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1. Introduction 
Underwater acoustic (UWA) communication 

in shallow water is an ongoing challenge due to 
multipath-induced signal fading and motion- 
induced Doppler shift 1). To achieve a UWA 
communication in shallow water, the application of 
orthogonal signal division multiplexing (OSDM) 
has been proposed by authors 2). UWA comm- 
unication with OSDM scheme has been confirmed 
to be robust to heavy inter-symbol interference 
compared to existing UWA communication with 
decision feedback equalizer 3). However, it has also 
clarified that OSDM is more sensitive to the 
Doppler shift compared with the existing comm- 
unication system, and there is the necessity of 
applying Doppler shift compensation. 

In this paper, we apply Doppler shift 
compensations for UWA communication with 
OSDM and evaluate its performance. As Doppler 
shift compensation, we focus on a synchronization 
scheme which has been proposed for orthogonal 
frequency division multplexing (OFDM) by Sandell 
4). The performance of compensation techniques are 
evaluated in simulation. 

2. UWA Communication with OSDM Scheme 
and Doppler Shift Compensation 

Figure 1(a) and (b) show a modulator and 
demodulator with OSDM scheme, respectively. The 
modulator calculates sequence, ps, by multiplexing 
two sequences of length M; pilot sequence for 
channel measurement, a, and transmission message, 
mt. Then, a guard interval, which is the last part of 
ps of length L, is placed at the beginning of ps (Fig. 
2). The orthogonality between a and mt is 
maintained completely even a modulated signal, 
pp(t), passes through a multipath channel. The 
receiver de-multiplexes the receiving signal, qp(t)
by adopting a matched filter, measures a channel 
response using pilot sequence, and calculates a 
receiving message, mr, by adopting an channel 
inverse filter to the de-multiplexed sequence, q1.

Fig. 1 Modulator and demodulator with OSDM; 
(a) modulation, and (b) demodulation scheme. 

Fig. 2 Structure of OSDM-modulated sequence, s
~p .

However, OSDM is sensitive to a motion- 
induced Doppler shift, because it causes inter- 
ference between a and mt

3). To overcome this 
problem, we apply Doppler shift compensation 
schemes which measured Doppler shift by 
exploiting the guard interval; (i) scheme based on 
sampled sequence4) and (ii) scheme based on 
receiving signal, as shown in Fig. 3 and Fig. 4,
respectively. In scheme (i), the Doppler shift, fd

i, is 
measured as 
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and  is the energy ratio between transmitting and 
receiving sequences. 
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Fig. 3  Doppler shift compensation scheme (i), 
………...based on sampled sequence, qb. (in Ref. 4) 

Fig. 4  Doppler shift compensation scheme (ii), 
………...based on receiving signal, qp(t). 

In scheme (ii), the Doppler shift,. fd
ii, is measured as 
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The measured Doppler shifts, fd
i and fd

ii, correct the 
receiving signal by phase shifting and resampling, 
respectively. Note that the scheme (ii) works as 
coarse Doppler shift estimator and (i) works as fine 
estimator, and scheme (i) cannot work in heavy 
Doppler shift because it depends on sampled 
sequence. 

3. Performance Evaluation and Discussion 
We evaluated the performance of Doppler 

shift compensations in simulation. The evaluation is 
performed by calculating the Doppler effect on qp(t),
and demodulate the affected signal. We consider the 
case that the Doppler shift, fd, is coherent through- 
out the packet, and do not consider the signal fading. 
Parameters, M and L are set as 127 and 60, 1/T, fc,
and sampling frequency, fs, are set as 2, 20, and 400 
(kHz), respectively. Normalized Doppler shift, fdT,
changes from -0.05 to 0.05. The scheme (ii) 
searches Doppler shift by changing fd

’T from 
-0.0515 to 0.0515 every 1.5 10-3. Figure 5 shows 
the simulation results. In Fig. 5, output signal-to-  
noise ratio (SNR) expresses the variance of the

Fig. 5  Relationships between output SNRs and 
normalized Doppler shifts, fdT, in OSDM 
communication with Doppler shift compensation 
scheme (i), (ii), and without any compensation. 

receiving message. By applying Doppler shift 
compensation schemes, the output SNR values are 
retained around 20 dB, while that without Doppler 
shift compensation falls down as Doppler shift 
occurs. In underwater acoustic communication, 
Doppler shift, fd, can reach a magnitude of 10 Hz 
which corresponds to fdT around 0.005. OSDM 
communication with scheme (i) and (ii) can 
measure fd and correct the receiving signal under 
large Doppler shifts, while there is a limitation in 
OSDM communication with scheme (i) only.  

4. Conclusions 

We applied Doppler shift compensations for 
UWA communication with OSDM and evaluate its 
performance. We focus on two compensations, 
which base on sampled sequence and receiving 
signal. The obtained results suggest that OSDM 
communication with scheme (i) and (ii) can 
measure fd under usual Doppler shift and retain 
communication quality. Performance evaluation in 
Doppler shift and multi- path environment is one of 
our future works. 
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