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Abstract—We propose a novel equalizer for ultrawideband (UWB)
multiple-input multiple-output (MIMO) channels characterized
by severe delay spreads. The proposed equalizer is based on reactive tabu search (RTS), which is a heuristic originally designed
to obtain approximate solutions to combinatorial optimization
problems. The proposed RTS equalizer is shown to perform
increasingly better for increasing number of multipath components (MPC), and achieve near maximum likelihood (ML) performance for large number of MPCs at a much less complexity
than that of the ML detector. The proposed RTS equalizer is
shown to perform close to within 0.4 dB of single-input multipleoutput AWGN performance at 10−3 uncoded BER on a severely
delay-spread UWB MIMO channel with 48 equal-energy MPCs.
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Fig. 1. MIMO-ISI Channel Model

I. I NTRODUCTION
Wireless communication systems using ultrawideband (UWB)
techniques typically use high transmission bandwidths to accommodate very high data rates [1]. Such UWB channels
are highly frequency-selective, and are characterized by severe inter-symbol interference (ISI) due to large delay spreads
[2]-[5]. The number of multipath components (MPC) in such
channels in indoor/industrial environments has been observed
to be of the order of several tens to hundreds; number of
MPCs ranging from 12 to 120 are common in UWB channel
models [2],[5]. Such large number of MPCs is often viewed
as a source of severe ISI that hurts performance. On the other
hand, these MPCs, if carefully exploited, can provide the opportunity to achieve increased time-diversity benefits [2]. But
the complexity of receivers (e.g., RAKE [6]) that combine
signal energies in all the MPCs can get prohibitive in complexity for large number of MPCs. Consequently, achieving near-optimum receiver/equalizer performance for channels with large number of MPCs at low complexities has been
a challenging issue. We address this important issue in this
paper. Particularly, we propose a novel equalizer algorithm,
based on reactive tabu search, that achieves near maximum
likelihood (ML) performance for large number of MPCs.
Tabu search (TS) is a heuristic originally designed to obtain
approximate solutions to combinatorial optimization problems
[7]-[10]. TS is increasingly applied in communication problems [11]-[13]. For e.g., in [11], design of constellation label maps to maximize asymptotic coding gain is formulated
as a quadratic assignment problem, which is solved using a
reactive TS (RTS) strategy [10]. RTS approach is shown to
be effective in terms of bit error performance and efficient
in terms of computational complexity in multiuser detection
[12]. In [13], a fixed TS based multiple-input multiple output
(MIMO) detection for V-BLAST is presented. In [14], RTS is

used to decode large non-orthogonal space-time block codes
in MIMO systems.
In this paper, we propose a RTS based low-complexity equalizer algorithm suited for UWB MIMO channels characterized
by severe delay spreads. We note that RTS for equalization
in UWB MIMO channels has not been reported so far. Our
simulation results show that the proposed RTS equalizer performs increasingly better for increasing number of MPCs, and
achieve near-ML performance for large number of MPCs. It
achieves this excellent performance at a much less complexity than that of the ML detector. For e.g., the RTS equalizer performs close to within 0.4 dB of single-input multipleoutput (SIMO) AWGN performance for 4-QAM at 10−3 uncoded bit error rate (BER) on a severely delay-spread UWB
MIMO channel with 48 equal-energy MPCs. Comparing the
performance of the proposed RTS with those of other algorithms based on likelihood ascent search (LAS)/bit flipping
[16],[17],[18] and factor graphs [15], we show that the proposed RTS equalizer achieves better performance due its inherent escape strategy from local minima.
The rest of the paper is organized as follows. In Section II
we present the considered system model. In Section III, we
present the proposed RTS equalizer algorithm. Section IV
presents the simulation results of the BER performance of the
proposed RTS equalizer. Conclusions are given in Section V.
II. S YSTEM M ODEL
Consider a frequency-selective MIMO channel with Nt transmit and Nr receive antennas as shown in Fig. 1. Let L denote
the number of MPCs. Data is transmitted in frames, where
each frame has K data symbols preceded by a cyclic prefix
(CP) of length L symbols, K ≥ L. While CP avoids inter-
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frame interference, there will be ISI within the frame. Let
q ∈ ANt be the transmitted symbol at time q, 0 ≤ q ≤
x
K − 1, where A is the transmit symbol alphabet, which is
taken to be a QAM constellation. The received signal vector
at time q can be written as
L−1

