by), the DFFT is

Koy, (1) = 3 ASTFHD) = A5 (n - by). (24)
k
Obviously it is sparse. In the case of multicompenent signals, i.e.
M
Xk = ZAme_j(btmk+b2mk2+mek3), (25)
m=1

the parameters of each component are estimated in iterative way.
without loss of generality, assume that Ay > Az > ... > Ay . When
the first component is matched with

(Ba1. ) = (ba1, bar)

we may consider that all other components are spread and negligi-
ble. The measurements matrix is obtained from this signal defini-
tion (22) assuming that only the values k € N, are available. This
relation for various n can be written as

Xpyy by (1) X(ki)
an,b,II {nz) _ X (fcz) (26)
Kby by (KD X(kn,)

where the measurement matrix is defined by

e‘f‘:ﬁ'(nlkl‘*@) E—Jlﬁ'—(ﬂrkl‘*@)

AK = . .
o= S HE ik, + ) o= i B (i, +,)

with ¢ = k?by + kb3 for i=1,..., Ny . Starting from the avail-

able values X(k), k e Ny, we reconstruct the non-zero values in

time [aq,m.,,”(111),:4:!,22__!,32 (n?), ....szx‘bn(nx)] using the iterative

OMP procedure, starting with

x; = (AfAq) Ay (27)

After the DPFT sample at nq is reconstructed then the remaining
unavailable values X(k) are calculated for the first component. This
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Fig. 2, Received signal in the time domain {left); in the frequency domain (right):
without disturbance (top). with disturbance (middle), and the fltered signal (hot-
wom).

component is removed from the original measurements. The pro-
cedure is repeated for the second component. After the parame-
ters of the second component are found as {Ba;. Baz) = (baz, ba2).
both the first and second component are reconstructed using both
components

(B, Bn) = (b, bu), and (B, fa2) = (baa. b32).

After the first two values are reconstructed, the procedure is con-
tinued for all n;. For the case when the DPFT values are not on the
grid, we may use few samples around ry in the reconstruction. The
stopping criterion can be the energy of the remaining signal after
the reconstructed compenents are removed.

6. Numerical results

The application of the proposed theory is demonstrated on ex-
amples. In the first example a theoretical signal that fully fits the
assumed model is considered. A simulated acoustic signal, that
only approximately behaves as the assumed theoretical model, is
analyzed in other two examples.

Example 1. let us consider an ideal case of a polynomial phase
signal of form (19). Assume that the signal is received with 5 com-
ponents
X (k) = eUr100kN) 4 22150k N+ 27 0.1K3/N)
+e (j2250k/N+j2rr 0.1kE N+ [21 0.00005&% /)
+e(j2::‘450k,:‘N+j2:10.000‘|k-’,’N)
o U2TBO0k/N+ 270,05k [N+ 127 0.0001K /N) (28)

with k=0,...,N—1 and N=1000 . This signal in the time do-
main, along with the corresponding frequency domain, is pre-

08 . Received signal 08 Optimal PFT for mode #1
0.6 0.6
04 0.4
0.2 0.2
0 - o 0
Q 200 400 600 8OO 1000 o} 200 400 600 80O 1000
as Optimal PFT for mode #2 0s QOptimal PFT for mode #3
0.6 0.6
0.4 0.4
0.z} ! 0.2
0 : : ]
0 200 400 GO0 BOO 1000 V] 200 400 600 BOO 1000

Optimal PFT for mode #4 Optimal PFT for mode #5
06
06
04
04
0.2
0.2
0
V] 200 400 600 800 1000 0 200 400 600 BOO 1000

Fig. 3. Decomposition of the components using DPFT .

sented in Fig. 2 (top). Additionally, we assume that 30% of ran-
domly positioned samples in the frequency domain are strongly
disturbed, This will exhibit in the time domain by disturbing sinu-
soids. The affected signal is shown in Fig. 2 {(middle). The distur-
bance components are first filtered with a simple notch filter and
set to zero (hard thresholding}. The signal after filtering is shown
in Fig. 2 (botrom}.

For the anzlysis of this signal we have used the DPFT of the
third order as in Eq. (22). Values of £, By are varied in the range
of —0.2 to 0.2 and -0.3 rto 0.3, respectively. The optimal param-
eter values for various modes are detected iteratively. When we
find the first set of parameters 8, B3, the peak in the DPFT cor-
responds to the single component, We ¢an remove the component
from the DPFT and continue to estimate other components. This
decomposition using the DPFT is shown in Fig. 3.

