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Abstract

In this paper, we propose a joint adaptive combining and variable tap-length multiuser detector
(MUD) for amplify-and-forward (AF) underwater acoustic cooperative interleave-division
multiple access (IDMA) communication system. The proposed MUD jointly realizes
tap-length adjustment, adaptive combining, and multiuser detection. In contrast to the existing
methods, the proposed detector can adaptively combine the received signals from different
nodes at destination, and does not need the assumption that full and perfect channel state
information (CSI) of all the links at the receiver is known. Moreover, the proposed detector
can adaptively adjust the tap coefficient vector and tap-length of each branch according to the
specific channel profile of each branch. Simulation results validate the feasibility and show the
advantages of the proposed detector against existing counterparts.
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1. Introduction

Underwater acoustic communication has drawn considerable attention in both academia and

industry because of the burgeoning requirement in many commercial and military applications
[1]. However, underwater acoustic channel (UAC) is one of the most challenging
environments for the transmission of information due to the unique characteristics of the UAC
such as limited bandwidth, high and variable propagation delays, and significant scattering
and multipath. The design of reliable underwater acoustic communication is a challenge.

To improve the reliablity of the links, cooperative communication is an attractive approach
[2-5]. In the cooperative mode, the receiver requires to combine multiple signals received
from direct path and relay paths. Therefore, the combining technique would partly influence
the system performance. Most of existing studies in underwater acoustic cooperative
communication(UACC) system adopt equal gain combining (EGC) [5-11] or maximum ratio
combining (MRC) [5, 12-16]. The MRC approach can achieve better performance. However,
the MRC assumes that all the channel state information (CSI) of all the paths is known. For
practical underwater acoustic cooperative communication system, these CSls are difficult to
obtain.

In underwater acoustic cooperative communication, both intersymbol inteference (1SI) and
multiple-access interference (MAI) should be considered to mitigate. Multipath delay in UAC
causes severe ISI [17], which can extend over hundreds of transmitted symbols. In addition,
for actual underwater acoustic communication network, multiple users are present
simultaneously in both time and frequency, thus MAI has significant impact on system
performance. An effective multiuser detection (MUD) strategy should be adopted to solve this
problem. In order to remove MAI and ISI, chip-level adaptive decision feedback equalization
based on interleave-division multiple access (DFE-IDMA) and code-division multiple access
(DFE-CDMA) has been used for multiuser communication in [18]. An adaptive chip-level
DFE receiver for a two-user uplink IDMA system has been studied in [19]. In both [18] and
[19], fixed tap-length (FT) MUD is adopted. However, the tap-length (TL) of the FIR filter
greatly influences the performance and computational complexity of the filter. With too few
taps, the linear filters may not realize their full potential, in contrast, using too many taps,
besides wasting computations, may increase the steady-state mean square error (MSE) [20].
For a specific underwater acoustic channel, the optimal TL to achieve optimal system
performance is difficult to predict and obtain. To complicate things further, the optimum TL
will change with variation of time and underwater environments, which can lead to the change
of the channel profile. Therefore, the existing FT MUD cannot commendably adapt to UAC.
Hence, to achieve better bit error rate (BER) performance, the MUD should be able to
adaptively adjust the TL according to the specific UAC profile. To our best knowledge, there
are still lack of the researches on the joint implementation of adaptive combining multiple
signals and TL adjustment.

In this paper, we propose a joint adaptive combining and variable TL multiuser detector
(JACVT-MUD) for underwater acoustic cooperative communication. The proposed detector
can adaptively combine multiple inputs via diverse paths based on the proposed adaptive
algorithm, and doesn’t require to know the CSls of all links. In addition, the proposed detector
can also adaptively adjust the TL of each branch in accordance with the specific UAC profile.
Hence, the proposed detector is more suitable for practical underwater acoustic cooperative
communication systems.
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The rest of this paper is organized as follows. In Section 11, we present the system model. In
Section 111, the proposed JACVT-MUD is described in detail. Section IV shows the simulation
results. The conclusion is drawn in Section V.

2. System Model

We consider an underwater acoustic cooperative communication system with a relay node
(R), a destination node (D) and K source nodes (S, ) as the simultaneous multiple users,
i=12,---,K, as depicted in Fig. 1.

