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ABSTRACT The combination of OFDM multi-carrier modulation and
DMA has been presented for the first time in [3, 4]. This
C-CDMA technique operates data spreading in the fre-

quency domain using Walsh-Hadamard codes and achieves

reat performance in a downlink transmission. While the
riginal definition of MC-CDMA states that thbl, users

Power Line Communication (PLC) is foreseen as a potenti
solution for increasing the throughput of future wirelirost

munication systems. Indeed, the existing infrastructlte a
lows the development of Broadband over Power Lines (BPLg

to provide a competing high-speed Internet 'to-the-horhe’ a spread their data using spreading codes of lehgtiwhich
ternative. The frequency selectivity and the impulsivesgoi are equal to the number of subcarri, a larger defi-
of the PLC channel call for advanced signal processing tec jition of MC-CDMA allows N = L usiﬁg a mixture of
niques. Multi-Carrier Code Division Multiple Access (MC- toMA~ FDMA and CDMA b; me(éns of spreading and
CDMA,) is a promising fransmission procedure to mitigatey-py\y' modulation, even including the Spread-Spectrum-
these unfavorable properties, along with a linear iteeat \y. i Carrier Multiple Access (SS-MC-MA) technique com-
ceiver to remove Multiple Accessllnterference (MAI) and In-bining spreading with Frequency Division Multiple Access
ter Symbol Interference (ISI). This paper focuses on thie fu'(FDMA) where the data is spread on a user by user basis [5].
P oot o [ 1983 h originlworof 6 openea a ew ol eaing
q t6 numerous iterative receivers combining equalizatioth an

?rﬁ;OIan):rﬁ?necterDSi\I/?sCing?Il\r/]lgIﬁpIree??glgb:\r)lt)ergggﬂlg%g?ﬁn- channel decoding in order to reach the optimal performance
q Y P ' which otherwise is obtained only with a significantly more

ear Minimum Mean Square Error (MMSE) equalizer, SoftCom ‘s : Dol :
o . ; . ; plex joint Maximum Likelihood (ML) receivers. The de-
Output Viterbi Algorithm (SOVA) and iterative decoding. coded data is used to reconstruct the Multiple Access Inter-

ference (MAI) and Inter Symbol Interference (ISI) which are
1. INTRODUCTION subtracted from the received signal, allowing the nextestag

Th S : ao decode the data with better reliability.

e telecommunication industry faces the growing deman . ] o

for voice calls, file sharing, video on demand, online gam- _ The goal of this paper is to propose a full description of a
ing etc. Wireless and wireline technologies have to providdC-CDMA transceiver over PLC on a block by block basis
more bandwidth to the end user. Power Line Communicatiofiicluding spreading, interleaving, OFDM modulation, ne
(PLC) uses the Low Voltage (LV) cables to carry data infor-Minimum Mean Square Error (MMSE) equalizer, Soft Out-
mation on the standard 50 or 60 Hz Alternating Current (AC)PUt Viterbi Algorithm (SOVA) and iterative decoding. Real-
power supply. Either Indoor PLC (household Local Areaistic channel models based on measurements are used in the
Networks) or Broadband over Power Lines (BPL) are fore.communication chain along with adequate simulation param-
seen as a complement of existing wireline technologies sucgfers. Simulation results will compare the performance be-
as cable, Digital Subscriber Lines (x-DSL), Fiber-To-The-tween the non-iterative anq the iterative receiver oyesehe
Home (FTTH) or Sattelite Communications to provide high-channels and impulsive noise. This paper is mainly intended
Speed Internet 'to-the-home’. Recenﬂy, Homep|ug AV Wasfor a downlink MC-CDMA transmISSIOH_Over PLC, but the
chosen as a standard for BPL, which uses Orthogonal Fréamework can also be applied to an uplink SS-MC-MA sys-
quency Division Multiplexing (OFDM). Extensive measure- tem or any access technique using a spreading operation and
ments showed that the PLC channel is rather unfavorabl@n OFDM modulation.

exhibiting frequency selectivity, abrupt time selecvitue The paper is organised as follows: Section Il describes
to the impedance unmatching of plugging or unplugging dethe MC-CDMA transmitter and the iterative receiver. The
vices, and numerous synchronous and asynchronous impulg@nsmitter basically consists of a channel coding, bit in-
noises [1]. This channel calls for advanced signal proogssi terleaving, spreading, symbol interleaving, and an OFDM
techniques, namely OFDM or Multi-Carrier Code Division modulator. The receiver consists of the reverse operations
Multiple Access (MC-CDMA) techniques along with itera- and can be updated by an iterative loop between the chan-
tive receivers as proposed in [2]. nel decoding and an interference canceller. The proposed
receiver has a low complexity owing to the use of a linear
e e it P AT ot . Miimum Mean Square Eror (WMSE) equatzer and » Son
teruniversity Attraction Poles, initiated by the Belgigedég@cience Pol- Output Viterbi Algorithm (.SOVA)' 'Sectlon IIl presents the
icy Office IUAP P5/11 (‘Mobile multimedia communication sgms and ~PLC channel model. Section IV gives the results of the pro-
networks’). The scientific responsibility is assumed byaifihors. posed scheme over two reference channel models using re-
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Figure 1: Modulator and demodulator of a MC-CDMA system inL&Rransmission

alistic parameters. These channel models are adopted froandermonde matrices. The receiver consists of an iterativ
[1]. process represented on Figure 2 and can be written as
follows:

