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Abstract: We introduce a multi-channel soft input/soft output receiver for underwater 
communication that performs joint iterative channel estimation, linear equalization, and 
decoding. The transmitted symbols were encoded using a turbo coded bit-sequence. Our 
method exploits the gain present in the turbo code through a feed-back of soft information 
from the decoder to the channel estimator and to the equalizer. The use of several receiving 
hydrophones makes the method more robust to frequency selective or low-SNR channels, or 
can improve reception in channels with very large delay spreads. We give examples of such 
channels measured in the Baltic Sea at two different sea trials during 2005 and 2006. 
Properties like time variations of the channel impulse response or channel Doppler spread are 
given, as well as decoding examples using our method. It is shown that the multi-channel 
version of the receiver achieve error free reception of 4000 coded symbols per second up to 60 
km through channels featuring very large delay spreads. The maximum transmitter source 
level used was 180 matParedB 11  at the carrier frequency 12 kHz. 

Keywords: Iterative equalization, SIMO, underwater communications, underwater channel, 
turbo code, Baltic Sea. 

1. INTRODUCTION

Efforts to develop wireless underwater communication mainly focus on employing 
acoustics. Acoustic transmission through water, with a high bit-rate, is a particularly 
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challenging problem. The encountered channels typically provide small exploitable 
bandwidths and severe multi-path delay spreads, rendering significant inter-symbol 
interference (ISI) if short signalling intervals are employed. Further, most underwater channels 
exhibit time-variations and Doppler effects due to motions in the medium itself, like the 
moving surface, and moving platforms. On longer time scales there are also changes in the 
multi-path structure due to changes in salinity and temperature stratification. These effects all 
need to be accounted for while designing the communication system. 

In recent years there has been significant development of digital communication systems, 
primarily driven by the demand for high speed wireless radio.  In particular, two methods have 
been proposed to improve throughput; the simultaneous use of multiple transmitter and 
receiver elements, so called Multiple-Input-Multiple-Output (MIMO) systems [1], and 
iterative equalization and decoding at the receiver [2]. Recently, multi-carrier modulation 
techniques, like OFDM (Orthogonal Frequency Division Multiplexing), has become a 
frequently proposed strategy primarily due to its inherent ability to combat channels with long 
delay spread [3]. 

Here, our primary concern is to investigate combined iterative equalization and decoding, 
so called Turbo equalization [2,4], in the Single-Input-Multiple-Output (SIMO) framework, 
i.e. we employ one transmitter and several receiving hydrophones. Particularly, recent work on 
linear equalizers [4,5] is of interest to us since the underwater channels typically render long 
impulse responses, urging the need for low-complexity solutions. In [5], performance 
measures similar to the optimal one could be achieved by using a linear equalizer. 

We briefly outline our method, which can be regarded as an extension of the single-
transmitter-single-receiver method developed in [4,6] to include an unknown and time-varying 
channel and several receivers, in the next section. We proceed to describe two sea trials in the 
Baltic Sea during 2005 and 2006 together with an analysis of the corresponding acoustic 
channel properties. Finally, we present results from decoding of the communication signals 
transmitted from three different ranges of 20 km, 35 km, and 60 km, respectively. 

2. SIMO COMMUNICATION SYSTEM 

Our purpose is to use a communication system that employs one transmitter and several 
receivers, so called Single-Input-Multiple-Output (SIMO) communications.  The aim is to 
transmit a coded and interleaved bit stream, bk,j through the channel. Here k is a time index and 
j indicates the bits used to form symbol s[k]. The specific code used in our system is a rate 1/3 
turbo code with identical recursive systematic encoders having the generator polynomial 17/15 
(octal). The interleavers used were chosen from [7]. We communicate using a modulated root-
raised cosine pulse, v(t), with carrier frequency 12 kHz and excess bandwidth 50%. A 
schematic illustration of the transmitter is seen to the left in Fig.1. below, which shows the 
overall system. The transmitted signals will be further described in section 3. 

The signals are transmitted through the time-varying and frequency selective SIMO 
channel. The first stage of the reception consists of a filter matched to v(t) followed by carrier 
off-set compensation and sampling. After such processing the signal at antenna m, m=1, … ,M
can be modelled as 
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where hT
m[k]={hm[k, ],…,hm[k,0]} denotes the impulse response from the transmitter to 

receive antenna m measured at time instance k and s[k] is a vector of the transmitted signal. 
The additive noise, nm[k], is assumed to be proper independent and complex zero-mean 
Gaussian distributed with variance N0.

Fig 1. SIMO Communication System. The channel  interleaver used is denoted by , see 
the text for explanations of the remaining parameters. 

