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| dedicate this thesis to my wife, Hsiao-lan.



ABSTRACT

Increasingly, multibeam sonar systems are usingi+®ettor and multi-swath to
improve the ensonification coverage of seabed surBese systems provide not only
bathymetry but also seafloor backscatter produtiie proper calibration of seafloor
backscatter is very important and the use of meltgectors complicates the approaches
and applications to achieve sediment classification

With the addition of sectors and multiple swatlhe &pparent seafloor backscatter
is overprinted with artefacts generated by vaiadiin the power and beam pattern of
each sector, the frequency dependent propagatitreincean (absorption attenuation),
and frequency dependent reflection of the seafl@mgular response). Current
backscatter output from these systems is not pippeduced to correct for these
artefacts.

Since the difference of the source level and beattem residuals in different
sectors will limit the ability to distinguish seadlr types, the goal of this thesis is mainly
to illustrate the problems and solutions of soukeeel and beam pattern residual
artefacts in backscatter images. Specific appboatiare presented using Kongsberg
Maritime EM2040, EM710, EM302 and EM122 systemsaélivhich are both multi-
sector and multi-swath. The benefits of the algonitcan be used to minimize the
source level and beam pattern residuals. This ighgoy developed as parts of this
research, is illustrated through examples of daovement that utilize the new OMG

beam pattern correction software developed herein.
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Chapter 1 Introduction

This thesis is a summary of the research and subsécsoftware developments
undertaken to improve backscatter products derine@d the Kongsberg new generation
multibeam echo sounders (MBES) which have multtese@and multi-swath. The
conventional multibeam echo sounder normally hag asingle sector and single swath.
In order to enhance the confidence of the 100% re@ee of seafloor ensonification,
however, the new generation MBES increase sectatswaaths.

The products of MBES mainly can be separated imo parts: bathymetry and
backscatter strength. For the case of backscatemgth, the controls on the received
seafloor backscatter include the absolute levelargular variation in the power of the
transmitted acoustic energy and the receiver seitgifbeam pattern), the propagation in
the ocean (absorption attenuation), and reflechiod scattering of the seafloor (angular
response). Unambiguously separating the contdbstiof each of these controls is a
challenge.

If properly reduced for sonar parameters and ggpaingle (GA), the backscatter
products can be useful as a significant part ofimeaigeology and geo-technical
engineering programs. Previously, hydrographers aoghnographers would gather the
rock core sample of the seafloor to identify theisent distribution. By comparing

multibeam backscatter with selected samples atdhee location of interest, the properly



reduced backscatter strength can be used as a fmosgdiment type. However, before
one builds a dependable classification of the sedinby backscatter strength, a first
priority is to correct the beam pattern, absorpattenuation, and angular response. This
thesis will not address absorption attenuationamgllar response but just focus on how
to remove the beam pattern residual using a madifersion of the Ocean Mapping
Group (OMG) software developed by the author.

The apparent seabed backscatter angular response clerived from the
backscatter products generated by conventionalilmealn systems typically includes
uncompensated sonar beam pattern residuals. Tonmmaithe appearance of this, the
OMG of UNB has previously developed a series ofvgarfe algorithms to compensate
for the beam pattern residuals of the backscattatyets. For a single sector multibeam,
the beam pattern residual can be monitored asgiesinnction across the entire swath.
However, with the multi-sector and multi-swath deped in the new generation
multibeam system, there is a requirement to sep#énatbeam patterns for each sector of
each swath. The existing OMG software cannot cotiex sector-specific beam pattern
residuals as well. Of course, the multi-sector andti-swath multibeam systems face
different issues in the operating design. Theseessinclude the active motion
compensation, sequential transmission timing ared dtder of sectors, survey mode

(pulse length and type) change, individual freqyenc each sector, etc.



This thesis usedatafrom EM2040, EM710, EM302 and EM1 sonars to cover the
full range of ocean def. These 4 types of the Kongsberg multibeam echadmsare
all designed as muiBector and multi-swath systenmtdowever, there is anott more
immediately pressingssue that is the EM302 which is installiedthe Canadian Coast
Guard Ship (CCGS) Amundswhich has a stmgly different response sigi problem in
one of the sector3his problerrcauses the backscatter mosaickave a very noticeable
strip of erroneous backscatter strength estiis. This problem may bprobably caused
by the specifichardwar: of the EM302 system. Therefore, figure out andsolve this

more immediat@roblemis also the one of the short-term aimgtuo$ tresis.

CSL Heron

2010 modifications Baw \'/Fhrusfzr
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Figurel. 1Thenstallation of IM710 (CSL Heron), EM302 (CCGS AmundseBM122 (USNS Heeze
and EM2040 (CCGS Ottday). [Hughes Clarke, 2011 GGE3353 Notes]



Figure 1.2 is the backscatter mosaic image of EM80i2h is usin¢16 sectors (dual
swath). To distinguiseediment types using this mosaic im&ga problenbecause there
are too manyluctuatiors in the backscatter response sigtiaés do not relate just to tl
seabed responséhe darkest strip of the mosaic imshowsthe transmitter source lev
problem. In other zones, the bright and dark areas dextatl by the beam patte
residuals andrayular responseBecauseEM302 has 16 sectors (dual swath), the b
pattern in the different sectors will present digdlifferercesand tlese differences will
affect the beam pattern residueat the sector boundaries. In addition, due to
seafloors geometry changes, the angular response will affect the backscatt

strength of seabed sediment ty,

Figurel. 2ZThe EM302 back:atter mosaic image without any compensa



Before the current modifications to the conventidd®G beam pattern correction
software, Llewellyn (2006) had previously attempteddentify sector boundaries to fix
the beam pattern residuals in an older EM300 whiak a multi-sector but single swath
multibeam. However, his algorithm still had sonmitations which was that the exact
angle of each sector boundary was not always miggmsedicted and the algorithm was
not designed to deal with multi-swath.

Therefore, the motivation of this work is to minzaithe beam pattern residuals
between the different sectors and different sumweges. The end result is to ensure that
the backscatter mosaics can actually present anallyi artefact-affected indication of
the seafloor sediments. The approach of this progguires computer programming to
modify the current OMG software. This thesis wikalss the technical details of above
mentioned issues, as well as outline the modifidi33software development in solving
the beam pattern residuals of new generation naatibsystem. Finally specific results

for the four systems are presented to illustragecfifectiveness of the research.



Chapter 2: The multi-sector and multi-swath of Kongsberg Maritime

multibeam echo sounder

As far as known, the conventional multibeam systexs single sector and single
frequency. Single sector multibeam systems may autieve 100% ensonification
coverage if the ship’s orientation (yaw and pitchanges too quickly. Nowadays, as the
requirements of survey standards become stritterteichnologies utilized by multibeam
system also have to improve. For example, if thera commercial case that has a
requirement for 100% ensonification coverage, somex the single sector and single
swath multibeam systems may not achieve that reapent. Therefore, the new
generation multibeam system has been designedetonufti-sector and multi-swath to

provide more confidence in the 100% coverage ottisonification.

2.1 System Parameters

To cover the full range of ocean depths, theredageneral types of the Kongsberg
Maritime multibeam echo sounder which have multtseand multi-swath capabilities:
EM2040, EM710, EM302, and EM122. All of these saensdcan use dual swath and
have characteristics which are summarized in T2alle

EM2040

The EM2040 multibeam echo sounder is the latesergéion of multibeam models

and it is designed to be a flexible and high resmiusystem for surveys in shallow



depths and which require very high resolution ictpea. Although performance in
excess of 400m depth is possible, the usual opedtdepth is commonly between 1m
and 100m depth as the system angular sector becattexsiation limited at greater
depths. The system has an operating frequencyrrégion 200-400 kHz. The system has
3 modes which use pulses centered at 200kHz, 3QQkitz400kHz. The 200kHz mode
has 4 sectors (maximum 2 sectors in each swath}ren@00kHz, and 400kHz have 6
sectors (maximum 3 sectors in each swath). Depgndim the depth, all of them
automatically vary the pulse length and type (Qumius Wave(CW) & Frequency
Modulated (FM)). Each mode and pulse length contlingpotentially provides unique
beam pattern residual for each of the up to 6 s&cto

EM710

The EM710 is a multibeam echo sounder for highlutem surveys from shallow
to medium water depths. The system has an opgrixgquency from 70-100 kHz and
the maximum survey range is from 2-2000m. Optinggdtd ranges are from about 10m
to 500m as the system angular sector becomes atiemuimited at greater depths.
EM710 can be offered with different range and nesoh performances by choosing
different transmitter and receiver beam widths. &bidepth ranges 3 sectors per swath
are used. The EM710 can also provide 6 sectorsiah slvath mode. The dual swath

mode has 4 survey depth modes which are Very shatallow, Medium, and Deep



mode. Normally, they are using CW pulses of varyieggths. In order to increase the
detection range, the Deep mode switches the oettorsto FM pulse.

EM302

The EM302 is a multibeam echo sounder that is desigo survey continental slope
and rise depth ranges. The system has an operagiggency of 26-32 kHz and the
maximum survey range is from 10-7000m. It is optirffea the range of about 100-
2000m. Like the EM710, the EM302 can be providethwdifferent transmitter and
receiver array sizes and resulting beam widths. miagimum angular swath that can be
reached is +/- 70°. The EM302 has either 4 or 8seper swath and can do dual swath
that depend on the survey depth mode. AlthougrEi802 has 7 survey depth modes,
the dual swath option is available for just 4 syndepth modes which are Shallow,
Medium, Deep, and Deep’ mode. When the system Deep’ mode, the outer sectors
will be switched from CW pulse to the FM pulse. Thra long pulses used in FM mode
mean that the duty-cycle limitation prohibits dealath.

EM 122

The EM122 multibeam echo sounder is designed fibroftean depth surveys and
suited for detailed seafloor mapping from 50-110G6@nthe ocean. The system has an
operating frequency of 10-14 kHz and is capabld duath. The EM122 can provide
either 4 or 8 sectors per swath and provides dualrsfor the CW modes that depend on

the survey depth mode. The survey depth modeseddidlal swath have 4 configurations

8



which are Shallow, Medium, Deep, and Deep’ modeintoease the detection range, the

EM122 switch the outer sectors from CW pulse to fiNse.

Technical specifications for multibeam systems

"2}

System EM 2040 EM 710 EM 302 EM 122

Operating 200-400 70-100 26-33 10-14

frequency

(kHz)

Range (m) 0.5-500 3-2000 10-7000 50-11000

Maximum >800m 2500m >8km >30km

coverage 200 deg 140 deg 150 deg 150 deg

(Cold sea, 10x water 5.5x water 5.5x water 6x water

gravel) depth depth depth depth

Beamwidths TX:0.5,1 TX:05,1,2 |TX:05,1,2,|TX:05,1,2

(degrees) RX:1 RX:1, 2 4 RX:1, 2, 4
(at 300 kHz) | (at 100 kHz) |RX:1,2,4

System >2 cm 0.2% x water | 0.2% x water| 0.2% x water

accuracy depth depth depth

Maximum Up to 1600 Up to 800 Up to 864 Up to 864

number of

sounderings per

ping

Pulse form CW&FM CW&FM CW&FM CW&FM

Pulse length 2%-12ms 150s-120ms | 0.7ms-200ms  2ms-100m;{

Max ping rate | 50 >30 >10 >5

(Hz)

Transducer 6000 m 250 m NA NA

depth rating surface surface

Table2. 1 The technical specifications for Kongghdaritime multibeam systems with multi-sector and

multi-swath.[Kongsberg]

All these systems use individual transmissionsefieh sector. Those transmissions

vary in centre frequency, pulse length, bandwidith &/pe, source level and beam pattern.

It is essential to remove any sector-specific bgattern before the backscatter is useful

for seafloor characterization.



An empirical set of coefficients can be modified time transceiver to try and
minimize these residuals. The default values fes¢hare often, however, not adequately
adjusted in new installations resulting in notideabector and swath residual beam

pattern.

