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Abstract Due to the scarcity of the electromagnetic spectrum, multidimensional sig-
naling schemes that take into account several signal dimensions such as space, time,
frequency and constellation, are good candidates for increasing the data rate and/or
improving the link reliability in future communication systems. This work addresses
the problem of joint channel estimation and data detection in precoded multi-layered
space-frequency codes (MLSFC) in multiple input multiple output (MIMO) systems
based on orthogonal frequency division multiplexing (OFDM). First, we consider a
modified (precoded) MLSFC transmit structure that consists in extending the con-
stellation rotation across multiple OFDM symbols. By recasting the received sig-
nal as trilinear model, we propose a low-complexity blind receiver based on the
least squares Khatri–Rao factorization (LSKRF). Our proposed LSKRF receiver is a
closed-form solution and it outperforms the classical alternating least squares (ALS)
receiver while being less complex since no iteration is need. Our results attest to
the benefits of the proposed receiver in a variety of MLSFC schemes in comparison
with the non-blind zero-forcing-based MLSFC receiver that assumes perfect channel
knowledge.
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1 Introduction

A possible solution to fulfill the requisites imposed by the next generation of wireless
systems is the combination of multiple input multiple output (MIMO) systems and
orthogonal frequency division multiplexing (OFDM). In MIMO-OFDM, the systems
could explore the coding to multiplexes symbols through space-time/space-frequency
or space-time-frequency dimensions to achieve high data rates via spatial multiplex-
ing as well as to improve link reliability in frequency-selective channels [1, 10, 11,
23, 27, 28].

In the literature, the so-called “hybrid” multiantenna schemes aim to achieve a
tradeoff between diversity and multiplexing [30]. In general, the transmission process
of a hybrid scheme is separated into multiple parallel layers. Each layer is associated
with a number of data streams to transmit using a group of transmit antennas [18].
For a layer with two or more antennas, space-time coding is applied to provide trans-
mit diversity gains, while single-antenna layers transmit non-coded set of symbols
multiplexed in the time domain. Herein, we are interested in the use of hybrid multi-
antenna combining spatial multiplexing with well known orthogonal space-frequency
block coding schemes. For these multiantenna schemes, herein referred to as multi-
layered space-frequency codes (MLSFC), we can achieve a desired tradeoff between
data rates and link reliability [18].

During the last decade, the use of tensor decompositions in wireless communica-
tions gained much attention. In several systems where transmit signaling spans space,
time, frequency and/or code dimensions, the received signal generally has a multidi-
mensional structure and can be formulated as a tensor with three or four dimensions.
Each dimension is associated with a particular form of signal “diversity”. In most
of the cases, two of these three dimensions account for space and time, the third di-
mension of the third-order tensor depends on the particular wireless communication
system [2, 3]. The practical motivation for a tensor modeling comes from the fact that
one can simultaneously benefit from multiple (more than two) forms of diversity to
perform multiuser signal separation/equalization and channel estimation under model
uniqueness conditions more relaxed than with conventional matrix-based approaches.

Some works in the literature address problem of modeling space-time coding
(STC) using tensor approaches with a blind detection [4, 5, 8, 9, 12, 17, 24]. The
approach of [24] relies on a parallel factor (PARAFAC) model [13, 19]. In [4], joint
space-time spreading-based transmit diversity was considered, and a constrained ten-
sor model was used for blind detection. More general space-time spreading struc-
tures were recently proposed by relying on a three-way constrained factor (CON-
FAC) model [8]. Space-time coding structures relying on PARATUCK-based models
have been developed in [9, 17]. However, these works were restricted to single-carrier
transmissions. Extensions to MIMO-OFDM systems were presented in [5], while [6]
proposed a trilinear coding structure with codings over space, time and frequency,
along with a blind detection algorithm. In [7] the authors proposed a blind receiver
with linear constellation precoding and thanks to this added feature the received sig-
nal model can be formulated as a three-way array following a PARAFAC decom-
position and an iterative algorithm exploits the uniqueness property of the modeled
decomposition for blind symbol estimation without pilot signals.
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In this work, we propose a tensor-based approach with blind decoding for multi-
layered space-frequency codes (MLSFC) in MIMO-OFDM systems. Two receivers
combining space-frequency and time domain processing are proposed for the blind
symbol and channel estimation with simplified decoding using the alternating least
squares (ALS) and least squares Khatri–Rao factorization (LSKRF) algorithms.
These blind receivers exploit the received signal tensor structure that arises by us-
ing a temporally extended linear precoding on top of MLSFC. The key feature of the
proposed LSKRF receiver is its simplicity as compared to the ALS one in terms of the
processing time, since no iteration is required. Furthermore, for some configurations
the LSKRF receiver outperforms the ALS one in terms of error rates [14, 20–22].
In contrast to previous works, which considered tensor coding strategies, herein we
consider simpler multiantenna schemes based on orthogonal space-time block codes
on a multilayer basis, which are popular transmit diversity schemes well known for
their good performance and decoding simplicity.

