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ABSTRACT

High-speed communications over the underwater acoustic chan-
nel are difficult due to time-varying multipath propagation and
Doppler scattering. These phenomena, however, can be effec-
tively used for joint multipath-Doppler diversity of received sig-
nals similarly to multipath diversity in a conventional Rake re-
ceiver. We present a new signal processing technique for data
transmission over fast fading underwater acoustic channel by using
OFDM signals. This technique exploits multipath-Doppler diver-
sity which is based on the channel model as a sum of macro-rays
characterised by delays, Doppler parameters and transfer func-
tions. Delay and Doppler estimation involves calculation of the
cross-ambiguity function for a pilot signal; transfer function es-
timation exploits frequency domain B-spline approximation. Ex-
perimental results demonstrate high BER performance of the pro-
posed algorithm for various propagation scenarios.

1. INTRODUCTION

Multipath propagation and Doppler scattering can be effectively
used for joint multipath-Doppler diversity of received signals with
different types of modulation. Orthogonal Frequency Division
Multiplexed (OFDM) signals are attractive for implementation be-
causethey lead to relatively simple channel estimation and demod-
ulation algorithms. In [1] the frequency-spatial diversity reception
of OFDM signals for short distance underwater propagation was
studied. In [2] and [3] we have presented experimental results
relating to joint multipath-Doppler diversity of spread-spectrum
OFDM signals with orthogonal modulation by Walsh-Hadamard
functions; the adaptation of the receiver to Doppler scattering has
been shown to have improved the demodulation performance in
different propagation scenarios. Detailed investigation has shown
that the bit error rate (BER) in such areceiver depends basically on
signal-to-noise ratio (SNR) and is practically independent of other
channel characteristics [4]. Recently it has been proposed to use
multipath-Doppler diversity for wireless mobile communications
in fast fading channels [5].

In this paper we consider frequency diversity transmission and
joint multipath-Doppler diversity reception of the OFDM signals.
We present an algorithm for receiving the signals and investigate
its performance in real propagation scenarios. The paper is or-
ganised as follows. In Section 2 the signal model is presented.
Section 3 describes the channel model with multipath and Doppler
scattering. Section 4 describes signal processing in the receiver,
including estimation of delays and Doppler parameters, spline-
approximation of the channel transfer function, combining of the
diversity signals and decoding. Section 5 presents experimental
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results. Section 6 contains conclusions.

2. TRANSMITTED SIGNAL

The transmitted OFDM signal can be modeled as
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where N is the number of frequency components (in our exper-
iments, N = 1024), A is the amplitude, wy, = 27 fx, fr =
fe—F/2+k/Ts, f.isthecentral frequency, Ts isthe symbol dura-
tionand F' = N/Ts - the frequency bandwidth of the transmitted
signal. The function ¢(k) defines the phase modulation of the fre-
quency components: v/2exp{jo(k)} = a(k)Ma(k) + jMi (k)
where j = +/—1 and M (k) isthe spectrum of apilot signal used
by the receiver for channel estimation. The spectrum of the infor-
mation signal is a(k) Mz (k). The sequence Mz (k) provides ran-
domisation of the transmitted signal; as a result, the signal wave-
form s(t) is similar to a realisation of a Gaussian noise process.
M, (k) and M (k) are different m-sequences of length NV; the se-
quences a(k), M (k) and Mz (k) are binary with values 1. For
frequency diversity each data bit dr,, m = 0,..., N/Q — 1, iss-
multaneously transmitted on @ frequencies: a(m+iN/Q) = dp,
1=0,...,Q— 1. Weconsider Q-branch frequency diversity with
Q = 2", wheren isinteger withn = 0, ..., 7. Overal datatrans-
mission consists of anumber of consecutive OFDM symbols. The
datarateis F'/Q bps.

3. CHANNEL MODEL

We consider the channel model [3], [4]

x(t):Z/ stmt —whi(u —7)du+£(1).  (2)
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There are L macro-rays with Doppler parameters n;, delays 7, and
impulse responses h,;(t); &(t) is additive white Gaussian noise.
The model (2) for h;(¢t) = d(t), where 4(t) is the Dirac delta
function, and |, — 1| <« 1/(TsF) resultsin

(t) =Y s(t —m)e* ™M+ &() ©)
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where f; ~ f.(1/m — 1). The model (3) is a basis for joint
multipath-Doppler diversity in fast fading mobile radio channels



[5]. From (2), it follows that matched-filter processing of the re-
ceived signal can be performed separately for each macro-ray and
then results can be combined similarly to combining the multipath
components in a Rake receiver [6].

