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a b s t r a c t 

Due to using no guard interval, Orthogonal frequency division multiplexing/offset quadrate amplitude 

modulation (OFDM/OQAM) systems are more bandwidth efficient than cyclic pre-OFDM (CP-OFDM). In 

OFDM/OQAM the real-valued symbols are transmitted and at the receiver a real-taking operation is per- 

formed to eliminate the pure imaginary intrinsic interference. Another way to eliminate the intrinsic 

interference of the OFDM/OQAM system is applying code-division multiple access (CDMA) to spread the 

transmitted symbols across the frequency axis. The resulted system, which is called Complex OQAM- 

CDMA, has the capability of transmitting complex-valued symbols (instead of real-valued ones) and can 

provide a transmission rate equal to that of the primer OFDM/OQAM system. At the receiver of the con- 

ventional Complex OQAM-CDAM, an equalizer is applied to remove the channel effect and then a de- 

spreading process is performed to detect the coded symbols. This detection method suffers from a poor 

performance in highly dispersive channels because of using two separate stages in the detection process. 

In this article based on the signal to interference plus noise ratio (SINR) maximization, we propose a 

novel detection method for the Complex OQAM-CDMA symbols. In the developed method, the equaliza- 

tion and despreading processes are performed jointly to maximize SINR. Simulation results assert that 

the proposed detection method outperforms the conventional scheme. 

© 2018 Elsevier B.V. All rights reserved. 
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1. Introduction 

Multicarier schemes are of the well-known systems to over-

come the communication channel dispersion in time and fre-

quency domains. Orthogonal frequency division multiplexing

(OFDM) is the prevalent multicarrier system which uses a cyclic

prefix (CP) as a guard interval between two transmitted symbols

[1] . using rectangular pulse shapes to transmit symbols leads to a

high out-of-band radiation and makes the CP-OFDM system very

sensitive to carrier frequency offsets [2] and [3] . As a result, in

case of time variant channels (e.g. underwater acoustic channels)

or asynchronous user schemes (e.g. uplink and cognitive radio),

CP-OFDM suffers from a high level of inter-subchannel interfer-

ence [4] . In contrary to CP-OFDM, filter bank multicarrier (FBMC)

systems use a well-localized prototype pulse in both time and

frequency domains in order to shape the symbols [4] . Since the

out-of-band power of the prototype pulse is low, the sensitivity of

the FBMC scheme to the channel’s time and frequency dispersion

is very low [4] . 
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E-mail addresses: s.m.j.asgaritabatabaee@torbath.ac.ir (S.M.J.A. Tabatabaee), 

mohammad.toliat@mail.ac.ir (M. Towliat), samsami@ausmt.ac.ir (F.S. Khodadad). 

e

 

k  

e  

https://doi.org/10.1016/j.sigpro.2018.01.008 

0165-1684/© 2018 Elsevier B.V. All rights reserved. 
On the other hand, the standard CP length in CP-OFDM is equal

o the channel time-dispersion; as a result, in a fading channel

ith a long impulse response the length of CP becomes consider-

ble compared to the total symbol length. Consequently, the band-

idth efficiency of CP-OFDM is very low in such a channel. In con-

rast, in FBMC systems, because of the well-localized pulse shapes,

he necessity of inserting a CP between symbols disappears [4] .

he prototype filter designation is investigated in many reasearches

5–7] . The isotropic orthogonal transform algorithm (IOTA) [5] and

hysical dynamic access (PHYDYAS) [6] are those widespread uti-

ized prototype pulse shapes in FBMC systems. 

It is remarkable that, because of the transient intervals of the

rototype filter, FBMC suffers from a long latency; as a result, it

s not a suitable system for short transmission windows and burst

ommunication. In contrary to this drawback, because of insensi-

ivity to time-frequency dispersion and non-CP procedure, FBMC is

 promising candidate for the next generation of wireless commu-

ication networks. [8–12] . Furthermore, FBMC is the recommended

cheme in highly dispersive channels, such as underwater acoustic

nvironments [13] . 

Among all FBMC systems, the OFDM/OQAM scheme is a well-

nown FBMC system which can achieve the maximum bandwidth

fficiency [4] . However, OFDM/OQAM suffers from an intrinsic in-
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erference, coming from the time-frequency overlaps of the trans-

itted pulse shapes. To eliminate the intrinsic interference in

FDM/OQAM, an innovative tactic is used. In this tactic the real-

alued symbols are transmitted and at the receiver, a real-taking

peration is performed to remove the pure imaginary intrinsic in-

erference from the real-valued desired symbols [4,14,15] . 

Although OFDM/OQAM can achieve the maximal bandwidth

fficiency, its direct application in multi-input multi-output

MIMO) channels is not performed effectively [4] . Especially, due

o tracking the real-valued symbols at the receiver and loosing the

omplex orthogonality, the spatial multiplexing (SM) cannot be

irectly applied with OFDM/OQAM [16] . An alternative method to

emove the inherent interference of the OFDM/OQAM system is to

pread the symbols through the frequency axis with a well-chosen

ode division multiple access (CDMA) code [17] . The system

roposed in [17] , called Complex OQAM-CDMA, has the capability

o transmit the complex-valued symbols, instead of real-valued

nes. Since, this method can obtain complex orthogonality, in

18] the authors have shown that SM can be applied to the MIMO

FDM/OQAM system by using CDMA technique. Also, CDMA can

chieve frequency multiplexing, which leads to increase the per-

ormance of this system. In [17] it is shown that when a specific

et of Walsh–Hadamard code is used, the intrinsic interference

an be removed. At the receiver of the Complex OQAM-CDMA,

he despreading process is performed after removing the channel

ffect by using a simple equalizer. 

