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1. Introduction 

Recently, there has been an increasing inter-
est in multiple-input/multiple-output (MIMO) and 
multiuser communication in the research field of 
underwater acoustic communication, for high-rate 
communication or communication with multiple 
underwater vehicles [1,2]. 

Time reversal is a promising solution for 
such MIMO or multiuser communication by realiz-
ing space division multiplexing (SDM) based on its 
spatial focusing effect without sacrificing data 
transmission rate. In the previous studies, it was 
revealed that adaptive time reversal (ATR) is very 
effective for multiuser communication especially in 
case that sources are very close [3,4]. In this study, 
ATR is applied to MIMO communication and its 
performance is evaluated and compared with or-
thogonal frequency-division multiplexing (OFDM) 
as a conventional method with experiment data. 

 
2. Theory of Adaptive Time Reversal 

Time reversal for single-input/multiple-output 
(SIMO) communication is named passive time re-
versal, in which channel response estimated from 
received probe signal is cross-correlated with re-
ceived information-bearing signal, and summed 
over channels. By spatial and temporal focusing 
effect, in addition to removing intersymbol inter-
ference, signals from different sources can be sepa-
rated. Thus, passive time reversal can be applied to 
communication from multiple sources. 

Additionally, ATR is used to enhance ability 
to suppress interstream interference. In ATR, the 
channel response is replaced to ATR probe signal, 
which is derived as below [5]. Supposing the chan-
nel response, ( )i

jh t , received at the jth element of 
the receiver array from the ith source, and its ex-
pression in the frequency domain, ( )i

jH f , ATR 
probe signal is given by, 
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subject to the constraint that † 1i i w d . Here, †  
denotes the complex conjugate transpose, M is the 
total number of receivers, and 2 I  is a small di-
agonal loading for a matrix inversion with an iden-
tity matrix I. Using ATR, the signal from ith source 
is preserved while signals from other sources are 
suppressed, that is, null-focusing is created to inter-
fering source points. After ATR combining, a single 
channel decision feedback equalizer (DFE) is ap-
pended as in the previous studies [3,4].  

 
3. Experimental Set-up 

An at-sea experiment was carried out in the 
1000-m-deep area in the inner part of Suruga-bay. A 
source, whose frequency band is from 450 to 550 
Hz, and a twenty-channel receiver array were used. 
The source was suspended from R/V Kaiyo with 
changing the depth from 594 to 956 m at the inter-
val of 20 m. Thus, signals were transmitted from 
nineteen points. The received signals from multiple 
sources were synthesized in the post processing to 
create test signals for MIMO communication. The 
receiver array was moored at the range of 10 km 
away from the point of the suspended source. The 
receiver aperture was spanning at the depth from 
848 to 962 m at the interval of 6 m. The sound 
speed profile at the experiment site and the ar-
rangement of source and receiver array are shown 
in Fig. 1. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Sound velocity profile at experiment site 
and source and receiver arrangements. 
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Fig. 3.  The S&LIPUSS equipment with 
eight of 500 kHz PZT transducers used for #2 
tanks. 

 
Fig. 2.  Six FRP 1.0 m3 water tanks used 
for S&LIPUSS for Sakura masu 
experiment in a warehouse. 

 
Fig. 4.  The S&LIPUSS equipment with a 
music speaker, 350 Hz sound and four of 500 
kHz PZT transducers used for #3 tanks. 

3 days per week for 14 weeks. Every 7 weeks, the 
weight of fishes were measured. And every day, the 
survival rate of the fishes was observed.  
 

3. Result and Discussion  
Table I. shows survival rates, average and total 

fish weighs of each water tanks. 
Numbers 2 and 3 tanks showed higher survival 

rates and total fish weigh after the experiment. This 
result indicates the S&LIPUSS increases the vital 
force of aquaculture fishes. The result was similar 
to those of Takifugu and Japanese flounders using 
small (0.2 m3) tanks reported in 20142).  

