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Abstract
In this article, three novel systems for wireless sensor networks based on Alamouti decoding were investigated and then
compared, which are Alamouti space–time block coding multiple-input single-output/multiple-input multiple-output mul-
ticarrier modulation (MCM) system, extended orthogonal space–time block coding multiple-input single-output MCM
system, and multiple-input multiple-output system. Moreover, the proposed work is applied over multiple-input multi-
ple-output systems rather than the conventional single-antenna orthogonal chirp division multiplexing systems, based on
the discrete fractional cosine transform orthogonal chirp division multiplexing system to mitigate the effect of
frequency-selective and time-varying channels, using low-complexity equalizers, specifically by ignoring the intercarrier
interference coming from faraway subcarriers and using the LSMR iteration algorithm to decrease the equalization com-
plexity, mainly with long orthogonal chirp division multiplexing symbols, such as the TV symbols. The block diagrams for
the proposed systems are provided to simplify the theoretical analysis by making it easier to follow. Simulation results
confirm that the proposed multiple-input multiple-output and multiple-input single-output orthogonal chirp division mul-
tiplexing systems outperform the conventional multiple-input multiple-output and multiple-input single-output orthogo-
nal frequency division multiplexing systems. Finally, the results show that orthogonal chirp division multiplexing exhibited
a better channel energy behavior than classical orthogonal frequency division multiplexing, thus improving the system
performance and allowing the system to decrease the equalization complexity.
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Introduction

Previously, the single-input single-output (SISO) ortho-
gonal frequency division multiplexing (OFDM) and
orthogonal chirp division multiplexing (OCDM) sys-
tems based on discrete fractional Fourier transform
(DFrFT) and discrete fractional cosine transform
(DFrCT) were investigated carefully under the doubly
dispersive channel scenario in previous studies.1–5 It
was found that OCDM systems outperform the
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OFDM systems that the OCDM systems can cope per-
fectly with the doubly dispersive channel variations.
Roughly speaking, the OCDM subchannel carrier fre-
quencies are time-varying and ideally decompose the
frequency distortion of the channel perfectly at any
instant in time as the OCDM chirp bases match the
essential time-varying characteristics of the doubly dis-
persive channel.6

Currently, there is a great demand on higher data
throughput with a limited bandwidth that is facilitated
using multiple-input multiple-output (MIMO) systems.
MIMO is one of the several forms of smart antenna
technologies which improve the communication perfor-
mance using more than one antenna at the transmitter
and the receiver. A popular approach in MIMO sys-
tems is to combine it with multicarrier methods such as
OFDM to improve the overall system performance
which is known as MIMO-OFDM.

A primary example of MIMO-OFDM is the
multiple-input single-output (MISO) Alamouti space–
time block coding (STBC) and the MISO extended
orthogonal space–time block coding (EO-STBC) com-
bined with the OFDM system to achieve locative and
multipath variety gains and to decrease the intercarrier
interference (ICI) error level. Nevertheless, under high-
speed movement of the transmitter, receiver, or both;
applying the Alamouti STBC or the EO-STBC over
nearby OFDM symbols is regarded as not successful
due to the major channel time disparity.

In this article, three novel systems are introduced
which are Alamouti STBC MISO multicarrier modu-
lation (MCM) system, EO-STBC MISO MCM sys-
tem, and MIMO system, based on the OCDM MCM
systems which are shown to improve these systems’
performance under the doubly dispersive channel sce-
nario. In addition, MIMO systems are investigated
in this article, together with the Alamouti STBC
MISO system, the EO-STBC MISO system, and the
MIMO system accompanied with the OCDM MCM
systems. The explanation of the key implementation
of the transceiver is provided to make the full picture
of the suggested work clearer. The system’s equaliza-
tion problem is stated in this work and a comparison
between complicated equalizers and low-complexity
equalizers is made.

MIMO systems

The earliest ideas in MIMO belong to the work by
Kaye and George7 and Brandenburg and Wyner.8

MIMO is one of the most important technologies in
wireless communications, as it compromises an increase
in the data throughput and the connection range, with-
out requiring an extra bandwidth or a transmission

power. MIMO does so by splitting the total power con-
ducted over the system antennas to obtain the gain
array, thus improving the spectrum efficiency (more
bits per second per hertz of bandwidth), and/or to
obtain diversity gain which enhances the link consis-
tency by reducing the fading effect. These properties
increased the interest in MIMO to become an impor-
tant part in the recent wireless communication stan-
dards, such as IEEE 802.11 b/g/n Wi-Fi, WiMAX, and
5G.

There are several particular cases of MIMO such as
SISO/single-input multiple-output (SIMO)/MISO
where SISO is the standard radio arrangement, that is,
the transmitter and the receiver each have only one
antenna, taking into consideration the fact that the
MISO is regarded as a special case when the transmit-
ter has more than one antennas and the receiver has a
single antenna, while SIMO is regarded as the special
case when the transmitter has one antenna and the
receiver has several antennas.

Siavash M Alamouti9 proposed a simple MISO sys-
tem using two transmitting antennas and one receiving
antenna; this algorithm is called STBC providing a full
diversity order. More details about the Alamouti
scheme are presented in the next section of this article.

