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In this paper, we present a novel method for joint suppression of multiple-access interference (MAI) and nonlinear distortion
introduced by high power amplifiers (HPA) in multicarrier code division multiple access (MC-CDMA) transmission system
performing over frequency selective channel. The proposed method combines a proper selection of the spreading code at the
transmitter side and application of the advanced microstatistic multi-user detector (MSF-MUD) at the receiver side. This scheme
exploits relatively low peak-to-average power ratio (PAPR) and orthogonality of Golay codes in conjunction with MSF-MUD ability
of effective suppression of MAI and nonlinear distortion. In order to have a good reference for the performance results of

the proposed scheme, conventional minimum mean square error multi-user detector (MMSE-MUD) is introduced as well.

As it will be shown by means of computer simulations, MSF-MUD with Golay codes employed for spreading can clearly outperform
the other tested spreading codes and MMSE-MUD. The performance improvement is more remarkable, if Saleh model of HPA

is employed.
1. Introduction

Future wireless communication systems must be able
to accommodate a large number of users and simulta-
neously to provide the high data rates at the required
quality of service. MC-CDMA is taking the advantage of
two advanced technological concepts of wireless com-
munications such as orthogonal frequency division mul-
tiplex (OFDM) and the code division multiple access
(CDMA), what results especially in high spectral effici-
ency, the multiple access capability, robustness in the
case of frequency selective channels, simple one-tap
equalization, narrow-band interference rejection and
high flexibility of the MC-CDMA. The outlined potential
properties of the MC-CDMA represent the fundamental
reasons, why MC-CDMA has been receiving a great at-
tention over the last decade (e.g. [1,2]) and has been con-
sidering to be a promising candidate for the future ad-
vanced wireless communication systems.

One of the major requirements posed to the MC-CDMA
is to reach the required date rate at the acceptable bit
error rate (BER) and acceptable complexity for the de-
fined number of the active users. It has been shown e.g.
in [3-5], that in the case of MC-CDMA systems, the BER
at the constant number of the active users is affected
especially by nonlinear effects due to the HPA of the MC-
CDMA transmitter, MAI resulting from cross-correlation
properties of the spreading codes assigned to the par-
ticular users and by transmission channel complexity.

The analyses of the MC-CDMA signals have shown
that due to their multi-carrier nature, the transmitted MC-
CDMA signal is characterized by large envelope fluctu-
ation [6]. This property of MC-CDMA signals forces the
MC-CDMA transmitter HPA to operate with large input
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back-off (IBO) in order to keep the required BER and the
out-of-band radiation below imposed limits. However, the
large IBO will result in inefficient exploiting of HPA and
consequently decreasing the coverage of the area of
interest by acceptable MC-CDMA signals. As a conse-
quence of this fact, it is crucial to minimize the impact
of the nonlinear amplification on the transmission sys-
tem performance at low IBO.

There are several metrics applied for signal envelope
fluctuation quantifying [7]. Here, PAPR has been wide-
ly accepted for that purpose. The analyses of the PAPR
of the transmitted MC-CDMA signals presented in [3,4]
have shown that PAPR can be reduced by proper selec-
tion of the spreading codes. The alternative solutions of
MC-CDMA performance improvement can be achieved
by the application of additional methods of PAPR reduc-
tion (e.g. [8,9]) and by the compensation methods of the
nonlinear distortion due to the nonlinear HPA. The non-
linear distortion compensation methods can be imple-
mented at the transmitter or receiver side of MC-CDMA
transmission system. Frequently used solutions at the
transmitter side include pre-distortion [10], tone reser-
vation [11], active constellation extension, selected map-
ping [9], different code allocation strategies [12], etc. The
strategies applied at the receiver side usually combine
iterative decoding [13] and nonlinear multi-user detec-
tion [14,15].

Because of the CDMA exploited in the MC-CDMA struc-
ture, the BER reached by the particular users is strongly
dependent on MAI. The level of MAI is primarily deter-
mined by the spreading codes assigned to the particu-
lar users and the transmission channel properties [6].
As the spreading codes for MC-CDMA, Walsh codes,
Gold and orthogonal Gold codes, polyphase Zadoff-Chu
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codes as well as complementary Golay codes are most-
ly employed (e.g. [3-5]). In the case of wireless MC-CDMA
systems, the transmitted signals are firstly nonlinearly
distorted and subsequently they are affected by a fad-
ing channel. This effects can result in spreading code
orthogonality loss and consequently, MAI increasing.
Then, the level of the MAI can be reduced by the appli-
cation of multi-user receivers [14,16].