 lx
q−l + wq ,
q = 0, · · · , K − 1, (1)
H
yq =
l=0

 l ∈ CNr ×Nt is the channel gain mawhere yq ∈ CNr ×1 , H
(l)
trix for the lth MPC such that, Hj,i denotes the entry on the
 l matrix, i.e., H (l) is the
jth row and ith column of the H
j,i
channel from ith transmit antenna to the jth receive antenna
 l are assumed to be ranon the lth MPC. The entries of H
dom with distribution CN (0, 1). It is further assumed that
 l , l = 0, · · · , L − 1 do not change for one frame duraH
tion. wq ∈ CNr ×1 is the additive white Gaussian noise vector at time q, whose entries are independent, each with variance N0 . The CP will render the linearly convolving channel to a circularly convolving one, and so the channel will be
multiplicative in frequency domain. Because of the CP, the
received signal in frequency domain, for the ith frequency index (0 ≤ i ≤ K − 1), can be written as
ri

=

Gi ui + vi ,

(2)

and defining


Hef f,I − Hef f,Q
,
H=
Hef f,Q Hef f,I
x = [xTef f,I xTef f,Q ]T ,

r = [rTI rTQ ]T ,

T
T
T
v = [vef
f,I vef f,Q ] ,

the received signal vector can be written in real form as
r =

Hx + v,

(4)

where r ∈ R2Nr K , H ∈ R2Nr K×2Nt K , and v ∈ R2Nr K .
The entries of the x vector will be from a real alphabet AR =
{aj , j = 1, 2, · · · , M }, where aj = 2j − 1 − M . The ML
solution is obtained by minimizing the ML cost
φ(x) = r − Hx2 = xT HT Hx − 2xT HT r

(5)

2Nt K
. Though optimum, the computational
over all x ∈ AR
complexity of the ML solution increases exponentially with
Nt K. This necessitates the use of suboptimum solutions. It
has been found that many modern meta-heuristic algorithms
give near-ML performance at a much reduced complexity [19].
In the next section, we propose one such heuristic based on
reactive tabu search. Let S = 2Nt K and R = 2Nr K.

K−1 −2πjqi
K−1 −2πjqi
q ,
where ri = √1K q=0 e K yq , ui = √1K q=0 e K x
III. P ROPOSED RTS E QUALIZER A LGORITHM
L−1 −2πjqi 
K−1 −2πjqi
1
vi = √K q=0 e K wq , Gi = q=0 e K Hq , and
The RTS algorithm is an iterative local neighborhood search
√
algorithm. It starts with an initial solution vector, defines a
j = −1. Stacking the K vectors ri , i = 0, · · · , K − 1, we
neighborhood around it (i.e., defines a set of neighboring vecwrite
tors based on a neighborhood criteria), and moves to the best
(3)
r = 
GF xef f + vef f ,
vector among the neighboring vectors (even if the best neigh
= Hef f
boring vector is worse, in terms of likelihood, than the current
solution vector; this allows the algorithm to escape from local
where
minima). This process is continued for a certain number of it⎤
⎡
⎤
⎡
erations, after which the algorithm is terminated and the best
G0
r0
0
⎢
⎥
⎢ r1 ⎥
among all the solution vectors in all the iterations is declared
G
1
⎥
⎥
⎢
⎢
,
r=⎢
⎥
as the final solution vector. In defining the neighborhood of
.. ⎥ , G = ⎢
.
..
⎣
⎦
⎣
. ⎦
0
the solution vector in a given iteration, the algorithm attempts
rK−1
GK−1
to avoid cycling by making the moves to solution vectors of
⎡
⎡
⎤
⎤
the past few iterations as tabu (i.e., prohibits these moves),
0
x
v0
which ensures efficient search of the solution space. The
⎢ x
⎢ v1 ⎥
⎥
⎢ 1 ⎥
⎢
⎥
number of these past iterations is parametrized as the ‘tabu
xef f = ⎢
⎥,
.. ⎥ , vef f = ⎢
..
⎣
⎣
⎦
period.’ The search is referred to as fixed tabu search if the
. ⎦
.
tabu period is kept constant. If the tabu period is dynamically
K−1
x
vK−1
changed (e.g., increase the tabu period if more repetitions of
⎡ ρ I
⎤
the solution vectors are observed in the search path), then the
ρ1,0 INt
· · · ρK−1,0 INt
0,0 Nt
search is called reactive tabu search. We consider reactive
ρ
I
ρ
I
·
·
·
ρ
I
0,1
N
1,2
N
K−1,1
N
⎥
t
t
t
1 ⎢
⎥
F = √ ⎢
..
..
..
tabu search in this paper because of its robustness (choice of
⎣
⎦
K
.
.
··· .
a good fixed tabu period can be tedious).
=