2.1. RECEIVER STRUCTURE 

Our proposed receiver is based on the “turbo” principle [2]. In such a strategy, increase in 
posterior probabilities (soft output information) from one decoder (or equalizer in this case) is 
used as prior information (soft input information) for the next. The knowledge regarding the 
bits is characterized through the Log-Likelihood Ratios (LLR)  

1(/)0(ln)( ,,, jkjkjk bpbpbL (2)

while the increase in soft information, the so called extrinsic information, is defined as 

jkjkjke bLrbLbL ,,, | (3)

where r is the received data from the M channels, and )( , rbL jk is the a posteriori LLR. 
Similar to [4], it will be approximated by an LLR based on symbol estimates. The symbol 
estimates will be given by the linear equalizer briefly introduced below.  By iterating between 
the decoders, the soft information gradually improves, yielding better detection performance. 
This will be illustrated in section 4, in Fig. 7. The iterative nature of the receiver concept is 
highlighted in Fig. 1 as the soft information, Le(bk,j), provided by the decoder, is fed back to 
the equalizer and vice versa. The idea is also to exploit the improved signal knowledge in 
order to gradually improve the channel estimation and synchronization accuracy, see Fig. 1. 
Our channel estimator computes a soft iterative LMS (Least Mean Square) estimate which is 
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improved in each iteration upon exploiting soft information fed back from the decoder, as 
outlined in [8], for details, see [4]. 

In a previous paper, [6], we have proposed and evaluated a single-receiver system for 
underwater communication based on this strategy. That system uses a structure similar to 
Fig.1 and employs a linear equalizer, together with Maximum A-Posteriori decoding. The 
purpose in this paper is to extend that approach to include several receivers. The main 
challenge in such an endeavour is to design a soft input/soft output SIMO equalizer. To 
accomplish this we generalize the approach considered in [4] that derives a linear (affine) soft 
input/soft output equalizer for the Single-Input-Single-Output (SISO) communication case. To 
present all details concerning the equalizer design is beyond the scope of this paper.

In [4], they consider a time sequence of the received signal of length N1+N2+1 collected 
from a single hydrophone, rk={r1[k-N2], …, rN[k+N1]}T . It can be expressed as

kkk k nsHr                     (4) 

where sT[k]=[s[k-N2-K+1], …, s[k+N1]] is the symbol vector, nk is the corresponding noise 
vector, and Hk is size (N1+N2+1) ( N1+N2+K+1) convolution matrix modelling the impulse 
response:
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Using M hydrophones in an array can be seen as if the signal has passed over a channel with 
multiple outputs. The fundamental idea is to form a linear (actually affine) estimate for s[k], 
using the N=M(N1+N2+1) observations rk=[rT[k-N2],…, rT[k+N1]]T, where rT[k]=[r1[k],…,
rM[k]]. Accordingly, in (5), the vectors hT[k] have to be changed to matrices HT[k], where
H[k]=[h1[k],… hM[k]]T, thus producing a M(N1+N2+1) ( N1+N2+K+1) matrix Hk. Using this 
formulation the same receiver design as described in [4] and [6] can be used for an array of 
receiving hydrophones. 

3. SEA TRIALS AND CHANNEL PROPERTIES 

Long distance (between 15 and 80 km) acoustic transmissions, using both a towed and 
stationary source, were performed northwest of Gotland in the Baltic Sea during September 
both 2005 and 2006. We used a source level of about 180 matParedB 11  at the carrier 
frequency 12 kHz in both sea trials. Tow speed varied between 2 and 4 knots. Actually, two 
identical transmitters were towed having separation 5 m but in this study we shall consider 
only one of them as part of our SIMO communication system. In all our measurements , the 
source depth was held in the middle of the quite pronounced sound channels, Fig. 2. This 
provided excellent sound transmission conditions. The sea state was about 2 to 3 during both 
trials. The receiver was a moored vertical chain of six hydrophones separated 3 m apart, about 
1.5 km from shore on a spot where the water depth was about 72 m. The hydrophones were 
distributed around the sound channel axis according to Fig.2. Signal reception was arranged 
on shore through the use of a 2 km long cable to the receiver and this setup worked very well. 
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The transmitted signals considered here were QPSK, pulse shaped as described in section 
2.1, at a symbol rate of 4000 symbols per sec. The turbo coded bit sequences mapped on the 
symbols employed different interleaver lengths. Here we only investigate two of the shortest 
interleavers [7], 384 code bits during the 2005 trial and 960 code bits during the 2006 trial. 
The message frame size was 40 blocks of 384 code bits each in 2005, and 16 blocks of 960 
code bits each in 2006. Regarding the turbo code rate of 1/3, the information bit rate was about 
2600 infobits per second in both trials. A training sequence of 1023 bit pseudo random binary 
sequence, PRBS, was used in both trials in front of the message frame. 

As can be seen from Fig.3, where the magnitude of the impulse response (IR) at the 
receiving hydrophones have been measured (from the 60 km transmission), the IRs are quite 
different at different hydrophones. This suggests that the received signal is decorrelated over 
the chain. As can be seen from the coherence plot in Fig.3, this is also the case. According to 
[9] such a situation excludes any beamforming gain but favours diversity gain, which is 
advantageous for our communication system performance. 