As it follows from this short overview of the MC-CDMA
performance degradation sources (PAPR, MAI, nonlin-
ear distortion due to HPA), there are a number of app-
roaches how to improve MC-CDMA performance (spread-
ing code selection, PAPR reduction methods, multi-user
receiver and nonlinear distortion compensation meth-
ods). Here, the application of the nonlinear multi-user re-
ceiver and simultaneously the properly selected set of
spreading code application are considered as the very
perspective solution.

In this paper, we will deal with the performance ana-
lyses of MC-CDMA transmission system employing the
nonlinear MSF-MUD and the different spreading codes.
Originally, the MSF-MUD has been proposed in [14] as
the multi-user receiver able to compensate the nonlin-
ear distortion due to the HPA of transmitter. The perfor-
mance properties of the MSF-MUD with regard to the
different spreading codes for AWGN channel scenario
have been discussed in [17]. This contribution is the ex-
tension of our previous study introduced in [17] to the
analysis of MSF-MUD performance properties for the
frequency-selective fading channel if Walsh codes, Gold
and orthogonal Gold codes, polyphase Zadoff-Chu codes
and complementary Golay codes are used as spread-
ing sequences. As the nonlinear HPA model, Saleh and

Rapp models have been taken into account. In order to
illustrate the MSF-MUD performance, MMSE-MUD will
be also applied as the MC-CDMA receivers. Because in
[14,17], the design procedure of the MSF-MUD has been
outlined only, the deeper description of the design pro-
cedure of the optimum MSF-MUD is included in this pa-
per. The aim of our study is to find by means of compu-
ter simulations the pair of a receiver and a set of the
spreading codes able to provide the best BER perfor-
mance under the mentioned conditions. The simulation
results show that the maximum improvement of the MC-
CDMA performance compared to other system configu-
rations (i.e. to all combination of MMSE-MUD with the
different spreading codes) is achieved by MSF-MUD if
the Golay codes are used as the spreading sequence.
It will be also shown that this result is true especially
for the scenario with strongly nonlinearly distorted MC-
CDMA signals (i.e. for low values of IBO parameter).

The structure of our contribution is as follows. In the
next section, the transmitter and channel model are brief-
ly discussed. The MSF-MUD description and its design
procedure are given in Section 3. The core of the paper
is Section 4, where the computer simulations and obtain-
ed results are presented. Finally, some conclusions from
the presented work are drawn in Section 5.

2. Transmitter and channel model

The block diagram of the simplified baseband model of
MC-CDMA transmitter is depicted in Fig. 1. It can be seen
from this figure that the information bits to be transmit-
ted by a particular user are firstly fed to the block of non-

Figure 1. Block diagram of MC-CDMA communication system
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recursive, non-systematic convolution encoder followed
by the block of interleaving labeled by & in the present-
ed scheme. Then, a baseband modulator transforms the
encoded binary input to a multilevel sequence of com-
plex numbers in M-QAM modulation formats.

The data obtained in such a way are spread by us-
ing a specific spreading sequence c,,, where ¢, denotes
the spreading sequence of the m-th user. As the spread-
ing sequences, Walsh codes, Gold codes, orthogonal
Gold codes, complementary Golay codes and polyphase
Zadoff-Chu codes are considered [3]. The PAPR upper
bound of the mentioned spreading codes is summariz-
ed in Table 1[3]. As it can be observed from this table,
the PAPR bound of Golay codes and Zadoff-Chu codes
is independent of the spreading code length L. If we
assume that the subcarrier number N, is a multiple of
L, then PAPR of the Walsh codes is upper-bounded by
2N, [3].

Spreading Codes PAPR (upper bound)
Walsh codes <2N,
Gold codes, ( m) )
orthogonal Gold codes <2[t(m)-1- 7 L
Golay codes <4
Zadoff-Chu codes 2

Table 1.
PAPR bounds for MC-CDMA uplink signal

The spread symbols are modulated by the multi-car-
rier modulation implemented by the inverse fast Fourier
transformation operation (IFFT). After parallel-to-serial
(P/S) conversion, the cyclic prefix (CP) is inserted in or-
der to mitigate the inter-symbol interference (ISI) caus-
ed by the frequency-selective fading channel. Finally,
this resulting signal represents the HPA input signal.

