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Abstract

Underwater acoustic imaging (UAI) has become a critical technology in various
marine application domains, including oceanography, underwater navigation, en-
vironmental monitoring, and defense. The existing imaging systems have con-
tributed significantly but continue to encounter challenges such as high hardware
overhead, target ambiguity, limited angular and range resolutions, requirement of
platform motion for 3D imaging, signal degradation in noisy or reverberant waters,
ete.

In response to these limitations, this thesis proposes a system for underwater 3D
acoustic imaging with significantly reduced transducer and electronics hardware
complexity compared to planar arrays, while also mitigating target ambiguity com-
monly associated with Mills Cross receiver configurations. The proposed system is
a novel integration of Mills Cross transceiver array architecture with good correla-
tion waveforms, enabling single-shot transmission of all elevation beams, two-step
receiver processing involving azimuth beamforming followed by cross-correlation
based elevation beam decoding that achieves 3D imaging without platform motion.

To enhance reconstructed 3D image quality, we explored deconvolution tech-
niques. Deconvolution Approach for Mapping of Acoustic Sources (DAMAS),
originally developed for aeroacoustics, is the only deconvolution technique known
to have been applied in UAI, with a single documented use in the literature to
the best of our knowledge. However, it is identified that DAMAS always has one
of the following two limitations based on the transmit waveform duration: a long-
duration signal improves angular resolution but degrades range resolution, while a
short duration signal preserves range resolution but leads to severe image distor-
tion, particularly at the edges of the azimuth and elevation Field of View (FOV).

To overcome these limitations, a novel Linear Frequency Modulated (LFM)

pulse based Time Domain Deconvolution (LTDD) method, is developed for planar

il



receiver arrays. It exploits the pulse compression property of LEFM to enhance
range resolution, while the long pulse duration ensures sufficient signal overlap
across sensor pairs for accurate beamforming, thus improving angular resolution.
In contrast, the DAMAS algorithm is not compatible with LEM waveforms due to
its non-linear formulation and inherent non-negativity constraint.

The second novel time domain deconvolution technique is tailored for the pro-
posed Mills Cross transceiver based imaging system. The system exhibits high
sidelobes in azimuth due to conventional beamforming and even higher in eleva-
tion due to additional effect of spatial leakage from adjacent elevation beams. The
proposed method mitigates these distortions simultaneously across azimuth, ele-
vation and range dimensions.

In addition to enhancing image resolution, this study addresses the challenge
of extending the maximum imaging range under low input Signal-to-Noise Ratio
(SNR) conditions. The three deconvolution based image enhancement techniques
were found to be effective only above a specific of SNR, beyond which their per-
formance deteriorates significantly. To improve their applicability at lower input
SNRs, a sensor-level SNR enhancement method is proposed. This approach is
analytically supported by sonar equation analysis, which links environmental and
system parameters to the achievable maximum imaging range of the UAI system.

Overall, this research aims to advance the field of 3D UAI by integrating mul-
tiple key proposals into a cohesive and unified system framework. The resulting
imaging system achieves single-shot 3D imaging with significantly reduced trans-
ducer and hardware complexity and reduced target ambiguity, and simultaneous
resolution enhancement in all three spatial dimensions while minimizing image
distortions through an efficient two-step receiver processing strategy. All the sim-
ulation results are verified with the laboratory based tank experiments. The details

of the overall work done are documented in the thesis.
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SIN

STel o A9 eafia ST (Underwater Acoustic Imaging — UAI) fafesr St srguim
&1 oY fob T =T, STet—=fir -ifamie, gaifaRor AR, 311k 38T 5 Ueh Jacaqu debeiid
a9 gl g o SHORT JuMferdl 7 Hecaqut A 3 8, g I ot oft o gHIfaal
BT AT IR I8! 8, SN I BISIIR JMALTDAN, & SRUEAT, I DIvfig TForr -
SiegeH, R SHfST & folg celeh i Y saederdT, ToIT 2N AT Tfeat--aeam
St H fawret &t qure H fRmEe s |

SIRIE 13N & THIEM & ©Y §, T8 MY Ueg U Tt Tl IRaTfad el & S
BT SeT-<afe SRS ®T AIHR ded! 8, fSFH R Wl $l JoHT J SSRER 3R
FFCIa BRI dhI AfCAT BT SGT B | A b1 71 8, T2 |1 & fed
e Refler iR ¥ ISt e sreawdt o off & far T 81 I8 wureft ey
I TRIR W HHAT JAT I HeHaY a4 & Tar+u Ao U= e 8, S
T} elevation 17T &1 TheT—TARYT (single—shot transmission) F¥a a1l 81 ReftaR
UIRIRRT Q) RO H & STt B—Ugel azimuth 32T 7 SHHIfTT iR IR pRI-@iReiem
JTETRT elevation WW—@W@WWW%WWW@TW
gl