Some innovative diversity systems such as EO-
STBC, where degree one and extreme diversity order
are accomplished concurrently, regardless of the pro-
cess with four transmitting antennas, because of the use
of extra beam steering that is established on the feed-
back of channel state information (CSI).10,11

Alamouti STBC and the EO-STBC systems have
been produced in the context of narrow-band static
channels. In frequency fading channel conditions, an
arrangement with multicarrier systems such as OFDM12

is used, in order to operate narrow-band Alamouti
STBC and EO-STBC systems in separate subcarriers,
which are clear of intersymbol interference (ISI) and
ICI. In the circumstance of narrow-band time-varying
systems; the scheme degradation is minimal on condi-
tion that the channel disparity over one Alamouti STBC
or EO-STBC symbol can be defined as a minor varia-
tion. Nevertheless, if a time-varying channel exhibits
additional delay spread, then the classical use of multi-
carrier methods leads to considerably longer symbol
periods, which will require the introduction of various
equalisation approaches in the frequency domain such
as zero-forcing (ZF) and minimum mean square error
(MMSE) schemes,13 or other receivers are to be applied
for the individual subcarriers, including the ZF, deci-
sion-feedback (DF), and joint maximum-likelihood
(JML) detectors,1,2 however, the neglected ICI intro-
duces an error floor on the bit error rate (BER) perfor-
mance as loss of orthogonality is increased.
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In previous studies,3,14–16 the loss of OFDM ortho-
gonality in doubly dispersive channels was studied and
multicarrier schemes based on DFrFT and DFrCT
were developed that the DFrFT and the DFrCT-
OCDM schemes granted better performance in the
doubly dispersive channel scenario. Therefore, a novel
combination of the DFrFT and DFrCT-OCDM sys-
tems with Alamouti and EO-STBC is proposed in the
following sections, together with investigating the com-
bination of conventional and low-cost equalization
approaches.

Fractional Fourier transform and
fractional cosine transform

The fractional Fourier transform (FrFT) is a generali-
zation of the Fourier transform (FT) and can be viewed
as the fractional power of the FT operator. In the time–
frequency plane, the original signal in the time domain
represented by f (t) and Fa(u) is the counterpart in the
ath-order}} fractional domain.

The transformation kernel of the continuous FrFT is
defined as17

Ka t, uð Þ=Aaejp t2 + u2ð Þ cota�j2ptucsca ð1Þ

where a is the rotation angle for the transformation
process and

Aa =
e �jpsign sina½ �=4+ ja=2f gffiffiffiffiffiffiffiffiffiffiffiffiffi

sinaj j
p ð2Þ

The forward FrFT is defined as

fa x tð Þf g uð Þ=Xa uð Þ=
ð‘
�‘

x tð ÞKa t, uð Þdt ð3Þ

x tð Þ=
ð‘
�‘

Xa uð ÞK�a t, uð Þdu ð4Þ

The domains of the signal for 0\jaj\p define the
fractional Fourier domains. Substituting with a=p=2

in equation (3) and equation (4) gives the well-known
Fourier transform.

By extension, fractional cosine transform may be
considered as a generalization of the discrete cosine
transform (DCT), the ath-order fractional cosine trans-
form is given by18,19

Fc
a uð Þ=Aae

j u2

2

� �
cota

ð‘
�‘

cos(csca � ut)ej t2

2

� �
cota

f (t)dt ð5Þ

where the angle between the fractional order axis u

and the time axis t is a=� p=2 to p=2, and
Aa =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(1� j cota)=2p

p
.

Various definitions of the DFrCT differ in accuracy
and complexity and may be derived using extensions
from the FrFT by sampling the real/imaginary parts of
the FrFT kernel or directly from the DCT itself.20 The
definition of DFrCT in Soo-Chang and Min-Hung19 is
used in our work. It has minimal complexity and a sim-
ple inverse transform. In the following, we will denote
the DFrCT as Fa =Fc

a. In Solyman et al.,16 the DFrCT
uses the discrete Fourier transform (DFT) Hermitian
eigenvector decomposition and the DCT transform
kernel.

The vector notation for the DFrCT is given by

X =

Xa(0)
Xa(1)

..

.

Xa(N � 1)

26664
37775=Fa

x(0)
x(1)

..

.

x(N � 1)

26664
37775=Fa � x ð6Þ

where Fa is the unitary N 3 N DFrCT matrix, N is the
number of samples, and a indicates the rotation angle
of transform in the time–frequency plane. Note that,
when a=p=2, the DFrCT will become the conven-
tional DCT and when a= 0, Fa is an identity matrix.19

Similarly, the inverse discrete fractional cosine trans-
form (IDFrCT) can be written as

x=F�a:X ð7Þ

where F�a =FH
a and (�)H denotes the complex conju-

gate transpose operation.

DFrCT complexity

Implementing the FrFT for a given signal requires two
chirp multiplications and one DFT,20 since an efficient
DFT requires approximately (P=3)log2P complex mul-
tiplications (using the split-radix algorithm) where P is
the total number of sampling points. Therefore, a total
of approximately 2P+(P=3)log2P complex multiplica-
tions are required to implement the FrFT. Because each
complex number multiplication requires a minimum of
three real number multiplications, the number of real
number multiplications required for the FrFT is

6P+P � log2P ð8Þ

Using similar arguments and by computing the
DFrCT from the first-type DCT kernel,20 the DFrCT
requires

2P+ P=2ð Þ � log2 P=2ð Þ ð9Þ
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Consequently, the complexity of the FrCT is approx-
imately half that of the FrFT.