Fig. 1. Model of an underwater acoustic cooperative communication system

The source, destination, and all relays are equipped with single transmit and receive antenna.
We assume the amplify-and-forward (AF) relaying, and all nodes have the same average
power constraint. We also assume that interleave-division multiple access (IDMA) [21] is
adopted. The transmitter structure for the source nodes is showed in Fig. 2. Let

b, =[ (1),bk(2),...,bk(Nb)]T e{O,l}lqb denote information bits of the kth source node,
whereb, (n) e {0,1}, N, is the number of information bits. Firstly, the b, are encoded by a rate

R, scrambling repetition code, which is utilized to give the system MAI protection,
generating a coded sequence

e =[c (2).¢(2), - (N)] 1)

where N is the encoded frame length, N = N,F , F represents the spreading factor. Then, the

coded bits are additionally interleaved by user-specific interleaver I, [] whose outputs are
mapped to BPSK symbols

Xk:[Xk(1)'Xk(2)"”1xk(N)]T )

where N is the encoded frame length. Note that the spreading unit is same for all sources, and
it can be equally represented as an ensemble of a bit-repetition operation and a scrambling unit.
Distinct interleaver patterns are used to separate different users.
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Fig. 2. Transmitter structure of IDMA

The cooperative transmission from source to destination is accomplished in two phases.
Specifically, in the broadcasting phase, the source nodes transmit to the relay node and the
destination node. In the relaying phase, the relay node forwards a scaled noisy version of the
received signal from source to the destination node in different time slots. Without loss of
generality, user 1 is designated as the expected user.

During the broadcasting phase I, the received signals at the destination and the relay
terminal are given by

o (n)= Pslhle(n)*xl(n)+kZK;\/PTkhskD(n)*xk(n)+v51D(n) ©)
ris(n)z Pslhis(n)*xl(n)+ki:\/PTkhskR(n)*xk(n)+v51R(n) (4)

where P, is transmitted signal power of the kth source, hg ,(n)and hg . (n) are underwater
acoustic channel impulse responses from the kth source to destination and from the kth source
to the relay, respectively. h; ; (n)and h ; (n)can be obtained by BELLHOP model [22-23].
Vsp (N) and vy (n) reprentsamples of the additive white Gaussian noise with zero mean and
variance o, i €{S,D,SR}.

During the relaying phase, at the destination terminal, the received signal from relay R is
given by

rRD(n):ﬂ\/FRhRD(n)*ris(n)+VRD(n) ®)

where /P, is transmitted signal power of the relay, hy,(n) denotes underwater acoustic

channel impulse response from relay to destination, which can also be obtained with
BELLHOP model. v, (n) reprents sample of the additive white Gaussian noise with zero

mean and variance céD, p is the amplification factor of the relay, § can be defined as
follows

P
B= ; (6)
\/Z:ﬂ‘hskR‘z PSK + cS§1R
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3. Joint Adaptive Combining and Variable Tap-Length Multiuser Detector

To effectively combine the outputs of multiple UACs and achieve better detection
performance, the JACVT-MUD is motivated. The proposed detector structure is depicted in
Fig. 3. Note the difference from the conventional VT detector (single branch detector) in
point-to-point communication, (1) the proposed detector is designed for multiuser underwater
acoustic communication system, both ISI and MAI need to be mitigated, (2) the number of
branches of detector is greater than 1, the output signals from multiple branches must be
adaptively combined according to the corresponding channel state information of each branch.
The proposed MUD will combine tap-length adjustment, combining technique, multiuser
detection into a single robust receiver.

3.1 Preparation
In the JACVT-MUD, the tap coefficients (TC) vector of each branch is given by

W, () =[w,, (), W, ,(N),++, W, QN (7

where i €{S,D,RD}, w,(n)is initialized with w; (n) =[0,0,---,0]" , m, is the TL.
The signal vector of corresponding branch is as follows

u(n) =[r(n-1),5(n-2),--,r(n-m)] (8)

wherei e {S,D,RD}.
The output of each branch is

yi(n) = u(Mw;(n) ©)

and the corresponding error is defined as
e (n) =t;(n) - ¥;(n) =t (Mw; (n) — u, (MW, (n) (10)

wheret,(n)is training sequences, ¥,(n) is the estimate for t(n), W (n)is the estimate of
w;(n).

