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Abstract—In this paper, an enhanced linear minimum mean
square error (LMMSE) turbo equalization scheme is proposed for
multiple-input multiple-output (MIMO) communication systems
with bit-interleaved coded modulation (BICM) in the time do-
main and multiplexing in the space domain. The proposed turbo
equalization scheme outperforms the conventional LMMSE turbo
equalization by adopting two new signal processing techniques.
First, it performs hybrid soft interference cancellation (HSOIC)
by subtracting the soft decisions of the interfering symbols, and
the soft decisions are calculated by using a hybrid of the a priori
information at the equalizer input and the a posteriori information
at the equalizer output. Second, it employs a novel block-wise
reliability-based ordering scheme such that more ‘reliable” sym-
bols are detected before the less ‘“reliable” ones to reduce error
propagation in HSOIC. The symbol reliability information is
based on the symbol a priori probability, as a unique byproduct of
turbo detection, thus can be obtained with very small overhead. A
low-complexity approximation of the enhanced MIMO LMMSE
turbo equalization is also proposed to balance the tradeoff between
complexity and performance. The performance of the enhanced
MIMO LMMSE turbo equalization has been verified through
both numerical simulations and the undersea experimental data
collected in the SPACE(O8 experiment launched near Martha’s
Vineyard, Edgartown, MA, in 2008.

Index Terms—Hybrid soft interference cancellation, reliability-
based ordering, turbo equalization, underwater acoustic commu-
nication.

1. INTRODUCTION

URBO equalization improves the performance of
T communication systems via iterative equalization and
decoding between a soft-decision equalizer and a soft-decision
channel decoder. Optimum turbo equalization can be achieved
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by employing the maximum a posteriori probability (MAP)
algorithms such as the Bahl-Cocke—Jelinek—Raviv (BCJR)
algorithm [1], or the maximum-likelihood (ML) algorithms
such as the soft-output Viterbi algorithm (SOVA) [2], [3], for
the equalizer and the channel decoder. Both SOVA and BCJR
algorithms are based on a trellis structure. When used for an
equalizer, the computational complexity of the trellis-based
algorithms grows exponentially as SV(Z=1[4], where S, N,
and L are the modulation constellation size, the number of
transmit antennas, and the channel length, respectively. In many
practical scenarios like underwater acoustic communication,
where the channel length L amounts to the order of hundreds
[5], the complexity of the optimum turbo equalization becomes
prohibitively high, and this makes trellis-based equalization
algorithms infeasible.

Suboptimal turbo equalization with much lower complexity
than the optimal equalization has attracted extensive attention
in the past decade [6]-[20]. In [6]-[12], linear minimum mean-
square error (LMMSE) filtering combined with soft interference
cancellation (SOIC) has been used to replace the BCJR-based
optimum equalization for single-input single-output (SISO) sys-
tems. The extensions of LMMSE turbo equalization to multiple-
input multiple-output (MIMO) systems are found in [13], [14].
Separate time equalization and space equalization is proposed
in [14] to generate more degrees of freedom in the equalizer de-
sign. In [15], pre-filtering is employed to reduce the number of
channel trellis states so that the BCJR-based equalization can be
performed with reduced complexity for MIMO systems. Itera-
tive decision-feedback equalizer (DFE) has also been proposed
in [16]-[18] for suboptimal turbo equalization. In [18], the it-
erative DFE has been applied to MIMO underwater acoustic
communication using both space-time trellis codes (STTCs) and
layered space-time codes (LSTCs). Motivated by [21], [22],
iterative block decision feedback equalizer (BDFE) has also
been proposed in [19] and [20] for SISO and MIMO systems,
respectively.

Most existing suboptimal turbo equalization algorithms em-
ploy SOIC to balance the complexity-performance tradeoff. In
the linear turbo equalization [6]-[12], the SOIC is performed
with the a priori soft information calculated from the log-like-
lihood ratio (LLR) at the input of the equalizer, and we denote
it as the a priori soft decision in this paper. In decision-feed-
back turbo equalization [16]-[20], the soft decision of an equal-
ized symbol is fed back and canceled during the detection of
the remaining symbols, and it is denoted as the a posteriori soft
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decision in this paper. In [23], a sequential iterative linear esti-
mation scheme is proposed for SISO orthogonal frequency-di-
vision multiplexing (OFDM) systems, where the outcomes of
previously estimated symbols are incorporated into the estima-
tion of subsequent symbols. This iterative scheme does not in-
clude the channel decoding, thus it is not a turbo equalization in
the strict sense. However, it indicates an improved SOIC mech-
anism, since the so-called outcome of a previously estimated
symbol is equivalent to the a posteriori soft decision, which is
usually more reliable than the a priori soft decision attributing
to the extra information gleaned in the estimation process.

In this paper, we propose an enhanced LMMSE turbo equal-
ization scheme for a MIMO system with bit-interleaved coded
modulation (BICM) in the time domain and multiplexing in the
space domain. Compared with existing schemes, there are two
enhancements in the new turbo equalization scheme.

