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Abstract: The Multi-Carrier Code Division Multiple Access (MC-CDMA) is becoming a
very attractive multiple access technique for high-rate data transmission in the future wireless
communication systems. The advantage of MC-CDMA systems that is work in frequency
domain. Recently, MC-CDMA with any equalization scheme has attracted much attention for
its ability to obtain an excellent performance even in strong frequency selective fading
channels. In this paper, the two proposed architecture of the downlink MC-CDMA is based on
the regularized zero forcing equalizer (RZF) with parallel interference cancellation (PIC)
RZF-PIC) and the rake receiver with parallel interference cancellation (PIC) (RAKE-PIC) to
suffer from the intersymbol interference (IS1) and multiple access interference (MAI). Two
schemes are implemented in frequency domain. The effects of the tentative decision
functions, the user loading on the performance of the proposed receivers architecture, and the
number of cancelled users are discussed in this paper. Simulation results show the advantage
of the RZF equalizer result over rake receiver and show that the combination of PIC and
equalization provides an efficient solution to suppress the MAI and ISl in downlink MC-
CDMA systems over frequency selective fading channels.
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Notations

The symbols (.)#, ()T, and (.)~! designate complex conjugate transposition, transposition of
a matrix, and the inverse of a matrix, respectively. Vectors and matrices are represented in
boldface. F~1 and F denote the inverse fast Fourier transform and the fast Fourier transform
operators, respectively.

1. Introduction

Multi-carrier code-division multiple-access (MC-CDMA) with advantages of simple channel
equalization and robustness against multipath distortion has recently received considerable
attention in wireless communication systems [1]. The multi-carrier CDMA, the combination
of the orthogonal frequency division multiplexing (OFDM) and CDMA systems, is one of the
attractive techniques for future wireless communication systems to provide high level of user
traffic along a high-quality service. It can be used to overcome the capacity limit of the
conventional DS-CDMA system. The benefits of MC-CDMA include high spectral
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efficiency, easy adaptation to severe channel conditions without complex detection, and
robustness against intersymbol interference (I1SI) and fading caused by multipath propagation
[3]. There are several variations of MC-CDMA, such as multicarrier direct-sequence CDMA
(MC-DS-CDMA) and multitone CDMA [3]. These signals can be easily transmitted and
received using the fast Fourier transform (FFT) without increasing the transmitter and
receiver complexities, and have the attractive feature of high spectral efficiency [2, 3].MAI,
ICI and the ISI will down the performance of the multi user communication system that
reduce the transmitted power required to meet the target signal-to noise ratio (SNR), and
enable more channels to be transmitted with a limited power.

Various receiver architectures have been proposed to combat the MAI, the ICI, and the ISI,
such that the RAKE receiver that is commonly used for the detection of transmitted symbols
in CDMA systems, and frequency domain equalization such that zero forcing, MMSE and
regularized zero forcing equalizer [4, 5]. Frequency domain equalization is reduce the
complexity when compared to the time domain equalizer and the rake receiver.

The insertion of the cyclic prefix is reducing the ISI. And the equalization can still not prevent
from the MAI. Hence, it is necessary to employ multiuser detection to improve the
performance. There are other block transmission schemes for MC-CDMA such as MC-
CDMA with known symbol padding and MC-CDMA with zero padding [6, 7, 8]. The joint
use of nonlinear FDE and MAI cancellation for the DS-CDMA uplink has been considered
[14]. In [15], PIC and FDE are used to enhance the performance of the downlink zero padding
CDMA systems. The Performance evaluation of cyclic prefix CDMA systems with frequency
domain interference cancellation is studied in [16].

In this paper the performance of the downlink CP-MC-CDMA is enhancement by eliminating
or mitigating MAI and ISI. A hybrid algorithm of detection comprising both linear
equalization and tentative decision functions with PIC in MC-CDMA is suggested and studied
in the paper. Two efficient interference cancellation architectures are proposed to be used in
this hybrid algorithm. Such that the RAKE-PIC and RZF-PIC algorithms. In these algorithms
the MAI is regenerated and subtracted from the received signal in the frequency domain
before equalization. The effective of the tentative decision (hard, tanh, null zone, unit clipper
and soft) functions on the two proposed receivers are studied in this paper and show the
advantage of any decision function to each other. The comparison between these algorithms
are studied in this paper to show the enhancement performance of the adding regularized
parameter to the zero forcing equalizer rather than the rake receiver and zero forcing
equalizer.

