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FOR UNDERWATER ACOUSTIC COMMUNICATIONS
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Abstract: A single-carrier frequency division multiple access (SC-FDMA) scheme for
transmission through underwater acoustic channel is proposed in this paper. A uniform
distributed mode is used for the subcarrier mapping at the transmitter side. A single user
scenario is considered where empty subcarriers between each two successive occupied
subcarriers are considered as a guard interval. This enables to increase the receiver
robustness against Doppler spread compared to traditional single-carrier transmission
schemes. Adaptive linear frequency-domain equalization is considered at the receiver.
Results show that the proposed scheme outperforms the single-carrier frequency-domain
equalization transmission scheme (SC-FDE) in terms of bit error rate (BER) and mean
square error (MSE).

Keywords: SC-FDMA, uniform distributed mapping, frequency-domain equalization
(FDE), underwater acoustic channel, Doppler compensation.



1. INTRODUCTION

Underwater acoustic (UWA) communication systemsfesufrom the frequency
selectivity of the multipath propagation, which sas inter-symbol interference (I1SI). Te
UWA channel is also time-variant, yielding a Doppspread [1]. In order to combat
frequency and time selectivity of the UWA channatlvanced signal processing and
robust equalization techniques have to be usedjleSoarrier frequency division multiple
access (SC-FDMA) is a promising technique for haglta rate uplink communications
[2]. SC-FDMA is a modified form of orthogonal fregucy division multiple access
(OFDMA). Performance and complexity of SC-FDMA aienilar to those of OFDMA
The advantage of SC-FDMA over OFDMA is its redugezhk-to-average power ratio
(PAPR) that makes it suitable for transmission friemminals with low battery-life [3],
thanks to its inherent single-carrier structure-FIMA is adopted by the 3GPP as the
uplink for the 4th generation mobile system, loegrt evolution (LTE) [4]. SC-FDMA
uses cyclic prefix (CP)-based frequency-domain kzatéon (FDE) at the receiver [4].
The CP insertion prevents the transmitted sigrahfinter-block interference (IBI). The
FDE is an interesting alternative to the time-dowequalization (TDE) and both have the
same theoretical performance. The computationalpéexity of the FDE is increasingly
lower than the TDE as the channel delay spreadrget in terms of symbol duration [5,
6]. The subcarrier mapping consists in allocatmgdch user a subset of subcarriers out of
N total subcarriers in the SC-FDMA bandwidth eitharalized or distributed [4]. To the
best of our knowledge, the only work related to HGMA transmission in UWA channel
is given in [7] where authors design the locali&tFDMA receiver using 4 users. The
uniform distributed SC-FDMA was not investigatedlats application in such a chanrel
is a challenging task.

In this paper, we propose a single user SC-FDMAsirassion scheme with a uniform
distributed sub-carriers mapping for transmission UWA channel. Performance is
analyzed through transmissions over a time-vari@WA channel in the Brest harbcr,
France from quay to quay over a distance of ab&@® ®Beters in shallow water. A
multiple input frequency-domain adaptive linear @mer (MI-FD-ALE) is considered &t
the receiver. Results of simulations and experisiarg given in terms of BER and MSE:.

2. SYSTEM MODEL

A single user transmits an SC-FDMA signal using tindorm distributed subcarrier
mapping. This user occupies the entire bandwidth-camtinuously resulting on zero-
amplitude subcarriers between each two successtugped subcarriers. The information
data bits are mapped into QPSK symbols using tag m@apping. At the output of the S(C-
FDMA modulator, the resulting data stream is mothaleon a carrier frequendy. An

acoustic signal is generated via the transducéettransmitted through the UWA tim2-
varying channel. When the pass-band digital recksignal is centered on a relatively low
carrier frequency, an all-digital reception carapglied. Since the received signal is band-
limited, an oversampling is performed at the r&fE whereT, is chosen to fulfill the
sampling theorem conditions. The down-conversionp&formed digitally and the
optimum sampling is realized from a sample rateveaer. The resulting all-digitel
receiver is depicted in Fig. 1.
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Fig. 1. UWA transmission scheme
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In wide-band transmissions, such as UWA commurooati[8], the Doppler effect
introduces a scaling of the symbol period that nimestaken into account in the design of
the timing recovery scheme. To restore the traristhgignal, the optimum sampling time
depends not only on the propagation delay obseav#lte antenna, but also on a common
Doppler shift function of the relative speed betwéiee transmitter and the receiver and
the propagation wave velocity. At the receiver sittee optimum sampling time is
unknown and must be estimated. Initial compensatbrcommon Doppler shift is
performed, based on the estimation of the relatiglocity measured using a short
preamble [9] transmitted at the beginning of thefe. Then, a non data aided (NDA)
timing recovery scheme is designed to compensaiéua Doppler shifts due to the time-
variation in the relative speed. Note that the prhgla is also used to realize the
transmission detection and frame synchronizatiocgss.

