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Abstract: This paper presents some results on adaptive mmirmean-square error
(MMSE) turbo equalization obtained from underwat&periments in the Atlantic ocean.
Single-carrier transmission with high-order modudets is considered (8-PSK, 16-QAM,
32-QAM and 64-QAM), at a coded bit rate as high28800 bps on the underwater
acoustic channel. The all-digital receiver perforntsning recovery, equalization,
interleaving and channel decoding. The results evaluated in term of bit error rate
(BER) and mean square error (MSE). Turbo equaliratmproves the performance of the
receiver and allows reliable high order transmiggowhen the signal to noise ratio is
sufficient.

Keywords: underwater acoustic communications, high order wuataitbn, turbo
equalization



1. INTRODUCTION

This paper presents a high data rate acousticbl@tveen two boats in motion. The
proposed receiver is based on the TRIDENT recdiMedeveloped by GESMA (Groupe
d'Etudes Sous-Marines de I'Atlantique, Brest, Feanm collaboration with Telecom
Bretagne and SERCEL. This receiver was designedefidt; images and speech data
transmission in a shallow water environment. Ifitidesigned for QPSK, the TRIDENT
receiver has been extended in this paper to higaranodulations (8-PSK, 16-QAM, 32-
QAM and 64-QAM). This results in the transmissidncoded bit rates as high as 28800
bps over distances greater than 1 km.

To maximize the spectral efficiency of the linksiagle-carrier modulation is used.
Data transmission is organized into long burstsadmntrast to OFDM systems, this scheme
avoids the spectral efficiency loss due to thertiwe of a guard interval or a cyclic prefix.
The proposed receiver must be able to deal witle-tiamd frequency-selective channels.
Therefore we use efficient synchronization scherapd an adaptive multiple-input
equalizer. In addition, channel coding is used marease the robustness of the
transmission.

In this paper, we evaluate the performance of apiiak MMSE turbo equalizer.
Minimum mean square error (MMSE) turbo equaliza{i®#8] has proven to be effective
for removing intersymbol interference. The equaliaed the channel decoder exchange
soft information in an iterative process. It is wimothat, as expected, the performance
improves when the number of iteration increasese@afly when the channel is very
frequency selective. Experimental results are gieenthe performance of the turbo
equalizer using high-order modulations.

2. TRANSMISSON MODEL

The transmission scheme is depicted in Fig. 1. Avotutional code is fed by binary data.
An interleaver shuffles the coded bits. Each semaflog,(M) interleaved coded bits is
mapped onto aM-ary complex symbod, taken from arM-PSK orM-QAM signal set,

using Gray or quasi-Gray labelling. Data transnoissis organized into long bursts of
several seconds. Each burst is made of an initedrpble used for frame detection and
synchronization, followed by several fixed-sizeadbtocks separated by pilot sequences.
A transducer transmits the modulated signal on tihee- and frequency-selective
underwater channel. The receiver is equipped withaan of N, =4 hydrophones spaced
25cm apart. An all-digital single-carrier receiver used, relying on a multiple-input
adaptive MMSE turbo equalization scheme.

Let s(t) be the transmitted waveforns(t) =[O +dekg(t - kT)ej(2”°‘+"’)}, where f_ is

n=-o
the carrier frequencyy is the carrier phase uncertainfyT is the symbol rate witfT
the symbol durationd, are the transmitted symbols with varianggé and g(t) is a
square-root raised-cosine filter with roll-off fact0.25.
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Fig. 1: Single-carrier transmission scheme overview

When the signal is centred on a relatively low iearfrequency .=17.5 kHz in our

experiments - see Section 4), an all-digital reeeiss feasible [4]. Oversampling is
performed at the rat&T, whereT, is chosen so as to satisfy the sampling theoram. |

this paper, we have chosé@n= 20T,. The down-conversion is performed digitally, and a

timing synchronization scheme based on a sampéec@tverter is used to determine to
optimum sampling epochs. The resulting all-digieadeiver is depicted in Fig. 2.

In wide-band transmission, as it is the case ineamdter acoustic communications,
the Doppler effect introduces a scaling of the syhyeriod which must be taken into
account in the design of the timing recovery sch¢bjeThe optimum sample time not
only depends on the propagation delay at hydrophgne=1,---,N; but also on a
common Doppler shift depending on the relative dpafethe boats and the propagation
wave velocity [5]. Because the receiver is all-#iljithe optimum sampling timkeT + T,Ej)

is not necessarily a multiple of,, a sample rate conversion based on interpolation,

filtering and decimation is then required [4]. Toygtimum sampling time is unknown and
must be estimated. Initial compensation of the comrdoppler shift is performed by
using the short preamble inserted at the beginninthe transmission to estimate the
relative velocity. Note that this preamble is alssed to perform frame detection and
synchronization. Then, a non-data-aided (NDA) tgnirecovery scheme is designed
which takes into account the residual Doppler st to the moving platforms and the
different channel delays at each antenna.
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Fig. 2: Structure of the all-digital receiver

3. TURBO EQUALIZATION PRINCIPLE

The adaptive turbo equalizer is depicted in Fige@ualization and channel decoding
exchange soft information in an iterative manneaclEiteration consists of a multiple-
input equalizer, a soft-input soft-output (SISO)rd@per, a deinterleavdl ™, a binary
SISO channel decoder, an interleaveérand a SISO mapper. The equalizer is fed in by

the received signal samplafé.j) and also by the estimated daig obtained from the
previous iteration. The channel decoder producésdsaisions on the coded bits, which
are used in turn by the SISO mapper to computedftesymbol estimated, to be used
by the equalizer in the next iteration.