2.2 Motion compensation of multi-sector and multi-swath sonars

In order to get the best detail of the bathymetrg target detection, one of the most
important issues is to guarantee to get 100% cgeeoé seafloor ensonification. For the
case of single-sector and single-swath multibeata, diae density of the multibeam data
is affected by the ship’s attitude. Because rdics lateral displacement of the whole
swaths, this effect can be compensated by rolilstation. Roll stabilization is achieved
on receive and can be varied continuously with tsme¢hat a unique value is applied for
each beam. Multiple sectors are not, thereforegssany. Pitch stabilization, however,
has to happen at time of transmit and for the cds® single sector can only use one
transmitter steering angle. Effective yaw stabilaarequires that one side of the swath
be steered forward when the other is steered Bdmkamount of single sector steering
can achieve both of these simultaneously and thussyabilization is not possible with a
single sector. When the ship has pitch effect,gisinly single sector steering, the density
of data becomes different in the same survey Bwne parts of the swath corridor are

denser and some parts are less dense. Thus, itipedmpensation for pitching and

10



yawing is the key point that multi-sector systems designed for. The new types of
multibeam echo sounder, EM710, EM302, EM2040, aMlZ were designed to use
multi-sector to better solve the effect of the &hititude. In addition they were also
designed with a dual-swath mode to improve thegtosck density of the data. All these
benefits come at the cost of complexity. This thegldresses the problem of inter-sector
backscatter radiation pattern differences.

If the swath coverage is disturbed by rapid changesientation of the ship, the
confidence in complete coverage will be decreas$éd. orientation of the ship includes

roll, pitch, and yaw. Each of them affects the digasity in different ways.

Roll stabilization

The roll rotation will cause lateral displacemefttite whole swath. The effect of
the roll rotation results in irregular outer beadges of the whole survey line and this
effect will narrow down the guaranteed surveye@ae shown in Fig. 2.1. The amount
of swath corridor reduction increases as one g@eswider angular sectors. To
compensate for the roll effect, there needs todrgimuous updating of the time delays
used during receive beam steering to ensure thdighm maintains a constant angle w.r.t.

the local level.

11



Without Roll Compensation With Roll Compensation
Figure2. 1The effect comparison of the data witha@mmpensation or without roll compensation. Tlatad

is 200x200m, 20m depth, 12 knots, 6X WD 1.2 depaedwidth, and 0.3 second rep. rate. [Hughes
Clarke, 2011 GGE3353 Notes]

Pitch stabilization

Most of the sonar receivers are installed with a-ptarboard orientation which
causes little effect on the beam position due tohpiln contrast, the pitching of the
transmission shifts the resulting transmit beantdont fore-aft. Without compensation,
the angles of pitch cause the along track profiecsig to become variable, resulting in
either gaps or overlap. When active motion compémsaf pitch is used, the transmit
steering angle is relative to the long axis of #éin@y so that the subtended angle with
reference to the horizontal plane varies with tteegmit steered angle. Although the
active motion compensation of pitch can keep tba@lrack spacing equidistant at nadir,
this compensation when using only a single sectidiral\so overcompensate at outer
sectors. Alternately two points on either side lbaroptimally stabilized, the inner portion

of the swath is then undercompensated as in Fig. 2.

12



(A) Undercompensation at nadir

(B)

Without Pitch Compensation With Pitch Compensation

Figure2. 2 The pitch effect and the pitch activenpensation. The data is 200x200m, 20m depth, 1&kno
6X WD 1.2 degree beamwidth, and 0.3 second reg. (&) shows how the pitch active performs. (B)
shows the data without pitch compensation; thekotarows present the looser swaths and black arrow
present the closer swaths. (C) show the data itith pompensation; the red circles and squareptes
the overcompensation at outer sector. [Hughes €]&611 GGE3353 Notes]

The conventional multibeam sonar has one single-&ftr transmit line array and it
generates a single transmit beam pattern whichrsabe full angular sector from the
starboard side to the port side. As a result mediib manufacturers apply conventional
active pitch steering by choosing an incidence emagVay from nadir at which the pitch
compensation will be exact (Hughes Clarke, 2011 Notes). While the pitch

active compensation performs, the beams whichrdyeard will be undercompensated
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and the beams which are in the outboard will beanrapensated. Therefore, to solve the
effect of pitch, the new generation multibeam systeare designed to use the multi-
sector capability. Each sector has an individuakrshg angle which is designed to
optimize the combined effect of pitch and yaw dizdiion for that particular sector

alone. (See Figure 2.3).

.1 Tx. Sector |1Tx. Sector

» No s_’rub.

"

o

Figure2. 3 The pitch stabilization of single-se@ad multi-sector echo sounder. The top two figares
the beam coverage of the single-sector echo sowvitteyut or with pitch stabilization. The bottomaw
figures are the beam coverage of the multi-seatbo sounder with pitch stabilization. [Hughes Cérk
2011 GGE3353 Notes]

While pitch stabilized is now significantly imprad@ver single sector, this comes at

the price of sector-specific beam pattern problems.
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Yaw stabilization

In yaw effect, the data density is changed by tbading and it affects the beams
coverage in the outer part of the swath. When the shanges heading direction or is
crabbing due to current or wind, the single lineagrmultibeam system will gather
denser or overlap ping coverage in the outer swatththe side it is turning towards and
sparser coverage on the other side. However, ifowagl that by using a single line array
the yaw can only compensate one side at a timsolk@ this problem the only way is to
separate the beams in two or more discrete sembokrsompensate for the effect by using
different transmit steering angles.

-1 Tx. Sec'ror- 2Tx. Sector [

s
3 Tx. Sec‘ro;_ 9 Tx. SecTa;'

.3

WY, ),

Figure2. 4 The yaw stabilization of single-sectad anulti-sector echo sounder. The top left figsréhie

beam coverage of the single-sector echo soundeowtityaw stabilization. The other figures are tharh
coverage of the multi-sector echo sounder with gtabilization. [Hughes Clarke, 2011 GGE3353 Notes]
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Again this requires multiple sectors and adds theapication of sector specific

beam patterns which this thesis addresses.

2.3 Along-track resolution of the multibeam sonar systems

In a typical multibeam survey, the density of thesanification is defined in two
dimensions, across track and along track. The atomck is controlled both by the
transmitter's beam width and the inter-ping propagadistance. The across track is
controlled by the receiver’s beam width and beaatis.

In addition to the problem of the rotation of pitehd yaw described previously, the
ping rate can also affect the along-track densitthe ensonification. The conventional
multibeam has one swath per ping cycle. The pitgisacontrolled by the ship speed and
the water depth and the angular sector. Theretoree the ship speed is too fast or the
water depth is too deep or the swath angle too witedensity of the ensonification in
the along-track becomes insufficient.. In orderrtorease the confidence of the 100%
ensonification coverage in the along-track, muliibemanufacturers have designed a
new generation of multibeam systems with dual swatide. The main idea of the dual
swath is to generate two (or more in the futur@es the along track density of
ensonified footprints in a ping cycle. Figure 2kows the difference between single
swath and dual-swath. In the same ship speed, daptular sector, and ship attitude

situation, the dual swath can double the coverdgemsonified footprints in the along-
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track. Achievingdual swat requires a second set tfansmissions using discre
bandwidths. This onlymakes the problem of backscattesidual beam patter even
more difficultas these extra sector transmissions r again havelifferent source levels

and beam patterns.

RyAvaviv.

[ [ [ [ [

SINGLE SWATH DUAL SWATH

Figure2. 5 Thalifferent of the single swath and dual swdtHughes Clarke, 20, GGE 5043 Notes]

2.4 Review of multi-sector and multi-swath multibeam sonar systems

Normally, theway the conventional multibeam system wei& using single-sector
and single centrérequency. However, as the mulsector and mul-swath multibeam
systemshave becomeavailable the single frequency may nbe suitable. The new
generation multibearsystem has tadansmit a sequence of pulswith non-overlapping
bandwidths. Furthemore since the transducers cannot generatepingssimultaneously,
the individual transmissic time of each sector may be separdigaé few milliseconds.

Having varying centre frequencies means that tabes physicascatter process will be
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slightly different due to the differing wavelengtiEhis further complicates the apparent
beam pattern residuals as it also includes theeskaihgular response.

Figure 2.6 and 2.7 shows that to keep discreteuegjes of the multi-sector and
multi-swath in the available bandwidth, one hasdosider the bandwidth of each sector.
If the multibeam sonar uses shorter pulses (brodderdwidth) to achieve range
resolution, it must have fewer sectors (fit wittamailable transducer bandwidth) and
sidelobes in frequency must be controlled througlsgshaping.

Figure 2.6 and 2.7 shows the dual swath mode ofEfM&10 or EM 302. The
number of sectors, transducer pulse length and (§pe & FM), and frequencies of the
dual swath mode are changed by depth. Each seasoithunique frequency and pulse
length. In some cases, as the depth increasemulibbeam echo sounder systems may
keep the same frequencies in different survey depites. However, they change the
pulse length to offset range resolution againstaigo noise. To control the usage of a
specific depth mode, users can also switch fromraatic mode changing to a manually
selected mode in the SIS system. These mode chavigeb affect the beam pattern
residuals have to be distinguished by identifyitigo& the utilized centre frequency,
sector number, pulse type, and pulse length pasamet

In order to get the optimal range resolution usangertain frequency, the multi-
sector and multi-swath multibeam systems were desigto utilize different pulse

lengths in different depth modes. The more sedtwas a multi-sector and multi-swath
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multibeam system has, the better it can comperfeatpitch and yaw to maintain the
evenness of the ensonification. However, the mamimmumber of sectors within a
multibeam system will be limited by the ratio ofetipulse bandwidth (BW and the
available transducer bandwidth (B

The range resolution is limited by the bandwidthtiod pulse. Higher bandwidth,
achieved either through short pulse lengths (CW3wept pulses (FM) can get better
range resolution. For example, the range of opmratifrequencies of an EM 710 is
between 70-100kHz and the available transducervadtid (BWr) is thus 30kHz. If this
system is using 0.2ms pulse length, the pulse bigtidwBWp) is 5kHz. Thus, the
required separation of each sector in centre fregjuéas to larger the pulse bandwidth
(BWpy. The maximum number of the sectors can be up ttn Gractise, the sector
separation (SS) should be spaced ~1.5%BWensure no crosstalk between sectors. For
example, a maximum of 4 district centre frequenaiesused for EM710.

BWt = 10-40% of centre frequency

BWp = 1/t (7 : pulse length, for CW pulse) & — f; (for FM pulse)

SS = (BWr/n)x1.5 (n: sector number)

SS= BWp

When the survey depth is getting deeper, the petsgth will increase to enlarge the
ensonifed area to get better signal to noise rAsoa result, the reduced pulse bandwidth

(CW case) for the EM302 and EM122, thus allowsdpportunity to have more sectors
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(switching from 4 to 8). For the EM2040 and EM7X@®wever, as the attenuation
changes so strongly over the range of the transdumedwidth, the same number of
sector are manufactured, using only the lower ehdhe transducer bandwidth. In
Figure2.6 (C), in order to decrease the absorptamfficient (100kHz is 33 dB/km and

70kHz is 23 kHz), the higher end of the bandwidih mot be used (See Table3.1).