First, the proposed scheme adopts a hybrid SOIC (HSOIC)
mechanism, where the interference cancellation is performed by
using both the a priori soft decisions at the equalizer input and
the a posteriori soft decisions at the equalizer output. Due to
the relatively higher quality of the a posteriori soft decisions,
the combination of the a priori and the a posteriori soft deci-
sions yields a better performance compared to the conventional
SOIC used in [6]-[12]. At the mean time, the HSOIC incurs a
very small overhead compared to the conventional SOIC, be-
cause the a posteriori soft decision can be efficiently calculated
based on the equalized symbols. Moreover, compared with DFE
[16] or generalized DFE (GDFE) [22], where the a posteriori
decisions are assumed to be error free in the equalizer design,
the enhanced LMMSE turbo equalization does not require any
assumption on the a posteriori soft decisions.

Second, we propose a novel block-wise, reliability-based
detection ordering scheme, where symbols are grouped into
blocks in the fashion that those severely interfering each other are
in the same block, and within each block, symbols with higher
a priori reliability will be equalized before those with lower a
priorireliability. The detection ordering is critical to the HSOIC
because the a posteriorisoftdecision of a given symbol will affect
the detection of the subsequent symbols yet to be equalized. In the
proposed ordering scheme, the reliability informationis extracted
from the a priori LLR at the equalizer input. Compared with con-
ventional ordered successive interference cancellation (OSIC)
schemes [24]-[26], the reliability-based ordering has several
unique advantages. First, since the a priori LLR is a byproduct
of turbo equalization, the proposed ordering can be performed
with a very low overhead. On the other hand, conventional OSIC
schemes determine the detection order by relying on the channel
conditions, and itusually involves intensive computations such as
matrix inverse. Second, the proposed scheme performs ordering
in a two-dimensional (2-D) time-space domain, while existing
OSIC schemes perform ordering only in a one-dimensional
(1-D) space domain. In addition, the reliability-based ordering
is inherently dynamic as the turbo iterations progress, yet the
ordering based on channel conditions in the OSIC scheme
remains unchanged throughout the detection process.

In addition to the exact implementation with the equalizer
taps updated for each symbol, a low-complexity solution is also
provided for the enhanced turbo equalization. Most conven-
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Fig. 1. The transmitter structure of a MIMO system with BICM and spatial
multiplexing.

tional low-complexity approximations reduce computational
complexity by simply using constant equalizer taps for all
the symbols [9], [17]. In this paper, we propose a new low-
complexity implementation, where the updating of the equalizer
taps can be flexibly adjusted to achieve complexity-performance
tradeoffs for different applications. The performance gain of the
enhanced turbo equalization over its conventional counterpart is
verified by numerical simulations with ideal channel knowledge,
and by using experimental data measured in underwater acoustic
communication experiments with estimated channel conditions.
Both simulation and experimental results show that the enhanced
turbo equalization consistently outperforms the conventional
LMMSE turbo equalization schemes.

The rest of this paper is organized as follows. In Section II,
a MIMO system model with BICM and spatial multiplexing is
presented, and the conventional MIMO LMMSE turbo equal-
ization is briefly reviewed. Section III develops the enhanced
MIMO LMMSE turbo equalization, where the HSOIC and the
block-wise reliability-based ordering scheme are discussed. In
Section IV, a low-complexity solution of the enhanced turbo
equalization is provided. Numerical simulations and undersea
experimental results are presented in Sections V and VI, respec-
tively. Section VII concludes the paper.

Notation: The superscripts (-)* and (-)" represent the ma-
trix transpose and conjugate transpose, respectively. The op-
erators, E(-) and cov(+), perform expectation and auto-covari-
ance operations, respectively. The 2 X 7 complex matrix space
is represented by C**7. An identity matrix of size j is repre-
sented as I;, and a j X 5 diagonal matrix with diagonal elements
dy,ds,...,d; is denoted as diag{dy, da, . .., d;}. The function

’

tanh(z) denotes hyperbolic tangent.

II. MIMO SYSTEM MODEL AND CONVENTIONAL
SOFT-DECISION LMMSE EQUALIZER

Consider an N x M MIMO system employing BICM and
spatial multiplexing, where NV and M are the number of transmit
antennas and the number of receive antennas, respectively. The
diagram of the transmitter is shown in Fig. 1. From the figure,
N bit streams, {a(™}N_,, are independently encoded, inter-
leaved, and modulated. On the nth branch, the outputs of the
encoder, the interleaver (II), and the modulator are denoted
by b, ¢ and s(™), respectively. For a 2@-ary modulation
with the constellation set S = {Xi}?jl, every () coded bits
are mapped onto one modulation symbol, i.e., the group of the
coded bits, {c;. k}qul, are mapped to the modulation symbol
5y, k- The modulated symbols on the nth branch are transmitted
by the nth transmit antenna in the form of a length-N,, packet
as,s(™ = [s,1,...,8,n,] € ST*¥Nr.
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Fig. 2. Tapped-delay-line structure for the estimation of symbol s,, .