OCDM Alamouti MISO STBC system

The point-to-point OCDM multicarrier system based
on Alamouti’s9 scheme presented in Paige and
Saunders21 is adapted in this article, and the scheme is
implemented using two antennas on the transmitter
side and one antenna on the receiver side as shown in
Figure 1. It is assumed that the same transmission sys-
tem of the SISO-OCDM system is used, except that
every two consecutive OCDM symbols are considered
as an Alamouti code word. Assume that s1 and s2 are
the two successive OCDM symbols, where the vector
si = s0 s1 . . . sN½ �T is given by

si =F�aPdi ð10Þ

where F�a can be the inverse discrete fractional Fourier
transform (IDFrFT) or IDFrCT transformation matrix
and P is defined as

P= 0Na 3 (N�Na)=2INa
0Na 3 (N�Na)=2

� �
ð11Þ

where 0X 3 Y is an X 3 Y zero matrix and IX is an X 3 X

unit matrix.
s1 and s2 transmitted throughout the first OCDM

symbol period, then �s�2 and s�1 transmitted throughout
the second OCDM symbol period from antennas 1 and
2 correspondingly. On the receiver side, we start by
eliminating the cyclic prefix (CP); the received signals
in two consecutive OCDM symbol periods can be writ-
ten as

r1 =H1, 1s1 +H2, 1s2 + z1 ð12Þ

r2 = �H1, 2s
�
2 +H2, 2s

�
1 + z2 ð13Þ

where ri is the received N vector in the ith symbol
period, Hi, j is the time-domain channel matrix between
the transmitting antenna i and the receiving antenna in
symbol time j, and z is the zero-mean complex
Gaussian random noise.

The DFrCT demodulates the received signal; accord-
ingly, the two successive demodulated received signals
are given by

y1 =Far1 ð14Þ

y2 =Far2 ð15Þ

Combining y1 and y�2 in the same equation, we
obtain

y1

y�2

� �
=

~H1, 1
~H2, 1

~H
�
2, 2 � ~H

�
1, 2

" #
P:d1

P:d2

� �
+

~z1

~z�2

� �
ð16Þ

where ~zi =Fazi is the noise vector in the frequency
domain and ~Hi, j =FaHi, jF

H
a is the system matrix; in

the case where the channel is changing over time, ~Hi, j is
almost banded matrix with the greatest significant
components around the main diagonals as shown in
Figure 2, which permits the use of reduced-complexity
equalizers as recommended in previous studies.4,5,22,23

The fractional domain channel matrix ~Hi, j can be
approximated by its banded form using the banded
matrix which is written as

Bi, j =M� ~Hi, j ð17Þ

where M(m, n) is a Toeplitz binary matrix given by

M(m, n)=
1, 0 ł m� nj jł Q

0, Q\ m� nj j\Na

	
ð18Þ

Figure 1. The Alamouti coded OCDM system.
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In equation (17), Q is used to control how many sub-
and super-diagonals of ~Hi, j elements should be consti-
tuted to provide a decent approximation of the banded
fractional domain channel matrix. The Q modification
simplifies a compromise among the equalizer complex-
ity and the system efficiency. As a result, equation (16)
can be written as

Y=Bd+ z ð19Þ

where B is a 2 3 2 block matrix of Bi, j(N 3 N ) banded
matrices as shown in Figure 3. B can be converted into
a 2N 3 2N banded matrix using permutation matrix P ,
which is a 2N 3 2N matrix with 1’s at locations
f(i+ 1, (i)div2 + 1+N (i)mod2)g

2N�1
i= 0 and 0’s elsewhere.24

Multiplying equation (19) by P , we obtain

YP = P Y= P BP T P d+ P z

=BP dP + zP
ð20Þ

where BP is the permuted banded fractional domain
channel matrix as shown in Figure 4, and YP and dP

are the permuted transmitted and received signals,
respectively. Now dP is the grouped collected data of
different transmitting antennas from the same subcar-
riers and YP is the grouped received data from the
same subcarriers in two consecutive OCDM symbol
periods.

Low-complexity MMSE equalizer

The low-complexity MMSE equalizers proposed for
OFDM in Solyman et al.3,16 will be extended to the
MISO Alamouti coding scheme in this section.

Ideal knowledge of the channel matrix BP is sup-
posed, and there is no guard subcarriers used by the
equalizer. Also, it is assumed that Efdg=Efzg= 0,
EfddHg= I, EfdzHg= 0, EfzzHg=s2I. Because of

(a) (b)

Figure 2. (a) Fractional domain doubly dispersive channel matrix with N= 35 and (b) the desired structure for the band matrix B.

Figure 3. Fractional domain doubly dispersive banded channel
matrix B with N= 35. Figure 4. Fractional domain doubly dispersive banded channel

matrix after permutation BP with N= 35.

Solyman et al. 5



the inversion of the channel matrix which needs O(N3
A)

complex operations, the MMSE equalizer is complex,
especially for high values of NA. Such assumptions are
accepted and the generality of the work is not lost.

The MMSE equalizer WMMSE is given by

WMMSE = BP B
H
P + g�1INA

� ��1
BH

P ð21Þ

The estimated data are given by

d̂MMSE =WMMSEYP ð22Þ

where d̂MMSE is the permuted version of d̂ which can be
reconstructed by

d̂= P T d̂MMSE ð23Þ

The overall complexity for obtaining d̂n is
(8Q2 + 22Q+ 4)Na complex operations.5 The para-
meter Q choice is a trade-off between performance and
complexity. This implies that choosing a larger Q yields
a smaller approximation error and therefore a perfor-
mance improvement. However, the resulting complex-
ity increases due to the increase in the bandwidth of B.

Applying LDLH25 matrix factorization in computing
MMSE solutions in equation (49) will reduce the num-
ber of complex processes related to standard matrix
inversion methods, such as Gaussian elimination to
O(8Q2 + 22Q+ 4)2Na complex processes.

Using the same formulation with the iterative
MMSE equalization that applies the least-square mini-
mal residual method iterative algorithm (LSMR) algo-
rithm as in Solyman et al.3 results in reducing the
equalizer complexity to O(NA(Q+ 1)I) complex opera-
tions in total for the banded matrix case, where I is the
number of iterations.