4. SIGNAL PROCESSING IN THE RECEIVER

Algorithm of signal processing in the receiver includes 1) end-
front processing; 2) estimation of the delays 7, and Doppler pa
rametersn;; 3) estimation of transfer functions H; (w) correspond-
ing to theimpul se responses h; (t); 4) diversity combining and data
decoding.

4.1. End-front processing

The received signal z(¢) is filtered in the frequency band [f. —
F/2, f. + F/2], sampled at the frequency f; = 1/T = 4f. and,
over each interval of duration T, the samples are used for calcu-
lation of complex envelopes

2q(n) = > (i)™ M gInTong N —iT]  (4)
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where g(t) isimpulse response of a discrete lowpass filter with a
frequency bandwidth of F/2 andn = 0,...,N — 1. The fre-
quencies f.(q) = f./nq cover the Doppler frequency range [f. —
FD7fC+FD]: fc(q) = fc+qu/21Whereq = _ND7~ . '7ND1
(2Np + 1) is the number of Doppler channels in the receiver;
Af = 1/Ts is the frequency resolution of the signal, and Fp =
AfNp/2.

4.2. Estimation of delays and Doppler parameters

For estimation of the delays and Doppler parameters, the cross-
ambiguity function is caculated; the envelopes z,(n) are corre-

lated with the pilot-signal described by the spectral sequence M (n):

zq(n)e” 2T, ()
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The sequence |y4(n)| is ¢g-th section of the cross-ambiguity func-
tion. Since variations of the delays and Doppler parameters are
slow with respect to variations of the complex amplitudes, the non-
coherent average of the cross-ambiguity function is used

V' (n) = (1= @)lyg(n)| + aVy ' (n) 7)
where the index ~ relates to the ~y-th processed signal in the com-
munication session. The parameter o (0 < « < 1) when close to
unity allows us to reduce the influence of the noise £(¢) upon the
estimation accuracy. Among the values V' (n), the first L max-
imaare selected; the positions of the maxima (n;, ¢;) give the esti-
mates of the delays 7, = n;Ts f. /(N fe(q;)) and Doppler parame-
tersf, = fe/fe(q). The selection of the macro-rays is connected
with the algorithm of estimating the transfer functions.

4.3. Estimation of transfer functions of macro-rays

Estimation of transfer functionsisbased on frequency domain spline-

approximation. The algorithm can be described as follows. For
each macro-ray the spectral sequence
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is calculated. It should be noted that Z; (k) in (8) is different from
Zq(k) in (5) sincein Z;(k) the delay has been compensated. This
is important because the transfer function can vary considerably
during one OFDM symbol, so that the estimate of the transfer
function should be performed over the same time interval, which
will be later used for diversity combining. The estimate H;(w) of
the transfer function H; (w) is

R
w) = ch)Br(w). 9)
=0

The expansion coefficients ! "

where the matrix {b- } isthe inverse of the matrix with elements
afh = 300 Be(wr) Bun(wr), and €5) = SO0 My (k) Zu(k) B
The basis functions B, (w) = B(w — 27 fe + 71'F —rQ), r =
0,...,R,Q = 2nF/R, arebuilt upon the cubic B-spline

L’ -30-%)" o<wi<n
Bw)=1 1(2-1&l)", Q< |w| <29,
0, lw| > 202
In [7] the mean square error
B0y [Hi(wr) = Hi(wi)|*}
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was investigated, where E{-} denotes statistical expectation. The
error can be presented as 6% = §2 + §2. The approximation com-
ponent 52 depends on the basis functions B, (w) and differential
properties of H;(w), which in turn depends on maximum delay of
the impulse response /; (t); this component can be neglected if the
maximum delay is less than R/(2F"). The processing of the I-th
macro-ray involves multipath signal components with delays from
therangef, = [ny—R/2, ..., i+ R/2]. Therefore, thefollowing
procedure has been used for selection of macro-rays:

V(l) V(”’)( ) (@) = argmaX{Vq(,lL)}, l=1,...,L,
q,n

V(l) _ 0 n eal*l andq:qlflv
™ =) V48P otherwise
The statistical component of the error can be estimated as 62 ~
R/(N - SNR) [T7].
4.4. Diversity combining and decoding

The estimates H; (w) are used for diversity combining. The spec-
tral sequence Y;(k) = Zi(k)H; (wx)Ma(k) corresponds to the

) aredeterminedasc”’ = 3% _ brmglY,
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Fig. 1. BER performance. Experiment 1 (—), calculation (- - - ).

matched filtration of the signal component propagated over the [-
th macro-ray. The combining of Q frequency diversity signalsis
performed as

Q-1
wi(m) =Y Re{Yi(m +iN/Q)}, m=0,...,N/Q —1,

where m is the index of a data bit within an OFDM symbol and
Re{-} denotes the real part of a complex-valued number. The
multipath-Doppler combining is performed by

w(m) = Zwl(m). (10)

Finally, the estimate of the data bit d,y, is d,, = sign{w(m)}.