This paper is organized as follows. In Sect. 2, the system model is presented. In
Sect. 3, we recast the receive signal as a three-way PARAFAC model. In Sect. 4, the
standard ALS algorithm is described, and we formulate the proposed LSKRF receiver
for blind channel estimation and decoding. Numerical results are presented in Sect. 5
and the paper is concluded in Sect. 6.

Notation Scalars are denoted by lower-case letters (a, b, . . .), vectors are written as
boldface lower-case letters (a,b, . . .), matrices as boldface capitals (A,B, . . .), and
tensors as calligraphic letters (A,B, . . .). Ai. ∈ C

1×R is a row vector denoting the
ith row of A ∈ C

I×R . The operator diag(a) forms a diagonal matrix from its vector
argument. The Kruskal-rank (k-rank) of A, denoted by kA, is the greatest integer k

such that every set of k columns of A is linearly independent. The Kronecker and the
Khatri-Rao products are denoted by ⊗ and �, respectively:

A � B =

⎡
⎢⎢⎣

B diag(A1.)

...

B diag(AI.)

⎤
⎥⎥⎦ , (1)

with A = [A.1, . . . ,A.R] ∈ C
I×R , B = [B.1, . . . ,B.R] ∈ C

J×R . We use the super-
scripts T ,H ,−1, † and ∗ for transposition, Hermitian transposition, matrix inversion,
the Moore–Penrose pseudo inverse of matrices, and complex conjugation, respec-
tively. The n-mode vectors of a tensor are obtained by varying the nth index within
its range (1,2, . . . , In) and keeping all the other indices fixed. The nth unfolding of A
is represented by A(n), and is the matrix form of A varying the nth index along the
rows and stacking all the other indices along the columns of A(n). The nth unfolding
of A is represented by A(n), and is the matrix form of A varying the nth index along
the rows and stacking all the other indices along the columns of A(n).The n-mode
product is defined as the product between a matrix B and A(n), and it is written in
the following fashion: A×n B .
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2 System Model

We model the system considering a MIMO wireless communication system with
M transmit and K receive antennas, transmitting over Nc subcarriers by means of
orthogonal frequency division multiplexing (OFDM). In the frequency-domain, the
transmission is partitioned into groups of F neighboring subcarriers.

The transmitted information stream spans P OFDM symbol periods, during which
the channel is assumed to remain constant. We assume that a small number F of
neighboring subcarriers are highly correlated so that they are associated with the same
flat fading channel coefficient, while different subcarrier groups are uncorrelated.
Thus, for clarity, our notation focuses on a particular group of F subcarriers.

2.1 Transmitted Signal

At the transmitter, the N OFDM symbols are divided into I = N/P time-slots
each one spanning P symbol periods. For the ith time-slot, MLSFC encoding
generates the space-frequency codeword matrix X(s(i)) ∈ C

F×M , where s(i) =
[s1(i), . . . , sR(i)]T ∈ C

R is the ith symbol vector at the input of the space-frequency
encoder. We propose an extended linear constellation precoding (LCP) technique that
consists in applying successive constellation rotations across P OFDM symbols. The
pth constellation rotated component of the space-frequency codeword is generated
by applying the transformation GM(p) yielding

X(i,p) = GM(p)XT
(
s(i)

) ∈ C
M×F . (2)

The GM(p) is the pth LCP matrix defined by

GM(p)
.= 1√

M
�diag

(
1, α

p

1 , . . . , α
p

M−1

)
, (3)

where � ∈ C
M×M is a discrete Fourier transform (DFT) matrix and αm = exp(jφm)

is the elementary rotation. The value of φ can be optimized for a given number
M and modulation type [29]. A simple and suboptimal choice is given by φm =
2π(m − 1)/M . Note that the compound LCP matrix GM(p) is given by the product
of a fixed precoding matrix and a time-varying rotation matrix.