The LDLH factorization of the Hermitian band
matrix BnB

H
n + g�1INa

=LDLH is numerically straight
forward,25 and leads to

d̂n =BH
n LDLH
� ��1

~rn =BH
n xn ð24Þ

Instead of calculating the inverse in equation (24),
the system

LDLH
� ��1

~rn = xn ð25Þ

~rn = LDLH
� �

xn ð26Þ

~rn =L D LH xn

zfflffl}|fflffl{x1, n

|fflfflfflfflffl{zfflfflfflfflffl}
x2, n

ð27Þ

is solved by forward substitution to obtain x2, n via the
lower left triangular matrix L and a rescaling by the
diagonal matrix D�1 to calculate x1, n. Finally, backsub-
stitution with the upper right triangular LH yields xn,

which can be inserted into equation (24) in order to
determine d̂n.

The overall complexity for obtaining d̂n is
(8Q2 + 22Q+ 4)Na complex operations.5 The parameter
Q choice is a trade-off between performance and com-
plexity. This implies that choosing a larger Q yields a
smaller approximation error and therefore a performance
improvement. However, the resulting complexity increases
due to the higher bandwidth of B, and vice versa.

Low-complexity LSMR equalization

MMSE equalizer complexity comes from the matrix
inversion in equation (21), and solving this matrix
inversion iteratively is one of the clever ideas to reduce
the MMSE equalizer complexity. In previous stud-
ies,26–29 the authors use the iterative LSQR (An algo-
rithm for sparse linear equations and sparse least
squares) algorithm,21 which exhibits excellent perfor-
mance in solving the channel matrix inversion problem
(typically ill-conditioned matrix) by early termination
of the iterations at low complexity as the complexity
order per iteration is O(NaNh) operations, where Nh is
the maximum delay of the channel. Thus, the method
is mostly smart when the channel’s maximum delay is
not too large. Recently, a new iterative algorithm called
LSMR was proposed in Fong and Saunders.30

LSMR is an iterative algorithm for solving linear
systems Ax= b, least-squares (LS) problems
min k Ax� bk2, and regularized least squares (RLS)

min
A
lI

� �
x� b

0

� � 
2

with A being sparse or a fast

linear operator.30 LSMR is based on the Golub–Kahan
bidiagonalization process and analytically equivalent to
the minimal residual method (MINRES)31 applied to

the normal equation ATAx=ATb. LSMR is similar in
style to the well-known method LSQR in being based
on the Golub–Kahan bidiagonalization of A.

LSQR is equivalent to the conjugate gradient (CG)
method applied to the normal equation
(ATA+ l2I)x=ATb. It has the property of reducing
k rk k monotonically, where rk = b� Axk is the resi-
dual for the approximate solution xk . On the other
hand, LSMR has the property of reducing both k rk k
and k AT rk k monotonically. Although LSQR and
LSMR ultimately converge to similar points, LSMR
converges faster with fewer iterations. LSMR can solve
the inversion matrix problem in the MMSE equalizer
more effectively with less computational cost due to its
faster conversion to the solution.

LSMR algorithm

The LSMR algorithm aims to approximately solve the
linear equation given by
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ATAx=ATb ð28Þ

min k Ax� bk2 ð29Þ

and the RLS given by

(ATA+ l2I)x=ATb ð30Þ

min
A
l

� �
x� b

0

� � 
2

ð31Þ

with A being sparse or a fast linear operator. The flow-
chart of the LSMR algorithm is shown in Figure 5.

For simplicity, considering equation (28) given
A(m 3 n) and b(m 3 1) starting from Golub–Kahan
bidiagonalization,32 the direct bidiagonalization is
given by

UT bAð Þ
1 3

3 V

� �
=

3 3

0 3

0 0

3 0

0 0

0 0

3 3

0 3

0BBB@
1CCCA

) b AVð Þ=U b1e1 Bð Þ

ð32Þ

Using iterative bidiagonalization Bidiag(A, b), we
obtain

b=Uk + 1 b1e1ð Þ ð33Þ

AVk =Uk + 1Bk ð34Þ

ATUk =VkB
T
k

Ik

0

� �
ð35Þ

where

Bk =

a1 0 0 0

b1 a2 0 0

0 . .
. . .

.
0

0 0 bk ak

0 0 0 bkþ1

0BBBBBBB@

1CCCCCCCA
and

Uk = u1 . . . ukð Þ
Vk = v1 . . . vkð Þ

ð36Þ

with Vk spanning the Krylov subspace

span v1, . . . , vkf g=span

ATb, ATA
� �

ATb, . . . , ATA
� �k�1

ATb
n o ð37Þ

Define xk =Vkyk , sub-problem to solve

min
yk

k AT rk k = min
yk

�b1e1 � BT
k Bk

�bk + 1e
T
k

� �  ð38Þ

where rk = b� Axk and�bk =akbk .

LSMR complexity

The storage requirement and computational complexity
can be compared for LSMR and LSQR on Ax’ b and
MINRES on the normal equation ATAx=ATb. The
vector storage (excluding storage for A and b) is listed
in Table 1. Recall that A is (m 3 n) and for LS systems
m may be considerably larger than n. Av denotes the
working storage for the matrix–vector products, and hk

and �hk are the scalar multiples of wk and �wk , respec-
tively. Work represents the number of floating-point
multiplications required for each iteration. From
Table 1, it can be seen that the complexity of the
LSMR is slightly more than that of the LSQR.

STBC scheme based on OCDM

EO-STBC is an MISO space–time coder system based
on four antennas on the transmitter side and one
antenna on the receiver side. It is a diversity scheme
that can accomplish both full diversity gain and full
rate via an additional feedback link from the receiver to
the transmitter, to update the phase rotations applied
in the transmitter; accordingly, both full diversity and
array gain are ensured.15,33

Figure 5. LSMR algorithm flowchart.

Solyman et al. 7



The CSI from the receiver is fed back to the trans-
mitter to optimize these rotations with the assumption
that they are on time and errorless for easiness. EO-
STBC can be simply derived in MCM schemes such as
OFDM or OCDM15 in broadband scenarios.