Because of the high fluctuations of the envelope of
the HPA input signal, the real HPA have to be modeled
as nonlinear amplifiers. Following this idea and taking
into account the recommendations concerning HPA mod-
eling for OFDM communication systems presented in
[18], Saleh and Rapp model of the HPA are assumed in
our contribution [19,20]. It is well-known (e.g. [18]), that
HPA for OFDM and MC-CDMA transmission systems can
be modeled with advantage by the amplitude-to-ampli-
tude (AM/AM) and the amplitude-to-phase (AM/PM) char-
acteristics denoted as G, and @, , respectively.

Now, let us assume that the HPA input signal is gi-

ven by : N — ot
x(t) = u (t)e /) (1)
Then, the HPA output can be expressed by using

and as
Y0 =G, [u,(0]e”’ Puy 90 (2)

In the case of Saleh model, AM/AM and AM/PM
characteristics are given by [18,19]
2
_ KGux CD K(Dux

= -—o @
“ l+;{Gu)2( “ l+;(q)u)2(
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In our considerations, the values of the Saleh mo-
del parameters of HPA have been set as follows: kg = 2,
X6 = Xo=1and K4 = /3 what corresponds to the so-
called Saleh model with simplified parameters [18]. On
the other hand, Rapp model of HPA is described by the
characteristics [20]

G = KGUy @

- 14 (1104 ]

Based on the recommendations of [18], the values
of the Rapp model parameters such as kg =2, s=3 and
O,,:=1 are employed in our contribution.

The channel model considered in this paper is com-
monly uses the finite-length tapped delay line model of
a frequency-selective multipath channel. In our simu-
lations, we will consider the 6-tap multipath channel
model where each tap is Rayleigh distributed. The cas-
cade combination of the nonlinear HPA and the frequen-
cy-selective multipath channel can be considered to be
the nonlinear fading channel.

3. Receiver structure

In this section, the receiver part of the MC-CDMA trans-
mission system with multiuser detection is discussed.
The block diagram of the baseband model of MC-CDMA
receiver is given in Fig. 1. The receiver consists of the
serial-to-parallel converter (S/P), blocks of the fast Fou-
rier transformation (FFT), channel equalization (EQ) us-
ing zero forcing method, CP removal, bank of matched fil-
ters (BMF), block of linear or non-linear transformation
(labeled as T), M-QAM demapper block and finally blocks
of de-interleaving and convolution decoding. A more de-
tailed description of the basic blocks of MC-CDMA re-
ceiver (FFT, EQ, CP removal and M-QAM demapper) can
be found e.g. in [6].

The simplest receiver of MC-CDMA transmission sys-
tem referred to as the single-user receiver can be ob-
tained if the T-transformation block is represented by
multiplication by a unit matrix. This kind of the receiver
can provide acceptable BER if orthogonal spreading
codes are used under the condition of linear HPA appli-
cation and for AWGN channel scenario. If the transmissi-
on channel has to be modeled as a nonlinear fading chan-
nel, the single-user receiver cannot provide good per-
formance. Because of the aforementioned properties of
the transmission channel, the spreading code orthogo-
nality is destroyed and consequently, MAI is increased.
In order to avoid this performance degradation without
requiring large back-offs in the transmitter amplifier, it
becomes necessary to use multi-user detection tech-
niques at the receiver side [6].

Conventional multi-user detectors such as MMSE-MUD
e.g. are designed for linear environments and, as a re-
sult, might not exhibit enough performance improvement
if the nonlinear models of HPA have to be taken into ac-
count.
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It follows from the aforementioned facts that the MC-
CDMA performance expressed by BER strongly depends
on the spreading sequences, HPA model and the app-
lied receiver. The spreading sequences selection de-
pends on the PAPR of MC-CDMA signals as well as on
the level of MAI due to cross-correlation properties of
the particular spreading sequences. Because of the non-
linear distortion due to HPA and MAI inherency, it is ex-
pected that the application of nonlinear and multi-user
receiver will overcome the linear receiver. Following this
idea, a new nonlinear multi-user detector based on mic-
rostatistic filtering referred to as MSF-MUD has been in-
troduced in [14]. The MSF-MUD uses piecewise linear fil-
tering in conjunction with the threshold decomposition
of the input signal, which introduces a nonlinear effect,
to improve performance when a nonlinearity at the trans-
mitter is present.

