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This paper deals with the combination of OFDM/OQAM with the Alamouti scheme. After a brief presentation of the
OFDM/OQAM modulation scheme, we introduce the fact that the well-known Alamouti decoding scheme cannot be
simply applied to this modulation. Indeed, the Alamouti coding scheme requires a complex orthogonality property; whereas
OFDM/OQAM only provides real orthogonality. However, as we have recently shown, under some conditions, a transmission
scheme combining CDMA and OFDM/OQAM can satisfy the complex orthogonality condition. Addinga CDMA component can
thus be seen as a solution to apply the Alamouti scheme in combination with OFDM/OQAM. However, our analysis shows that
the CDMA-OFDM/OQAM combination has to be built taking into account particular features of the transmission channel. Our
simulation results illustrate the 2 X 1 Alamouti coding scheme for which COMA-OFDM/OQAM and CP-OFDM are compared in
two different scenarios: (i) CDMA is performed in the frequency domain, (ii) CDMA is performed in time domain.

1. Introduction

Increasing the transmission rate and/or providing robustness
to channel conditions are nowadays two of the main research
topics for wireless communications. Indeed, much effort
is done in the area of multiantennas, where Space Time
Codes (STCs) enable to exploit the spatial diversity when
using several antennas either at the transmitting side or
at the receiving side. One of the most known and used
STC technique is Alamouti code [1]. Alamouti code has
the nice property to be simple to implement while provid-
ing the maximum channel diversity. On the other hand,
multicarrier modulation (MCM) is becoming, mainly with
the popular Orthogonal Frequency Division Multiplexing
(OFDM) scheme, the appropriate modulation for transmis-
sion over frequency selective channels. Furthermore, when
appending the OFDM symbols with a Cyclic Prefix (CP)
longer than the maximum delay spread of the channel to
preserve the orthogonality, CP-OFDM has the capacity to
transform a frequency selective channel into a bunch of flat
fading channels which naturally leads to various efficient
combinations of the STC and CP-OFDM schemes. However,
the insertion of the CP yields spectral efficiency loss. In
addition, the conventional OFDM modulation is based on

a rectangular windowing in the time domain which leads to
a poor (sinc(x)) behavior in the frequency domain. Thus CP-
OFDM gives rise to two drawbacks: loss of spectral efficiency
and sensitivity to frequency dispersion, for example, Doppler
spread.

These two strong limitations may be overcome by some
other OFDM variants that also use the exponential base
of functions. But then, in any case, as it can be deduced
from the Balian-Low theorem, see, for example, [2], it is not
possible to get at the same time (i) Complex orthogonality;
(ii) Maximum spectral efficiency; (iii) A well-localized pulse
shape in time and frequency. With CP-OFDM conditions
(i) and (iii) are not satisfied, while there are two main
alternatives that satisfy two of these three requirements
and can be implemented as filter bank-based multicarrier
(FBMC) modulations. Relaxing condition (ii) we get a
modulation scheme named Filtered MultiTone (FMT) [3],
also named oversampled OFDM in [4], where the authors
show that the baseband implementation scheme can be seen
as the dual of an oversampled filter bank. But if one really
wants to avoid the two drawbacks of CP-OFDM the only
solution is to relax the complex orthogonality constraint. The
transmission system proposed in [5] is a pioneering work
that illustrates this possibility. Later on an efficient Discrete



Fourier Transform (DFT) implementation of the Saltzberg
system [5], named Orthogonally Quadrature Amplitude
Modulation (O-QAM), has been proposed by Hirosaki [6].
To the best of our knowledge, the acronym OFDM/OQAM,
where OQAM now corresponds to Offset QAM, appeared
for the first time in [7]. In [7] the authors also present an
invention of Alard, named Isotropic Orthogonal Transform
Algorithm (IOTA), and explicitly use a real inner product
to prove the orthogonality of the OFDM/OQAM-IOTA
modem. A formal link between these continuous-time mod-
ulation models and a precise filter bank implementation,
the Modified Discrete Fourier Transform (MDFT) [8], is
established in [9].

It is now recognized in a large number of applications,
with cognitive radio being the most recent and important
one [10], that appropriate OFDM/OQAM pulse shapes
which satisfy conditions (ii) and (iii) can be designed,
and these can lead to some advantages over the CP-
OFDM. However, most of these publications are related to
a single user case and to Single-Input-Single-Output (SISO)
systems. On the contrary, only a few results are available
concerning more general requirements being related either to
multiaccess techniques or multiantenna, that is, of Multiple
Input Multiple Output (MIMO) type. In a recent publication
[11], we have shown that, under certain conditions, a
combination of Coded Division Multiple Access (CDMA)
with OFDM/OQAM could be used to provide the complex
orthogonal property. On the other hand, it has also been
shown in [12] that spatial multiplexing MIMO could be
directly applied to OFDM/OQAM. However, in the MIMO
case there is still a problem which has not yet found a fully
favorable issue: It concerns the combined use of the popular
STBC Alamouti code together with OFDM/OQAM. Basically
the problem is related to the fact that OFDM/OQAM
by construction produces an imaginary interference term.
Unfortunately, the processing that can be used in the SISO
case, for cancelling it at the transmitter side (TX) [13]
or estimating it at the receiver side (RX) [14], cannot
be successfully extended to the Alamouti coding/decoding
scheme. Indeed, the solutions proposed so far are not fully
satisfactory. The Alamouti-like scheme for OFDM/OQAM
proposed in [15] complicates the RX and introduces a
processing delay. The pseudo-Alamouti scheme recently
introduced in [16] is less complex but requires the appending
of a CP to the OFDM/OQAM signal which means that
condition (ii) is no longer satisfied.

