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Abstract. In this paper, various detection techniques are studied in the synchronous case of a multiuser MC–CDMA
system operating in frequency selective Rayleigh channel. First of all, an improved linear detection approach named
MMSE per user detection technique, which takes into account the despreading process, is presented. Simulation results
over a Rayleigh fading channel show that this novel technique offers for non full load systems a significant gain compared
to the MMSE equalization per carrier method. Then, the performance of various parallel and successive interference
cancellation techniques is compared to the performance of the linear MMSE per user scheme. When the power of the
interferers is roughly equal to the power of the useful signal, the performance of the linear MMSE per user is really close
to the performance of the non linear PIC and SIC schemes.

1 INTRODUCTION

Since 1993, many researchers have investigated the
suitability of the Multi–Carrier Code Division Multiple
Access (MC–CDMA) for cellular systems [1], [2]. This
promising multiple access scheme with high bandwidth ef-
ficiency is based on a serial concatenation of Direct Se-
quence (DS) spreading with Multi–Carrier (MC) modula-
tion. The MC–CDMA transmitter spreads the original data
stream over different subcarriers using a given spreading
code in the frequency domain. For a synchronous system
as the downlink mobile radio communication channel, the
application of orthogonal codes such as Walsh–Hadamard
codes guarantees the absence of Multiple Access Interfer-
ence (MAI) in a Gaussian channel. However, through a
frequency selective fading channel, all the subcarriers have
different amplitude levels and different phase shifts, which
results in a loss of the orthogonality among users and then
generates MAI. So, after direct FFT and frequency dein-
terleaving, the received sequence must be “equalized” by
using a bank of adaptive one tap equalizers to make up for
the phase and amplitude distortions caused by the mobile
radio channel on the subcarriers. The channel estimation
is usually derived from the FFT of the channel impulse re-
sponse which can be estimated using pilot inserted between
the data.

To fight the MAI, one may use various Single–user De-
tection (SD) techniques that do not take into account any
information about this MAI. When the receiver knows nei-
ther the number of users nor the received SNR, conven-
tional and simple detection methods are Maximum Ratio
Combining (MRC), Equal Gain Combining (EGC) or Or-
thogonal Restoring Combining (ORC). For more sophisti-
cated receiver structures, the Minimum Mean Square Error
(MMSE) algorithm [3] can provide performance improve-
ments. In order to improve the performance of the receiver
still further, Multi–user Detection (MD) techniques can be
processed. Multi–user detection is based on the important
assumption that the codes of the different users are known
to the receiver a priori. Most of the proposed multiuser de-
tectors can be classified in one of the two categories: Max-
imum Likelihood (ML) detectors and Interference Cancel-
lation (IC) detectors. In this paper, various equalization
strategies are studied in the case of a downlink transmis-
sion, i.e., from the base station to the mobiles. First of
all, the potential of MC–CDMA receivers based on mini-
mum mean square error (MMSE) criterion applied per user
is demonstrated for full load and specially for non full load
systems. Then a comparison of the performance of various
parallel and successive interference cancellation receivers
is presented.
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2 SYSTEM DESCRIPTION

The block diagram of the considered MC–CDMA
transmitter and receiver is depicted in figure 1. Each
data symbol✂☎✄✆ assigned to user✝ , ✝✟✞✡✠☞☛✍✌✍✌✎✌✏☛✒✑✔✓ , and
transmitted during the symbol interval✕ is multiplied
bit–synchronously with its user specific Walsh–Hadamard
spreading code✖ ✆ ✞✘✗✚✙✍✛✆ ☛✜✙✣✢✆ ☛✍✌✎✌✍✌✜☛✒✙✜✤✦✥✆★✧✪✩ of length ✫✭✬ ,
where ✗✮✌ ✧✪✩ denotes matrix transposition. ✫ ✬ corre-
sponds to the bandwidth expansion factor and is equal
to the maximum number of simultaneous active users.
The vector of the data symbols transmitted during the✕✦✯✱✰ OFDM symbol by all the users can be written✲ ✄✳✞✴✗✚✂✵✄ ✛ ☛✒✂✵✄✢ ☛✎✌✍✌✎✌✜☛✜✂☎✄✆ ☛✍✌✎✌✍✌✶☛✜✂✵✄✤ ✥ ✧✷✩ with ✂✵✄✆ ✞✹✸ when user✝ is inactive.
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Figure 1: MC-CDMA transmitter and receiver.