The received sample on the mth receive antenna at the time
instant & is represented by

L-1 N

Tm,k = Z Z hm,n(l>3n,kfl + Um,k (1)

=0 n=1
where {h, (1) IL=7(]1 is the length-I discrete-time channel
impulse response (CIR) between the nth transmit an-
tenna and the mth receive antenna, and v, ) is the
zero-mean additive white Gaussian noise (AWGN) with
. 2 . Mo
variance o. Stacking {rmi},,_; into a column vector,

_ t Mx1
Ty = [Tlvk,rz’k,...77"]\/[’k] eC , leads to

L—1
k= Z H;s;_; + vy, 2)
=0
where
hl,l(l) hlyN(l)
H, = : : c CMXN 3)
h]ﬂ,l(l) hA[,N(l)
Sk—1 = [Sl,k—l7s2,k—l7-..,S]\T,k_l]t c SNXl 4)
Vi = [Ul,ky’UQ,k,...,’UM,k]t e cMx1, (5)

For a soft-decision linear equalizer, the LMMSE estimation of
the symbol s, ,, with SOIC is illustrated in Fig. 2. The SOIC
is performed over the received signal, ry, and the output of the
SOIC is denoted as f',(cn’k) € CM*1 The superscript (-)(™F)
indicates that the vector is used for the detection of the kth
symbol from the nth transmit antenna. The output of the SOIC
is then passed through a tapped-delay-line filter with vector tap
wn k(1) € CMX1 such that the signals from all the M re-
ceive antennas are processed jointly as in [13]. The tap index [
goes from — K to Ko, which corresponds to a sliding window
[k — Ko,k + K;]. The parameters K; and K- are both positive
integers.

The operation of the SOIC and the design of the symbol-wise
vector taps, {w,, (! )}ff_ K, » tequire the a priori knowledge of
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the transmitted symbols. Define, respectively, the a priori mean,

5n,k, and the a priori variance, an «» Of the symbol s, ;. as

2Q
Sk = Y XiP(snk = Xi)
i=1

(6a)
2@

UZ,k = Z IXi = Snkl*P(sne = Xi) (6b)
=1

is obtained as

where the symbol a priori probabilit
f, with the bit se-

P(spr = Xi) HQ— P [Cik =c{
quence {cq} ~_, mapped to the symbol x;. The bit a priori
probability, P [cn = ci], is computed from the bit a priori

LLR, A,(c? ), as
1+ ¢/tanh (Aa(cz”))
P [CZ p = cﬂ = )
’ 2
where
g |+ d=o0,
“= {—1, ¢ =1. ®)

In the first iteration, there is no a priori information available
thus A, (c;, ;) = 0. Starting from the second iteration, A4 (cj, ;)
at the 1nput to the equalizer is the interleaved output of the soft
channel decoder [9]. In the conventional soft-decision LMMSE
equalizer [6], the SOIC is performed by subtracting the a priori
mean of the interfering symbols from r as

B =y - Z Hys("p) ©)
where §<"’k) = [51,...,5n,]" when j # k, and s(n k) —
[S1js--s8n—1,7,0,8041,4,---,5n,;]" when j = k. The es-

timated symbol at the output of the tapped-delay-line filter is
given as
K>

n,k
Z W k(l)rgc 1)~

=K

(10)

Sn,k =

To facilitate the filter design, define the received sample vector
over the sliding window as

CM(Ki+Kz+1)x1

(1)

ATt t t
Y = [rk—K2 T Kot1s- - 7rk+K1]

=Hxy + z;

where H € CM(Ei+Ka+1)XN (K1 +K2+L) g defined as

H, Hy, 0
HZ | - (12)
0 Hp Hy
and
X 2 [Sh_ g ritre o Shar, | € SNELHRALIXT (13)
2k 2 Vg, Viig, | € CME R (1)

With the above definitions, the symbol estimation in (10) can be
alternatively expressed by

h ~(n,k)

Wi kY i 5)

Sn,k =
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Fig. 3. Block diagram of the enhanced soft-decision MIMO LMMSE equalizer.

where w,, , = [w p(K2), wh  (Ky—1),...,

h h
W k(_Kl)] €
CM(K1+K2+1)x1 504 ’

S,(mk) 2 [(f.

n,k ~
k - ( ) )t7 (I‘

n,k
T ER ) (F

~(n,k) ) }
k—Ky+1 k+K1

=y — Hx(n k)

(16)

with x\"*) € NI+ L) X1 Gefined as

t
_(n,k n,k n,k
SR (C R S C Y

The equalizer vector that minimizes the mean square error
(MSE), E [|8n,& — $n,x|?]. is designed as

-1
W = Ellsn '] {Zk + [E(lssl) = 02 | bubl ]} h,
= (Urzl,k + gi,k) {Z + gi,khnhZ}_l h, (18)

where h,, is the [N(K> + L — 1) + n]th column of H, and
L 2 covlyr, yi] = HDkH + 01,1M(K1+K2+1) with D}, =
dlag{al h—Ko—Lt1o - ON kKo L4101 0L g,

o3 Nkt Kl} For normalized constant-modulus modulatlons hke
phase-shift keying (PSK), the power of the modulation symbol
is a constant E|sy,, k|?] = 1, then the equalizer vector can be
simplified to w, . = [Z¢ + (1 — 02, )h,h}] " h,,.

In turbo equalization, the equahzed symbol 5, will be
translated into soft information in the form of extrinsic LLR
{Ac(c? ,)}, which is then delivered as the input to the soft-de-
cision channel decoder. The computation of the extrinsic LLR
will be described in the next section. The channel decoder
generates new extrinsic information, which is fed back to the
equalizer to launch the next iteration. In this work, we focus on
the enhanced design of the soft-decision equalizer, and details
on the turbo equalization are referred to [6].

a7)

III. ENHANCED SOFT-DECISION MIMO LMMSE EQUALIZER

The block diagram of the enhanced soft-decision MIMO
LMMSE equalizer is shown in Fig. 3. The HSOIC and the
reliability-based ordering scheme are discussed in the next two
subsections.