Although the separated equalization-despreading detection 

rocedure of Complex OQAM-CDMA leads to elimination of the

nterference, but it is a sub-optimal method, which is completely

ased on the flatness of channel spectrum over overlapping ad-

acent subchannels. Consequentially, in highly frequency selective

hannels, the performance of the conventional detection method

f [17] decreases dramatically. On the other hand, in the next

eneration of communication systems, because of high data rate

emands, the multipath effect is significant and; as a result, the

hannel frequency selectivity becomes very high [9] . Also in some

hannels, such as underwater acoustic channels, even in low data

ates, the frequency selectivity of channel is too high [13] . One

ay to compensate the channel frequency selectivity in Complex

QAM-CDMA is to increase the number of filter bank subchannels.

y increasing the number of subchannels, the bandwidth of each

ubcarrier reduces and the channel can be approximated by a one

ap flat gain. However, this procedure leads to increase the time

uration of prototype filters and as said in [4] , “any timing offset

t the receiver (or time spreading, arising from multipath effects

n channel) results in a large number of ISI terms, which may add

p and lead to a significant ISI power.”. Also long prototype filter

ncreases the latency and complexity of the transmitter and re-

eiver [4] . Furthermore, in time varying channels, such as acoustic

nderwater channels, the shape of a long prototype filter will be

amaged through the channel, which destroys the orthognality of

he transmitted pulses and leads to a high level of interference

4] . Therefore, increasing the number of subchannels in Complex

QAM-CDMA is not a sufficient way to overcome the issue of

on-flatness over each subchannel. In other words, the number of

uchannels is limited by the frequency spreading of channel and

ust be determined such that at each time instant, the channel

an be assumed time invariant. 

In this regard, in this article we propose a novel detection

ethod for the Complex OQAM-CDMA symbols based on the

ignal to interference plus noise ratio (SINR) maximization. In

any reasearches, the maximization of SINR is addressed to

chieve a good performance [19–22] . Consequently, the aim of the

roposed method here is maximizing the SINR which leads to a

onvex optimization problem. Presenting the closed form solution

or the optimization problem terminates to a joint equalization-
espreading scheme. According to the simulation results, the

roposed scheme outperforms the conventional detection method,

specially in highly frequency selective channels. It is notewor-

hy that the supremacy of the proposed detection method is

chievable in both lower and higher noise levels that makes the

roposed system more reliable in practical situations. 

The remaining of this paper is organized as follows. The

rimer OFDM/OQAM model is introduced in the next section.

ection 3 presents the Complex OQAM-CDMA system and its con-

entional detection method. The proposed detection scheme for

he Complex OQAM-CDMA is developed in Section 4 . In this sec-

ion we also compare the complexity of the proposed and conven-

ional methods. Simulation results are given in Section 5 , and fi-

ally, Section 6 contains the conclusions. 

. OFDM/OQAM system model 

Let’s assume that a m, n is the real-valued symbol transmitted at

he m th subchannel and n th time slot. Accordingly, the continuous-

ime transmitted signal ( s ( t )) in a OFDM/OQAM system with M

ubchannels is 

 (t) = 

M−1 ∑ 

m =0 

∑ 

n 

a m,n g m,n (t) , (1) 

here g m,n (t) 
�= g(t − n T 0 ) e 

j2 πm F 0 t ϕ m,n is the frequency-time

hifted version of the prototype pulse shape g ( t ) multiplied by the

taggered factor ϕ m,n 
�= (−1) mn j m + n . Note that in (1) the frequency

nd time shifting steps of g ( t ) are F 0 and T 0 , respectively. In

FDM/OQAM system, F 0 T 0 = 1 / 2 . Therefore, the symbol density in

requency-time lattice is β
�= 1 / F 0 T 0 = 2 for real-valued symbols,

hich is equal to β = 1 for complex-valued symbols [4] . 

The received signal, after passing through the channel with im-

ulse response h ( t ) and additive noise v ( t ), can be written as 

 (t) = 

∫ + ∞ 

−∞ 

h (τ ) s (t − τ ) dτ + v (t) . (2)

onsidering (1) into (2), it yields to 

 (t) = 

M−1 ∑ 

m =0 

∑ 

n 

a m,n g 
(h ) 
m,n (t) + v (t) , (3)

n which, g (h ) 
m,n (t) is the convoluted g m, n ( t ) with h ( t ) as 

 

(h ) 
m,n (t) = 

∫ + ∞ 

−∞ 

h (τ ) g m,n (t − τ ) dτ . (4) 

At the receiver of the OFDM/OQAM system, in order to extract

he transmitted symbol at the m 0 th subchannel and n 0 th time slot,

he matched filter g m 0 , n 0 (t) is applied to y ( t ), so that 

 m 0 , n 0 = 〈 y (t) , g m 0 , n 0 (t) 〉 . (5) 

n addition, in OFDM/OQAM the prototype filter g ( t ) is designed

uch that the real orthogonality condition is satisfied as 

 { 〈 g m,n (t) , g m 0 . n 0 (t) 〉 } = δm, m 0 
δn, n 0 . (6) 

In this regard, when the channel is distortion-free and without

oise ( y (t) = s (t) ), the output of the matched filter would be 

 m 0 , n 0 = 〈 s (t) , g m 0 , n 0 (t) 〉 = a m 0 , n 0 + j ζm 0 , n 0 , (7) 

here j ζm 0 , n 0 is the pure imaginary interference at the m 0 th sub-

hannel and n 0 th time slot coming from the intrinsic overlaps of

he OFDM/OQAM transmission strategy 

j ζm 0 , n 0 = 

�m ∑ 

m = −�m 

�n ∑ 

n = −�n 

a m 0 + m, n 0 + n 〈 g m 0 + m, n 0 + n (t) , g m 0 , n 0 (t) 〉 . (8) 



