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Abstract— A time-domain equalizer (TEQ) is proposed for
MIMO-OFDM transmission in underwater acoustic (UWA) chan-
nels that simultaneously exhibit large delay and doppler spreads.
The aim of the equalizer is to jointly mitigate the intercarrier
interference (ICI) and interblock interference (IBI). In this
paper, the well known basis expansion model (BEM) is used to
describe the UWA channel. Then, the equalizer is derived based
on maximizing the signal-to-interference-plus-noise-ratio (SINR).
The performance of the proposed approach is demonstrated by
numerical simulations. Also, a previously proposed frequency-
domain equalizer (FEQ) for communication over doubly selective
radio channels is applied to UWA channel and its performance
is compared to that of the proposed TEQ.

Keywords- Underwater acoustic channel, MIMO-OFDM, basis
expansion model, intercarrier interference (ICI), interblock inter-
ference (IBI), equalization.

I. INTRODUCTION

The past few years have witnessed the transition of under-
water acoustic (UWA) communication systems from single-
input single-output (SISO) schemes to multiple-input multiple-
output (MIMO) schemes to provide both spectral efficiency
and reliability. Several approaches have been developed for
MIMO-UWA communications, including both single-carrier
transmissions [1] and multicarrier transmissions in the form of
orthogonal frequency-division multiplexing (OFDM) [2], [3].
OFDM is a promising modulation technique for high bit-
rate applications, since it avoids interblock interference (IBI)
using a cyclic prefix (CP) and mitigates multipath fading with
a simple one-tap equalizer. However, long multipath spread
of the UWA channel requires a long CP which significantly
reduces the spectral efficiency. On the other hand, a short CP
leads to IBI. Another limiting factor for OFDM is intercarrier
interference (ICI) that is caused by sever Doppler spread en-
countered in the UWA channel. Therefore, the simple one-tap
equalizer cannot be used for MIMO-OFDM in the challenging
UWA environment.

Recently, a number of proposals for mitigating the IBI and
ICI in UWA channels have been made. In [4] a multiband
OFDM modulation with joint equalization and despreading is
proposed. Ref. [5] presents two ICI mitigation methods. In the
first method, the ICI coefficients are estimated, and minimum
mean-square error (MMSE) equalization is performed. In the
second method, detection is based on an adaptive decision-
feedback equalizer (DFE). Authors in [6] develop a multiuser

based OFDM receiver to address IBI in deep water horizontal
channels. In [7] an iterative receiver for channel estimation
and ICI cancelation is proposed which continually updates
the system model to account for channels with large Doppler
spread. However, most existing literature, including the above
mentioned works, either consider the impact of a short CP or
channel Doppler spread.

This paper focuses on interference cancelation for UWA
MIMO-OFDM systems in the presence of both long delay
spread and large Doppler spread. The paper contains two main
contributions: i) a time-domain equalizer (TEQ) is developed
to jointly mitigate the ICI and IBI and ii) a previously
proposed frequency-domain equalizer (FEQ) for mobile radio
channels [8] is employed for interference cancelation in the
UWA MIMO-OFDM communications. The rest of the paper
is organized as follows. Section II presents the system model,
Section III introduces the interference cancelation approaches
and Section IV contains the numerical simulations. Finally,
Section V concludes the paper.

Notation: Bold lower (upper) letters denote vectors (ma-
trices). Superscripts (-)T and ()H represent transpose and
Hermitian, respectively. diag{x} indicates a diagonal matrix
with x as diagonal. z,, denotes the nth element of vector x.
E{-} stands for the expectation and ® represents the Kronecker
product. F stands for the unitary fast Fourier transform (FFT)
matrix. I,,, represents the m x m identity matrix and the m x p
all-zero matrix is denoted by Oy, .

II. SYSTEM MODEL

A MIMO-OFDM system with N, transmit and N, receive
transducers is considered as in Fig. 1. Input data is partitioned
into parallel data sequences and each sequence is arranged
into OFDM blocks of length N. The inverse fast Fourier
transform (IFFT) of each data block is taken to obtain the
time-domain blocks, and each block is preceded by a CP of
length c. Then, the time-domain blocks are transmitted in the
UWA channel by independent transducers. At the receiver, the
CP is discarded and time- or frequency-domain processing is
applied. Assuming 37](:) [i] is the quadrature phase-shift keying
(QPSK) symbol transmitted on the kth subcarrier of the ith
OFDM block at the tth transmit transducer, the time-domain
sequence transmitted from the ¢th transducer can then be
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where i = [n/(N +¢)], and m = n — i(N + ¢) — ¢. The
baseband-equivalent description of the received sequence at
the rth receive transducer is given by
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where ¢(™*)[n; 6] is the equivalent baseband impulse response
of the link between the fth transmit transducer and the rth
receive transducer, and £(")[n] is the additive noise. The noise
is assumed to be a zero-mean white complex Gaussian process
that is independent of the transmitted sequence.