A. HSOIC Scheme

The performance of SOIC depends heavily on the quality of
the soft decision. In conventional SOIC, the a priori soft deci-
sions of the interfering symbols are subtracted, as indicated in
(9). Intuitively, the a posteriori soft decision at the output of the
equalizer has a better fidelity than the a priori soft decision at
the input, due to the extra information gleaned in the equaliza-
tion process. A natural idea is to incorporate the a posteriori soft
decision into the equalization process.

Since the equalization is performed on a symbol-by-symbol
basis, the a posteriori soft decision of an already equalized sym-
bols can replace its a priori counterpart, and it can be used
during the SOIC for the subsequent symbols to be equalized.
In this way, the SOIC combines both the a priori soft deci-
sion (for unequalized symbols) and the a posteriori soft decision
(for equalized symbols), and we denote the new SOIC scheme
as HSOIC. It is expected that extra performance gain can be
achieved with HSOIC given the better reliability of the a pos-
teriori soft decision. The computation of the a posteriori soft
decision is next discussed. Based on the equalized symbol 3, j
at the output of the equalizer, the symbol a posteriori probability
is expressed as
P(nklSn ke = Xi) P(8nk = Xi)
p(gn,k)
where P(s,r = x;) is the a priori probability, and p(5,, k)
can be obtained by using Efjlp(snyk = Xil$nk) = L. It
is assumed that 5, ; conditioned on s, = x; follows a
Gaussian distribution as in [6] and [9]. The conditional mean,

P(spk = Xilsnk) = (19)

/I,n kL 2 E[Sn.klSn,k = xi]. and the conditional variance,
8 k= cov(sn ks Sn k|sn k = Xi), can be computed as follows
and
) n, , ~(n,k
n,k :COV( W, kYI(c *) Wz,kyl(c )|sn,k = Xl)
= wn,k[zk - Jn,khnh:;]wn,k (21)

where the two identities cov(ax,a"x) = a"cov(x,x)a and

cov(x + a,x + a) = cov(x,x) are used to obtain (21). The
conditional PDF p($,, k|sn.x = X;) is then given as

1 |80k = t11, 1]
: —_—— . (22
7r5:5,kexp{ Ok @

With the a posteriori probability given in (19), the a posteriori
mean and variance of the symbol s,, j, can be calculated, respec-
tively, as

h

P(Sn.k|Snk = Xi) =

2Q

Snk = ZXiP(Sn,k = Xil8n,k)
i=1
2@

ook = Z IXi = Sk P (80 = Xil8nk)-
i=1

(23a)

(23b)

We propose to use the a posteriori mean given in (23a) as the
a posteriori soft decision. The more reliable a posteriori soft
decision, 3,, 1, will then replace the a priori soft decision, 5, 1,
as the equalization progresses.
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|80,k —pd, 1
L
LLRs corresponding to the symbol s, ;, is computed as

Finally, by defining ¢, , = , the extrinsic bit

Vxiied Va':q'#

Acel ) = In—— —
> oexp|-dhits X ¢ /Aa(crqll,k)

Vxi:cl=1 Vq':q'#q

B. Block-Wise Detection Ordering Based on the a priori
Reliability Information

In conventional turbo equalization [6]-[13], the order in
which the symbols are detected does not affect the SOIC
performance, since only the a priori statistics as shown in (6)
are used during the equalization, and they remain unchanged
during an entire packet. With the newly proposed HSOIC
scheme, the detection order is critical to the detection perfor-
mance because the a posteriori soft decision of a given symbol
will affect the SOIC operation of all the subsequent symbols to
be equalized. A high-quality soft decision will positively affect
the equalization of the subsequent symbols. Consequently, the
detection order becomes a new degree of freedom during the
equalizer design. Various detection ordering schemes have been
discussed in non-iterative one-time equalizers [24]-[26], where
large overhead is incurred to determine the order of detection.

Taking advantage of the iterative mechanism of turbo detec-
tion, we propose to determine the detection order by using the
a priori information at the equalizer input. Define the symbol a
priori reliability as

[a—y

Pk = —5— (25)

Un,k
where o2 , is the symbol a priori variance given in (6b). This
definition of “reliability” is motivated by the fact that a lower a
priori variance means that the a priori soft decision is closer
to its true value, thus a higher reliability of the a priori soft
decision.

The next question is how to determine the detection order over
an entire packet based on the reliability measures {p, 1 }. An
intuitive idea is to sort the reliability measures over the entire
packet. Such a global ordering may lead to high sorting com-
plexity especially when the packet size IV, is large. To develop a
low-complexity ordering scheme, we take into account two facts.
First, the performance of SOIC relies on the quality of soft inter-
ference symbols; second, for a given symbol, it mainly interferes
adjacent symbols within a time window delineated by the delay
spread of the multipath channel. The two facts then motivate a
block-wise ordering scheme, which will maximize the advantage
of HSOIC and accelerate the convergence of the turbo equaliza-
tion. The ordering procedure is summarized as follows:

Step 1) Divide the reliability sequence of the entire packet
into N blocks as

Bl :{P17---7PL,,}7 B2 = {pr+1~,---7p2Lb}7---7

BNb = {p(Nb—l)Lb-l-h cee 7prLb}
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where pr £ [p1ks---,pvk] € RN contains the a
priori reliability of symbols from all the N transmit an-
tennas at time k, and L is the block size. It is easy to see
that N, = Ny L. The block size L is selected such that
symbols within a given block have significant space-time
interference (STI) among each other.