94 S.M.J.A. Tabatabaee et al. / Signal Processing 146 (2018) 92–98 

Fig. 1. Complex OQAM-CDMA transmission scheme presented in [17] . 
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In (8) , �m 

and �n are, respectively, the frequency and time in-

terference ranges such that for either | m | > �m 

or | n | > �n , the in-

terference of the symbol a m 0 + m,n 0 + n on the desired symbol a m 0 , n 0 ,

is approximately trivial (i.e. 
〈
g m 0 + m, n 0 + n (t) , g m 0 , n 0 (t) 

〉
= 0 ). Accord-

ing to (7) , the symbol at the m 0 th subchannel and n 0 th time slot,

can be detected by taking the real part of y m 0 , n 0 as 

ˆ a m 0 , n 0 = � { y m 0 , n 0 } . (9)

On the other hand, if the channel is frequency selective, but

its frequency spectrum can be approximately assumed, flat over

the frequency-time adjacent overlapped pulses, the output of the

matched filter can be written as [17] 

y m 0 , n 0 ≈ H m 0 ( a m 0 , n 0 + j ζm 0 , n 0 ) + v m 0 , n 0 , (10)

where H m 0 

�= 

∫ ∞ 

−∞ 

h (t) exp (− j 2 πm 0 t/M) d t is the m 0 th component

of channel impulse response Fourier transformation and v m 0 , n 0 
�=〈

v (t) , g m 0 , n 0 (t) 
〉

is the matched filter output noise. According to

(10), before taking the real part of y m 0 , n 0 , the effect of H m 0 
(which

is generally a complex quantity) must be eliminated. One way to

get rid of the factor H m 0 
is multiplying the y m 0 , n 0 by 1 / H m 0 

. In this

regard, the real part of the resulted signal is considered as an esti-

mation of the desired symbol contaminated by noise 

ˆ a m 0 , n 0 = � { y m 0 , n 0 / H m 0 } = � { ( a m 0 , n 0 + j ζm 0 , n 0 ) + v m 0 , n 0 / H m 0 } 
= a m 0 , n 0 + � { v m 0 , n 0 / H m 0 } . (11)

As it can be seen, in the OFDM/OQAM system, the detection

process of a m 0 , n 0 totally depends on the accuracy of the assump-

tion of channel spectrum flatness over the interfered pulses (see

(10) ). Consequently, in highly frequency selective channels, where

the spectrum of the channel cannot be assumed flat over adjacent

subchannels, the validity of (10) is not asserted and the perfor-

mance of the OFDM/OQAM system decreases, dramatically. 

3. Complex OQAM-CDMA system 

An alternative way to eliminate the intrinsic interference of the

OFDM/OQAM system is applying a CDMA spreading code in fre-

quency domain [17] . This technique called Complex OQAM-CDMA

and has the capability of transmitting complex-valued symbols,

instead of real-valued ones [17,18] . Fig. 1 illustrates the Com-

plex OQAM-CDMA transmission scheme. Presenting the proce-

dure of this system in a matrix formulation, suppose that a n 
�=

[ a 0 ,n · · · a M−1 ,n ] 
T is the vector of complex-valued transmit-

ted symbols over all subchannels at the n th time slot and y n 
�=
 y 0 ,n · · · y M−1 ,n ] 
T is the subordinate output vector at the re-

eiver. Subsequently, if the channel is distortion-free and without

oise, according to (7) , it can be written that 

 n 0 = G 0 a n 0 + 

�n ∑ 

n = −�n ,n � =0 

G n a n 0 + n , (12)

here G n is a M × M matrix whose its ( i, j )th entry is obtained as

 

i, j 
n = 

〈
g i, n 0 + n (t) , g j, n 0 (t) 

〉
. (13)

ote that in each row of G n just 2 �m 

+ 1 elements are non-zero

where | i − j| ≤ �m 

). 

On the other hand, let’s c u 
�= [ c 0 ,u . . . c M−1 ,u ] 

T denotes the

DMA code, with length M , used by the u th user. The c u code is

hosen such that it satisfies the orthogonality condition c T u c u 0 =
u, u 0 . In this regard, for all users ( u = 1 , . . . , U), the coding matrix,

hich is presented as C 

�= 

[
c 1 · · · c U 

]
, meets the orthogonal-

ty condition C 

T C = I U (where I U is a U × U identity matrix). Thus,

f the transmitted vector, a n , is the coded version of the complex-

alued desired symbol vector d n 
�= [ d n, 1 · · · d n,U ] 

T at time slot

 , it can be presented as 

 n = C d n . (14)

onsequently, (12) can be rewritten as 

 n 0 = G 0 C d n 0 + 

�n ∑ 

n = −�n ,n � =0 

G n C d n 0 + n . (15)

At the receiver, in order to despread the vector y n 0 , it is multi-

lied by C 

T ; thus the despread symbol vector becomes 

 n 0 = C 

T y n 0 = C 

T G 0 C d n 0 + 

�n ∑ 

n = −�n ,n � =0 

C 

T G n C d n 0 + n , (16)

here z n 0 
�= [ z n 0 , 1 · · · z n 0 ,U ] 

T is the decoded symbol vector

edicated to all users. In [17] , it is shown that when U ≤ M /2 and

he CDMA code matrix C is a well-chosen Walsh–Hadamard code,

t is derived that 

 

T G n C = 

{
I U , when n = 0 

0 U , when n � = 0 

, (17)

n which 0 U is a zero matrix with size U × U . Eventually, consider-

ng (17) into (16) , leads to z n 0 = d n 0 and the desired symbols are

etected with no intrinsic interferences. In this article we will use

he set of code that satisfies (17) . The procedure of finding this

ode set is completely explained in [17] . Note that in our con-

iderations, in order to have the maximum frequency diversity,

e suppose that U = M/ 2 . Therefore, the transmission rate is ex-

ctly equal to the primer OFDM/OQAM system ( β = 1 for complex-

alued symbols). 

