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Abstract— This paper proposes a spectrum-efficient spatio-
temporal array-receiver for multi-carrier CDMA systems named
MC-STAR. First, we derive a new post-correlation model for
MC-CDMA that characterizes the structure of the channel in
space, time and frequency. Based on this model, we introduce a
new multi-carrier array-receiver with rapid and accurate joint
synchronization in time and frequency. There, we exploit jointly
the spatial, temporal and frequency diversities as well as the
intrinsic inter-carrier correlation (termed hereafter frequency
gain) to improve the channel identification and the synchro-
nization operations. In addition, based on a new link/system-
level performance analysis, with a band-limited chip waveform
assumption, we provide a comparative performance study of MC-
STAR over two multi-carrier CDMA air-interface configurations,
namely MT-CDMA and MC-DS-CDMA, in the most realistic
operating conditions. Link/system-level results confirm the ad-
vantages of MT-CDMA in increasing throughput and bandwidth
efficiency. The current trend is to design radio air-interfaces with
flat fading subcarriers. In contrast, with MC-STAR we show that
the positive effects of multipath diversity and frequency gain over
large strongly-overlapping subcarriers is more significant than
the negative effects of multipath and multi-carrier interference.

Index Terms— Channel identification, synchronization, carrier
frequency offset recovery, antenna arrays, code division multi-
ple access (CDMA), multicarrier systems, MT-CDMA, MC-DS-
CDMA.

I. INTRODUCTION

NE important challenge for future wireless networks is

the design of appropriate transceivers that can reliably
transmit high data rates at a high bandwidth efficiency. Multi-
carrier (MC)-CDMA systems in particular have received con-
siderable attention, because they have the attractive feature
of high spectral efficiency and because they can be easily
implemented using the fast fourier transform (FFT) without
significantly increasing the transmitter and receiver complex-
ities [1].
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The multi-carrier systems include different combinations
of multi-carrier modulation [accomplished by orthogonal fre-
quency division multiplex (OFDM)] and direct-sequence code
division multiple access (DS-CDMA). This combination pro-
vides both high data-rate transmission and multiple access
capabilities. An excellent overview of the different multi-
carrier CDMA systems is found in [1]. They can be divided
into two categories of multi-carrier CDMA: one combines
multi-carrier modulation with frequency-domain spreading,
the other transmits several DS-CDMA waveforms in par-
allel with the spreading operation performed in time. The
transmitter proposed here belongs to the second group (i.e.,
time spreading, study of the first group is beyond the scope
of this paper). In the second group, transceivers can be
divided into MC-DS-CDMA and multitone (MT)-CDMA, the
difference between the two being the subcarrier frequency
separation. They can be unified in a family of generalized
MC-DS-CDMA transceivers, defined in [2], using a range of
frequency spacings, parameterized by )\, between two adjacent
subcarriers. In this work we adopt this general view and simply
refer to it as MC-CDMA in the remainder of the paper unless
otherwise required.

However promising, challenges remain before MC-CDMA
can achieve its full potential. MC-CDMA is sensitive to the
signal distortion generated by the imperfect frequency down-
conversion at the receiver due to local oscillator frequency off-
set. It has been found that carrier frequency offset (CFO) gives
rise to a reduction of the useful signal power and to the inter-
carrier interference (ICI) [3]. In addition to the degradation
induced by the CFO, an MC-CDMA signal experiences inter-
symbol interference (ISI) and ICI caused by the multipath ef-
fect [4]. In order to enjoy all the benefits of multi-carrier trans-
mission, two key tasks must be successfully accomplished: 1)
multipath channel identification and equalization and 2) carrier
frequency offset estimation and recovery (CFOR). Carrier
synchronization and channel identification have traditionally
been treated as separate problems. Most research on channel
identification implicitly assumes that the carrier offset has been
properly compensated [5]. Similarly, many existing CFOR
techniques consider only flat channels [6], [7], [8]. Some
works have investigated the joint estimation of multipath and
carrier offset for multi-carrier CDMA systems with frequency
spreading [9], [10], but no such investigations are available for
MC-DS-CDMA or MT-CDMA systems (i.e., time spreading
only).
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We propose a new MC-CDMA receiver that supports
both MC-DS-CDMA and multitone (MT)-CDMA. It performs
blind channel identification and equalization as well as fast and
accurate joint synchronization in time and frequency using a
simple linear regression (LR) technique. With reference to our
starting configuration, the original STAR receiver [11] that
showed a significant performance advantage over Rake-type
receivers both in channel identification and synchronization
for DS-CDMA [12], we summarize our main contributions as
follows:

e Based on non-trivial mathematical derivations, we extend the
post-correlation model (PCM) originally developed for single-
carrier DS-CDMA STAR [11] to MC-CDMA air-interfaces
by characterizing the structure of the channel in space, time,
and frequency. This model is named multi-carrier PCM (MC-
PCM) and it applies to MT-CDMA, MC-DS-CDMA, and DS-
CDMA.

e We resort to an essential and new transform of the channel
estimate over each subcarrier that allows, in a preliminary step,
direct and easy application of single-carrier STAR indepen-
dently over each subcarrier.

e To overcome the sensitivity of MC-CDMA to the CFO, we
introduce over each carrier a new joint time and frequency
synchronization module based on a simple LR technique that
is fast and accurate.

e Independent application of single-carrier STAR over each
subcarrier is far from optimal in a multi-carrier transmission.
We hence exploit the inter-carrier correlation, intrinsic to a
multi-carrier system, to implement joint multi-carrier chan-
nel identification and synchronization operations with signifi-
cantly improved performance. Based on MC-PCM, parameters
common to subcarriers can be estimated more accurately by
averaging their estimates over all subcarriers. Other channel
parameters, such as the fading coefficients, are correlated but
not identical over all subcarriers. Therefore, combining them
may not achieve the expected performance enhancement. We
hence introduce a moving average technique over strongly-
correlated subcarriers. All the parameter estimates are equally
weighted and combined through summation. Since estimation
errors can be assumed uncorrelated across subcarriers, joint
estimation by averaging provides a type of frequency (or
subcarrier) gain' in a joint multi-carrier estimation process.
The new multi-carrier receiver is named MC-STAR. To the
best of our knowledge, it is also the first receiver that exploits
simultaneously spatial, temporal and frequency diversities in
channel parameter estimation and CFO recovery. Simulation
results confirm the accuracy of the joint time/frequency syn-
chronization.

e We derive a performance analysis of MC-STAR over the
two multi-carrier CDMA air-interface configurations, MT-
CDMA and MC-DS-CDMA, with a band-limited square-
root raised cosine pulse. Note that the chip waveform is
an important system parameter for DS-CDMA and MC-DS-
CDMA [13][14]. Therefore, the effect of both time-limited
and band-limited chip waveforms on the performance of DS-
CDMA and MC-DS-CDMA have been investigated. However,

1By analogy to the well known antenna gain one can achieve by averaging
and hence reducing uncorrelated noise over sensors.
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for all the MT-CDMA systems found in the literature, a
time-limited waveform is generally employed [2][16][17][18].
Band-limitation filtering causes the chip waveforms to disperse
over the time axis and overlap one another, which increases
the difficulty of calculation of the variance of the interference.
Since we consider a practical square-root raised cosine pulse,
we have derived the performance of MC-CDMA (including
MC-DS-CDMA and MT-CDMA) with a band-limited square-
root raised-cosine waveform.

e We provide a comparative performance study of MC-STAR
over the two multi-carrier CDMA air-interface configurations
MT-CDMA and MC-DS-CDMA using a very realistic link-
level simulation setup and an analytical system-level evalua-
tion. Link-level simulation setups take into account time and
frequency mismatch, imperfect power control, channel iden-
tification errors, etc by implementing joint synchronization,
channel identification, power control and combining, etc. This
is the first evaluation work by simulations that takes such a
realistic step of reproducing most of the real-world operating
conditions.