The decomposition results are non-stationary single component
signals. The dual $-method representation as an improved ver-
sion of short-time Fourier transform [11,19] is used for displaying
the time-frequency content of the individual components and the
reconstructed signal. Since all analyzed modes (components) are
spread over a wide frequency range, we will analyze the signal in
the frequency domain using the dual STFT. It is defined by

Ny/2-1 .
STFo(k,my = 3 X(p— kW (p)e/BP", (29)
——Nj2

where X(k) is Fourier transform of the considered component and
W{(k) is the analysis window.
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Fig. 4. S-method decomposition of the components .

Therefore, the dual S-method could be then calculated as

L
SMpk, n) = Z STFTp(k, n+ )STFT; (k,n —1) (30}
i=~L

where 2L 41 is the time domain window size [6,7.11]. In this ex-
ample, we use L =16 and the Hanning window of size Wy = 256.

The received signal is decomposed and reconstructed using the
OMP algorithm. The S-method of the reconstructed components is
shown in Fig. 4, The sum of normalized representations of the five
components is also shown Fig. 4 (bottom right subplot). The orig-
inal non-noisy signal and the final reconstructed signal are pre-
sented in Fig. 5.

Example 2. Here we will analyze the simulated acoustic signal as
described in Section 2. In this case, the signal is not of an ideal
polynomial phase structure.

A signal of form (1) is transmitted through a dispersive channel
with M =5 modes. We will assume that the received signal is of
form (5), where the signal depends on the transfer function as in
Eq. (2) and Eq. {3). The channel depth is D =20 meters and the
distance between the transmitrer and receiver is r = 2000 meters.
The frequency range f is between fyi, =250 Hz and fmax = 500

Hz. The received signal is shown in Fig. 6 {top left). Amplitude
is attenuared Ap = (6 — )W (f), where W(f) is the Hanning win-
dow in the frequency domain.

For the analysis of this signal we have used the third order
DPFT, with 8, B3 being varied in the range of —0.2 to 0.2 and
—0.3 to 0.3. The decomposition of the modes is shown in Fig. 6.

For the dual S-method, we use L =16 and the Hanning win-
dow of size W; =512 for the dual STFT calculation. The S-method
of the five modes, obtained by decomposition using DPFT before

Received signal
1 ]
]
2
g' 0.5 4
0 ‘m"“l—i w
0 100 200 300 400 500 600 700 800 00 1000
time index
Sum of the reconstructed components
1 4
k']
=3
B
=
g' 0.5 g
0
V] 100 200 300 400 500 600 700 800 900 1000
time index n
Fig. 5. The original signal (top) and the reconstructed signal {bottom).
Received si timal PFT for reode #1
£000 gual j 10000 Op #
6000 §000
&00
4000
4000
2000 2000
0 o
0 200 400 600 800 1000 V] 200 400 600 BOO 1000
Optimal PFT for mode #2 Optimal PFT for mode #3

3000

2000

g 8
- & & 8

0

0 200 400 600 800 1000 0 200 400 600 8O0 1000
Optimal PFT for mode #4 Optimal PFT for mode #5
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o 0 .
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Fig. 6. Decomposition of the modes in time-domain: Received signal (top left); Op-
rimal dual PFT for each mode separately. Samples associated to the current mode
are markad with red circles. (For interpretation of the references to colour in this
figure legend. the reader is referred to the web version of this article.)

the compressive sensing framework, is shown in Fig. 7. Sum of
the normalized representations of the five modes is also shown
Fig. 7 (botrom right subplot). Sum of the decomposed components
and amplirudes of individual components are given in Fig. 8.

Example 3. In this example, we will examine the case when the
signal is corrupted with strong sinuseidal disturbances (6).
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Assume the case same as in Example 2. The received signal
without disturbances is shown in Fig. 9 (top subplats). It is as-
sumed that the received signal has disturbances in frequency do-
main in the form of high-impulses in 15% of the spectrum. The
disturbed received signal is illustrated in Fig. 9 (middle subplots).

Firstly, we remove the components which are affected by the
noise (disturbances) using hard thresholding. The noisy spectral
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Fig. 9. DFT of received signal (left) and the received signal in time domain (right):
without disturbances (top); disturbed (middle) and fltered (bottom).
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Fig. 10. Comparison: non-noisy received signal (top}: signal reconstrucred afler
OMP (bottom).

samples are considered as unavailable. The frequency and time do-
mains of the received signal after filtering are shown in Fig. & (bat-
tom subplots).