The aim of this paper is to take advantage of the orthog-
onality property resulting from the COMA-OFDM/OQAM
combination introduced in [11] to get a new MIMO Alam-
outi scheme with OFDM/OQAM. The contents of our paper
is as follows. In Section 2, after some general descriptions
of the OFDM/OQAM modulation in Section 2.1 and the
MIMO Alamouti scheme in Section 2.2, we will combine
both techniques. However, as we will see in Section 2.3,
the MIMO decoding process is very difficult because
of the orthogonality mismatch between Alamouti and
OFDM/OQAM. In Section 3, we propose to combine Alam-
outi and CDMA-OFDM/OQAM in order to solve the prob-
lem. Indeed, in [11], we have shown that the combination
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of CDMA and OFDM/OQAM (CDMA-OFDM/OQAM) can
provide the complex orthogonality property; this interesting
property is first recalled in Section 3.1. Then, two different
approaches with Alamouti coding are proposed, by consid-
ering either a spreading in the frequency (in Section 3.2)
or in the time domain (in Section 4.2). When spreading
in time is considered, 2 strategies of implementing the
Alamouti coding are proposed. Some simulation results
finally show that, using particular channel assumptions, the
Alamouti CDMA-OFDM/OQAM technique achieves similar
performance to the Alamouti CP-OFDM system.

2. OFDM/OQAM and Alamouti

2.1. The OFDM/OQAM Transmultiplexer. The baseband
equivalent of a continuous-time multicarrier OFDM/OQAM
signal can be expressed as follows [7]:

M-1
s() = D D amng(t — nro)e™Foty, (1)
m=0 neZ h RS ’
G ()
with Z the set of integers, M = 2N an even number of
subcarriers, Fy = 1/Ty = 1/271y the subcarrier spacing, g

the prototype function assumed here to be a real-valued and
even function of time, and v, , an additional phase term such
that v,,, = j™™"e/%, where ¢ can be chosen arbitrarily.
The transmitted data symbols a,,, are real-valued. They
are obtained from a 22K-QAM constellation, taking the real
and imaginary parts of these complex-valued symbols of
duration Ty = 271y, where 1y denotes the time offset between
the two parts [2, 6, 7, 9].

Assuming a distortion-free channel, the Perfect Recon-
struction (PR) of the real data symbols is obtained owing to
the following real orthogonality condition:

R (g gpa) | =2 | @na0gig O} =0p0ss @)

where * denotes conjugation, (-,:) denotes the inner
product, and 8,, = 1 if m = p and §,, = 0 if
m # p. Otherwise said, for (m,n) # (p,q), (gnn>&pq) 15 @
pure imaginary number. For the sake of brevity, we set
(g)fn’j1 = —j{gmn>&p.q)- The orthogonality condition for the
prototype filter can also be conveniently expressed using its
ambiguity function

Ag(n,m) = Jo_o g(u — nro)g(u)emmbondy, (3)

It is well-known [7] that to satisfy the orthogonality
condition (2), the prototype filter should be chosen such that
Ag(2n,2m) = 0if (n,m) # (0,0) and A4(0,0) = 1.

In practical implementations, the baseband signal is
directly generated in discrete time, using the continuous-
time signal samples at the critical frequency, that is, with
F, = MF, = 2NF,. Then, based on [9], the discrete-time
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FIGURE 1: Transmultiplexer scheme for the OFDM/OQAM modulation.
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baseband signal taking the causality constraint into account,
is expressed as

M-
Z 2. am, ng(k — nN)eﬂﬂm (Lg=D/2)y,

"
m=0 neZ

(4)

gmn [k]

The parallel between (1) and (4) shows that the overlap-
ping of duration 7, corresponds to N discrete-time samples.
For the sake of simplicity, we will assume that the prototype
filter length, denoted Lg, is such that L, = bM = 2bN, with b
being a positive integer. With the discrete time formulation,
the real orthogonality condition can also be expressed as:

R (g a) ] = {zgmn

kez

gpq[k } mp(an (5)

As shown in [9], the OFDM/OQAM modem can be
realized using the dual structure of the MDFT filter bank.
A simplified description is provided in Figure 1, where it has
to be noted that the premodulation corresponds to a single
multiplication by an exponential whose argument depends
on the phase term v,,,, and on the prototype length. Note
also that in this scheme, to transmit QAM symbols of a given
duration, denoted Ty, the IFFT block has to be run twice
faster than for CP-OFDM. The polyphase block contains the
polyphase components of the prototype filter g. At the RX
side, the dual operations are carried out.

The prototype filter has to be PR, or nearly PR. In this
paper, we use a nearly PR prototype filter, with length L, =
4M, resulting from the discretization of the continuous time
function named Isotropic Orthogonal Transform Algorithm
(IOTA) in [7].

Before being transmitted through a channel the baseband
signal is converted to continuous-time. Thus, in the rest of
this paper, we present an OFDM/OQAM modulator that

delivers a signal denoted s(¢), but keeping in mind that this
modulator corresponds to an FBMC modulator as shown in
Figure 1.

The block diagram in Figure 2 illustrates our OFDM/
OQAM transmission scheme. Note that compared to
Figure 1, here a channel breaks the real orthogonality
condition thus an equalization must be performed at the
receiver side to restore this orthogonality.