Link/system-level results confirm the advantages of MT-
CDMA in increasing throughput and bandwidth efficiency.
The current trend is to design radio air-interfaces with flat
fading subcarriers. In contrast, with MC-STAR we show that
the positive effects of multipath diversity and frequency gain
over large strongly-overlapping subcarriers is more significant
than the negative effects of multipath and multi-carrier inter-
ference.

II. SYSTEM MODEL AND ASSUMPTIONS
A. MC-CDMA Transmitter

The input information sequence is first converted into N, =
2K + 1 parallel data sequences b_g n,...,b00m,...,0Kn
where n is the time index (see Fig. 1). The data by ,, € Cpq
(i.e., constellation set) is M-PSK modulated and differen-
tially2 encoded at rate 1/Tyc, where Thyye = N x T
is the symbol duration after serial/parallel (S/P) conversion
and T is the symbol duration before S/P. The resulting S/P
converter output is then spread with a long spreading code
c(t) at a rate 1/T.. The spreading factor, defined as the ratio
between the chip rate and the symbol rate is L = TMC
We consider square-root raised-cosine chip pulses with rolloff
factor 3. Closed-loop power control is taken into account at
the transmitter by the amplification factor ay(¢). All the data
are then modulated in baseband by the inverse discrete Fourier
transform (IDFT) and added to obtain the multi-carrier signal.
A guard interval T, = Ly x T, is then inserted between
symbols to avoid intersymbol interference caused by multipath
fading®. Finally the signal is transmitted after pulse shaping
and radio-frequency up-conversion. The modulated subcarriers
are orthogonal over the symbol duration T;¢. The frequency
corresponding to the k-th subcarrier is f, = A x k/Tp¢. The
transmitter belongs to the family of MT-CDMA if ) is set to
1, and to the class of MC-DS-CDMA if )\ is set to L (see

2The pilot symbols could be used for coherent modulation and detection
[19], but that is beyond the scope of this paper.

3Simulations will later indicate that the guard interval can be eliminated
when using MC-STAR, thereby leading to higher spectral efficiency.
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B. Channel Model

We consider transmission to M receiving antennas. The
channel is assumed to be a slowly varying frequency selective
Rayleigh channel with delay spread A7. We note here that
the large-scale path-loss that includes free-space path-loss and
shadowing is the same for all subcarriers. Moreover, the num-
ber of resolvable paths P and their propagation time-delays
71(t), ..., 7p(t) depend on the reflecting objects and scatterers
and, therefore, can be assumed equal for all subcarriers [20].
We assume correlated Rayleigh channels across subcarriers
and adopt the approach proposed in [21] to generate them. We
also assume that the received channel multipath components
across the M antennas are independent. The M -dimensional
complex low-pass equivalent vector representation of the im-
pulse response experienced by subcarrier k is hence:

Hy(t) =

@)

plt)

iy 2 Gren 3t = 7(0),
p=1

where p(t) and % (t) model the effects of shadowing and path

loss, respectively, (¢) is the distance from the user to the base-

station and d is the path loss exponent. For an MC-CDMA

Block diagram of the MC-CDMA transmitter and receiver (pulse shape filtering is implemented at both transceiver ends).

system, the received signal is the superposition of signals from
all subcarriers. Hence the M -dimensional observation vector
received by the antenna array can be expressed as follows:

X(t) ZkK:_K Hk(t) ®ak(t)bk(t)c(t)ej2”fkt +N(t)
rpd((tt)) Zﬁ:l ZkK:_K Grp(t)ar(t — m)bi(t — 1)
et = 7p)e/>m ™) 1 N (1)
ZkK:*K i (t) Z:1}::1 Grp(t)ew p(t)br(t — 7p)
et — m)e T 1 N (1),

(3)

where ® denotes time convolution. The noise term N (t)
includes the thermal noise received at the antenna as well
as the in-cell and out-cell interference. Along the p-th
path, Grp(t) = Gip(t)(VM/[|Grp(t)l) is the propaga-
tion vector over the k-th subcarrier with norm M and
P . )
o) = 11Grp®I?/ =1 Gk p()]|? is the fraction of
the total received power on the k-th subcarrier )y (t)?

(p(8)/7(8))” a3 (8) Xy 1Gr,p (1)][2/ M.

C. Extension of the Post-Correlation Model to MC-CDMA
Air-Interfaces

We provide in this section an extension of the post corre-
lation model derived for DS-CDMA systems in [11], to the
multi-carrier case. To retrieve by, ,, for the k-th subcarrier at
the receiver (see Fig. 1-(b)), we define the post-correlated
observation vector of frame number n over a time-interval

[0,Trmc) by

Zk)n(t) L

Tarc foTMC X(nTg+t+ t’)eJ’?TfAf(nTchtth')
.C(t/ + nTG)e—jZﬂ'fk (t’+nTG)dt/’

“)
where Tg = Thc + Ty and Af models the CFO, which is
assumed equal for all subcarriers. This is a realistic assumption
since there is only one oscillator per receiver (see Fig. 1). As
a result of the stationarity assumptions stated in section II-B,
Zi.n(t) can be developed into Eq. (5). where t/ = nTg +
t + t'. We assumed in the development of Eq. (5) above that
Y (NTa+t+t), Gy p(nTe+t+t’) and e p(nTo+t+t') are
constant during the interval ¢’ € [0, Ths¢). We also considered
that the frequency offset is small compared to the symbol rate
(AfTye < 1), thus ef27AF (nTe+t4t") o ei2nAfnTe for ¢/ ¢
[0, Trrc). After non-trivial mathematical derivations, a further
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development of Eq. (5) gives Eq. (6) [24], where p.(t) is the
correlation function of the chip pulse and Ny, () is the post-
correlated noise of the frame number n, which includes the
noise, the inter-carrier interference (ICI) and the inter-symbol
interference (ISI) after despreading®. The noise is uncorrelated
across subcarriers and hence the common parameters can be
estimated more accurately by averaging their estimates over
all subcarriers, yielding the so-called frequency gain.