The multiple-input equalizer combines the outputstte feedforward transversal
filters fed by the signals received from the hydropes. Second-order phase-lock loops
(PLLs) are optimized jointly with the equalizertéits in order to compensate for the
residual frequency offsets. Whem priori information is available from the channel

decoder at the previous iteration, a feedbackrffd in by the estimated symbotk is
used to suppress the interference at the combutpub

An adaptive least mean square (LMS) algorithm isdu® obtain the filter coefficients
allowing tracking of the channel time variationdeTadaptive algorithm is composed of
two distinct phases: the training phase and thekilmg phase. The training phase makes
use of pilot sequences known to the receiver (dated (DA)) to initialize the equalizer
coefficients. Next, during the tracking period, twefficients are continuously updated in
a decision-directed (DD) manner, based on the vecaiecisions on the transmitted
symbols.
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Fig. 3: Turbo-equalization scheme

This paper focusing on experimental results, aolditi information on the SISO mapping,
the SISO demapping and the adaptive LMS equaliged un this paper are available in
previous references [2][6].

4. EXPERIMENTALS RESULTS

Our simulations emphasize the performance of theS#Murbo equalizer over real sea
trials. Experimental sea trials were carried outMarch 2010 in the site "bay of Brest",
France, by DGA/GESMA. The aim of these sea triads W transmit data from a ship to
another boat in a shallow water environment withader depth of 10 to 30 meters. These
trials were carried out in a context of rough semdepicted in the Fig. 4, the transmitter
was placed on the board of the "Aventuriere II" dhd receiver on board of the boat
"ldaco”. At the receiver side, the antenna arrays vea vertical chain ofN; =4
hydrophones spaced with 25 cm.

4 B
Fig. 4: Sea trial configuration



During these trials, two particular sequences weoerded (AlT44 and AIT63) with the
objective to test the turbo-equalization with highder modulations. Each recorded
sequence included consecutive bursts of symbolSK8R6QAM, 32QAM and 64-QAM)
separated by a guard interval of 5 seconds. Siogtder transmissions with a carrier
frequency of 17.5 kHz were used. The symbol rate 4200 symbols per seconds. The
features of the two recorded sequences are givéabte I.

To build a burst of symbols, a rate =  1£&nvolutional code with constraint length 5
was fed by a block of binary data. An interleavienfied 22500 coded data. Each set of
m:Iogz(M) interleaved coded data was associated Witary complex symbol. A
transmitted burst resulted on the concatenaticanefpreamble of 1 second followed by a
repetition of m blocks of 22500m symbols separated by a pilot sequence of 256

symbols. The burst duration was 25 seconds. The batween the user bit rate and the
channel bit rate was approximately 0.45.

In order to emphasize on the improvements withpitogosed turbo equalizer, we show
the behavior of the receiver in terms of decisimeated minimum mean square error
(DD-MSE) at the equalizer output versus the iteratiumber over duration of 25 s. The

~ 2
DD-MSE is estimate bypDDMSE,,, = A DDMSE, + (1—/1)‘ z, —d,_,| whered=099.

Table | : Features of the real sea trials

Modulation type 8-PSK 16-QAM| 32-QAM  64-QAM
Channel Bit Rate (bits/s 14400 19200 24000 28800
User Bit Rate (bits/s) 6840 8640 1080( 12960

In Table Il, we give the bit error rate (BER) aetbqualizer and channel decoder outputs
versus the iteration. The BER was computed on duraif 25 seconds. The improvement
of the BER is rather weak and only visible for 32/ and 64-QAM.

Sequence AIT63 8-PSK| 16-QAM32-QAM | 64-QAM
BER equalizer output {liter) 3.7e-4 1.1e-3 1.3e-2 1.8e-1
BER decoder output {liter) 0 0 1.77e-4] 2.3e-1
BER equalizer output {Biter) 3.7e-4 1.1e-3 1.0e-2 1.2e-1
BER decoder output (3rd iter) 0 0 8.53et5 1.5e-1

Table Il : Features of the real sea trials

In Fig. 5, we have plotted the DD-MSE at the output ofefeaalizer versus iteration and
the constellations for 1 second duration (4800 sys)bfrom the 5th to the 6th second.
Constellations shown that receiver detects the AMQnodulation. Nevertheless, the
SNR is rather weak and the channel decoder ruasSiNR range where the BER increases
instead of decrease. The performance gain betweefirst and the third iteration of the
turbo equalizer is weak because the intersymbelfertence on this transmission is not
significant. In Fig. 6 is depicted the channel estetformation (CSI) after Doppler shift
compensation. Performing the characterization efftaquency response, it can be shown
that frequency selectivity is weak with fading lawwkan 5 dB. Because it is well-known



that the turbo equalization is essentially effitiaimen the frequency selectivity is high,
the performance results obtained for these reatspariments are in accordance.
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5. CONCLUSIONS

Single-carrier underwater acoustic transmissiorsetban high-order modulations and
adaptive MMSE turbo equalization have been sucolgsfdemonstrated in real
conditions, with user data rates greater than Y& kbnfortunately, from the database of
real recorded signals, the performance improveroetdined by the turbo equalization
process have not been emphasized because of adquehcy selectivity of the channel.
We hope that the recorded signals in a future cagnpef measure will be more corrupted
with strong intersymbol interference in order tooy® the efficiency of the turbo
equalization.
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