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1. Executive Summary

The present document presents work on acousticleebommunications networking and potential
advances in the field of underwater data transomssi the scope of the FeedNetBack case study (b),
work package 8 ‘underwater operation with coordimavehicle fleet’, and gives practical background
on the constraints of signal transmission in théewwater environment.

Second deliverable of WP8, the document is direotigtinued from deliverable D8.01 ‘case study
scenario’ with a focus on scientific and technatadjbackground of the underwater communication.

The document’s aim is to provide the projects ainépproaches with a high level of technical
background.

2. Introduction

This document develops a synthesis of the workraptiehed in the FeedNetBack project in the area
of tools for data transmission between underwagtrcles in a fleet formation.

The global case study scenario has been presentetiiment D8.01. In paragraph 2 we will resume
elements of this underwater fleet case study waietrelevant for this document.

A first state-of-the-art networking concept hasoalgeen presented in D8.01. Studies of potential
improvements of such network architectures areudsed in paragraph 3.

Improved data transmission techniques within congially available acoustic modems have been
evaluated at sea, completing the comparative sedubtm D8.01. The results are presented in
paragraph 4.

In the field of underwater signal transmission [[], work has been accomplished in order to
understand and better exploit physics of underwateustics; specific modeling of sound propagation
as to predict propagation performances of acodstiices in sea conditions is one topic of this work
information theory and Doppler resistant signaliogdire complementary approaches.

3. Acoustic multi channel communication

Commercial acoustic data links exist, to our knalgks, exclusively in single channel simplex transfer
mode. It is commonly admitted that duplex commutigceais not realistic on a spatially and frequency
limited space on a small underwater vehicle, tieepgon chain saturation by the high sound pressure
level during emission. We will consider in the @olling that only simplex techniques can be
employed, meaning that a transmitting acoustic modannot simultaneously receive data.

State-of-the art channel separation techniques tliilase presented in paragraph 8 do however
encourage multi-channel reception. We will in theragraph analyze in what way hypothetic data
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links in simplex mode but multi-channel receptiooud improve the rate of information exchange in
a network of underwater vehicles.

In the following diagrams, we look at the amountlafa sets exchanged between N vehicles during N
communication cycles.

The vehicles are named V1 through VN, the cyclesGt to CN. The green color shades represent
transmission, the yellow fields represent receptrdth the number of received data sets being
indicated in the grid cell. Case A shows the sdenahere only one vehicle emits at one cycle,

scenario B shows 2 emitting vehicles, and so forthinally the number of received vehicle-data-sets
is summed in the horizontal line below each diagrana the total number is summed up to the right
in the red cell.

In a first case we consid& vehicles(figure 1). Two non trivial scenarios A and B dxiwith
respectively one or two vehicles transmitting thita packets. In both cases 6 data sets are edceiv
amongst the fleet, the multi-channel scenario Briaprovided an increase in the exchange.

The 4-vehiclecase in figure 2 shows a total exchange of 12 sglats for one and three transmission
channels, and 16 data sets when two simultane@mels are used. We observe thus a 25% increase.

In a fleet of5 vehicles two and three channel transmissions yield a maxinof 30 exchanged
packets, with a 50% increase compared with singgacel transmission.

A B
Vi V2 V3
cl 1 1 cl
c2 1 1 c2
C3 1 1 C3
total 2 2 2 total

figure 1 : data exchange scenarios for fleet oéldicles

A B
vi V2 V3 V4 Vi V2 V3 V4
cl cl 2 2
c2 c2 2 2
C3 Cc3 2 2
ca c4 2 2
total total 4 4 4 4
C
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Vi V2 V3 V4

figure 2 : data exchange scenarios for fleet ofHicles

A B

V1l V2 V3 V4 V5 Vi V2 V3 V4 V5
cl 1 1 1 1 2 2 2
c2 1 1 1 1
c3 1 1 1 1
c4 1 1 1 1
C5 1 1 1 1

V1l V2 V3 V4 V5 Vi V2 V3 Vv4 V5

figure 3 : data exchange scenarios for fleet oéBicles

As conclusion, we may state that a moderate gathdrinformation exchange can be achieved with
multi — channel technology. As we will see in paggdn 7, a comparable gain can be obtained by
higher robustness to multi-pathing and inter chhoressing, by optimized coding techniques within
each channel and so reducing guard times includeddéh transmission slot.

4. Acoustic data transmission sea trials

High data rates of up to10 kbit/s have been evatlatith a commercial acoustic link by sea trials in
March 2010 with Ifremer’s asterX AUV on tiV L’Europe

In previous work we have experienced low data rate$00bit/s [D8.1] to be reliable. Links with
higher data rate were appropriate for low noiseirenments, especially in vertical geometric
conditions suitable for mooring-to-surface commatians. Data transfer between several underwater

D8.02 Underwater Fleet Communication Tools Page 6
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vehicles and between underwater vehicles and sudadts does not correspond to those criteria thu
opposing transfer through higher rates.