Dual swath mode
Typical TX pulse (ms) and frequency (kHz)
Mode Depth total coverage
T Port Center Starhoard
Deg | Meter
Very 0.2 ms 0.2 ms 0.2 ms
Shaliw | 27100 | 140 73 kHz &9 kHz 73 kHz
) 81 kHz 97 kHz 81 kHz
0.5 ms 0.5 ms 0.5 ms Ol6ms CW
Shallow | 100-200 | 140 73 kliz 81 kil 73 kil _—
77 kHz 85 kHz 77 kHz 4
2ms Zms 2ms bl f}su;
Medium | 200 300 | 140 73 kHz 77 kHz 73 kHz -
75 kHz 79 kHz 75 kHz B9kt
N - 20 ms FAM 2 ms 20 ms FM o EMTI0 -CW mode (Shallow]
Deep = - it i ST P LD -CW mode (Shallow
B - o 75 kHz 79 kHz 75 kHz
8kHz  5kHz 4 KHz 2 kHz 2 kHz 0.5 kHz
seporation Bandwidth separation Bandwidth separgtion Bandwidth
— (0. 2ms pulse) <> (0.5ms purlse) ﬁ (Zms puise
73 81 89 97 73 77 81 85 22 CrRALDIEY
70 r plodf 1 4 100 [7pa4 100
Frequency (KHz) Frequency (KHz) Frequency (KHz)

Figure2. 6 The EM710 dual swath with three seadptsons. (A), (B), and (C) show with the pulse ldng
increased, the bandwidth will be decreased. [Huglaske, 2010, GGE 3353 Notes].
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EM302 Dual Swath mode I-Mj{(‘zh-?l;’;md“
cllow
Tepical total TX pulse(ms) {dual swath
it i o Dical Swath 61 Frequeniy(kEL) -4 sectors] =
et kit Dual Swath =2 frequency (k) i
Deg | Meter Port Starboard
Tlms 11 11 11
Shallow | 10-250 | 140 26.5KHz a7 104 65 e
29.1KHz 3 316 291 o
2 2 1 a EM302 -CW/FM mode
(Medium}
Medium | 250-750 | 140 65 289 1 95 (dunl swath
77 0.1 13 283 -8 sectors)
= = = = = = = = Tms OW -
750 40 | 3750 = 2 =z 3 = 2 = T nd
Deep 281 265 | 313 | 297 | 37 | 303 | 285 | 269 A0 0 fi
1000 | M0 | £500 | agg| 273 | 321 | s0s | 325 | 309 | 203 | 277 P
T = = & = = J¥ i
000 | 140 | ssao | 40| 28 s £ £ & 2 1
Deep’ 281 265 | 313 | 297 | 37 | 302 | 2.5 | 269 -
3000 | 140 | 8800 |ago | 273 | 323 | 305 | 325 | 309 | 203 | 177 20, ot ol
0.7kHz B\g\/ (1.1 ms pulse) 0.5kHz B\S\/ f% ms pulse) 0.2kHz BW (5 ms pulse)
1.2-1.6kHz separation 0.6kHz separation 0.4kHz separation
<« <> i
271 283 295 313 25 269 27.7 285 293 30.1 309 317 325 35
25 26.5 27.7 29.1 30.4 32 33.635|| 25265 277 283 301 35 Eing 3 28.9 39.7 305 313 321
Frequency(kHz) Frequency(kHz) Frequency(kHz

Figure2. 7 The EM320 dual swath with three seadptsons. (A), (B), and (C) show with the pulse léng
increased, the bandwidth will be decreased. [Huglaske, 2010, GGE 3353 Notes].
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Chapter 3: Multibeam backscatter overview

3.1 Sonar equation

As the above chapter mentioned, the Kongsberg MeriEM multibeam systems
can generate two main products, bathymetry andnattd backscatter strength. The
bathymetry is the water depth which is computedising two way travel time (TWTT),
depression angle and azimuth of the each beamghrthe water column. The beam
backscatter strength is also as part of the maltibsystem data output. The backscatter
strength is a property of the seabed that can palignbe derived from the intensity of
the returned signal from the seabed which is usetidttom classification. Although, the
type of the seabed bottom is one of the major otsitof the received backscatter
intensity, the return signal intensity is still effed by 4 other potential factors that
modulate the across-track backscatter variations:

(1) Transmitter and Receiver beam patterns (per sguéorswath) including both

source level and shape

(2) Attenuation of the water column (frequency and eadgpendent)

(3) Seabed grazing angle (GA)

(4) Ensonified area (pulse length dependent)
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Beam patterns

—

S|

= N =

Angular response .

Figure3. 1 The 4 potential signals that modulageatross-track backscatter variations. [Hughes€lar
2011, GGE5043 Notes]

Any correction applied to a sector is trying to gensate for all 4 factors. The
following description explains the contributiontbese factors.
The resulting signal to noise level in the ocean ba derived using the sonar
equation (Urick, 1983):
SN = SL — 2TL — NL + BTS + DI (1)
where,
SN = Signal to noise ratio
SL = Source level (include transmit power and deaguariations) (factor 1)
2TL = Two way transmission loss (factor 2)
NL = Noise level
BTS = Bottom target strength (backscatter stren(dgctor 3 & 4)

DI = Directivity index (an amplification due to mawness of beams) (factor 1)
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The echo level, EL, of the signal backscatterednftbe bottom, may be derived
from the sonar equation,
EL = SL — 2TL + BTS + DI 2)

3.1.1 Source Level

Because the transducer and receiver beam pattdefimed relative to specific
angles (depression angle and azimuth angle), threasdevel term (SL) is directional
(Figure 3.2). As most of the energy is constraiwétin a narrow azimuth range
corresponding to the width of the transmitter malve, the major variation that needs to
be accounted for is depression angle variationsi€Stsansmit and receive patterns are
stabilized with roll, others are not. Thus, whenrg to remove these signatures, the data
must be referenced either by vertically referermesbonar-referenced depression angle,
depending on whether the patterns are stabilizewi-or the case of KM sounders,
most of the beam patterns are believed to be tatilzed. Superimposed on the
depression angle variations (the “shape of theepditare the absolute source level and

receiver sensitivity variations which are esselytisiatic offsets between the sectors.
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Recejye,

Absolute peak receiver sensitivity may vary

33
'\'6-6

)
<

3 sectors
1 sector

| Absolute peak transmitter source may vary ‘ 3 different source levels generate
3 different angular variations

Figure3. 2 The angular variations of transmittedt egceiver beam pattern.

3.1.2 Transmission Loss

The two way transmission loss is related to boéhsgpherical spreading and the

absorption losses in the water column:
2TL = 40logR + 2aR 3)

Where R is the range to target amds the absorption coefficient of the water
column in dB/km which is strongly frequency depemdgig. 3.3).

The sound travelled in the ocean is attenuatedhley absorption coefficieni
(dB/km) of water column. The absorption coefficismtomposed of two main structures:
viscous absorption and chemical relaxation effd8ysusing empirical relation based on

observations knowing Frequency, Temperature, $@liDepth, pH value, the absorption
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coefficient can be estimated (Francois & Garris82) (Figure3.3). The equation of the
seawater absorption coefficient at frequehditHz) is written as the sum of chemical

relaxation processes and absorption from pure water

Total _ Boric Acid Magnesium Pure Water
. = e Sulfate + I
absorption Contribution 0 Contribution
Contribution
AP 2 A,P 2
o =24 1fif 4 4z 2 f2f +A3P3f2 (14)

fE+f? fF+f1?

Where the pressure dependencies are giveR;:p¥, and P, and the relaxation
frequencies arg andf,. The absorption equation in pure water affectérajuencies and
the chemical relaxation is due primarily to Boricid smaller than 10 kHz and Mg%O
smaller than 1 MHz. For the case of multi-sectarase as each sector utilizes a discrete
frequency, the change infrom sector to sector needs to be accounted tgreply.

Kongsberg utilize an estimate of absorption in rtimeultibeam system which does
account for sector-specific centre frequencies. él@x it is only as good as the input
temperature and salinity values. If the defaulinestie value is wrong, it will have a
range varying error in backscatter. This will distihe angular response curve, which is
overprinted on the apparent beam pattern. Thissthieses not address this issue and,
meanwhile, a parallel MScEng thesis by Rodrigo @Hww is examining both
environmental variations (Temperature, Salinityl &epth) and sonar variable variation

(Frequency) and looking at approaches to corrediafse input values.
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Frequency 1 | Attenuation 1| Frequency 2 | Attenuation 2
MBES type (?<Hz) / (dB/km) (?<Hz) / (dB/km)
EM2040 400 95 200 53
EM710 100 33 70 23
EM302 34 8.4 26 5.3
EM122 13 1.5 11 1.12

Table3. 1 Seawater absorption range of 4 types M&HEBe temperature=10°C, the salinity=35 %o, the
depth=100m, and the pH=8.
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Figure3. 3 Seawater absorption at three tempega{Qrel 0, and 20°C) for frequencies of 1000 kH@.tb
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kHz as given by if the salinity=35 %0 and the pH¥8e range of operating frequencies for the Kongsber
multi-sector sonars is overprinted. [Francstisl. 1982]

3.1.3 Bottom Target Strength

The bottom target stength will be affected boththg reflective property of the
seabed, and by the area of the bottom that cotéshio the backscattered signal at any
time. It is normal to define the characterizing ity for the bottom reflectivity as a
bottom backscattering coefficient, BS(dB) and thecKscattering area, BA, as the
ensonified area.(Urick, 1954)

BTS = BS + 10log (BA) (4)
The backscattering area will be controlled byllkam geometry that is defined as
0x andfy(Figure 3.4), at normal incidence (0° incidencelaryg 90° grazing angle (GA))
while in other directions it will be controlled ke alongtrack beamwidtéy, and the
transmit pulse length(Urick, 1954, Hammerstad, 2000)

BTS = BS + 10log0,0,R* fore=0° (normal incidence angle) )

CT CT

R, 6, = for >0° (oblique incidence angle) (6)

BTS = BS + 10logby Y = Treme

2sine

Where

0x=Along track beamwidth
By=Across track beamwidth
R=Range to target
c=Sound speed

¢= Incidence angle
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t=Pulse length

Notably, the ensonified area is affected by chamggsilse length, implemented by
mode and by sector, which can show up in the datatireduced properly. If the pulse
lengths are not exactly as intended, or if the tmaé corrections are inadequate, then
apparent shifts in the backscatter strength valuidlsresult at mode and/or sector

boundaries.

/\ (Pulse length limit)
- CT
*s -
/ EN 2Rsineg

Rr

Normal
Incidence |
Angle

Figure3. 4 The ensonified area enlarged if thediersi angle is increased.

3.2 Signal normalization and TVG

The receivers of most of the Kongsberg Maritimetihahm systems have a limited
dynamic range and thus, a time-varying gain (TV&Gapplied (note this is no longer the

case for the newest EM2040). The TVG is used todasignal overload or amplify the
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returning target signal which is hidden in noiskeTTVG for most commercial systems
compensates for TL only. The KM TVG additionallyeathpts to compensate for changes
in BTS with grazing angle. To extract variations seabed reflectivity, the required

normalizing TVG run in Kongsberg Maritime multibeasystems is predicted before

reception, and is designed so that the averagaldeyrel in the receiver is at an optimum
level.

The Kongsberg Maritime EM multibeam echo soundetb rmve beam
backscattering strengths and optionally seabed emrafjectivity as part of their data
output. These data may be used for bottom claatiiic, provided that how the data is
collected and processed is clearly defined. Hamia(2000) described the assumptions
inherent in the KM TVG. One of the main factorshe model of the shape of the seabed
angular response (AR). Three terms are definedd; BSn, CA, described below.

From the Backscatter Strength and Grazing Angleeecwhart, if a uniform flat
bottom is characterized by a mean backscatteriefficent, BS, and that the angular
variation is given by Lambert’s law, i.e. :

BS = BSg + 20log(cos ¢) (7
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Figure3. 5 The relationship of backscatter strengtid the angle of incidence. [deMoustier, 2010
multibeam course Notes]

Hammerstad(2000) explained that if the incidencgleenare small (grazing angles
are large), the Kongsberg TVG has assumed the tattésng coefficient is a linear line
decreased from BSat 0° to B% at an angle which the backscattering coefficienve
starts to become flatter (See Figure3.5). The aisglee crossover angle (CA). For each
of the main frequencies used by Kongsberg systarmdsfault crossover angle CA is used
reflecting typical sediment AR curves at that fregey. If the incidence angle is larger
than CA, the AR is assumed to become Lambertiaa.rdhge R at the CA and the range

to normal incidence Rs defined as:
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R = R;sec(CA) (8)

R=R;sec(CA)

Figure3. 6 The relationship of the range to themradrincidence crossover angle (CA).

Thus, Hammerstad (2000) replaced the equation &Rtland Rto present the full
model for the backscatter coefficient in Kongsb&G. When the incidence angle is
located in 0°, R= R, the equation (9) will be applied. When the incice angle is
located between 0° to CA, RR<sec(CA)R the equation (11) will be applied. When the

incidence angle is larger or equal to CA=R 1,1Re equation (10) will be applied.