3. SINGLE USER SC-FDMA TRANSMISSION

The proposed scheme is depictedrig. 2 A single user SC-FDMA transmission is
considered in this paper using the uniform distedumapping mode. The remaining
empty subcarriers are assigned zero amplitude.ors one user is transmitting in the
entire bandwidth, the inter-user interference (lifl)avoided. The QPSK modulation
symbols are grouped into blocks of sigesymbols. The blocks are transformed in the
frequency-domain (FD) via a discrete Fourier transf (DFT). The entire bandwidth of
the SC-FDMA system which contaits subcarriers is divided intd subsets each dfl
subcarriers wherdJ is the bandwidth spreading factoM£N/U). Let denote byu
(u=0,...,N, — 1) the user index wher&l, is the number of users. The maximum number
of users that can transmit simultaneously in th&rerbandwidth is equal taJ. A
subcarrier mapping is performed where the DFT dstauwe assigned tb amongN
subcarriers. AnN-point inverse DFT is applied to generate the toneain blocks
followed by a parallel to serial converter and @Bertion. The CP insertion consists in
adding at the beginning of each block the Issf symbols of the same block_, has to
be equal to or greater than the maximum channelydspread in terms of symbol
duration. At the output of the SC-FDMA modulatdre tsymbols £} of the u-th user
are passed through a pulse shaping fg{erwhere a symbol duratiom is given to each
symbol and are then modulated on a carrier-frequeincwith carrier phase uncertain:y
Y followed by a digital to analog converter (DAChd resulting analog electrical sigr al

is transduced to an analog acoustic wave via adwarer to be transmitted in the UWA
channel.
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Fig. 2. SC-FDMA transmission scheme

Let s (t) be the transmitted signal corresponding to the wse

N-1
s (t) = R%ei (Zﬂctﬂlf)zng)g(t - nT)} 1)

n=0

3.1 Uniform distributed Subcarrier mapping

There are two subcarrier mapping modes in SC-FDMA:localized mapping and the
distributed mapping. In the localized mapping, Meoint DFT outputs are mapped to
consecutive subcarriers. In the distributed mappihgM-point DFT outputs are spread
over the entire bandwidth non-continuously whiclrabust against frequency selective
fading and offers additional frequency-diversityngeompared to the localized mode. On
the other hand, the localized mapping is less 8eadp IUIl than the distributed mappirg
is. Uniform distributed mapping consists is an égacing subcarrier allocation. In Fig.
3, we give an example of the uniform distributedopiag withN=6, U=2 andM=3. Note
that the user symbol duration at the input of tGeFPMA modulatorT ., is defined as a

product of the symbol duration in SC-FDMA signaddathe bandwidth spreading factor
(T =TU ). At the transmitter side, the uniform distributedpping is done as follows,

M -1 L2
wa ™
X = Z(“)dr‘n)e M forg=wU (2)
0 else

where ¢=0,..M-1) and ¢=0,..N-1) are indices on the subcarriers bins. We aldmele
(m=0,..M-1) and (=0,..N-1) the indices on the time-domain block symbol&eAtheN-
point IDFT, then-th symbol of a block is given by the following eqion,

1
(U — = AW
Xn - U dnmodM (3)
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According to (3) and as illustrated in Fig. 3, theiform distributed SC-FDMA is
equivalent to d&J-times symbol repetition in the time-domain of ®€-FDMA modulator
input symbols. This can offer a time-diversity gairthe presence of Doppler shift in the
time-varying UWA channel. The uniform distributedapping has a lower PAPR
compared to non-uniform distributed and localizezbping modes [3].

3.2. SC-FDM A multiple-input frequency-domain adaptive linear equalizer

The received acoustic signal is transduced to actredal analog signal via a
hydrophone followed by an analog to digital coneeifADC). After demodulation and
filtering, the received signals are modelled astiplgl outputs of a discrete time channel.
Then-th sample received by tli¢h antenna can be written as follows,

Ny-1p-1

M= 2, 20 0sY +w,, (4)

u=0 1=0
wherew, , is an additive white Gaussian noise (AWGN) withozemean and variance,
and hj“f,}(l) (1=0,..L-1) are theL coefficients of the multipath time-varying channel

corresponding to the-th user at thg-th antenna withj€1,..,N;) and Ny is the number

of receiver antennas. As in the example of Figw8, consider that the single user is
transmitting on the subcarrier subset indexeg by0.
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Fig. 4. SC-FDMA demodulator

At each input, the received symbols are grouped into blockf sizeN. An N-point

DFT is performed resulting iN orthogonal streams followed by a subcarrier denmapp
to select the useavl-size blocksThe CP are removed and a serial to parallel cororers
performed to form symbol blocks. The CP insertibaves a circular convolution between

the transmitted signa™ t (& nd the channel impulse response (CHR}) . The circular

property of the received signal t (combined with the FD structure of SC-FDMA make
the FDE the best alternative to traditional TDE.