The trials were conducted during the campaign “ES®Aon board Ifremer’'s RV L'Europe, with the
asterX AUV. The tested equipments were Sercel MAD8 acoustic modems. The following table
shows the rate of successful data transfer bettfeeressel born modem and the AUV modem, in a
cycle with down loading and uploading packet streaifhe noise level is measured being appr.
74dbpPaHz.

Data rate | Cycles Completed| Reliability Vehicle depth| Slant range in Est. max
Bit/s [%0] [m] test [m] range [m]
100 n.c. n.c. 95 0-2000 200 — 3000 3000
1000 20 14 70 800 1000 1800
2000 20 13 65 800 1000 1600
4000 20 16 80 800 1000 1500
6000 20 18 90 800 1000 1400
10000 20 16 80 800 1000 1400

table 1 : sea-trial evaluation of bit rates fron®li¥s up to 10kbit/s

The results prove that significant improvement bagn accomplished on vehicle-to-vehicle and
vehicle-to-surface communications. Exchange of nummplex data sets concerning vehicle state,
possibly payload samples, becomes realistic. Themamication is today still based on simplex mode,
which leads, together with the transmission delysather simple architectures like TDMA.

The practical evaluation of the maximum transmissiange is completed by computation of the
theoretical values. The blue series corresponds hgpothetic low noise vehicle (64dbpPi), the
red one corresponds to the actual noise leveleofftamer AUVs (74dbuRéddz).

D8.02 Underwater Fleet Communication Tools Page 7
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figure 4: transmission range in function of dataraie

5. Modeling of propagation performances

We are studying the performances of acoustic datasmission in vehicle-to-vehicle conditions. In
fact, sound speed variability in water layers, iqodtthing caused by ground or sea-surface reflexion
of sound waves, have a significant influence on thtensmission quality and range. These
performances depend widely on the actual geomdtye transmission problem as given by the

vehicle positions. The simulation of the underwatemmunication benefits from this topic by
increasingly realistic modeling.

Issued by cooperation between IFREMER and the Rrenmpany CHRISAR, a computation model
of acoustic signal propagation in function of eomimental and technical parameters has been
developed and calibrated by sea trials. As a ressidiftware tool with vocation of operational pireed
evaluation of the performances acoustic transmssystems.

The modeling software allows predicting the mamfithe signal-to-noise ratio (SNR) of the acoustic
power at the receiver, i.e. the SNR exceeding tleinmim level necessary for reception and

decoding. The SNR margin can be used to calculgtéransmission range at a given threshold of bit
error rate, at which a regular the transmissioaoissidered realistic. From the SNR margin we can
also determine the bit-error-rate at a given raiige. parameters entering the estimation are:

» the acoustic central frequency ;

D8.02 Underwater Fleet Communication Tools Page 8
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» the emission power level ;
* the bandwidth of the signal ;

On the technical side the relevant parameters are

* type of seafloor ;

* sea surface state ;

» sound velocity profile;

* acoustic noise power level at receiver;

The software shows as a result in a 2 dimensigohgieolor-coded reception level as the SNR margin.
The maximum range is considered equaling the lohiOdb in the received signal strength. The
following paragraphs will consider this latter cademaximum operation range estimation using the
Odb signal excess limit. In the graphs, this istthasition from green to yellow colored areas.

The objective of this study is to provide sciegtifind technological soundness to the concepts of
communicating underwater vehicle fleets. The typitachnical and operational constraints of
underwater system technology are taken into accnshiadd to the realism of the case study.

Estimation of range in function of sound speed profiling

The following computation shows the influence oé tbound velocity profile on the transmission
conditions and performances. We present computafiana) summer and b) winter, in the case of
100bit/s data rate.

We consider an acoustic modem working at 10kHz taarzsmission power of 185dBu#tz, with a
bandwidth of 3kHz, a reception band of 240Hz, seckdn limit SNR of 10db, and a bit rate of
100bit/s. The environment is characterized by cainfiace conditions (no significant wind & wave), a
vehicle noise of 64dbuRBiz, uniform and flat ‘muddy’ sea floor.

Mediterrenean Sea (Toulon - France) - Summer condins

In summer periods, the warmth of the surface waier decreases rapidly in the first meters of ldept
and sound velocity decreases with it. After reagtdnrminimum value at some tens of meters of depth,
the sound velocity increases naturally with pressur

This sound velocity profile causes shadow zonewvhiich a signal will not be received, even if
otherwise it would be sufficiently close to be pedy received, this phenomenon is typically
described by ‘diving rays of sound’.

The plot hereunder represents transmission perfowendetween two vehicles, one diving at 10m
depth, the second on diving at

a) the same depth (10m),
b) 100m depth,
c) 300m depth.

In case a) the max range is about 1km, in case ib)roughly 2km and in c) it is 3km. For depth
differences greater than 300m between both vehitiesmaximum range will then progressively
decrease.