After that, the parameters are found using a third order DPFT.
For the comparison, the received non-noisy signal and the recon-
structed signal are shown in Fig. 10.



1. Stankavié et al./ Microprocessors and Microsystems 63 (2018) 209-215 215

Since the compressive sensing based recenstruction is able to
recover the original values of the disturbed coefficients, the ob-
tained results are almost identical with the results presented in
Example 2, when the non-disturbed signal is analyzed.

The presented algorithm belongs to the class of OMP algo-
rithms. Its FPCA realization can be implemented following the one
presented in |22]. Other hardware architecture for C5 methods pre-
sented in {23,24} can be used also.

7. Conclusions

Decomposition and reconstruction of acoustic signals are con-
sidered, These signals are sparse in the dual polynomial Fourier
transform. The analyzed signals are obtained as a result of the
transmission through a dispersive underwater channel environ-
ment. The received multicomponent signal is decomposed using
the dual polynomial Fourier transform. In such a way, individual
propagation modes are cbtained. The case when the received sig-
nal is corrupted with strong impulses in the frequency domain,
corresponding to harmonic disturbances in the time domain, is an-
alyzed. The original signal is reconstructed using compressive $ens-
ing methods, with the dual polynomial Fourier transform sparsity
assumption. Further research on this topic could be dedicated to
the hardware implementation of the presented method.

Supplementary material

Supplementary material associated with this article can be
found, in the online version, at doi: 10.1016/j.micpro.2018.09.005
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Boravci na inostranim nau¢nim institucijama: Dr. Orovi¢ je boravila na instituciji ENSIETA iz
Bresta, Francuska (2005 1 2006.), University Bonn-Rhien-Sieg iz Bona, Njemacka (2007),
Institut Polytechnique de Grenoble, Francuska (2008. 1 2009.), Villanova University,
Philadelphia USA (2010, 2011, 2012).

Prof. dr Irena Orovi¢ je do sada objavila oko 130 nauénih radova od ¢ega oko 60 u vodeéim
svjetskim &asopisima (Easopisi sa SCI/SCIE liste sa impact faktorom), kao i veéi broj radova u
drugim medunarodnim ¢asopisima i na konferencijama.

Objavila je kao koautor 5 udzbenika na nagem jeziku. Od knjiga i monografija inostranih
izdavada objavila je dvije knjige: “Multimedia Signals and Systems”, Springer 2012 na
engleskom jeziku publikovanu od strane svjetskog izdavada Springer-a, kao 1 ,,Multimedia
Signals and Systems: Basic and Advanced Algorithms for Signal Processing®, zatim poglavlje u
medjunarodnoj monografiji “Time-Frequency Analysis of Micro-Doppler Signals Based on
Compressive Sensing," Compressive Sensing for Urban Radar, CRC-Press, 2014”, poglavlje u
enciklopediji: ,,Sparse Signal Reconstruction” in Encyclopedia of Electrical and Electronics
Engineering, Wiley 2017.



Recenzent je u mnogobrojnim &asopisima, medu kojima je vie njih iz IEEE i IEE izdanja.

Bila je rukovodilac Radunarskog centra na Elektrotehni¢kom fakultetu, i $ef studijskog programa
Elektronika, telekomunikacije, raunari.

U periodu od 2011,-2015. godina dr Irena Orovi¢ je bila potpredsjednik 1 ¢lan Savjeta za nauéno-
istrazivacku djelatnost u Crnoj Gori (Ministarstvo nauke Crne Gore).

Od decembra 2017. godine obavlja funkciju Prorektora za nauku i istraZivanje.
Predsjednik je Nau€nog odbora Univerziteta Crne Gore.

Skupstina Cme Gore izabrala je u junu 2020. godine za ¢lana nacionalnog Savjeta za visoko
obrazovanje.

Vise detalja i kompletan spisak referenci moze se pronaéi na sajtu www.tfsa.ac.me.
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(ISSN: 1053-587X, DOI: 10.1109/T8P.2013.2271752)
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Online ISSN: 1573-7721, DOI: 10.1007/s11042-009-0446-x)
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Prof. dr Milos§ Dakovié
BIOGRAFIJA

Milo§ Dakovi¢ je roden 1970. godine u Nik$i¢u, Crna Gora. Diplomirao je 1996.,
magistrirao 2001. i doktorirac 2005. godine, na Elektrotehni€¢kom fakultetu Univerziteta Crne
Gore. Redovni je profesor na Univerzitetu Crne Gore od 2017. godine.