The code matrix✖ is defined to be:

✖➓✞
➔→→→➣

✙✍✛✛ ✙✍✛✢ ✌✍✌✍✌↔✙✍✛✤ ✥✙✣✢ ✛ ✙✣✢✢ ✌✍✌✍✌↔✙✣✢✤ ✥...
...

...
...✙ ✤ ✥✛ ✙ ✤ ✥✢ ✌✍✌✍✌↔✙ ✤ ✥✤ ✥

↕✜➙➙➙➛ (1)

where the ✝❉✯●✰ column vector of ✖ corresponds to the
spreading code✖ ✆ of the user✝ . Since we consider the
synchronous downlink of an MC–CDMA system, the dif-
ferent data modulated spreading codes of the✑ ✓ users can
be added before Serial–to–Parallel (S/P) conversion. Fur-
thermore, the✑✔✓ user signals are supposed to be transmit-
ted with the same power. The number✑➝➜ of subcarriers,
which are QPSK modulated, is chosen equal to the spread-
ing code length✫✭✬ . Thus, each of the✑➝➜ subcarrier In
phase and Quadrature waveforms is modulated by a single
chip belonging to a spreading Walsh–Hadamard code.

For this study, frequency non–selective fading per sub-
carrier and time invariance during one OFDM symbol are
assumed. Furthermore, the absence of Intersymbol Inter-
ference and Intercarrier Interference is guaranteed by the

use of a guard interval longer than the maximum excess de-
lay of the impulse response of the channel. Under these as-
sumptions and considering an ideal interleaving, the chan-
nel can be represented in the frequency domain as depicted
in figure 1. The complex channel fading coefficients are
considered independent for each subcarrier and constant
during each OFDM symbol. In this case, the diversity
is maximum. However in a practical situation, this hy-
pothesis tends to be verified with appropriate frequency
and time interleaving. Using this assumption, the tempo-
ral index ✕ can be suppressed for all the quantities, and the
channel response can be estimated for the subcarrier➞ by➟☎➠ ✞➢➡ ➠➥➤➧➦■➨✶➩ . Due to the absence of ICI, the channel matrix
is diagonal and equal to:

➫ ✞
➔→→→→➣
➟ ✛ ✸ ✌✎✌✍✌ ✸✸ ➟ ✢ ✸ ...
...

...
...

...✸ ✌✍✌✎✌ ✸ ➟☎➭➲➯
↕✜➙➙➙➙➛ (2)

✑➳✞✴✗✚✕ ✛ ☛✜✕ ✢ ☛✍✌✷✌✪✌✪☛✜✕ ➭ ➯ ✧✪✩ is the vector containing the AWGN
terms with ✕ ➠ representing the noise term at the subcarrier➞ with variance given by➵➸✢➭ ✞➓➺✮➻➽➼ ✕ ➠ ➼ ✢✍➾ , ➞➚✞✹✠⑩☛✎✌✍✌✎✌✏☛✒✑➪➜ .
The received vector is:➶ ✞➹✗ ➘ ✛ ☛✜➘ ✢ ☛✎✌✍✌✎✌✜☛✜➘ ➭➲➯ ✧ ✩ ✞ ➫ ✖ ✲➷➴ ✑ (3)

3 BASIC SINGLE USER DETECTION TECH -
NIQUES

After equalization the received signal can be written:➬ ✞✹✗✚➮ ✛ ☛✜➮ ✢ ☛✎✌✍✌✎✌✜☛✜➮ ➭➱➯ ✧ ✩ ✞❐✃ ➶ ✞➓✃ ➫ ✖ ✲➷➴ ✃❒✑ (4)

and the estimated symbol of the✝⑧✯●✰ user is equal to:❮Ï❰⑧Ð✂ ✆☞Ñ ✞ ❮➚❰ ✖ ✩✆ ✃ ➶ Ñ (5)

where
❮➚❰ ✌ Ñ denotes quantization operation. The✑➝➜✮ÒÓ✑➪➜

matrix ✃ represents the complex equalization coefficients
obtained from the channel estimation which can be based
on known transmitted pilot symbols inserted between the
data carriers. Various detection techniques can be im-
plemented [1], [5]: Maximum Ratio Combining (MRC),
Equal Gain Combining (EGC), Orthogonality Restoring
Combining (ORC)... The assigned equalization coefficient
is equal to: Ô ➠ ✞ ➟✦Õ➠ ÖØ×ÚÙ