We sample Zj, ,(t) at a multiple of the chip rate over the
interval ¢ € [0, TMC)5. The oversampling ratio k; is defined
as the number of samples per chip. In DS-CDMA and MT-
CDMA systems we need no more than one sample per chip
(ks = 1). In contrast, in an MC-DS-CDMA system, a higher
sampling frequency is necessary for the receiver. Hence, the
smallest power-2 number greater than the number of subcarri-
ers N, is an adequate oversampling ratio for MC-DS-CDMA.
Accordingly, we form the M x Lk, block data matrix denoted
by Zk,n = [Zk,77,(0)7 Zk,n(Tc/ks)a ceey Zk,n((Lks - 1)Tc/ks)]
as the post-correlated observation matrix:

Zk,n = Sk,nHk,n + Nk,n
2 A fnT T
= Sk,nej mAfn GGk,n‘rk,nka + Nk,n
— T
= Sk,n']kkam + Nk,na

(N

where sj ., = bi.n¥k,n is the signal component on the k-th
subcarrier and 97  is the total power received over the k-th
subcarrier. Hy, ,, is M x Lk spatio-temporal propagation chan-
nel matrix normalized to v/ M. Jipn = ejz’TAf"TGkaTk?n
is the spatial response matrix. It corresponds to the propagation
matrix Gy, ,, multiplied by the diagonal matrix of power parti-
tion over multipaths Yy, ,, = diag{€x.1,n,- - - €k,pns--- €k, P}
and affected by a common carrier phase error due to the
frequency offset Af. Ny, is the additive noise plus interfer-
ence matrix. Dy ,, = [Dg 1., ..., Dk, pp] is the time response
matrix, where
Dipn = F(Tpn)

ATp,n

_jomk ATemn ok A
= € e [pC(_TP,n)a Pc(Tc/ks —Tp n)eﬂﬂ-kmcs

veeos pe(Lkg — DT. kg — g )e? 2™ Tk |
(®)
is the time-delay impulse response of path p sampled at
T./ks on the k-th subcarrier, where p.(t) is the correlation
function of the chip pulse. The matrices Zj ,, Hy, and
Ny, are transformed into (M Lkg)-dimensional vectors by
concatenating their columns, yielding

Ziw = HyStn + Ny, )

“Inter-symbol interference (IST) could be eliminated by using a guard
interval T, > A, but this causes a constant capacity loss.
SWe drop Zy,,1(t) over the time interval ¢t € [Tac, Tg).

bk (TG )k (nTg )2 A nT6 20| Gy, ) (nTa ek p(nTa)pe(t — p)ed 2™ E=70) £ Ny (8).

where Z, ., H, , and IV, , denote the resulting vectors.
This equation provides a new data block model for MC-
CDMA systems referred to as MC-PCM. At first glance, it is
similar in structure to the PCM derived for DS-CDMA in [11].
However, transition to the multi-carrier case is neither straight-
forward nor intuitive and requires nontrivial mathematical
derivations [24]. Additionally, the CFO was not considered
in the previous single-carrier model to tackle the problem
of frequency synchronization. Most importantly, significant
differences remain between MC-PCM and PCM. Because of
the sensitivity of MC-CDMA to the CFO, we reformulated
the spatial-response matrix Jy ,, to include the effect of CFO.
Furthermore, note that the time-response matrix Dy, ,,, unlike
its single-carrier counter-part, is carrier dependent. This makes
the direct implementation of the original time-delay tracking
procedure of STAR impossible for MC-CDMA systems with-
out appropriate modifications. Based on the new MC-PCM
model, we will introduce in the next section the new MC-
STAR.

III. PROPOSED MULTICARRIER CDMA
SPATIO-TEMPORAL ARRAY-RECEIVER: MC-STAR

The block diagram of MC-STAR operations is illustrated in
Fig. 3. While the proposed MC-STAR is an extension of the
receiver proposed for DS-CDMA [11], it is not simply a STAR
placed on each parallel subcarrier. MC-STAR implements joint
space-time-frequency processing over the despread data to
improve the spectrum efficiency of the MC-CDMA system.
The blind channel identification and equalization as well as
the acquisition and the tracking of multipaths and CFO are
carried out on each subcarrier. However, their modules are
interconnected to ensure proper information exchange and
joint processing over carriers®. Mathematical details of the
different procedures and their connections (shown in Fig. 3)
are provided in section III-B. In the next section, we explain
the concept and the advantages of the proposed receiver
following the steps detailed in Table I.

A. The General Concept of MC-STAR

Starting with the original STAR, we describe the interme-
diate stages in our development that led to the proposed MC-
STAR receiver. The core idea of the original STAR is the
following (see step O in Table I): A main channel estimation
module, referred to as decision feedback identification (DFI)

5The complexity of MC-STAR, which is approximately the complexity
of STAR multiplied by the number of subcarriers, can be assessed using
the results established in [22]. The latter suggest that MC-STAR can be
implemented today on a single FPGA.
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TABLE 1
THE GENERAL CONCEPT OF THE PROPOSED MC-STAR RECEIVER (A, S AND LR OPERATORS STAND FOR ANALYSIS, SYNTHESIS, AND LINEAR
REGRESSION, RESPECTIVELY).

Step 0: Original STAR
Analysis: (jn+17 (FLnt1s- o Fpnt1 = LR(Dpngr), - - -7?P,n+1)) = A(Hn+1)
Synthesis:  H,41 =8 (jn+17f);1:+1 =[..,. F(Tp,ns1),-- ])
Step 1: Extension to multi-carrier CDMA
AnalySiS: (jk,n+17 (fk,l,n+17 e 71k,p.,n+1 = LR(D]@TP’7L+1)7 s 77:k,P,7L+1) = A(I:Ik,n+l)
SyntheSiS: I:Ik,n+1 =S (jk,n+17 ngwrl = [ ) f(%k,p,n-‘—l)v e ])
Step 2: Extension to joint time and frequency synchronization
AnalySiS: (jk,n+17 (fk,l,n+17 e 71k,p.,n+1 = ‘CR(DI(;,p,rH_l)? s 77:k,P,7L+1)7 Afk,n+1 = ‘CR(jkn+l)) = A(I:Ik,n+l)
SyntheSiS: I:Ik,n+1 =S (jk,n+17 ]5%7”4,1 = [ ) f(%k,p,n-‘—l)v e ])
Zk,n+l - e_jQTrAfk'n-Fl(n+1)TZk,n+l
Step 3: Extension to multi-carrier CDMA with frequency gain
AnalySiS: (jk,n+17 (fk,l,n+17 e 71k,p.,n+1 = ‘CR(DI(;,p,rH_l)? s 77:k,P,7L+1)7 Afk,n+1 = ‘CR(jkn+l)) = A(I:Ik,n+l)
. A . a kK 3, A o . K Thpn
Synthesis: Hk,n+1 =S (Jk,n+1 - Ek—K}; Q%fii ) D{,TH-I - [ .. ’f(TZ),n+l - Z—K kQI:.}-‘—-lFl )7 B ])
. S — N
Zinir = e 2B nni(i0TZ, 1y where Af, g = 35 St

in [11], provides a coarse unconstrained estimate fInH of
the spatio-temporal channel. In an analysis step, a space-
time separation or decomposition of the channel follows
by successive extraction of the multipath time-delays 7, 1
(using simple linear regression (LR)), the temporal matrix
ﬁn+1 and the spatial channel matrix jn+1. In a synthesis
step, a space-time reconstruction of the channel provides a
more accurate constrained estimate I:In+1 by structure fitting
along the nominal decomposition of the channel provided by
the PCM model, ﬂn+1 = jnﬂ ]A)ZH. A final combining step
exploits the constrained channel estimate I:In+1 to extract the
signal component 5,1 using simple MRC. We exploit this
basic structure to develop MC-STAR.

