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Abstract— A multicarrier-CDMA receiver with full interfer-
ence suppression capabilities, named multi-carrier interference
subspace rejection (MC-ISR), has recently been proposed and
assessed by simulations for high-rate transmissions over next-
generation CDMA systems. In this paper, we derive a link/system-
level performance analysis of MC-ISR based on the Gaussian
assumption (GA) and validate it by simulations. In addition,
we provide a comparative study of the two potential next-
generation multicarrier CDMA air-interface configurations: MT-
CDMA and MC-DS-CDMA. Simulations show that for both
DBPSK and DQPSK modulations, MT-CDMA has the best link-
level performance and the highest throughput. With two receiving
antennas and nine MT-CDMA subcarriers in 5 MHz bandwidth,
MC-ISR provides about 1.4 bps/Hz at low mobility for DBPSK,
i.e., an increase of 170% in spectrum efficiency over a DS-CDMA
system with MRC.

I. INTRODUCTION

Although multi-carrier (MC)-CDMA systems are promis-
ing, challenges remain before they can achieve their full
potential. One of the major obstacles in detecting MC-CDMA
signals is interference. The multiple access interference (MAI)
and the inter-symbol interference (ISI), which are inherited
from conventional DS-CDMA, affect likewise the performance
of MC-CDMA systems. In addition, MC-CDMA capacity is
limited by the inter-carrier interference (ICI) due to the use
of multicarrier modulation. Indeed, the imperfect frequency
down-conversion due to the instability of local oscillators
combined with the multipath effect disturbs the subcarriers
orthogonality thereby causing ICI.

Since MC-CDMA systems also contain a DS-CDMA com-
ponent, traditional multiuser detection techniques can be per-
formed on each carrier with some form of adaptation. An
efficient multiuser detection technique, denoted interference
subspace rejection (ISR), first proposed for DS-CDMA [1],
has been recently developed for multicarrier systems [2]. The
performance of multi-carrier (MC)-ISR was evaluated there
through simulations using very realistic link-level simulation
setups that take into account time and frequency mismatch,
imperfect power control, channel identification errors etc.
Simulation results confirm the net advantage of the full in-
terference suppression capabilities of MC-ISR.

In this paper, we develop a theoretical link/system-level
performance analysis of MC-ISR based on the Gaussian
assumption (GA), under the condition of perfect channel
identification. In addition, we provide a comparative study
of the two potential next-generation multicarrier CDMA air-
interface configurations: MT-CDMA and MC-DS-CDMA.

Il. DATA MODEL AND ASSUMPTIONS

We consider the uplink of an asynchronous multi-cellular
multicarrier CDMA system, with U in-cell active users, be-
tween a simple transmit antenna and M receive antennas.
For the sake of simplicity, we assume that all users use the
same subcarriers and transmit with the same modulation at the
same rate. The input information sequence of the wu-th user
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is first converted into N. = 2K + 1 parallel data sequences
b ks - - . 0%, where n is the time index. The
data b¥ € Cp is M-PSK modulated and differentially*
encoded at rate 1/Tne, where Thye = N, x T is the symbol
duration after serial/parallel (S/P) conversion and Cphq =
{...,e%ﬂ,...}, m € {0,...,M — 1}. The resulting S/P
converter output is then spread with a spreading code c%(t) at
arate 1/T,. The spreading factor, defined as the ratio between
the chip rate and the symbol rate is L = T%i A closed-
loop power control is taken into account at the transmitter.
All the data are then modulated in baseband by the inverse
discrete Fourier transform (IDFT) and summed to obtain the
multicarrier signal. No guard interval is inserted. Indeed,
the channel identification and equalization are achieved by
MC-STAR (multicarrier spatio-temporal array-receiver) [3]
and simulation results have shown that the guard interval
length does not affect the link-level performance due to the
multipath equalization capability of MC-STAR. 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 fi, = A x k/Tpc. The transmitter belongs
to the family of MT-CDMA if X\ is set to 1, and to the class
of MC-DS-CDMA if X\ is set to L.

The channel is assumed to be a slowly varying frequency
selective Rayleigh channel with delay spread Ar. We assume
correlated Rayleigh channels across subcarriers. We also as-
sume that the received channel multipath components across
the M receiving antennas are independent.