BTS = BSy + 10log0,0,R? , for R=R 9)

BTS = BSo + 5 log (REI)2 [(RBI)2 _ 1] +10l0gZ0,R, for REsecCAR  (10)
BTS = BSy + 3.162 REI— 1(BSo — BSy) —5log (REI)Z [(Rﬁl)2 - 1] +10log S0,R ,
for R <R<sec(CA)R (11)

The Kongsberg multibeam system backscatter noratadiz for angular response is
based upon the equation (9), (10), and (11) tamenTVG law. The crossover angle was

fixed at 25° for the old EM1000. Other default \e@dwf the crossover angle are used for
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EM2040 (at 10°), EM710 (at 15°), EM302 (at 6°), &M122 (at 6°). Thus, when using
different types of MBES to survey, the crossoveglardefault setting will change. The
BSo which is relative to crossover angle will also mpe the TVG law (see Figure3.5).

The R, BSy and Bg are estimated based on previous pings. Howevecrdssover
angle is different for different sediments and freqcies. For example, in Figure 3.5, the
crossover angle of the silt is about 10° and tlesswver angle of the gravel is about 30°.
The crossover angle of different sediments is feeqy dependent as it also depends on
the wavelengtii. The default setting of the crossover angle inkbagsberg multibeam
system will influence the TVG law to adjust the kezatter strength.

Kongsberg Maritime EM Multibeam echo sounders tryflatten the Backscatter
Strength by using Kongsberg Maritime EM Sidescaatitéhing Algorithm (Hammerstad,
2000). Assuming the seafloor is flat, if the grazangle (GA),0 , is between 90° to (90°
— CA), the Backscatter strength will be decreased wéinge (equation (12)). If the
grazing angle (GA) is between (90°-CA) and 0°, BBackscatter strength will be
increased with range (equation (13)). (See Figufe 3

ABS = (BSy — BSo)((6 — GA — CA)/CA)  for 90°9>CA (12)

ABS = 10log (sin?(0))  for GA>>0° (13)
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Figure3. 7 The relationship of backscatter strenf¥G, and incidence angle.

Because of the sediment interface roughness and sédiment volume
inhomogeneities, the varying model of angular reaspocurves is different in different
types of the seabed. From above algorithm, the Kloaig Maritime system, based on the
results of preceding pings, computes the best appate response curve and the values
of BS; and B%. However, the value of CA is fixed and not altefeaised on the

preceding pings. This limitation can cause artfactseabed imagery data.
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Another limitation of the grazing angle term (GA)this algorithm is that it assumes
the seabed is flat. If it is not, the TVG will bppdied erroneously as the true grazing
angle (GA) and ensonified areas are not as modé&lesllimitation of not having exactly
the correct grazing angle and the crossover angfiammicking the real shape of the
angular response (AR) on the TVG is most criticimise to normal incidence. The
changes in AR and ensonified area at that geonae&ryery sensitive to grazing angle.
Away from normal incidence unless there is strapgraphy, this issue is not so critical.
This limitation is recognized but is not addresbgdhis thesis. The OMG coddéTVG”

(Beaudoin, 2006 unpublished) does attempt to addhes factor.

3.3 Importance to this work

While the stated aim of this research is to corspanfor inter-sector beam pattern
residuals (both shape and absolute level), intyediie signature of both the AR and KM
TVG will also influence the resulting appearancehs backscatter strength. In practise,
the compensation involves an attempt to flatterctirabined BS response.

To illustrate the impact of the AR and the KM TV&) explaination of the effect is

described below.
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Angular response

For the simplest case of a flat seafloor, a giveabed type will exhibit a variation in
BS with grazing angle that will appear to be comstalso in vertically referenced
incidence angle (VRIA). Without prior knowledge tife shape of the AR, it will be
practically impossible to separate the beam pa#athAR contributions to the observed
VRIA variations. As a result the old OMG beam patteorrection flattened the product
of both signals without trying to separate them.

This combined correction is fine as long as twteda are met:

(1) the shape of the AR doesn’t change (i.e. the sesddichent type is smiliar).

(2) the seafloor is flat enough that VRIA and {(9@razing angle) are reasonably

equivalent.

If the seabed AR changes along a survey line, thercombined beam pattern and
AR product will be altered. If one tries to redube combined effect from one seafloor
AR type, when the product has been estimated ushuiher seafloor AR type, the
flattening effect will have residual artefacts (S&gure 3.8). This effect will be most
distinct at those grazing angles where the AR éemtst and most variable between

typical sediment types. In practise, this is clwseormal incidence.
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Figure3. 8 The Angular response in a survey ar¢famixed regions of mud, sand, and gravel sediment.
The top left chart is the angular response cureesud, sand, and gravel. (A) is the sand angelsponse
curve when surveyed in the sand seabed; (B) isahd and mud angular response curve when surveyed i
the half sand and half mud seabed; (C) is the aaddyravel angular response curve when surveygtein
sand and gravel seabed.

For a flat seafloor, normal incidence occurs atmald thus the combined response
would expect a peak at 0° VRIA. As soon as thelseafs sloping the peak will be more
off to the side. Along a typical swath corridoretieafloor slope will vary and thus this
peak BS will migrate back and forth in VRIA. If @verage VRIA response is acquired

through stacking data as the seafloor slope vaties,real peak in the AR (fixed in
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grazing angle) will be smeared out in VRIA. Thiseef is also true at oblique VRIA if
one has steeply inward facing slopes, or cast st&do

Because one normally has no a priori knowledgehef shape of the AR, even
though the grazing angle is known, the effect efdhknown AR overprint on the VRIA-
reference beam pattern cannot be separated.

In the ideal case where the seabed type is knowah,tlee grazing angle is also
known, the unambiguous inter-sector beam pattenatian can be extracted with more
confidence. In the general case, however, whered¢bhbed response is unknown, the AR
and the beam pattern have to treated together.apipioach is built into the code develop

as part of this thesis.

KM TVG

All of the Kongsberg Maritime multibeam systemsueel the BS by assuming the
seafloor is locally flat. As a result, the actuahrflat topography of the seabed corrupts
the apparent backscatter response by virtue ohaslightly different grazing angles and
instantaneously ensonified area than modeled. &igu® illustrates an example of
surveying on a sloping seafloor. The grazing madehe KM TVG will assume the
minimum range to the sloping seafloor as the nadige Ro. Then, the systems assume
this nadir range Ro as the depth of the flat seaflmodel. At the range of the seafloor Rn,

the position of the model grazing angdadie) Will be located farther away and shallower
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than the position of the true grazing andlg.d. Moreover, the ensonified area is also

changed due to the actual grazing angle.

& —

True Grazing angle

Model Grazing angle (& ensonified area)
(& ensonified area)

Figure3. 9 The comparison of the model grazingeuagld true grazing angle.

This can now fully be compensated for using the O8¢GVG algorithm (Beaudoin
2006 unpublished, examples in Bruckeal. 2007).
Beam pattern
The actual beam pattern of KM multibeam systemsds something that can
practically be measured in isolation. The only wayestimate the beam pattern is by
using the apparent backscatter strength of theesetmbexhibit the VRIA variations and
use this as a proxy for the relative beam pattérMBES. However, the estimate of
backscatter strength from the KM multibeam systeamdains all of:
» the seabed angular response (what is actuallyed@sir
» residual artefacts due to imperfect assumptioiserKM TVG, and

* uncompensated residuals due to the sector-spbeifim pattern.
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Practically, it is very difficult to unambiguousBxtract the beam pattern from the
angular response and KM TVG in the backscattengthe

If one uses a multi-sector MBES to survey a seaifekhown sediment type and
slope (known AR and known GA), the beam patterndueds of multi-sector MBES
between ideal backscatter and real backscattebeamambiguously observed (Figure
3.10). In practise, however, most of the surveybesdatypes are unknown and the
distributions of the sediments are unpredictabigufe 3.8). As described in the KM
TVG section, to get an ideal backscatter strengtri unknown seabed is very hard.
Therefore, when compensating the beam patternuasidn a survey line by using an
average of the BS, this beam pattern residual cosgi®n will be minimizing the

residual AR and KM TVG as well.

Ideal backscatter

Re Ceiver

Real backscatter
=

10 20 30 P 50 60 70 [ %
Incidence Angle

Figure3. 10 The Compensation of the beam pattermidti-sector multibeam systems.
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Chapter 4 Problems of Backscatter Beam Pattern Rasduals and

Previous OMG Solutions

One of the most important aims of the multibeamveyris seabed sediment
classification. The properly reduced backscattemsth of the seabed is depended on to
classify sediment types. A measure of the bottookdzatter strength (a dimensionless
number) is desired. However, there are some effés affected the signal return
strength of the seabed. These effects generallybeaseparated into two parts: seabed

geological change and transducer beam patterrt.effec

4.1 Geology effects (Type and grazing angle dependence)

Although the Kongsberg Maritime multibeam systens lbhe incidence angle
normalization algorithm (Hammerstad, 2000, descriimeChapter 3), the estimate of the
backscatter strength of seabed is still not completorrect. The incidence angle
normalization algorithm of the Kongsberg Maritimaultibeam system assumed the
seabed is flat. Therefore, the main angular respogrovided, but a deviation in the
slope will move the angular response curve up aevrdand this is not modeled. That
means when you survey in an area which has the sadienent on the seabed, the

seafloor slope angle is overprinted on top of thgudar response.
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The seabed angular response is considered a sattiffactor which affects the
variations in received backscatter strength ofséebed across the swath. To consider the
angular response, one has to be aware of the e¢ltangrphology of the seafloor. Due to
the changing of the seabed slope, the grazing suragke not the same as the incidence
angle (Figure 4.1). This is a recognized but sepdraroblem. The problem addressed
here is the angular variability in sonar transnaisdievel and receiver sensitivity (beam
pattern). Both the beam pattern and the angulapors® generate across-swath
backscatter strength fluctuations. As describe@hapter 3, without a priori knowledge
of the AR, in practice (and in this thesis) onlg tombined AR and beam pattern effect
is removed. The AR is combined with the beam pattdfects and the product is then

measured using vertically or sonar-relative angles.

0: Incidence Angle 0: Incidence Angle

seafloor skl

@: Grazing Angle

: Grazing Angle Ouncidence =90-@erazine
Oincidence =90-@erazine

Figure4. 1The relationship of the incidence anglé grazing angle in flat and slope seafloor.
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4.2 Backscatter beam pattern problems of multi-sector and multi-swath multibeam

As multi-sector multibeam echo sounder systems baea designed to increase the
number of sectors and swaths, the transducer ba#eripof each sector became another
factor to influence the backscatter strength ofbeda Variations in the power
amplification and frequencies of multi-sector andiltirswath transducer make the
receive backscatter strength of the same sedinppeiaa different.

Since the transmitter and receiver and the assacelectronics of each multibeam
hardware are manufactured with slight differendbsre are some factors which will
cause the same seabed to exhibit apparent baekssiméngth differently even when the
same model of multibeam sonar is used (Hughes €#irkl. 2008). The factors can be
summarized as:

(1) Transmitter source level.r.t. frequency

(2) Receiver sensitivityv.r.t. frequency

(3) Transmitter and receiver across track beam widthstvape

(4) Scaling of the acoustic wavelength with respeagafloor roughness elements

(5) Actual pulse length achieved with designed speatifons

(6) Method of reduction of FM pulse through match filtg

Although designed identically, the sensitivities toAnsducers and receivers are
slightly different in each multibeam hardware. WéhiKongsberg models those

sensitivities, based on design criteria, the agesulting patterns differ slightly from unit
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to unit, and do not provide exactly the design gallsometimes, the same type of model
of multibeam system surveys in the same area oid#émtical seabed structures using the
same frequencies but because of the variabilitgctual sensitivities of the transmitter
and receiver, the backscatter strength will pregéfdgrent (Hughes Clarket al. 2008).
Moreover, it is noteworthy when the multi-sectodamulti-swath multibeam systems
survey an area by using discrete frequencies, satior’s sensitivity presents the seabed
image slightly differently. For example, if a suyeel seabed type contains sandy gravel,
because the sensitivities of the sectors are Bfightferently, the other sectors may
present the backscatter strength as medium satwhose sand. (See Figure 3.5)

In addition, the transducer across track beam wadiith shape is another factor that
causes the beam pattern residuals. Each sectamaftasector multibeam system has its
own beam pattern. Because of the curved shape efs#ttor beam pattern, the
backscatter strength of the beams on the edgeeo$dhtor will be weaker while this
sector ensonifies the seabed (See Figure 4.2 TAp.Kongsberg Maritime multibeam
system will auto compensated for the across traekrbpattern (See Figure 4.2 (B)). The
actual across track beam patterns (blue dash tireg) deviate from the design model
(black line) (See Figure 4.2 (C)). As a resultesidual will be left in the data which is

the difference between actual and designed (Seed=iy2(D)).
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Figure4. 2 The auto stabilization of the sectomb@attern.