(6)Ô ➠ ✞ ➟✦Õ➠➥Û ➼ ➟✵➠ ➼ ÜÞÝ Ù (7)Ô ➠ ✞✹✠ Û ➟✦Õ➠ ß ×ÚÙ
(8)
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Among all those well–known single–user detection
techniques, MMSE equalization offers the best results. It
minimizes the mean square value of the errorà ➠ between
the signalá ➠ transmitted on subcarrier➞ and the assigned
output ➮ ➠ of the equalizer (see figure 1). The equalization
coefficients based on this MMSE criterion applied indepen-
dently per carrier are equal to:

Ô ➠ ✞ ➟ Õ➠➼ ➟ ➠ ➼ ✢ ➴ ✠â ✬ (9)

where â➥ã is the subcarrier signal to noise ratio, and
❰ ✌ Ñ Õ

denotes complex conjugation. For all these basic detection
techniques, the matrix✃ is diagonal, which means that the
received sequence is equalized by using a bank of✑➝➜ adap-
tive one tap equalizers. It results from this that the com-
plexity of the equalizer is low. However, this MMSE equal-
ization per carrier method is not optimal, since it does not
take into account the despreading process and thus does not
minimize the mean square error at the input of the threshold
detectorä .

4 MMSE EQUALIZATION PER USER

The aim of the novel proposed method is to minimize
the mean square error between the transmitted symbol✂ ✆
and the estimated one

Ð✂ ✆ . Let å ✆ ✞✘✗✚æ❷ç✆ ☛✜æ✔✛✆ ☛✍✌✍✌✎✌✜☛✜æ ➭ ➯✆ ✧✪✩
be the weighting optimal vector related to the user✝ . The
estimated symbol of this✝❉✯●✰ user can be written:

Ð✂ ✆ ✞➹å ✩✆ ➶ (10)

According to the Wiener filtering, the optimal weight-
ing vector is equal to:

å ✆ ✞❐èêé ✛ë✭ì ë è ë✭ì í✍î (11)

where è ë✭ì ë is the autocorrelation matrix of the received
vector

➶
and è ë✭ì í î is the crosscorrelation vector between

the desired symbol,✂ ✆ and the received signal vector,
➶

.
Those quantities are equal to:

è ë✭ì ë ✞ ➺✮➻ ➶ Õ ➶ ✩ ➾✞ ➫ Õ ✖❒➺✮➻ ✲ Õ ✲ ✩ ➾⑧✖ ✩ ➫ï➴ ➺✮➻❉✑ Õ ✑ ✩ ➾è ë✭ì í✍î ✞ ➺✮➻ ➶ Õ ✂ ✆ ➾✞ ➫ Õ ✖❒➺✮➻ ✲ Õ ✂ ✆ ➾ (12)

where
❰ ✌ Ñ Õ denotes complex conjugation. Then, the opti-

mal weighting vector can be written:

å ✩✆ ✞ ➺Ó➻⑧✂ ✆ ✲ Õ ✩ ➾⑧✖ ✩ ➫ Õ➱ð ➫ ✖❒➺✮➻ ✲ñ✲ Õ ✩ ➾❉✖ ✩ ➫ Õ➴ ➺✮➻❉✑ò✑ Õ ✩ ➾✍ó é ✛ (13)

The subcarrier noises have the same variance and are
independent. Thus,➺Ó➻⑧✑ò✑ Õ ✩ ➾ô✞➢➵➸✢➭❒õ where

õ
is the

identity matrix. Since the user signals have the same
power (➺✮➻☎➼ ✂ ✆ ➼ ✢⑧➾ô✞❐➺❷ö ) and are independent, we can write➺Ó➻ ✲Ø✲ Õ ✩ ➾➪✞➓➺❷ö✏÷ , where÷❐✞➹➻⑧ø ➦ ✆ ➾ is a diagonal matrix
with the term ø ✆✏✆ ✞✘✠ if the user✝ is active andø ✆✶✆ ✞➓✸
if this user is inactive. Then, the optimal weighting vector
can be expressed as:

å ✩✆ ✞ù✖ ✩✆ ✃ (14)

with the equalization coefficient matrix equal to:

✃➓✞ ➫ Õ✎ú é ✛ ✞ ➫ Õ ð ➫ ✖Þ÷ô✖ ✩ ➫ Õ ➴➷➵➸✢➭➺ ö õ ó é ✛ (15)