5. EXPERIMENTAL RESULTS

Five experiments were carried out under different propagation con-
ditions. Experiments 1-4 were performed with transmitting and
receiving drifting ships; each communication session with signal
parameters T; = 4 sec, f. = 768 Hz and F' = 256 Hz lasted
about 30 min. In Experiment 5 areceiving ship was drifting, but a
transmitting ship moved with a speed of 5 m/s; the duration of the
communication session was 6.4 min; the signal parameters were
Ts = 1 sec, fo = 3072 Hzand F = 1024 Hz. In dl the experi-
ments an omnidirectional transducer was used for transmission of
the acoustic signals.

Experiment 1 was performed in the Baltic sea at a distance of
20 km with both atransducer and receiving hydrophone placed at
adepth of 50 m. The channel impulse response contains a continu-
ous group of rayswith amaximum delay of 125 ms. More detailed
description of this experiment can be found in [8]. Fig.1 shows for
this experiment the BER versus the frequency diversity degree Q.
In this figure, results of BER calculation according to [9]

1 Q-1
1, 7 sNR 73 (2k — D)1
PQ_Q{l [SNR+1} [H;k!Qk(SNRH)kH

are also presented. This formula applies to independent Rayleigh
fading in diversity branches with equal average SNRs. However,
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Fig. 2. Channel impulse responses. Experiment 5.

comparison of experimental and calculated BER demonstrates dif-
ferent performance; thisis attributed to both considerable correla-
tion between frequency diversity channels (the interval of corre-
lation is about 8 Hz) and a large range of average SNR across
the frequency channels (the average SNR versus frequency varies
more than 10 dB).

Experiments 2, 3 and 4 were performed in the Indian Ocean
at distances of 3 km, 90 km and 525 km, respectively, with trans-
mission at a depth of 200 m. In Experiment 2, an omnidirectional
receiving hydrophone was used at a depth of 500 m; the chan-
nel impul se response contains two macro-rays (direct and reflected
from the surface) with a delay of 22 ms. In Experiment 3, the sig-
nal was received by a directional antenna at a depth of 180 m; the
propagation conditions correspond to a second shadow zone; the
channel impulse response contains two intensive macro-rays with
adelay of 50 ms and two weaker rays with delays of 750 ms and
900 mswith respect to thefirst ray. In Experiment 4, the signal was
received by adirectional antenna at a depth of 180 m; the channel
impulse response contains two intensive rays with a delay of 16
ms.

Experiment 5 was carried out in the Pacific Ocean at distances
of 50-52 km. Fig.2 depicts channel impulse responses measured
during the communication session; there are two groups of macro-
rays with the delay of about 200 ms. The more intensive group is
depicted in Fig.2B; the variation in relative delays during the com-
munication session can be seen. Fig.3 showsthe channel scattering
function averaged over atimeinterval of 8 sec; wide Doppler scat-
tering caused by varying channel parameters can be seen. Fig.4
shows fluctuations of the Doppler parameter for the most inten-
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Fig. 4. Fluctuations of the Doppler parameter. Experiment 5.

sive macro-ray; the spectrum of these fluctuations demonstrates
high spectral components with periods of 5-16 sec corresponding
to fluctuations of the sea surface. Fig.5 shows the BER versus Q
in these experiments (for SNR=0 dB). It can be seen that the BER
performance varies in a small range (less than a factor of 2 for
the parameter Q) for different propagation scenarios. This shows
that the channel model (2) is in good accordance with the under-
water acoustic propagation, and the proposed algorithm of joint
multipath-Doppler diversity of OFDM signals allows us to realise
advantages given by this channel model.

6. CONCLUSIONS

We have studied a receiver of OFDM signals with frequency di-
versity of transmitted data. The proposed demodulation algorithm
is based on coherent weighted addition of frequency, delay and
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Fig. 5. BER performance. Experiments 1-5.

Doppler shifted signal copies. Experiments carried out in differ-
ent propagation scenarios have demonstrated that the error rate de-
pends basically on signal-to-noise ratio and is practically indepen-
dent of other channel characteristics. The agorithm can also be
used for multipath-Doppler diversity in mobile radio communica-
tions systems operating in fast fading channels.
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