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Abstract - In this paper we consider the use of MC-
CDMA (Mulfi-Carrier Code Division Multiple Access)
schemes with a frequency-domain orthogonal spreading.
The transmitter structure is especially modified for re-
ducing the envelope fluctuations of the transmitted signals.
An analytical approach for the performance evaluation is
also included which relies on the Gaussian characteristics
of MC signals with a high number of subcarriers.

A set of performance results is presented, Our perfor-
mance results show that the proposed transmitter structure
is adequate for power-efficient MC-CDMA transmission
since we can reduce the envelope fluctuations of the trans-
mitted signals, while keeping essentially the same spectral
efficiency of the conventional MC-CDMA transmission.

L. Introduction

The MC-CDMA schemes {(Multicarrier Coded Division
Multiple Access} [1], [2] combine a CDMA scheme with
an OFDM modulation (Orthogonal Frequency Division Mul-
tiplexing) [3], so as to allow high transmission rates over
severe time-dispersive channels without the need of a complex
receiver implementation.

It is well-known that an important drawback of OFDM mod-
ulations is the strong envelope fluctuation and high PMEPR
(Peak-to-Mean Envelope Power Ratio) of the transmitted sig-
nals. This leads to amplification difficulties, since the power
amplifiers are required to have linear characteristics and/or a
significant input backoff has to be adopted, so as to avoid
the out-of-band radiation levels which are inherent to non-
linear distortion, For this reason, several PMEPR-reducing
techniques have been proposed, in recent years, to simplify the
”power amplification problem” with QFDM transmission (see
[4] and the references therein). Among such techniques, those
allowing a high spectral efficiency deserve a special attention.
This is the case of a wide class of signal processing schemes
proposed in [5], which involves a nonlinear operation in the
time domain and a linear, filtering operation in the frequency
domain. This class was analyzed in detail, in [6], where it was
shown how to take advantage of the Gaussian-like nature of
OFDM signals with a high number of subcarriers for obtaining
accurate performance results in an analytical way.

Since the MC-CDMA signals with frequency domain
spreading are OFDM-like multicarrier signais, they also have

high envelope fluctuations. Therefore, it is important to de-
sign MC-CDMA signals with reduced envelope fluctuations.
In this paper we consider the use of MC-CDMA schemes
with a frequency-domain orthogonal spreading. The transmitter
structure is especially modified for reducing the envelope fluc-
tuations of the MC-CDMA signals and is based on the signal
processing schemes proposed in [5], [6] for low-PMEPR,
bandwidth-efficient OFDM transmission.

A very accurate analytical approach for the performance
evaluation is derived. We also present exact and approximate
formulas for the BER performance. For this purpose, we
take advantage of the Gaussian characteristics of MC-CDMA
signals with a large number of subcarriers. Our analytical ap-
proach can be regarded as a modified version of the statistical
characterization of the transmitted signals proposed in [5], [6],
so as to take into account the nature of MC-CDMA signals
with frequency-domain spreading.

This paper is organized as follows. The MC-CDMA
schemes considered in this paper are described in sec. 1I. Sec,
Il presents the transmitter structure proposed in this paper. The
analytical characterization of the transmitted signals is made
in sec. IV. A set o performance results is presented in sec. V
and sec. VI is concerned with the conclusions of this paper.

II. Systems Description

In this paper we consider the downlink transmission (i.e., the
transmission from the BS (Base Station) to the MT (Mobile
Terminal)) within MC-CDMA systems employing frequency-
domain spreading (although our approach could also be em-
ployed in the uplink transmission). A constant spreading factor
K is assumed for all users. The frequency-domain block to
be transmitted by the BS, {5;;k = 0,1,...,N — 1}, is an
interleaved version ! of the block {Sy;k =0,1,...,N — 1},
where N = KM, with K denoting the spreading factor and
M the number of data symbols for each user. The frequency-
domain symbols are given by