Let us consider a time-varying channel, with maximum
delay spread equal to A. We denote it by h(t,7) in time,
and it can also be represented by a complex-valued number
HY), for subcarrier m at symbol time n. At the receiver
side, the received signal is the summation of the s(t) signal
convolved with the channel impulse response and a noise
component #(t). For a locally invariant channel, we can
define a neighborhood, denoted Qam,an, around the (my, 1)
position, with

QAm,An

{P q |P{<Am’|‘” <An|Hmo+Pnu+q~Hmo"0}
(6)

and we also define O}, r, = Qaman — {(0,0)}.

Note also that An and Am are chosen according to the
time and bandwidth coherence of the channel, respectively.
Then, assuming g(t — 7 —n1y) = g(t —n1), forall 7 € [0, A],
the demodulated signal can be expressed as [13, 14, 17]

)’;(ncg,no = Ht(nco),ng (amo,flo + jal(’l?g,flo) + Jmo,no + Hmo,ng

(7)

with #myne = (> gmyn,) the noise component, ) o, the
interference created by the neighbor symbols, given by

agli)o,ﬂn = Z

(p’Q) EQXm,An

Mo,
Amo+p,notq <g> mz+;,nu+q, (8)



and J,, the interference created by the data symbols
outside Qaman-

It can be shown that, even for small size neighborhoods,
if the prototype function g is well localized in time and
frequency, Jm,,, becomes negligible when compared to the
noise term #m, »,- Indeed a good time-frequency localization
[7] means that the ambiguity function of g, which is directly
related to the (g),;" . terms, is concentrated around its
origin in the time-frequency plane, that is, only takes small
values outside the Qama, region. Thus, the received signal
can be approximated by

yﬁ;gﬁo ~ Hi(;l:(z,ﬂo (ammﬂo + jagrll)o,no) + nmo,nn' (9)

For the rest of our study, we consider (9) as the
expression of the signal at the output of the OFDM/OQAM
demodulator.

2.2. Alamouti Scheme: General Case. In order to describe the
Alamouti scheme [1], let us consider the one-tap channel
model described as

Yk = NSk + 1k (10)

where, at time instant k, hy, is the channel gain between
the transmit antenna u and the receive antenna and n
is an additive noise. We assume that hy, is a complex-
valued Gaussian random process with unitary variance. One
transmit antenna and one receive antenna are generally
referred as SISO model. We consider coherent detection, that
is, we assume that the receiver has a perfect knowledge of hy ;.
The Alamouti scheme is implemented with 2 transmit
and one receive antennas. Let us consider sy and syiy1 to
be the two symbols to transmit at time (time and frequency
axis can be permuted in multicarrier modulation.) instants
2k and 2k + 1, respectively. At time instant 2k, the antenna 0
transmits s,/ /2 whereas the antenna 1 transmits Sok+1/ V2.
At time instant 2k + 1, the antenna 0 transmits —(sax.1)*/+/2
whereas the antenna 1 transmits s3;/+/2. The 1/1/2 factor is
added to normalize the total transmitted power. The received
signal samples at time instants 2k and 2k + 1 are given by

1
= — (horoSok + ok 1S + ok,
Yok ﬂ( 2k,052k 2k,1 2k+1) 2k
(11)
Yok+1 = 1 <_h2k+10(52k+1)* + hoks1 1(Szk)*) + Mok+1-
V2 : *

Assuming the channel to be constant between the time
instants 2k and 2k + 1, we get

Yok 1 hzk,o hzk,l $2k Nk
= — + .
Ykl V2| (1) ™ = (haro)™ | | 5261 M1

)

~

Hyy
(12)

Note that H,, is an orthogonal matrix with H, HY =
(1/2)(1hakol? + hag11?)1,, where I, is the identity matrix
of size (2,2) and H stands for the transpose conjugate
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operation. Thus, using the Maximum Ratio Combining
(MRC) equalization, the estimates $>; and $yk+; are obtained
as

Sok B V2 hfk,o hok,1 Y2k
S2k1 Lhaeo |2+ [ hair |7 | (hakn)® = (hako) | | yoxnt

S2k W2k
+ >
S2k+1 Hok+1
where,

Bk | V2 h;k,o hak, Mok
Yok+1 |hako |> + ot |7 | (hain) ™ = (haro) || s |

(14)

(13)

Since the noise components 7y, and 7,41 are uncorrelated,
E(lpkl?) = E(lpak+11?) = 2No/(lhakol? + |hax11?), where
Ny denotes the monolateral noise density. Thus, assuming a
QPSK modulation, based on [18], the bit error probability,
denoted py, is given by

2 2
p=Q J(““k’"' SLEA >SNRt SIS

2

where SNR; denotes the Signal-to-Noise Ratio (SNR) at
the transmitter side. When the two channel coefficients are
uncorrelated, we will have a diversity gain of two [18].

2.3. OFDM/OQAM with Alamouti Scheme. Equation
(9) indicates that we can consider the transmission
of OFDM/OQAM on each subcarrier as a flat fading
transmission. Moreover, recalling that in OFDM/OQAM

each complex data symbol, d\), is divided into two real

symbols, %{dﬁﬁ))n} and j{d,(ﬁ,)n}, transmitted at successive
time instants, transmission of a pair of data symbols,
according to Alamouti scheme, is organized as follows:

oo = R{dh, ],

amant = R{dy o |y

amanino = T {dyia},

A L

amsnszo = (@) | = R} =
Amani2) = D‘i{ df.f,)zn>*} = R{dion} = amano,

(
Am2n+3,0 = _j{<d£’i)2n+1>*} = j{d;(’rf,)Zn+1} = Am2n+1,1>

Am2n+3,1 = 3{(%&5,)2”)*} = _j{df;,)zn} = —Am2n+1,0-
(16)
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We also assume that in OFDM/OQAM the channel gain
is a constant between the time instants 2n and 2n + 3. Let
us denote the channel gain between the transmit antenna i
and the receive antenna at subcarrier m and time instant n
by hympi. Therefore, at the single receive antenna we have