The receiver implements down conversion, matched pulse
filtering and chip-rate sampling followed by framing the
observation into overlapping blocks of constant length of Np
chips. Hence, we obtain the M Np vector-shaped matched-
filter observation:
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where the symbol n’ of carrier k& of user u contributes its
vector observation Y, ; .
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Y OF,, and (¢gn> are the spread channel, the n’'-
th signal component of the k-th carrier and the received
power over carrier k, respectively. Due to asynchronism and
multipath propagation, each user’s observation vector carries
information from current as well as from the previous and
future symbols. The noise vector IV,, which comprises the
preprocessed thermal noise and the interference due to out-
of-cell users, is assumed to be uncorrelated both in space and
time with variance o%;.

The total interference for user d I¢

— u u u —
- sk,n/Zn/,k,n' Zn’,k’,n’ sk,'n/ -

I} ,, includes three types
d

of interference: 1) The multiple access interference Iy,  ,
is due to the N, carriers from the other in-cell users users

1\We can also use pilot symbols for coherent modulation and detection [4],
but that is beyond the scope of this paper.
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u # d. 2) The inter-carrier interference I,c,kn is due to
the other carriers, k' # k from the same user d. 3) The
inter-symbol interference LS;M is due to the same carrier
k from the same Atcllser d. Prowded that an e Acymate of the
total interference I, ,, = IMAI kn T IICI ko T L k., 1S Made
available at the receiver, we can eliminate it and yet achieve
distortionless response to the desired signal by the following
MC-ISR combiner:

~d
Hk nZn k,n
Wi, = —& i &)
Zn,k,nnk,nzmk,n
~d ~d ~dH
Qn = 1/ || lk,n H27 HZn = INT - lk,nlk,n X Qn (3)

where N = M x Np is the total space dimension and
I, denotes an Ny x N identity matrix. First, we form the
projector H‘i ,, orthogonal to the total interference realization.

Second, we project the estimated response vector Zn k. and
normalize it to derive the MC-ISR combiner. We use this
combiner to extract the n-th signal component of the k-th

carrier of the desired user as: 5f, = WY, . Unlike
most of the multi-user receivers proposed for MC CDMA
which focus on multiple access interference while ignoring the
inter-carrier-interference, MC-ISR fully suppresses the total
interference resulting from MAI, IS, and ICI by simple yet
efficient nulling.

I1l. PERFORMANCE ANALYSIS OF MC-ISR

This section is dedicated to the performance analysis of the
MC-ISR receiver based on the Gaussian assumption (GA).
We exploit the analysis results of DS-CDMA ISR recently
developed in [5] at the link-level and extend them to MC-
ISR. Additionally, we broaden the scope of the analysis to the
system level.

A. Link-Level Performance

For the sake of simplicity, we assume temporarily perfect
channel identification. Later in the simulations, we will use
the channel and CFO estimates provided by MC-STAR? [3].
The post-combined signal can be formulated as:

H n n n
. :Sgrn 5%/?41"'5?0@1 +5?skr +W N

Skn W

, (4)
where 5;\1/[’;’} is the residual MAL, 345" is the residual ICI, and

545 s the residual 1SI. We assume here that the interference
rejection residuals 65,7, 052", and 674" are Gaussian
random variables with zero mean. Hence, we only need to
evaluate therr varrances. Note that the residuals would be null

(ie., 6010 = 6101 = &757" = 0) if the reconstruction of
~d
the interference were perfect (i.e., I, = li,n) and hence

H
8., = st + Wi "N, would be corrupted only by the
residual noise, WhICh is Gaussian with zero mean and variance:

Var[w,m ﬂn] = R0y, (5)
where & = E[| Wi |?] = ML=1 is a measure of the

enhancement of the white noise compared to MRC (F = 1
for MRC) [5]. However, in practice the interference vector
is reconstructed erroneously due to wrong tentative data de-
cisions and { , is further corrupted by non-null residual
interference rejection components. Hence, we introduce the

Z_Simulations will show little deviation from analysis in the operating BER
region.

error indicating variable &{ = = bﬁ’n*gﬁ’n, where (.)* means
complex conjugate. gk equals 1 when the estimated data

symbol is correct; otherwise it is a complex number. The signal
after MC-ISR combining is then:
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The MC-ISR combiner W¢
erty in Eq. (2), thus '

Var[W (lMAI kn + IICI k,n + IISI k, n)] =0. (7)

This result allows to derive the vanance of the interference

rejection residuals. The interferences I,m are approximated
as a Gaussian distributed random variable with zero mean.