Ucestvovao je u vise od 10 nauno-istrazivackih projekata finansiranih od strane
Volkswagen fondacije, crnogorskog Ministarstva nauke i kanadske vlade (DRDC). Recenzent je
u vi$e medunarodnih ¢asopisa, medu kojima su: IEEE Transactions on Signal Processing, IEEE
Signal Processing Letters, I[EEE Transactions on Image Processing, IET Signal Processing,
Signal processing i Geoscience and Remote Sensing Letters.

Dosadasnji nauéno-istrazivacki rad profesora Dakovica rezultovao je objavljivanjem vise
od 100 radova, od ¢ega je preko 40 u vodeéim medunarodnim ¢asopisima. Koautor je knjige
Time-Frequency Signal Analysis with Applications ¢ij1 je izdavac Artech House, Boston.

Oblasti njegovog nauéno-istrazivackog interesovanja su: obrada signala, vremensko-
frekvencijska analiza signala, obrada radarskih signala i compressive sensing.

Dr Dakovié je dobitnik Godisnje nagrade za naucna dostigni¢a u 2015. godini, u
kategoriji pronalazaé — inovator za najuspjesnije inovativno rjeSenje, koju urucuje Viada Crne
Gore.

Vi3e detalja i kompletan spisak referenci moZe se pronaci na sajtu www.tfsa.ac.me.
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LJ. Stankovi¢, M. Dakovié, T. Thayaparan, and V. Popovi¢-Bugarin, “Inverse Radon
Transform Based Micro-Doppler Analysis from a Reduced Set of Observations,” [EEE
Transactions on Aerospace and Electronic Systems, Vol. 51, No. 2, April 2015. (ISSN:
0018-9251, DOI: 10.1109/TAES.2014.140098)
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Removal in the Radar Imaging Analysis,” IEEE Transactions on Aerospace and
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M. Dakovié, T. Thayaparan, and LJ. Stankovi¢, “Time-frequency based detection of fast
manoeuvring targets,” [ET Signal Processing, Vol. 4, No. 3, June 2010, pp. 287-297.
(ISSN: 1751-9675, DOI: 10.1049/iet-spr.2009.0078)

Link na rad: http://ieeexplore.ieee.org/document/5485216/
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LJ. Stankovié, T. Thayaparan, and M. Dakovié¢, “Signal Decomposition by Using the S-
Method with Application to the Analysis of HF Radar Signals in Sea-Clutter,” /EEE
Transactions on Signal Processing, Vol.54, No.11, Nov. 2006, pp.4332- 4342 (ISSN:
1053-587X, DOI: 10.1109/TSP.2006.8802438)

Link na rad: http://ieeexplore.ieee.org/abstract/document/1 710379/
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Prof. dr Cornel Ioana
BIOGRAFIJA

Cornel Toana received the Dipl.-Eng. degree in electrical engineering from the Romanian
Military Technical Academy of Bucharest, Romania, in 1999 and the M.S. degree in
telecommunication science and the Ph.D, degree in the electrical engineering field, both from
University of Brest-France, in 2001 and 2003, respectively. Between 1999 and 2001, he activated
as a Military Researcher in a research institute of the Romanian Ministry of Defense (METRA),
Bucharest, Romania. Between 2003 and 2006, he worked as Researcher and Development
Engineer in ENSIETA, Brest, France. Since 2006, he has been an Associate Professor-Researcher
with the Grenoble Institute of Technology/GIPSA-lab. His current research activity deals with the
signal processing methods adapted to the natural phenomena. His scientific interests are
nenstationary signal processing, natural process characterization, underwater systems, electronic
warfare, and real-time systems,