. (i)
Ymaon = hm,Zn,O (am,Zn,O + J%m2n,0
h - (i)
+ m,2n,1 am,Zn,l + ]am,zn,l + nm,2n,0>
=h . (i)
ym,2n+1 = "'m,2n,0 Am,2n+1,0 + ]am,2n+1,0
h - (i)
+ m,2n,1 \ Am,2n+1,1 + ]am,2n+1,1 + M, 2n+1,15
=h . (i)
Ym2nt2 = Mm2n0\ Gm2n+2,0 T ] 2n42,0
h - (i)
+ m,2n,1 am,2n+2,1 + ]am,2n+2,1 + N, 2n+2,0»

. (i)
Yman+3 = Hmonp (am,2n+3,0 + JAmon+3,0

. (i)
+ Hymon (am,2n+3,1 + ]am,zn+3,1) + M, 2n+3,1-
(17)

Setting

Zm2n = Ym2n + jym,2n+l>
(18)
Zm2n+l = Ym2n+2 + ] Ym2n+3>

and using (16), we obtain

(c) (c)
Zm2on = hM,Zn,Odm,Zn + hm,Zn,ldm,2n+1

+ hm,Zn,Oxm,Zn,O + hm,Zn,lxm,Zn,l + Km,2n,05

Zm2n+l = _hm,Zn,O (dfrcl,)zywl) . + hm,Zn,l (di;j,)zn) :

* *
— im0 (Xmon2,0) " +hmant (Xmoni2,1)” +Kmani2,05

(19)
where,
_ (i) . (i)
Xm2n0 = ~Aman+1,0 T 1 3m2n,0
_ (i) . (i)
Xm2n,1 = 7am,2n+1,1 + ]am,Zn,l’
Km2m0 = Mm2n0 + jlm2n+1,05
(20)

Km,2n,0 = Nm,2n+2,0 + JNm,2n+3,05

_ ) . (i)
Xm2n+2,0 = Gmont30 T JGm2n+2,05

_ (i) . (i)
Xm2n+2,1 = ~Aman+3,1 — JOm2n+2,1-

5
This results in
C
Zm,2n hm,Zn,O hm,Zn,l din,)Zn
x| = * *
(2im2n+1) (hman1)” = (mono) dircl,)ZnJrl
& y TR y .
Zon. Q, dan
Biono Bman 0 0
" h * h *
0 0 (hman1)” —(Hm2no)
K,
Xm,2n,0
Xm,2n,1 Km,2n
X + |-
Xm,2n+2,0 (Km,2n+1 )
—_—
Xm,2n+2,1 Kon
-
Xon
(21)

We note that Q, is an orthogonal matrix which is
similar to the one found in (12) for the conventional 2 x 1
Alamouti scheme. However, the K,,x,, term appears, which
is an interference term due to the fact that OFDM/OQAM
has only a real orthogonality. Therefore, even without noise
and assuming a distortion-free channel, we cannot achieve
a good error probability since K,,x,, is an inherent “noise
interference” component that, differently from the one
expressed in (9), cannot be easily removed. (in a particular
case, where Ny 240 = Mman1, one can nevertheless get rid of
the interference terms.)

To tackle this drawback some research studies are being
carried out. However, as mentioned in the introduction,
the first one [15] significantly increases the RX complexity,
while the second one [16] fails to reach the objective of
theoretical maximum spectral efficiency, that is, does not
satisfy condition (ii). The one we propose hereafter is based
on a combination of CDMA with OFDM/OQAM and avoids
these two shortcomings.

3. CDMA-OFDM/OQAM and Alamouti

3.1. CDMA-OFDM/OQAM. 1In this section we summarize
the results obtained, assuming a distortion-free channel, in
[19] and [11] for CDMA-OFDM/OQAM schemes transmit-
ting real and complex data symbols, respectively. Then, we
show how this latter scheme can be used for transmission
over a realistic channel model in conjunction with Alamouti
coding.

3.1.1. Transmission of Real Data Symbols. We denote by
N; the length of the CDMA code used and assume that
Ns = M/N; is an integer number. Let us denote by ¢, =
[cow - ch,l,u]T, where (-)T stands for the transpose
operation, the code used by the uth user. When applying
spreading in the frequency domain such as in pure MC-
CDMA (Multi-Carrier-CDMA) [20], for a user uy at a
given time ny, Ns different data are transmitted denoted
by: dugno,00 Bugyg,1s - - - > AugnoNs—1- Then by spreading with
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the ¢, codes, we get the real symbol a,,, transmitted at
frequency m, and time ng by

U-1

Amg,ng = Z Cmg/Nf,udu,no,lmg/NCJs (22)
u=0

where U is the number of users, / the modulo operator,
and || the floor operator. From the agu,,, term, the
reconstruction of dy,,, (for p € [0,Ns — 1]) is insured
thanks to the orthogonality of the code, that is, £31£u2 =
Out,uz; see [21] for more details. Therefore, noise taken apart,
the despreading operator leads to

N.-1
du,no,p = Z Cmu@pNc+m,ng- (23)

m=0

In [19], it is shown that, since no CP is inserted, the
transmission of these spread real data (d,,,,) can be insured
at a symbol rate which is more than twice the one used
for transmitting complex MC-CDMA data. Figure 3 depicts
the real CDMA-OFDM/OQAM transmission scheme for
real data and a maximum spreading length (limited by
the number of subcarriers), where after the despreading
operation, only the real part of the symbol is kept whereas
the imaginary component i,, is not detected. This scheme
satisfies a real orthogonality condition and can work for a
number of users up to M.