Only therr variance needs to be evaluated. We suppose that

E[|| w¢ 77ll |=F, which is a measure of the enhancement of the
white n0|se compared to MRC comblner [5]. We also assume

that the combiner W,C and Yn k.n are uncorrelated. Let
’(/J » = E[(¥{)?] be the average power of the k-th carrier of

the desired user and Ei be the average interference power on
each interfering carrier (assumed equal for all « and all k).
The variances of the residual interferences can be written as:

Vgt = B (U 1) [+ + Sum] (1 - pe)R,
Var(syzi"] = @st [Sum] (1 — pe)F,

Varlo7i"] = Up(1— pe)(® —1+0:)/L,

Sum = Zg/:,]? WLMWO - sinc(w))’

Wkn n_Sk

satisfies the optimization prop-

(8)

where pg = E[g,C i ) and d;5 (0 < d;5 < 1) is a measure
of the relative |mpact of the interference generated by the
other paths on a given path of the desired user [5]. In the
developments of Eq. (8) above, we exploited the expression
for the variance of the interference derived in [6]. However,
we introduced a correction factor of 3/2 to the variance
of the MAI interference due to the same carrier because
we consider practical square-root raised cosine pulses [7][8].
Notice also that since we transmit different data sequences
over distinct subcarriers for a given user, the cross-correlation
terms from different subcarriers are uncorrelated. Hence, there
is no effect of the correlation between subcarriers on the
amount of residual interference in MC-CDMA systems with
the MC-ISR receiver. The SNR on the k-th carrier can be
estimated as:
—2
Miyp
Var(0}737 ]+ Var(07 "]+ Var(67 3"+ Ry

The average srgnal to noise ratio SNR;gg is given by

SRTT Zk, « SNR¥. . Note that the SNR expression above
applles to MRC as well by setting x = 1 and p; = 0 in Eq.
(8). The BER performance of the MC-ISR receiver is then
given as follows:

SNRISR

9)

P, =Q(SNR;sr), (10)

where € represents the single user bound (SUB), which is
classically defined as a conditional Gaussian Q-function over
vp and ;. When using this classical representation, the
average BER is derived by first finding the pdfs of ¢p and
1r and then averaging over those pdfs. Since it is difficult to
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find a simple expression for the pdfs of ¢p and v;, we may
consider an approximative pdf. In this analysis, we choose
to simulate © without imposing any pdf approximation. The
simulations will later consider a realistic wireless channel with

imperfect power control and imperfect channel identification. ¢

B. System-Level Performance

In order to compare the different MC-ISR configurations,
the link-level curves provide a good picture of the performance
of each system. But limiting comparisons to the BER perfor-
mance is not sufficient because the data rate is not equal for all
configurations. Hence, we translate the link-level results into
system-level results in terms of total throughput (or spectrum
efficiency) under the following three assumptions: 1) All users

. . . —2 —2
are received with an equal average power (i.e., ¥, = v¥;).
2) All the cells have the same load of C users per cell. 3)
The out-cell to in-cell interference ratio f is set to 0.6. Given
these assumptions in an interference-limited system (noise is
low compared to interference), the link-level required SNR at
the base-station antennas (ignoring ISI for simplicity) is:

1

SN e = S /B (@ = Dat CFy (1)
where
B8 = mean Z%;Z;f W(l—sinc(w)) ,
o = (400 poR
v = ($+8)

(12)
The maximum number of users that can access the system can
be hence calculated as:

Cmaw - - 625(1 - p&)Eﬁ + a)( )J? (13)

L(SNRMI a+vf

where |.| is the floor function. The total throughput is hence
Tmaz = Crmaz X Ry = Caz X Rs X logy (M), where Ry, and
R, are the bit rate and the symbol rate over all subcarriers,
respectively. We also define the spectrum efficiency as &£,,,4 =
Tmaw/BW

IV. SIMULATION RESULTS

A. Simulation Setup

We consider an MC-CDMA system operating at a carrier
of 1.9 GHz with maximum bandwidth of 5 MHz. We select a
frequency offset A f of 200 Hz, the maximum error tolerated
by 3G standards (= 0.1 ppm) for the frequency mismatch
between the mobile and the base station [9]. We assume a fre-
guency selective Rayleigh fading channel with P propagation
paths with exponentially decreasing powers. The channel is
correlated across subcarriers and varying in time with Doppler
shift fp. We consider that time-delays vary linearly in time
with a delay drift of 0.049 ppm. The receiver has M =1 or 2
antennas. We implement closed-loop power control operating
at 1600 Hz and adjusting the power in steps of +0.25 dB.
An error rate on the power control bit of 5% and a feedback
delay of 0.625 ms are simulated. Table I shows the parameters
specific to each multicarrier CDMA configuration. We choose
as a reference the 3G DS-CDMA (N, = 1) system with
spreading factor L = 32 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 a constant
bandwidth the ratio between the spreading factor 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. We consider four MT-CDMA configurations.