2.2 Received Signal

Defining H ∈ C
K×M as the channel matrix, the received signal associated with the

pth symbol period can then be written as:

Y(i,p) = HGM(p)XT
(
s(i)

) + V(i,p) ∈C
K×F . (4)

Concatenating Y(1,p), . . . ,Y(I,p) column-wise along the frequency dimension, we
get

Y(p) = HGM(p)XT (s) + V(p), (5)
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where

Y(p)
.= [

Y(1,p), . . . ,Y(I,p)
] ∈C

K×IF , (6)

X(s) =

⎡
⎢⎢⎣

X(s(1))

...

X(s(I ))

⎤
⎥⎥⎦ ∈ C

IF×M, and (7)

s .= [
sT (1), . . . , sT (1)

]T ∈C
IM. (8)

Using (3), it is convenient to rewrite (5) as follows:

Y(p) = 1√
M

H�diag(Cp.)XT (s) + V(p), (9)

where

C =

⎡
⎢⎢⎢⎢⎢⎣

1 α1
1 . . . α1

M−1

1 α2
1 . . . α2

M−1

...
... . . .

...

1 αP
1 . . . αP

M−1

⎤
⎥⎥⎥⎥⎥⎦

∈C
P×M (10)

is a Vandermonde matrix that collects the phase rotations.
Note that the extended LCP model (9) is similar to those proposed in previous

works [29]. The basic difference is on the introduction of a “time-varying” LCP struc-
ture that extends constellation rotation across P successive OFDM symbol periods.
As will be seen in the next section, the use of this LCP technique adds an extra time
diversity to the system, in addition to common space and frequency diversities. The
price to pay is a reduction on the rate of the MLSFC code by a factor of P .

2.3 Considered MLSFC Schemes

In this work, we consider MLSFC schemes derived from combinations of Alam-
outi’s two transmit antenna space-frequency code (SFC) [10] and spatial multiplexing
(SM), although the proposed receiver can also be used with more general MLSFC de-
signs. Define Nsfc as the number of space-time code layers (each one associated with
a pair of transmit antennas) and Nsm as the number of spatial multiplexing layers
that transmit independent data streams using Nsm transmit antennas. Thus, the total
number of transmit antennas is given by M = 2Nsfc + Nsm. Herein, we focus on the
following cases:

1. (Nsfc,Nsm) = (1,0): pure Alamouti’s SFC

s(i) = [
s1(i), s2(i)

]
,

X
(
s(i)

) =
[

s1(i) s2(i)

−s∗
2 (i) s∗

1 (i)

]
.
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2. (Nsfc,Nsm) = (1,2): 1 SFC layer + 2 SM layers

s(i) = [
s1(i), s2(i), s3(i), s4(i), s5(i), s6(i)

]
,

X
(
s(i)

) =
[

s1(i) s2(i) s3(i) s4(i)

−s∗
2 (i) s∗

1 (i) s5(i) s6(i)

]
.

Note that, regardless of the chosen Nsfc and Nsm, we consider both conventional LCP
(P = 1) and extended LCP (P > 1).

3 PARAFAC Formulation

In this work, we make use of the PARAFAC decomposition [19] (also called CAN-
DECOMP [13]) for modeling the received data in the proposed LCP-based orthogo-
nal space-frequency block-code (OSFBC) system. The use of PARAFAC modeling is
motivated by the fact that the set of K × J received data matrices {Y(1), . . . ,Y(P )}
can be organized in a three-way array Y ∈C

K×J×P whose dimensions are given by:

– K : number of receive antennas;
– J = IF : number of time-slots × number of subcarriers;
– P : number of precoded OFDM symbols.

Each entry yk,j,p of this three-way array admits a PARAFAC decomposition (in the
absence of noise) as follows:

yk,j,p =
M∑

m=1

ak,mxj,mcp,m. (11)

We can also represent (11) in terms of n-mode products as follows:

Y = I ×1 A ×2 X ×3 C, (12)

where Y is the received data tensor and I ∈ C
M×M×M is the identity tensor. The

elements of I are equal to 1 when all indices are equal and 0 otherwise. The factor
matrices are given by A = 1√

M
H� ∈C

K×M , X(s) ∈ C
J×M , and C ∈ C

P×M .

