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ABSTRACT

In this paper we consider the uplink transmission in MC-
CDMA systems (MultiCarrier Coded Division Multiple Ac-
cess). To reduce the envelope fluctuations of the transmitted
signals, the MC-CDMA signal associated to each MT (Mobile
Terminal) is submitted to a clipping device,

followed by a frequency-domain filtering operation. We de-
fine an iterative receiver that jointly performs the MUD (Mul-
tiUser Detection) and the estimation and cancelation of the
nonlinear distortion effects that are inherent to the transmitted
signals.

Our performance results show that the proposed receiver
structures allow good performances, even for severely time-
dispersive channels and/or when a low-PMEPR is intended for
each MT.!

I. INTRODUCTION

MC-CDMA schemes (MultiCarrier Coded Division Multiple
Access) [1] combine a CDMA scheme with OFDM modula-
tion (Orthogonal Frequency Division Multiplexing) [2], so as
to allow high transmission rates over severe time-dispersive
channels without the need of complex receiver implementa-
tions. Since the spreading is made in frequency domain, the
time synchronization requirements are much lower than with
conventional direct sequence CDMA schemes. Moreover, the
diversity effect inherent to the spreading allows good uncoded
performances, as well as good performances with high code
rates. For these reasons, MC-CDMA schemes are good candi-
dates for future broadband wireless systems.

However, since transmission over severely time-dispersive
channels destroys the orthogonality between spreading codes,
an FDE (Frequency-Domain Equalizer) is required before the
de-spreading operation [3, 4]. To avoid significant noise en-
hancement for channels with deep in-band notches, the FDE is
usually optimized under an MMSE criterion (Minimum Mean-
Squared Error) [3, 4]. However, since an MMSE FDE does
not perform an ideal channel inversion, we are not able to fully
orthogonalize the different spreading codes of an MC-CDMA
signal. This means that we can have severe interference lev-
els especially for fully loaded systems and/or when different
powers are assigned to different spreading codes.

A promising non-linear frequency-domain receiver for mul-
ticode MC-CDMA signals was proposed in [5]. That receiver,
which is based on the IB-DFE (Iterative block Decision Feed-
back Equalizer), proposed for block transmission with single-
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carrier modulations [6, 7], allows significant performance im-
provements as we increase the number of iterations, especially
for fully loaded systems.

As with other multicarrier schemes, the MC-CDMA sig-
nals have strong envelope fluctuations and high PMEPR values
(Peak-to-Mean Envelope Power Ratio), which lead to amplifi-
cation difficulties. For this reason, it is desirable to reduce the
envelope fluctuations of the transmitted signals. This is partic-
ularly important for the uplink transmission, since an efficient,
low-cost power amplification is desirable at the MTs (Mobile
Terminals). Several techniques have been recommended for
reducing the envelope fluctuations of multicarrier signals [8]-
[11]. A promising approach is to employ clipping techniques,
combined with a frequency-domain filtering so as to reduce the
envelope fluctuations of the transmitted signals while main-
taining the spectral occupation of conventional schemes [11].
However, the nonlinear distortion effects can be severe when
a low-PMEPR transmission is intended [11, 12]. To improve
the performances, we can employ the receivers proposed in
[13, 14] where the nonlinear distortion effects are iteratively
estimated and compensated.

In this paper we consider the uplink transmission in MC-
CDMA systems. To allow an efficient power amplification, the
PMEPR-reducing techniques of [11] are adopted by each MT.
The BS (Base Station) has several receive antennas, so as to
reduce the transmit power requirements of each MT. We define
an iterative receiver that jointly performs the MUD (MultiUser
Detection) and the estimation and cancelation of the nonlinear
distortion effects that are inherent to the transmitted signals.

This paper is organized as follows: the transmitter structure
considered in this paper is described in sec. IL.. In sec. III. we
describe the iterative receivers proposed in this paper. Sec. IV.
presents a set of performance results and sec. V. is concerned
with the conclusions of the paper.

II. TRANSMITTER STRUCTURE

In this paper we consider the uplink transmission in MC-
CDMA systems employing frequency-domain spreading. The
frequency-domain block to be transmitted by the pth MT is
{Skp;k =0,1,...,N — 1}, where N = KM, with K de-
noting the spreading factor and M the number of data sym-
bols for that MT. The frequency-domain symbols are given
by Skp = &ChpAk Mod M,p. Where &, is an appropriate
weighting coefficient that accounts for the propagation losses,
{Akp;k =0,1,...,M — 1} is the block of data symbols as-
sociated to the pth MT and {C}; p; k = 0,1,..., N — 1} is the
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Figure 1: Transmitter model considered in this paper.

corresponding spreading sequence” (a pseudo-random spread-
ing is assumed, with C}, ;, belonging to a QPSK constellation;
without loss of generality, it is assumed that |C}, ,| = 1).