D8.02 Underwater Fleet Communication Tools Page 9
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figure 5 a-c :propagation performances for sourdcity profiles in summer conditions

Mediterrenean Sea (Toulon - France) - Winter condibns

In winter periods, the water temperature is homogernn the upper water layers, and sound velocity
increases with pressure from the surface downwaidsshadow zones appear in the computation
plots, and maximum range of about 3km is reacheskeclo the surface. This maximum range slowly

decreases with depth.

D8.02 Underwater Fleet Communication Tools

Page 10



xx FeedNeback

co-design for networked control systems

CHRISAR Software Technologies : ACSRAY Ifremer Version 7, 3,4, 0 (%X Matrice de l'exces de signal par rapport au bruit (avec pertes sur le rayon le plus fort) E‘

mis km
MILIEU SOURCE SONAR 1528 1560 s

Bathy Fréquence (KHZ): 10
Frofondewt () [10
Créer une bathycdkimétie Totaldes gains de

trait t -33.802
Créer une Bathyhtermie i
Nom de la Bathy |5tTiop_Marsbly > Niveau demission 500
&) 185

Visuslization du profl ds Eathy

Viesse duvent ) [0 Femiesdnedr) 1000 1000

Niveau lsotropique Spectial
ala requence anise (98] |70 BeiElbeh Cmee

Fond [@ b I
o 1500 1500

Modéles s
 Mackenzie (" Rloche 3w Pas déchantilonnage w5, | Gaonle
en distance (m] o0ales
& Halwatson " Padesans [c] Pl o]
10 - RPSE RPSE
MNature  (pertes & [rayonle 2008
 Sable Wisualisation 30 globales] plus fort]
& Vase M
2500

Chai de [équipement
[Mats_5 | Caleul Duitter
3000

CHRISAR Software Technologies : ACSRAY Ifremer Version 7, 3,4, 0 =][E5] Matrice de l'exces de signal par rapport au bruit (avec pertes sur le rayon le plus fort)

mis
MILEU SOURCE SONAR 1528 1560

Bathy Fréquence (KHz): i
Profondeu () [100
Créet une bathycdléimétie Total des gains de
— et 33802
Crder une B athyhtermie By
Nom de laBathy |5tTiop_Mars.bty = Miveau démission 500
= . e 185

Visualiation du rofi de Batry |

Viessduvent ) [ Paramétres du caleul om0

Niveausohopique Spectial

ala fréquence émise [dB]  |°+0 Emz‘fﬁiﬂ‘ﬁam
Fond K
i km
Modéles P 1600
" Mackenzie " Aoche & nu Pas déchantilonnage: {Globsles] " [rayon le
dis abales
& HalWatson " Podesana packensl) plus for
0 - RPSE RPSE
Nature © [pettes @ fayonle 2000
2] [ St Visualisation 30 dlobakes) plus fart]
& Yase W
2500

Choix de 'équipement
[Mats_5 ~| Calcul Quitter
3000

CHRISAR Software Technologies : ACSRAY [fremer Version 7, 3, 4, 0.

2
Bt MILIEU SOURCE SOMAR 1628 1680
= Profondeur (m) (300 Fréquence [kHZ): 10

Créer une bathycéléimetie Total des gains de

- 32802
Créer une Bathyhtermie tm\[ljarriem
Nom de la Bathy |StTion_Marsby v N w00
8) 185

Visualization du profil de Bathy \

Viesse duvent M) [0 Permisdneay] 1000 1000

Niveau sotiopigue Spectral
4 la héquence emise [dg]|°40 e
Ford [ 5
N 10 b 1500 1500
Madéles Pertes
€ Mackenzie ¢ Rochednu Pas déchantilonnage ol E’;”Es‘ ) baenle
i lobales]
& HalWatson (" Podeszwa endstance () s
0 - RPSE RPSE 2000
Nature © petes [ayonle
2] [ Sl Visualsation 3D dlobales) plus fart]
® Yase o

2500

Chis de [2quipemert

[Mats_5 I3 [

3000

figure 7 a-c :propagation performances for souridoity profiles in winter conditions

Estimation of range in function of receiver noise level

The acoustic and transmission parameters are the aa above.

In this case we vary the vehicle noise measuratleamodem receiver by 10db steps. The technical
and environmental parameters are those of the apavagraph in the more favorable winter
conditions, both vehicles situated at 100m depthe Thoise levels are fixed as 64dBp(Ha,
74dBuPalHz and 84dBuPéHz. 74dBuPaHz is a typical level experienced on IFREMER’s AUVs
The maximum ranges will be 8km, 4.5km and 1.8krpeetvely.
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6. Complementary approaches

In the scientific research community specializedimtlerwater acoustic communications, significant
achievements have been reached with novel digitmlabk processing approaches. The OFDM
(Orthogonal Frequency Division Multiplexing) techoe presented in the paragraph 8 of this
document allows multi-channel communications (dse E8]). Another promising technique is MIMO
(Multiple Input Multiple Output) array networks [4]their potential lies in multiple channels betwee
arrays of transmitters on one side and arraysagfivers on the other side.
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The optimization results in a gain in the data pggormances. The necessary hardware (arrays) and
the application constraints are not clear at tlesgmt stage of research.