Scattering theory (Jacksa al, 1986) explains the physical controls on the lefel
the seabed backscatter strength (BS) as a funatiseabed roughness with respect to the
wavelength. Thus from sector to sector as the eginiquency is changed, one might
expect a slight shift in the BS. According to APDMU High Frequency Ocean
Environmental Acoustic Model Handbook (1994), thwerage differential of different
generic bottom types scattering strengths over ftequency range from 80kHz to
100kHz (~20%) is between -0.27dB to 0.42dB. Acnoesti-sector systems, the typical
wavelength X) changes only 10-20% so this is a small effect.

The new generation of multibeam systems not ontéyseparated frequencies in the
multi-sector and multi-swath but also use differpatse lengths in different sectors of
different depth survey modes. Even a single modenmatiple pulse lengths from sector

to sector. When the pulse length changes in diftesectors, while the beam pattern is

45



not affected by the pulse length, the change afféne ensonified area and thus the signal
level will be amplified or reduced by un-modeledsgulength variations. Such a shift in
the signal level will appear to be a change indéam pattern level.

Figure 4.4 shows a backscatter image of a surveydf EM302 that was collected
by Canadian Coast Guard Ship (CCGS) Amundsen. Bphdsurvey modes of this
survey line are switched from Deep’ mode to DeeglendVhen the EM302 multibeam
system used Deep’ mode to survey, it has dual-saathincludes 8 sectors per swath.
However, the data just shows 6 sectors in the guceeerage because the transmitter
uses 8 sectors over +/- 70° but in order to keepsime swath width, uses a receiving
angle only from +/- 60°. Thus, the data that used® mode doesn’t exhibit the outer
sector. Figure 4.3 shows that when the survey @gaes shallow to deep, due to an
operator selection of fixed swath width in metré® system will automatically reduce
the angle of receiving. As the survey depth goepee the outer sector will not be used.

Therefore, the EM302 outer sectors with FM pulséctviare revealed in the Deep’
mode are sector 1 and sector 6 (of total rangednd)the nadir sectors which are sector
2 to 5 are CW pulse. As the seafloor got shallawerEM302 multibeam system changed
to Deep mode, the receiver angle gets wider andiate now displays 8 sectors which

are sector 0 to 7 and all sectors are CW pulse.
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EM302 Dual Swath mode

TX pulse(ms)
Dual Swath #1 frequency(kHz)
Dual Swath #2 frequency(kHz)
Deg | Meter Port Starboard
750 | 140 | 3rs0 | S £ 5 = S 3 3
Deep 281 265 | 33 | 297 | 37 | 301 | 85 | 269
1000 | 140 | 500 959 273 | 321 | 305 | 335 | 309 | 203 | 277

1000 | 140 | sson | 40 | 25 = = S = 2= a

Deep’ 281 265 | 33 | 207 | 317 | 301 | 85 | 269
3000 | 140 | 8500 |yg9| 373 | 331 | 305 | 325 | 309 | 203 | 277

Typical total
Mode | Depth coverage

Figure4. 3 The multi-sector changed the receivimgje@to keep the same swath width.

From Figure 4.4, one can see that there are betierpaesiduals that are caused by
both sector boundaries and pulse-changes. HowteeEM302 that is installed in CCGS
Amundsen has another additional hardware probletn @ne of sectors. This sector of
the EM302 multibeam is either a different powerelear different receiver sensitivity so
that the backscatter image has strongly differeasponse signals. The backscatter
strength of this sector shows as the black arrowsgure 4.4. It is from just one sector in
the £'swath. Thus, the artifact appears and disappeary ether swath.

As mentioned, the EM302 multibeam system whicmssalled in CCGS Amundsen
has a strongly different response signals problemne of its sectors. From Figure 4.4
(A), it is hard to recognize which sector and whsgbath causes this problem. To classify

this sector, however, the only possible way isdpasate each sector. If the dual swath
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data are separatedio 2 separate swath images)e can see tr the problem sector is
just happening in thé® swath (Figure 48)) and there is no problem sectorthe 2
swath (Figure 4.8C)). This method just distinguished the swatlt we need to identif
the specific sectoBy using new extensions getBeamPattern as a part of this the;,
each sectos’ beam pattern cenow be separated by sector and by swath. By plothe
beam pattern of eacbf the multiple sectoréfrom each of the tw swaths, the sector

which has strongly different response signe seem to béocated insector 1 of the 1

swath.
EM302 Mutii & Multi-swath Beam
15
AASTIR
0 1ot/ AN y \%
25 JT \ 7
2 0 | «— Deep’ mode !
: 2 / \
30
L
/ Deep mode
-35 f / ‘\
“% %0 A7 w0 B0 40 B0 20 40 0 10 20 30 40 50 60 70 80 90
Incidence Angle
— 1 Swath (CW)
(B) — 2" Swath (CW)
—— 1% Swath (FM)
— 2" Swath (FM
- 5 H 5 5 5 5 s 5
Deep S el WL 281 313 | 207 | 317 | 201 | 285 [ 269
(A) 1000 | 140 | 5500 g0 | 273 | 320 | 305 | 325 | 309 | 203 | 277
1000 | 140 | ss00 | 40 | 25 s s s 5 25 10
Deep’ 251 313 | 207 | 317 | 3001 | 285 | 269
3000 | 140 | 8500 |ago| 273 | 323 | 308 | 325 | 300 | 203 | 277

Figure4. 4The backscatter mosaic images of EM that isinstalled in CCGS Amunds. (A) is the
backscatter mosaic image tlis just automatically calibrated §ongsberg Maritim echo sounder system.
(B) is thebeam pattern of the sur line. The yellow arrow is the survey direction; the blactkowsshow
the problensector; the red arrow the pulse-changed beam pattern residuhaésblue arroware the
multi-sector beam pattenesidual.
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ComparingFigure 45 (B) & (C), the %' swath image showthe backscatter streng
problem in sector 1 that ilaused byeither transmitter source level or rece sensitivity.
The absolute level of sector and swath changes slighitign the pulslength goes from

CW to FM in theouter sectors (0,, 6, and 7)as the mode changes from Deep to I'.

) ©

Figure4. 5 The dual swatif the backscatter mosaic images of the EMBQ&ibean system. (A) is
combined with 1 swathand2™ swath;(B) the backscatter mosaic images of 1% swath; (C) the
backscatter mosaic images of 2™ swath. The yellow arrows are the survey directthe red arrows
present the probleector of the transduc
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4. 3 The solution and limitations of the original OMG software

To solve the above problems which are related tdti+sector and multi-swath
EM302 multibeam system, modifications to the OM@&vwsare were developed as part of
this research. The original OMG software providee packagesgetBeamPattern and
makess. They can be separated into 2 parts:

(1) getBeamPattern: It is a beam pattern calculation software andused to
determine the backscatter strength fluctuationttier single sector Sidescan or
multibeam. The pattern is derived with respect e vertically referenced
incidence angle (VRIA).

(2) makess: It is backscatter registration software to comsbihe individual beam
trace data into a horizontal range image. It also lse combined with a beam
pattern correction file (frongetBeamPattern) to adjust the backscatter strength
as a function of VRIA.

While it has previously been applied to minimize theam pattern residuals in the
multi-sector and single swath data (EM300, Llewell2006), it assumed that the sector
boundaries were fixed in VRIA However, these twdtweare packages are really just
suited for single sector and single swath. In ordeproperly solve multi-sector and
multi-swath multibeam, the algorithm of old OMG w@dire has been changed to:

(1) Use getBeamPattern to pick, in turn, one of the sector center freqyetand

associated pulse length and type) to normalize thdyfrequency, pulse length,
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and pulse type of interest of whole survey linep&s in turn for all center
frequencies, pulse length, and pulse type foundu(g 4.6 (C))

(2) Stack and re-calculate the combined backscattength of beams with this
frequency pulse combination and calculate the latter strength by VRIA.

(3) Calculate the average backscatter strength of #@wtorsspecific backscatter
strength patterns. (Note: this is the average bkedtors, not just individual
sectors.)

(4) Then, use the average backscatter strength to d¢emgmach launch angle’s
backscatter strength differential for each sedtat bccurred at that angle.

(5) Finally, makess can use the new format output sector-specific b=atter
strength differential to adjust the backscattezrgjth for each beam. Tiheakess
will take the new output ofietBeamPattern and applies the new modification

uniquely by sector.(See Table 4.1)

Beam Launch Averagg Beam Intensity Number of Beam
Angle(deg) Intensity by Differential Samples
Stacking(dB)

0.000000 0.000000 0.000000 0
29.000000 -32.657410 8.637936 1902
30.000000 -29.939967 5.920493 68086
31.000000 -29.336249 5.316775 95610
179.000000 0.000000 0.000000 0

Table4. 1 The typical beam pattern format that ggted by the originaletBeamPattern software package.
Note the pattern is binned into one degree segments
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By using the above old algorithm procedures, tisailteFigure 4.6 (B), attempts at
removing the multi-sector beam pattern residualstably a problem exists with
estimating the beam pattern residual at the sectge. The sector edges (the blue arrows
in Figure 4.6 (B)) still have offsets due to theltrsector beam pattern residuals. The
beam pattern residuals due to pulse changes @ha&rmews) are even not improved in the
survey line as they are no longer distinguisheé logode flag which only existed in pre
EM710 format of Kongsberg Maritime telegram. Morenuhis algorithm is averaging
1% and 2 swath so the backscatter response problem taataarsed by the source level

problem sector 1 in the''bwaths cannot be solved.
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(A) (B)

Single sector and single swath Beampattern
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Figure4. 6 Theompariso of backscatter mosaic images with and withoutolldeOMG beam pattern
correction.(A) is the backscatter mosaic image withoutbeam pattern correctio(B) is the backscatter
mosaic image with the beam pattern correc (C) isthe normalization of the backscatter beam pe
ignoring sectors and swa.

However, the olgetBeamPattern would isolate beam patterns for spec“mode”
(Llewellyn, 2006) This recognizedhat an entire swath might use a different pulsetle
and sector boundarfeg. EM300 Llewellyn, 2006) But it could not separate multig
“modes” within asingle survey swath which was neededaaway to break up a swath
consisting of multiplepulse lengthsAs long as only one swath is present, and the s
boundaries don’tmove the old method worked. It coped with mode changkEsjaately
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as they used to be recorded in the telegram. Tlleniog sections review the method of

Llewellyn (2006) as a precursor to describe the akerithm developed in this thesis

4.4 The other solution for the beam pattern residuals (L1ewellyn, 2006)

This section reviews the previous approach implaeteby Llewellyn (2006). The
old telegram formats of multi-sector multibeam syss$ did not record the information of
the sector number, Llewellyn (2006) tried to usati-step solution in OMG software
to correct for the multi-sector beam pattern resisiwof the EM300 multibeam system,
which are:

(1) Determine the angular location of each sector baund

(2) Redefine the angular beam launch vectors whichuaesl in both the beam

pattern correction and backscatter production sokw

(3) Auto-processing for the mode-intelligent featuréshe beam pattern correction

software which produces residual beam pattern rsddeldifferent pings modes
of the system

(4) Inter-beam interpolation on the produced beam nsoehccount for any beams

to which a statistically low amount of data wasiktited.
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4.4.1 Determination of the angular location of each sector boundary (Llewellyn,

2006)

From observing the original OMG software procedutke operational mode is
stored in the “Runtime Parameters” telegram andbism angle for each given
beam of a ping, which is depression angle, is dtanethe “Depth” telegram. The
sector angle is calculated as:

Opeam = 90° — t9depression (14)

Since there was no sector information stored inBEM800 raw data, and the
official designation of EM300 sector boundariest thas provided by Kongsberg
Maritime were not correct, the only way to deterenimhether two adjacent beams
belong to two different transmitter sectors is Bgmining the pitch steering angles.
Therefore, there is no guarantee to determine &mlasector boundary location
along the entire line of the multibeam data. Whah de done, however, is to
converge all swaths of the entire multibeam dath reacalculate the apparent new
sector boundary angle based on: 1) the steerinig af¢he receive beam; 2) the roll
of the ship at the moment of receive; 3) the muditallation angle of the transducer.