gAMT G 8fd &Y JureT o S5k §F & foly, 97 Sdaleg daria! ol
ey fa| wﬁ%%ﬁﬁﬁ%%ﬁqmﬁﬁﬁ@ (Deconvolution Approach for
Mapping of Acoustic Sources — DAMAS), TSI ot ®U & WRISMGIReTT & oy faafaa
fomaT 1T o1, STet & TR eaf+es SHISHT (UAI) 5 Hgeh UeHTH ST Siebl-aleer daie &,
ORI 319 T dhaet U & Ul STIRT & TSR SUAeH & | BTetifh, TAR AT |
JE U1 T {3 DAMAS & TG 5 Uch UNUT fiwet T 3afd & MR R a1 5 | g U
THRT T 3799 Bt &: IS U Riwe Seeifelss 81l Siviid YSiege d8aR 8l &
R Y WIee fomre St &; a8 A RwreT siedaifeld 8l i 3 Xeleye T I& &,
oifd B3 o fa9Y ST I azimuth TT elevation & (Field of View — FOV) & fH Rl &R
TR fIpfc Icust Bift 2|

S 131 T R AR o fely, TR ReATeR W o ol Ueb 714 STgd S Sieblvale e
fafer fyafaa & 18 8, S W 3Mmgfi Fegeics (Linear Frequency Modulated — LFM)
Ued TR 3MMeTRd &, {99 LTDD %l T 81 I8 fAfd LM fawret dt e dver et &t
ST R R WG H R PR 8, Safch ol Uod 3rafer fafus TaR i o dig wafy
ATt JfaRetd AT a=cll &, o SHwIffT & gaar dedt & 3R dofig Wieged &
ff UR BT 21 $HF fAid, DAMAS TEMREH LFM i & T1e T 81 &, aifdh
D! AT IR-EWT & IR I8 U 3fafifgd IR-FH0MHABT (non—negativity) STem TR
3R B

SHY) T TIRH S SibIraleg2 deb-iidh T IRATII fHed i CIIRiaR TemRd
SHORT JUTTet & fIT fa9iy ®U T fS5Tme fovam T &1 I8 Uurefl URuRe SHhIfERT & HRoT
azimuth f3or & S AgSAIeT Al 8, TAT elevation fam & 3R ff aifere Argeetes
ST B 8, FoIaT g BRor FHiuadt elevation d170 & Iu= T1f Ram@ (spatial




leakage) gl Wﬁﬁﬁ@%ﬂﬁ?ﬁ?ﬁﬁ azimuth, elevation 3R range — ofiH wenfr
3! H U 1T HAT Y H AT e g

AT XSIegH Pl J8R A & HIY—H1Y, Jg 3T 17 $1Ye Rmad—g—Argt
~ferT (SNR) fefat & arferaam gfoRT 39 @Y g™ &Y At ol ff Fafad aoear g1 8fa
Tagd & ol TRaTfad fiHl Steplalegem—3naRa debit bae T IS8 SNR TR |
SR & gardt urg T8, o e gt drfemdr 7 da fRtae <t TS| 37 daial @
=7 SNR R & oft goareft a7 & fIT U SeR-FaiT SNR Hage fafer sRearfad &t
TS 21 I8 GIYPIU MR FHIGRUT (sonar equation) fa#ivor gRT dgifde w0 & THT &,
S ygfavoit va e tRMed @I UAI TOTTeft T ITH e aRg STfaida™ SHISHT 3oT &
ST &1

T U ¥, I8 MY s A Ser-eafre Aot (30 UAI) & &F § TRIfA &= @t
w9 H TRga fohar mar g1 e ST Homeft Thal—FaRUT (single-shot) SRT fAfd
SIS UTH <t &, FOoRTH SHSER 3R BISIRR $l JAfCAdT H IeRg=11 4l o H1I—
1] A& JeyEar H off R 1A 81 IE WoTTett 1 TS MM (azimuth, elevation
31 range) ¥ T AT XYL GIR USH Bl 8, IR SI-ROMNT PereT RfaR TR
RUFCY & HTEH | o1 fAgpioRil ol <A ahvcll 81 FiT fwerer aRummi &l HeaToe Cab
TN & H1EH ¥ T T 81 9 Y R ¥ Hefea g faaRer 39 vy ueg H uegd
fepg 0 €|
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Notations

Notation Description

alr,al range dependent attenuation for a voxel at range [, from the transmitter, and range
I+ from the receiver respectively

al’ attenuation coefficients due to elevation (l4) beamforming

A amplitude of the LFM pulse

AY, (k) deconvolution matrix for the b data block in I’ voxel direction when the beam is
steered towards [ voxel

a rate of change of frequency of the LFM pulse in Hz/s

o absorption coefficient in dB/km

B number of data blocks in which the recorded signal at each sensor is divided

Buie, (0,¢), | beampatterns of Mills Cross receiver and transceiver array in (6, ¢) respectively

Buc,, (0, 9)

B,i(0, ¢), beampatterns of planar and ULA receiver array in (6, ¢) and () respectively

Bura(0)

By, bandwidth of the LFM pulse in Hz

c speed of sound in water in m/s

c(lo-ls) scattering constant of a voxel in (ly,ly) direction based on Rayleigh scattering

CP(k) Cross Spectral Density Matrix (CSDM) of dimension .J x .J for the 5" data block and
kth frequency bin