3.2 Proposed JACVT-MUD

The proposed detector will directly process the sampled signals after the analogue-to-digital
converter (A/D), as showed in Fig. 3. For the received signals fromS-DandS -R-D, the

corresponding branch of detector will process the received signal for rSlD(n) and r, (n),

respectively. At each chip bit epoch, a bit decision is made at the output of corresponding
branch (SD branch and RD branch). Tap coefficients of each branch are adjusted using
normalized least mean square (NLMS) algorithm. The adaptation works in training stages,
initially using training sequences to adapt to the underwater acoustic channel, and then in
decision directed mode using hard decisions as the output of each branch.
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Fig. 3. The structure of JACVT-MUD

We extend the work in [20] to design the TL adjustment algorithm for each branch. The
different outputs (7,(7)and y.,(n) ) of each branch with different TL can be used to

compute a corresponding error signal (e,) with (10). The distinct error signal can be squared

and averaged to obtain an output mean square error (MSE) measure for corresponding branch
at each tap-length.

] Z:-:le?(f)

MSE(n) = E| [t} - $u(n)f |- =2 (11)
wherei € {§,D,RD} .
To avoid the repetitive computation of a division, the accumulated squared error (ASE) is

adopted as the measure criteria to adjust the TL of each branch, for each tap-length, ASE is
defined as

ASE(n) = Y- 5 = 3, (12)

wherei € {$,D,RD} .
At each tap-length, the training sequences used to compute ASE is set as &, . ldeally, each
ASE (nywould be smaller than the previous one

ASE_ (n)< ASE,,_(n) (13)

where

ASE, ()= 37 D)~ Fa (14)

IO | (15)

ASE, (m) =Yy
=1
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whereie{S,D,RD}. In (14)-(15), v is a forgetting factor (y<1), weighting the relative
importance of previous samples, y; ,, (j)is the j™ output of the i branch in the M™ segment
training sequences, and ASE, ,, (n) is the ASE of the i™ branch obtained with the M™ segment

training sequences. The number of each segment training sequences is N, .
The process of adjusting tap-length is as follows:
If ASE, (n) <o, ASE, ,(n) = add p taps

U () =[5 -2)--r,(n-m, - p)] (6)

W, (n) = {w (n)00-- -o] (17)

W (n+1) = W (n) + —£— (t,(n) — U ()W () u; () (18)
&+ u)

where (O needs to satisfy oy >0, ie{SlD,RD}, both x2and & are positive constant, s a

step-size factor, which is used to control the change in tap coefficients vector from one
iteration to the next, §is introduced to overcome the problem of numerical calculation

difficulty that may arise when Hu{(n)”2 is small.

If ASE, (n) = oy, ASE, ,(n) = remove p taps

U (n) =[N (N —2)---1(n-m, + p)] (19)

W, (n) = [, (0), W, (), Wy, ()] (20)

W) (N +2) = W) (n) + —E— (&, (n) - u (M)W} (M)} (n) (21)
& +|u )]

where a,,,, needs to satisfy a,,,, <1, o, and o, should meeto,, <o, . The function

of o, and o, is to determine the amount of improvement or worsening necessary to force
the detector to expand or contract. The closer o, and o, are, the more frequently the

detector will change its tap-length.
Then, after the training stage, we can obtain the steady-state MSE of each branch. The
steady-state MSE of each branch is defined as

2.8

n

SMSE, = E[ ()~ §, (' | = (22)

where i denotesi" branch, i e{S,D,RD}.

Unlike the MRC, which uses the CSls of all links to obtain the combining coefficients, the
proposed approach is based on the steady-state MSE to obtain the combining coefficients. The
steady-state MSE is an important index on detection performance. The smaller the value is, the
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better performance the detector can achieve. In contrast, larger value of steady-state MSE may
induce worse performance.

Therefore, the combining coefficients can be obtained according to the steady-state MSE, as
follows

. 1/ SMSE,
' 1/SMSE, +1/ SMSE,,

(23)

where i denotes i™ branch, ie{SlD,RD}. From (23), it is obvious that the smaller the

steady-state MSE is, the larger the combing coefficient c, can be obtained. In addition, it is

noted that the proposed approach does not need to know the CSls of all links. Thus, it is more
suitable for practical underwater acoustic cooperative systems.