7. Conclusions for AUV fleet control and simulation

Underwater vehicle simulator modules from previouwk are being adapted to the FeedNetBack
project work. Simulation functionalities cover thrareas :

1. vehicle kinematic behavior and control of multipkhicles;

2. communication between vehicles with a parametridehoepresenting transmission
delay, realistic data rates and risk of bad receptiue to absorption, multi-path, ray
bending etc.

3. environment model and geographically referencedmemreadings;

A complex simulation software suite with extensBI2 representations is being adapted from earlier
work, partner INRIA (PO1) is involved with developnt of a simplified simulator running on the
Matlab ™ suite.

The acoustic communications network is implememnétth performances according to D8.01 and
D8.02 regarding range, bit-error and delay perforeea. The networking architecture implemented at
the current stage is the TDMA concept (see D8.0tétails).
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8. OFDM Receiver for underwater acoustic communications

This paragraph has been prepared by partner POIAINFRr reasons of different choice of text prodegssoftware, the
styles are not identical with the first part of thecument. Figure numbering is starting at 1 iis gection. We hope to
present a homogenous document in a second version.

Problem setting

Orthogonal Frequency Division Multiplexing (OFDM) has emerged as an attractive signaling scheme for
modern wireless wideband communications such as 3GPP LTE, WIMAX, Wireless LANs, Digital TV
Broadcasting (DVB), Vehicle to Vehicle (V2V) communications, and has recently been considered for un-
derwater acoustic (UWA) communications. Interest in OFDM stems from the fact that it decomposes a time-
invariant frequency selective channel into a set of independent sub-channels that are free of inter-symbol
interference [1]. Since each subcarrier only experiences flat fading, complex time-domain equalizers are
not necessary [2]. However, OFDM is highly sensitive to temporal channel variation, frequency offsets and
motion-induced Doppler distortion, which destroy carrier orthogonality and introduce inter-carrier interfer-
ence (ICI) . When ICI is not explicitly mitigated, the performance of conventional data detection schemes
are severely degraded.

Underwater acoustic channels are typically wideband in nature due to the small ratio of carrier fre-
quency to the signal bandwidth, which introduces frequency-dependent Doppler shifts [3]. They are partic-
ularly challenging since they encompass the behaviour of high-speed mobile radio-frequency channels and
that of satellite communications (delay). The main characteristic of such channels are as follows:

e The available bandwidth is severely limited. The attenuation of acoustic signal increases with fre-
quency and range [4]. Consequently, the feasible band is extremely small;

e The channel impulse response is not only spatially varied but also temporarily varied. The channel
characteristics vary with time and highly depend on the location of the transmitter and receiver. The
fluctuation nature of the channel causes the received signals to be easily distorted.

e The multi-path propagation of two types: macro-multipaths, which are the deterministic propagation
paths; and micro-multipath, which is a random signal fluctuation. The macro-multipaths are caused
by both reflection at the boundaries (bottom, surface and any object in the water) and bending. In-
tersymbol Interference (ISI) thus occurs. Compared with the spread of its ground-based counterpart,
which is on the order of several symbol intervals, ISI spreading in an underwater acoustic channel is
several tens or hundred of symbol intervals for moderate to high data rate in the horizontal channel.
Micro-multipath fluctuations are mainly caused by surface wave, which contributes the most to the
time variability of shallow water channel. [5];

e Propagation delay in underwater is five orders of magnitude higher than in radio frequency (RF)
terrestrial channels, and extremely variable;

e High bit error rates and temporary losses of connectivity (shadow zones) can be experienced, due to
the extreme characteristics of the underwater channel.

Recently, there have been extensive investigations on underwater OFDM communication. Some of them
consider pilot-tone based block-by-block receiver. The block-by-block receiver does not rely on channel
dependence across OFDM blocks, and thus it is robust to fast channel variations across OFDM blocks. In
contrast to single carrier phase-coherent transmission, OFDM has one desirable property that one signal
design can be easily scaled to fit into different transmission bandwidths with negligible changes on the
receiver [6]. With bandwidth varying from 3 kHz to 50 kHz, data rates from 1.5 kbps to 25 kbps after rate
1/2 coding and QPSK modulation are reported in [6]. Further, with different bandwidths of 12 kHz, 25 kHz
and 50 kHz, data rates of 12 kbps, 25 kbps, and 50 kbps after rate 1/2 coding and 16-QAM modulation are
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also achieved [6]. These recent studies demonstrate the feasibility and flexibility of OFDM for underwater
acoustic communication.

Multipath delay and Doppler effects constitute the main obstacles to robust underwater acoustic com-
munication. One common approximation is to treat the channel as having a common Doppler scaling factor
on all propagation paths. In order to adequately recover the transmitted information, algorithms at the re-
ceiver must include estimation and compensation of the Doppler scaling factor, channel estimation, and
information symbols estimation.

