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1. Introduction 

Underwater acoustic (UWA) communication 
has been used for underwater operations, and the 
scope of its usage is still growing. For example, in 
new underwater projects, UWA communication is 
adopted to establish a complicated network that 
connects a number of sensors and underwater 
vehicles as hubs of the network. However, the UWA 
channel is a challenging environment because the 
channel suffers from large delay and Doppler 
spreads, whose effects are several times larger than 
those observed in radio communication. 

To provide a reliable UWA link, we have 
proposed Doppler-resilient orthogonal signal 
division mutiplexing (D-OSDM)1). D-OSDM 
multiplexes several messages in addition to a pilot, 
and it has been designed to preserve orthogonality 
among them even after propagation through UWA 
channels with delay and Doppler spreads. We also 
have tested D-OSDM in simulations and test-tank 
experiments, and have found that D-OSDM 
achieved better communication quality than those 
of existing communication schemes, such as normal 
OSDM2-3) and Doppler-resilient orthogonal 
frequency division multiplexing (D-OFDM)4). 
However, no experiments have yet been conducted 
in an actual environment. 

The scope of this study is to evaluate the 
performance of D-OSDM in an actual environment. 
In this paper, we carry out UWA communication in 
a harbor to demonstrate the advantage of the 
proposed D-OSDM system, and evaluate its 
performance.  
2. Experimental Conditions 

Fig. 1 shows the experimental setting and 
map of the experimental site. The experiment was 
conducted in Hashirimizu port, on 21 June, 2016. 
Throughout the experiment, the weather was rainy, 
and the sea state was calm (glassy). The transmitter 
(Tx) was fixed on a floating pier, and the receiver 
(Rx) was mounted on a remote control boat (RC-S1, 
Coden). By using the remote control boat, a Dop-
pler spread with various input signal-to-noise ratios 
(ISNRs) was generated, as shown in Fig. 2. The 
remote control boat departs the pier to the central 
area of the port (approximately 70 m away from the 
pier), and returns to the pier with constant speed 
[about 1.4 kt (0.7 m/s)]. 

The Tx consists of a transducer (OST-2120, 
OKI seatec), amplifier (HSA4052, NF), digi-
tal-to-analog (D-A) converter (USB-6212, NI), and 
software modulator on a PC. The receiver (Rx) 
consists of four hydrophones (H2a, Aquarian) and 
two PCM recorders (PCM-M10, Sony). Both hy-
drophones and PCM recorders were mounted on a 
remote control boat, as shown in Fig. 3.  

Fig. 1  Experimental setting and map of the ex-
perimental site. 

Fig. 3  Receiver settings: (a) side and (b) front view. 

Fig. 2  Channel impulse response obtained in the 
experiment. 
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Here, cf  is a carrier frequency and i  and 

i denote a magnitude and a time delay. i  
depends on frequency and medium 
inhomogeneity for a direct path, but depends 
also on surface roughness, and grazing angle 
for a path reflected at surface. 

Figure 2(b) shows the ith path incoherent 
component and is given as 
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Here, )(ti  and )(t denote a magnitude 

and a phase. )(ti  depends on frequency and 
medium inhomogeneity for a direct path, but 
depends also on surface roughness, and grazing 
angle for a path reflected at surface. 
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Fig. 2 Phasor diagrams of signal; (a) coherent component, 
(b) incoherent component, (c) sum of two components, 
(d) sum of two components(relative magnitude of two 
components changed). 

 
At receiver, a phasor of ith path signal is sum 

of two components as shown in Fig. 2(c) and is 
given as  

 
(3)  

 
A phasor of each path signal will be different 

since i , i , )(ti , and phase are different each 
other. At receiver, the coherent components of 
multi-paths are summed and interfere each other. 
The magnitude time varying )(tri is analyzed by its 
stastical distribution and related to signal-to-noise 
ratio and bit-error-rate in a digital underwater 
acoustic communication. 