MMSE-MUD and MSF-MUD can be described by the
same block scheme given in Fig.1. In the case of MMSE-
MUD, the T-transformation block is represented by the
multi-channel linear Wiener filter. The details concern-
ing optimum MMSE-MUD design can be found e.g. in [6,
16]. On the other hand, in the case of MSF-MUD, the comp-
lex-valued multi-channel conventional microstatistic fil-
ter (C-M-CMF) is used as the T-transformation block. A
simple outline of the optimum C-M-CMF design can be
found e.g. in [14,17]. In the next section, we will present
the design procedure of the optimum C-M-CMF for MSF-
MUD in detail, originally presented in [21].

y(1,L) h*(1,0)
1L 1> > ¢ .
y(1) ittia '] > Sy
—>| 1D . .| WF —>®—>
y(L1)
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Figure 2.

Complex-valued multi-channel conventional
microstatistic filter

3.1 Optimum C-M-CMF design procedure

A block scheme of the C-M-CMF is given in Fig. 2.
Here, M, y)(n) and d®(n) are the number of the input and
output channels, the i-th input complex signal and the
k-th output complex signal of the C-M-CMF, respective-
ly. It can be seen from this figure that the C-M-CMF con-
sists of Mcomplex decomposers (TD) and the set of M
complex multi-channel Wiener filter (C-M-WF).

Because the input signals to the TD are complex, a
simple real-valued threshold decomposer (R-TD) applied
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in the M-CMF [22] cannot be used for their decomposi-
tion directly. In order to develop a suitable TD let us as-
sume, that the complex signal y{)(n) is expressed in the

form 3O () = Y (n)ej¢(i,n) (5)
where Y () () = ‘ y(i) (n) ‘ (6)

q .
N g(in)=arg [y(’) (n)] (7)

Generally, the performance of the j-th TD (TD;) of C-
M-CMF can be described as

pOLOWI=[» @) .. ¥ m] @

In this expression, DY[.] represents the complex thres-
hold decomposition of the signal y)(n) due to TDi into a
set of the L signals y")(n) and the superscript Tsignifies
transposition.

The intention of the piecewise linear filter applica-
tions is e. g. to model a nonlinear system, where the non-
linearity is related especially to the magnitude of signals
to be processed (e. g. AM/AM characteristic for the Saleh
and Rapp models). On the other hand, the signal argu-
ments ¢(i,n) are usually uniformly distributed (e. g. in the
case of the Rayleigh fading channel). Therefore, a de-
composition of the argument of y{)(n) does not result in
any clear benefit. With regard to these considerations,
the following decomposition of the complex signals can
be used:

D00 = DO YO o) = DY O iyl M) =

(YO . Y] ) - )
i) ¢ i r
=[P YD)
where

YD () = YD) () 900) (10)

In (9), DY[.] represents the real-valued threshold
decomposition of the positive real-valued signal Y¥)(n)
due to R- TD; into a set of the L signals given by

y(i.7) (n) = D;ei’-j)[Y(i)(n)] -

0 for YD) < I‘S.I_)l ")
YOw-112 for 12 <y m <1
-1 for 1)<y

for 1=j<L. The parameters /{” constituting the vector
1= [ll(’) /é’) /}")JT are the positive real-valued cons-
tants known as threshold levels of TD,. The threshold
levels are confined as O<ll(i) <... <l§"') =o0. The output

signals of all TD are fed into the k-th M-WF (M-WF).
Then, the k-th output of the C-M-CMF (d(k)(n)) is given by
the following expressions:

e M Ag
D) = Iy o) (m)+ > (n)

i=1

(12)
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. Lo
dmy =3 d" (n)

=
6;,/((:‘,}') (n) = HECI',J)H ) (n)

(13)
(14)

. 7
(i.))
woy Pty o M J

KN (15)