ρ0,K−1 INt
1
√ DK ⊗ INt ,
K

ρ1,K−1 INt

···

ρK−1,K−1 INt

−2πjqi

where ρq,i = e K , DK is the K-point DFT matrix and
⊗ denotes the Kronecker product. Separating real and imaginary parts of the various vectors/matrices as
Hef f = Hef f,I + j Hef f,Q ,
xef f = xef f,I + j xef f,Q ,

r = rI + j rQ ,

vef f = vef f,I + j vef f,Q ,

Neighborhood Definition: Let M denote the cardinality of
AR . Let aq ∈ AR , q = 1, · · · , M . Define a set N (aq )
as a fixed subset of AR \aq , which we refer to as the symbol neighborhood of aq . We choose the cardinality of this
set to be the same for all aq , q = 1, · · · , M ; i.e., we take
|N (aq )| = N, ∀q. Note that the maximum and minimum values of N are M −1 and 1, respectively. We choose the symbol
neighborhood based on Euclidean distance, i.e., for a given
symbol, those N symbols which are the nearest will form its
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neighborhood; the nearest symbol will be the first neighbor,
the next nearest symbol will be the second neighbor, and so
on. For e.g., AR = {−3, −1, 1, 3} for 4-PAM, and choosing
N to be 2, N (−3) = {−1, 1}, N (−1) = {−3, 1}, N (1) =
{−1, 3}, N (3) = {1, −1} are possible symbol neighborhoods.
If N = 3, N (−3) = {−1, 1, 3}, N (−1) = {−3, 1, 3}, N (1) =
{−1, 3, −3}, N (3) = {1, −1, −3} are possible symbol neighborhoods. Let wv (aq ), v = 1, .., N denote the vth element in
N (aq ); i.e., we say wv (aq ) is the vth symbol neighbor of aq .
(m)

(m)

(m)

Let x(m) = [x1 x2 · · · xS ] denote the data vector belonging to the solution space, in the mth iteration, where
(m)
xi = aq , q ∈ {1, · · · , M }. We refer to the vector

(m)
(m)
(u, v) z2 (u, v) · · · zS (u, v) , (6)


as the (u, v)th vector neighbor or simply the (u, v)th neighbor
of x(m) , u = 1, · · · , S, v = 1, · · · , N , if i) x(m) differs from
z(m) (u, v) in the uth coordinate, and ii) the uth element of
(m)
z(m) (u, v) is the vth symbol neighbor of xu . That is,

(m)
xi
for i = u
(m)
zi (u, v) =
(7)
(m)
wv (xu ) for i = u.

z(m) (u, v)

=



(m)

z1

So we will have SN vectors which differ from a given vector
in the solution space in only one coordinate. These SN vectors form the neighborhood of the given vector. We note that
neighborhood definition based on bit-flipping [16] is a special
case of the above neighborhood definition for M = 2, N = 1.
An operation on x(m) which gives x(m+1) belonging to the
vector neighborhood of x(m) is called a move. The algorithm
is said to execute a move (u, v) if x(m+1) = z(m) (u, v).
We note that the number of candidates to be considered for
a move in any one iteration is SN . Also, the overall number
of ‘distinct’ moves possible is SM N , which is the cardinality of the union of all moves from all M S possible solution
vectors. The tabu value of a move, which is a non-negative
integer, means that the move cannot be considered for that
many number of subsequent iterations, unless certain conditions are satisfied.
Tabu Matrix: A tabu matrix of size SM × N is the matrix
whose entries denote the tabu values of moves. The (r, s)th
entry of the tabu matrix corresponds to the move (u, v) from
(m)
+ 1, v = s and xu = aq , where
x(m) when u = r−1
M
q = mod(r − 1, M ) + 1.
Algorithm: Let g(m) be the vector which has the least ML
cost found till the mth iteration of the algorithm. Let lrep be
the average length (in number of iterations) between two successive occurrences of the same solution vector (repetitions),
at the end of an iteration. Tabu period, P , a dynamic nonnegative integer parameter, is defined. If a move is marked
as tabu in an iteration, it will remain as tabu for P subsequent iterations. A binary flag, lf lag ∈ {0, 1}, is used to
indicate whether the algorithm has reached a local minima in
a given iteration or not; this flag is used in the evaluation of
the stopping criterion of the algorithm. The algorithm starts
with an initial solution vector x(0) , which, for e.g., could be
the MMSE or MF output vector. Set g(0) = x(0) , lrep = 0,

and P = P0 . All the entries of the tabu matrix are set to zero.