To reduce the envelope fluctuations of the transmitted sig-
nals, we employ the transmitter structure depicted in fig. 1,
which is based on the nonlinear signal processing schemes
proposed in [11] for reducing the PMEPR of OFDM sig-
nals while maintaining the spectral efficiency of conventional
OFDM schemes. Within that transmitter, N’ — N zeros are
added to the original frequency-domain block (i.e., N — N
idle subcarriers), followed by an IDFT operation so as to gen-
erate a sampled version of the time-domain MC-CDMA signal,
with an oversampling factor M, = N’/N. Each time-domain
sample is submitted to a nonlinear device corresponding to an
ideal envelope clipping, so as to reduce the envelope fluctua-
tions on the transmitted signal. The clipped signal is then sub-
mitted to a frequency-domain filtering procedure, through the
set of multiplying coefficients Gy, k = 0,1,..., N’ — 1, in or-
der to reduce the out-of-band radiation levels inherent to the
nonlinear operation.

It is shown in [12] that the frequency-domain block to
be transmitted by the pth MT is {S{7 = SF Gk =
0,1,..., N’ —1} can be decomposed into useful and nonlinear
self-interference components:

Sty = Sk pGr + Dy pGi, )

with «, defined in [11, 12]. Throughout this paper we assume
that G, = 1 for the IV in-band subcarriers and 0 for the N’ — N
out-of-band subcarriers. In this case
1e | @pSkp+ Di, kinband
Sep = { 0, k out of band. )
It can be shown that Dy, is approximately Gaussian-
distributed, with zero mean; moreover, F [Dk,pD,’;,’p} can be
computed analytically, as described in [11, 12].

ITI. RECEIVER STRUCTURE

A. Linear Transmitters

As usual, it is assumed that the length of the CP (Cyclic Pre-
fix) is higher than the length of the overall channel impulse
response. We will assume that the BS has L receive an-
tennas and the received time-domain block associated to the
lth diversity branch, after discarding the samples associated
to the CP, is {y,(f) = 0,1,...,N — 1}. The correspond-
ing frequency-domain block (i.e., the length-N DFT (Discrete

2This corresponds to uniformly spread the chips associated to a given sym-
bol within the transmission band, i.e., to employ a rectangular interleaver with
dimensions K x M.

Fourier Transform) of the block {yg); n=20,1,...,
v k=01,...,N—1}.

Let us consider first a linear transmitter. In this case, the
frequency-domain block transmitted by the pth MT is {S,{; =

N—1})is

Skp;k=0,1,...,N — 1} and
v = Zskp O LN =
P
= ) Ak modrip Crp & H Ch(l)+N(l)
p=1
= ZAkModeH(l)+N(l) 3)

with H CZ(Z) denoting the channel frequency response between
the pth MT and the [th diversity branch, at the kth sub-

@ the corresponding channel noise and H ,il; =

. To detect the kth symbol of the pth MT we will
use the set of subcarriers U, ={k,k+M,... . k+(K—-1)M}.

By defining Y(k) = [YW (k) --- Y (k)T with YO (k)
denoting the line vector with the received samples associated
to the set of frequencies ¥y, for the /th antenna, and A (k) =
[Ag.1... Ak p]T, we have

carrier, N
Chl
& H, )C

Y (k) =H" (k)A(k) + N(k) 4)
()T denote the transpose matrix), where N(k) =
IND (k) - NE(8)])T, with NY (k) denoting the line vector
with the noise samples associated to the set of frequencies Wy,
for the Ith antenna. In (4), H(k) is the overall channel matrix
associated to A(k), ie., H(k) = [HV(k)---HD) (k)], with
H" (k) denoting a (P x K) matrix, with lines associated to
the different MTs and columns associated to the set of frequen-
cies U, for the [th antenna.

We consider an iterative multiuser receiver with PIC (Par-
allel Interference Cancelation). The receiver can be described
as follows. For a given iteration, the detection of A(k) em-
ploys the structure depicted in fig. 2, where we have L feed-
forward filters (one for each receive antennas) and P feedback
loops. The feedforward filters are designed to minimize the
MAI (Multiple Access Interference) that cannot be canceled by
the feedback loops. For the first iteration we do not have any
information about the MT’s symbols and the receiver reduces
to a linear multiuser receiver.

For each iteration, the samples associated to A (k), A(k) are
given by
= F7 (k)Y (k)

A(k) —BY (k)A(k) (5)
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Figure 2: Iterative receiver for a linear transmitter.

where A (k) is defined as A(k), F(k) = [F (k) - - FO) (k)T
is the matrix of the feedforward filters’ coefficients, with
F" (k) denoting a (P x K) matrix, with lines associated to
the different MTs and columns associated to the set of frequen-
cies Wy, for the /th antenna, and B(k) is a P x P matrix with
the feedback filters’ coefficients. A(k), also defined as A(k), is
the ”average” value of A(k) from the previous iteration, which
can be computed as follows.