See Figure 4.7.
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ebeam = esteer + eroll + ginstallation (15)

Where:
Osteer= Transducer-relative receive steering angle
Oron = Horizon-relative vessel roll angle at momentaxfeive (equal to the angle

between the gravity vertical and the transducee$ity)
Ointatiation = Vessel-relative transducer installation angle

The6peamis used to define which sector. To get @hg from “attitude” telegram
in the raw data, it can be used to calculate tloeive time and using the receive
time to interpolate the receive beam angle. Thatguis shown as:
Treceive = Tinitial ping time T Tsector ¥ TWTT (16)
Where:
Tinitial ping time = TiMe of first sector firing (logged in raw Korigerg Maritime
telegram)

Tsector= Time delay caused by the interval between sditng

TWTT = Two Way Travel Time
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| — Transducer-relative
receive steering angle
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Beam
vector

Figure4. 7individual angular components usto calculate the sector an¢ [LIewellyn 2006]

After running the converging algorithm, the sedioundarie (angles) can be

estimatedand the sector boundar described as Table 4.2.

‘ Number Sector Boundaries (degrees)
Mode - o i L L
of Sectors | positive=port, negative=starboard
Extra Deep 3 5.0.-5.0
36.5.23.0.18.0.5.0
' 7 9
Very Deep -4.3.-16.2. -24.0. -34.0
53.0.35.0.27.0.9.0
Deep 9
-8.0.-29.0.-36.0.-51.0
Medium 3 47.0.-44.0
Shallow 3 47.0.-44.0
Very-Shallow 3 47.0.-44.0

Table4. 2 Th&eM300 Sector Boundaries Use by the System on CCGS Amundse Calculated Using
Raw Angular Measuremen [Llewellyn 2006]
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4.4.2 Redefinition of Launch Angles Using Raw Angle Determination (LIewellyn,

2006)

The launch angle of each beam is the fundamenf@inmation used in OMG
software @etBeamPattern & makess). Conventionally, the OMG software
calculated the launch angles by using the arc tangethe beam’s across-track

distance divided by the beam’s depth under the.drae equation as shown below:

Orauncn = tan™" (522 —) (17)
Where:
Dacross= The beam’s across-track distance
Ddepth= The depth of beam
Darat = The draft of transducer

However, this equation does not achieve a perfacutation to determine the
launch angle. This equation approximates the eh&esn ray trace as a single linear
vector which means the launch angle is a grosslicapion that is neither exactly
the angle at which the sound arrives at the amawythe grazing angle at which the
sound impinges on the seafloor. In addition, thare some artifacts that are
generated by the calculation of the equation (Ifigrefore, instead of equation (17),
Llewellyn redefined the definition of each beamrieln angle by using the receive

steering angle, roll of the ship at receive, armhgducer installation angle in

equation (15) and (16).
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As these launch angle are redefined, the statistickhe beam samples of
intensities are also re-sampled in angle. The wasithtoundary (See Figure 4.8)

artifacts that are generated by equation (17)belremoved.

0 deg

Figure4. 8 The EM300 multibeam system backscattesaie image using raw angle determination. (A) and
(B) show the mosaics before and after the sectond@aries residuals are removed. (C) contains the
residual beam patterns showing the difference batwiee beam patterns at the sector boundaries thsng
two types of angular determination. Here the rettlepa shows the method of using the depth and acros
track distance transformation, while the blue gat&hows the method of raw angle determination. €ame
see small yet frequent 1-2 dB shifts in beam pattexckscatter strength between the two plots. Water
depth is 180m, with a backscatter range of -15d8@alB. [LIewellyn 2006]
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4.4.3 Multi-mode solution

As well as the multi-sector beam pattern residgpatslem, there is another
problem that is affected by changed in the deptliesumode in a survey line. The
change of multibeam depth survey mode depends esdhfloor depth. When the
depth changes dramatically, there may be two orent@pth survey modes in a
single survey line. As Figure 2.7 shows, when thétibeam depth survey modes
automatically change by depth, the pulse lengéguency and number of sectors
are also changed.

The original or pre Llewellyn OMG beam pattern eation software,
getBeamPattern, allowed one only to stack all swaths and averagene beam
pattern for an entire survey line. If a mode flagsts they could be separated by
mode. For the new systems addressed in this thmede changes are only implied
by sector number, center frequency, pulse lengiti,aulse type. According to the
result in Figure 4.6, however, if this one beantgratis applied to a multi-mode and
multi-sector data, the beam pattern residualstdr@st removed.

The method that Llewellyn uses to solve the aréfiproblem of multi-mode is
to use the software to extract modes that the sysiged during the course of the
survey. That means the software will automaticginerate uniqgue beam pattern

models for matching each mode.
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4.4.4 | nter-beam interpolation within beam pattern models

The beam pattern models of the backscatter streargtbtacked from the entire
survey line. The entire beam launch angles aranagtd as the nearest angle
rounded to the outer degree within one degree bmesOQMG software processes the
beam backscatter strength average. However, thisothesometimes may cause one
degree beams intensities of the beam pattern vénelgetting little or no data.

When the multibeam system is set in Equidistantenadl beams are spaced at
fixed across track intervals to keep inter-beantadice of the swath equal. The
receive channels also have to spread out at & famjle angular distance at nadir
and closer at outer edges. Therefore, most of tblelgmatic situations occur close
to nadir where the resulting beam spacing can bee tian a degree (See Figure
4.9). This beam pattern for the file shown in TaBll8 indicating beam pattern
effects due to a statistically low number of sammpbentributing to the average

which is used to compute an overall beam backscsttength.

61



-20 oB

J|— Gap in beam

pattern data

— Erroneous beam
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Figure4. 9 The 300 beam pattern with missi and erroneoulseam pattern da This is the pattern for
the file shown in Table 4,3ndicatingerroneoudveam pattern effects due to a statistically low benot
contributing to theaverages used to compute an overall beam inte [LIewellyn 2006]

To account for this problerLlewellyn uses amdditionalfunction to run on the
beam pattern model data structure created k old getbeampattern. The concept
of this additional function is set 15% of the awgraaumber of samples per angt
entry to be aninimurnr threshold value. Comparireach of the entries, if any er
is zero or less than the threshold value, the ’s backscatter strenc information
(beambackscatter strenc, backscatter strengttiifferential, and number of bea
sample) will benterpolated by replacir or averagindghe previous or/and next en.

As will be discussed later, thapproachwith significant modification wl be

used to handle statistics with a low number of okzg@ns on the sector edc
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Chapter 5: Solution of the Backscatter Beam PatteriResiduals

Both the original OMG beam pattern correction safsvand Llewellyn’s improved
method can improve the beam pattern residuals nmescertain situations, however, for
dealing with multi-sector and multi-swath multibeagstem, they have some limitations.

The original OMG beam pattern correction softwasswlesigned to process single
frequency, single sector with only a single modeer€fore, once it is used to process the
multi-sector, multi-swath and variety mode, theut®sg mosaic image will exhibit
artifacts.

Because the pre 710 telegram of the Kongsberg i&rimultibeam echo sounder
did not contain the sectors information before 200f& algorithm of Llewellyn is
designed to identify sector boundaries. The algoridid minimize the beam pattern
residuals but had limitations. The limitations assfollow:

(1) The exact angle of each sector boundary was natyalprecisely predicted.
(2) The algorithm of Llewellyn was not designed to death multi-swath because
contrasting sectors from alternate swaths sharsahe angle.
Before a new “Raw range and beam angle (f)” datagmas added in the Kongsberg
Maritime datagram format (Table 5.1), the only iayemove the beam pattern residuals
was to determine which beam belongs to which sdxyousing Llewellyn’s algorithm.

This way is not only inefficient but also not acaie because the beams close to the
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sector boundarynay still be assigned to an incorrect sectdfter Kongsberg company

provided a newKongsberg Maritim multibeam outputlatagrar in January 2009, the

“Raw range and angle ” datagram (Table 5.2) now contdime sectc’s centre frequency,

pulse length,pulse type (CW and FN and transmitter sector number etc.. Tt

attributes.

information are importanthat they can be used to naxactly identify each beam’s
Data Description Format Valid range Note
Number of bytes in datagram 4U — —
Start identifier = STX (Always 02h) 1 — —
Type of datagram = F (Always 46h) 1 — —
EM model number (Example: EM 3000 = 3000) [2U - —
Date = year*10000 + month*100 + day (Example: |4U — —
Feb 26, 1995 = 19950226)
Time since midnight in milliseconds 4U 0 to 86399999 —
(Example: 08:12:51.234 = 29570234)
Ping counter (sequential counter) 2U 0 to 65535 —
System serial number 2U 100 - —
Maximum number of beams possible 1U 48 — —
Number of valid receive beams = N U 1to 254 —
Saund speed at transducerin dm/s 211 14000 to 16000 —
Repeat cycle — N entries of : 8*N — —
— Beam pointing angle in 0.01° 2S -11000 to 11000 1
— Transmit tilt angle in 0.01° 2U -2999 to 2999 1
— Range (two-way travel time) 2U 0 to 65534 1
— Reflectivity (BS) in 0.5 dB resolution 1S -128 to 126 —
— Beam number 1U 1 to 254 —
End of repeat cycle
Spare (Always 0) 1uU — —
End identifier = ETX (Always 03h) 1uU — —
Check sum of data between STX and ETX 21U — —

Table5. 1The old raw range and beaingle (F)datagram. The red square is the information thatado in

each beam. [Kongsberg]
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Repeat cycle 1 - 24*Ntx — —
Ntx entries of:

Tilt angle re TX array in 0.01° 2S -2900 to 2900 6
Focus range in 0.1 m (0 = No focusing applied) 2V 0 to 65534 —
Signal length in s 4F — —
Sector transmit delay re first TX pulse, in s 4F — —
Centre frequency in Hz 4F — —
Mean absorption coeff. in 0.01 dB/km 2U — —
Signal waveform identifier U 0to 99 1
Transmit sector number 1U 0- —
Signal bandwidth in Hz 4F — —
End of Repeat cycle 1

Table5. 2 The sectarinformation of each beam in new rrange and angle datagr: [Kongsberg]

5.1 Methods to Modify the OMG Beam Pattern Correction Software

As chapter 4 mentioned, the OMG beam pattern ciorecsoftware packag
contains two softwaresgetBeamPattern and makess (and functions contained
Echo_calib.c andEcho_calib.h). For these two softwarethe previous methods ato
utilize asingle common beam pattern for the entire svto minimize the beam pattern
residuals. No accounmtas taken of the multi-sector, multi-swatbr the information that
IS now availablen the“raw range and angledatagram of each bee The new algorithm
developed here teolve the beam pattern residi proceedss follows:

(1) Identify the informatior that can separate the mudgetor, muli-swath, and multi-
mode.

(2) Re-calculate anodified beam pattern correction file ggtBeamPattern software that
separates sectors, swaths and r into separatgertically referenced pattet

(3) Apply themodifiec beam pattern correction file toakess software
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The resulting correction file no longer appliesiegle beam pattern for an entire
swath. Rather, multiple patterns, unique for eaemiified sector are used. The algorithm

will be described in the following sections.