Multicarrier EO-STBC configuration block diagram
is shown in Figure 6 where the data vector dn dimen-
sion is equal to the number of dynamic subcarriers Na.
MCM transmission symbols si, n, i= 0, . . . , 3 produced
from the four antennas are defined over two successive
symbol periods as

sj, n =
dn, n is even
d�n, n is odd

	
ð39Þ

s j+ 2ð Þ, n =
dn+ 1, n is even
d�n+ 1, n is odd

	
ð40Þ

where j 2 f0, 1g. The first and third antenna signal
includes an adjustment due to phase rotations as shown
in Figure 6, where the phase rotations are given by

fn =diag eju1, n , . . . , ejuNa , n
� �

ð41Þ

un =diag ejq1, n , . . . , ejqNa , n
� �

ð42Þ

which apply rotation to subcarriers. Using the corre-
sponding multicarrier channel model Ui, n=PHFa

Hi, nF�aP to describe the four transmitting channel
paths linking the transmitter and the receiver, as

maintained in Figure 6, the vector ~rn is the received sig-
nal which is given by

~rn =U0, nfns0n +U1, ns1, n +U2, nuns2, n +U3, ns3, n + ~zn

ð43Þ

where ezn =PHFaz and ~zn is a zero-mean white complex
Gaussian circularly symmetric random noise vector
with covariance Ef~zn~z

H
n g=s2INa

.
Collecting data over two consecutive OCDM symbol

periods, the received vector signal can be written as

~rn

~r�n+ 1

� �
=Gn

dn

dn+ 1

� �
+

~zn

~z�n+ 1

� �
ð44Þ

where Gn is given by

Gn =
U0, nfn +U1, n U2, nun +U3, n

U�2, n+ 1un+ 1 +U�3, n+ 1 �U�0, n+ 1;n+ 1 �U�1, n+ 1

� �
ð45Þ

It is worth noticing that, if the MISO channel is sta-
tic and the DFrFT-OCDM configuration is used with
chirp rate a= 6 1, the corresponding system channel
matrices Ui, n become diagonal, guaranteeing that

Table 1. Storage and computational requirements for various LS methods.

Storage Work

m n m n

LSMR Av,u x, v,h, �h 3 6
LSQR Av,u x, v,w 3 5
MINRES on ATAx =ATb Av x, v1, v2,w1,w2,w3 8

LS: least-squares.

Figure 6. EO-STBC in a multicarrier configuration.

Figure 7. The MIMO-OCDM system.
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subcarriers can be EO-STBC decoded separately and
ICI is ignored.

Proposed space–time decoding

In a frequency- and time-selective fading channel
scenario, Doppler shift destroys the orthogonality

between subcarriers and the OFDM system is unable
to diagonalize the system matrix in equation (45).
Consequently, the coupling between at least the adja-
cent subcarriers is proposed, leading to degradation in
the system performance.

Symbols can be detected by ignoring ICI under the
near-stationary channel scenario with low Doppler shift
character, using only the elements on the main diagonal
of the channel transfer matrix. Thus, the OFDM

Figure 8. Uncoded BER comparison for the classical Alamouti space–time coded OFDM system with time-invariant and time-
variant channels.

Figure 9. Uncoded BER comparison for the classical Alamouti
space–time coded OFDM system with different Alamouti STBC
systems based on OFDM, DFrFT, and DFrCT-OCDM using
MMSE equalizer under time-variant channel.

Figure 10. Uncoded BER comparison for different Alamouti
space–time coded systems based on OFDM, DFrFT, and DFrCT-
OCDM using low-complexity MMSE equalizer.
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system can be employed due to its low complexity. This
indicates that any off-diagonal contents in the corre-
sponding channel matrices Ui, n will be disregarded. The
diversity gain can be improved greatly, by guaranteeing
that the angles in fn and un increase the on-diagonal
terms of the reduced system matrix to the maximum.

Low Doppler shift EO-STBC receivers can combat
cross-talk on each subcarrier separately to enhance the
feedback diversity gain. In STBC systems, the channels
are generally expected to remain in block static form.
In this case, frequency-domain channel submatrices are
orthogonal which imply that the symbols can be
decoded simply by the simple maximum-likelihood
(SML) algorithm; the complexity of the SML algo-
rithm is directly proportional to the number of subcar-
riers. However, in time-selective fading channels,
frequency-domain channel submatrices become no lon-
ger orthogonal, so decoding to decrease the effect of
cross-talk can be performed by the JML algorithm,
which has more complexity than some algorithms such
as ZF and DF.1,2

On the other hand, for higher Doppler shift in order
to soften the effect of high Doppler shift on the EO-
STBC decoding performance, equalization is needed
and the angle feedback to the transmitter is not
required. In the next section, a novel EO-STBC scheme
will be presented.

Open-loop EO-STBC decoding with equalization

The EO-STBC system combined with the OCDM per-
formance under higher Doppler shift conditions can be
improved using equalization which raises the receiver’s
complication; however, it eliminates the need for the
angle feedback to the transmitter. Consequently, the
beam steering matrices are simply set to be identity
matrices I as fn = un = I.