(@ (b)

Fig. 1. Analytical and simulated BER vs. SNR in dB for (a): MT-CDMA,
L = 64, N. = 3, DBPSK and (b): MC-DS-CDMA L = 32, N, = 3,
DBPSK.

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.
Due to the reduction in bandwidth, each subcarrier in MC-
DS-CDMA has either two paths (i.e., P = 2) or one path
(i.e., P =1, frequency nonselective fading) for N. = 3 and
N, > 5, respectively. The main performance criterion is the
link-level SNR required per carrier to meet a BER of 5% in
order to achieve a QoS of 106 after channel decoding and
the resulting system-level spectrum efficiency. The user’s data
rate is calculated by adding the data rates over all subcarriers.

B. Validation of the Performance Analysis

In this section, we investigate the accuracy of the analytical
performance analysis in section Il under realistic channel
conditions. Indeed we do not assume perfect channel iden-
tification; instead we use the channel estimate provided by
MC-STAR [3]. We validate the Gaussian approximation (GA)
of the interference by comparison with simulation results.
Since the SUB () is not known explicitly in this case, it
has been obtained from extensive simulations. We consider
two configurations: DBPSK MT-CDMA (L = 64, N, = 3);
and DBPSK MC-DS-CDMA (L = 32, N, = 3). Fig. 1 shows
the link-level performance. It is seen, not surprisingly, that the
GA is accurate in the presence of moderate background noise.
The precision of GA increases with the number of users and
at a low-Doppler situation. In the target BER (5%) region,
despite the realistic channel model employed, there is a good
match between analytical and simulation results for both MT-
CDMA and MC-DS-CDMA. This suggests that the analytical
evaluation is accurate in a low-Doppler situation.

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

This section is dedicated to the performance comparison
of the proposed MC-ISR receiver with two potential next-
generation multicarrier CDMA air-interface configurations:
MT-CDMA and MC-DS-CDMA. Single-carrier MRC over
current 3G DS-CDMA is also considered as a reference. First,
we derive the SNR,., from link-level simulations. Then,
we translate the link-level results into system-level results
using Eq. (13). In Table I, we provide the required SNR
and the total throughput of DBPSK and D8PSK modulated
data with two receiving antennas (M = 2) for DS-CDMA,
MT-CDMA, and MC-DS-CDMA. For DBPSK modulation,
we observe that we can improve the system performance by
increasing the number of subcarriers. Indeed, the required SNR
continues to decrease despite the increase in the number of
carriers, due to ICI suppression. Table 1l also shows that MT-
CDMA outperforms MC-DS-CDMA with DBPSK modulation
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Parameter [ DS-CDMA ] MT-CDMA [ MC-DS-CDMA [ Comment
A - 1 L subcarrier spacing parameter
Ne¢ 1 3 15 7 19 3 5 7 9 number of subcarriers
L 32 64 | 128 | 192 [ 256 32 32 32 32 spreading factor
R. in Mcps 3.840 3.840 1.920 [ 1.280 | 0.960 | 0.768 | chip rate
P 3 3 2 1 1 1 number of paths per subcarrier
R, in kbaud 120 180 | 150 | 140 | 135 180 200 210 216 symbol rate over all subcarriers
R;, for DBPSK in kbps 120 180 | 150 | 140 | 135 180 200 210 216 peak rate for DBPSK
R, Tor D8PSK in kbps 360 540 | 450 | 420 | 405 540 600 630 648 peak rate for DBPSK
BWhor 1 1.016 L bandwidth normalized vs. DS-CDMA
TABLE |
PARAMETERS OF EACH MULTICARRIER SYSTEM CONFIGURATION.
[ MC-STAR configuration [[ DS-CDMA ] MT-CDMA I MC-DS-CDMA |
N. 1 I 3 T 5 7] 9 T3 1T 5 1T 7 71 9
Modulation DBPSK
SNRyeq IndB 0.76 0.76 0.5 0.44 0.12 2.87 2.26 2.26 1.77
Cmax 17 25 33 37 41 15 15 15 16
Tmaz N KDPS 2040 4500 4950 5180 5535 2700 3000 3150 3456
Emaz 1N Dps/Hz 0.5313 1.1719 | 1.2891 | 1.3490 1.4414 ]| 0.7031 | 0.7813 | 0.8203 | 0.9000
Modulation 8PSK
SNRyeq IndB 8.57 7.86 8.89 9.57 10.55 10.01 9.6 9.53 9.12
Cmaz 3 4 4 4 3 3 3 3 3
Trnaz 1IN KDPS 1080 2160 1800 1680 1215 1620 1800 1890 1944
Emaz 1N bps/Hz 0.2813 0.5625 | 0.4688 | 0.4375 | 0.3164 0.4219 | 0.4688 | 0.4922 | 0.5062
TABLE Il

