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1.   Introduction

Acoustic waves have long been used by humans as 
a transmission medium underwater, similar to how 
dolphins use them. With the advantages of long com-
munication range and not being affected by water 
turbidity and ambient light, acoustic communication 
has been applied for underwater image transmission 
and communication between deep-sea exploration 
vessels and offshore support vessels [1]. However, 
the communication rate with current commercial 
modems is only tens of kbit/s (bits per second); 
hence, a large amount of data, such as high-definition 
video, cannot be transmitted in real time [2]. Against 
this, we are currently researching and developing 
high-capacity Mbit/s-class underwater acoustic com-
munication technologies by utilizing our expertise in 
wave-propagation and signal-processing technolo-
gies that have been applied to terrestrial radio wire-
less communication. Our technologies make it pos-
sible to transmit high-definition video and other large 
data, allowing full wireless remote control of under-
sea equipment such as remotely operated vehicles 
(ROVs), as shown in Fig. 1. 

As a key technology to accelerate the transmission 
rate, this article proposes a spatio-temporal equaliza-
tion technology that can provide stable distortion 
compensation regardless of transceiver movement or 
degree of double selectivity in broadband acoustic 
communication. 

2.   Underwater channel characteristics and 
issues regarding high-speed transmission

The underwater acoustic channel has double selec-
tivity, in other words, the channel impulse response 
varies with time. The cause is that the multipath 
waves generated by reflection from the sea surface, 
sea bottom, and underwater structures arrive at the 
receiver accompanied with Doppler shift due to the 
movement of the transceiver and fluctuation of sea 
surfaces, as shown in Fig. 2 [3]. Since the propaga-
tion speed of sound waves in the sea (about 1500 m/
sec) is about 200,000 times slower than that of radio 
waves (about 3 × 108 m/sec), both degree of delay 
spread and that of Doppler spread of underwater 
channels, which are key parameters representing 
double selectivity, are much larger than those of land 
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mobile radio channels. Thus, adaptive signal process-
ing is essential for tracking time variations.

To accelerate transmission speed, we are now con-
sidering broadband acoustic transmission using a 
high carrier frequency of 100 kHz or more, which is 
rarely used in current commercial systems. Since 

Doppler spread increases in proportion to the carrier 
frequency from the viewpoint of sound propagation 
theory, broadband transmission, which must use a 
high carrier frequency, makes time selectivity stron-
ger than that with conventional narrowband transmis-
sion systems. Thus, the state of a channel response 

Fig. 1.   Our vision.
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Fig. 2.   Acoustic propagation through underwater channels.
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rapidly and drastically varies even during a training 
period. Conventional adaptive equalization technolo-
gies, such as decision-feedback equalization [4], for 
estimating the inverse characteristics of the underwa-
ter channel cannot keep up with channel variation if 
the delay spread is less than the reciprocal of Doppler 
spread, as shown in Fig. 3. Therefore, there is a need 
for technology that can provide stable compensation 
regardless of transceiver movement, or degree of 
double selectivity, to accelerate the data transmission 
rate.

3.   Our spatio-temporal equalization technology

The essential diffculty with distortion compensa-
tion is estimating and tracking overall channel 
responses in the time or frequency domain. Thus, 
equalization technologies that are based on prior 
knowledge of the channel do not work well. The key 
with our spatio-temporal equalization technology is 
to shorten delay spread and Doppler spread by elimi-
nating some of the delayed waves in the spatial 
domain before carrying out equalization in the time 
domain. By doing so, both delay spread and Doppler 
spread of the multipath channel can be made substan-
tially smaller than those of actual channel response, 

as shown in Fig. 4, and this makes it possible to 
equalize acoustic signals through multipath channels 
regardless of double selectivity.