OCDM EO-STBC system low-complexity equalizers. Low-
complexity equalizers can be used with the OCDM
EO-STBC system such as banded linear block MMSE,
LDLH, and LSMR equalizers which were described in
previous studies.3,16,23,34,35

Assuming the perfect channel knowledge, a block
MMSE equalizer is defined based on the system matrix
Gn in equation (45) that is a 2 3 2 block matrix of
N 3 N nearly banded matrices. Gn can be transferred to
a 2 3 2 block matrix of N 3 N banded matrices, using
the masked matrix M which is defined in equation (18)
to reduce the equalization process complexity

Bn =
M M
M M

� �
� Gn ð46Þ

where Bn is the banded system matrix version of Gn.
The received data can be rewritten as

~rn

~r�n+ 1

� �
=Bn

dn

dn+ 1

� �
+

~zn

~z�n+ 1

� �
ð47Þ

where Bn can be re-arranged using the permutation
matrix P (2N 3 2N ), where the data from different
transmitting antennas and the same subcarriers are
assembled together, and the received data from the
same subcarriers in two successive OCDM symbol peri-
ods are discretely assembled together

P
~rn

~r�n+ 1

� �
= P BnP

T P
dn

dn+ 1

� �
+ P

~zn

~z�n+ 1

� �
ð48Þ

Similar to equation (21), we can define the MMSE
equalizer as

Wn,MMSE =BH
n BnB

H
n + g�1INa

� ��1 ð49Þ

where g is the signal-to-noise ratio (SNR) at the input
of the equalizer, supposing that the noise is white
Gaussian noise. The matrix inversion in equation (49)
needs O(8N3

a ) complex operations, which is not applied
for large values of 2Na. The ZF equalizer Wn, ZF can be
calculated from equation (49) for the special case

Wn, ZF =Wn,MMSEjg!‘ =BH
n BnB

H
n

� ��1 ð50Þ

Similar to equation (49), the matrix inversion in
equation (50) is in the order of O(8N3

a ) and it enhances
the noise effect that degrades the system performance.
It is obvious that using the low-complexity equalizers
decreases the system complexity at almost the same
level of system’s performance.

Low-complexity equalizers’ realization. The matrix inversion
for equalization (equation (49)) needs a considerable
number of O(8N 3

a ) complex processes, which is
regarded as excessive for great 2Na. Applying LDLH24

matrix factorization in computing either ZF or MMSE
solutions in equations (49) and (50) will reduce the
number of complex processes related to standard
matrix inversion methods, such as Gaussian elimina-
tion to O(8Q2 + 22Q+ 4)2Na complex processes.

The LSMR realization of either ZF or MMSE solu-
tion needs O(2Na(Q+ 1)) complex processes for each
iteration, leading to a total of O(2Na(Q+ 1)i) complex
processes. LSMR can reach the same precision of
matrix inversion with a significantly lower number of
complex processes, hence leading to a general decrease
in complexity.

A novel MIMO-OCDM system

In the last two sections, STBC MISO systems were
investigated in detail under the doubly dispersive fading
channel, and the combined system with the novel

10 International Journal of Distributed Sensor Networks



OCDM MCM was introduced. In this section, combin-
ing the MIMO system with the OCDM system is inves-
tigated under the doubly dispersive channel scenario
conditions.

MIMO-OCDM system model

Consider a MIMO-OCDM system with MT transmitting
antennas, MR receiving antennas, and N subcarriers as
shown in Figure 7. The MT MR SISO channels between
the transmitting and receiving antennas are considered
to be uncorrelated time- and frequency-selective fading
and characterized by the same fading statistics, with the
CP length L being larger than the maximum delay
spread; the received vector at the jth receiving antenna,
after inverse transformation (IDFrFT–IDFrCT) and
CP removal can be expressed as

rj =
XMT

i= 1

~Hi, jdi + ~zj ð51Þ

where rj is the received vector with N 3 1 dimensions,
~Hi, j is the fractional domain channel matrix with N 3 N

dimensions between the jth and the ith receiving and
transmitting antennas, respectively, di is the OCDM
fractional domain data block with N 3 1 dimensions,
transmitted by the ith transmitting antenna, where the
data transmitted from different antennas are indepen-
dent, and ~zj is the noise vector of the jth receiving
antenna in the fractional domain with N 3 1 dimen-
sions, given by ~zj =Fazj. Each fractional domain chan-
nel matrix can be stated as

~Hi, j =FaHi, jF
H
a ð52Þ

where Hi, j is the N 3 N time-domain channel matrix
between the jth and ith receiving and transmitting
antennas, respectively, and Fa is the N 3 N unitary
DFrFT or DFrCT matrix, with the fractional order a.
In time-varying channels, both DFrFT and DFrCT
cannot diagonalize Hi, j. As a consequence, a firm mea-
sure of ICI is existent which degrades the system
performance.

The transmitted data vector dn = ½d0 d1 . . . dNa�1
�T is

permuted by the binary matrix P 2 Z
N 3 Na P 2 Z

N 3 Na

which allocates a data vector dn 2 C
Na to N subcarriers,

where only Na are active due to

P= 0Na 3 (N�Na)=2 INa
0Na 3 (N�Na)=2

� �
ð53Þ

where P is the N 3 N matrix that introduces the N � Na

frequency guard bands. All the received vectors by the
MR antennas frjgMR

i= 1 can be collected in a single vector

r= ~Hd+ z ð54Þ

where r= ½ rT
1 . . . rT

MR
�T , d= ½ dT

1 . . . dT
MT
�T , ~H is

specified by

~H=

~H1, 1 � � � ~H1,MT

..

. . .
. ..

.

~HMR, 1 � � � ~HMR,MT

264
375 ð55Þ

and z= ½ zT
1 . . . zT

MR
�T with covariance expressed as

Cozz = IMR
� s2

q.
There is a need for a permutation matrix to deal with

the MIMO system P M ,Nð Þ as the MN 3 MN matrix that
contains 1’s in the positions given by

i+ 1, i=M + 1+NimodMð Þf gMN�1
i= 0 ð56Þ

and 0’s elsewhere. Using the permutation matrix P M ,Nð Þ
to permute the received vector in equation (54), we
obtain

R = P (MR,N )r= P (MR,N )
~HP T

(MT ,N )

� �
P (MT ,N )d
� �

+ P (MR,N )z
� � ð57Þ

R = H d+ z ð58Þ

where R is the permuted received vector, H is the
permuted fractional MIMO channel matrix, d is the
permuted data vector, and z is the permuted noise
vector.