3.1.2. Interference Cancellation. A closer examination of the
interference term is proposed in [11] assuming that the
CDMA codes are Walsh-Hadamard (W-H) codes of length
M = 2N = 2", with n an integer. The prototype filter
being of length L, = bM, its duration is also given by the
indicating function I},—p,|<26, equal to 1 if |[n — ng| < 2b and
0 elsewhere. Then, the scalar product of the base functions
can be expressed as

. (pmo)
<gm,n>gp,no> = 6m—p,n—no +]Yﬂ€;0 I\n—ng|<2b’ (24)
where yif,’:“) is given by

yota' = 3{ (=1 e A (n—ng,m=p) |, (25)

For a maximum spreading length, that is, M = 2N =
N, based on [11, Equation (18)], the interference term when
transmitting real data can be expressed as

U-1 2b-1 2N-12N-1 ( )

. psno

lyn = Z Z dn+n0,u Z Z Cp,ugcm,u)/m,n+n0 .
u=0

n=-2b+1,n#0 p=0 m=0
(26)

It is shown in [11] that if U < M/2 spreading codes are
properly selected then the i, , interference is cancelled. The
W-H matrix being of size M = 2N = 2" can be divided into
two subsets of column indices, S} and S5, with cardinal equal
to M/2 making a partition of all the index set. To guarantee
the absence of interference between users, the construction
rule for theses two subsets is as follows.

For ny = 1, each subset is initialized by setting: S} = {0}
and S} = {1}.

Let us now assume that, for a given integer n = ny, the
two subsets contain the following list of indices:

ST = {in, i1, 13> im0 1},
; (27)
83 = {iz1,022, 123> im0 1 }.

These subsets are used to build two new subsets of identical
size such that

g?o = {iz,l + 2”‘0’ i2,2 + 2'”0) i2,3 + 2”0’ ) i2,2"0’] + 2”0}’
. (28)
Szo = {1'1,1 + 2™, io+ AN i3+ 1m0 i1,2n0*1 + ZHO}.

Then, we get the subsets of higher size, n = ng + 1, as
follows:

S =S usy, St =8 usy. (29)

Applying this rule one can check that for n = 5, as an
example, we get

S? =1{1,4,6,7,10,11,13,16,18,19,21,24,25,28,30,31},

S = {2,3,5,8,9,12,14,15,17,20,22,23, 26,27, 29, 32}.
(30)

Hence, for a given user and at a given time, we get jw, =
dy, and i,, = 0 and these equalities hold for a number of
U users up to M/2. The complete proof given in [11] takes
advantage of three properties of W-H codes.
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FIGURE 4: Transmission scheme for the CDMA-OFDM/OQAM system with spreading in frequency of complex data.

3.1.3. Transmission of Complex Data Symbols. As the imag-
inary component can be cancelled when transmitting real
data through a distortion-free channel when using CDMA-
OFDM/OQAM, one can imagine to extend this scheme to
the transmission of complex data. Indeed, the transmission
system being linear, real and imaginary parts will not
interfere if the previous rule is satisfied.

Then, denoting by d,(fl the complex data to transmit,
the OFDM/OQAM symbols transmitted at time nt, over the

carrier m and for the code u are complex numbers, that is,

a,(ﬁ?n,u = cm,udﬁ,f,), are complex symbols. The corresponding

complex CDMA-OQAM transmission scheme is depicted in
Figure 4. The baseband equivalent of the transmitted signal,
with a spreading in frequency, can be written as

N1 U-1
sp(t) = Z Z X (1) With Xy, = Z a%fn)u. (31)
neZ m=0 u=0

In this expression, as in [11], we assume that the phase term
1S Vym = j"M(—1)"", thatis, ¢g = mnm. Then, if the U codes
are all in 7, or 87, the interference terms are cancelled and we
get

Vn,u, z,f)L = dff,{ (32)

Otherwise said, this CDMA-OFDM/OQAM scheme satisfies
a complex orthogonality condition, that is, the back-to-
back transmultiplexer is a PR system for the transmission
of complex data. Note also that, differently from what we
saw for the transmission of real data symbols, as explained
in Section 3.1.2, here the maximum number of users is M/2
instead of M. In both cases the overall data rate is therefore
the same.

In the presence of a channel, an equalization must be
performed before the despreading since the signal at the
output of the equalization block is supposed to be free from
any channel distortion or attenuation. Then, the signal at the
equalizer output is somewhat equivalent to the one obtained
with a distortion-free channel. Then, despreading operation
will recover the complex orthogonality.

Now, the question is: “Can we use this complex orthogo-
nality for combining Alamouti coding scheme and CDMA-
OFDM/OQAM?”. Let us analyze this problem assuming a
one-tap equalization.

3.2. Alamouti with CDMA-OFDM/OQAM with Spreading in
the Frequency Domain. In a realistic transmission scheme the

channel is no longer distortion-free. So, we assume now that
we are in the case of a wireless Down-Link (DL) transmission
and perfectly synchronized.