On the other hand, if the channel is frequency selective, (15) is

eplaced with 

 n 0 = G 

(h ) 
0 

C d n 0 + 

�n ∑ 

n = −�n ,n � =0 

G 

(h ) 
n C d n 0 + n + v n 0 , (18)

here G 

(h ) 
n is an M × M matrix in which the ( i, j )th element is 

 

(h ) i, j 
n 

�= 

〈
g (h ) 

i, n 0 + n (t) , g j, n 0 (t) 
〉
. (19)

According to (4) , the term g (h ) 
m,n (t) is the convolution of

 m, n ( t ) and the channel impulse response h ( t ). Also v n 0 
�=

 v 0 , n 0 . . . v M−1 , n 0 
] T is the noise vector. By considering Fig. 1 , at

he receiver of the Complex OQAM-CDMA system, firstly, in or-

er to eliminate the channel effect, a simple one-tap equalization
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t

s performed by multiplying E (the diagonal equalizer matrix) by

he vector y n 0 . Minimum mean square error (MMSE) or zero forc-

ng (ZF) equalizer can be employed as a classical method. At the

ext step, the despreading process is applied to decode the desired

ymbols. As a result, the equalized-despreaded vector becomes 

 n 0 = C 

T E y n 0 = C 

T EG 

(h ) 
0 

C d n 0 + 

�n ∑ 

n = −�n ,n � =0 

C 

T EG 

(h ) 
n C d n 0 + n + C 

T E v n 0 . 

(20) 

Supposing that the equalizer completely removes the

hannel effect, the estimated symbols can be presented as

 n 0 = d n 0 + C 

T E v n 0 . As it can be seen, by using of Walsh–Hadamard

DMA spreading scheme through the frequency axis, the intrinsic

nterference of the Complex OQAM-CDMA system can be perfectly

emoved; as a result, the desired symbols are detected with no

ainting interference from the other symbols. But, note that the

etection procedure depends on the removing of the interference.

hus, in case of highly frequency selective channels, for which the

nterference can not be removed completely, the performance of

he conventional detection method decreases. In contrary, in this

rticle we propose a detection method for Complex OQAM-CDMA

hich is based on the SINR maximization. As it will be shown

n the next section, the proposed equalization and despreading

rocesses are performed jointly, which improves the performance

f Complex OQAM-CDMA. 

. The proposed joint equalization-deaspriding detection for 

omplex OQAM-CDMA system 

In other to develop the proposed detection scheme of Com-

lex OQAM-CDMA symbols based on the SINR maximization, at

he receiver of the system, we assume that the detection vector

 

(h ) 
u is used to detect the transmitted symbols of the u th user. The

im of the proposed detection scheme is to develop the matrix

 

(h ) �= [ f (h ) 
1 

· · ·f (h ) 
U 

] , of the size M × U , such that SINR of f (h ) H 

u y n 
s maximized for u = 1 , . . . , U . In this regard, the detected symbol

f the u 0 th user at the time slot n 0 can be written as 

 n 0 , u 0 = f (h ) 
H 

u 0 
y n 0 =f (h ) 

H 

u 0 
G 

(h ) 
0 

C d n 0 + 

�n ∑ 

n = −�n ,n � =0 

f (h ) 
H 

u 0 
G 

(h ) 
n C d n 0 + n +f (h ) 

H 

u 0 
v n 0 

= f (h ) 
H 

u 0 
G 

(h ) 
0 

c u 0 d n 0 , u 0 + f (h ) 
H 

u 0 
G 

(h ) 
0 

U ∑ 

u =1 ,u � = u 0 
c u d n 0 ,u 

+ 

�n ∑ 

n = −�n ,n � =0 

f (h ) 
H 

u 0 
G 

(h ) 
n C d n 0 + n + f (h ) 

H 

u 0 
v n 0 . (21) 

As is obvious, the resulted z n 0 , u 0 contains four segments. The

rst segment consists of the desired symbol, the second segment

ontributes the interference of the other users’ symbols at the n 0 th

ime slot, the third segment presents the interference from all

sers at the other time slots and finally, the fourth segment indi-

ates the noise effect. Assuming that the transmitted symbols are

.i.d and there is an additive white Gaussian noise with variance

f σ 2 
n , the power of the desired signal, interference and noise are,

espectively 

 

(d) 
u 0 

= f (h ) 
H 

u 0 
G 

(h ) 
0 

c u 0 c 
T 
u 0 

G 

(h ) 
H 

0 
f (h ) 

u 0 
;

P (I) 
u 0 

= f (h ) 
H 

u 0 
G 

(h ) 
0 

( 

U ∑ 

u =1 ,u � = u 0 
c u c 

T 
u 

) 

G 

(h ) 
H 

0 
f (h ) 

u 0 

+ f (h ) 
H 

u 0 

( 

�n ∑ 

n = −�n ,n � =0 

G 

(h ) 
n C C 

T G 

(h ) 
H 

n 

) 

f (h ) 
u 0 
= f (h ) 
H 

u 0 
A u 0 f 

(h ) 
u 0 

;
 