The paper is organized as follows. In Section 2, the system model for the downlink MC-
CDMA communication system is presented. In Section 3 the proposed two frequency domain
interference cancellation structure are presented. In section 4 the different decision functions
are presented. Computer simulations for several situations to demonstrate the performance of
the system and conclusions are given in Sections 5 and 6, respectively.

2. System Model

The downlink MC-CDMA block transmission with K active users over a frequency selective
fading channel is considered. The downlink transceiver structure of the proposed scheme is
presented in Fig. 1. An uncoded synchronous binary phase-shift keying (BPSK) MC-CDMA
system with K users, N chips per symbol, those symbols are spread using a certain spreading
code. After spreading, the resulting signal is scrambled using a complex scrambling sequence,
after that the inverse fast Fourier transform (IFFT) applied to the resulting signal and a cyclic
prefix of Ncp chips is added at the beginning of each block to prevent possible ISI in MC-
CDMA systems ) which contains a copy of the last part of the MC-CDMA symbol. The length
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of the cyclic prefix must be greater than the maximum excess delay of the channel to
accommodate for the interblock interference (IBI). The transmitted signal is then passed a
frequency selective multipath fading channel with additive white Gaussian noise (AWGN). At
the receiver, the cyclic prefix is removed and the received symbols are sent to an FFT block to
demultiplex the multicarrier signal.

The baseband channel response can, then, be expressed as follows [9,13]:

h(t) = YiZg hi8(t — 71), 1)

where h; and T represent the complex fading and the propagation delay of the Ith path, and L
is the number of multipath components of the channel impulse response h. In this paper, we
assume block fading, where the path gains stay constant over each block duration.
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Modulation Spreadin \
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v
Desired
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Despreading
(b) Rx. Mobile station
Fig. 1 Downlink MC-CDMA
The received block after removal of cyclic prefix can be formulated as:
r=Hcd+n, (2)

where d is an NM x 1 vector representing the block of the transmitted chip sequence, r is the
received vector, n is the additive noise, and Hc is an NM x NM circulant matrix describing
the multipath channel. Hc can be written as follows:
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The vector d can be represented as:
d = FlCSb, (4)

where F~1 is an NM x NM Inverse Fast Fourier transform, C is an NM x NM scrambling
code matrix, S is an NM x KM block diagonal matrix whose diagonals contain the spreading
vectors, and b is a KM x 1 vector consisting of the users’ data. The structures of the
individual components in Eq. (4) are given bellow [12]:

S =diagls.,Ss, ...,S)], (5)
S = [s4,52, ., Skl (6)
sk = [sx(0),sx(1), ..., sx(N — D], (7)
b = [bT(1),bT(2),...,bT(M)], 8)
C = diag[c(1), ¢(2), ..., c((NM)], 9)
b(m) = [A;by(m), A;by(m), ..., Axbg(m)]", (10)

where sk is the spreading code of the kth user. Equation (2) can be written in terms of the
MAI as follows:

r=HcF'CSgesbges + HeF'CUbjy +n = Hedges  +Hedige+ 1, (11)
Useful diversity MAI Noise

where bges IS an M x1 vector consisting of the desired user’s bits, biy is a (K —1)M x1 vector
consisting of the interfering users’ bits, Sges IS an NM x M matrix consisting of the spreading
code of the desired user, and U is an NM x (K — 1)M matrix consisting of the spreading codes
of the interfering users.

From Eq. (11), it is found that only the first term contains the desired data, the second term is
due to the MAI, and the third term is a noise term.