3.2.1. Problem Statement. Before trying to apply Alam-
outi scheme to CDMA-OFDM/OQAM, one must notice
that the channel equalization process is replaced by the
Alamouti decoding. When adapting Alamouti scheme to
CDMA-OFDM/OQAM, the equalizer component, depicted
in Figure 4, must be replaced by the Alamouti decoding
process and the despreading operation must be carried out
just after the OFDM/OQAM modulator. Then, contrary
to the DL conventional MC-CDMA case, the despreading
operation must be performed before the Alamouti decoding.
Indeed, with OFDM/OQAM, we can only recover a complex
orthogonality property at the output of the despreading
block. This point is critical since it rises the question: does
complex orthogonality hold in CDMA-OFDM/OQAM if we
perform despreading operation before equalization? and if yes,
at which cost? The first point leads to the following problem:
let us consider complex quantities #;, f3i, A;. Does it sound
possible to obtain Z?ﬁgl Bi(ti/Ai) (equalization + despread-
ing) from ' Bit; (despreading)? Here, equalization is
materialized by e; = t;/A; and the despreading operation
by Zf\ﬁalﬁiei. The answer is in general (obviously) NO,
except if all the A; are the same, that is, ;; = A; = A
That is the case if we are in the presence of a constant
channel over frequencies. Indeed, only in this case the
order of the equalization and despreading operations can be
exchanged without impairing the transmission performance.
Conversely, applying despreading before equalization should
have an impact in terms of performance for a channel
being nonconstant in frequency. So, let us consider at first
a flat channel. Then the subset of subcarriers where a given
spreading code is applied will be affected by the same channel
coefficient.

3.2.2. Implementation Scheme. In a SISO configuration, if
we denote by h,; the single channel coefficient between the
transmit antenna i and the single receive antenna at time
instant n, the despreaded signal is given by:

()
Zhgu

= Py id) (33)

110,U0,i>

where df:]),u .,i 1s the complex data of user ug being transmitted

at time instant ny by antenna i. Now, if we consider a system
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with 2 antennas with indexes 0 and 1, respectively, and if we
apply Alamouti coding scheme to every user u data, denoting
by sk,,the main stream of complex data for user u, we have

at time 2k,

S2k,u
d(C) — >
2k,u,0 \/Z
$2k+1

()

2k,u,1 \/Z >
at time 2k + 1, (34)
d(c) _ - (52k+1,u) *
2k+1,u,0 \/f
4% _ i
2k+1u,1 — \/i

For a flat fading channel, ignoring noise, the despreaded
signal for user u is given by

2 = huodiig + Muadyi. (35)
Hence,
(c)
ZZ;:,u 1 hako hog S2k,u
x| = & .
(zgi)H,M) V2 (hare1) ™ = (haksr0) ™ | | S2k4 10
(36)

This is the same decoding equation as in the Alamouti
scheme presented in Section 2.2. Hence, the decoding could
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Figure 7: BER for the complex version of the Alamouti CDMA-
OFDM/OQAM with spreading in frequency domain, versus Alam-
outi CP-OFDM for transmission over a flat fading channel.

be performed in the same way. Figures 5 and 6 present the
Alamouti CDMA-OFDM/OQAM transmitter and receiver,
respectively.

3.2.3. Performance Evaluation. We compare the proposed
Alamouti CDMA-OFDM/OQAM scheme with the Alamouti
OFDM using the following parameters:

(1) QPSK modulation

(ii) M = 128 subcarriers

(iii) maximum spreading length, implying that the W-H
spreading codes are of length N, = 128,

(iv) flat fading channel (one single Rayleigh coefficient for
all 128 subcarriers);

(v) the IOTA prototype filter with length 512,

(vi) zero forcing one tap equalization for both transmis-
sion schemes,

(vii) no channel coding.

Figure 7 gives the performance results. As expected, both
systems perform the same.

4. Alamouti and CDMA-OFDM/OQAM with
Time Domain Spreading

In this section, we keep the same assumptions as the ones
used for the transmission of complex data with a spreading
in frequency. Firstly, we again suppose that the prototype
function is a real-valued symmetric function and also that
the W-H codes are selected using the procedure recalled in
Section 3.1.2.
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FIGURE 8: Transmission scheme for the CDMA-OFDM/OQAM system with spreading in time of complex data.

4.1. CDMA-OFDM/OQAM with Spreading in the Time
Domain. Let us first consider a CDMA-OFDM/OQAM
system carrying out a spreading in the time domain, that
is, on each subcarrier m the data are spread over the time
duration frame length. Let us consider Ly the length of the
frame, that is, the frame is made of M data in the frequency
domain and Ly data in time domain. N, is the length of the
spreading code. We assume that Ns = L;/N, is an integer
number. Let us denote by: ¢, = [cou CNC,I,u]T the
code used by the uth user. Then, for a user u at a given
frequency myg, Ns different data are transmitted denoted
by: dug me0> Augme1s - - - > Aug,mgNe—1- BY spreading with the ¢,
codes, we get the real symbol a,, ,, transmitted at frequency
my and time ng by

U-1

Z Cio/Neyu@uuymo, no/N. 1> (37)
u=0

ammno =

where U is the number of users. From the a,,, ,, term, the
reconstruction of dy,, (for p € [0,Ns — 1]) is insured
thanks to the orthogonality of the code, that is, clic,, =
Ou1,u2> see [21] for more details. Therefore, the despreading
operator leads to

N1

du,rno,p = Z Cn,u@mg,pN +n- (38)
n=0

We now propose to consider the transmission of complex

data, denoted d,gﬁ,)u,p, using U well chosen W-H codes. In
order to establish the theoretical features of this complex
CDMA-OFDM/OQAM scheme, we suppose that the trans-
mission channel is free of any type of distortion. Also, for
the sake of simplicity, we now assume a maximum spreading

= N.). We denote by dﬁ,ﬁ,)u the

complex data and by A = cn,udgﬁ,)u the complex symbol
transmitted at time nt, over the carrier m and for the code
u. As usual, the length of the W-H codes are supposed to be
a power of 2, that is, Ly = 2L = 29 with g an integer.