(n ) 
u 0 

= f (h ) 
H 

u 0 
Bf (h ) 

u 0 
, (22) 

here A u 0 is defined as 

 u 0 = R − G 

(h ) 
0 

c u 0 c 
T 
u 0 

G 

(h ) 
H 

0 
, (23)

nd R = 

∑ �n 
n = −�n 

G 

(h ) 
n C C 

T G 

(h ) H 

n . Also B is the covariance matrix of

he noise vector, which is a Hermitian matrix with the size of

 × M . Since the m th entry of vector v n 0 is v m, n 0 = 

〈
v (t) , g m, n 0 (t) 

〉
,

he entry of the i th row and j th column of matrix B becomes

 i, j = σ 2 
n 

〈
g j, n 0 (t) , g i, n 0 (t) 

〉
. According to (22) , the SINR of the u 0 th

ser can be calculated as 

I NR u 0 = 

P (d) 
u 0 

P (I) 
u 0 

+ P (n ) 
u 0 

= 

f (h ) 
H 

u 0 
G 

(h ) 
0 

c u 0 c 
T 
u 0 

G 

(h ) 
H 

0 
f (h ) 

u 0 

f (h ) 
H 

u 0 ( A u 0 + B ) f 
(h ) 
u 0 

. (24) 

As it is mentioned before, the aim of designing the proposed

etection method is to obtain the vector f (h ) 
u 0 

such that SI NR u 0 is

aximized. The SINR maximization with respect to f (h ) 
u 0 

can be

ransformed to a convex problem, for which the global optimum

olution is achievable [23] . In this regard, we can maximize the

esired signal power subjected to the fact that the power of inter-

erence plus noise is constant. Accordingly, the maximization prob-

em can be presented as 

ax 
f (h ) 

u 0 

{ 

f (h ) 
H 

u 0 
G 

(h ) 
0 

c u 0 c 
T 
u 0 

G 

(h ) 
H 

0 
f (h ) 

u 0 

} 

S . T . f (h ) 
H 

u 0 ( A u 0 + B ) f 
(h ) 
u 0 

= 1 . (25) 

The optimization problem of (25) is convex. Since A u 0 + B is a

ermitian matrix, it can be decomposed as A u 0 + B = 
u 0 

H 
u 0 

[24] .

y defining b u 0 
�= 
H 

u 0 
f (h ) 

u 0 
, the optimization problem of (25) can be

ewritten as 

ax 
b u 0 

{ 

b 

H 
u 0 


−1 
u 0 

G 

(h ) 
0 

c u 0 c 
T 
u 0 

G 

(h ) 
H 

0 

−H 

u 0 
b u 0 

} 

S . T . b 

H 
u 0 

b u 0 
= 1 . (26) 

The term b 

H 
u 0 


−1 
u 0 

G 

(h ) 
0 

c u 0 c 
T 
u 0 

G 

(h ) H 

0 

−H 

u 0 
b u 0 

is maximized when

 u 0 
is the eigenvector associated with the maximum eigen-

alue of matrix 
−1 
u 0 

G 

(h ) 
0 

c u 0 c 
T 
u 0 

G 

(h ) H 

0 

−H 

u 0 
[24] . Note that matrix

−1 
u 0 

G 

(h ) 
0 

c u 0 c 
T 
u 0 

G 

(h ) H 

0 

−H 

u 0 
has just one non-zero eigenvalue. Thus, the 

ptimization of (27) is solved when b u 0 
is equal to the eigenvector

ssociated with this non-zero eigenvalue and is obtained as [23] 

 u 0 
= 
−1 

u 0 
G 

(h ) 
0 

c u 0 . (27) 

hus, the optimized vector f (h ) 
u 0 

can be calculated as 

 

(h ) 
u 0 

= 
−H 
u 0 

b u 0 
= 
−H 

u 0 

−1 

u 0 
G 

(h ) 
0 

c u 0 = (
u 0 

H 

u 0 
) −1 G 

(h ) 
0 

c u 0 

= ( A u 0 + B ) 
−1 G 

(h ) 
0 

c u 0 = 

(
R − G 

(h ) 
0 

c u 0 c 
T 
u 0 

G 

(h ) 
H 

0 
+ B 

)−1 

G 

(h ) 
0 

c u 0 . 

(28) 

As a result, following the proposed scheme for Complex OQAM-

DMA symbol detection, the desired symbol transmitted by the

 0 th user at the time slot n 0 , can be estimated as z n 0 , u 0 = f (h ) H 

u 0 
y n 0 

as shown in (21) ), in which the detection vector f (h ) 
u 0 

is obtained

ccording to (28) . Fig. 2 illustrates the Complex OQAM-CDMA with

he proposed detection method, in which the equalization and de-

preading processes are performed jointly by using of matrix F ( h ) 

or all users (note that in the conventional method each equaliza-

ion and despreading steps are performed separately). 
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Fig. 2. Complex OQAM-CDMA with optimum detection method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Parameters of simulations. 

Parameter Value/type 

Modulation 4-QAM 

Prototype filter IOTA 

Carrier frequency f c = 1 GHz 

Frequency shift step F 0 = 15 KHz 

Number of subchannels M = 256 

Sampling period t s = 1 /M F 0 = 260 ns 

Time shift step T 0 = M t s / 2 = 33280 ns 
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4.1. Complexity 

Both proposed and conventional detection methods of Complex

OQAM-CDMA include two steps: at the first step, equalization-

despreading coefficients are computed (for the proposed method,

these coefficients are computed in (28) .); and at the next step, the

derived coefficients are employed. Therefore, by considering both

detection methods, there are two types of complexity. The first

type of complexity is related to the computation of equalization-

despreading coefficients which we call it “Computational Complex-

ity ”; and the second type of complexity is related to employing the

computed coefficients, which is called the “Implementation Com-

plexity ”. 