Figure 3 shows received signal waveforms in 
shallow water. If the coherent components of 
multi-paths interfere destructively then the received 
signal phase corresponds to that of Fig. 2(b). The 
waveform and statistics of envelope or )(tri  

becomes to Rayleigh distribution as shown in Fig. 
3(a). If the coherent components of multi-paths 
interfere constructively then the received signal 
phase corresponds to that of Fig. 2(c) and 2(d). The 
waveform and statistics of envelope or )(tri  
becomes to Rice distribution as shown in Fig. 3(b). 

 

   

 
(a)                 (b) 

Fig. 3. Received signal waveform in shallow 
water; (a) destructive interference of coherent 
components and magnitude destribution, (b) 
constructive interference of coherent components 
and magnitude destribution. 

 
5. Conclusions 

The acoustic channel parameters in shallow 
water are characterized by the physical and 
boundary conditions between a source and a 
receiver. The signal at receiver is analyzed on the 
phasors of a coherent and incoherent componts by 
considering the physical and boundary conditions. 
The results in our previous publication are 
reanalyzed to give more insight for an digital 
underwater acoustic communication design. The 
relation between the acoustic channel parameters 
and signal-to-noise ratio or bit-error-rate in a digital 
underwater acoustic communication is ongoing and 
will be presented in this conference. 
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In such an environment, UWA communica-
tion using D-OSDM and normal OSDM were per-
formed. Table I shows the parameter settings of 
D-OSDM and normal OSDM for the experiments. 
We set the parameters in order to compare the per-
formance of D-OSDM and normal OSDM under 
the same block length, data rate, and signal band-
width, to show the advantages of D-OSDM. The Tx 
firstly transmitted a combination of a channel probe 
and the D-OSDM signal continuously during the 
boat operation. Once the boat returned to the pier, 
the Tx switched to transmit a normal OSDM signal 
and the boat operation was performed again. 

 
3. Experimental Results 

Fig. 3 shows the experimental results. We 
firstly focus on the relationship between time and 
ISNR [Fig. 3(a)]. As shown in the figure, ISNR 
slightly decreases as the distance between Tx and 
Rx increases, and the ISNRs of D-OSDM and nor-
mal OSDM are almost the same. Fig. 3(b) shows 
the cumulative number of bit errors in D-OSDM 
and normal OSDM, observed from the experiment. 
As shown in the figure, the number of bit errors in 
normal OSDM is larger than that in D-OSDM, alt-
hough normal OSDM employs powerful channel 
coding techniques. In detail, the number of bit er-
rors observed in normal OSDM throughout the ex-
periment, is approximately 1.7 times larger than 
that observed in D-OSDM. This means that 
D-OSDM is more effective than normal OSDM 
with channel coding if we compare them under the 
same environment. We also have compared the re-
lation between ISNRs and BERs, as shown in Fig. 
3(c). This figure was obtained by calculating the 
mean BERs at a specific range of ISNRs (0 to 25 
dB, every 1 dB). As shown in the figure, D-OSDM 
achieves no error when the ISNR is more than 8 dB, 
while normal OSDM has a BER of 10-2 when the 
ISNR is around 10 dB. This characteristic (bit er-
rors remain even in large ISNR when there exists 
Doppler spread) agrees with the simulation and 
test-tank experimental results in Ref. 1. Conse-
quently, we found that D-OSDM is more attractive 
than normal OSDM with channel coding for UWA 
communication in doubly spread channels.  

4. Conclusions 
In this paper, UWA communication in a har-

bor was carried out to demonstrate the advantage of 
our proposed D-OSDM system. By mounting an Rx 
on a remote control boat, the performance of 
D-OSDM and normal OSDM was compared under 
Doppler spread with various ISNRs. The obtained 
results suggest that D-OSDM achieved a better 
performance than that of normal OSDM. More de-
tailed comparisons, e.g., between the performances 
of D-OSDM and D-OFDM will be performed as 
our future work. 
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Table 1  Parameter settings for the experiments. 

Fig. 3  Experimental results: relationship between 
time and (a) ISNR, (b) cumulative number of bit er-
rors, and (c) relationship between ISNR and BER. 