We now briefly describe the proposed spatio-tem-
poral equalization technology. Figure 5 shows a 
block diagram of our technology. All the finite 
impulse response (FIR) filter coeffcients cascaded to 
each input channel are adaptively updated using 
adaptive algorithms, such as the recursive least 
squares algorithm, to minimize the square error 
between the desired and equalized signals. It is simi-
lar to the design of adaptive equalization [5], except 
for the length of the feed forward FIR filter. From the 
operational comparison on the left of Fig. 6, the pro-
posed technology uses FIR filters, the filter length of 
which is much shorter than the actual delay spread. In 
this case, the signal components of the indirect path, 
the delays of which are longer than the length of a 
FIR filter, do not correlate with the desired signal. 
Hence, they are suppressed in the spatial domain by 
FIR-filter-operation updating with an adaptive algo-
rithm. On the other hand, the signal components, the 
arrival delay of which is less than the length of a FIR 
filter, correlate with the desired signal, therefore they 
are equalized in the time domain, as shown at the bot-
tom right of Fig. 6. Long-delay waves are thus  

Fig. 3.   Issues regarding high-speed transmission.
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cancelled in the spatial domain while equalizing 
residual paths in the time domain. Such a path-selec-
tive receiving structure makes stable compensation of 
underwater acoustic channels possible.

4.   Field experiments

To verify the effectiveness of the proposed spatio-
temporal equalization technology, we conducted two 

transmission experiments using offline signal pro-
cessing on a measurement barge moored in Suruga 
Bay off of Shizuoka Prefecture, Japan. We experi-
mentally evaluated the bit error rate (BER) with 
respect to the speed of the vertically moving transmit-
ter and confirmed that a stable BER can be achieved 
regardless of this speed or strength of double selectiv-
ity. The experimental system is shown in Fig. 7, 
experimental environment for both experiments 

Fig. 4.   Comparison with conventional equalization and proposed spatio-temporal equalization technologies.
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(experiments 1 and 2) is shown in Fig. 8, and experi-
mental specifications are presented in Table 1. Wave-
form data were recorded while the transmitter was 
continuously moving in the vertical direction, and the 
recorded data were analyzed. The mooring rope was 
manually moved vertically so that various speed pat-
terns would be generated.

The observed BERs are shown in Figs. 9 and 10 for 
experiments 1 and 2, respectively. The horizontal axis 
is the speed of the vertically moving transmitter esti-
mated using the known signal of the frame, and the 
vertical axis is the BERs calculated from the frame 
demodulation results. The BERs fluctuated regard-
less of the speed. This is because the level ratio of the 

Fig. 6.   Operation of our spatio-temporal equalization technology.
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direct wave and sea-surface reflected wave varied 
greatly from frame to frame due to changes on the sea 
surface. All the BERs were below the forward error 
correction (FEC) limit of 7% [6]. Also, the correla-
tion coeffcient between speed and BER was 0.21, and 
there was almost no causal relationship between the 
deterioration in BER with respect to speed or double 
selectivity of the channel. Through these experi-
ments, we confirmed the possibility of high-speed 

broadband acoustic transmission under actual sea 
conditions.

5.   Conclusion

In this article, we presented our future vision for an 
underwater wireless communication system. Channel 
characteristics and issues with broadband acoustic 
transmission were also presented. To obtain stable 

Fig. 8.   Experimental environment.
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Table 1.   Experimental specifications.

Parameter Value

Carrier frequency 300 kHz

Bandwidth 200 kHz

Modulation Quadrature phase-shift keying

Transmission system Single carrier transmission

Transmission rate 400 kbit/s (payload only)

Equalization technology Spatio-temporal equalization

Number of taps 54 tap/ch

Transducer and hydrophone arrangement TX: 1, RX: 4 (2 x 2 rectangular array)
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compensation regardless of double selectivity, we 
proposed a spatio-temporal equalization technology 
and presented experiments conducted at sea and the 
results, which indicate that stable communication can 
be achieved regardless of speed. We also confirmed 
the possibility of broadband underwater communica-
tion.

We mainly considered a single-input multiple-out-
put transmission system in this article. However, 
multiple-input multiple-output (MIMO) extension is 
easy to implement thanks to the fact that our equaliza-
tion technology eliminates uncorrelated interference 
signals simultaneously. With this property, we suc-
cessfully transmitted 5.12 Mbit/s signals over 18 m 
using 8 × 16 MIMO transmission with offline signal 
processing, demonstrating the achievability of Mbit/s-
class transmission. See our paper to be published [7] 
for a detailed description of a field experiment and a 
method of extending MIMO transmission.
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Fig. 10.   BERs observed in experiment 2. 
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Fig. 9.   BERs observed in experiment 1.
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