5.2 I dentify the information that can separate the multi-sector, multi-swath, and multi-

mode

There are 9 new information items in the modifieaW/ range and angle” datagram
(Table 5.2). However, not all of them can be usedentify the multi-sector, multi-swath,
and multi-mode. Therefore, the first step was ttedeine which information is useful.
Table 5.3 shows the specifics of the dual swathemafdthe EM 302. There are 4 dual
swath modes which are Shallow, Medium, Deep andgDaede that utilize dual swath.
From these 4 modes, sectors can be distinguishdteisame mode or other mode that
share the same center frequency. Furthermore, ¢ep Bnd Deep’ mode have 8 sectors
and they all utilize the same frequencies of eaettos and each swath. The only
difference that can be used to separate the tweesiatntify is the outer sectors which
have different pulse length and pulse type. Theegfthe algorithm to identify beams’

attributes is using a unique combination of fouapaeters as follow:
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(1) Pulse length
(2) Center frequency
(3) Pulse type (CW or FM)

(4) Transmit sector number (as some outer sectors alarkel, 2, and 3)

TX pulse(ms)
Dual Swath #1 frequency(kHz)
Dual Swath #2 frequency(kHz)
Deg | Meter Port Starboard
1.1ms 1.1 1.1
140 26.5kHz 27.7 30.4
29.1kHz 32 33.6
2 2 2
26.5 27.1
27.7 31.3
5 5 5
28.1 | 26.5 31.7
28.9 | 27.3 32.5
40 25 5
28.1 | 26.5 31.7
289 | 27.3 32.5

Typical total
coverage

Table5. 3 The dual swath mode of the EM 302 mudtibeystem. [Kongsberg]

These 4 beam attributes are the most importantifehinformation of the sector
beam pattern. Depending on these 4 beam attribttesalgorithm can be designed a

procedure flow as two steps as Figure 5.1.
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Raw Data
(OMG Merged File)

Read Raw Data by Add the new Beam
» sector and mode in Pattern correction
the getBeamPattern file into makess

4

Separate out by uniguneness
of 1, 2, 3, and 4 attributes

Re-assigned the beam
pattern of each beam by
matching the 4 attributes
of new Beam pattern file

If one of the attributes
are different

Compute statistic by sector

At end calculate the average
of the sectors

A 4

Calculate the difference for
each sector from average

Write or Add a
Beam Pattern
correction file
(New multiple beam
pattern Format)

Figure5. The procedure flow of the beam pattern correctiofinare. Stepl is the procedure of
getBeamPattern; Step 2 is the procedure of tmakess.
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5.3 Re-calculate a new beam pattern correction file by getBeamPattern software

As each beam has its pulse length, centre frequeuise type and sector number
defined, the next step is to calculate the bearepatorrection file byyetBeamPattern
software. However, there is a problem with the fatrof the conventional beam pattern
correction file. The conventional beam pattern ection file has mixed different sectors
and frequencies into one common beam pattern ¢ammedOne option could be to run
though the file and only work on one beam patterrohe sector at a time. Then repeat as
many times as the unique sectors are presentdchontew sector exists. After finishing
finding all new sectors, stack each sector andageeithe backscatter strength of all
sectors simultaneously.

For example, if the survey data of the EM302 melilm echo sounder contains dual
swath and uses the Deep mode, the frequencies extdrs have 16 unique sector
combinations. As the depth is getting deeper, threey mode will automatically switch
to Deep’ mode. The center frequencies and sectaf IDeep’ mode are the same as the
Deep mode. However, the transducer pulses of aéetors 4 of the 16 modes are
changed from CW to FM pulse. The transducer pudsa significant controller of the
absolute level of the apparent beam pattern. Toexethe new beam pattern correction

file should not just contain one beam pattern fi@se outer sectors as well.
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For a file that contains Deep and Deep’, there IGefor deep, of which 8 are
identical for Deep’ (the centre 4 of each). Butréhare 8 new sector combinations. Thus,
20 discrete sector combinations need to be idedtifi

According to the situation of multi-sector, multissth and multi-mode, the new
beam pattern correction file is designed as Tabfe Bhe concept of the new beam
pattern correction file is to use 4 beam attributesuniquely identify which sector
combination each beam’s attributes and createscqueitoeam pattern correction for that
combination. If there are beams for which one ef4hbeam attributes is different in the
survey data, a new beam pattern will be generét@daddresses these new beams in the
same beam pattern correction file. If beams have #ame 4 attributes, the
getBeamPattern will stack and calculate the average angular beatker strength for that
sector. Once all the sector angular patterns haea bomputed, an average backscatter
strength for all the sectors is calculated, andffardntial from that average is calculated

for each valid angle and for each sector pattern.
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Total beam

pattern
correction
mode number
20
Center
Mode number frequency(Hz) Sector number Tx pulse length Pulse type
0 26500.000000 1 0.025000 1
Beam Launch A;/rireangs(iaty?gsm Intensity Number of
Angle(deg) Stacking(dB) Differential Beam Samples
0.000000 0.000000 0.000000 0
39.000000 -30.124335 7.197288 4085
40.000000 -29.472499 6.545452 3893
179.000000 0.000000 0.000000 0
Center
Mode number frequency(Hz) Sector number Tx pulse length Pulse type
1 31300.000000 2 0.007500 0
Beam Launch Aﬁg%i?ﬁsm Intensity Number of
Angle(deg) Stacking(dB) Differential Beam Samples
0.000000 0.000000 0.000000 0
55.000000 -21.466597 -1.460450 2752
56.000000 -20.824013 -2.103034 35092
179.000000 0.000000 0.000000 0
Center
Mode number frequency(Hz) Sector number Tx pulse length Pulse type
19 27700.000000 7 0.007500 0
Beam Launch Aﬁg%i?ﬁsm Intensity Number of
Angle(deg) Stacking(dB) Differential Beam Samples
179.000000 0.000000 0.000000 0

Table5. 4 The new beam pattern correction file ihaesigned to fix the beam pattern problem thase

by multi-sector, multi-swath and multi-mode.
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In the Table 5.4, the number of the first row is total number of unique sector
beam patterns. This number describes how many ensgetors have been identical
according to comparing the 4 attributes. Each sestalescribed by four parameters
which individually are, center frequency (Hz), sechumber, transmitter pulse length,
and pulse type. Under the 4 pieces of informatieach mode has its beam pattern
correction that is separated by launch angle (i @egree bins) in the old beam pattern
correction format. Although the backscatter strbndifferential of new sector beam
pattern correction file is calculated individualigr each sector, the average of all the
sector intensities is used. That means the ba¢kssdtength differential is calculated by
the average of all sectors backscatter strengtheand angle’s backscatter strength. The
ultimate aim is to level off the seafloor resporise all sectors. By calculating the
backscatter strength average of all sectors, therethegetBeamPattern can adjust each
sector to the same common backscatter strengtbnssp

By using the new beam pattern correction file,édgample, it can display the beam
pattern for each mode as Figure 5.2. Figure 5t2esiew beam pattern correction file for
the EM302 multibeam echo sounder. The survey mofidee survey line are from Deep’
mode to Deep mode. The backscatter strength isgeetwi5 to -40 dB. The launch angle
is between +/- 60°. For Deep mode, there are ®eutith dual swath that are shown as
blue lines and red lines; for Deep’ mode, becadsbeofixed swath width, the number of

sectors are 6 sectors with dual swath which anma Bector 1 to sector 6 (see Figure4.3).

72



Each of the relative sectors of these two surveylenohas the same frequency. The
sectors of the Deep mode are all CW pulse. Howekersector 1 and 6 of Deep’ mode
are FM pulse and the sector 2, 3, 4, and 5 are G¥épTherefore, refer to Table5.3, the
total mode number of this survey line can be caledl as:
Deep mode: 8 sectors x 2 (dual swatH)g=modes
+ )Deep’mode: 6 sectors x 2 (dual swath}l2 modes

— JThe same attributes of the sectors: 4 sectorsxul(dwath) =8 modes

Total modes 20 modes
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(A) 5 EM302 Mutli-sector & Multi-swath Beampattern — 1°'Swath (CW)
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Figure5. 2 The beam pattern of the different mottheg depend on the center frequency (Hz), sector
number, Transducer pulse length, and pulse typg.illdstrates the black dash lines are the average
backscatter strength response of each sector andrtbws are the backscatter strength differenti)l.
shows the black dash line is the average of theeallors and the value is -22.92(dB).

5.4 Apply the beam pattern correction file to makess software

The makess software is designed to generate a sidescan ist@ge using the
individual beam trace backscatter strength timéesefMhemakess software can also

accept the beam pattern correction file to be tbepensation of the beam pattern
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residuals. However, once the new modified beamepattorrection file has been
generated bygetBeamPattern software, themakess software also has to be modified to
read in and then correctly apply the beam patterrection file.

Previously a single beam pattern was passeadbtaess for the entire swath. Now an
array of beam patterns are passed together witrray of attributes. An additional test
has to be performed on a beam by beam basis ttfidehich pattern to use.

The algorithm of thenakess software modifications can be presented as follow:

(1) Use the new beam pattern correction file to besatb match and fix each
beam’s beam pattern.

(2) Each beam will compare its information (frequenaysnber of the sector, pulse
length, and pulse type) to the beam pattern cooredile. Previously a single
beam pattern file was used for an entire swath. ddeck was made to
distinguish potentially different beam patternsdach individual beam.

(3) Once the beam matches one of the beam pattern niodée beam pattern
correction file, the beam will apply the backscasength differential of this
beam pattern mode to be the compensation valuesimg uhe beam'’s launch
angle.

(4) Repeat step (2) and step (3) until all beams ofetfitre swath are addressed,

then do next swath.
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Figure 5.3 shows the EM302 data that was modifigdhle newgetBeamPattern
and makess software. Figure 5.3 (A) presents the original datthout beam pattern
correction. There are multi-sector beam pattermdueds, pulse length changed beam
pattern residuals, and the bad sector signalsr Aftplying the new OMG beam pattern
correction software, the original data can be campted by the backscatter strength
differential of the new beam pattern correctioe.fiNot only the problems of the multi-
sector beam pattern residuals and the bad segalsiare solved but also the pulse
length changed beam pattern residuals are impr¢®ea: Figure 5.3 (B) & (C)) Figure
5.3 (B) shows the compensation value image. Thenlgestern residuals that are caused
by multi-sector and multi-swath are either adjudbgdthe average beam pattern value.
Especially, the problem sector of th& dwath has obviously been corrected by the new

OMG beam pattern correction software.
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Figure5. 3 The comparison of the original data tmedcompensated data of the EM302 multibeam system.
(A) shows the original backscattering mosaic imd@.shows the compensation that is provided by the
new beam pattern correction file. (C) shows thekbeatter mosaic image after the compensation. &tie r
arrows show the problem sector of tiestvath. The blue arrows present the processinggroes.
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Chapter 6 The new OMG beam pattern correction softwre application

in Kongsberg Maritime multi-sector and multi-swath multibeam data

As Chapter 2 mentioned that there are 4 types @fkibngsberg Maritime multi-
sector and multi-swath multibeam systems. All cfnthfaced the same beam pattern
residuals problems of backscatter strength whiehcaused by multi-sector and multi-
swath. Each though, have a different numbers dbeeand sector boundary geometries.
Since the OMG beam pattern correction software een modified to improve the
problems, the next contribution will be presenteddach of these Kongsberg Maritime
Mulitbeam systems by using the new OMG beam paterrection software.