Applying Kruskal’s condition [26] to model in (11), with A, C and X(s) having
full k-rank, we get

min(K,M) + min(J,M) + min(P,M) ≥ 2M + 2, (13)

which is a sufficient condition for uniqueness of the PARAFAC model (11).
This condition illustrates the tradeoff between space, frequency and time diversi-

ties arising from the proposed system, for the purpose of blind symbol and channel
recovery. More specifically, provided that condition (13) is satisfied, the transmit-
ted symbol and channel matrices can be blindly identified from the received signal
tensor.
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Recalling that J = IF , some practical corollaries can be drawn from condition
(13) as follows:

– For IF ≥ M and P ≥ M , blind symbol-channel recovery is ensured with K ≥ 2
receive antennas;

– For K ≥ M and IF ≥ M , blind symbol-channel recovery is ensured by precoding
across P ≥ 2 OFDM symbols;

– For K ≥ M and P ≥ M , we may have two situations:
– If I = 1, blind symbol-channel recovery is ensured by coding across F ≥ 2

subcarriers;
– If F = 1 (no SFC is used) blind symbol-channel recovery is ensured by collect-

ing I ≥ 2 time-slots.

4 Blind Receivers

Recall that channel state information is assumed to be unknown at the receiver. Our
goal is, therefore, jointly and blindly to recover the transmitted symbol sequence s(i)
and the channel matrix H. To do such tasks we propose a blind receiver that com-
bines space-frequency and time domain processing with simplified decoding using
the least squares Khatri–Rao factorization (LSKRF) algorithm. As a reference, we
first describe the blind receiver based on the classical alternating least squares (ALS)
algorithm. In our analysis, the LCP matrix C is assumed to be known at the receiver,
although the proposed blind receiver can operate without its knowledge.

4.1 ALS Blind Receiver

The ALS-based blind receiver can operate without knowledge of the LCP matrix C,
however, the model order should be first estimated and in this case we refer to the
following schemes [15].

The traditional receiver consists in determining least squares (LS) estimates of A
and X(s) by minimizing, respectively, the cost functions,

JA = ∥∥Y
′ − (

X(s) � C
)
AT

∥∥2
F
, (14)

JX(s) = ∥∥Y
′′ − (C � A)XT (s)

∥∥2
F
, (15)

using the alternating least squares (ALS) algorithm [25] where

[
Y′]

(p−1)J+p,k

.= yk,j,p, (16)

[
Y′′]

(k−1)P+k,j

.= yk,j,p. (17)

Note that these two matrices collect the full information of the noiseless received
signal tensor (K receive antennas × J time-frequency slots × P OFDM symbol
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periods) organized in two different forms. It can be shown [12] that Y′ and Y′′ admit,
respectively, the following factorizations:

Y′ =

⎡
⎢⎢⎣

C diag(X(s)1.)

...

C diag(X(s)J.)

⎤
⎥⎥⎦AT = (

X(s) � C
)
AT , (18)

Y′′ =

⎡
⎢⎢⎣

A diag(C1.)

...

A diag(CP.)

⎤
⎥⎥⎦XT (s) = (C � A)XT (s). (19)

The algorithm is summarized as follows.

ALS-BASED RECEIVER ALGORITHM

Initialization: Set t = 0 where t indicates the t th iteration; Randomly initialize X̂(s);

(1.1) t = t + 1;
(1.2) Compute the LS estimate of A by minimizing (14) in the LS sense:

ÂT (t) = (
X̂(s)(t − 1) � C

)†Y
′;

(1.3) Compute the LS estimate of X(s) by minimizing (15) in the LS sense:

X̂(s)T (t) = (
C � Â(t)

)†Y
′′;

(1.4) Repeat steps (1.1)–(1.3) until convergence.

It is worth mentioning that due the knowledge of the LCP matrix C, the es-
timations of A and X(s) are free from column permutation ambiguity. Note that
column scaling ambiguity can be removed by assuming that the first row of X(s)
is known. This is possible, for instance, by assuming that the symbol vector to
be encoded/transmitted at the first time-slot is equal to the 1’s vector, i.e. s(1) =
[1,1, . . . ,1]T (R × 1).