Define rmf = HT r, and R = HT H. Compute rmf and R.
The following steps 1) to 3) are performed in each iteration.
Consider mth iteration in the algorithm, m ≥ 0.


Step 1): Initialize lf lag = 0. Define f (m) = Rx(m) − rmf .
Let e(m) (u, v) = z(m) (u, v) − x(m) . The ML costs of the
SN neighbors of x(m) , namely, z(m) (u, v), u = 1, · · · , S,
v = 1, · · · , N , are computed as
T 

x(m) + e(m) (u, v) R x(m) + e(m) (u, v)


T
−2 x(m) + e(m) (u, v) rmf


T
= φ(x(m) ) + 2 e(m) (u, v) R x(m)


T
T

+ e(m) (u, v) R e(m) (u, v) − 2 e(m) (u, v) rmf


 (m)
2
(m)
(m)
+ eu (u, v) Ru,u ,
= φ(x(m) ) + 2 eu (u, v) fu
(8)




  (m)

φ(z(m) (u, v))

=



= C eu

(u,v)

(m)
eu (u, v) is
(m)

(m)

where
the uth element of e(m) (u, v), fu is
uth element of f , and Ru,u is the (u, u)th element of R.
φ(x(m) ) on the RHS in (8) can be dropped since it will not
affect the cost minimization. Let
(u1 , v1 )

=


arg min  (m)
C eu (u, v) .
u, v

(9)

The move (u1 , v1 ) is accepted if any one of the following two
conditions is satisfied:
φ(z(m) (u1 , v1 )) < φ(g(m) )
tabu matrix ((u1 − 1)M + q, v1 ) = 0

i)
ii)
where q :
make

(m)
xu1

(10)

= aq ∈ AR . If move (u1 , v1 ) is accepted,

x(m+1)

= x(m) + e(m) (u1 , v1 ).

(11)

If move (u1 , v1 ) is not accepted (i.e., neither of conditions i)
and ii) is satisfied), find (u2 , v2 ) such that
(u2 , v2 )

=



arg min
C e(m)
u (u, v) , (12)
u, v : u = u1 , v = v1

and check for acceptance of the (u2 , v2 ) move. If this also
cannot be accepted, repeat the procedure for (u3 , v3 ), and so
on. If all the SN moves are tabu, then all the tabu matrix entries are decremented by the minimum value in the tabu matrix;
this goes on till one of the moves becomes permissible. Let
(u , v  ) be the index of the neighbor with the minimum cost
for which the move is permitted. The variables q  , q  , v 
(m+1)
are implicitly defined by x(m)
= aq = wv (xu
), and
u
(m+1)



xu
= aq , where aq , aq ∈ AR . It is noted that in
this Step 1 of the algorithm, essentially the best permissible
vector neighbor is chosen as the solution vector for the next
iteration.
Step 2): The new solution vector obtained from Step 1 is
checked for repetition. For the system model in (4), repetition
can be checked by comparing the ML costs of the solutions
in the previous iterations. If there is a repetition, the length of
the repetition from the previous occurrence is found, the average length, lrep , is updated, and the tabu period P is modified
as P = P + 1. If the number of iterations elapsed since the
last change of the value of P exceeds βlrep , for a fixed β > 0,
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make P = P − 1. The minimum value of P , however, will be
1. Note that this step of making P = P − 1, if executed, also
qualifies as the one which changed P . After a move (u , v  )
is accepted, if φ(x(m+1) ) < φ(g(m) ), make
tabu matrix ((u − 1)M + q  , v  ) =
tabu matrix ((u − 1)M + q  , v  ) =
g(m+1) = x(m+1) ;


q
x

tabu matrix ((u − 1)M + q  , v  ) = P + 1;
tabu matrix ((u − 1)M + q  , v  ) = P + 1;
lf lag = 1, g(m+1) = g(m) .