Y(l’l) (}’l) _ |:y(l,j) (}’l) y(l,]) (7’1_ N):|T (16)

where the asterisk denotes complex conjugation, the
superscript Hdenotes Hermitian transposition, the se-
quence h(ﬁj;/,}* represents the part of impulse response of
the M-WF, fed by signal y(-)(n). The constant term hf o,
is applied in the C-M-CMF structure in order to obtain an
unbiased C-M-CMF output. Now, let us define the block
vector HY containing the vectors H{) and the block vec-
tor Y()(n) containing the vectors Y((n) as follows

() _ [ DT a.nr
nY = a0 ar |

YO () =[ Y () . DT (]

Then, by using (17) and (18), the expression (13) can
be obtained in this form

d" ()= HPH YO ()
Finally, let us define the vector H, and the vector

'(”) as follows
M)T r

H/C:|:h(k,0) HECI)T
o AT
Y =[1 YO (n) YT () |

Then, by using (20), (21) and (12), the k-th output of the
M-CMF d(n) is given by

d® () =" Y(n)

In this expression, Hf represents the impulse re-
sponse of M-WF,. It can be seen from (22) that the C-M-
CMF responses are given by a linear combination of vec-
tor elements obtained by the decomposition of the in-
put signals of the filter. With regard to that fact, the C-M-
CMF responses are still linear functions with respect to
the C-M-CMF coefficients.

Let us assume that y)(n) (the input signals of C-M-
CMF) and d*)(n) (the desired signals) are stationary ran-
dom processes. Because the C-M-CMF is a minimum
mean square estimator, the set of parameters of the
optimum time-invariant M-CMF given by

L=[10r . opeor ]

and Hy is obtained as the solution that minimizes the
cost functions

MSE(H,, L) = E[ ¢® (m)e™ (n) ] = E[\e(’”(n)\z] (23)
where

e®(n)y=d® (n)- c;'(k)(n) =d" (n)-H!Y(n)

(17)

(18)

(19)

(20)

(21)

(22)

(24)

In these expressions, E[.] denotes the expectation
operator and (23) is the cost function referred to as the
mean-square error of d*)(n) estimation.
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In order to minimize MSE(H,,L), it is necessary to
first estimate of the TD; parameters (L vector). General-
ly, for the L vector estimation, the scanning method, the
genetic algorithm based method and the method of the
cumulative distribution function can be applied [21]. The
application of these method will lead onwards to an ite-
rative procedure of the optimum C-M-CMF design [21].
On the other hand, it has been shown in [23] that if the
C-M-CMF is used as the part of MSF-MUD applied for the
M-QAM symbol detection, suboptimum parameters of
C-M-CMF can be determined by a very efficient non-iter-
ative method based on an analysis of the M-QAM sym-
bol constellation diagram. It is well-known that the M-
QAM symbols in the signal constellation are localized
on a set of the circles with the center in the origin of the
coordinate system. Then, the L vector can be estimat-
ed based on the estimation of the radiuses of the circles
where the M-QAM symbols obtained at the output of BMF
receiver are located. Because the mentioned radiuses
can be estimated efficiently by using of the histogram
of the modules of the complex M-QAM symbols detect-
ed by the BMF, the method under consideration is refer-
red to as the histogram method. It has been shown in
[23], that the histogram method can provide a robust
estimation of the suboptimum parameters of the TDi pro-
viding very good performance of MSF-MUD.

If a suitable estimation of L is available, the optimum
coefficients of the M-WFs can be computed as follows

H” =R"'P, (25)

where
R=E[Y)Y" ()] (26)
P =E[d"(n)Y(n)] (27)

In these expressions, R and P, are the correlation
matrix of vector sequence Y(n) and the cross-correlation
vector of the desired signal d)(n) and vector sequence
Y(n), respectively. R and P, can be estimated by using
a training sequence. Under the condition that HZP!, R and
P, are computed according to (26) and (27), the mean-
square error corresponding to optimum C-M-CMF is gi-
ven by

MSEH}”,L) =

= crj —pA H,f”’ — Hjj"’” P+ HZP’” RH} = (28)
— Gj _ P[[ Hzpl — Gj _ PH RflPk
where
oy =E[d® (md™" (n) ] (29)

By the evaluation of the vectors L and Hget, the de-
sign procedure of the optimum or suboptimum C-M-CMF
and coincidentally MSF-MUD is got done.