For estimating the Doppler scaling factor, several approaches have been suggested in the literature (see
[7] for example). In the OFDM case, they are based on the use of preamble and postamble of a packet
consisting of multiple OFDM blocks [3] or by exploiting correlation induced by the cyclic prefix [8]. Then,
the received signal is resampled by using a sampling period related to the estimated Doppler scaling factor.
We derive new data detection schemes where Doppler estimation and channel estimation are solved by
means of high resolution harmonic retrieval solvers [9, 10, 11]. In the proposed scheme, the received data
are processed block-by-block. The advantage of the proposed scheme is to avoid data resampling and
residual CFO estimation and compensation.

System model

We consider an OFDM transmission system where each OFDM block is constituted with two sub-blocks
of respective length T, and T}, with T,;/T, € N, as depicted in Fig. 1. Each sub-block is followed by a
cyclic suffix (CS) of duration 7},. Therefore, the overall OFDM block duration is T' = T, + T + 27},

Data ‘ SC ‘ Data and pilots ‘ SC ‘

T Ti Ts To

Figure 1: Structure of the OFDM block

We denote by ¢, the data symbols in the first sub-block. They are all informative and thus unknown to
the receiver. In the second sub-block, all data symbols dj, are not informative; some of them are known to
the receiver and will serve to estimate the equivalent channel parameters. In baseband, the signal s(.) to be
transmitted can be viewed as a mixture of two signals s, (.) and s4(.), each one corresponding respectively
to the first and to the second sub-blocks:

s(t) = su(t) + sq(t) (1)
with
Su(t) = 7 Z (:qEJQWqQAftHT"+T‘}(t)
gey
sq(t) = Z dye?2™ A Iy o (8 — T — Ty)
ke,

where Af = 1/Ty denotes the minimal frequency spacing between consecutive subcarriers, ITp allows
taking the CS operation into account, i.e. IIp(¢) = 1, ¢ € [0,T], and IIr(t) = 0, otherwise, 1 allows
controlling the power of the first sub-block so that both sub-blocks have the same power, () is an integer
that allows increasing the frequency spacing between the subcarriers in s,(.), Ky, (resp. Kg) the set of
subcarriers in the first (resp. second) sub-block.

In the sequel, we consider that K, C K4, meaning that some of the subcarriers of the second sub-
block are reused in the first sub-block. By denoting K, (resp. Kj) the cardinality of IC, (resp. K,),
i.e. the number of used subcarriers, we get K, < Ky, Kg = {—Ky4/2,--- ,Kq/2+ 1}, and K, =
{qo, -+ ,q0 + Ky — 1}, for a given integer .

In passband, the analytical representation of the signal to be transmitted is z(t) = s,(t)el?™f<t +
sa(t)e?®mI<t ¢ € [0, T), with f. the central carrier frequency. This signal is transmitted through a multipath
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underwater channel whose impulse response is given by:
P
ht, ™) =D Ap(t)3(1 — 7(2)),
p=1

where A, (t) and 7,(t) are respectively the gain and the delay associated with the pth path. The following
assumptions are adopted:

e All paths are affected by a similar Doppler scaling factor @ such that 7,(t) = 7, — at.

e The path delays 7, the gains A, and the Doppler scaling factor @ are constant over the block duration
T.

e The guard interval T}, is chosen so that T, > max{7,} = Tmaz-

Therefore, the received signal results on a mixture of scaled, dilated or compressed, and delayed versions
of the original OFDM block as shown in Fig. 2. Hence, we can define two time windows /; and I3 where

I
I
: Data Cs |  Data and pilots Cs
: - ;
| T Tkl | Tao/A Tolh |
| I} |
| —4 l
f Data l:cs j Data and pilots ’ICS
I_ A e e e T e l
walh T To/A Talk To/A

Figure 2: Multipath and Doppler effect on the OFDM block

the received signal strictly depends on the first and second sub-blocks respectively. These time windows
are defined by: I; = |mmae, Tt Tyt rmin ] L s == [Tl.+Tq)\+rnm.,-’ T+7)‘\mm}’ where Timin < Ty < Tmazs
p=1---,PandA=1+a.

In I and I5, the analytical representation of the received signal is respectively given as follows:

K, +qgo—1
n Z By, @™ 4a)eat Lay(t), tel (2)
=490
Ka/2-1
> Brdpe™ WO Loy(t), tely (3)
k=—Ka/2

y(t)

y(t)

P ;
where ¢, = fo + qQAf, fi = fo + kA S, w(t) denoting the additive noise, By = Y Apye /2™ and
p=1

P
By= Ape9%him, 4)

p=1

In both [; and s, the received signal y(.) can be respectively viewed as a mixture of K, and Ky
harmonics with constant magnitudes. In the sequel, we intend to solve the problem of Doppler scale factor
estimation as a Harmonic retrieval one. We make use of these two time windows for first estimating the
Doppler scaling factor and then recovering the informative symbols contained in the OFDM block. Since
the time windows involved in the estimation process depend on A, we assume that A is bounded, such that
Anin € A < Anaz. One can note that A;,q. and A\, are related to the maximal and minimal velocities

D8.02 Underwater Fleet Communication Tools Page 16



&5 FeecdNeback

co-design for networked control systems

of the underwater vehicles, which can be a priori known. In addition, we assume that 7,4, is known and
Tmin = 0. Therefore the involved time windows are modified as follows

Tmaz Lu+ Tg Ty + Tg + Tmae T
Iy = —| Iy=

(3)

E]

s
)\min )\ma,.r /\m in /\ma ol

Owing to the CS, the time windows to be used are larger than those obtained when using a ZP scheme as in
[10]. Obviously, with more observations, an improvement of the resulting estimation method is expected.