After the combining coefficients is obtained, the outputs of all the branches can be
combined to achieve diversity gain, the final output can be represented as

y(n)zCleyle(n)+CRD9RD(n) (24)

where ¢ , and ¢, are combining coefficients for S, —D and S, -R—D paths, respectively.

At last, multiuser detection is used to separate the equalized mixed signal §(n) coming

from combined output of all branches and decode the transmitted data of expected user.
Multiuser detection mainly contains two parts, i.e., an elementary signal estimator (ESE) and
K single-user a posteriori probability (APP) decoders (DECs). Assuming that the adaptive

equalization of each branch is ideal, we may represent the soft output §(n)as

y(n)=x(n)+n,(n) (25)

K
where nk(n)= z xk,(n)+v(n) is residual distortion, consists of residual MAI and the
k'=1,k =k

noise signal v(n). The ESE generates logarithmic likelihood ratio (LLR) which can be
obtained according to [18]

e Tt :2{9(n)—E[§/(n)]+E[xk(n)]} )
cse [ % (1) var[ §(n)]-Var[x (n)] vk (26)

where E[-]andVar|[-] represents the mean and the variance function, respectively. The mean
and the variance of §(n) can be obtained by

ED(n)JiE[xk(n)}vn @)
var[§(n)]= ZVar[x )]+, (28)
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where o2 is the variance of total noise, the estimation for o’ can be obtained
with &f:aj:EUt(n)—f/(n)r] The mean and the variance of x,(n) in (26) can be
calculated by

E[% (n)]=tanh{esec [ %, (n)]/2},vk,n (29)
Var[xk(n)]:l—{E[xk(n)]}z,VK,n (30)

where e, [xk(n)] generated by DEC is extrinsic logarithmic likelihood ratio (LLR) of
X (), the epe [ X, (n)]can be calculated by

€oec |:Xk (n)J =1, [eDEC [Ck (n)]] ~Cese [Xk (n)] (31)

where e, [ ¢, (n)] is extrinsic logarithmic likelihood ratio (LLR) of ¢, (n), which can be

obtained by DEC as in [18]. In the detector, ey [xk (n)} is used as a priori information in
ESE for the next iteration. As mentioned above, each DEC treats the output of the ESE as its
input, and vice versa. During iterative operation, DECs constantly exchange LLR information
with ESE. The estimation X, (n) for x, (n)can be obtained by hard mapping with the sign
function

Rk (n)= Sgn(eDEC [Xk (n)]) (32)

where sgn(-) is the sign function. The BPSK symbols X (i) can then be despread,
deinterleaved and demodulated to recover the information bits Bk (n).

3.3 Complexity Analysis

The TL is an important factor on the complexity of multiuser detector (MUD), with the TL
increasing, the complexity is increased correspondingly. For variable TL (VT) MUD, in each
iteration, the adjustment of TL only needs multiplication, addition and subtraction operations
as shown in (12)-(21). Therefore, in one iteration, when both FT and VT MUD adopt the same
TL, in addition to the same computations required by both FT and VT MUD, the increased
complexity brought by the adjustment of TL is limited in VT MUD.

By further considering the fact that the proposed MUD can adjust the TL to optimal TL
according to the specific underwater acoustic channel, thus, it is more suitable for practical
underwater acoustic cooperative communication system.

4. Simulation Results

In the simulations, we consider an underwater acoustic cooperative network with two source
nodes, one relay and one destination node. The quasi-static UAC is generated with Bellhop
model. In the model, the sources, relay and destination node are positioned at 10 m from the
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sea surface, carrier frequency is set as 12 kHz, the wave height is set to 0.6m, the distances
between source (the expected user S, and interference user S, ) and destination nodes are set
as 500m and 600m, respectively. We assume that the information bits frame length
is N,=1000, in each frame, 250 bits are used as training sequences, and the transmitter and
relays have the same powers. The repetition code adopts the same spreading sequence
{+1,-1,+1,-1,+1,-1,+1,—1} forall users as in [18]. The repetition code rate R is set as 1/8.
The transmitter uses the binary phase shift keying (BPSK) modulation. In order to separate
users, random interleavers [21] are adopted. The iteration times of MUD is set as 10. For the
fixed TL approach, the TLs (m,and mg; ) are set as 20 and 21, respectively. For the

adjustable TL approach, the TL increment pis 15, the initial TL is set as 9 and the number of

each segment training sequences N, for computing ASE is set as 30.