In the full load case
❰ ✑Þ✓û✞ï✫✭✬ Ñ and only in that case,

the quantity✖✔÷ô✖ ✩ is equal to the identity matrix and the
equalization coefficient matrix✃ is a diagonal matrix with
the ➞❿✯✱✰ subcarrier equalization coefficient equal to the for-
mer equation (9). On the other hand, in the non full load
case

❰ ✑ ✓★ü ✫ ✬ Ñ , the equalization coefficient matrix✃ is
no more diagonal. A known suboptimal solution obtained
when the Wiener filter is optimized independently on each
carrier, is to choose the➞➽✯●✰ subcarrier equalization coeffi-
cient equal to [6]:

Ô ➠ ✞ ➟ Õ➠➼ ➟✵➠ ➼ ✢ ➴ý✠â ✬ ✞
➟ Õ➠➼ ➟ ➠ ➼ ✢ ➴ ✫ ✬✑Þ✓ â⑩þ (16)

where â þ is the signal to noise ratio of the received data
symbol ✂ ✆ .

As we will see in the next section, the algorithm MMSE
per user based on expression (15) outperforms the algo-
rithm MMSE per carrier based on expression (16) in the
non full load case, since it minimizes the decision error
taking into account the despreading process instead of min-
imizing the error independently on each subcarrier.

In [7], it was suggested to use a MMSE detection
technique that was also named MMSE per user method.
However, with this approach the minimum mean square
error was not calculated by using the weighting vectorå ✩✆ ✞ù✖ ✩✆ ✃ as it is proposed in this paper, but with respect
to the variable✃ . In that case, the matrix✃ is diagonal and
the performance is not optimal.

To implement the MMSE per user solution, according
to equation (15), complete knowledge of

➫
and ÷ is re-

quired. Furthermore, the inversion of
ú

may be an ex-
pensive and time consuming operation, especially for large
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lengths ✫✭✬ of codes. To determine the equalization coef-
ficient matrix ✃ , an alternative solution is to use an itera-
tive procedure based on popular algorithms such as Least-
Mean-Square (LMS) or Recursive-Least-Square (RLS) al-
gorithms. In this case, the choice of the algorithm will
depend on the trade–off which is required between the
computational complexity, the tracking capability and the
steady–state error. In this study, we assume that the channel
matrix

➫
is perfectly known to the receiver, and therefore,

it is possible to compute the optimum weights by direct
matrix inversion.

5 PERFORMANCE COMPARISON

The simulation results are presented without channel
coding for various detection techniques and for various
numbers✑✔✓ of active users and number✑➝➜ of subcarriers.
Each of the independent subcarriers is QPSK modulated at
the transmitter side and then multiplied by an uncorrelated
Rayleigh fading. The diversity✑Þÿ offered by the channel
is then equal to the number✑ ➜ of subcarriers. Furthermore,
it is assumed that accurate estimate of the frequency chan-
nel response for each subcarrier is available and that all the
users’ signals are received with the same mean power.

� ✁ ✂☎✄ ✆✞✝
� ✁ ✂☎✄ ✆ ✟
� ✁ ✂☎✄ ✆✞✠
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Figure 2: Basic single user detection performance for✮✰✯✰✱✳✲✵✴✶✱✷✮✹✸✺✱✷✻✽✼
(full load system) with var-

ious receiver techniques: MRC (1), EGC (2), ORC (3),
MMSE per carrier (4), MF bound (5).

Figure 2 compares the performance of the well–known
basic detection techniques presented in previous section
3 with full load systems: the number (✑ ✓ ✞✿✾❁❀ ) of ac-
tive users is equal to the length (✫ ✬ ✞❂✾❃❀ ) of the Walsh–
Hadamard code. The single detection based on minimum
mean square error ( MMSE) per carrier equalization of-
fers the best results as it has already been demonstrated
in [5] and [6]. The Matched Filter (MF) bound is given
as reference (curve 5). The MF bound for an uncoded
MC–CDMA system corresponds to the BER obtained in
the case of data transmissions over✑➝➜ statistically inde-
pendent Rayleigh fading channels with MRC detection and

without MAI. The MMSE (curve 4) outperforms the other
techniques avoiding an excessive noise amplification for
low signal to noise ratios while restoring the orthogonal-
ity among users for large signal to noise ratios.
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Figure 3: Required❸❺❹✚❻ ✮✺❼ for ❽✰❸✺❾ ✱➀❿❏➁➃➂➅➄
versus number

✮ ✯
of active users (system load) for various receiver tech-
niques and

✮ ✸ ✱➆✻❊✼
: MMSE per user (a), MMSE per

carrier (b), EGC (c), MRC (d).