Doppler estimation

The harmonic retrieval problem has been extensively studied in the literature (see [12, 13, 14, 15] for exam-
ple). In general the magnitude are assumed to be constant as in the case for y(.) in I and I5. For solving
(2) as a harmonic retrieval problem, we make use of the high resolution method called HTLS (Hankel Total
Least Squares) [16]. This algorithm can be viewed as a special case of the ESPRIT algorithm [14] and also
as a Total Least Squares variant of Kung et al.’s algorithm [17]. Resorting to a high resolution method is
mandatory since the Doppler is to be estimated from a very slight deviation of the actual subcarrier frequen-
cies. A search on discretized space of frequencies could need a very short step of discretization, implying a
huge complexity. In other hand, FFT based methods have a lower bound of resolution incompatible in such
a situation.

In the noiseless case, we consider the NV samples y,, n = ng,--- , N + ng — 1, of the first portion (2)
of the received signal:

Ku+qo—1 Ku+qo—1
Yn = 1) Z Cqueﬂm""(]‘L“)nT" =n E chqgf):;, (6)
q9=q0 q=4qo

T, being the sampling period. In a harmonic retrieval problem, we aim to estimate both the poles ¢, =
e7?m¢a(1+a)Ts and the magnitudes n¢, B, of the K, harmonics.
For this purpose, let us first build with the samples y,, the following L x M Hankel matrix

Yng Yno+1  Yno+2 °° Yng+M-1
Ynp+1 Uno+2 ul T Yno+M
Y= Ynp+2 o 2 ot Yng+MA+1 !
Yng+L-1  Yno+L e o YUngt+N-1

withN =L+ M -1, L > K,, M > K,. It admits the Vandermonde decomposition:
Y = Sidiag(a)TT, (7

where S; and T'; are two Vandermonde matrices with ¢, as generators:

| (. 1
S] - d)qﬂ : @Ku"l'qo_l c CLXI\’H
(L1 ‘L—1
@QO Q)Ku +qo—1
1 _ 1
¢‘1l) e ¢Ku+qu—1 -
T, = ; ; (S CM”‘“,
M—1 M-—1
P " PKutgo-1
while & contains the complex magnitudes of the /K, harmonics:
a=1n{ euBudl - = Bk o )T
! q02g0Pqq Kut+qo—1PKu+q0—-1PK, 4 go—1
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We intend to estimate the Doppler scaling factor from the angle of the generators ¢,. In order to avoid any
ambiguity since angles are obtained up to 27, the sampling period can be selected such that the angle of the
generators belongs to [—, 7]. For this purpose, it is enough to select T such that:

T 1 (8)

* = 2Anaee max{p,}

It should be noted that this condition corresponds precisely to the Nyquist-Shannon sampling theorem
condition applied to the Doppler scaled spectrum of the received signal. We can also derive the following
proposition:

Proposition 1 If the sampling period is such that T, < m the Vandermonde matrices S| €
CLxKu gnd Ty € CM*Ew [ > K,, M > K, with Py = ed2meq(1+a)Ts g generators are full column

rank.

Proof 1 The Vandermonde matrices loose their rank if at least two generators have the same angle modulo
2. Owing to condition (8) on the sampling period we know that the angles of the generators belong to
[0, 7]. Therefore, the angle of the generator are all distinct modulo 2. Thus, the resulting Vandermonde
matrices are full column rank.

Let us denote by q?)q the poles estimated with the HTLS method (see [9] for details). If the sampling

period T is chosen according to (8), then the angle of <2>q, denoted éqan, belongs to [—, w]. We deduce the
following estimator for the Doppler scaling factor:

Kutgo—1 2

. Ly

a=-14— . 9
Ku, (;{Z: QW(PQTE

One can note that such a Doppler scaling factor estimator is completely blind. However, since it is a SVD-
based estimator, the computation load becomes significant when increasing /&,,. So, we suggest to use few
active subcarriers K ,,. The choice of the optimal number is still an open question. Moreover, when dealing
with subspace-based methods, the dimension of the initial matrix is very important. When applying HTLS,
it has been shown that very good results are obtained for L x N — L + 1 matrices where L € [N/3,2N/3]
[18].