Let us assume that the transmitted symbols are selected from
a QPSK constellation under a Gray mapping rule (the gen-
eralization to other cases is straightforward). We will define
App = £1xj = Al +jA7 . with Al = Re{A;,} and
AP =Im{Ap,} k=0,1,... .M —
can be made for flk,p, /Alk_,p and Ay ).

The LLRs (LogLikelihood Ratios) of the “in-phase bit” and
the ”quadrature bit”, associated to Ai,p and A;;Q,p, respectively,
are given by

1, (similar definitions

2 -
Lip =34k, (©6)
7
and 5
Lka = ;Agp’ )
p
respectively, where
1 ) | Mot .
012) = iEHAk,p_Ak,pF] ~ m Z EHAk,p_Ak,p|2]7 (€))
k=0

with Ay, , denoting the “hard decisions” associated to Ay .
Under a Gaussian assumption, it can be shown that the aver-
age value of Ay, , is

Ty — ot [ Loz b (H
= tan 2 + jtan ™ |~
= pé,p‘ii,p + jpg,p/l’?,p' ©)

The hard decisions Ai,p = =41 and Agp = =1 are defined

according to the signs of L pand L,? p» respectively;

E[A} AL, Lk
I k,p P “>P
pl = T RPTRP _ panh (10)
v = EALLP 2
and
Q Q
Pip = 7[/1'“ ool _ <L’”’|> (11)
T E[AR P 2

can be regarded as the reliabilities associated to the ”in-phase”
and “quadrature” bits of the kth symbol of the pth MT (natu-

rally, 0 < pi,p <land0 < ka’p < 1). For the first iteration,
pé,p = kap = 0 and A;, = 0; after some iterations and/or
~ land pg »

when the SNR is high, typically pj, , ~ 1, leading

to Ay ~ flk,p. We can also define the blockwise reliability

M-1

M-—1
EA*
= 2M Z (Php +01,)- (12)

Ak,p
Pr = Z ElAwl?]

It can be shown that the optimum feedforward coefficients in
the MMSE sense can be written as

F(k) = F/ (k)0 ! (13)
with I = diag(vy1,...,vp), where
L
1 !
= > S FYHY, (14)
K ey, i=1
and
F'(k) = [H” (k)(Ip — P*)H(k) + Bl "H (k), (15)
((-)¥ denotes the Hermitian matrix and Iy being the X-by-

X identity matrix), with P =
l
B[N/ El| Ay ).
The optimum feedback coefficients are given by

diag(p17"'7pP) and 5 =

B(k) = H(k)F(k) — Ip. (16)

If we do not have data estimates for the different MTs, p, =
0@ = 1,2,...,P), and the feedback coefficients are zero.
Therefore, (5) reduces to

A(k) =F" (k)Y (k), (17)
which corresponds to the linear receiver.
It can be shown that the optimum feedforward coefficients
can be written in the form
F(k)

= HY (k)C(k), (18)

apart a normalization factor as in (13), with C(k) given by

C(k) = [(Ip — P)H(k)H" (k) + p1p] ! (19)
The computation of the feedforward coefficients from (18)
is simpler than the direct computation, from (15), especially

when P < K and/or L > 1.

B. Nonlinear Transmitters

It was shown in [13, 14] that we can improve significantly
the performance of OFDM schemes submitted to nonlinear
devices by employing a receiver with iterative cancelation of
nonlinear distortion effects. This concept can be extended to
MC-CDMA, leading to the receiver structure of fig. 3. The
basic idea behind this receiver is to use an estimate of the
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Figure 3: Iterative receiver with cancelation of nonlinear dis-
tortion effects.

nonlinear self-distortion {Ek,p;k = 0,1,...,N — 1} pro-
vided by the preceding iteration to remove the nonlinear dis-
tortion effects in the received samples. Therefore, the received
frequency-domain block associated to the [th diversity antenna,

{Yk(l)9 k=0,1,...,N —1},is replaced by the corrected block
{YkCoT’r‘(l); k= O7 17 - 7]\/v — 1}, where

orr 1
yZorr® = (Y“ ZHC"“)D ) (20)

The remaining of the receiver is similar, but with 5 given by

l
- EINY )
/6_ A 2 eq |21? (21)
EllapAkp|?] + E[| Dy, 1%
where )
D = % Z Dy »Chip (22)

K eV,
For the first iteration, the expectations of (21) can easily be
obtained by using the analytical approach of [11, 12]; for the
remaining iterations they have to be obtained by simulation.
However, in most cases of interest we cancel a significant part
of the nonlinear self-distortion at the first iteration; therefore,
after the first iteration, we can ignore E[|D;% |*] in (21).