Both equations (54) and (57) prove that the received
data from two different transmitters at the same subcar-
rier are adjacent and close enough, to assume that they
both hold the same transmitted data property. As a
result, it is acceptable to claim that the tops and the bot-
toms of the bandwidths for both of them are close to
each other at the top and at the bottom of d. It is clear
that the estimation of the data vector d will require
complicated equalizers.

MIMO-OCDM system equalization

The linear ZF and MMSE estimates5,36 can be derived
by minimizing Efk dn �WR kg, thus yielding

d̂ZF = H +R ð59Þ

d̂MMSE = H H H H H + Cozz

� ��1
R ð60Þ

where Cozz is the permuted noise covariance vector
Cozz =P(MR,Na)CozzP(MR,Na); d̂ZF and d̂MMSE are the esti-
mated data after ZF and MMSE equalization, respec-
tively; H H is the fractional MIMO channel matrix
conjugate transpose in the fractional domain; and H +

is the Moore–Penrose pseudo-inverse of the fractional
MIMO channel matrix.

d̂MMSE is the permuted version of the estimated data
d̂ which can be recovered by
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d̂= P T d̂MMSE ð61Þ

ZF equalizer performance is reduced because of the
noise enhancement. On the other hand, the MMSE
equalizer gives the best performance among all types of
linear equalizers;37 however, it is very complicated due
to MIMO channel matrix inversion.

The permuted MIMO channel matrix H is nearly
banded which implies that the greatest amount of the
ICI arises from the adjacent subcarriers. Consequently,
the nearly banded structure of ~Hi, j indicates that H is
nearly block-banded, resulting in the validity of using
low-complexity equalizers with the MIMO-OCDM
system.

MIMO-OCDM system with low-complexity
equalization

The MIMO-OCDM channel matrix H can be approxi-
mated by its banded version, expressed as

B (Q) = M � H ð62Þ

where � represents the element-wise multiplication,
M =M� IMR 3 MT

with M being a binary masking
matrix that was given in equation (18), and the Q para-
meter defines the size of the block band, which can be
selected as in SISO-OFDM. It will be shown that the Q

parameter is used in the equalizers to compromise
between complexity and performance.

B (Q) is the banded fractional MIMO channel matrix
H which permits the use of low-complexity equalizers
called banded equalizers. Depending on the masked
channel matrix, the definition of the MMSE equalizer
can be given by

Wn,MMSE = B H
n B nB

H
n + Cozz

� ��1 ð63Þ

The estimated data vector will be given by

d̂MMSE =Wn,MMSER = B H
n B nB

H
n + Cozz

� ��1
R ð64Þ

The LDLH factorization algorithm and all the
LSMR algorithm equalizer versions can be used.
Simulation for different equalizers will be shown in the
next section.

Selection of optimal order a

We will now investigate the effect of the fractional
order a on the DFrCT-OCDM multicarrier system per-
formance. To improve the multicarrier system perfor-
mance, a should be chosen such that the subchannel
carrier frequency variation should match the fast time–
frequency distortion of the channel. Selecting a

depends on the number of subcarriers N, time sample
interval Ts, the Doppler shift fD, the number of

resolvable channel paths, and the channel power delay
profile. Offline optimization of a for DFrFT-OCDM
was proposed in Martone6 using calculations of the
channel statistical expectations. The same method can
be used with the DFrCT-OCDM by extracting the
channel properties at the receiver; define the optimum
a which gives the lowest ICI and then feedback the a

value to the transmitter.

Simulation and results

The uncoded BER performances of the systems are
investigated by means of simulation. The channels used
in simulation are Rayleigh fading independent channels
with exponential power delay profile and Jakes’
Doppler spectrum. The root-mean-square (RMS) delay
spread of the channel, normalized to the sampling
period TS , is s= 3 with maximum Doppler frequency
fD = 0:15Df . The carrier frequency is fC = 10GHz and
the subcarrier spacing is Df = 20kHz. This Doppler
frequency corresponds to a high mobile speed
V = 324km=h. This channel model uses the same sta-
tistics as in previous studies.3,4,22

Alamouti MISO OCDM system performance

The decoding algorithms proposed previously are now
inspected and compared by means of simulation. The
Alamouti space–time coded system based on OFDM,
DFrFT-OCDM, and DFrCT-OFDM with the same
specifications as in the SISO scheme was considered.

To evaluate the performance of the suggested sys-
tem, an OFDM transmission is used with quadrature
phase shift keying (QPSK) modulation, N = 128 sub-
carriers of which Na = 96 are active and a CP of length
L= 8. Simulations are performed over an ensemble of
105 Rayleigh fading channels defined by an exponential
power delay profile with an RMS delay spread of three
sampling periods. Figure 8 shows the comparison of
the BER performance of the classical Alamouti space–
time coded OFDM system with those of time-invariant
and time-variant channels. It is obvious that the classi-
cal Alamouti decoding fails totally because of the dou-
bly dispersive channel that destroys the orthogonality
among the subcarriers.

Figure 9 shows the comparison of the BER perfor-
mance of the different Alamouti space–time coded sys-
tems based on OFDM, DFrFT, and DFrCT using
MMSE equalizer in decoding with the classical
Alamouti decoding system, based on OFDM under
time-variant channel. Using equalization for the
Alamouti system decoding improves the system perfor-
mance compared to the OFDM case under high-
mobility conditions (doubly selective channel); in fact,
the proposed system using DFrCT-OCDM provides
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better performance even from the DFrFT-OCDM
system.