Data detection

Now, for recovering the transmitted information symbols, we assume that some pilot symbols have been
inserted in the second OFDM sub-block. We first estimates channel parameters using pilot symbols before
recovering the informative symbols. Recall that the symbols ¢, are informative whereas only some of dj,
are also informative. The samples corresponding to the time interval I5 are given by:

Kq/2—-1
Yn = y()|i=nt. = Z di Bred2r(+a)funTe
k=—Kg4/2
In matrix form, we get:
y = Hb, (10)
s T i v 3 i
Withy = ( ¥n, -+ Umami-1 ) b= (b_gye -+ brye-1) +bk = diBy, ¢ = F2TIHDAT,
and
n in
‘3531(,1/2 o qﬁ[('l,fﬂgl
H: 7 . . ecjlel([{‘
éer.Nl -1 . 7n1+‘N171
7[\',;/2 K(1/271
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1

It is straightforward to check that H is a full column rank matrix if Ny > Ky and T, < Tres (il

As a consequence, we can compute the least squares (LS) solution of (10) as:
b=H'y (1)

where H' denotes the pseudo-inverse operator of the matrix H. Since the entries of b result on the product
of a symbol dj. and the equivalent channel parameters By, without lack of generality, by assuming that

the subcarriers numbered k& = 0,1,--- , K, — 1, K, < K;/2, are devoted to pilot symbols, i.e. dj.k =
0,1,---, K, — 1, are known to the receiver, we get:
By, = by, /dy. (12)

Now, the question is: how constructing By, associated with the information symbols from those estimated
using the K, pilots?
First, we can note that (4) can also be written as

P
Bo=S"lh, yp = dpe il ¢, — g itmAm, (13)
p=1

The expression above is particularly meaningful. Indeed, 53 can be viewed as a mixture of exponentials in
the frequency domain. We can therefore obtain both -, and ¢, by solving a harmonic retrieval problem.

Assuming that the number of significative paths P is known and provided K, > 2P, we make use of
the HTLS method for solving the problem (13) where B, is replaced by its estimated value B’k For this
purpose, we build an L x M Hankel matrix B, with K}, = L+ M — 1, L > P, M > P, which admits the
following Vandermonde decomposition:

B = Sydiag(y)TE. (14)

with S5 and T some Vandermonde matrices having (, as generators, and -y the vector with 7y, as entries.
Let us denote ép the estimated poles. By replacing the poles by their estimated values in Sy and T, we can
solve the following equation:

vee(B) = (T2 © S2)7, (15)

wvec(.) denoting the vectorization operator whereas © stands for the Khatri-Rao product, i.e. a columnwise
Kronecker product.
The entries of the least squares solution of (15), denoted #, can be used for computing B, for any value
g P .
of kas By = ) *“yqu,’. Therefore, we can deduce the information symbols in the second sub-block as:
p=1

- bk
dy, = P_ (16)
> Wl
p=1
while those of the first sub-block can be obtained as
b= % (17)

P

,,-]ej2rrgar,(l+d)non Z ,;/ng
p=1

& being the corresponding entry of the least squares solution of the vectorized version of equation (7), i.e.

vee(Y) = (T, ®8)) e
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Simulation results

In these simulations, the range of frequency used by the underwater vehicles was [165H z — 27kH z]. The
Doppler scaling factor was set to a = 8 x 10~%. We assume that |@,,,,:| = 1073, meaning that the maximal
relative speed is 1.5 m/s. The carrier frequency was set equal to f, = 21 kHz, whereas the guard interval
was T, = 10 ms, We used Ky = 256 subcarriers for the second OFDM sub-block. The duration of this
sub-block is Ty = K,/B, with B = 11 kHz, whereas that of the first sub-block is T,, = T,/10. Hence,
the duration of one OFDM block is 45.6 ms. The data was modulated using a QPSK constellation. All the
results presented below are averaged values over 100 independent Monte Carlo runs. The channel impulse
response used for the simulation is depicted in figure 3. The additive noise was a complex valued white
Gaussian noise.

Gain

0.1 T
0
0 1 2 3 5 6 7 8

4
Delay (ms)
Figure 3: Impulse response of the simulated channel

We evaluate the performance of the proposed scheme by computing the mean square error between the
estimated and the actual values of the Doppler scaling factor. The data detection method is evaluated by
means of the bit-error-rate (BER).

Fig. 4 depicts the mean value of the estimated Doppler scaling factor whereas the mean square error on
the estimation of this factor is depicted in Fig. 5.

Estimated Doppler scaling factor

g —o- K72
3 oK =4
4 K =8
25 3
++ Actual value
g . )
0 5 10 15 20 25 30 35 40

SNR (dB)

Figure 4: Estimated value of the Doppler scaling factor.

We can note the effectiveness of the Doppler estimation scheme. However, the performance is degraded
when decreasing the SNR. The degradation is more accentuated when increasing the number of subcarriers
in the first sub-block of the OFDM symbol. Indeed, by increasing K, the frequency spacing of the sub-
carriers is reduced. Therefore, the harmonic retrieval problem needs higher resolution and precision. Such
a precision is difficult to obtain when the SNR decreases. Increasing K, seems to be relevant only for high
SNR values. This observation is directly related to the behaviour of HTLS in noisy cases.
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Mean square error

0 5 10 15 20 25 30 35 40

Figure 5: Mean Square Error for the estimation of the Doppler scaling factor.