In this paper, Fourier basis expansion model (BEM)
[9] is used to approximate the UWA channel, where the
channel is modeled as a time-varying (TV) finite im-
pulse response (FIR) filter 2(")[n; 0], and each tap is ex-
pressed as a superposition of complex exponential basis
functions. Assuming the channel maximum Doppler spread
is bounded by f,qz, it is possible to accurately model
the Ith tap of the TV FIR channel h("%[n; 4] for n €
{iiN+c)+c+d—L'+1, ..., (i+1)(N+c)+d} as
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where d is some synchronization (decision) delay and L'
is a constant greater than or equal to the channel order L.
The parameter K is the BEM frequency resolution, which
is assumed to be an integer multiple of the FFT size, and
@ represents the number of TV basis functions satisfying
Q/(2KT) > fmax- The coefficients h(T’ )[z] remain invariant
over a period of (N + L')T, where T is the sampling time.
Substituting the BEM in (2) yields
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Using (4) and matrix representation, a block of N + L’
samples of the received sequence y(")[n] can be shown as
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System model for MIMO-OFDM in UWA channel
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where i is the block index, y([i] = [y [i(N + ¢) +

c+d—L +1],....,y"[6G + 1)(N + ¢) + d]]T, Q]
diag{[ej27rq(i(N+c)+c+d—L/+1)/K7 - €j27rq((i+1)(N+c)+d)/K]}

s O1 = 0(Ny1) x (N+2e4d—L—L") » O2 = O(N{L/) x (N4e—d)>
HY[4 is an (N + L) x (N + L + L') Toeplitz
matrix with the first column [h( ’L)[] 01 (N+L/—1))

and the first row [hf}r’g)[i],...7hérot)[] 01 x (N+L/—1))»
xO[] = P[], ..., 2 )T, x=xOT, ..., xOVOT|T
€] = [€D[(N +¢)+e+d—L' +1], .., D[ +1)(N +
o)+ d|", G = [GMY[i],...,GNI[]] and P is the
CP insertion matrix given by
P= |: 0c><(Nfc) L :|
In

Defining  y[i] = [y DT, ., yNOT[E] T,
GH = [GOT], .., GIVITENT  and €1 =
€T, L eNITENT, and using (5), the vector of

the received data at all receive transducers is expressed as

= Glijx + &[] (6)
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III. INTERFERENCE CANCELATION

In this section, a time-domain as well as a frequency-domain
equalizer is proposed for interference cancelation in UWA
MIMO-OFDM communication. It is assumed that the UWA
channel varies within each OFDM block and the CP length is
less than the channel delay spread.

A. Time-domain equalizer

At the receiver, a bank of N; equalization matrices or filters
are applied at each received signal as illustrated in Fig. 2.
Then, the outputs of the corresponding filters are summed and
passed through the FFT block to recover the transmitted blocks



on different transmit paths. Hence, the transmitted block by
the ath transmit transducer, x(®)[i] is estimated as
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Defining G\V[i] = [G i), ..., GV [i]], (7) is expressed
as
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The time-domain equalizer G'* [i] is designed based on
maximizing the SINR at the output of the FFT-demodulator.
Substituting the y(")[i] from (5) in (7) yields
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The vector ) in (9) can be written as
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where E_; = [In, Onxn, Onxn]?s Eg = [Onxn, In,
Onxn |7, and E; = [Onxn, Onxn, In]T.
Substituting (10) in (9) results in
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At this point, the kth element of the vector %(®)[i] in

(11), which corresponds to the transmitted symbol on the

kth subcarrier of the ath transmitted signal, is considered as
follows
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where b, ;, is the kth element of vector b,, Aq(k, k)x[i] is
the desired term and the second term is the ICI component.

The third and fourth terms are IBI contributions from the
previous and the following blocks, respectively. The fifth
term is interference from other transmit transducers or inter-
transducer interference (ITI), and the last term is additive
noise. The SINR at the kth frequency bin of the ath transmit
transducer is defined as
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where PS(“’ k) represents the signal power and PI(CI’ ) is the

ICI power. PI(a ") and PI§31 ") denote the IBI powers due to

the previous and the following blocks, respectively. PI(TI ") s

the interference power caused by other transmit transducers

and Pn(mse) is the noise power. Using (12), the power terms
are derived as follows:
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where o2 and 0’? are the QPSK symbol power and

the noise variance, respectively, g\” a)[] G Eqe®),
gl H—G(T D FHe®) k) s the kth unit vector of

size N x 1, g(a)[ | = [gy (1a)T [i], .. (N”a)TH]T
[i

g =

7

[ge(z}ca)T[L 7g£g aT ]]T IN—IN_e(k) (k)H G(a)[] —
[G(l a)T[-] B G(N a)T[ H and R(a [ ] g{be} where
[tzl xOTGLOT[;], Z Z(OT GNe DT [T
t#a t:ﬁa