At step 1 of Table I, we extend original STAR to a multi-
carrier system by placing STAR on each subcarrier. This
extension is based on MC-PCM and it requires a modification
of the time-delay tracking procedure. Indeed, we introduce an
intermediate transformation of the time response to re-allow
estimation of the multipath delays by simple linear regression.

Multi-carrier CDMA systems are very sensitive to the CFO.
Therefore we further introduce joint time-delay and frequency
synchronization (see step 2 in Table I). The effect of the
CFO on the performance of the spatio-temporal array receiver
was not addressed in [11]. The space/time separation of the
channel, provided by MC-PCM, enables us to decouple time
and carrier-frequency synchronization. The variation of multi-
path time-delays affects only the matrix Dy, ,, and the carrier-
frequency offset affects only the phase of each coefficient of
Jin. We can hence estimate the CFO by linear regression
(LR) of the phase variation of each coefficient of J ks s

depicted in the third stage of Table I. Once an estimate of the
carrier frequency offset estimate A f is available by exploiting
diversity in space, time and frequency, we implement carrier
frequency offset recovery (CFOR) in a closed-loop structure,
where we feed back the estimate of the frequency offset to the
input of the receiver. The CFOR reduces the time-variations in
the spatio-temporal propagation channel due to Af to much
weaker fluctuations due to the residual 6f = Af — Af.
It results in much weaker identification errors and enables
further reduction of the carrier frequency estimation error ¢ f.
Simulation results reported in section V-B will later show the
high stability and accuracy of the joint time and frequency
synchronization module when tracking the paths and the CFO.

At this stage, the receiver still consists of independent
modules on each subcarrier. The purpose of the last step
(see step 3 in Table I) is to improve the performance of
the overall receiver by interconnecting these modules and
performing joint multi-carrier processing. We exploit the inter-
carrier correlation, intrinsic to a multi-carrier system, as a type
of frequency gain to improve the performance by joint multi-
carrier channel identification and synchronization operations.
Indeed, in the context of a multi-carrier system, the adjacent
subcarriers are exposed to correlated fading, especially if the
delay spread of the channel is relatively low, resulting in
relatively large coherence bandwidth. Hence, averaging the
adjacent subcarrier channel parameters should improve the
BER performance when transmitting over such low-dispersive
fading channels. Along this perspective, the parameters com-
mon to all subcarriers can be estimated more accurately by av-
eraging their estimates over all subcarriers. These parameters



2320

Decision Sk.n
rule -

Power w% " Power
estimation Control

Hp pyiorHy

Zi,n o Zio Sk
s 47 Combining n
BLI

Hy,

o Fiy,, or

,n n

Separation of
the spatial
matrix

Ik, nt1 o Ik, n Hy , o Hy
¥ i v ¥

Yes| Hy, 41 Tracking the

Carrier frequency

multipath delays

offset
Initial
multipath acquisition

detection

or tracking

+ Hy nita ;
By i1 1 -
n Hy 41 orHy n
Separation of : =,
the spatial ‘_k_n-*- 1
matrix :
3 Tracking the
Afordf number of paths

Tentt By

Reconstruction

Hint1 o Hy n Hy,nya or Hy,

. Average over all subcarriers

@  Moving average over subcarriers

Fig. 3. Block diagram of MC-STAR.

include the number of multipaths, their corresponding time-
delays and the frequency offset. Other channel parameters,
such as the channel fading coefficients J, ,,, are correlated but
not identical over all subcarriers. Therefore, combining them
may not achieve the expected performance enhancement. We
thus introduce a moving average technique over subcarriers
with high correlation. The fact that subcarriers are highly
correlated implies similar or identical channel parameters over
subcarriers. Yet, the noise is uncorrelated across subcarriers
and hence the similar/common parameters can be estimated
more accurately by averaging their estimates over all subcar-
riers, yielding the so-called frequency gain. The variance of
the resulting estimation error is lower than the variance of
the estimation error without frequency gain. Please bear in
mind that we used the term frequency gain and not “frequency
diversity” which relies on the fact that the fading is different
over different subcarriers. Simulation results will later show
that the frequency gain reduces the channel identification error
significantly (cf. section V-C).

B. Algorithmic Implementation of MC-STAR

1) Spatio-Temporal Channel ldentification and Combining:
At each iteration n, we assume for each subcarrier with
index k that we have an estimate H . Of the spatio-temporal
propagation channel H, , (see Eq. (9)). From this estimate,
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we extract the signal component s, by spatio-temporal
MRC: "

ﬂkJLZk.JL
—a

Hence, we estimate the total power received from the desired
user on the k-th subcarrier for power control (PC) by z/z,% n=

(10)

§k,77, =

(1— 04)7%77171 + |8 5 |?, where v < 1 is a smoothing factor
for power estimation. All DS-CDMA based systems (such
as wideband UMTS and narrowband IS-95) require power
control because it brings significant performance gains and
therefore we take PC into account. Since in the case of a
multi-carrier system each subcarrier is subject to different
channel fading, two alternative power-control techniques can
be considered. The first is per-carrier PC where we transmit
more power on the subcarrier which suffers from deep fading
and less power on the subcarrier which suffers from less
fading. The second one is all-carrier PC where we calculate
the total received power over all subcarriers and accordingly
jointly decrease or increase the transmission power for all
subcarriers. Simulation results not shown for lack of space
confirmed that the per-carrier power control scheme performs
better than the all-carrier one for both MC-DS-CDMA and
MT-CDMA. Hence, in what follows, we consider only the per-
carrier PC technique’. After power estimation, we reconstruct
the differentially encoded signal estimate 5j, of the signal
component sy, ,, after hard decision over si, as:

Sk = z/;kn arg min |[8rn — cml?, (11
cm€C M

then feed it back in a decision feedback identification (DFI)

scheme to update the channel estimate as follows:

Ek,n+1 = Ekn + 1 Zyy — Ek,nék,n)éz,m (12)

where p is an adaptation step-size. This DFI blind identifi-
cation procedure operates as a principal eigenvector analysis
technique and estimates the channel within a constellation-
invariant phase ambiguity [19]%. Since b, is differentially
encoded, this ambiguity has no consequences.