Step 2) Define an index mapping operator (-) as

()« (n, k) = (j) withk = {H = {I;O(i({NN) #0

(27)
then, within each block, sort {p,, x } in descending order as
r_

Bi =040, 150,000 PO iynryaadr = PO M)
fori=1,2,..., N, (28)
such that POy nry ) > PO —iyn iy >
> p:,, ) The ordered index set,

? b

{OG_1ynpy1o---»Oing,}> is @ permutation  of

the index set {(¢ — 1)NLy + 1,...,iNL}.
Step 3) Assemble the N}, ordered blocks { B} " as

ENb—l)Nl/b+1>7 | o |7

POy )] (29)

P =00 P10y, )01 P(O
PO’

N Ly

)7,0(0’ I ERN

2N Ly,

From (29), the overall detection order is determined as

O:{<Oll>7< §VLb+1>,...,< ENb—l)NLb+l>7|”'|-,

< ?VLL,>7< /2NLb>7--'7< i’\/’l,NLb>}' (30)

To simplify the notation, we represent the order in (30) as

0= {<01>7 <02>7 LR} (ON1,>7 | e |7 <0Nb(NLb—1)+1>7
(31)

The block-wise reliability-based ordering scheme is illus-
trated in Fig. 4, where the detection order has been indi-
cated by the red line in the third step.

IV. Low-COMPLEXITY ENHANCED SOFT-DECISION MIMO
LMMSE EQUALIZER

The exact implementation of the enhanced soft-decision
equalizer requires the equalizer tap vector, w,, j, to be updated
for each symbol as shown in (18). The computation of w,, j
involves an inverse of a square matrix of size M (K1 + Ko+ 1).
In highly dispersive channels like underwater acoustic channel,
the symbol-spaced channel length L amounts to several tens or
even several hundreds, and this makes the computation com-
plexity prohibitively high. Therefore, it is desirable to provide
a low-complexity solution.

We propose a new low-complexity implementation of the
enhanced soft-decision equalizer. Most conventional low-com-
plexity implementations reduce the computation complexity
by replacing the exact symbol-wise equalization tap vectors
with a set of constant tap vectors, which are used for the equal-
ization of the entire packet of symbols. To achieve a flexible
complexity-performance tradeoff, we propose to periodically
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Step 1 HEEEREEN HEEEEREN
¢—— NL, —»r<4— N[, —> «—— NL, —»ra— NL;, —
Block 1 Block 2 Block Ny —1 Block Ny
‘ Ordering for each block
Step 2 HEEEREEN HEEEEEEN
—— NL, —it— NL, — «—— NL, —a— NL, —
Ord. Block 1 Ord. Block 2 Ord. Block Np—1 Ord. Block Ny
‘ Assembling ordered blocks
— NL, —»
Ord. Block 1
/ / / Ord. Block 2
Step 3 "

Ny

4 Ord. Block 3

Ord. Block N —2

Ord. Block N —1

Ord. Block Ny

Fig. 4. Block-wise reliability-based ordering scheme (each square in the figure denotes a reliability measure, and the ordering is obtained by collecting the indexes
of the reliability measures in the order indicated by the red line as shown in Step 3).

update the equalization tap vectors for every N, symbols, i.e.,
a constant set of tap vectors will be used for the equalization of
Ny, symbols, and the tap vectors will be updated for the next Ny,
symbols. Details of the new low-complexity implementation
are described as follows. Before the equalization starts, a set
of low-complexity equalizer tap vectors are first computed as
follows
-1

Ny 2 =2 Ny =2 h
w Z Onk T Snk Z X+ Sn,khnhn h
n — n
N, N,
k=1 p k=1 P

(32)

forn = 1,2,...,N, where ¥ = N%zfj;lzk, 2=
Ly 82, and 52 = - 3?02, The initial equaliza-
tion vector is used for the detection of Nb symbols, with their
indexes indicated by the first column of the array shown in Step
3 of Fig. 4. Once the IV, symbols are equalized, the obtained a
posteriori soft decisions will be used to update the equalization
tap vectors as described in (32), and to replace their a priori
counterparts for the HSOIC operation during the equalization
of the next N, symbols (with their indexes indicated by the
second column of the array shown in the Step 3 of Fig. 4). This
above procedure is repeated until all the symbols in a packet
are equalized.

We provide two remarks for the periodic equalizer tap up-
dating mechanism.

Remark 1: Each column of the array in Fig. 4 can be consid-
ered as a “generalized layer” in the sense that its corresponding
symbol indexes scatter over a 2-D space-time domain with their
positions determined by the ordering. From the figure, there are
Ny = NLj layers in total. Due to the ordering, the more reli-
able layer is detected earlier, so that the less reliable layers can
take advantage of the improved SOIC.