3. Interference Cancellation for Downlink MC-CDMA

3.1. RAKE Receiver with PIC
This scheme uses the RAKE receiver and PIC to estimate, regenerate, and cancel all the
interfering users. Then, the RAKE receiver is used to provide the enhanced desired user’s
data. This scheme is called (RAKE-PIC). It is shown in Fig. 2. The steps of the RAKE-PIC
algorithm can be summarized as follows:
o After the received signal transferred from the base station the cyclic prefix is removed
from the received signal.
e After removing the cyclic prefix, the FFT is applied to the received signal, With the
aid of Eq. (11), we get:

Ry = EDges + EDjye + N (12)

where E is an equalization diagonal matrix and Dges, Dint and N are the Fourier
transforms of dges, dint,and n, respectively.
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Rx

The resulting signal after the FFT is first sent to the frequency domain channel
estimator which estimates the channel coefficients.

The estimate of the channel coefficients is used at stage one to estimate the symbols of
the interfering users with RAKE receiver. The estimates of the symbols obtained here
are the first decision made, and we refer to this as a tentative decision. This step can be
written as follows:

i)int = fdec {UTCH EHRT }1 (13)

Rake Receiver

where fgec(.) IS the tentative decision function (tanh decision function is considered).
The estimates of the interfering users’ symbols are used with the channel estimate to
regenerate the interfering users’ signals (MAI) as follows:

Ryar = EF~1(CUb;p), (14)

The MALI is then subtracted from received signal R to get the frequency domain
interference free signal as follows:

Y =R — Rpmay, (15)

A better estimate of the symbols of interest can be obtained by applying the RAKE
detection on the interference free signal Yas follows:

baes = faecl (SqesCHERY]}, (16)

where f4..(.) is a hard decision function.
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Fig. 2 Structure of the RAKE-PIC for downlink MC-CDMA systems.
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The main advantage of this receiver lies in its low complexity as compared to the other
suggested schemes. However, the performance of this receiver deteriorates as the number of
users increases. This can be explained by the fact that, for heavy loads, the RAKE receiver
sees too much interference which makes its decisions about interfering users unreliable.

3.2 Equalization RZF with PIC
This section presents the second suggested scheme which is used to improve the performance
of the previous scheme for the downlink MC-CDMA system. The suggested scheme uses an
RAKE receiver to estimate the interfering bits. Then, PIC is used to regenerate, and cancel all
interfering users’ data. After that, RZF equalizer is used to provide a better estimate of the
desired user’s data. The suggested algorithm is called RZF-PIC (see Fig. 3). The steps of the
RZF-PIC algorithm can be summarized as follows:

e After the received signal transferred from the base station the cyclic prefix is removed
from the received signal.

e The FFT is applied to this received signal that provided as in Eq. (12).

e After that the channel coefficients are estimated from the resulting signal.

e The symbols of the interfering users are estimated by the RAKE receiver as in
Eqg. (13).

e The MAI is generated as in Eq. (14).

e The MAI is subtracted from Ry to get frequency domain interference free signal as in
Eq. (15).

e Finally, a better estimate of the symbols of interest can be obtained after RZF
equalization, descrambling, and despreading as follows:

Desired
user's data

t

Hard Decision

t

Descrambling
Channel ™ Qrze [ and

___________________________________________

RZF Equalizer

Rx

LI'—'_stimation = Despreading

Remove |! N\ _ . H : Descrambling
= FFT E" ——
CP ¥ \ L/ - { and

e Despreading  |—

Interference “1 Tentative [¢
Regeneration | decision

A

Fig. 3. Structure of the RZF-PIC for Downlink MC-CDMA systems.
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Bdes = fdec{CSesCHWRZFY} (17)
The RZF equalization operator is given by:

H

Wezr = E"E+al) E” =Q,,,E (18)

It is the regularized zero forcing equalization operator in the downlink MC-CDMA.

The RZF equalizer avoids the noise enhancement caused by the zero forcing equalizer by
adding the regularization term a. The main advantage of this algorithm is that the statistics of
the transmitted data and the additive noise are not required. Its performance is also better than
that of the RAKE-PIC algorithm. However, it is more complex than the RAKE-PIC
algorithm.

4. Decision Functions

The performance of PIC depends on the tentative decision function used. So, due to error
propagation, PIC with a hard decision function may perform worse than PIC with linear or
soft decision functions [9]. Hard-decision interference cancellation can completely cancel
interference only when the hard decisions made are correct which not the case in all decisions
Is. The most popular decision functions are:

4.1 The Hard Decision Function

y=fae®={_7 520 (19)

It makes a hard decision in the favor of one of the two possible symbols.