A multiple input frequency-domain adaptive linegualizer (MI-FD-ALE) is proposed.
The multiple inputs are used to obtain a higheraye SNR at the receiver output. Tae

th equalizer coefficients blockﬁu)(k) for the usewu at inputj are computed based on the

minimization of a common mean square error (MSEhm FD between all inputs, with
respect toé}“). The equalizer coefficients are updated on a blpeklock basis using the

least mean square (LMS) algorithm. This meansttiatcoefficients of the equalizer are
kept fixed over the entire block duration. At theginning of the transmission, the update
process is based on a data-aided (DA) mode to a@dywergence to the optimal response.
Then, the update is done in a decision directed)(DDde in order to track the chanrel
time-variation. We define the FD error block addals,

é(u) (k) — szl ﬁ ]_ (k)é?u)(k) - D(U)(k) (5)

where Iii (k) is a diagonal matrix containing theelements of th&-th blockr; k) at the

j-th input, D ) is a diagonal matrix containing tihé-point DFT of thek-th preamble
symbol blockd™ k )during the DA training mode and tih&point DFT of the decision
block at the equalizer outpdt{y‘”)(k)} during the DD tracking mode.

o0 (k +1) =600 4R (08 ()
(6)

where H stands for complex conjugate transposeiamgithe adaptation step size.

4. SIMULATION RESULTS

The proposed scheme is compared to the SC-FDEntrssisn system where the
entire bandwidth is occupied. Therefore, the traassion duration in the case of SC-
FDMA is U times greater than the transmission duration irF®E for the same
transmitted data stream. The proposed scheme idaggd over two frequency-selective
time-invariant channel models with one receiveeant | = 1). Fig. 5 shows the BER vs.
E,/N, for Porat and Proakis B channel models, respegtiwghere E, is the average

energy per data bit andN, is the one-sided noise power spectral densityatPand

Proakis B channel models have a medium and stnaagéncy-selectivity, respectively.
The results show the performance of frequency-donagiaptive linear equalizer (FD-
ALE) in SC-FDMA and SC-FDE. Two values bf are tested=2 andU=3). The genie
LE is the lower theoretical bound of the MMSE linegualizer and is computed using an
ideal equalizer with infinite length and perfeckijown CIR.SC-FDMA performs better
than SC-FDE and offers an additional gain that degher as the channel selectivity
increases. The zero-amplitude subcarriers insdyegdieen occupied subcarriers in the
uniform distributed SC-FDMA make the channel freqgieresponse less selective than it

is in the SC-FDEIn Fig. 5. (a), when the BER is abal®”, a gain inE,/N, of about 1

dB is given for the cases of SC-FDMA with=2 andU=3 compared to SC-FDE. When
the frequency-selectivity increases, that is theeda Fig. 5. (b), this gain becomes more



important and is equal to 5 dB for a BER equal®3 . This gain increases by increasing
the bandwidth spreading factor at the price ofdaicgon in the user throughput.
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5. REAL UNDERWATER EXPERIENCE

The transmission was conducted in the Brest hafrance from quay to quay over a
distance of about 850 meters in shallow water \aittarrier frequency of about 18 kHiz
and a data rate of about 6 kbps. The experiencigooation is given in Fig. 6 and the
signal transmission design is given in Fig. 7. Tla@sducer and hydrophones were fir.ed
but they drifted in the water due to the movemdrihe waves which, added to the UWA
channel movement, results in a certain relativee@dpbetween the transducer and
hydrophones.

15m
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Fig. 6. Experience configuration
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The BER for the FD-ALE in SC-FDMA and SC-FDE transsions is given in Tab. 1 for

a fixed value ofN and different values dil (1, 2, 4). The SC-FDMA scheme performs
better than SC-FDE. This improvement becomes mmigoitant when the number of
zero-amplitude subcarriers increases. A BER equ@lis$ achieved in the casef 4.

20m

Tl w

N | SC-FDE M=N (U=1) | SC-FDMA M=N/2 (U=2) | SC-FDMA M=N/4 (U=4)
64 1310* 1510° 0
128 210 7410° 0

Tab. 1 BER of SC-FDMA vs. SC-FDE BER

In Fig. 8, we show the instantaneous MSE. In theFBMA transmission, the FD-ALE
converges faster and achieves an MSE larger tlanniSC-FDE. Whel increases from
64 to 128, the MSE achieved by the FD-ALE keepghbuthe same in both SC-FDMA
schemes, while it gets degraded in the SC-FDE sehem
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6. CONCLUSION

A uniform distributed SC-FDMA scheme using the MMALE for a single user is
proposed in this paper. The adaptive process allpacking time-variation in the
UWA channel in a decision directed mode. The pregascheme offers an additior al
gain in terms of BER and achieved MSE comparedht $C-FDE scheme. The
proposed scheme is more robust than SC-FDE in rimsepce of Doppler shifts and
may offer an additional gain in frequency-selectihannels.
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