max{tabu matrix (r, s) − 1, 0}, (13)

for r = 1, · · · , SM , s = 1, · · · , N. f (m) is updated as
=

(m)

f (m) + eu (u , v  )Ru ,

(14)



where Ru is the u th column of R. The algorithm terminates
in Step 3 if the following stopping criterion is satisfied, else it
goes back to Step 1.
Stopping criterion: The algorithm can be stopped based on a
fixed number of iterations. Though convergence can be slow
at low SNRs, it can be fast at moderate to high SNRs. So
rather than fixing a large number of iterations to stop the algorithm irrespective of the SNR, we use an efficient stopping
criterion which makes use of the knowledge of the best ML
cost in a given iteration, as follows. Since the ML criterion is
2
to minimize Hx − r , the minimum value of the objective
T
T
function x H Hx−2xT HT r, is always greater than −rT r.
We stop the algorithm when the least ML cost achieved in an
iteration is within certain range of the global minimum, which
is −rT r. We stop the algorithm in the mth iteration, only if
lf lag = 1 and certain conditions are satisfied as given below.
The algorithm is stopped if the condition
|φ(g(m) ) − (−rT r)|
< α1
| − rT r|

GH
i Gi +

−1
N0
INt
GH
i ri ,
Es

0 ≤ i ≤ K − 1, (17)

=

K−1
1  2πjqi
√
i,
e K u
K i=0

0 ≤ q ≤ K − 1, (18)

A. RTS algorithm versus LAS algorithm in [17]

Step 3): Update the entries of the tabu matrix as

f (m+1)



which are used to form the initial vector to the RTS algorithm.

It is noted that this Step 2 of the algorithm implements the
‘reactive’ part in the search, by dynamically changing P .
=

=

where Es is the average energy of a transmitted symbol. The
 i ’s are transformed back to time domain using K-point IDFT,
u
to obtain an estimate of the transmitted symbol vector, as

0;
0;

else

tabu matrix (r, s)

i
u

(15)

is met with at least min iter iterations being completed to
make sure the search algorithm has ‘settled.’ The bound is
gradually relaxed as the number of iterations increase and the
algorithm is terminated when

It is noted that the LAS algorithm presented in [17] is also
a local neighborhood search based algorithm, where the basic definition of neighborhood is the same as in RTS. However, LAS differs from RTS in the following aspects: i) while
the definition of neighborhood is static in LAS for all iterations, in RTS, in addition to the basic neighborhood definition, there is also a dynamic aspect to the neighborhood
definition by way of prohibiting certain vectors from being
included in the neighbor list (implemented through repetition
checks/tabu period), and ii) while LAS gets trapped in the
local minima that it first encounters and declares this minima
to be the final solution vector, RTS can potentially find better minimas because of the escape strategy embedded in the
algorithm (by way of allowing to pick and move to the best
neighbor even if that neighbor has a lesser likelihood than the
current solution vector).
It is further noted that a general version of LAS (termed as
multistage LAS – MLAS [17]) executes a different escape mechanism when it encounters a local minima, by changing the
neighborhood definition: it considers vectors which differ in
two or more coordinates (as opposed to only one in the basic
neighborhood definition) as neighbors. On escaping from a
local minima, the algorithm reverts back to the basic neighborhood definition till the next local minima is encountered
and stops when no escape from a local minima is possible.
Since the performance gain of MLAS compared to LAS is
found to be small, in this paper we limit our comparison of
RTS with only LAS. Our simulation results in the following
section show that RTS performs better than LAS.
IV. S IMULATION R ESULTS

We evaluated the BER performance of the proposed RTS equalizer in a 4 × 4 MIMO V-BLAST system with 4-QAM mod|φ(g ) − (−r r)|
ulation (the RTS algorithm, however, is applicable to general
<
mα
.
(16)
2
| − rT r|
QAM), as a function of average Eb /N0 per receive antenna,
through simulations. We have assumed uniform power deIn (15) and (16), α1 and α2 are positive constants. In adlay profile (i.e., all the L paths are assumed to be of equal
dition, we terminate the algorithm whenever the number of
energy). We evaluated the performance for various number
repetitions of solutions exceeds max rep. Also, the maximum
of delay paths, L, and frame sizes, K, keeping L/K connumber of iterations is set to max iter.
stant.
As seen in Figs. 2 and 3, the RTS equalizer perInitial vector using FD-MMSE Equalizer: The detected symforms
increasingly
closer to the optimum performance for inbol vector obtained using frequency domain (FD) MMSE equalcreasing
number
of
dimensions (i.e., increasing L, K). The
ization can be used as the initial vector to the RTS algoFD-MMSE
equalizer
output is taken to be the initial vector.
rithm. The FD-MMSE equalizer on the ith frequency emThe
following
RTS
parameters
are used in the simulations:
ploys MMSE nulling as
(m)

T
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Fig. 2. Uncoded BER performance of the RTS equalizer in a 4 × 4 MIMO
V-BLAST system with 4-QAM for different number of delay paths (L) and
frame sizes (K), keeping L/K constant. Uniform power delay profile.