4.2 Final Channel Estimate

Define Â∞ and X̂(s)∞ as the estimates of the channel and codeword matrices ob-
tained after the convergence of the ALS algorithm. Provided that the fixed part of
linear constellation precoder � ∈ C

M×M is known at the receiver and has full col-
umn rank by definition, a unique least squares (LS) channel estimate can be obtained
by:

Ĥ = [(
X̂(s)∞ � C

)
�

]†Y
′
. (20)
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Note that this LS channel estimation requires that the Khatri–Rao product X̂(s)∞ �
C ∈ C

JP×M have full column rank, which requires JP ≥ M . This condition is al-
ways satisfied provided that X̂(s) has full column rank.

4.3 LSKRF Blind Receiver

Since the precoding matrix C is known at the receiver, the problem can also be
solved in a closed-form way by applying the least squares Khatri–Rao factorization
(LSKRF) [14, 21, 22] or its parallelized version [20].

We can rewrite the 3-mode unfolding of (12) as follows:

Y (3) = CI(3)[A ⊗ X]T. (21)

As shown in [16], (21) can be expressed as Khatri–Rao product,

Y (3) = C[A � X]T. (22)

From (22), we have that

A � X = YT
(3)

(
CT)−1

, (23)

where A � X ∈ C
KJ×M .

The problem now can be stated as how to obtain A and X given (23). We show
how an estimate of A � X from (23) can be refactorized into individual estimates of
A and X.

Note that the ith column of A � X ∈ C
KJ×M is equivalent to ai � xi ∈ C

KJ×1.
Therefore, if we separate each ith column individually of A � X into ai and xi , after
we do this process with the M columns we obtain A and X.

Therefore, let us write our problem as how to estimate ai and xi given ai � xi .

ai � xi = (A � X)i , (24)

where (A � X)i ∈ C
KJ×1 is the ith vector of A � X, and where ai ∈ C

K×1 and
xi ∈C

J×1.
To solve this problem, we reshape (A � X)i by using the unvec operator such that

it becomes of size J × K , and transform the problem into

unvec
J×K

(A � X)i = xi · aT
i . (25)

Since (25) is a rank-one matrix, we can use a singular value decomposition (SVD)-
based rank-one approximation

unvec
J×K

(A � X)i = U · � · V H. (26)

The weighted right dominant singular vector
√

σ1 ·u1 and the weighted left dominant
singular vector

√
σ1 · v∗

1 are the estimates of xi and ai , respectively. Here, σ1 is the
dominant singular value. Although there are phase ambiguities due to

√
σ1, they do
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not influence the estimate of the spatial frequencies. The proposed receiver is sum-
marized as follows.

LSKRF-BASED RECEIVER ALGORITHM

Initialization: For i = 1 to M

(1.1) Given Y and C, we can compute A � X via (23).
(1.2) Select the ith column of A � X which is given by (A � X)i .
(1.3) Apply the unvec operator transforming the vector (A�X)i of size KJ × 1 into

a matrix of size J × K as in (25).
(1.4) Apply the SVD rank-one approximation of unvecJ×K(A � X)i according

to (26), and obtain xi = √
σ1 · u1 and ai = √

σ1 · v∗
1

5 Simulation Results

We present simulation results to evaluate the proposed LSRKF blind receiver. The fig-
ures of merit consider processing time, average bit-error-rate (BER) and normalized
mean square error (NMSE) of the estimated channel. Each result represents an aver-
age of at least 6000 Monte Carlo runs. The transmitted symbols in each run are drawn
from BPSK modulation. The additive noise power is generated according to the pre-
scribed signal-to-noise ratio (SNR) value given by SNR = 10 log10(‖Y′‖2

F /‖V′‖2
F ).

The NMSE of the estimated channel is defined as follows:

NMSE(H) = 1

NMC

NMC∑
l=1

‖Ĥ(l) − H‖2
F

‖H‖2
F

,

where Ĥ(l) is the channel matrix estimated at convergence of the lth run, and NMC
denotes the number of Monte Carlo runs. Unless otherwise stated, in the following
results we assume K = 2, I = 5, and F = 2.

Figure 1 shows the BER vs. SNR performance of the blind LSKRF receiver for
Alamouti’s orthogonal space-frequency block code (OSFBC) in comparison with the
blind ALS receiver and the non-blind zero forcing (ZF) receiver that assumes per-
fect channel knowledge. Note that for the ZF receiver the estimated space-frequency
codeword is given by:

X̂(s)TZF = (C � A)†Y
′′
.