Remark 2: The complexity for updating the equalizer tap is
determined by the number of layers Ny, or equivalently Ly, for

=(62 4+ p2)(Z + p2h,h!) 'h,

a given system. To meet the aforementioned requirement that
symbols within a block interfere each other, we set L, < L.
Under this constraint, the parameter L; can be flexibly selected
so the updating complexity is controllable. It will be shown by
both the numerical simulations and experimental results that a
small value of L; captures most of the performance gain, even
the underlying channel length L is large. When L;, = 1 (the only
choice in the special case of flat fading), the number of layers is
equal to the number of transmission streams N. The matrix ¥
in (32) can also be replaced by

Y = Hdiag{a?,....5%.| -+ |57..... 05 H" + 021 (33)

which leads to an alternative low-complexity solution for the
enhanced soft-decision equalizer.

The low-complexity solution of the enhanced soft-decision
MIMO LMMSE equalization is summarized in Table I.

V. SIMULATION RESULTS

Simulation results are presented in this section to demonstrate
the performance of the proposed MIMO LMMSE turbo equal-
ization scheme.

Fig. 5 compares the performance between the original and
the enhanced MIMO LMMSE turbo equalization. A 2 x 2
MIMO system with 16QAM modulation is investigated. A
rate-% non-systematic convolutional channel encoder with
generator polynomial [G1,Gs] = [17,13]oct is used. Each
subchannel of the 2 x 2 MIMO system has a uniform power
delay profile (PDP) with channel length L = 10. The data
is transmitted in packets, as mentioned before. Each packet
carries N, = 1,000 16QAM symbols. The channel is constant
within one packet while changes across packets. The equalizer
parameters K; and K are set as K1 = Ky = L. The ordering
block size has been chosen as L, = 2 for the enhanced equal-
ization. From the figure, the enhanced equalization achieves a
performance gain of 1.5 dB at the BER level 10~ after four
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TABLE 1
Low-COMPLEXITY ENHANCED MIMO LMMSE EQUALIZATION ALGORITHM

INPUT:
- Received vector sequence {rj} of the entire packet;
- Bit a priori LLR sequence {Aq(cl ,)} of the entire packet.

INITIALIZATION:
- Compute the symbol a priori mean and variance of the entire packet,
M ={5,}and V = {02 , }, according to (6a) and (6b);
- Compute R = {f), = >/ HySp— i} with 8, =515, -, 55 ,]%
- Following the procedure in (26)—(31), to obtain the ordering O.
LOW-COMPLEXITY EQUALIZATION ALGORITHM:
FOR n; =1 TO N,
- Compute {w, }N_, as in (32), and {Br = Wwhh, }_,;
FOR ny = 1 TO Nb
- Obtain (nj,kj) = <Oj>, where j = (n; — 1)Np + nyp;
- Compute §nj,lcj = Wﬁj (ykj - ykg) + gnj,kj an§

FOR i =1 TO 2@
2

i
“Hnjkj

S5t
"

) ok . )
- Compute g}, , = with p? k_:xlﬂnj
VR ks SRLY]
i _wh 2
and 5nj,kj_wnj2kjw"j —Onk; |,an
END

- For 1 < g < Q, compute Ae(cgbj’kj) according to (24);

>

‘2.

- Determine P(sy, i = Xi|3n,k) according to (19)—(22);
- Compute S k; and [7% 1. according to (23a) and (23b);
7™
- Update 5, ; € M with 5, 1, 672%,% € V with 6721j,kj’
and corresponding ’s in R.

END
END

OUTPUT:
- Extrinsic bit LLRs {AG(CZL k)} of the entire packet.

Comparison between original and enhanced equalization

BER

- e -Original, Iter.1
—e— Enhanced, lter.1
- & -Original, Iter.2
_4 || —=— Enhanced, lter.2
107 H-p - Original, Iter.3
—p— Enhanced, Iter.3
- ¢ -Original, Iter.4
—é— Enhanced, Iter.4
l| —~—HSOIC, Iter.4
—— Genie Bound

8 9 10 11 12 13
SNR (dB)

Fig. 5. Performance comparison between the exact implementations of the
original and the enhanced MIMO LMMSE turbo equalization (2 x 2 MIMO,
16QAM, Uniform PDP, L = 10).

iterations. In the first iteration, there is no reliability information
available for ordering, while extra performance gain is still
achieved by the proposed equalization due to the incorporation
of the a posteriori soft decisions. The simulation result for
the equalization using HSOIC without the reliability-based
ordering is also included. As expected, the performance of the
HSOIC equalization is better than that of the original equaliza-
tion while is not as good as that of the enhanced equalization.
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Comparison between original and enhanced equalization
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Fig. 6. Performance comparison between the low-complexity implementations
of the original and the enhanced MIMO LMMSE turbo equalization (2 X 2
MIMO, 16QAM, Uniform PDP, L = 10).

Comparison among different ordering schemes
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Fig. 7. Performance comparison among different detection ordering schemes
(4 x 4 MIMO, 8PSK, Exponential PDP, L = 5, low-complexity implementa-
tion).