4.2 The Null Zone Decision Function

1, x>C,,
Yy = fdec(x) = 0, X € [_Cn ) Cn]l (20)
-1, x< —C,.

It makes a hard decision when the soft bit estimate lies outside the interval [-C,, C,], and sets
the decision result to zero when the soft bit estimate lies inside this interval. C, is the null
zone decision threshold (0 < C, < 1) [9, 10].

4.3 The Linear Decision Function

Y = fdec(x) = x. (21)
It performs worse than the other decision functions.

4.4 The Unit Clipper Decision Function

1, x>1,
Y="faecx) =9 x x€[-1,1], (22)
-1 x < —1.

It makes a soft bit decision when the soft bit estimate lies inside the interval [-1,1] to avoid
the propagation of errors, and makes a hard decision when the soft bit estimate lies outside the
interval [-1,1] to avoid the noise enhancement [11].
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4.5 The Tanh Decision Function

Y = fdec(x) = tanh(x). (23)

It is adopted as the optimum decision function for nonfrequency selective fading channels
with the MAI modeled as AWGN in the systems having a large number of users.

5. Simulation Results

This section shows the several simulation experiments to test the performance of the proposed
algorithms and compare them to each other. The simulation environment is based on the
downlink synchronous MC-CDMA system in which each user transmits BPSK information
symbols. The propagation channel is assumed to be a frequency selective fading channel with
L = 3 paths and a uniform delay profile. More details of the simulation parameters are given
in Table 1. All users are assigned the same power.

The BER versus the threshold of the null zone decision function (c,) at different SNR values
and different number of users for the RZF-PIC algorithm is illustrated in Fig. 4. The best
choice threshold point is at C, optimal=0.2. Fig. 4 shows that C, optimal is nonsensitive to
SNR-changes and to system-load changes.

o SF=32 Full Loded

10
SNR = (5, 10, 15, 20)
10" @— & —e—
o- = e
‘ —— ©
o 2T A4 4? | o é
W 10 —o—
C:—Pr’gN |
10° v
The best —©— NULL ZONE DECISION |1
10" ; * *
0 0.2 0.4 0.6 0.8 1
THRESHOLD

Fig. 4. BER vs. Threshold Parameter (a) at different SNRs K = 32 (full load).

Table 1 Simulation Parameters

Modulation BPSK
Transmitter Spreading Codes Walsh-Hadamard codes with spreading factor 32
FFT points P=256
Cyclic Prefix Ncp =32
Fading Frequency selective with L=3
Channel Noise Environment | AWGN
Equalization RAKE (MRC),
Receiver and RZF equalizer
Channel estimation | Ideal
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The relation between the regularization parameter (o) and the BER for the RZF-PIC algorithm
in the downlink MC-CDMA systems at different SNR values and different load of users is
illustrated in Fig. 5. The best choice of a is found at a = 0.01, and .Thus, the best choice of a
is applicable for the rest of experiments.

o Full Load, Cn=0..2

| —©— NULL ZONE DECISION Eﬁ
SNR=(5, 10, 15-20)
10"8= : o
- ——
‘ T — ) "
o |
w 10 - —
o0 —
10° ) 4
10_4=-3 T
10 10 10 10
ALFA
€Y (b)

Fig. 5. BER vs. Regularization Parameter (a) at different SNRs. K =32 (full load).

Figure 6 shows the effect of the tentative decision function on the performance of the RAKE-
PIC algorithm for K = 32 (full load). From Fig. 6 the best performance of the RAKE-PIC
algorithm can be obtained with the tanh, unit clipper and soft decision functions. On the other
hand, the effect of the tentative decision function on the performance of the RZF-PIC
algorithm for K = 32 (full load) is studied and shown in Fig. 7. It is found that the best
performance of the RZF-PIC algorithm can be obtained with the hard and null zone decision
functions outperform the performance obtained with all other decision functions.