 
Table I. Survival rate, average and total fish 

harvesting weight of each water tanks. 
 
Tank # 1 2 3 4 5 6 
 Ref. US Mix Son Mod

.US 
Son 

Music  -  Yes   Yes 
Freq. 2 (Hz) -  350 350  - 
Freq. 3 (kHz) - 500 500  500 - 
Survival rate 
(%) 

70 85 85 65 60 65 

Ave. fish 
weight (g) 

225 231 217 243 211 235 

Total fish 
weight (kg) 

3.15 3.93 3.69 3.16 2.53 3.06 

 
4. Conclusion 

Five types of moving, floating, drifting sonic 
and LIPUS stimulation (S&LIPUSS) equipment 
having a 350 Hz sound, audible music and 500 kHz 
piezoelectric transducers were manufactured. These 
S&LIPUSS equipment were applied for 20 of 
aquaculture oncorhynchus masou and the survival 
rate and the total weights were compared after 14 
weeks operation on sea-water aquaculture tank. 
Higher survival rate of 85% and total fish weight of 
3.93 kg (123%) for the S&LIPUSS group to those 
of the control group of 70% and 3.15 kg (100%) 
were observed by the experiment.  
The S&LIPUSS equipment has a potential to 
contribute to the world food shortage issue by 
increasing the survival rate and a total harvesting 
weight of various sea-foods in the future. 
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4. Performance Analysis 

As mentioned above, signals modulated with 
binary phase shift keying (BPSK) were transmitted 
from nineteen points, and the received signals were 
synthesized to create MIMO communication sig-
nals.  

Fig. 2 shows output SNRs in case that the 
number of synthesizing, that is, the channel number 
of the virtual source array is four. A group of four 
dot markers connected with dot line indicates a 
synthesized four channel source array. The hori-
zontal axis is the depth of each source. Thus, source 
arrays are allocated in turn at the step of 20 m. As 
shown in this figure, ATR is better than only pas-
sive time reversal, and its performance is not de-
pendent on the source array depth. In results of ATR, 
there occurs no bit error in all the packets. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Output SNRs in case of four channel 
source array. 

 
Fig. 3 shows one of demodulated results 

when the number of sources is four, which are de-
modulated symbols on the constellation map. The 
source depths are 934.5, 913.5, 894.5 and 874.5 m, 
respectively, as Tx1 to Tx4 in Fig.3. The upper pan-
els are the results with ATR while the lower panels 
are the results with zero-forcing (ZF) OFDM. In 
case of OFDM, MIMO test signals are created us-
ing channel responses obtained with chirp signals 
transmitted from each depth. Channel responses of 
two packets sequentially transmitted from the same 
depth convoluted with a pilot symbol and an infor-
mation bearing symbol of OFDM, respectively. 
These signals are treated as received pilot and in-
formation-bearing symbols. From the received pilot 
symbol, ( )i

jH f , is estimated and ZF detector is 
given by, 

1( )H HW H H H , where ( )i
ij jH H f . (3) 

Note that time variance during receiving each 
OFDM symbol is not included in this analysis. In 
the meantime, in case of ATR, actual received sig-

nals are processed including time variance. It is 
known that OFDM is weak to time variance during 
each symbol because its modulation/demodulation 
is based on IFFT/FFT. Thus, a big advantage is 
given to OFDM in this comparison, which is not 
fair to ATR. However, demodulation results of ATR 
are better than ZF-OFDM as shown in Fig. 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Demodulated results comparing ATR and 
ZF-OFDM in case of four channel source array. 

 
In this experiment data, it is possible to 

achieve demodulation with no error up to eight 
channel source array with ATR. 

 
5. Summary 

The performance of MIMO communication 
with adaptive time reversal is investigated with real 
data. As results, it is proved that adaptive time re-
versal has better performance than ZF-OFDM and it 
is possible to increase the number of multiplexing 
source channel up to eight in this experiment data. 
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