In the conventional method, calculation of equalizer tap at each

subchannel is performed separately. Thus, the whole Computational

Complexity of this method is with the order O ( M ). In contrary, in

the proposed method the optimized detection vectors with length

M is calculated by using (28) . This equation includes some matrix

multiplications and additions. Also we have a matrix inversion. The

calculation complexity order of two matrix addition with the size

of M × M is O ( M 

2 ). The calculation complexity order of two ma-

trix multiplication with size of M × M is O ( M 

2.37 ). Also the calcu-

lation complexity order of an arbitrary matrix inversion with size

of M × M is O ( M 

2.37 ) [26] , but in (28) R − G 

(h ) 
0 

c u 0 c 
T 
u 0 

G 

(h ) H 

0 
+ B is a

symmetric positive definite matrix and the complexity order of its

matrix inversion is much lesser than O ( M 

2.37 ) [27] . Therefore, it can

be concluded that the order of total Computational Complexity in

(28) is O ( M 

2.37 ). 

In case of “Implementation Complexity ”, the number of real-

valued multiplications and real-valued additions needed to imple-

ment the detection methods is considered. In the conventional

CDMA-OQAM proposed in [17] , equalization and decoding are

performed within two steps. According to this method, equaliz-

ing at each subchannel needs 4 real-valued multiplications and

3 real-valued additions. Also, for decoding at each subchannel, 2

real-valued multiplications and 1 real-valued addition are needed.

Therefore, in the conventional method, equalization and decoding

totally need 6 M real-valued multiplications and 4 M real-valued ad-

ditions for all subchannels, at each time slot. In contrary, in the

proposed method, since equalization and decoding are performed

jointly at one step, just 4 M real-valued multiplications and 3 M

real-valued additions are needed for all subchannels, at each time
lot. Thus, in term of “Implementation Complexity ’, the proposed

ethod has a lower complexity than the conventional method. 

Another point needs attention about the detection methods’

omplexity is that the computation of equalization-deaspriding

atrixes of both conventional and optimum methods is performed

ust once and the calculated coefficients remain valid until the

hannel impulse response does not change. Therefore, Computa-

ional Complexity of the proposed method becomes more tolera-

le when the channel is not fast time variant. On the other hand,

ince the conventional method is not optimized, it cannot remove

he interference, perfectly which leads to significant degradation

f the performance in the highly frequency selective channels. In

ontrary, one can say that although the proposed method has a

arger complexity in the term of Computational Complexity , it can

emove the interference perfectly, even in highly frequency chan-

els. The simulation results show that we can achieve a very good

erformance in the highly frequency selective channels with the

xpense of more complexity by using of the proposed method. This

erformance never can be obtained when the conventional method

s used. In other words, the conventional method loses its perfor-

ance in the highly dispersive channels and cannot compensate it

nyway, but the proposed method can achieve an acceptable per-

ormance with an additional computational load. 

. Simulation results 

In this section, in order to evaluate the performance of the pro-

osed detection scheme, we compare the bit error rate (BER) of

P-OFDM-CDMA (a CP-OFDM scheme in which Walsh-Hadamard

ode is used), Complex OQAM-CDMA with the conventional detec-

ion method presented in [17] and Complex OQAM-CDMA with the

roposed detection method. In the conventional complex OQAM-

DMA detection, a one-tap MMSE equalizer is used at each sub-

hannel. The simulation parameters are presented in Table 1 . Also

or the CP-OFDM-CDMA scheme the standard length of CP is con-

idered equal to 1/8 number of subcarriers (in here ( 1 / 8 ) × 256 =
2 ) [25] . In all simulations we assume that the perfect channel

tate information is available at the receiver. 

At first, we consider the Pedestrian-A channel where the power

elay profile (PDP) is given as [28] 

Delays = 

[
0 110 190 410 

]
ns 

owers = 

[
0 −9 . 7 −19 . 2 −22 . 8 

]
dB 

ig. 3 illustrates the three systems’ performances versus the Sig-

al to Noise Ratio (SNR). As it can be seen, the performances of all

hree methods are approximately the same. This is because of that

he delay spread of channel is too short. Therefore, the channel

pectrum can be assumed flat at each subchannel. So the perfor-

ance of the conventional method and the proposed method are

he same. The same results can be seen in Fig. 4 , where the Ex-

ended Pedestrian-A channel with the following PDP is considered

s 

Delays = 

[
0 30 70 90 110 190 410 

]
ns 

owers = 

[
0 −1 −2 −3 −8 −17 . 2 −20 . 8 

]
dB 
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Fig. 3. Comparing the BER of CP-OFDM-CDMA with that of OQAM-CDMA with the 

conventional and the proposed detection methods over Pedestrian-A channel. 

Fig. 4. Comparing the BER of CP-OFDM-CDMA with that of OQAM-CDMA with 

the conventional and the proposed detection methods over Extended Pedestrian-A 

channel. 
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Fig. 5. Comparing the BER of CP-OFDM-CDMA with that of OQAM-CDMA with the 

conventional and the proposed detection methods over Pedestrian-B channel. 

Fig. 6. Comparing the BER of CP-OFDM-CDMA with that of OQAM-CDMA with the 

conventional and the proposed detection methods over Vehicular-A channel. 