Cq,Cy constants

d,dg distance between the adjacent and diagonally opposite corner sensors of a planar array
in meter

d; (k) steering vector when the beam is steered towards I*" voxel

E(19R7Z¢R) (lr)

normalized energy per sample of the cross-correlated output over the I range cell in
(Z9R ) Z¢R)

b
ElX

energy in the enhanced beamformer output in 6" data block when the beam is steered
towards /" voxel

Elby energy in the beamformer output in b** data block when the beam is steered towards
It voxel

NULA directivity index of a ULA

f frequency of the transmit pulse in Hz

fe center frequency of the LFM pulse in Hz

fo initial frequency of the LFM pulse in Hz

F, sampling frequency in Hz

g(0o-lolr) parameter representing the presence of an object whose value is 1 or 0 based on the

presence or absence of the object surface at (Ig, 1y, l,) respectively

XXV




Notation Description

g;[n], G;’»(k) expected signal at 5 sensor and its DFT in b*" data block for k' discrete frequency
bin respectively, where n,k =0,1,2,..., Np — 1

h vector containing the scattered values of the enhanced voxels only, otherwise 0

I;, I intensity of signal incident on a facet and scattered by a facet respectively

Ir, Ig test image and reference image respectively

JJ number of projectors in transmitter array and sensors in receiver array respectively

k frequency bin

lo voxel no. in elevation, Iy = [(%ﬂ, log = 1,2,...,((%)1

gyl denotes the elevation beam and waveform number in the designed waveform set re-
spectively

Iy voxel no. in the range axis, [, = [(T—i{%ﬂ, l, = 1,2,...,((%)}

ly voxel no. in azimuth, Iy = [(sz};”’" )], lo = 1,2,...,[(%)1

L number of voxels, each voxel is represented by (lg, e, {,)

A wavelength of the transmit pulse in meter

Wr, WR local means of test and reference image

ni;’(”’) number of samples corresponding to beamforming delay at j'** projector for lfbh ele-
vation beam

ni;(leR) number of samples corresponding to beamforming delay at the j** sensor when the
beam is steered towards the lé’; direction

nJT';<l¢’“> number of samples corresponding to beamforming delay for léh elevation beam

nﬂ(j"’l") number of samples corresponding to the travel time from the voxel at (Ig,1,) to the
4" receiver sensor

”Z— (ool number of samples corresponding to the beamforming delay at j* sensor when beam

wen is steered to (lg,,lsy)

nfwlr([NM number of samples corresponding to travel time from a voxel at range . in (lg,ls)
direction to j*" receiver sensor

nT:tr number of samples corresponding to travel time from the transmitter T to the voxel
at range [,

N number of samples in each data block, such that N.B = N, assuming no overlapping
of data blocks

N’ number of samples in the transmit pulse

Nt number of samples in the signal recorded at each sensor

@) number of samples in the compressed pulse

Pwatts acoustic power output of a projector array in watts

P proportionality constant for Rayleigh scattering

o, A elevation angle in degree, between ¢, and ¢4, and elevation angular resolution of
a voxel in degree respectively

Omins Pmaz minimum and maximum elevation angle respectively in the field of view in degree

p initial phase of the LFM pulse

P solid angle defined by the transmit and receive beamwidths
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Notation | Description

Q number of voxels above a fixed threshold chosen for enhancement

r, Ar range of voxel in meter, between R, and R,,., and range extent of a
voxel/ range resolution in meter respectively

r1,7o distance of the facet from the acoustic projector and from the middle
sensor of the hydrophone array respectively

Tow|N] cross correlation of LEM with its delayed version

Rpiny Rmae | minimum and maximum imaging range respectively in meter

s;j[n], S(k) | recorded signal at j sensor and its DFT in b data block for k™ discrete
frequency bin respectively, where n,k =0,1,2,..., Np — 1

Sy volume scattering strength

OT,0R,0TR

local variances and local covariance between test and reference image

T

time delay in sec

Td time delay in the received signals at diagonally opposite corner sensors
of the planar array from the edge of the azimuth and elevation field of
view in sec

0, Ad azimuth angle in degree, between 6,,;, and 6,,,, and azimuth angular
resolution of a voxel in degree respectively

01,0, angle between the direction vector of the incident signal and the normal

to the facet, and scattered signal and the normal to the facet respectively

emina emax

minimum and maximum azimuth angle respectively in the field of view,
in degree

U(ly, 1y, (1] | cross correlation output when beam is steered to (lyy, ly,)

V set of designed waveforms

V! logarithmic volume of the insonified region

v[n] transmit pulse of N’ sample length, n’ =0,1,2,..., N’ — 1

wj, wj beamforming weight at j"* sensor and ;™" projector respectively

zlels ) [n’] | signal incident on a voxel at (Ip, ly, ;)

XP(k) DFT of enhanced beamformer output in " data block when the beam
is steered towards I*" voxel

y](-le’ld”l") [n] | signal received at j sensor of the receiver array from a voxel at (lg, Iy, [,)

Y2 (k) DFT of beamformer output in ™ data block when the beam is steered
towards " voxel

(logls,y 1] | beamformer output when beam is steered to (lgy; sy
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