Next, in Fig. 3, we present a BER performance comparison of the equalizers based on RTS and LAS [17] with FDMMSE initial vector for both. The BER performance of the
FD-MMSE equalizer (without any search) is also plotted for
comparison; it can be seen that it performs significantly poor.
However, the subsequent search operations carried out in RTS
and LAS result in significantly improved performance for increasing L, K. Both RTS and LAS show large dimension
effect (i.e., BER improves for increasing L, K, keeping L/K
constant). However, for a given L, RTS performs better than
LAS. For example, at a BER of 10−3 , the performance of
LAS is worse by about 1.5 dB compared to that of RTS for
L = 6, K = 64. For L = 12, K = 128, the performance gap
is about 0.8 dB in favor of RTS. This improvement can be attributed to the escape mechanism in RTS from local minimas.
Also, this better performance is achieved with only a small
increase in complexity (shown in Fig. 4). For even larger dimensions (L = 48, K = 512), we have found that RTS and
LAS perform almost the same. We note that the BER of the
factor graph based equalizer in [15] showed significant error
floors for L = 12.
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Fig. 3. Comparison of the BER performance of the proposed RTS equalizer
with those of LAS equalizer and and FD-MMSE equalizer in a 4 × 4 MIMO
V-BLAST system with 4-QAM for different number of delay paths (L) and
frame sizes (K), keeping L/K constant. Uniform power delay profile.

P0 = 2; β = 1; α1 = 0.03; max rep = 75; min iter = 30.
For K = 64 and 128, max iter = 300 and α2 = 0.00075.
For K = 512, max iter = 500 and α2 = 0.0004.
In Fig. 2, we plot the uncoded BER of the RTS equalizer
for (L = 6, K = 64), (L = 12, K = 128), and (L =
48, K = 512), L/K = 0.09375. We have also plotted the
performance of SIMO AWGN (for the same Nr ) which is a
good lower bound on the best detector performance. It can be
seen that the performance of RTS equalizer improves as L, K
are increased. For e.g., the performance gap between the RTS
equalizer and the SIMO AWGN performance is only about
0.4 dB for L = 48 MPCs at an uncoded BER of 10−3 . Even
with only L = 12 MPCs, the RTS equalizer performance is
only about 0.8 dB away from SIMO AWGN performance at
10−3 BER.

Complexity of RTS versus LAS: The complexity of the RTS
algorithm comprises of 3 main parts: i) FD-MMSE initial
vector computation, ii) computation of HT H, and iii) the
search operation. Complexity parts i) and ii) are the same for
both RTS and LAS, and only the search complexity part iii)
differs. Figure 4 shows the RTS and LAS complexity plots as
a function of the frame size, K, for 4 × 4 V-BLAST, 4-QAM,
average Eb /N0 =0 dB, L/K = 0.09375, and uniform delay
profile. The per-symbol complexity of FD-MMSE computation is O(KNt + Nt2 ). The per-symbol complexity of HT H
computation is O(K 2 Nt ). The per-symbol search complexities for RTS and LAS are obtained by simulations, and are
plotted in Fig. 4. It can be seen that a) the search complexity
of RTS is slightly higher than that of LAS for small K, b)
for large K, search complexities of RTS and LAS are almost
the same, and c) the per-symbol search complexity is only
O(K) for both RTS and LAS for large K (i.e., search complexity plots run parallel to c2 K line). It can be also seen from
Fig. 4 that the overall per-symbol complexities of RTS and
LAS are almost the same; this is because, for small Nt (e.g.,
Nt = 4), the O(K 2 Nt ) complexity of HT H is the dominant one, which is same in both RTS and LAS. In summary,
the proposed RTS performs better than (for small/moderate
L, K) or the same as (for large L, K) LAS with about the
same complexity.
V. C ONCLUSIONS
We presented a reactive tabu search (RTS) based equalization
algorithm that achieved near-ML bit error performance at low
complexities in severely delay-spread UWB MIMO-ISI channels. The proposed RTS algorithm can be employed for lowcomplexity equalization in UWB wireless systems/standards
that are characterized by large number of multipath components. We have assumed perfect channel knowledge of all the
paths. Joint channel estimation and equalization in severely
delay-spread UWB MIMO channels can be investigated as
further extension to this work.
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Fig. 4. Complexity comparison between the proposed RTS algorithm and
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