PREVOD BIOGRAFLJE

Cornel Ioana je diplomirao je elektrotehniku na Rumunskoj vojno-tehnickoj akademiji iz
Bukuregta, Rumunija, 1999. godine. Zvanje magistra u oblasti telekomunikacije i doktora nauka
na polju elekirotehnike stekao je na Univerzitetu u Brest-France, 2001., odnosno 2003. godine.
[zmedu 1999, i 2001. radio je kao vojni istraZiva¢ u institutu Ministarstva odbrane Rumunije
{METRA), Bukures$t, Rumunija. Izmedu 2003 i 2006, radio je kao istraZiva¢ i inZenjer razvoja u
ENSIETA-i, Brest, Francuska, Od 2006, godine je vanredni profesor-istraZivad u Grenoble-ovom
tehnoloskom institutu/laboratorija GIPSA. Njegova trenutna istraZivacka aktivnost su metode
obrade signala prilagodenim prirodnim pojavama. Njegova nau¢na interesovanja su nestacionarna
obrada signala, karakterizacija prirodnog procesa, podvodni sistemi, elektronsko ratovanje i
sistemi u realnom vremenu,

DESET ZNACAJNIJIH REFERENCI

1. C.loana, A. Jarrot, C. Gervaise, Y. Stéphan and A. Quinquis, "Localization in
Underwater Dispersive Channels Using the Time-Frequency-Phase Continuity of
Signals,” IEEE Transactions on Signal Processing, vol, 58, no. 8, pp. 4093-4107, Aug.
2010, doi: 10.1109/TSP.2010.2048102.

Link na rad: https://ieeexplore.ieee.org/document/5446397
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2. C. .Ioana, A. Quinquis and Y. Stephan, "Feature Extraction From Underwater Signals
Using Time-Frequency Warping Operators,” IEEE Journal of Oceanic Engineering, vol.
31, no. 3, pp. 628-645, July 2006, doi: 10.1 109/JOE.2006.875275.

Link na rad: https://ieeexplore.ieee.org/document/4089039

SCI lista: https://m] l.clarivate.com:/search-results?issn=0364-
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3. C.lIoana, C. Gervaise, Y. Stéphan, J. Mars, "Analysis of underwater mammal
vocalisations using time—frequency-phase tracker", Applied Acoustics, vol. 71, no. 11,
2010, pp. 1070-1080, https://doi.org/10. 1016/j.apacoust.2010.04.009.

Link na rad: https://www sciencedirect.com/science/article/abs/pii/S0003682X 10000903

SCI lista: https:/mil.clarivate.com:/search-results?issn=0003-
682X &hide exact match fl=true&utm source=mjl&utm medium=share-by-
link&utm campaign=search-results-share-this-ournal

4. C. Cormnu, S. Stankovic, C. Ioana, A. Quinquis and L. Stankovic, "Generalized
Representation of Phase Derivatives for Regular Signals," IEEE Transactions on Signai
Processing, vol. 55, no. 10, pp. 4831-4838, Oct. 2007, doi: 10.1109/TSP.2007.896280.

Link na rad; https://ieeexplore.jeee.org/document/4305433
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5. 1. 1. Zhang, A. Papandreou-Suppappola, B, Gottin and C. Ioana, "Time-Frequency
Characterization and Receiver Waveform Design for Shallow Water Environments,"
IEEE Transactions on Signal Processing, vol. 57, no. 8, pp. 2973-2985, Aug. 2009, doi:
10,1109/TSP.2009.2020363.

Link na rad: https://ieeexplore.iece.org/document/4811961
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link&utm campaign=search-results-share-this-journal

6. C. Ioana, A. Quinquis, "Time-Frequency Analysis Using Warped-Based High—Orc'ier
Phase Modeling", EURASIP Journal on Advances in Signal Processing, 2005, Article
number: 798410 (2005). https://doi.org/10.1155/ASP.2005.2856
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Link na rad: https:/link.springer.com/article/10.1155/ASP.2005.2856
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§180&hide exact match fl=true&utm source=mil&utm medium=share-by-
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L. Orovi¢, V. Papi, C. Ioana, X, Li, S. Stankovic, "Compressive Sensing in Signal
Proces§ing: Algorithms and Transform Domain Formulations", Mathematical Problems
in Engineering, Volume 106, Article ID 7616393, https:/doi.ore/10.1155/2016/7616393

Link na rad: https://www.hindawi.com/journals/mpe/2016/7616393/

SCI lista: https://mjl.clarivate.com:/search-results?issn=1024-
123X &hide exact match fl=true&utm source=mjl&utm medium=share-by-
link&utm campaign=search-results-share-this-journal

A. Papandreou-Suppappola, C. Ioana, J. J. Zhang, "Time-Scale and Dispersive
Processing for Wideband Time-Varying Channels", chapter in "Wireless
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