2) Time-Delay and Frequency Acquisition: In the acquisi-

tion mode, the channel identification procedure converges to
a rough estimate of the spatio-temporal channel ﬁkn From
this estimate, we successively extract 7y ;, ]ADk,n and J kn (€.,
analysis step).
Initial multipath detection: From I;Ik,n, we define a localiza-
tion spectrum over the possible multipath delays. Then we
detect the number of multipaths P, and estimate their time-
delays 7, from the strongest peaks of the spectrum. We
assumed earlier that the propagation time-delays are the same
for all subcarriers. Therefore, we can exploit the frequency
gain to minimize the estimation errors by averaging the
localization spectra over subcarriers as follows:

K

K
S(T) = Y Sk(IT.)/Ne= Y [[Hnpill?/Ne. (13)
k=—K k=—K
"The water filling concept could be considered, but it is beyond the scope
of this paper.
8Note that only the DFI and the final combining step remain the same on
each subcarrier (i.e., identical to original STAR [11]).
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Once the number of multipath P and their time-delays 7, ,
are estimated from S(I7T.), we build the time-response matrix
]f)Tn (see Eq. (8)).

Separation of the spatial response matrix J kon' Assuming
HI, = ﬂT +Ej, =Dy njfn + Eg n, where Ei ,, is an
est1mat1on error matrix, we form a zero- forcmg filter from
Dkn and estimate JT (D Dk )" D H . If the
fading among the subcarners is hlghly correlated we can
once again exploit the frequency gain and introduce a moving
average technique over subcarriers to provide an enhanced
estimate:

Ky

E Jbtk m,

W=—K;

- 1
Ten = ok 41 (14)
where the averaging window span K; determines the number
of highly-correlated subcarriers to be considered in the moving
average. The matrix J k,n 1S then transformed into an (M P)-
dimensional vector J Jj , by concatenating its columns. We
represent the i-th element JZ ko = fi,kynejd’mv" by its
magnitude 7; 1, ,, and its phase qum.

Carrier frequency acquisition: We earlier assumed that the
channel parameters remain unchanged over periods of, say,
R symbols while a fixed phase shift (due to carrier offset)
is introduced between two samples. We hence buffer the
phases of each i-coefficient of J &.n OVer I symbols and apply
a LR-based procedure to estimate Af. For each diversity
finger for ¢« = 1,..., M P, we form the vector CEJMR =
[q@i7k7(n,1)R+1, ..., ¢iknr)T, then estimate Af at the symbol
iteration nR as the slope of a linear regression as follows:

At | Roll2(RY @i 5.nr) — (RY Ro) (R ®i e.nr)
el T on T ([ RolPI Ry 1® — (RY Ro)?} (1’ 5
where Ry = [1,...,1]T and Ry = [1,...,7,..., R]T. Thus,

there are M P estimates of the frequency offset for each
subcarrier. We exploit space-time-frequency diversity and min-
imize estimation errors, by a weighted summation over these
M x P x N, estimates:

MP _ N 7
— Zk_—K Zz 1 r’L k,(n— 1)R+7’Afi7k7nR
Af,r= MP 5 :

Nedith Tk, (n—1)R+r

This step allows the estimation of the frequency offset while
exploiting diversity over three dimensions: time, space and
frequency. This idea, which was to our best knowledge first
explored in the framework of this contribution [23], signif-
icantly improves the performance of MC-STAR (cf. section
V-O).

3) Reconstruction of the Spatio-Temporal Channel: In the
synthesis step, we reconstruct the spatio-temporal propagation
matrix H;.C n by Hk n= J;.C nDk n Hk » replaces the coarse
estimate Hk_’n and it is considered as an initial estimate for
the tracking module. Once an estimate of the carrier frequency
offset estimate A f is available at iteration R+1, we implement
carrier frequency offset recovery (CFOR) in a closed-loop
structure, where we feed back the estimate of the frequency
offset to the input of MC-STAR:

(16)

ka, = eijzﬂ-ﬁ\fnTGZk,n = Ekn],skm + Nk.,n’ (17)
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where H H, , is the channel vector including CFOR (ie.,
H;@,n J k, DT k, ,,) and N Nin is the interference vector within
a constant phase rotation. The CFOR in Eq. (17) reduces the
time-variations in H, , due to Af to much weaker fluctua-
tions in ﬂkn due to the residual 6f,r = Afnr — &fnR.
Tracking of H v instead of H, . results in much weaker
identification errors and enables further reduction of the carrier
frequency estimation error ¢ f.

4) Time-Delay and Frequency-Offset Tracking: The chan-
nel considered is time-varying. Therefore, in order to keep
channel identification accurate after acquisition, we need to
update the analysis/syntheis steps to the time-variations of
time-delays and frequency offset. Hence, we modify the chan-
nel identification of Eq. (12) to take into account the frequency
offset compensation in Eq. (17) as follows, for n > R + 1:

Ek,n+1 = Ekn + M(an - Ek.,nék,’ﬂ)glin? (18)

vyhere 5k, 1is estimated by hard decision over S, =
The tracking module of MC-STAR repeatedly updates the
number of multipaths, their time-delays and the carrier fre-
quency offset. It allows the reconstruction of an enhanced

estimate H Hy . from H H) .., and it is implemented by the
following joint time-delay and frequency tracking loop.
Tracking the number of multipaths: In order to update the
identified number of multipaths, we drop or add a multipath
by comparing its energy to specified thresholds [12]. For
detecting a vanishing path, we only need to check if for a
number of previous block iterations, the received signal power
Zszf K ¢%)ne%’p’n continuously remains below the threshold.
Note that the threshold is defined as a function of the residual
noise estimate on all subcarriers. For detecting an appearing
path, we check the path energy over the chip-sampled residual
spectrum in [12] averaged here over all subcarriers (i.e., with
frequency gain).

Tracking the multipath delays: We update the time response
matrix ]A)k,n with subspace-tracking [11]:

*
Dk 77«Jk n)']k,n+17

Dk,77,+1 = f)km Hk n (19)

n

M (
where .']k,n+1 is the moving average in Eq. (14) of j;{)nﬂ.
Unlike [11], we can not implement time-delay tracking by
linear regression directly over the phase of the column-wise
FFT of Dk n and Dy, 1 Hence, we define Dk nt1 @8 the

column-wise FFT of Dk n+1» With p-th column D,~C ol =
—j2mk 2 —j27k ’\(Lk —1)

Dk,p,7z+1®[1,€ Lks ,€ ] and Dk n

the column-wise FFT of Dy . with p-th column D,~C pm =

- —j2mk 22— — 2771@7A(Lk9_1)> b

Dy pn ©[1,e 75k o e? |7, where ® de-

notes an element-by-element vector product. By introducing

this intermediate transformation of the time responses, the p-th
FFT column Dy, has the following nominal structure:

. N Lk
1’ e_JQﬂka,p,n(%ks% ceey 6_]277ka P, n( Lkg ):|

(20)
Hence, we can now estimate the multi-path delays 7, ), 41 for
k=-K,...,Kandp=1,..., P by linear regressions of the
phase variations between the Lks; components of D ., and

Ao N
Dk,p,n ~
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Lks ) (Lks = 1) 32/

(l - 1)6¢k,p,nl
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Lks (k - 1) ZLkS 6¢k,p,n 1

Tk,pint+1 = Th,p,n o

.p.n- If we define 8t pmy = Im{log(D§* o, D¢ o)} for
l =1,...,Lk,, then we can estimate the multi- path delays
using Eq. (21). We assumed earlier that the propagation time-
delays are the same for all subcarriers. Therefore, we can once
again exploit the frequency gain to minimize the estimation
errors by averaging time-delays over carriers as follows:

K

7A_p.,n+1 = § 72k,p,n+1/Nca
k=—K

(22)

and hence we rebuild the time-response matrix ]A);fn 41 more
accurately (see Eq. (8)).