The original new OMG beam pattern correction safeygetBeamPattern, was
tested on the specific problems of the EM302 owisglthe multi-sector, pulse length
changed beam pattern residuals and the specifsitisety problem sector. It now can be
use to examine and apply this software to the otyyees of the Kongsberg Maritime

multi-sector and multi-swath multibeam systems.
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EM710

Figure 6.1 illustrates the beam pattern residuald eorrection of the EM710
multibeam data that is collected from Squamishti@riColumbia, Canada in Junef14
2011 . The data of this EM710 multibeam systemassctors, dual swath, and 2 modes
are utilized over the depth range of the exampbel(B0m) which are very shallow mode
to shallow mode. The beam pattern residuals ag&igd (A) illustrates have two stripes
between sectors. By using the compensation imdgeMss Figure 6.1(B)) to examine
the data, the beam pattern residuals between seater revealed. The beam pattern
residuals can also be presented by backscattaggtras Figure 6.1 (D). The black dash
line in Figure 6.1 (D) shows the average referdraekscattering value which is used to
adjust the individual sector backscatter strengjtter the compensation of the new beam
correction software, the beam pattern residualsbearemoved and presented as Figure

6.1 (C).
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Figure6. 1 The data of the EM710 multibeam systhat surveyed from Squamish, British Columbia,
Canada in June-142011. (A) shows the original backscatter image. {Bows the compensation that is
provided by the new beam pattern correction fil®. hows the backscatter image after the compemsati
(D) shows Very Shallow mode multi-sector and msWtiath backscatter strength. (E) shows Shallow mode

multi-sector and multi-swath backscatter strength(A), (B), and (C), the yellow arrows are thelisg
direction; the cyan arrows and dash lines showbt@m pattern residuals. The black dash line in&(ICE)

is the average of intensities and the value is38(8B); dash curve present different sector.
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EM2040

The EM2040 is the newest Kongsberg Maritime makiin system type which has 3
nominal center frequency combinations (400kHz, 30{)kand 200kHz). Figure 6.2 to
6.5 display the short mode and medium CW pulse s108d00kHz and 300kHz modes.
The depths of these data are about 50m. The te#dlable angular sector of 400kHz
mode is +/- 60° and the receiver angle of 300kHzenis +/- 70°. All of the original data
have the multi-sector and multi-swath beam pattesiduals. After corrected by the

getBeamPattern, the multi-sector beam pattern residuals aresatiaved.
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Figure6. 2 The backscatter data of the EM2040 ivedtin system by using 400kHz Short CW pulse mode
(pulse length is 73us) with dual swath. The depthidm. (A) shows the original backscatter imagé. (B
shows the compensation that is provided by the lmeawmn pattern correction file. (C) shows the badksca
image after the compensation. (D) shows multi-gemtd multi-swath backscatter strength; the differe
sectors use line types (solid or dash) to distisigulhe yellow arrows in (A), (B), and (C) are tadling
direction; the cyan arrows show the beam pattesidual between sectors. The black dash line ingEhe
average of intensities and the value is -26.59(dB).
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EM2040 400kHz 3 sectors Medium mode Mutli-sector & Multi-swath Beampattern
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Figure6. 3 The backscatter data of the EM2040 ivedtin system by using 400kHz Medium CW pulse
mode (pulse length is 145us) with dual swath. Téyatllis 50m. (A) shows the original backscattergea
(B) shows the compensation that is provided bynthe beam pattern correction file. (C) shows the
backscatter image after the compensation. (D) smows-sector and multi-swath backscatter strentfib;
different sectors use line types (solid or dashjistinguish. The yellow arrows in (A), (B), and)(&@e the
sailing direction; the cyan arrows show the beatteparesidual between sectors. The black dastofine

(D) is the average of intensities and the valu@%25(dB).
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Figure6. 4 The backscatter data of the EM2040 tyedtin system by using 300kHz Short CW pulse mode
(pulse length is 101us) with dual swath. The déep8B0m. (A) shows the original backscatter ima&. (
shows the compensation that is provided by the lseam pattern correction file. (C) shows the badksca
image after the compensation. (D) shows multi-gemtd multi-swath backscatter strength; the differe
sectors use line types (solid or dash) to distisiguThe yellow arrows in (A), (B), and (C) are Hadling
direction; the cyan arrows show the beam pattesidual between sectors. The black dash line oigEhe

average of intensities and the value is -27.79(dB).
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Figure6. 5 The backscatter data of the EM2040 tmedtin system by using 300kHz Medium CW pulse
mode (pulse length is 288us) with dual swath. Téatldis 50m. (A) shows the original backscattergea
(B) shows the compensation that is provided byne beam pattern correction file. (C) shows the
backscatter image after the compensation. (D) smows-sector and multi-swath backscatter strentiib;
different sectors use line types (solid or dashjistinguish. The yellow arrows in (A), (B), and)(&@e the
sailing direction; the cyan dash squares show #aenbpattern residual between sectors. The bladk das
line of (D) is the average of intensities and th&ue is -27.85(dB).
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EM122

The EM122 is the Kongsberg Maritime deep sea sumgeynultibeam system.
Figure 6.6 is the backscatter data which was deteby U.S. Navy (USNS Heezen) in
Pacific Ocean, 2011 summer. The depth is from 7&Bin. The EM122 switched the
mode from Medium mode to Deep mode. By observirglthckscatter strength profile
(Figure 6.6 (D)), it was found that the most dramaeam pattern residuals are in the
nadir and the outer sectors. Moreover, becausenthsd dramatic nadir’'s beam pattern
residuals occurred in the medium mode, after tlzarbpattern residuals are corrected by
the newgetBeamPattern, the nadir beam pattern residuals of medium moeel@anged
the most. See cyan arrows in Figure 6.6 (A), (BYl €C).

The outer sector beam pattern residuals are ajsstad in strength. The red squares
in Figure 6.6 (A) shows the sediments in the osemtors are different. However, after
the newgetBeamPattern corrected the the beam pattern residuals, thetresaivs the

sediments in this red square area are probablyaime (Figure 6.6 (C)).

87



EM122 Medium mode Mutli-sector & Multi-swath Beampattern
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EM122 Deep mode Mutli-sector & Multi-swath Beampattern
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Figure6. 6 The backscatter data of the EM122 medtibb system which by using Medium mode (pulse
length is 6.8ms) and Deep mode (pulse lengths @@9%ms and 20.4ms) with dual swath. The depth is
50m. (A) shows the original backscatter image. §Bydws the compensation that is provided by the new
beam pattern correction file. (C) shows the badkscamage after the compensation. (D) shows Medium
mode multi-sector and multi-swath backscatter gftten(E) shows Deep mode multi-sector and multi-
swath backscatter strength. In (A), (B), and (68, yellow arrows are the sailing direction; thercgarows
show the beam pattern residuals of the nadir; ¢dedash squares show the beam pattern residutis of
outer beams. The black dash line in (D) & (E) is #iverage of intensities and the value is -40.7)/(dB
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Chapter 7 Conclusion

The aim of this thesis was to improve the OMG begmattern correction software,
getBeamPattern andmakess, and remove or minimize the beam pattern residwhish
are caused by the Kongsberg Maritime multi-sectad enulti-swath multibeam echo
sounders in the backscatter image. The algorithveldped for eliminating the multi-
sector and multi-swath beam pattern residuals is :

1. Use getBeamPattern to generate a multi-dimensional beam pattern
correction file which is indexed by 4 uniquely idiéying parameters which
are sector frequency, sector number, pulse leagith pulse type.

2. According to these 4 information, the intensiti€sectors and swaths can be
separately stacked.

3. Calculate the average of backscatter strength whigst consider all sectors.

4. Calculate the backscatter strength differentiatsech sector with respect to

the average of all sectors backscatter strength.

5. Importing the improved sector specific the beameoatcorrection file in the
makess.
6. Adjust the backscatter strength on a beam by beasis busing the

backscatter strength differentials of the modelei@-specific beam pattern

correction file.
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Using this approach, the multi-sector and multithwzeam pattern residuals can be
reduced significantly.

The improvement to the OMG beam pattern correcmitware, undertaken as part
of this thesis, has been demonstrated to be capabdenoving a major component of the
multi-sector and multi-swath beam pattern residuatshas been explained in Chapter 3,
however, there are still a number of significanthaing problems with the proper
reduction of the backscatter data. Some of the migsificant problems are linked to
proper use of attenuation coefficients and propeoanting for seafloor grazing angle. It
is hoped that future developments can addressiiégaity inherent in separating the
seabed angular response from the beam patterrt efftec Kongsberg Maritime multi-

sector and multi-swath multibeam systems.

91



REFERENCES

Aluizio Maciel de Oliveira Junior and Hughes Clak&., May 2007Recovering wide
angular sector multibeam backscatter to facilitaafloor classificationUnited
States Hydrographic Conference. Norfolk, VA.

Beaudoin, J, 200@leTVG code; unpublished algorithm developments withindthed”,
OMG/UNB software.

Brucker, S., Hughes Clarke, J.E., Beaudoin, J.séles C., Czotter, K., Loschiavo, R.,
Iwanowska, K. and Hill, P. 200 onitoring flood-related change in bathymetry
and sediment distribution over the Squamish Del#mwe Sound, British
Columbia U.S. Hydro. Conf. 2007, 16pp.

Francois R.E. and Garrison G.R., 1982und absorption based on ocean measurements:
Part I: Pure Water and magnesium sulfate contribagi JASA, v. 72, p.896-907.

Francois R.E. and Garrison G.R., 1982und absorption based on ocean measurements:
Part 1I: Boric acid contribution and equation footial absorption JASA, v.72,
p.1879-1890.

Hammerstad, E., January 200&EM Technical Note: Backscattering and Seabed Image
Reflectivity. , pp. 1-5.

Hammerstad, E., September 200&EM’ Technical Note: Backscattering and Seabed

Image Reflectivity , pp. 1-3.

92



Hughes  Clarke, J.E., 1997, EM300 Yaw  Stabilisation[On-line].
http://www.omg.unb.ca/~jhc/yaw_stab/

Hughes Clarke, J.E., 1996, Are you really gettifigl 'bottom coverage" ?, [On-ling],
http://www.omg.unb.ca/~jhc/coverage_paper.html

Hughes Clarke, J.E., 2010, GGE 3353 Lecture Notepalment of Geodesy and
Geomatics Engineering, University of New Brunswickredericton, New
Brunswick

Hughes Clarke, J.E., 2011, GGE 5043 Lecture NdbEpartment of Geodesy and
Geomatics Engineering, University of New Brunswickredericton, New
Brunswick

Hughes Clarke, J.E., 2010ptimal use of multibeam technology in the studgledlf
morphodynamig Int. Assoc. Sedimentol. Spec. Publ. (2012) 44812

Jackson, D.R., D.P Winebrenner, and A. Ishimar8§)9“Application of the composite
roughness model to high-frequency bottom backseagte JASA, 79 (5), pp.
1410-1422.

Llewellyn, K., Jan 2006. Corrections for beam pattern residuals in imageignf the
Kongsberg Maritime EM300 multibeam echo souhdeeport.

Lurton, X., 2010, An Introduction to Underwater Acoustic2™ version. Praxis
Publishing, UK.

Kongsberg Maritime, September 2010.Irfstruction Manual: EM Series Datagram

93



Formats .
Kongsberg Maritime, March 2011Datasheet — EM 2040 Multibeam echo souhder
Kongsberg Maritime, February 201Ddtasheet — EM 710 Multibeam echo soufider
Kongsberg Maritime, September 200Batasheet — EM 320 Multibeam echo soufider
Kongsberg Maritime, September 200Batasheet — EM 122 Multibeam echo soufider
RAK, Kongsberg, Nov 2010, EM 2040 Short Spec, imiedocument, pp. 1-9.
RAK, Kongsberg, Oct 2010, EM 710 Short Spec, iedocument, pp. 1-4.
RAK, Kongsberg, Nov 2010, EM 302 Short Spec, irdédocument, pp. 1-5.
RAK, Kongsberg, Nov 2010, EM 122 Short Spec, irdédocument, pp. 1-4.
Sternlicht, D.D., and C.P. de Moustier, 2003[ime-dependent seafloor acoustic
backscatter (10-100 KHZ)JASA, 114 (5), pp. 2709-2725.
Urick, J.R., 1983, Principles of Underwater Soun@8rd. ed.” Peninsula Publishing, USA.
Urick, J.R., 1954, The Backscattering of Sound from a Harbor Bottofte Journal of

the Acoustical Society of America, Volume 26 N@R, 231-235.

94



Candidate’s full name:

Universities attended:

Curriculum Vitae

Yun-ta Teng

University of New Brunswick
Fredericton, NB, Canada
January 2010 — December 2011

M.Sc.Eng. Geodesy and Geomatics Engineering

National Defense University Chung Cheng Institiute o
Technology,

Taoyuan, Taiwan R.O.C

August 1996 — November 2000

B.Sc.E.Surveying and Mapping Engineering