REQUIRED SNR, CAPACITY, MAXIMUM THROUGHPUT, AND SPECTRAL-EFFICIENCY OF DS-CDMA (W1TH MRC) AND MT-CDMA AND MC-DS-CDMA
(WITH MC-ISR AND FULL INTERFERENCE SUPPRESSION) FOR DBPSK AND D8PSK (BEST PERFORMANCE VALUES FOR EACH MODULATION ARE IN
BOLD).

because it uses longer spreading sequences and it exploits the
subcarrier correlation. Moreover, due to the reduced subcarrier
bandwidth, MC-DS-CDMA has less frequency diversity, while
MT-CDMA is better able to exploit path diversity and hence
achieves better performance. Note also that MC-DS-CDMA
is more robust against ICI, but in applying MC-ISR, this
advantage over MT-CDMA becomes obsolete.

Next, we compare different configurations with D8PSK
modulation. We notice a link-level deterioration for MT-
CDMA as the number of subcarriers increases. Indeed, higher-
order modulation is more sensitive to the residual ICI. MC-DS-
CDMA is much less affected by this phenomenon because it is
much more robust to ICI thanks to the higher subcarrier spac-
ing. Therefore, with high-order modulation MC-DS-CDMA
outperforms MT-CDMA when the number of subcarriers is
high enough. It is clear, however, that D8PSK is less spectrum-
efficient than DBPSK modulation for all MC-ISR air-interface
configurations.

In Table 1l we highlight the most spectrum-efficient MC-
ISR air-interface configuration for each modulation. For both
modulations MT-CDMA has the best link-level performance
and the highest throughput (for a tested number of carriers less
or equal to 9). MT-CDMA with nine subcarriers and DBPSK
modulation outperforms all other configurations and provides
a spectrum efficiency about 170% higher than that achievable
with single-carrier MRC over a 3G DS-CDMA air-interface.
In order to provide a more detailed picture of the aggregate
gain of the proposed MC-ISR receiver over a potential next-
generation MT-CDMA system with DBPSK modulation, we
also compared its performance vs. MC-MRC over the same
MT-CDMA air-interface, and vs. single-carrier ISR [1] over
a 3G DS-CDMA air-interface. The corresponding spectrum
efficiency gains of about 70 and 50% reported underline,
respectively, the net benefits due to the proposed MC-ISR
combiner and to the potential migration to a next-generation
MT-CDMA air-interface.

V. CONCLUSIONS

In this contribution, we derived a link/system-level perfor-
mance analysis of MC-ISR based on the Gaussian assumption
(GA), under the condition of perfect channel identification. In

addition, we provided a comparative study of the two potential
next-generation multicarrier CDMA air-interface configura-
tions: MT-CDMA and MC-DS-CDMA. Simulation results
support the validity of the analysis under practical conditions.
The gains in spectrum efficiencies attainable by MC-ISR
are significant and are evaluated for MT-CDMA and MC-
DS-CDMA as a function of the number of subcarriers and
modulation. For both DBPSK and DQPSK modulations, MT-
CDMA has the best link-level performance and the highest
throughput. With two receiving antennas and nine MT-CDMA
subcarriers in 5 MHz bandwidth, MC-ISR provides about 1.4
bps/Hz at low mobility for DBPSK, i.e., an increase of 170%
in spectrum efficiency over a DS-CDMA system with MRC.
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