P
Sf_c = Z YpSk,p

=1

(D

MTypically, the transmitted frequency-domain block is generated by submit-
ting the block {Sk;k = 0,1,..., N — 1} to a rectangular interleaver with
dimensions K x M, ie., the different chips associated to a different data
symbol are spaced by K subcarriers
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where p, is an appropriate weighting cocfficient that accounts
for the power control in the downlink (the power associated to
the pth user is proportional to v7) and Sk, = CrpAlksk ) p
is the kth chip for the pth user (|x] denotes ’larger integer
not higher that 27), where {Ag 1k =0,1,..., M — 1} is the
block of data symbols associated to the pth user and {Cr p; k =
0,1,...,N — 1} is the corresponding spreading sequence. An
orthogonal spreading is assumed throughout this paper, with
Cr,p» belonging to an QPSK constellation (Quadrature Phase
Shift Keying). Without loss of generality, it is assumed that
(Cipl = 1.

As with conventional OFDM, an appropriate cyclic exten-
sion is appended to each block transmitted by the BS. At
the receiver, the cyclic extension is removed and the received
samples are passed to the frequency domain, leading to the
block is {Y;;6=0,1,...,N -1}

It can be shown that, when the cyclic extension is longer
than the overall channel impulse response, the samples Y can
be written as

Y. = HkS]:; + Ny (2)

where H; and N, denote the channel frequency response and
the noise term for the kth frequency, respectively.

Since the orthogonality between users is lost in frequency
selective channels, an FDE (Frequency-Domain Equalizer) is
required before the de-spreading operation [2]. The equalized
frequency-domain samples are S = YjFi, with the FDE
coefficients

SNR H;

b= sNRHET )
where
E[1S:?)
SNR= =2kl 1 4
EINeP] “

which corresponds to the minimization of the MMSE (Mini-
mum Mean-Squared Error) in the frequency-domain samples
Si. Afier removing the idle subcarriers, the equalized sam-
ples S, are de-interleaved, leading to the block {Si;k =
0,1,...,N —1}. The data symbols associated to the pth user
can be estimated from the de-spreaded samples

Aep= 3 SuCi,
ke,

with ¥y, = {k,k+ M, ..., k+ (K —1)M} denoting the set of
frequencies employed to transmit the kth data symbol of each
user.

(5

IIT. Proposed Transmitter Structure

Since the MC-CDMA signals have large envelope fluctua-
tions and a high PMEPR, a quasi-linear power amplification
is required. To allow an efficient power amplification, it is
important to reduce the PMEPR of the MC-CDMA signals to
be transmitted. Fig. 1 shows the transmitted structure consid-
ered in this paper where we combine a nonlinear operation,
operating on an oversampled version of the MC-CDMA block

(obtained by adding N’ — N zeros to the original frequency-
domain block (ie, N’ — N idle subcarriers), followed by
an IDFT operation), followed by a frequency-domain filtering
operation (characterized by the set of multiplying coefficients
Gr,k=0,1,...,N’'—1). This technique is similar to the ones
proposed in [5], [6] for reducing the PMEPR of conventicnal
OFDM signals.

even with reduced-PMEPR MC-CDMA signals, we still
need a linear amplification characteristic, at least for the range
of envelope fluctuations of the signals at its input. For typical
amplifiers, this might mean a large back-off and, consequently,
a reduced amplification efficiency. To aveid this, it is common
to employ pre-distortion techniques to linearize the power
amplifier [7]. This pre-distortion, which can be regarded as
the inverse function of the amplification characteristic, is
performed on a oversampled version of the reduced-PMEPR
MC-CDMA signal.

IV. Statistical Characterization of the Transmitted Signals

When the number of subcarriers is high (¥ >> 1} the
time-domain coefficients 5] can be approximately regarded as
samples of a complex Gaussian process. Throughout this paper
it will be assumed that E[Si] = 0 and E[SiS}] = 2050k 1
{6k = 1 for k = k' and 0 otherwise), with 0% = 1 E [|Sk|2]
{E!] denotes "ensemble average”). In this case, it can be easily
demonstrated that E[s),] =0 and

E [s;s;ﬁ] =R,(n—n')=

_ sinc ((n — n')N/N') ir(n—n')
= 20" sinc ((n — n')/N") P (7 N7 )

(6

(n,n' =0,1,...,N' = 1), with 6 = %pzag.