In Fig. 6, we depict the BER for three numbers K, of pilots and two values for K. Increasing the
number of pilot allows improving the BER.

From these simulations, we can conclude that increasing the number of pilots has a positive effect on
the performance of the receiver while increasing the number of subcarriers K, has a contrary effect.

B K=28K=4
@ K =40, K =4

P
P
P
"
P
P

0 5 10 15 20 25
SNR (dB)

Figure 6: BER for different number of pilots and two numbers of subcarriers in the first sub-block (K; =
256)

Multiple access channel methods

In a network of multiple AUVs, multiple access techniques constitute a crucial question.

Frequency Division Multiple Access (FDMA) divides the available bandwidth into several sub-bands
and assigns one of them to a particular user. The band is used by this user only till it is released. FDMA
has been deployed successfully in ground-based radio networks. However, FDMA may not be a good fit
in underwater environment. The available bandwidth is extremely limited for acoustic signal underwater.
If we divide the band into several even smaller parts, the coherence bandwidth of the transmission channel
can be bigger than an FDMA sub-channel. Correspondingly, fading is caused among users with different
sub-bands [19].

Time Division Multiple Access (TDMA) is another basic access technology. In this technology, a time
frame is divided into multiple time slots and a slot is assigned to one individual user. Each user transmits
in the assigned slot. TDMA has been widely deployed for ground-based radio networks and several 2G
cellular network standards (GSM , IS 136) are based on the idea of TDMA. It is also used extensively in
satellite communication systems. One advantage of TDMA is energy saving, which is extremely important
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in underwater environment. Since each user only transmits on its assigned slot and keeps idle in other time
slots, the transmitter could be turned off during aforementioned idle period, such that energy can be saved.
Another advantage is its flexibility. The same hardware can be used to transmit and no extra hardware
is needed for other operations, e.g., to add another time slot for a user. One of the disadvantages is its
overhead. To avoid collision from neighboring slots, guard times that are proportional to the propagation
time delay is included. The overhead is found larger than that of FDMA [20]. Another drawback is that
it is hard to achieve time synchronization, which is a necessity for TDMA technology, in an underwater
environment, due to the more significant difference in propagation delays. Consequently, collisions happen
and the system throughput decreases.

Code Division Multiple Access (CDMA), which is based on spread spectrum techniques, is another
widely deployed access method. In contrast with FDMA and TDMA, CDMA does not divide time or
frequency. It allows users to transmit all the time with all the available bandwidth. Users are distinguished
by allocating to each user a spreading code. This code is orthogonal with any other spreading codes that
other users take. CDMA technology has been used widely for ground-based wireless networks, especially
for cellular networks and military networks. It is one of the popular standards of 2G cellular networks (IS-
95), 3G systems (CDMA 2000 and UMTS) and in 4G systems when combined with OFDM technology.
However, a multi-user CDMA system needs good power control strategy to work properly. Otherwise, the
near-far problem could deteriorate its performance [20]. Power control is easily implemented in ground-
based radio networks, but it is hard to do so in underwater environment.

Orthogonal Frequency Division Multiple Access (OFDMA) is one of the recently proposed multiple
access methods. It is the main choice for future broadband communication networks, e.g., WiMAX, LTE
(Long Term Evolution), and IEEE 802.11n. The proposed data detection scheme derived in the previous
sections can be used in a TDMA framework and can be extended to the OFDMA case. In the OFDMA
case, one can significantly reduce the latency induced by the TDMA scheme. In OFDMA, a subset of
orthogonal sub-carriers are allocated to each user. If the subsets are adequately chosen, the bandwidth
used by each user can be larger than that allowed by the FDMA scheme as depicted in Fig. 7. Indeed, by
allocating consecutive subcarriers to different users, the frequency spacing between subcarriers associated
with a given user increases. And the bandwidth is larger than in a scheme where consecutive subcarriers
are allocate to the same users.
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Figure 7: Frequency allocation in FDMA (Top) and OFDMA (Bottom).

Conclusion

We have presented a new scheme for both estimating the Doppler scaling factor and detecting the infor-
mative data. In the proposed scheme, each OFDM symbol is divided in two parts. The first one is shorter
and carries out few data with few subcarriers whereas the second one contains both informative and pilot
symbols. The first sub-block serves to estimate the Doppler scaling factor while the pilots in the second
sub-block are used for estimating the equivalent channel. Both estimation methods are based on high res-
olution methods for solving harmonic retrieval problems in time and frequency domains respectively. The
proposed scheme is particularly efficient for moderate to high SNR. Robustness to noise, for lower levels
of SNR, and extension to the multi-user case will be investigated. In addition, effectiveness of the proposed
approach using experimental data is to be considered in future works.
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