 

n

P

I  

m  

h  

t  

6  

w

P  

A  

t  

f  

t  

p  
n the following, we consider the Pedestrian-B channel, where the

elay spread is very longer than that of the Pedestrian-A channel

nd its PDP is given as [28] 

Delays = 

[
0 200 800 1200 2300 3700 

]
ns 

owers = 

[
0 −0 . 9 −4 . 9 −8 −7 . 8 −23 . 9 

]
dB 

ig. 5 shows the BER of three methods versus SNR for the chan-

el with the given PDP. We can see that the BER of the Complex

QAM-CDMA with the proposed detection method outperforms

hose of the conventional detection method and CP-OFDM-CDMA,

ver all the SNR range. These results assert that in highly fre-

uency selective channels, the equalizer used in the conventional

ethod does not perfectly remove the interference. On the other

and, since equalization and decoding in the proposed method is

erformed jointly, this method can remove the interference, very

ell. 
Also Fig. 6 shows the BER versus SNR for the Vehicular-A chan-

el model with the PDP given as [28] 

Delays = 

[
0 300 700 1100 1700 2500 

]
ns 

owers = 

[
0 −1 −9 −10 −15 −20 

]
dB 

t can be seen that the performance of the proposed detection

ethod of the Complex OQAM-CDMA symbols is considerably

igher than that of the conventional detection method and also

hat of the CP-OFDM-CDMA system. The same results as Figs. 5 and

 are obtained in Fig. 7 , where the Extended Vehicular-A channel

ith the following PDP is considered as 

Delays = 

[
0 30 150 310 370 710 1090 1730 2510 

]
ns 

owers = 

[
0 −1 . 5 −1 . 4 −3 . 6 −0 . 6 −9 . 1 −7 −12 −16 . 9 

]
dB

ccording to the achieved results in Figs. 3–7 , one can conclude

hat for those channels with higher frequency selectivity, the per-

ormance of the Complex OQAM-CDMA scheme with the conven-

ional detection method significantly decreases; in contrary, the

erformance of the Complex OQAM-CDMA system with the pro-
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Fig. 7. Comparing the BER of CP-OFDM-CDMA with that of OQAM-CDMA with the 

conventional and the proposed detection methods over Extended Vehicular-A chan- 

nel. 
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[  
posed detector is less affected by the channel frequency selectiv-

ity. These results assert that the performance of the conventional

detection method highly depends on the frequency selectivity of

channel, such that the severe fluctuations in channel spectrums

lead to considerable BER; on the other hand, the performance of

the Complex OQAM-CDMA with the proposed detection method

is much more robust against non-smooth channel spectrum and

guarantees the lower BER even over high frequency selective chan-

nels. 

In addition, it is noticeable that in the resulted figures the

supremacy of the proposed detection method over conventional

scheme is achieved through the all evaluated SNR range. In other

words, in both lower and higher SNRs, the proposed detection

method outperforms the conventional scheme, which makes it

more reliable in practical situation with high noise levels. 

6. Conclusions 

In this article, based on the SINR maximization, we proposed

a novel detection method for the Complex OQAM-CDMA system,

which leads to a joint equalization-despreading scheme, instead of

separate equalization and then despreading. The proposed detec-

tion method matrix is obtained by maximizing the desired sig-

nal power, subject to the constant interfered signal power plus

the noise power. Considering no compromising assumption during

finding the proposed detection method, the resulted scheme has a

better BER performance in comparison with the conventional sub-

optimum method. According to the simulation results the proposed

method outperforms the conventional scheme in frequency selec-

tive channel scenarios. This superiority is achievable in both lower

and higher SNRs. 

References 

[1] S. Weinstein , P. Ebert , Data transmission by frequency-division multiplexing

using the discrete fourier transform, IEEE Trans. Commun. Technol. 19 (5)
(1971) 628–634 . 
[2] B. Farhang-Boroujeny , H. Moradi , OFDM inspired waveforms for 5g, IEEE Com-
mun. Surv. Tut. 18 (4) (2016) 2474–2492 . 

[3] Q. Bodinier , A. Farhang , F. Bader , H. Ahmadi , J. Palicot , L.A. DaSilva , 5g wave-
forms for overlay d2d communications: effects of time-frequency misalign-

ment, in: In Communications (ICC), 2016 IEEE International Conference on,
IEEE, 2016, pp. 1–7 . 

[4] B. Farhang-Boroujeny , OFDM versus filter bank multicarrier, IEEE Signal Pro-
cess. Mag. 28 (3) (2011) 92–112 . 

[5] M. Alard, Construction of a multicarrier signal, 2001. U.S. Patent 6,278,686, is-

sued August 21. 
[6] M.G. Bellanger , Specification and design of a prototype filter for filter bank

based multicarrier transmission, in: In Acoustics, Speech, and Signal Process-
ing, 2001. Proceedings.(ICASSP’01). 2001 IEEE International Conference on, vol.

4, IEEE, 2001, pp. 2417–2420 . 
[7] S.M.J. Asgari Tabatabaee , H. ZamiriJafarian , Prototype filter design for FBMC

systems via evolutionary PSO algorithm in highly doubly dispersive channels,

Trans. Emerging Telecommun. Technol. 28 (4) (2017) . 
[8] D. Mattera , M. Tanda , M. Bellanger , Filter bank multicarrier with PAM modula-

tion for future wireless systems, Signal Process. 120 (2016) 594–606 . 
[9] D. Mattera , M. Tanda , M. Bellanger , Performance analysis of some timing offset

equalizers for FBMC/OQAM systems, Signal Process. 108 (2015) 167–182 . 
[10] D. Jeon , S. Kim , B. Kwon , H. Lee , S. Lee , Prototype filter design for QAM-based

filter bank multicarrier system, Digital Signal Process. 57 (2016) 66–78 . 