It is well-known that the output of a memeoryless nonlinear
device with a Gaussian input can be written as the sum of two
uncorrelated components [8)]: a useful one, proportional to the
input, and a self-interference one, i.e.,

55 = as, +dn , @)
where s, dy.] = 0 and
_ ElsSsy] _ ElRgc(B)] _
Ellsy,|?] ER?
Y R R?
=— R - —— | dR. 8
i) B ges(—gm)a ®

The average power of the useful component is S = 0|22,
and the average power of the self-interference component is
given by [ = P,,; — 5, where F,,,; denotes the average power
of the signal at the nonlinearity output, given by

P = 3 Ellac(R)P] =

1 +o0 R R2
=3 fﬂ |QC(R)|2§ exp (* ?) dR. €]
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Fig. 1.

It can be shown [9] that

E{”*]—RC(n— =
(n—n')™" (Ry(n — )"
(RA(0)7!

= Z 2P, +1
where the coefficient P-4 denotes the total power associated
to the IMP (Inter-Modulation Product) of order 2y+1 and can
be obtained as described in [9].
Since RS (n —n') = |a?R,(n — ') + Eldad?.], it can be
easily recognized that P; = lo|?6? and

o (10)

Eldndy] = Re(n—n) =

+oo oyl * oYY
— Z 2P2.-1,+1 (Rs(n n )) (Q?ign n )) . (11)
= (#5(0))
The total self-interference power is
—Rd(O) Z Payi1 = Pous = 8. (12)

Having in mind (7) and the signal processing chain in
fig. 1, the frequency-domain block {S¢F = SCGk =
0,1,...,N’ — 1} can obviously be decomposed into useful
and self-interference components:

SEF = aS,Gr + DiGh, (13)

where {Dg;k = 0,1,...,N' — 1} is the-DFT of {dp;n =

0,1,...,N’ — 1} It can be shown that E[Dg] = 0 and
E [DkD;,} = N’Gd(k)ék_k: (k, kK= 0,1,... ,N’ — 1), where
{Galk);k =0,1,...,N" — 1} denotes the DFT of the block
{R¢(n);n=0,1,...,N' -1}

E[SESC*) = 0 for k # k' and E[|SS|?] = N'GS(k),
where {GS(k) = |a|?Gs(k) + Galk);k =0,1,..., N — 1}
denotes the DFT of {R(n); k=0,1,..., N’ — 1} (given by

(10), with {G,(k); k= 0,1,...,N'—1} = DFT {R,(n);n =
0,1,...,N"— 1}, Therefore, E[SFFSCF*] = 0 for k # K/,
and E\SS7] = |GHRENSEE) = N'IGx PG5 (k).

From (2), the frequency-domain samples at the receiver are
given by Yy, = S % H + Ny, provided that the guard interval
is long enough.

For an ideal Gaussian channel, the detection of the kth
symbol transmitted by the pth user is based on

Ak.p = Z Yk’Cl:’,p = C”TPKAk,p + D;?p + Nﬁf'p
kiev,

(14)

i3
—— b

distortion D

G}

Transmitter model considered tn this paper (NL: nonlinear operation).