Comparison between the proposed DFrFT-OCDM,
DFrCT-OCDM, and OFDM systems using low-
complexity equalizers for Alamouti coding is shown in
Figure 10.

It is clear that using a low-complexity equalizer
degrades the system performance, because the banded
equalizers have an error level because of the band rough
calculation error of the channel, which can be improved
dramatically by increasing the Q parameter in equation
(62) with the cost of increasing the system complexity.

EO-STBC OCDM MISO transceiver performance

The proposed multicarrier EO-STBC DFrCT-OCDM
MISO transceiver is investigated using simulation under
doubly dispersive fading conditions, and then a perfor-
mance comparison between the novel system and the
EO-STBC OFDMMISO transceiver is made.

In Figure 11, a performance comparison between the
OCDM and OFDM EO-STBC systems using a block
equalizer is shown, and Figure 12 illustrates the results
of using a less complex method that applies an equalizer
limited to working on Q= 12 of the permutation sys-
tem matrix Gn.

As shown in Figures 11 and 12, the BER perfor-
mance for the OFDM and DFrFT-OCDM systems is
almost the same up to approximately 10 dB EB/N0 due
to additive white Gaussian noise (AWGN). At higher
EB/N0, the BER performance degrades in the banded
equalizer case because of the error in neglecting off-
diagonals larger than Q= 12. In the OCDM case, most
of the energy within the matrix is intense nearby the
main diagonal3 as it can reach an improved

performance than the OFDM-based system even with
almost the same complexity. The approach labeled
MMSE in Figure 11 represents a typical inversion of
the approximate channel matrix Bn, while the LSMR
scheme implements an MMSE strategy, with con-
densed complexity due to the LSMR iterative nature.

MIMO-OCDM system performance

The proposed MIMO-OCDM transceiver will be inves-
tigated using simulation under doubly dispersive fading
conditions, and a performance comparison between the
novel system and the MIMO-OFDM transceiver is
made. The simulation is carried out over 100,000 differ-
ent symbols and different channels. A comparison
between the MIMO-OCDM and the MIMO-OFDM
systems is carried by using two transmitting antennas
and three receiving antennas, with the block MMSE
equalizer as shown in Figure 13. From the figure, it is
clear that the MIMO-OCDM systems are much
improved than the MIMO-OFDM system and the
MIMO-DFrCT system is improved than the MIMO-
DFrFT system. It can be observed from Figure 13 that
the OCDM MIMO systems outperform the OFDM
system in the 1% uncoded BER area by 3 dB and in
the 0.1% uncoded BER area by 2.5 dB. It is clear that
the DFrCT-OCDM system outperforms the DFrCT-
OCDM system in the 0.1% uncoded BER area by
0.5 dB.

Comparison between the MIMO-DFrCT and the
SISO-DFrCT system is made using the block MMSE
equalizer as shown in Figure 14. It is obvious that the
MIMO-DFrCT system is better than the SISO-DFrCT
system because of the diversity gained for the MIMO
system.

Figure 11. Multicarrier EO-STBC system based on OCDM
and classical OFDM with block equalization BER comparison.

Figure 12. Multicarrier EO-STBC system based on OCDM
and classical OFDM with banded equalization (Q= 12) BER
comparison.
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Comparison between the MIMO-OCDM and
MIMO-OFDM systems is made using two transmitting
antennas and three receiving antennas with the low-
complexity banded MMSE equalizer, as shown in
Figure 15. From the figure, it is clear that the MIMO-
OCDM systems are much better than the MIMO-
OFDM systems and the MIMO-DFrCT system is bet-
ter than the MIMO-DFrFT system. It is also clear that
the performance of the banded low-complexity MMSE
equalizer is less than that of the MMSE equalizer due
to banded approximation.

Conclusion

In this article, three novel systems have been intro-
duced which are Alamouti STBC MISO MIMO-MCM
system, EO-STBC MISO MCM system, and MIMO
system, based on the OCDM MCM systems. MISO
systems based on Alamouti decoding were investigated
and a combination with OCDM was proposed; as a
result, the proposed combined system, that is, MISO
OCDM, improved the system performance. To provide
a better understanding of the proposed system, EO-
STBC transmission was studied over a frequency- and
time-dispersive channel and then compared with the
other systems. In addition, a multicarrier scheme was
deployed to soften the time-based dispersion resulted
from frequency spreading due to Doppler shift, which
could lead to a major performance degradation because
of losing the subcarrier decoupling. Usually, in the case
of low Doppler shift and near-static channel situations,
ICI can be ignored, while in the case of higher Doppler
shift a general multicarrier system based on the OCDM
with equalization can be used. The results show that
OCDM can hold more channel energy along the main
diagonal, compared to classical OFDM, which leads to
improved system performance and decreased equaliza-
tion complexity. Finally, the MIMO-OCDM systems
were proposed to improve the performance of the
MIMO-MCM systems under doubly dispersive chan-
nels. The novel MIMO and MISO-OCDM systems
were investigated using low-complexity equalizers and
shown to provide better performance than the MIMO
and MISO OFDM systems.

Future work is directed to combine the network cod-
ing technique on the system to exploit the significant

Figure 14. BER comparison between the MIMO and SISO
DFrCT-OCDM systems with two transmitting antennas and
three receiving antennas using MMSE equalizer.

Figure 13. The MIMO system performance with two
transmitting antennas and three receiving antennas using MMSE
equalizer.

Figure 15. The MIMO system performance with two
transmitting antennas and three receiving antennas using banded
low-complexity MMSE equalizer.
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advantages of this technique, in terms of channel capac-
ity and BER, and to reduce the automatic repeat
request (ARQ) as proved in Attar and colleagues.38–41
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