In figure 3, the performance of basic single user detec-
tions with ✫ê✬Ó✞ ✑➝➜ ✞❂✾❁❀ are compared with the perfor-
mance of the novel MMSE per user technique, taking into
account the required➺✺➇ Û ✑ ç to achieve a➈❒➺ ➶ ✞ï✠✎✸ éq➉ in
terms of the number✑Þ✓ of active users (system load). In
any case, MRC and EGC perform poorly. The curve (b)
gives suboptimal MMSE per carrier system performance
with the equalization coefficients optimized independently
on each subcarrier and equal to the expression (16). The
curve (a) corresponds to MMSE per user system perfor-
mance according to matrix approach with the equalization
coefficient matrix G equal to expression (15). For full load
systems (✑Þ✓✹✞ ✫✭✬ ✞➊✾❁❀ ), the performance of the two
MMSE approaches are the same. On the other hand, com-
paring them for non full load systems shows a gain of more
than 2 dB in the MMSE per user case with✑✔✓ ✞➌➋➎➍ or ✠❊✾ ,
which corresponds to a system load respectively equal to➏ ✸➎➐ and ➍ ➏ ➐ .

Figure 4 shows the performance of MMSE per user
MC–CDMA systems with various code lengths, taking into
account the required➺✺➇ Û ✑ ç to achieve a➈❒➺ ➶ ✞ï✠✎✸ éq➉ in
terms of the system load. In full load case,✑✔✓ is equal to✑➝➜ and ✫✭✬ . As expected, the higher the channel diversity
(equal to the number✑➝➜ of independent subcarriers), the
better the results. For example, the MMSE per user sys-
tem with ✑➝➜★✞➳✫✭✬✳✞❂✾❁❀ can handle a full user capacity
( ✑✔✓➚✞➌✾❁❀ in this case) at➺➑➇ Û ✑ ç ✞✘✠❊➍✵✌ ❀ dB. However, the
performance improvement due to the increase of the num-
ber of subcarriers (and then the channel diversity) from➋➎➍
to ✾❁❀ , is inferior to ✸☎✌✞➋ dB for full load systems.

In conclusion of this section, it can be noted that the
novel MMSE per user approach offers for non full load sys-
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for QPSK MMSE per user MC–CDMA systems for var-
ious lengths of the spreading code for

✮ ✸ ✱➓✻❊✼
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(c),
✮✹✸✰✱➙↕

(d).

tems a significant gain compared to the MMSE per carrier
technique: typically, for a MC–CDMA system with a max-
imum number of users✑✔✓✳✞✘✫✭✬ô✞➛✾❁❀ (figure 3), the gain
for a ➈❒➺ ➶ ✞✘✠✎✸ é➜➉ is close to➍ dB for a number✑✔✓ of ac-
tive users varying from✫✭✬ Û ❀ to ➋☞✫ê✬ Û ❀ which corresponds
to the most likely cases. Indeed, in a dynamic multiuser
scenario, where users continuously enter and leave the net-
work, the number of active users is rarely equal to the max-
imum. Furthermore, a system using voice activity mon-
itoring which prevents a mobile or the base station from
radiating power during speech pauses reduces the number
of active users at a given time [8]. Therefore, the probabil-
ity that the maximum number✫ ✬ of active users are talking
at once is very low.

6 MULTI -USER DETECTION

Based on the exploitation of the maximum likelihood
criterion, the ML detector is the optimum detector. The-
oretically, this method is applicable to both uplink and
downlink channels. However, since its complexity grows
exponentially with the number of users and with the code
length, this method appears to be applicable only when the
spreading sequences of all users are relatively short. There-
fore, to handle a large number of users, receivers can im-
plement sub–optimal non–linear interference cancellation
techniques which can be divided into parallel and succes-
sive algorithms.

6.1 PARALLEL INTERFERENCE CANCELLATION

The Parallel Interference Cancellation (PIC) detector
estimates the interference due to the simultaneous other
users in order to remove this multiple user interference
component from the received signal. Interference Cancel-
lation can be carried out iteratively in multiple detection

stages. To cope with the MAI, various combinations of
single detection techniques have been studied, as for exam-
ple EGC in all stages [4] which appears to be less efficient
than a solution with MMSE in all stages presented in [5]
and [6]. An other combination with ORC (or Zero Forcing)
or ORC with threshold at the first stage followed by MRC
is presented in [9], [10] and [11]. In this case, the multiuser
interference is eliminated using the orthogonality restoring
detection and then the user detects its own information ap-
plying the maximum ratio combining method. The block
diagram of the considered MC–CDMA receiver with par-
allel interference cancellation is illustrated in figure 5.