SF=32, full loaded, alfa=0.01

10 =
10_1'\-;
o \
foa)
L 10”7,
S | =—B— hard decision
z | =—HB— Null zone decision
10° = ==-#==unit clipper decision
:| ==¥€=-- soft decision
-| —B— tanh decision
10'4 £ F F r r r
(0] 5 10 15 20 25
SNR (dB)

Fig. 6 Performance of different schemes with different decision
functions of RAKE-PIC. for K = 32 (full load).
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SF=32, full Load, alfa=0.01
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10"
o _—
w : 3
i g2 O RZF S
& < —HB— Null zone decision ;
(0] ™ . . .. ~ [
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10° | —P— hard decision \\‘ X
% -=%--'soft decision D
-| —H&— tanh decision
10" : ; ; :
0 5 10 15 20 25

SNR (dB)

Fig. 7 Performance of different schemes with different decision
functions of RZF-PIC, for K=32 (load load)

The comparisons between the three different proposed algorithms for half load and full load
of users are introduced in fig.8 respectively. From the obtained results, it is clear that for low
SNR values until 15 dB, the three proposed algorithms have the same performance. At high
SNR values, the RZF-PIC algorithm gives the best performance. From fig. 8 the performance
of the RAKE-PIC and RZF schemes are the same for the half and full load of users, on the

other hand for the half load of users the performance of the RZF-PIC scheme is better than the
performance for the full load of users.

SF=16, half loaded, alfa=0.01 o SF=32, Full Load, alfa=0.01
10 3 10
—H— RAKE-PIC —B— RAKE-PIC
— ©— RZF E: —6— RZF
BN | —B— RzZF-PIC 10_:L — . B— RZF-PIC |3
o i ‘E; ; . i
u 107  —— 5 ‘
N~ m
87 ) -2
g \ 2 10 S S
g 10 X 5 NN
< N\ S -\\ N
AN < 3 \ 5]
10" 10 N
\I.]
0 5 10 15 20 25 10"
SNR (dB) 0 5 10 15 20 25
SNR (dB)
@ (b)

Fig. 8. BER vs. SNR for different reception schemes. (a) K = 16 (half load). (b) K = 32

Figure 9 study and present the effects of user loads on the performance of the tentative
decisions of the RZF-PIC algorithm. This figure shows that the performance of the null zone
and hard decisions are better than the other decision functions in RZF-PIC algorithm. The
BER of all receivers degrades as the number of users increases.
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SF=32, Cyclic Prefix alfa=0.01
10 E

¢ —e— RZF
10 ; —B— Null zone decision
I ==-=-=-unit clipper decision
5 10_2 : —P— hard decision SNR=20
‘£ £ ==& == soft decision
g = | =—HBF— tanh decision
L 10 ; scccooeife===——
<C
10
10_5 - § § ; ; -
5 10 15 20 25 30

No. of Users

Fig. 9 BER vs. the number of active users for the different tentative
decisions for FDE-RZF-PIC algorithm. SNR = 20 dB.

The effects of user loads on the performance of the suggested algorithms are studied and
presented in Fig. 10. The BER of all receivers degrades as the number of users increases. This
observation may be due to the MAI. The larger of the MAI is occurred during the increasing
of the number of users. Even some residual MAI still exists, after interference cancellation.
Therefore, the performance loss may be attributed to the residual MAI. From these results in
Fig. 10, the performance of the RZF-PIC algorithm degrades a little bit by increasing the
number of users, but it is still better than the RAKE-PIC and RZF algorithms.

SF=32, Cyclic Prefix alfa=0.01

10 ‘
T —B— RAKE-PIC
10-1; —O— RZF
i —P— RZF-PIC
o -2
w 19
[<B)
&
T 107 ‘
T =
107
5 10 15 20 25 30

No. of Users

Fig. 10 BER vs. the number of active users for the different
reception schemes. SNR = 20 dB.
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6. Conclusions

In this paper, two interference cancellation algorithms have been suggested and studied to
down and suppress the interference for downlink MC-CDMA systems. The effects of the
tentative decision functions used and the numbers of users on the performance of these
algorithms are studied. RZF-PIC gives large performance than RZF and RAKE-PIC. It is
found that, the RZF-PIC with hard decision and null zone decision provide better performance
than other algorithms at low and heavy loads. This indicates that a reliable communication is
possible with the proposed algorithms.
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