[11] H. Liu , C. Yi , Z. Yang , Design perfect reconstruction cosine-modulated filter
banks via quadratically constrained quadratic programming and least squares

optimization, Signal Process. (2017) . 
[12] F. Cruz-Roldn , M.E. Domnguez-Jimnez , G. Sansigre-Vidal , D. Luengo , M. Moo-

nen , DCT-based channel estimation for single-and multicarrier communica-
tions, Signal Process. 128 (2016) 332–339 . 

[13] P. Amini , R.-R. Chen , B. Farhang-Boroujeny , Filterbank multicarrier communi-

cations for underwater acoustic channels, IEEE J. Oceanic Eng. 40 (1) (2015)
115–130 . 

[14] B. Saltzberg , Performance of an efficient parallel data transmission system,
IEEE Trans. Commun. Technol. 15 (6) (1967) 805–811 . 

[15] A. Sahin , I. Guvenc , H. Arslan , A survey on multicarrier communications: pro-
totype filters, lattice structures, and implementation aspects, IEEE Commun.

Surv. Tut. 16 (3) (2014) 1312–1338 . 

[16] R. Zakaria , D.L. Ruyet , A novel filter-bank multicarrier scheme to mitigate the
intrinsic interference: application to MIMO systems, IEEE Trans. Wireless Com-

mun. 11 (3) (2012) 1112–1123 . 
[17] C. Ll , P. Siohan , R. Legouable , M. Bellanger , CDMA transmission with complex

OFDM/OQAM, EURASIP J. Wireless Commun. Networking 2008 (2008) 18 . 
[18] C. Ll , P. Siohan , R. Legouable , The alamouti scheme with CDMA-OFDM/OQAM,

EURASIP J. Adv. Signal Process. 2010 (1) (2010) 703513 . 

[19] P. Jung , G. Wunder , The WSSUS pulse design problem in multicarrier transmis-
sion, IEEE Trans. Commun. 55 (10) (2007) 1918–1928 . 

[20] P. Amini , B. Farhang-Boroujeny , Per-tone equalizer design and analysis of fil-
tered multitone communication systems over time-varying frequency-selective

channels, in: In Communications, 2009. ICC’09. IEEE International Conference
on, IEEE, 2009, pp. 1–5 . 

[21] M. Caus , A.I. Perez-Neira , Transmitter-receiver designs for highly frequency se-
lective channels in MIMO FBMC systems, IEEE Trans. Signal Process. 60 (12)

(2012) 6519–6532 . 

22] S.M.J. Asgari Tabatabaee , H. Zamiri-Jafarian , Per-subchannel joint equalizer and
receiver filter design in OFDM/OQAM systems, IEEE Trans. Signal Process. 64

(19) (2016) 5094–5105 . 
[23] S.M.J. Asgari Tabatabaee , H. Zamiri-Jafarian , Beamforming algorithms for mul-

tiuser MIMO uplink systems: parallel and serial approaches, in: In Electrical
Engineering (ICEE), 2013 21st Iranian Conference on, pp. 1–5, IEEE, 2013 . 

[24] D. Dereniowski , M. Kubale , Cholesky factorization of matrices in parallel and

ranking of graphs, in: International Conference on Parallel Processing and Ap-
plied Mathematics, Springer Berlin Heidelberg, 2003, pp. 985–992 . 

25] O.A. Dobre , R. Venkatesan , D.C. Popescu , Second-order cyclostationarity of mo-
bile wiMAX and LTE OFDM signals and application to spectrum awareness in

cognitive radio systems, IEEE J. Sel. Topics Signal Process. 6 (1) (2012) 26–42 . 
[26] F. Le Gall , Powers of tensors and fast matrix multiplication, in: Proceedings

of the 39th International Symposium on Symbolic and Algebraic Computation,

2014, pp. 296–303 . 
[27] P. Courrieu, Fast computation of moore-penrose inverse matrices, 2008, arXiv:

0804.4809 . 
28] ITU-r m.1225, 1997, Guidelines for evaluations of radio transmission technolo-

gies for IMT-20 0 0. 

http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0001
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0001
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0001
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0002
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0002
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0002
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0003
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0003
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0003
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0003
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0003
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0003
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0003
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0004
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0004
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0005
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0005
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0006
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0006
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0006
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0007
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0007
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0007
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0007
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0008
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0008
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0008
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0008
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0009
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0009
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0009
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0009
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0009
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0009
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0010
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0010
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0010
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0010
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0011
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0011
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0011
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0011
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0011
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0011
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0012
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0012
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0012
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0012
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0013
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0013
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0014
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0014
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0014
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0014
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0015
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0015
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0015
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0016
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0016
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0016
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0016
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0016
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0017
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0017
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0017
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0017
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0018
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0018
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0018
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0019
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0019
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0019
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0020
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0020
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0020
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0021
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0021
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0021
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0022
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0022
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0022
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0023
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0023
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0023
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0024
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0024
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0024
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0024
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0025
http://refhub.elsevier.com/S0165-1684(18)30017-3/sbref0025
http://arxiv.org/abs/0804.4809

	Joint equalization-despreading method for OQAM-CDMA systems
	1 Introduction
	2 OFDM/OQAM system model
	3 Complex OQAM-CDMA system
	4 The proposed joint equalization-deaspriding detection for complex OQAM-CDMA system
	4.1 Complexity

	5 Simulation results
	6 Conclusions
	 References