➝✏➞➠➟ ➡➤➢✩➥➠➡➤➟
➦ ➡✒➧➤➨ ➩➠➨ ➫➯➭

➝➳➲➠➵➃➸➤➫➳➺➦ ➡➤➵➃➢❬➞➠➞➤➡➤➟➦ ➡❬➩➤➞➠➟ ➡✒➢❬➥➤➡➠➟

➻❪➼✒➢✒➭➠➭✒➡➠➺➻❏➫➤➡✩➽ ➽✞➨ ➧➤➨ ➡➤➭❬➾ ➩ ➝➳➲➠➵➃➸➤➫➳➺➚ ➢❬➞➯➞✒➡➤➟

➪➯➶➳➹ ➢➤➺ ➨ ➘✫➡➤➟
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Figure 5: Parallel interference cancellation MC–CDMA receiver
with two detection stages.

In the initial detection stage, the data symbols of all✑ ✓îí ✠ active users are detected in parallel by the first
equalizer with a gain✃ðï❄✛➳ñ . After the despreading and the
demapping, the decisions of this initial stage are used to re-
construct the interfering contribution in the received signal➶

. The resulting interference is then subtracted from the
received signal and the data detection is performed again
on the signal with reduced MAI. Thus, in the initial stage
the data symbols of the✑ ✓ active users are detected in par-
allel applying: ❮ ➻ Ð✂ ï■✛tñ✆ ➾❷✞ ❮ ➻⑧✖ ✩✆ ✃ ï■✛tñ ➶ ➾ (17)

The second and further detection stages work itera-
tively by using the decisions of the previous stage which
yields the estimated data symbols at theòÏ✯●✰ iteration:

Ð✂ ï❢ó➔ñ✆ ✞ ✖ ✩✆ ✃ ï❢ó➔ñ ➔→➣ ➶ í ➫ ➭➒ôõ ö
÷ ✛ö✩ø÷ ✆ ❮ ➻ Ð✂ ï☎ó é ✛➳ñ

ö ➾❉✖ ö ↕✜➙➛
ù òûú ✗✪✠☞☛✍✌✎✌✍✌✶☛ ú ➦ ✯ ✧ (18)
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where
❮ ➻✔✌❿➾ denotes the quantization operation which as-

signs to each soft decided value an element of the finite
alphabet, and

ú ➦ ✯ is the total number of iterations.

6.2 SUCCESSIVE I NTERFERENCE CANCELLATION

In Successive Interference Cancellation (SIC), the de-
tection is based on successive cancellations of the signal
with the highest reliability from the received waveform.
Thus, the operation carried out in the considered SIC re-
ceiver consists of:

ü estimating the energy➺ ✆ ✞✴➺✮➻➽➼ ✂ ✆ ➼ ✢✍➾ of the various
received signals and ranking them so that:➺✺ý❏þðÿ➷➺➑ý✁�▲ÿ✄✂☎✂✆✂♠ÿï➺✺ý✞✝ ÿ✟✂✆✂☎✂ ÿ ➺➑ý✁✠ ô , where ➘ ➦
denotes the rank of the user✝ ,ü detection of the strongest user and regeneration of
the strongest user spread spectrum using its Walsh–
Hadamard code and the estimation of the channel
frequency response,ü cancelling the strongest user interferer,ü repeating until all user signals are detected.

The complexity of the receiver is linear in the number
of users and each stage leads to an additional time delay.
Thus, the receiver can be simplified by cancelling only the
strongest signals instead of cancelling all interferers. In the
initial detection stage, only the strongest interferer✂ ý þ is
detected and obtained by:❮ ➻ Ð✂ ý þ✣➾❷✞ ❮ ➻❉✖ ✩ý þ ✃ ï■✛tñ ➶ ➾ (19)

Then the expression of the next detected interferer at
the

✡ ✯●✰ interference cancellation stage, which is the
❰ ✡ ➴ ✠ Ñ ✯✱✰

detection stage, is given by:

Ð✂ ý✞✝ ☛Õþ ✞ ✖ ✩ý ✝☞☛ þ ✃ ï ➦✍✌ ✛tñ ✎ ➶ í ➫ ➦õ ö
÷ ✛ ➫ ✖✹ý✁✏ ❮ ➻ Ð✂✗ý✁✏◆➾☎✑

ù ✡ ú ✗✷✠⑩☛✎✌✍✌✍✌✶☛✜✑✔✓ í ✠ ✧ (20)

where✑ ✓ is the number of active users,✑ ✓➒í ✠ the number
of interference cancellation stages and✝✟✞ ➘ ➭ ô the last
user detected.