At first, we would obtain the optimal TL for a specific channel profile by simulation. The
specific profile of UAC is realized with Bellhop model. Fig. 4 shows the effects of TL on
signal-to-interference-and-noise (SINR), and the point on curve is obtained by average the
SINR on each data packet. The output SINR can be calculated according to the approach in
[19]. As seen from the Fig. 4, the TL is an important parameter on detection performance for
the proposed detector. In this paper, considering the complexity of detector, the optimal TL is
defined as the minimum TL, which can make the detector approximate the optimal SINR
performance. It can be seen from Fig. 4 that the SINR is close to optimal value when TL is set
between as 70-170. According to the definition of the optimal TL, we can obtain the optimal
TL, which is about 70.

16
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ﬁ/ \S\N
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=
o

<)

SINR(dB)

0 20 40 60 80 100 120 140 160 180 200 220
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Fig. 4. The SINR performance of fixed TL detector with different TL at SNR; , =15dB
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Fig. 5. TL evolution curve for VT MUD at SNR, , =15dB

Next, we would evaluate the ability of TL adjustment of the proposed detector. The TL
evolution curve is obtained by averaging the TL evolution curve on each data packet. Fig. 5
shows the TL adjustment curve of TL. The initial TL of variable TL approach is set as 18. In
(14) and (15), y issetto0.999.In(18)and (21), pand & aresetto0.5and 0.6, respectively.

a,, is set t0 0.998, o, is set to 0.999. For the same UAC used in Fig. 4, it is seen that the TL

can eventually converge to the optimum TL as showed in Fig. 4. In view of the
aforementioned results, it is testified that the proposed detector can adaptively adjust the TL
according to the specific UAC profile.

At last, we will compare the BER and convergence performance. In order to compare the
performance, a Monte-Carlo simulation is set up based on the Bellhop channel model. The
BER and convergence curve performance is obtained by averaging the BER and convergence
curve on 200 data packets.

In Fig. 6, we check the BER performance of different schemes, the horizontal axis denotes
SNR SNRy, , SNR;, =SNRy, +1. It is observed that EGC, MRC and the proposed AC

scheme achieve better BER performance than the point-to-point (S-D) scheme. This is because
the AC, EGC, and MRC scheme can obtain the diversity gain by cooperation of the relay node.
It is also seen that the FT-MRC MUD and JACFT-MUD have evident BER performance
improvement than FT-EGC scheme. This is because combining coefficients are important
parameters on BER performance, both FT-MRC MUD and JACFT-MUD use better
combining coefficients than EGC. In general, the BER performance of JACFT-MUD is close
to that of FT-MRC MUD, however, compared with the FT-MRC MUD, the proposed
JACFT-MUD scheme doesn’t need to know the CSls of all links at the receiver, and thus is
more suitable for practical cooperative communication systems. In addition, it is seen that the
JACVT-MUD achieves much better BER performance than JACFT-MUD. Specially, at about
BER=10", the proposed detector performs about 8dB better than the JACFT-MUD. This is
because TL is an important parameter on BER performance, the JACVT-MUD can adaptively
adjust the TL of each branch according to the specific UAC profile. Fig. 7 shows the
convergence performance of VT and FT MUD. It is observed that VT and FT MUD achieve
close convergence rate, but VT MUD can achieve lower MSE than FT MUD. This is because
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TL is an important parameter on MSE performance, the TL can be adaptively adjusted by the
VT MUD.
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Fig. 6. BER performance comparison of the proposed detector and existing methods
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Fig. 7. Convergence performance comparison of VT and FT MUD, SNRg, =15dB

5. Conclusion

In this paper, a JACVT-MUD, which can jointly implement adaptive combining, TL
adjustment of each branch according to the specific UAC profile and detection of multiuser
signals, has been proposed for underwater acoustic cooperative communication IDMA system.
Simulation results validate the ability of TL adjustment and the feasibility of adaptive
combing. Simulation results also demonstrate that the proposed detector can achieve better
performance than existing counterparts.
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