(see (5)). In (14),

D= 3" DuCii, (5)
kfedy,
and
N =Y Np oGy (16

ke

denote the equivalent self-interference and noise terms for
detection purposes, respectively. It can be shown that [10] that
the signal-to-self-interference ratio for detection purposes is
approximately independent of & and given by

e K Tz
SIRZ = Em,pSIR , 17
where
2
Y
Nyp = =Z7 (18)
C
with
1 e
V=% (19)
Y= ;vp

and the signal-to-self-interference ratio of the transmitted sig-
nal is given by :

=i ElleSil?]

o S B
It can be shown that when N’ = N (i.e., without over-

sampling) then E[|Dy}?] is constant and the SIRT= is simply

given by [5], [6]

SIRT= = (20)

SIRT® = @1

~|

For N' > N we need to use E[|Dy|?], computed analytically
as described in (18) for obtaining STRT=. If N’ > 2N it can
be shown that the STRT® is approximately given by [10]

35
Tz 2
SIR 3T

@2

From (15), it is clear that the equivalent SIR for detection
purposes increases when we decrease the number of users, for a
given spreading factor K. This is a consequence of the samples
DkC,’;'p being uncorrelated, contrarily the useful components.

We can also note, from (15) (and (17)), that the equivalent
SIR for detection purposes is not the same for the different
users: the users with smaller attributed power (probably the
ones closer to the BS) have worse STRZ, and, consequently,
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a larger performance degradation due to the nonlinear effects.
In a practical situation, this can be compensated by increasing
slightly the power aitributed to these “low-power users”.

Since the self-interference components I); are approxi-
mately Gaussian-distributed at the subcarrier level [5], [6],
D! is also approximately Gaussian-distributed. Therefore, the
equivalent SIR levels for detection purposes, ST RZ?, can be
employed for the BER performance evaluation.

V. Performance Results

In this section we present some performance results con-
cerning the transmitted structure considered in this paper. We
have an MC-CDMA signal with N = 256 subcarriers and a
spreading factor of 64. The oversampling factor is 4, which
is enough for efficient PMEPR-reduction and pre-distortion
operations, and GG = 1 for the V in-band subcarriers and 0
otherwise. We consider a perfect pre-distortion and an ideal
AWGN channel. ) .

Fig. 2 presents the analytical and simulated BER perfor-
mances for a normalized clipping level 53¢/ = 1.0, when the
number of users is either K or K/2. The analytical results are
obtained by using in (15) the true STRT* values, given by (18),
and the approximate results are obtained by assuming that the
STRT* is given by (20). Clearly our analytical approach is very
accurate, even when the approximate formula is employed.
Moreover, the sensitivity to nonlinear effects decreases with
the system load Ky/K; when Ky = K (ie., for a fully
loaded system), the situation is similar to conventional OFDM.
It should be noted that the PMEPR of the transmitted signals,
defined as in [4], is about 4.3dB, in opposition to the 8.4dB
of conventional MC-CDMA signals; the nonlinear distortion
effects lead to a performance degradation for BER=10"2 of
about 3dB when Ky = K and 1.5dB when Ky = K/2. By
increasing the clipping level decrease this degradation, but we
increase the PMEPR of the transmitted signals. Moreover, the
PMEPR reductions are achieved while keeping essentially the
same spectral efficiency of conventional MC-CDMA signals.

VI. Conclusions

The use of MC-CDMA schemes with a frequency-domain
orthogonal spreading was considered in this paper. The trans-
mitter structure was especially modified for reducing the
PMEPR of the transmitted signals. An analytical approach for
the performance evaluation was derived, taking advantage of
the Gaussian characteristics of MC signals with a high number
of subcarriers,

Our performance results show that the proposed trans-
mitter structure is adequate for -power-efficient MC-CDMA
transmission since we can reduce the envelope fluctuations,
while keeping essentially the same spectral efficiency of the
conventional MC-CDMA transmission. It was also shown that
the system load has a key influence on the robustness of MC-
CDMA signals to nenlinear effects: the higher the system load
the lower the robustness against nonlinear effects.

10°

10 15 - 20
E/N,(dB)

Fig. 2. Exact (sokid line) and approximate (dashed line) analytical BER
performances when sps/o = 1.0, as well as the simulated values (o). The
dotted line denotes the performance of an ideal linear transmitter (i.e., when
sp1 /o = +oa), for the sake of comparisons.
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