Tracking the frequency offset: Similarly to frequency offset
acquisition, we estimate the carrier frequency offset error
of [rnr by linear regression over successive blocks of length
R by replacmg Afz knR and AfnR by 5fz knR and 5fnR
in Egs. (15) and (16), respectively, and ®; 1 ,r by @Z,k,nR
in both equations, where ij,k,nR is the phase of the Ai—th

coefficient Jl ko = fi,k,nej‘i’i”cv" of the spatial-vector ikn
The latter is derived from the spatial response matrix J kon
of the carrier-offset-compensated channel I;Ik_ﬂ. Finally, we
update the frequency-offset estimate in Eq. (17) as Z} nRil =

&fnR + g}nR'

IV. PERFORMANCE ANALYSIS

The purpose of this section is to translate the link-level
results into system-level results (in order to compare the
performance of MT-CDMA and MC-DS-CDMA). The link-
level curves provide a good picture of the performance of each
system. But limiting comparisons to BER performance is not
sufficient because the interference variance is not equal for all
configurations.

Hence, we translate analytically the link-level simulation
results into system-level results in terms of total throughput
(or spectrum efficiency) under the following assumptions:
1) all users are on average received with equal power; 2)
all the cells have the same average load as the target cell
C; 3) the out-cell to in-cell interference ratio f is set to
0.6 [15]; 4) the chip waveform is considered a band-limited
square-root raised cosine. The novelty is related to the band-
limited waveform assumption. For all the MT-CDMA systems
found in the literature, a time-limited waveform is generally
employed [2][16][17][18]. All these papers assumed that the
chip waveform is time limited to [0, T¢], where T is the chip
duration and that the system occupies an infinite bandwidth
so that the chip waveform experiences no distortion during
transmission. A practical system, in contrast, always involves
band-limitation filtering to restrict out-of-band radiation. For
example, wideband CDMA (W-CDMA) employs square-root
raised cosine pulse shaping with a rolloff factor of 5 = 0.22.
Band-limitation filtering causes the chip waveforms to disperse
over the time axis and overlap one another, which would vio-
late the assumption of the above-referenced papers. Almost no

(Lks — 1)

@2n

Lk —1)2 — ( Lk*(l—l))

TABLE II
SIMULATION PARAMETERS.
| Parameter | Value Comment
BWnmaz 5 MHz maximum bandwidth
M 4 number of antennas
fe 1.9 GHz central carrier frequency
o 8.8 Hz Doppler frequency (5 kmph)
Af 200 Hz frequency offset
frc 1600 Hz frequency of PC updating
Apc +0.25 dB power control adjustment
i +30 dB power control range
BERpc 5% simulated PC bit error rate
or 0.049 ppm time-delay drift
AT 4 chips delay spread
R 64 regression length
J6] 0.22 roll-off factor
Lg 0 guard interval length

paper addressed the performance analysis of an MC-CDMA
system in a band-limited chip scenario. The difficulty lies in
the calculation of the variance of the interference. The excep-
tion is in [27], where recently the use of several band-limited
chip waveforms for MC-DS-CDMA systems (a subclass of
MC-CDMA) is considered. We derive here the interference
variance of MC-CDMA (including MC-DS-CDMA and MT-
CDMA) with a band-limited square-root raised cosine. Using
the variance evaluation derived for a rectangular pulse will
lead to overestimated capacity especially for MT-CDMA. We
use the expression of the interference variance in the frequency
domain [28]. Let G(f) be the Fourier transform of the raised-
cosine filter:

T, 0<|f] < 52

Z{treos [ (111-52)]}, <IN
0, 1> o

G(f)=

(23)

In an interference-limited system (noise is low compared
to interference), the signal to interference ratio SIR at the
base-station antennas (measured by simulations) is actually

SIR = o >+cf§<<ﬁf+x<ﬁ>>’ where () is the
normalized variance of the multiple access interference on the

same carrier: 1 oo
_ = 2
- | e

and x(8) = maxg[xx(08)] is the normalized variance of the
inter-carrier interference:

=Y 4 [ ane

k},_*
k' £k

(24)

= (fx = fw))df. (25)

It is easy to obtain ¢(3) = (1 — —) To obtain xx(53), we need
to derive the integral with different frequency spacings. After
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TABLE III
PARAMETERS OF EACH MULTI-CARRIER SYSTEM CONFIGURATION.

Parameter | DS-CDMA | MT-CDMA | MC-DS-CDMA | Comment
A - 1 L subcarrier spacing parameter
Ne 1 3 5 7 9 3 5 7 9 number of subcarriers
L 64 128 256 384 512 64 64 64 64 spreading factor
R in Mcps 3.840 3.840 1.4549 | 0.8975 | 0.6488 | 0.5081 | chip rate
P 3 3 2 1 1 1 number of paths per subcarrier
Af xTyeo 0.0033 0.0067 | 0.0133 | 0.0200 | 0.0267 | 0.0088 | 0.0143 | 0.0197 | 0.0252 | normalized frequency offset
Ky 0 1 2 3 4 averaging window span in number
of subcarriers
Rs in kbaud 60 90 75 70 67.5 68.2 70.15 70.97 71.45 symbol rate over all subcarriers
Ry, for DBPSK in kbps 60 90 75 70 67.5 68.2 70.15 70.97 71.45 | peak rate for DBPSK
Ry, for DQPSK in kbps 120 180 150 140 135 136.4 | 140.23 | 141.94 | 14291 | peak rate for DQPSK
Ry, for DSPSK in kbps 180 270 225 210 202.5 204.6 | 21034 | 212.9 | 214.36 | peak rate for DSPSK
BWyor 1 1.013 bandwidth normalized vs. DS-
CDMA
l—g—ﬁ—l—ﬁsin(;—L)—i—(%—ﬁ)cos( if 0 <z/L <min(B,1— )
1-F if 3<z/L<1-pandf<0.5
-G -+ Esin(GE) + (§ — ) cos(5E) + Lsin(FE — %)~ if1-B<a/L<Band B>05
9@)={ (& - 5 cos(52 - 7) 26)
g+§—%+§—§sin(%_g) (?L_%)cos(m_g) if max(8,1—p) <z/L<1
148 -2~ Bsin(zz - 7) - (HE - Z)cos(Z2 - I) if1<z/L<1+8
0 if1+8<z/L

mathematical evaluations, we obtain x(5)

= Zﬁzw 9|k —
k'|\) where ¥(x) is defined in Eq. (26). The maximum number
of users that can access the system can be hence calculated
(by setting SIR = SN Ry¢q) as Cpaz = L%J,
where |.| is the floor function and SNR,., is the required
SNR derived from link-level simulations to meet a BER of 5%.
The total throughput is hence 7,00 = Crnax X R = Crigx ¥
R x logy(M), where Ry, and R, are the bit rate and the
symbol rate over all subcarriers, respectively. We also define
the practical spectrum efficiency as Enae = Tmaz/BW.”