4. Simulation results

In this section, we report on the simulation experiments
that were carried out to study the effectiveness of the
several variations of the described MC-CDMA transmis-
sion system performing through nonlinear fading chan-
nel. In our simulations, we consider the synchronous
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uplink transmission (i.e. the transmission from the mo-
bile terminal to the base station) for MC-CDMA systems
employing N,=128 subcarriers at the oversampling rate
of 4, 16-QAM base-band modulation and 25% user load.
For the sake of brevity, the perfect channel state infor-
mation has been assumed at the receiver. For the chan-
nel equalization, zero forcing method has been applied.
The convolution encoder with the coding rate R=1/3
followed by the interleaver with the block size of 32 has
been used in order to improve the system performance.

The summary of the simulation parameters is listed
in Table 2.

Parameter Description
Modulation type 16-QAM
Cyclic prefix length 32 samples
Total number of sub-carriers | 128
Oversampling rate 4
User load 25%
Interleaver block size 256

Channel model 6-tap multipath model,
each tap Rayleigh distributed
Perfect

Perfect

Channel estimation

Channel estimation

Equalization Zero forcing
Channel coding Convolutional code with rate 1/3
Spreading codes Walsh codes, Gold codes,
orthogonal Gold codes
with the period of L =32 chips;
Complementary Golay codes,
polyphase Zadoff-Chu codes
with the period of L = 31 chips
HPA Saleh model, Rapp model
Receivers MMSE-MUD, MSF-MUD

MATLAB

Table 2. Simulation parameters

Simulation software

In order to model the nonlinear HPA, Saleh and Rapp
model of the HPA have been assumed. The particular
parameters of the models have been listed in Section 2.
The operating point of HPA has been given by the IBO
parameter defined as /IBO,5=101001¢ (Pmax /Px), Where
Pmax and P, are the saturated power P, and average
input power P, [14]. It is well known that the lower IBO
is set, the higher nonlinear distortion due to HPA non-
linearity reveals. In our simulations, IBO has been set to
3 dB and 0 dB for Saleh model and 0 dB for Rapp model.

The channel model considered in our simulation has
been represented by finite-length tapped delay line mo-
del of a frequency-selective multipath channel. Here,
we used 6-tap multipath model where each tap is Ray-
leigh distributed. The intention of contribution is to study
MSF-MUD performance properties if it is applied to a
MC-CDMA system performing through frequency-selec-
tive fading channel and simultaneously, if Walsh codes,
Gold and orthogonal Gold codes, polyphase Zadoff-Chu
codes and complementary Golay codes are used as the
spreading sequences.
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In order to decrease the receiver complexity, very
simple C-M-CMF with two-level TDi (L=2) has been ex-
ploited in the MSF-MUD structure. For the C-M-CMF de-
sign, the procedure described in the Section 3 has been
applied. The matrix Rand P, have been estimated by us-
ing the training sequence consisting of 500 uniformly
distributed of 16-QAM symbols. The training sequence
has been transmitted before the information data trans-
mission. For all TD of C-M-CMF, the same value of the
threshold level /,() has been applied. By using the his-
togram method mentioned in the Section 3, /;() has been
set to 0,6 for i=1,2,...,M. In order to illustrate the MSF-
MUD performance, MMSE-MUD has been employed as
the MC-CDMA receiver, as well. For the MMSE-MUD de-
sign, the procedure described in [6], exploiting the above
mentioned training sequence has been applied.

The performance of the above described variations
of the MC-CDMA systems (different HPA models, differ-
ent receivers and different spreading codes) has been
evaluated by BER vs. E, / N, for the different values of
IBO setting. The obtained results are given in Figs. 3-5.

Let us assume firstly that HPA is modeled according
to Saleh model. Here, BER vs. E, /N, for IBO=0dBis
given in Fig. 3. It can be seen from this figure that the
minimum BER equal to 102 is reached at £, /N, =40dB.
It indicates very clearly, that both receivers and all codes
provide insufficient results for the analyzed scenario
with strongly nonlinearly distorted MC-CDMA signals
(IBO=0dB). In spite of that fact, it can be observed that
the application of MSF-MUD in conjunction with Golay
codes provides the evident improvement of the MC-
CDMA performance in comparison with the application
of the other codes in this scenario. On the other hand,
it can be seen from the Fig. 3, that data receiving fails
completely if MMSE-MUD is employed.