In Fig’s. 4-6 we illustrate the time variation of the IR, Doppler spread, phase spread of the 
IR time delays, and the time coherence relative to the middle of the time development of the 
IR for the investigated ranges of 20, 35, and 60 km respectively. These results are shown after 
removal of the nominal Doppler shift. However, residual phase drifts remain to some extent 
because of the relatively coarsely spaced Doppler replicas used in the processing. 
Interestingly, the 2006 measurements show much longer channel time delays compared to 
those from 2005, in spite of the fact that the sound velocity profiles shown in Fig.2 seem 
rather similar and that the weather conditions were pretty much the same. However, we did 
not measure the sound velocity profiles along the track more than at a few points and it is hard 
to draw any strict conclusions about the differences between 2005 and 2006. In fact, the 2006 
time delays in the IR plots were much longer than indicated here. There was a persisting 
reverberation lasting for seconds after the first arrivals. Thus we have the challenge of 
combating ISI consisting of thousands of symbols. Such a task would normally be considered 
impossible, nevertheless we will demonstrate that it can be done. The reverberation also 
showed up in the 2005 trial, as is evident from Fig.5 in the time coherence plot. 

Fig 2. Sound velocity profiles at the site 
of the receiving hydrophone chain.

Fig 3. Impulse response time delays over 
the hydrophones (left), and spatial coherence 
relative to the second hydrophone (right). 
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Fig 4. Channel properties (2005 shown in the left half, 2006 right half) at 20 km trans-
mission range. In each half, the upper left shows the time evolution of the impulse response 
magnitude, upper right shows the corresponding delay-Doppler spread, lower left shows the 

phase spread of the time delays, and lower right the time coherence relative mid-time. 

Fig 5. Channel properties defined as in Fig.4, from transmission range 35 km.

Fig 6. Channel properties defined as in Fig.4, from transmission range 60 km.
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4. COMMUNICATION RESULTS 

In Fig. 7 we illustrate the gain obtained from using the turbo code in our iterative equalizer 
for the case of three receiving channels. In Fig. 7, in the second iteration, the LLR after the 
equalizer indicate almost complete uncertainty about the bits, as evidenced by the values close 
to zero and by the unstructured constellation plot, after the equalizer. Already using this 
uncertain soft information, the decoder has separated the bits into fairly safe judgements on 
zeros or ones. After another iteration in the SIMO receiver, Fig. 7 to the right, the LLR 
demonstrate a very low probability of making an erroneous decision already after the turbo 
equalizer. In fact, in both iterations the bit error rate, BER, equals zero. The ability to separate 
a seemingly hopeless constellation is indeed one very important virtue of the soft iterative 
equalizer and decoder, as it helps to make the reception error free at much lower signal-to-
noise ratios than what hard decision equalizers normally can do.   

Fig 7. Results from decoding process, left half shows the 2nd iteration, right half shows the 
3rd iteration in the third block of data. In each half the upper left shows: The channel estimates 
at the three hydrophones, upper right: LLR after the equalizer, lower left: Constellation after 

the equalizer, lower right: LLR after the soft decoder. BER=0 in both iterations. 

In Table 1, we have concluded the SIMO-results from decoding signals from 20, 35, and 60 
km distance. In all runs the in-band SNR was 10 dB or better. Rather than trying to minimize 
the number of hydrophones in each case, by searching for an optimal set of receiver system 
parameters like LMS-step, number of taps in the FIR estimator of the channel, etc., we set a 
maximum limit to 51 symbols for both the causal and anti-causal part of the channel IR and 
we allow all taps which do not differ more in amplitude than 6 dB from the strongest arrival. 
This will sometimes imply a very strong reduction of the true length of the IR, particularly for 
60 km 2006 when the IR had the length of several thousands of symbols. The LMS step size 
was set to 0.007 for all the decoding runs. With this choice, the signals could still be decoded 
with zero bit errors in all cases using one, two, or at most three hydrophones. It is quite 
encouraging that the SIMO receiver is robust in the sense that there is a single set of 
parameters for which all signals can be decoded error free. 
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Finally, we observe that  our short-length approximation of the long IR does not equalize 
more than a part of the ISI. The unequalized part will effectively serve as added noise, which 
is handled by the turbo decoder. Thus, we conclude our communication results in Table 1: 

Transmitted signals 20 km 35 km 60 km 

2005
QPSK, 8000 coded bps 
Rate 1/3 turbo code 

1 hydrophone,
BER=0 after 1 iter.,
2-3 iter. before stop

1 hydrophone, 
BER=0 after 1 iter., 
3 iter. before stop 

2 hydrophones, 
BER=0 after 1 iter., 
2-3 iter. before stop 

2006
QPSK, 8000 coded bps 
Rate 1/3 turbo code 

1 hydrophone, 
BER=0 after 2 iter.,
3-4 iter. before stop

2 hydrophones, 
BER=0 after 2 iter., 
3-4 iter. before stop 

3 hydrophones, 
BER=0 after 2 iter., 
3-4 iter. before stop. 

Tabel 1. Decoding Results using the soft iterative SIMO method. We have used the same 
parameters for all the runs, as explained in the text. An entropy measure stops the iterative 
procedure when the measure is close to zero, in general the iterations proceed a couple of 

times after BER=0 has occurred. This is further illustrated in Fig.7. 
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