V. SIMULATION RESULTS

In order to compare the performance of MT-CDMA, MC-
DS-CDMA, and DS-CDMA, the fading channel parameters,
the system data rate, the bandwidth, the link-level curves
and the throughput must be taken into consideration. For
this reason we fixed the parameters so that all three systems
have the same channel parameters and almost the same
bandwidth. The simulation parameters'® common to all multi-
carrier system configurations are listed in Table II. Table III
shows the parameters specific to each multi-carrier CDMA
configuration. We choose as a reference the DS-CDMA (N, =
1) system with spreading factor L = 64 and chip rate of 3.84
Mcps. We assume frequency selective fading with P = 3
propagation paths. One of the features of MT-CDMA is that
for constant bandwidth the ratio between the spreading factor

9Please bear in mind that Emnqz is not the spectral efficiency as defined in
information theory.

10We select Af = 200 Hz, the maximum error tolerated by 3G standards
[25], to show that even CFO residuals below the maximum value tolerated
by standards result in significant losses in performance. Yet, for both low and
high CFO values, the proposed CFOR module is very accurate, rapid, and
efficient in compensating performance losses. For lack of space we refer the
reader to [26].

L and 2K = N.—1 is constant. We hence maintain the same
chip rate (3.840 Mcps) by changing the spreading factor and
the number of subcarriers as shown in Fig. 2. We consider
four MT-CDMA configurations. Since they use the same chip
rate, there are three paths in each MT-CDMA subcarrier.
For a fair comparison among different configurations of MC-
DS-CDMA, the bandwidth should be the same. By reducing
the chip rate, we varied the number of subcarriers while
maintaining the orthogonality between them, as illustrated in
Fig. 2. Due to the reduction in bandwidth, each subcarrier in
MC-DS-CDMA has either two paths or one path (i.e., flat
fading) for N. = 3 and N, > 5, respectively. The main
performance criterion is the SNR required per carrier to meet
a BER of 5% in order to achieve a QoS of 10~¢ after channel
decoding. The user’s data rate is calculated by adding the data
rates over all subcarriers.

A. Impact of the Guard Interval on the Link-Level Perfor-
mance

To illustrate the impact of the guard interval on perfor-
mance, we plot in Fig. 4 the link-level curves of MT-CDMA
(N, = 3) and MC-DS-CDMA (N, = 3, i.e., selective-channel
case, see Table III) with different guard-interval lengths L, =
0, 16, and 32. In addition, we increased the delay spread
from 4 chips, as listed in table II, to 20 chips (i.e., about 15%
and 30% of the symbol duration for MT-CDMA and MC-
DS-CDMA, respectively). The results show that the length
of the guard interval does not affect link-level performance.
They suggest that the proposed receiver does not need a guard
interval to combat ISI. Indeed, MC-STAR exploits the intrinsic
channel diversity by combining and equalizing the multipath
signals. In order to increase spectrum efficiency, we hence
eliminate the guard interval (L, = 0) for the remainder of the

paper.
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Fig. 4. BER vs. SNR in dB for MT-CDMA and MC-DS-CDMA with high
delay spread (A7 = 20 chips) and different guard intervals.

B. Performance Evaluation of Joint
Frequency-Offset Synchronization

Time-Delay and

We consider DBPSK MT-CDMA and MC-DS-CDMA mod-
ulated data with three subcarriers (N. = 3). The system
operates at SN R;,, = —3 dB after despreading. The multipath
delays in 7, are initially set to (8, 10, 12) and (4, 6) for
MT-CDMA and MC-DS-CDMA, respectively. The frequency
offset normalized by the subcarrier separation (Af x Thc)
is set to 0.0066 and 0.0088 for MT-CDMA and MC-DS-
CDMA, respectively (i.e., Af = 200 Hz). The performance
of the joint time-delay and frequency-offset synchronization
is plotted in Fig. 5. Fig. 5-a illustrates the time-delay tracking
performance. It clearly shows the stability and the accuracy
achieved during the tracking of the equal-power paths within
a standard deviation error of 0.13 ns. In Fig. 5-b we illustrate
acquisition and tracking of the frequency offset. The solid
line indicates the exact value of the frequency offset. The
semi-dashed curve shows that the estimated frequency offset
converges relatively fast, after about 256 symbols, to the
desired value within a standard deviation error of 6.5 x 104
(i.e., about 20 Hz). Please note that MC-STAR performs CFO
acquisition and tracking for both fixed and variable CFO (see
section III-B). Indeed, the fact that CFO is fixed in Fig. 5-
b is not exploited by the algorithm. Actually, we selected
a fixed CFO there only to focus on the acquisition and the
steady-state mis-adjustment of the new joint time frequency
synchronisation module. The impact of a time-varying CFO
on performance is illustrated in Fig. 6. As one example, we
implemented a time-varying model for both MT-CDMA and
MC-DS-CDMA. Therefore, we update the frequency offset by
adding RV which is a random variable uniformly distributed
over [%M, %] For both fixed and variable CFO values, the
proposed MC-STAR is very accurate and rapid.

To illustrate the impact of speed on the performance of MC-
STAR, we illustrate in Fig. 7 the acquisition and tracking of
the frequency offset with high Doppler (V=100 Kmph). Note
that the estimation error increases with the mobile speed. It
is about 40 Hz for V=100 Kmph. The estimation error of the
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Fig. 5. Acquisition and tracking of (a): time-delays and (b): carrier frequency
offset.

multipath delays remains almost the same in the presence of
low or high Doppler.

Concerning the convergence of DFI, Eq. (12) remains the
same on each subcarrier k£ (identical to the single-carrier
case). Therefore, the conditions of convergence, speed of
convergence, and stability are identical to those of a single-
carrier system [19].

C. Impact of Frequency Gain on Channel Identification Error

To evaluate the impact of the frequency gain on the channel
identification error, we consider DBPSK MT-CDMA mod-
ulated data with five subcarriers (N, = 5)!'. In Fig. 8,
we plot the average over time and over subcarriers of the
channel identification error of MC-STAR with joint multi-
carrier channel identification and synchronization (i.e., with
frequency gain) for MT-CDMA (N, = 5). We also plot the
average identification error that would result from hypothetical
application of N. independent single-carrier STAR receivers

11 Because of the high correlation between subcarriers, MT-CDMA benefits
more from the frequency gain.
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Fig. 6. Acquisition and tracking of time-varying carrier frequency offset for
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Fig. 7. Acquisition and tracking of the carrier frequency offset for MT-
CDMA and MC-DS-CDMA with high Doppler (V=100 Kmph).

to the subcarriers without joint multi-carrier processing or
feedback (i.e., no frequency gain). We compute the channel
identification error by means of a scalar product, i.e., min ||1+
Hi o, nH %m/M||?. Then, we evaluate the average channel iden-
tification error by averaging over carriers and time. Simulation
results show that averaging the parameters common to all
subcarriers and combining the channel parameters with high
correlation significantly reduce the channel identification error.
The improvement in channel identification is as high as 8.5
dB for an operating SNR level of -2.9 dB (see Table IV).