The block diagram of the transmitter is depicted in
Figure 8. For a frame containing 2L OFDM/OQAM data
symbols, the baseband signal spread in time, can be written
as

length (in time domain, Ly

2L-12N-1

sp(t) = z Z Xm,n&mn (L)

n=0 m=0
(39)

with x,, , = Z a(,,ﬁ?n,u =

U-1
> Cnudl,
u=0

In (39), we assume that the phase term is v,,,, = j™*" as in
[7]. Let us also recall that the prototype function g satisfies
the real orthogonality condition (2) and is real-valued and
symmetric, that is, g(t) = g(—t). To express the complex
inner product of the base functions g ., using a similar
procedure that led to (24), we get

<gm,nagp,no> = 8m—p,n—no +j)L£lf,)r70)I|n—n0\<2b: (40)

where /\m ™) s given by

)t(p no) {(_l)n(erm)jern—panAg(n — Ny, ™ — P)}
(41)

As the channel is distortion-free, the received signal is y(t) =
s(t) and the demodulated symbols are obtained as follows:

= <y’ gmo,ﬂo > (42)

ymu»flo

In this configuration, the demodulation operation only
takes place when the whole frame is received. Then, the
despreading operation gives us the despreaded data for the
code ug as

2L-1 2L-1 2L-12N-1

Zmo 1o Z C%uoymo q = z Cq,uo Z Z xmn<gm n,gmﬂ,q>

q=0 n=0 m=0
(43)

Replacing x,,,, and {g,n» §my,q) by their expression given in
(39) and (40), respectively, we get:

2L-1 2L-12N-1U-1

515[))140 Zcq’“ﬂ Z Z Zcﬂu mu( m—mo,n— q+])tmn’q )

n=0 m=0 u=0
(44)

Splitting the summation over m in two parts, with m equal
to myg or not to my, (44) can be rewritten as:

2L-1
2

mo,uo Z dmo u Z CpouoCp,u

U-1 2N-1 2L—12L—-1 ( )
+](Z Z dgnc,)u(z Zcq,uocnu/\ oq))

u=0 m=0,m#my q=0 n=0
(45)
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Considering the W-H codes, we obtain

=4©

mo,uo mo,Uo

U-1 2N-1 2L—-12L—-1
+](Z Z diri,)u(z Zcq,uocnu mmzq))-

u=0 m=0,m#my q=0 n=0
(46)

In [11], for W-H codes of length 2L, we have shown that for
n# no,

2L—-12L-1

(prmo)
Z Z Cp,ugCm, uYWII)rﬁno =0, (47)
p=0 m=0

where y,(qﬁ’,?”) is given by

ynfnno) _ {(_1)m<n+no>jm+n*P*nUAg(n—no, m—p) } (48)

To prove the result given in (47), we had the following
requirements:

(i) W-H codes satisfy the set of mathematical properties
that are proved in [11].

(i) Since g is a real-valued function, A4(n,0) is real
valued and the ambiguity function of the prototype
function g also satisfies the identities A,(—n,m) =
(=1)"A4(n, m) and Ag(n,m) = Af(n,—m).

Using these results, (47) can be proved straighforwardly.

It is worth mentioning that the above requirements are
independent of the phase term and thus are satisfied in the
case of the CDMA-OFDM/OQAM system with spreading in
time. It can also be shown that the modification of the phase
term v, leads to the substitutions n — mand p+m —
n + np, in obtaining (48) from (41). Accordingly the second
term on the right hand side of (46) vanishes and we obtain
(49)

VmO) Up, m(] uy dmg up*

4.2. Alamouti with CDMA-OFDM/OQAM with Spreading in
Time. Now, if we consider the CDMA-OFDM/OQAM with
spreading in time, contrary to the case of a spreading in
frequency domain, as long as the channel is constant during
the spreading time duration, we can perform despreading
before equalization. At the equalizer output we will have a
complex orthogonality. Indeed, considering at first a SISO
case, if we denote by h,,; the channel coefficient between
a single transmit antenna i and the receive antenna at
subcarrier m, the despreaded signal is given by

29, = hyids) (50)

where d,(;))u)i is the complex data of user u being transmitted
at subcarrier m by antenna i. Thus, we can easily apply the
Alamouti decoding scheme knowing the channel is constant
for each antenna at each frequency. Otherwise said, the
method becomes applicable for a frequency selective channel.
Actually two strategies can be envisioned.

EURASIP Journal on Advances in Signal Processing

(1) Strategy 1. Alamouti performed over pairs of frequencies. 1f
we consider a system with 2 transmit antennas, 0 and 1, and
if we apply the Alamouti coding scheme to every user u data,
that is, if we denote by s, the main stream of complex data
for user u, then we have the following at subcarrier 2m:

S2m,u
d2m,u,0 = \/E
(51)
d _ 52m+1,u
2m,u,1l \/2
and at subcarrier 2m + 1,
d _ _(52m+1,u)>~<
2m+1,u,0 — \/j
(52)
*
N
d2m+1 ul = %

Then, considering a flat fading channel, the despreaded
signal for user u is given by

Z(C)u = hm,Od;i)u ot hm ldm u,l- (53)

Therefore, we get
(c)
Zomu 1 hamo hama S2m,u
(chn)'ﬁl,u)* \/Z (1”127r14r1,1)>l< _(thJrl,O)>k S2m+1,u '
(54)

That means, when assuming the channel to be flat over two
consecutive subcarriers, that is, hyy; = ham1,; for all i, we
have exactly the same decoding equation as the Alamouti
scheme presented in Section 3.2, by permuting the frequency
and time axis. Then, the decoding is performed in the same
way.