7 INTERFERENCE CANCELLATION SIMU -
LATION RESULTS

In the forward link of a single cell system, it is usually
assumed that the✑✔✓ different users’ signals are transmit-
ted by the base station with the same power level, which
is the hypothesis which has been retained for the previous

results presented in section 5. In this case, the carrier to in-
terference ratio of the reference received signal desregard-
ing its position in the cell is✠ Û ❰ ✑ ✓ í ✠ Ñ , where ✑ ✓ í ✠
is the number of interferers. No forward power control is
needed. In a multiple cell system, a user located near the
boundary of three cells receives considerable interference
from other base stations. In this case, in order to minimize
the total power transmitted by each base station, a possible
solution is to use a forward power control by transmitting
at a higher power level to users located at the cell boundary
and at a lower power level to users close to the base station.
That is why, in the following sub–sections the performance
of the different detection techniques are given with equal
mean power signals but also with unequal mean power sig-
nals.

7.1 PERFORMANCE WITH EQUAL MEAN POWER

SIGNALS

A performance comparison of full load multistage Par-
allel Interference Cancellation (PIC) systems with various
basic detection techniques (presented in section 3) for the
first and the second stage and, if necessary for the third
stage, is presented in figure 6. For those results, the MMSE
equalization per carrier according to expression (16) has
been implemented and the different users’ signals are re-
ceived with the same power.

✒☞✓ ✔✖✕ ✗✙✘✒☞✓ ✔✖✕ ✗☞✚✒☞✓ ✔✖✕ ✗✙✛✒☞✓ ✔✖✕ ✗✙✜✒☞✓ ✔✖✕ ✗✖✒✒✙✓ ✔✣✢✙✗✤✗

✗ ✜ ✚ ✥ ✦ ✒ ✗ ✒ ✜ ✒ ✚ ✒ ✥ ✒ ✦✧✜✙✗★✪✩✬✫ ✭✯✮✱✰ ✲✴✳✯✵

✶✷✸ ✹ ✺✙✻✹ ✼✖✻✹ ✽✖✻✹ ✾✣✻✹ ✿❀✻✹ ❁❀✻✹ ❂❀✻
Figure 6: PIC detection performance for

✮✰✯✰✱✷✮➔✸➑✱➙↕
(full load

system) with various receiver techniques: EGC1/EGC2
(1), ZF1/MRC2 (2), MMSE1/MRC2 (3), EGC1/MMSE2
(4), MMSE1/EGC2 (5), MMSE1/MMSE2 (6),
MMSE1/MMSE2/MMSE3 (7).

Obviously, the systems with MMSE equalization at the
first stage (curves 3, 5, 6, 7) outperforms other schemes.
The combination with Zero Forcing for the first stage fol-
lowed by MRC (curve 2, ZF1/MRC2) requires a 8 dB
higher ➺➑➇ Û ✑ ç to achieve a➈❒➺ ➶ equal to ✠✎✸ é➜➉ com-
pared to a system with MMSE for the two stages (curve
6, MMSE1/MMSE2). Finally, the performance improve-
ment obtained by a third MMSE stage is inferior to✸☎✌✪✠ dB
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(comparison of the curves 6 and 7), which does not justify
the additional complexity.
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Figure 7: BER versus the number
✮ ✯

of active users for❸ ❹ ❻ ✮ ❼ ✱ ↕
dB ;

✮➔✸ ✱ ✲✵✴ ✱➛✻✽✼
; MMSE per car-

rier (a), MMSE per user (b), PIC-MMSE per carrier
(c), PIC-MMSE per user (d).