Assuming g k) []ggk)[] =1for 0 <k < N-1, and
substituting (14) in (13), the SINR at the kth frequency bin of
the ath transmit transducer is expressed as
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where R\V[i] = G\@]; ](EO(IN —eMeMTEE + E_|EX,

+ E,E®) GWH] + RW[i]/o2. The TEQ is derived by
solving the following optimization problem:
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The solution of this generalized eigenvalue problem is
obtained as [10]
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Finally, the optimum equalizer corresponding to the ath
transmit transducer is given by
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B. Frequency-domain equalizer

In [8] a frequency-domain equalizer (FEQ) was proposed
for communication over wireless radio channels. Here, this
approach is described and applied to UWA channels. The basic
idea behind the FEQ of [8] is that the IBI and ICI affect
the received signal in two dimensions i.e, time and frequency
dimensions. Therefore, a two dimensional filtering or linear
combination can be used to compensate for these interferences.
Based on this idea, [8] suggests to estimate the transmitted

symbol on the kth subcarrier of the ath transmitted signal as
i) = v DI (L, @ B0y (19)

where v(% %) contains the equalizer coefficients and

0, FEQ/2
FR — : 7
Oixp FHFQ/2
I Opxv—ry —lu

where L’ and Q' are the equalizer orders in the time and
frequency dimensions, respectively, F*+7) is the (k + ¢')th
row of the FFT matrix F, and I/ is the anti-diagonal identity
matrix of size L' x L.

To design the FEQ v(®*)[i] for the kth subcarrier of the
ath transmit transducer, the following MSE cost function is
considered

. 2
7 =& { ol - v ey, o T | o
Hence, the minimum MSE (MMSE) coefficients are ob-
tained by solving .7[i]/0v(* ¥)[i] = 0 which reduces to
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where R;( = 8{5{5{H} = 0£1(3N,,N)’ R& = UEINT(NJ,-L’), and
e®) is the (3N;N) x 1 unit vector with a 1 in the position
3N (a—1)+N+k. Fig. 3 depicts the FEQ for the kth subcarrier
of the ath transmit transducer.
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Fig. 2. Proposed time-domain equalizer (Proposed-TEQ)
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Fig. 3. Proposed frequency-domain equalizer (Proposed-FEQ)
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IV. NUMERICAL RESULTS

A single-input multiple-output (SIMO) system with N,= 2
receive transducers as well as a MIMO system with N;= 2
transmit and N,= 4 receive transducers are considered. The
simulation parameters are listed below:

o Doppler spread fi,.x = 50 Hz

o delay spread Ty.x = 2 msec

o sampling time 7" = 100 pusec

o number of subcarriers N = 128

o cyclic prefix length ¢ = 14

o synchronization (decision) delay d = 4
o discrete Doppler spread /2 = 2

o BEM resolution K = 2N

The UWA channel is simulated as a Rician fading chan-
nel [11] with four paths between each transmit and receive
transducer pair. To consider a sparse channel, N, = 4
nonzero fading coefficients or active taps are spread over
L= 20 chip intervals. The active taps are at path delays
7 = 0,71 = 04, 7 = 1.1,and 73 = 2 msec and
each tap is independently simulated by passing a complex
Gaussian random signal with mean p; + jue and variance



20%,., through a fading filter [12]. The fading filter has a
Gaussian-shaped power spectrum. Moreover, an exponential
delay power profile (DPP) is used, i.e. the [th tap power
at delay 7, is 07 = coexp(—7/7,,.), wWhere Tyys is the
rms delay spread and cp is the normalization constant. The
simulated (true) channel is approximated by BEM. Then, the
BEM coefficients are obtained by least squares fitting the true
channel with the BEM. Also, the Rician factor Ky is defined
as Kr = (u? 4+ 12)/(20%;,.) and is chosen to be K = 3dB.

Figs. 4 and 5 illustrate the BER performance of the proposed
approaches for SIMO and MIMO systems, respectively. In
these figures, the performance of the one-tap FEQ is also
reported. This FEQ which is similar to the conventional
one-tap equalizer, is an extension of the one-tap method in
[13] and is derived by minimizing the MSE cost function.
From Figs. 4 and 5 it is evident that the one-tap FEQ fails
to compensate for the interference. Whereas, the proposed
schemes are able to significantly cancel the ICI and IBI. It
is also seen that the proposed TEQ and FEQ have almost
the same BER performance. Finally, comparing Figs. 4 and 5
shows a diversity gain of about 3.8 dB at BER=10"%.

V. CONCLUSION

In this paper, time-domain and frequency-domain
equalization techniques for UWA MIMO-OFDM systems
have been proposed. These equalizers simultaneously combat
the rapid time variations and long multipath spread of the
UWA channel. The simulation results for a typical underwater
channel with Rician fading demonstrate the effectiveness of
the proposed techniques.
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Fig. 4. BER performance for SIMO-OFDM (N, = 2)
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Fig. 5. BER performance for MIMO-OFDM (N; = 2, N, = 4)
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