Not including the reliability-based ordering in the HSOIC leads
to a 0.4 dB performance penalty at the BER lever of 10~ at
the fourth iteration. The genie lower bound [14] is plotted as a
performance benchmark. At BER of 1072, the performance of
the enhanced equalization is 1 dB away from the genie bound.
With other simulation parameters unchanged, the perfor-
mance comparison between the low-complexity implemen-
tations of the original and the enhanced turbo equalization
schemes are shown in Fig. 6. The ordering block size is set
as L, = 4 for the enhanced equalization. It can be seen from
the figure that the low-complexity enhanced turbo equalization
also outperforms the original turbo equalization implemented
in a low-complexity style, in all four iterations. Comparing
Fig. 6 with Fig. 5, we can see that the complexity reduction is
achieved at the cost of degraded performance, as expected.
The impact of detection order on the performance is demon-
strated in Fig. 7. Without loss of generality, the low-complexity
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Comparison among different ordering block sizes
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Fig. 8. Performance comparison among different ordering block sizes (2 X 2
MIMO, 8PSK, Uniform PDP, L = 10, low-complexity implementation).

turbo equalization implementations are adopted. The enhanced
turbo equalization with no ordering, the global ordering, and
the block-wise ordering, are compared. For the global ordering,
the ordering is performed over an entire packet. A 4 x 4 MIMO
channel with an exponential PDP and L = 5 is adopted. The
modulation scheme is 8PSK, and the packet size is N, = 1000.
For the block-wise ordering, a block size L, = 1 has been
adopted, leading to N, = 4 layers and four times of equalizer
tap updating. For comparison fairness, the same number of tap
updating has been applied for the other two ordering schemes.
From the figure, it is clear that the block-wise ordering leads
to the best performance. An interesting observation is that the
block-wise ordering achieves extra performance gain, even in
the first iteration when no a priori reliability information is
available. This attributes to its clustering operation (Step 1 in
Fig. 4) and assembling operation (Step 3 in Fig. 4), which lead
to more effective HSOIC. The global ordering scheme slightly
outperforms the non-ordering scheme since the second iteration,
and they have the same performance at the first iteration due to
the lack of the a priori reliability information. At BER = 1072,
the performance of the enhanced equalization with three itera-
tions is only 0.4 dB away from the genie bound.

In Fig. 8, the effect of the ordering block size, L;, on the de-
tection performance is demonstrated, with the low-complexity
turbo equalization implementation. A 2 x 2 MIMO channel
with a uniform PDP and L = 10 is used. The modulation
scheme is 8PSK and the packet size is N, = 1000. Under
the constraint L, < L such that symbols within each block
interfere each other, three block sizes I, = 1, I, = 2 and
L, = 8 are investigated, corresponding to 2, 4, and 16 times
of equalizer tap updating. From the figure, a choice of L, = 1
achieves similar performance as L, > 1, at a considerably
reduced complexity.

VI. UNDERSEA EXPERIMENTAL RESULTS

The enhanced MIMO LMMSE turbo equalization has been
adopted to process experimental data measured in the SPACE(08
underwater acoustic communication experiment, which was
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conducted off the coast of Martha’s Vineyard, Edgartown, MA,
in October 2008. In this experiment, the symbol interval was
Ts = 0.1024 ms and the carrier frequency was f. = 13 kHz.
The transmission equipment consisted of four transducers,
and the receiver had twelve hydrophones. The communication
distance ranged from 60 to 1000 m. During the experiment,
the number of active transducers could be configured to launch
different MIMO transmissions. A packet transmission scheme
was adopted, with the packet structure shown in Fig. 9. The
packet starts with a m-sequence of size 511, which can be used
for Doppler estimation and compensation if necessary [5]. The
data payload consists of multiple frames of size N, and each
frame starts with a length- N pilot block followed by multiple
length- N g information blocks. To adapt to the time variation of
the underwater acoustic channel, the N previously-detected
symbols are also used to re-estimate the channel for detecting
the current block.

Fig. 10 shows an example of the estimated underwater
acoustic channel, where “T” and “H” denote a transducer and
a hydrophone, respectively. It is obvious all subchannels are
sparse and the channel length is as long as L = 100. Except
the T2-H2 subchannel, the other three are non-minimum phase.
Such a MIMO channel makes the channel equalization very
challenging.

The low-complexity algorithms of the original and enhanced
equalization methods are applied to the detection of real-world
data. For the enhanced equalization, a block size of L, = 1
thus N, = N, is adopted for the ordering. In this case, the
equalizer tap is updated N, = N times during the detection
of each packet.

In Table II, the detection result for a 200-m two-transducer
MIMO transmission with QPSK modulation is presented. The
packet parameters are Ng = 300, Ny = 600 and Nr = 6,000
corresponding to a pilot overhead of 10%. Four hydrophones
with indexes 1, 5, 9, 12 are used during the detection. From the
table, it is clear that the enhanced equalizer consistently outper-
forms the original equalizer for all eight packets. The average
number of errors listed in the last row shows that at the third iter-
ation, the enhanced equalizer achieves a BER thatis about1 ~ 2
order of magnitudes lower than that of the original equalizer.

The result for a 1000-m two-transducer MIMO transmission
with 8PSK modulation is listed in Table III. The packet parame-
ters are Ng = 300, Ny = 600, and N = 3000 incurring 20%
pilot overhead. Six hydrophones with odd indexes have been
chosen for the detection. The enhanced turbo equalizer again
manifests better performance than the original turbo equalizer.

In Table IV, the detection result for a three-transducer MIMO
transmission is demonstrated, where the first four packets were
measured at a transmission range of 200 m, and the last six ones
were measured during a 1000-m transmission. The packet pa-
rameters are Ngp = 200, Ny = 600 and Np = 2400 (except
the last frame whose size is Np = 1200). The pilot overhead
is 26%. All twelve hydrophones are used for detection to obtain
the maximum diversity gain. From the table, significant perfor-
mance improvement over the original equalization is observed
with the enhanced equalization.