In figure 7, the performance of two stage parallel inter-
ference cancellation MMSE per carrier and MMSE per user
systems is compared to the performance of linear MMSE
systems with✫ ✬ ✞➓✑ ➜ ✞ ✾❃❀ , versus the number✑ ✓ of ac-
tive users which are received with the same power. In any
case, the new MMSE per user detection scheme outper-
forms the MMSE per carrier system. For example, with➺➑➇ Û ✑ ç ✞❄❃ dB and for a ➈❒➺ ➶ ✞✹✠✍✸ é➜➉ , the base station
can supply✑✔✓✮✞ ➍✵✠ users with PIC–MMSE per carrier and
up to ✑✔✓Ø✞ ➋☎✠ users with PIC–MMSE per user detection.
Furthermore, this figure shows that for✑✔✓ inferior to the
maximum number✫✭✬Ó✞➓✾❁❀ active users, especially when✑✔✓ ü ➏ ✸ , the linear MMSE per user (curve (b)) and the
non linear 2 stage PIC–MMSE per carrier (curve (c)) sys-
tems have almost equal performance. This clearly indicates
a possible trade–off between performance and complexity
in favor of the less complex linear MMSE per user tech-
nique. On the other hand and as expected, the best results
are obtained with the 2 stage MMSE per user approach,
mainly for non full load system.

7.2 PERFORMANCE WITH UNEQUAL MEAN POWER

SIGNALS

In this case, as the different signals are not received
with the same mean power level, the➺➑➇ Û ✑ ç ❰ ✠ Ñ ratio of
the useful reference signal and the➺✺➇ Û ✑ ç ❰ ✡❆❅✞✘✠ Ñ of the
interfering signals may be different.

The simulation results for MMSE per carrier, MMSE
per user, PIC–MMSE per carrier and SIC–MMSE per car-
rier are given in figure 8 with a number✑✔✓ of active
users equal to➋➃➍ and with ✫✭✬ ✞ ✑➪➜ù✞ ✾❁❀ . The num-
ber of stages of the SIC detector is equal to➋✵✠ . The

Eb/No(1) = 8 dB
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Figure 8: ❽✰❸✺❾ versus the ratio❸ ❹ ❻ ✮ ❼✆❇❉❈✍❊ of all the interferers❈
with various detection techniques: MMSE per carrier

(a), PIC–MMSE per carrier (b), MMSE per user (c),
SIC–MMSE per carrier (d);

✲ ✴ ✱✷✮ ✸ ✱➙✻❊✼
,
✮ ✯ ✱➙→❁↔

.

➺➑➇ Û ✑ ç ❰ ✠ Ñ ratio of the useful signal is equal to❃ dB and
all the interfering signals (

✡❋❅✞ ✠ ) are received with the
same power. For high Interference to Signal Ratio (ISR),
which corresponds to➺➑➇ Û ✑ ç ❰ ✡ Ñ❍● ➺❏■ Û ✑ò✸ ❰ ✠ Ñ ✞❄❃ dB,
the SIC–MMSE outperforms the other schemes. On
the other hand, for low ISR, which corresponds to➺➑➇ Û ✑ ç ❰ ✡ Ñ▲❑ ➺✺➇ Û ✑ ç ❰ ✠ Ñ ✞▼❃ dB, the performance of all
detection techniques are similar. Lastly, when the power of
the interferers is roughly equal to the power of the useful
signal (➺❏■ Û ✑ò✸ ❰ ✡ Ñ❖◆ ➺ ➇ Û ✑ ç ❰ ✠ Ñ ✞▼❃ dB), the performance
of linear MMSE per user is really close to the performance
of non linear PIC–MMSE per carrier and SIC–MMSE per
carrier.

8 CONCLUSION

The first set of results has confirmed the potential of
MMSE detection techniques in the synchronous case of a
multiuser MC–CDMA system operating in frequency se-
lective Rayleigh channel. For non full load systems, the
novel MMSE per user approach presented in this paper, of-
fers a gain of more than 2 dB for a➈Ú➺ ➶ equal to ✠✎✸ é➜➉
compared to a system applying the MMSE algorithm inde-
pendently on each subcarrier.

Multiuser detection techniques can be implemented to
improve the performance of MC–CDMA systems. How-
ever for downlink transmission, their application in a mo-
bile terminal with limited available resources is highly de-
pendent of the trade–off between performance and com-
plexity. In the second part of this paper, it was shown that
the SIC–MMSE is better than the PIC–MMSE when the
power of the interferers is higher than the power of the use-
ful reference signal. Furthermore, when the power of the
interferers is roughly equal to the power of the useful sig-
nal, the performance of the linear MMSE per user is really
close to the performance of the non–linear PIC and SIC
schemes.
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Finally, the MMSE per user approach offers good per-
formance for non full load systems with both linear detec-
tion and interference cancellation schemes. To overcome
the complexity of the matrix inversion, the alternative solu-
tion based on an iterative procedure can be implemented.
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