(2) Strategy 2. Alamouti performed over pairs of spreading
codes. In this second strategy, we apply the Alamouti scheme
on pairs of codes, that is, we divide the U codes in two groups
(assuming U to be even). That is, we process the codes by pair
(uo, u1). We denote by sy, the main stream of complex
data for user pair (uo, u1). At subcarrier m, antennas 0 and 1
transmit

d(C) — Smyugu

m,ug,0 — \/E >

(¢)  _ Sm+luou

m,ug,1 \/f >

% (55)

- M

m,u1,0 ﬁ >
4O _ Smaun

myu,l T \/2 .

At the receiver side we get,

z;(nc,)uu 1 hmo Bt Syt (56)
(Zgﬁ,)ul)* ﬂ (hrr1,1)>i< _(hrr1,0)>i< 5m+1,uo,u1 '
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FiGure 9: BER for two complex versions of the Alamouti CDMA-
OFDM/OQAM with spreading in time domain, versus Alamouti
CP-OFDM for transmission over the 4-path frequency selective
channel.
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Figure 10: BER for two complex versions of the Alamouti CDMA-
OFDM/OQAM with spreading in time domain, versus Alamouti
CP-OFDM for transmission over the 7-path frequency selective
channel.

Then, we do not need to consider the channel constant
over two consecutive subcarriers. We have exactly the same
decoding equation as the Alamouti scheme presented in
Section 3.2. Hence, the decoding is performed in the same
way.

11

We have tested two different channels considering each
time the same channel profile, but with different realizations,
between the 2 transmit antennas and one receive antenna.
The Guard Interval (GI) is adjusted to take into account the
delay spread profiles corresponding to a 4-path and to a 7-
path channel. The 4-path channel is characterized by the
following parameters:

(i) power profile (in dB): 0, —6, =9, —12,
(ii) delay profile (in samples): 0, 1, 2, 3,
(iii) GI for CP-OFDM: 5 samples,

and the 7-path by

(i) power profile (in dB): 0, —6, -9, —12, —16, —20, —22,
(ii) delay profile (in samples): 0, 1, 2, 3,5, 7, 8,
(iii) GI for CP-OFDM: 9 samples;

We also consider the following system parameters:

(1) QPSK modulation,

(ii) M = 128 subcarriers,
(iii) time invariant channel (no Doppler),
(iv) the IOTA prototype filter of length 512,

(v) spreading codes of length 32, corresponding to the
frame duration (32 complex OQAM symbols),

(vi) number of CDMA W-H codes equals to 16 in
complex OFDM/OQAM, with symbol duration 7
and this corresponds to 32 codes in OFDM, with
symbol duration 27y, leading to the same spectral
efficiency

(vii) zero forcing, one tap equalization,

(viii) no channel coding.

In Figures 9 and 10, the BER results of the Alamouti
CDMA-OFDM/OQAM technique for the two proposed
strategies are presented.

The two strategies perform the same until a BER of
1073 or 1072 for the 4 and 7-path channel, respectively.
For lower BER the strategy 2 performs better than the
strategy 1. This could be explained by the fact that strategy
1 makes the approximation that the channel is constant
over two consecutive subcarriers. This approximation leads
to a degradation of the performance whereas the strategy
2 does not consider this approximation. If we compare the
performance of Alamouti CDMA-OFDM/OQAM strategy
2 with the Alamouti CP-OFDM, we see that both system
perform approximately the same. It is worth mentioning
that however the corresponding throughput is higher for the
OFDM/OQAM solutions (no CP). Indeed, it is increased
by approximately 4 and 7% for the 4 and 7-path channels,
respectively.
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5. Conclusion

In this paper, we showed that the well-known Alam-
outi decoding scheme cannot be directly applied to the
OFDM/OQAM modulation. To tackle this problem, we
proposed to combine the MIMO Alamouti coding scheme
with CDMA-OFDM/OQAM. If the CDMA spreading is
carried out in the frequency domain, the Alamouti decoding
scheme can only be applied if the channel is assumed
to be flat. On the other hand, for a frequency selec-
tive channel, the CDMA spreading component has to be
applied in the time domain. For the Alamouti scheme with
time spreading CDMA-OFDM/OQAM, we elaborate two
strategies for implementing the MIMO space-time coding
scheme. Strategy 1 implements the Alamouti over pairs of
adjacent frequency domain samples whereas the strategy
2 processes the Alamouti coding scheme over pairs of
spreading codes from two successive time instants. Strategy
2 appears to be more appropriate since it requires less
restrictive assumptions on the channel variations across
the frequencies. We also made some performance compar-
isons with Alamouti CP-OFDM. It was found that, under
some channel hypothesis, the combination of Alamouti
with complex CDMA-OFDM/OQAM is possible without
increasing the complexity of the Alamouti decoding process.
Furthermore, in the case of a frequency selective channel,
OFDM/OQAM keeps its intrinsic advantage with a SNR
gain in direct relation with the CP length. To find a
simpler Alamouti scheme, that is, without adding a CDMA
component, remains an open problem. Naturally, some other
alternative transmit diversity schemes for OFDM/OQAM, as
for instance cyclic delay diversity, could also deserve further
investigations.
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