Still in Fig. 1, it can be seen that the LSKRF receiver performs close to the non-blind
ZF receiver in the lower SNR regime and the performance gap between both receivers
increases for higher SNR levels. The performance loss of the blind receiver w.r.t. the
perfect ZF one is approximately 1.8 dB for a BER of 10−2.

Figure 2 depicts the processing time in seconds versus the number of iterations
considered in the ALS algorithm compared with the closed-form receiver based on
the least squares Khatri–Rao factorization (LSKRF). It is assumed an Alamouti’s
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Fig. 1 BER performance of
pure Alamouti’s SFC
(Nsm) = (1,0)

Fig. 2 Processing Time
(LSKRF vs. ALS)

OSFBC with a SNR fixed in 10 dB and K = 2 receive antennas. The processing
time of the ALS receiver depends on the number of iterations, i.e. if more iterations
are required to obtain a better accuracy for the ALS, then the processing time of
the algorithm increases as well. Note that the closed-form LSKRF receiver has a
processing time almost constant since its performance is not dependent on the number
of iterations like the ALS one. Even for a very small number of iterations for the ALS,
for instance two iterations, the time processing of the LSKRF is about the half of the
ALS.

In Fig. 3, we plot the normalized mean square error (NMSE) of the channel esti-
mation considering I time-slots, in which the OFDM symbols are spanned. For the
LSKRF receiver, in all cases, an almost linear decrease in the NMSE can be observed
as a function of the SNR level. The receiver using the ALS algorithm presents some
variations in the NMSE vs. SNR curve. This behavior could be explained by the pro-
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Fig. 3 NMSE of the estimated
channel

Fig. 4 BER performance of
MLSFC composed of 1 SFC
layer + 2 SM layers
(Nsfc,Nsm) = (1,2)

cedure of the ALS algorithm, which provides a gradual improvement on the estimates
at each iteration.

In Fig. 4, the BER performance of the LSKRF receiver is evaluated considering
an MLSFC scheme with M = 4, Nsfc = 1, Nsm = 2, K = 2 and P = 4 (see Sect. 2.3
for details). In this experiment, we include also the “non-perfect” ZF receiver whose
filter coefficients are calculated from an estimate of the MIMO channel. The channel
estimate is obtained by means of pilot symbols. The transmit antennas use mutu-
ally orthogonal BPSK pilot sequences. Note that the blind LSKRF receiver presents
nearly the same performance as the pilot-based ZF receiver in the chosen configura-
tion. In other words, the proposed receiver can avoid the use of bandwidth-consuming
pilots without degradation in the BER performance as compared with the ZF receiver.
Note also that gap between the blind receiver and the ZF receiver decreased once this
MLSFC scheme is not orthogonal as the one of Fig. 2.

Figure 5 evaluates the BER performance in function of the size of the extended
LCP (P > 1). It assumed BPSK modulation and an MLSFC scheme with M = 4,
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Fig. 5 BER performance of
MLSFC composed of 1 SFC
layer + 2 SM layers
(Nsfc,Nsm) = (1,2)

Nsfc = 1, Nsm = 2 K = 4 and N = 10. The introduction of a “time-varying” LCP
structure that extends constellation rotation across P successive OFDM symbols pro-
vides an extra time diversity to the system resulting in a lower BER as P increase.
However, this behavior is followed by a reduction on the rate of the MLSFC code by
a factor of P . Therefore, there is a tradeoff between the extra diversity provided by
the extended LCP and rate.

As a final remark, the performance of the LSKRF receiver can be further improved
by using a more efficient symbol estimation method, which consists in extracting a
direct estimate of the symbol vector s in the LSKRF algorithm instead of resorting to
a prior estimation of the space-frequency codeword X(s) followed by symbol extrac-
tion.

6 Conclusion

In this paper, we have proposed a low-complexity blind receiver based on the least
squares Khatri–Rao factorization (LSKRF) for the blind joint channel estimation and
detection of precoded MLSFC MIMO schemes. The LSKRF receiver is a closed-form
solution that presents a lower computational complexity compared to the ALS-based
receiver of [7]. Our numerical results showed that the proposed receiver algorithm is
more attractive in situations where computational complexity and processing delay
are limited.
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