An example of processing a packet measured during a
1000-m four-transducer transmission is demonstrated in
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Fig. 9. The packet structure used in the SPACEO8 underwater experiment.
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Fig. 10. Impulse response of the estimated underwater acoustic channels

(transmission distance is 200 m).

TABLE II
RESULTS FOR 2 X 4 MIMO (QPSK)

[ Packet Index [| Equ. Algorithm | Err. Num. (1 ~ 4 Iter.) |

1 Original 1062, 0, 0, 0
Enhanced 498, 0, 0, 0

2 Original 8485,92, 0,0
Enhanced 6740, 12, 0, 0

3 Original 2378, 0,0, 0
Enhanced 1876, 0, 0, 0

4 Original 7713, 73, 0, 0
Enhanced 6005, 0, 0, 0

5 Original 2048, 0, 0, 0
Enhanced 1440, 0, 0, 0

6 Original 16531, 12242, 2112, 0
Enhanced 14804, 6972, 39, 0

7 Original 1524, 0,0, 0
Enhanced 1118, 0,0, 0

8 Original 9585, 209, 0, 0
Enhanced 6328, 17,0, 0

Average Original 6166, 1577, 264, 0
Enhanced 4851, 875, 5, 0

Table V. The packet parameters are Ng = 200, Ny = 600,
and Nr = 2000 corresponding to a pilot overhead of 30%. The
error numbers for each of the four transducers are listed. It is
apparent that the enhanced equalization considerably improves
the detection performance for all four transducers, compared

with the original equalization.

100

100

TABLE III

RESULTS FOR 2 x 6 MIMO (8PSK)

| Packet Index || Equ. Algorithm | Err. Num. (I ~ 4 Iter) |

1 Original 2911, 19,0, 0
Enhanced 2547, 12,0, 0

) Original 1584, 5,0, 0
Enhanced 1367, 0,0, 0

3 Original 4017, 54,0, 0
Enhanced 2841, 24,0, 0

4 Original 4693, 163, 0, 0
Enhanced 3736, 82,0, 0

5 Original 2235,18,0,0
Enhanced 1788, 14, 0, 0

Average Original 3088, 52, 0, 0
Enhanced 2456, 26, 0, 0

TABLE IV

RESULTS FOR 3 x 12 MIMO (QPSK)

[ Packet Index || Equ. Algorithm | Err. Num. (I ~ 4 Iter) |

I Original 15177, 7032, 372, 0
Enhanced 12338, 2930, 6, 0

5 Original 11146, 3089, 40, 10
Enhanced 8975, 878, 1, 0

3 Original 13093, 3722, 23, 0
Enhanced 10607, 1698, 0, 0

4 Original 11436, 4034, 140, 0
Enhanced 10005, 2477, 17, 0

5 Original 19227, 12418, 4795, 217
Enhanced 15659, 6623, 479, 0

6 Original 7065, 38, 0, 0
Enhanced 3706, 0, 0, 0

7 Original 16766, 6293, 164, 0
Enhanced 13935, 2878, 3, 0

3 Original 10800, 672, 0, 0
Enhanced 7891, 85,0, 0

9 Original 14119, 2576, 2, 0
Enhanced 9584, 237, 0, 0

10 Original 22942, 15380, 7066, 499
Enhanced 18685, 9990, 1257, 0

Average Original 14177, 5525, 1260, 73
Enhanced 11139, 2780, 176, 0

TABLE V

RESULTS FOR 4 x 12 MIMO (QPSK)

[ Transducer Index [ Equ. Algorithm [ Err. Num. (1 ~ 5 Iter.) |

1 Original 3469, 1205, 198, 0, 0
Enhanced 3012, 508, 9, 0, 0

2 Original 5736, 3689, 1070, 38, 0
Enhanced 5196, 1937, 84, 0, 0

3 Original 9147, 7735, 3985, 153, 2
Enhanced 8224, 5229, 284, 0, 0

4 Original 5040, 2037, 411, 13, 0
Enhanced 3301, 830, 16, 0, 0

Average Original 5848, 3667, 1416, 51, 1
Enhanced 4933, 2126, 98, 0, 0
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VII. CONCLUSION

An enhanced MIMO LMMSE turbo equalization scheme
was proposed in this paper. The new equalization performed
hybrid SOIC by incorporating both the a priori soft decisions
and the a posteriori soft decisions of the interfering symbols.
The hybrid SOIC led to extra performance gains over the con-
ventional SOIC using only the a priori soft decisions. A novel
block-wise reliability-based ordering scheme was then pro-
posed to reduce error propagation, thus improved the perfor-
mance of HSOIC. The new ordering scheme required only the
symbol a priori information which was obtained at a very small
overhead. Moreover, it enabled a dynamic 2-D space-time or-
dering which was unavailable with existing ordering schemes.
To meet the practical needs, a low-complexity implementation
of the enhanced turbo equalization was also provided. Dif-
ferent from most low-complexity implementations with con-
stant equalizer taps, the proposed low-complexity solution al-
lowed the equalizer taps to be flexibly updated during the equal-
ization process, enabling a tradeoff between the tap updating
complexity and the detection performance. The performance
of the proposed MIMO LMMSE turbo equalization has been
verified by both computer simulations and real-world undersea
experimental results.
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