D. MT-CDMA, MC-DS-CDMA, and DS-CDMA Performance
Comparison

This section is dedicated to the performance comparison
of MC-STAR over the DS-CDMA, MT-CDMA and MC-DS-
CDMA air interfaces with DBPSK, DQPSK and D8PSK mod-
ulations. In Table IV, we provide the required SNR and the
total throughput of DBPSK, DQPSK and D8PSK modulated
data for DS-CDMA, MT-CDMA, and MC-DS-CDMA. First,
we derive the required SNR from link-level simulations. Then,
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Fig. 8. Channel identification MSE in dB of MC-STAR vs. SNR in dB for
MT-CDMA with and without frequency gain.

we translate the link-level results into system-level results
using the analytical procedure in section IV. Table IV shows
that for DBPSK and DQPSK modulations, when N, is low,
we can improve the system performance by increasing the
number of subcarriers. But a gain saturation is encountered
as the number of subcarriers increases. Indeed, with more
subcarriers the inter-carrier interference becomes dominant
and degrades the overall performance of the receiver, and
the use of fewer subcarriers reduces the frequency gain and
increases the channel identification error. We can conclude
that for each MC-STAR configuration there exists an opti-
mum value of N, which results in maximum throughput.
Rapid link-level deterioration is seen with D8PSK, but the
deterioration is less dramatic for DS-CDMA and MC-DS-
CDMA than for MT-CDMA. Indeed, higher-order modulation
is more sensitive to the residual frequency offsets after re-
covery. In a multi-carrier environment the residual-frequency
offsets for each subcarrier accumulate in the reconstructed
data before detection. This process destroys the orthogonality
of subcarriers and makes accurate symbol detection difficult
to achieve for high-order modulations, especially when the
number of subcarriers is large'?. Single-carrier DS-CDMA,
not affected by this phenomenon, has the best performance for
D8PSK modulation. This degradation is smaller for MC-DS-
CDMA than for MT-CDMA because the subcarrier spacing
is higher. We also observe that MT-CDMA outperforms MC-
DS-CDMA with DBPSK and DQPSK modulations when the
number of subcarriers is low. Indeed, the BER improvement
due to using longer spreading sequences and exploiting the
inter-carrier correlation or frequency gain is higher than the
degradation caused by the inter-carrier interference. Moreover,
due to the reduced subcarrier bandwidth, MC-DS-CDMA has
less multipath diversity, while MT-CDMA is better able to
exploit path diversity and achieves better performance. The
current trend is to design radio air-interfaces with flat fading
subcarriers. In contrast, with MC-STAR we show that the

2In an ongoing study, we are investigating the incorporation of inter-
carrier-interference suppression to allow a more efficient MC-STAR imple-
mentation with high-order modulations.
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TABLE IV
REQUIRED SNR, CAPACITY, MAXIMUM THROUGHPUT, AND SPECTRUM EFFICIENCY OF DS-CDMA, MT-CDMA, AND MC-DS-CDMA WITH JOINT
TIME AND FREQUENCY SYNCHRONIZATION FOR DBPSK, DQPSK, AND D8PSK (BEST PERFORMANCE VALUES FOR EACH MODULATION ARE IN BOLD).

MC-STAR configuration || DS-CDMA || MT-CDMA I MC-DS-CDMA |
N " s [ s [ 5570
Modulation DBPSK
SNRyeq in dB -1.85 24 | 285 ] 24 | -1.65 -0.85 -1 092 | -055
Crmaz 61 49 65 | 63 55 46 43 47 43
Trnaz in kbps 3660 4410 | 4875 | 4410 | 37125 || 3137.1 | 33655 | 3335.6 | 3.0725
Emaz in bps/Hz 0.78 094 | 1.04 | 094 | 079 0.67 0.72 0.71 0.66
Modulation DQPSK
SNRyeq in dB 135 073 | 05 | 148 | 34 22 2.1 26 2.8
Crmaz 29 24 30 26 17 23 24 21 20
Trnaz in kbps 3840 4320 | 4500 | 3640 | 2295 || 3137.1 | 3365.5 | 2980.7 | 2858.1
Emag in bps/Hz 0.74 092 | 096 | 0.77 | 049 0.67 0.72 0.64 0.61
Modulation D8PSK
SNRycq in dB 5.3 6.35 7 95 12.8 6.82 6.8 7.2 76
Crmaz 12 7 7 4 2 8 8 7 7
Trnax in kbps 2160 1890 | 1575 | 840 | 405 1636.8 | 1682.8 | 1490.4 | 1500.5
Emag in bps/Hz 0.46 040 | 034 | 018 | 0.09 0.35 0.36 0.32 0.32

positive effects of multipath diversity and frequency gain over
large strongly-overlapping subcarriers is more significant than
the negative effects of multipath and multi-carrier interference.
Only when the number of subcarriers is high enough that
the inter-carrier interference becomes dominant especially for
high-order modulations (i.e., DSPSK) and only then MC-DS-
CDMA outperforms MT-CDMA because it is more robust to
inter-carrier interference.

The throughput results show that D8PSK is the least
spectrum-efficient (cf. footnote 9) modulation scheme for all
MC-STAR configurations. In Table IV we highlight the most
spectrum-efficient MC-STAR configuration for each modula-
tion scheme. For DBPSK and DQPSK, MT-CDMA has the
best link-level performance and the highest throughput. MT-
CDMA with five subcarriers outperforms all other config-
urations for DBPSK and DQPSK. It provides a bandwidth
efficiency up to 33% higher than that achievable with single-
carrier CDMA over the same channel. For DSPSK modulation,
single-carrier DS-CDMA has the best performance.

VI. CONCLUSIONS

In this contribution we proposed a spectrum-efficient re-
ceiver for multi-carrier systems named MC-STAR. It performs
blind channel identification and equalization as well as fast
and accurate joint synchronization in time and frequency
using a simple linear regression approach. MC-STAR sup-
ports both the MT-CDMA and MC-DS-CDMA air interfaces.
We analyzed its performance in an unknown time-varying
Rayleigh channel with multipath, carrier offset and cross-
correlation between subcarrier channels. Simulations results
confirm that for each MC-STAR configuration and propagation
environment there exists an optimum number of subcarriers
which results in maximum throughput. A higher number of
subcarriers increases the inter-carrier interference, while a
lower number of subcarriers reduces the frequency gain and
increases the channel identification error. The simulations also

confirm the advantages of MT-CDMA in increasing through-
put and bandwidth efficiency. With four receiving antennas
and five MT-CDMA subcarriers in 5 MHz bandwidth, MC-
STAR provides about 1 bps/Hz at low mobility for DBPSK.
This bandwidth efficiency is 33% higher than that achievable
with single-carrier CDMA for DBPSK.
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