The simulation results for the Saleh model of HPA
and for IBO=3dB are presented in Fig. 4. It can be seen
from this figure that the worst performance of MC-CDMA
is provided if Walsh codes are employed, independent-
ly on the applied receiver. Here, this effect can be ex-
plained by the high PAPR of MC-CDMA signal (Table 1)
in combining with the severe nonlinear distortion re-
sulting in the loss of Walsh code orthogonality. On the
other hand, the best performance is provided by joint app-
lication of MSF-MUD and Golay codes. This performance
follows from relatively low PAPR of MC-CDMA signal (Table
1), when Golay codes are used and simultaneously, by
MSF-MUD ability to compensate nonlinear distortion due
to HPA. Fig. 4 indicates also that MMSE-MUD can pro-
vide the best results if the Golay codes are exploited.
However, the results provided by the MMSE-MUD and
the Golay codes are still worse than that provided by
MFS-MUD what is due to by the nonlinear structure of the
MSF-MUD. The joint application of the other codes (Gold
codes, orthogonal codes and Zadoff-Chu codes) and both
receivers provides the greater BER than that of Golay
codes application but still better than that of the Walsh
codes exploiting. The presented results confirm clearly
that MSF-MUD overcomes still MMSE-MUD.
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Figure 5.

Performance of the system for different
spreading sequences,

Rapp model of the HPA and IBO=0dB

Finally, we can describe the MC-CDMA
performance for the scenario where Rapp
10 model of HPA and /BO=0dB are set. Here,

10 20 30 40 the obtained results given in Fig. 5show that

By except Walsh codes applications, the re-
ceivers and the other codes in view provide
0 almost the same curves of BER. This be-

E haviour of the Walsh code application can

T ] be explained by the same manner as in the
o _‘"*“:*f’:i:-_t:_i;_i:ﬂc- +————— —— case of the scenario analysed in the previ-
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Sy *a*h*ii::&::ﬁ:#:‘i, the fact that the nonlinear distortiqn due to
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strong and therefore MSF-MUD cannot offer
significant performance improvement over
MMSE-MUD.
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5. Conclusion

2

10

In this contribution, we have studied MC-
10° Z-Chu , ) ] CDMA transmission system properties per-
10 20 30 40 forming through the frequency-selective fad-
B ing channel for the uplink scenario. Within
this study, we are focused on the analyses
1° . . . of the MC-CDMA performance if the different
——— MMSE models of nonlinear HPA (Saleh and Rapp
MSF | model), different spreading sequences (Walsh
—&— Golay codes, Gold and orthogonal Gold codes, po-
: OGGOLdld i lyphase Zadoff-Chu codes and complemen-
—— Walsh U tary Golay codes) and different multiuser re-
ZChu | ceivers (MSF-MUD and MMSE-MUD) are con-

] sidered.
- The results of the computer simulations
] for a number of variations of the outlined
scenario have shown that the best perfor-
mance expressed by BER vs. E,/ N, is al-
ways provided if MSF-MUD in combination
with Golay codes is employed. These results
have confirmed fully the results obtained for
] the same MC-CDMA system configuration per-
10 . . formed through AWGN channel [17]. This per-

10 20 30 40 .

formance can be explained by the low level
wo of the Golay code PAPR and by the ability

-

rwwn

BER
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of the MSF-MUD to compensate of the nonlinear distor-
tion due to its nonlinear piecewise structure. The perfor-
mance improvement is more remarkable, if Saleh mo-
del of HPA is employed. If the Rapp model of the HPA
has to be considered, the performance of the MSF-MUD
and MMSE-MUD are almost the same. Following [24],
this effect could be explained by the migration style of
M-QAM symbols of signal constellation detected at the
output of the receiver BMF.

If we sum up the results of the MC-CDMA performance
analyses presented in this contribution and the outputs
of [17] and [24], it can be recommended to apply MSF-
MUD and Golay codes in the structure of MC-CDMA trans-
mission systems. A possible improvement of MC-CDMA
performance for small IBO values (e.g. IBO=0dB) if Sa-
leh model of HPA is used is an open question. It could
be expected, that the solution of that problem could be
provided by MSF-MUD exploiting a bit more complex TD,
i.e. TD with more threshold level than one. The solution of
the problem will be the topic of our follow-up research.
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