For a given iteration, {Dj ,;k = 0,1,...,N — 1} can
be estimated from {4y ,;k = 0,1,..., M — 1} as follows:
{Akp;k =0,1,..., M — 1} is re-spread to generate the “av
erage block to be transmitted” {Sy ,;k = 0,1,...,N — 1};
{Skpik = 0,1,..., N — 1} is submitted to a replica of the
nonlinear signal processing scheme employed in the pth trans-
mitter so as to from the “average transmitted block” {gf;; k=
0,1,...,N — 1}; Dy, is given by

p = Sk,p — apSkp (23)

(naturally, for the first iteration, Ek,p =0).

IV. PERFORMANCE RESULTS

In this section we present a set of performance results con-
cerning the iterative receiver structures proposed in this paper

for the uplink of MC-CDMA systems with frequency-domain
spreading. The spreading factor is K = 16 and we have
M = 16 data symbols for each user, corresponding to blocks
with length KM = 256, plus an appropriate CP. QPSK con-
stellations, with Gray mapping, are employed. To reduce the
envelope fluctuations (and the PMEPR) of the transmitted sig-
nals while maintaining the spectral occupation of conventional
MC-CDMA schemes, each MT employs the clipping tech-
niques combined with a frequency-domain filtering proposed
in [11] (the power amplifiers are assumed to be linear for the
(reduced) dynamic range of the envelope fluctuations of the
transmitted signals). The receiver (i.e., the BS) knows the char-
acteristics of the PMEPR-reducing signal processing technique
employed by each MT.

We consider the power delay profile type C for the HIPER-
LAN/2 (HIgh PERformance Local Area Network) [15], with
uncorrelated Rayleigh fading for the different MTs and for the
different paths (similar results were obtained for other severely
time-dispersive channels). The duration of the useful part of
the block is 4us and the CP has duration 1.25us. We consider
uncoded BER performances under perfect synchronization and
channel estimation conditions®. We have P = K = 16 MTs,
corresponding to a fully loaded scenario and £, = 1 for all
MTs, i.e., we have a perfect power control (our simulations
showed that the iterative receivers considered here are still suit-
able for scenarios without power control). At the BS we have
L uncorrelated receive antennas, for diversity purposes.

Let us first assume that we have linear transmitters at each
MT. Fig. 4 shows the BER performance for each iteration (av-
eraged over all MTs) when different values of L are considered
(naturally, the first iteration corresponds to a linear receiver).
For the sake of comparisons, we also include the SU (Single-
User) performance, which, for the kth data symbol could be
defined as

2F,
Pysur=E|Q \/ b

where the expectation is over the set of channel realizations (it
is assumed that E[|Hy|?] = 1 for any k).

From fig. 4 it is clear that the iterative receiver allows sig-
nificant performance improvements relatively to the linear re-
ceiver. Moreover, we can be very close to the SU performance,
especially when the diversity order is high.

Let us assume now that the normalized clipping level, iden-
tical to all MTs, is s5; /o = 2.0. This allows PMEPRs between
3.5dB and 5.7dB, depending on the out-of-band radiation levels
(if we want to maintain the spectral occupation of conventional
MC-CDMA signals the PMEPR is 5.7dB) [11] (for conven-
tional MC-CDMA signals with a large number of subcarriers
the PMEPR is about 8.4dB). Fig. 5 shows the corresponding
BER performances. Clearly, the performance of the linear re-
ceiver is very poor, with high irreducible error floors due to the
nonlinear distortion effects. This is especially serious for the

(24)

S |

k’G\I/k

31t should be noted that perfect time synchronization between the blocks
associated to different MTs is not required since some time mismatches can be
absorbed by the CP.
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Figure 5: As in fig. 4, but for nonlinear transmitters.

case where L = 1. As we increase the number of iterations
and/or we increase L improve significantly the performances,
that can be close to the ones obtained with linear transmitters if
L>1.

V. CONCLUSIONS

In this paper we considered the uplink transmission in MC-
CDMA systems. To allow an efficient power amplification, the
MC-CDMA signal associated to each MT was submitted to a
clipping device, followed by a frequency-domain filtering op-
eration. We proposed an iterative receiver that jointly performs
the MUD and the estimation and cancelation of the nonlinear
distortion effects that are inherent to the transmitted signals.
Our performance results showed that the proposed receiver
structures allow good performances, even for severely time-
dispersive channels and/or when a low-PMEPR is intended for

each MT. The performances could be further improved if the
feedback loop uses the channel decoder outputs instead of the
MUD outputs, as suggested for OFDM schemes in [16]. This is
especially important if we decrease the clipping level, to reduce
further the PMEPR of the transmitted signals.
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