2. TRANSMITTER/RECEIVER

The transmitter on Figure 1 is explained as follows. First, a
coded vectoxk of lengthNNjy is spread by a matri¢ = Iy ®
C with C of sizeL¢ x Ny, whereN, is the number of users

Iterative Receiver Algorithm
MMSE equalization:
8= Grwith G = (A" A +31) A"

andL the length of the spreading codes, resulting# Cx. e Symbol deinterleavin@Ig*
This spread signal is then applied to a symbol interleavere Despreading:
IIs of size NL; x NL. and an OFDM modulator. Practi- % =CHs

cally, this modulation is performed by an Inverse Fast Fruri ¢ BEGIN LOOP
Transform (IFFT) operatio®" of the spreaded data con- _ Soft demodulation:

catenated with its mirrored conjugate=[s; .. NS -+ St LLRP — | Pr(bi=—1|%)

whereN; is the number of subcarriers. The definition of MC- R =log (Pr(bi:+1\>”<>)

CDMA sets upN; = L¢, however for the SS-MC-MA tech- — Bit deinterleaving‘lgl

niqueN; > L and it is also possible to imagine other access ~ _ A posteriori LLR calculation (channel decoding):
techniques withNc < Lc. The IFFT operation is followed post _ | o ( Pr(bi=—1/decoding)

by a guard interval insertion, i.e. the ldst- 1 symbols of LLR™ =log (Pr(bi:+1\decoding>)

a block are prepended at the beginning of the block, where - Bit interleavingITy

L is length of the cyclic prefix. Subscripf” denotes the — Soft Modulation:

transpose conjugate. The baseband signal is then transmit- Re(X) = f(|_|_R1P°S‘)

ted into the PLC channel which is represented by a Toeplitz Im(R) = g(LLRipOSt)

matrix H and an Additive White Gaussian Noisé At the where f and g are non linear functions.
receiver side, orthogonality between subcarriers has te-be -
. . — lterative Canceller

stored by an OFDM demodulator. The first stage consists of 5 (di IN-1(HTT-2AHy _ (T _ di =

: : ) % = (diagl +=I) (C"II;“A"r — (I —diagl)x)
the removal of the guard interval. This guard interval has to . A
be longer than the impulse response of the channel to guar- ~ With ' = CTIIg AT AILC
antee the absence of intersymbol interference. Therdfegze, o END LOOP
channel matrixt is transformed into an equivalent circu-
lant matrixH. Then, an FFT operatioR is applied on the
receiving sequence leading to a diagonal channel matrix qf,
independent frequency responses. The received velctdr
length 2\; is given by:

First, an MMSE equalizeG is applied which is a diag-

al matrix containing the equalization coefficiegtscor-
recting the amplitude and phase variations of the channel
frequency responses. The equalization coefficients are ex-

- ressed as:
v = FHFM"S + 1/ Q) P A
_ K
The lastN; symbols oft’ are discarded. The OFDM com- O = A2+ L (3)
y

ponent of 'the MC-CDMA signa! converts the frequency se-
lective fading channel into multiple parallel flat fadingbsu whereAy = [Alw andy is the Signal to Noise Ratio (SNR)

chan?tel.s. The equivalent received veatart lengthNL is at the receiver. Then, the symbol deinterleaving and the de-

equalto. spreading operation are carried out on the resulting véator

— ATLC 5 produce an estimated vectgrof lengthNNy. Then a soft
r=Allsbx+n (2)  demodulation is applied assuming equally likely transeoitt

wheren is the AWGN vector of lengtiNLc. A is a diagonal  bits. The soft demodulation calculates the a priori Log Like

matrix of sizeNL; x NLc, where each diagonal element of lihood Ratios (LLRs) which are probabilities on the coded

the matrix corresponds to the frequency response of theits. Using a QPSK modulation with Gray mapping, this for-

channel for the corresponding subcarrier. For MC-CDMA mula can be approximated as:

the spreading matrix is an orthogonal Walsh-Hadamard

matrix. However, other real or complex valued unitary Pri Pr(bp = —1|%) -

matrices can be used, for instance Fourier matrices or LLRo" =log (M) ~ Re(x) (4)
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Figure 2: Iterative receiver of a MC-CDMA system in a PLC sarission

and Bandwidth 25 MHz
i Pr(b; = -1|%) - Sampling Rate 50 MHz
Pri __ ~
LLR;" =log (Pr(bl —w) Im(X) (5) F'\I/_lt.)rdu.latigln aggg
size
After deinterleaving, the channel decoding processesitte s Cyclic Prefi; 556

information and computes the a posteriori LLR on coded bits: : :
A forward-backward Bahl-Cocke-Jelinek-Raviv (BCJR) al- Channe’ Coding | Convolutional Code133 171)

gorithm or a SOVA as described in [8] can be implemented- S;g;?ﬁ%'}g%’?ﬁ Fouréeorlgatnx
Then, the a posteriori LLRs are reinterleaved and a soft b Bit interleaver < 5048
nary to M-ary conversion is applied in order to estimate the Svmbolinterleaver 5048 204800
transmitted symbols. Using a QPSK modulation with Gray yh [decodi SbVA
mapping, the soft modulation can be expressed as: Channe" gecocing
Number of iterations 4
S\ pOS
Re(x) = tanh(LLRy™) (6) Table 1: Simulation Parameters
and . :
S post RC1 attenuation term: RC4 attenuation term:
'm(x) = tanh(LLR; ™) () T 270 [2=1.5107 | k=1 2=0 | &= 45107
Finally, an Interference Canceller (IC) is applied to treute RCI path parameter: RC4 path parameter:
ing vector which reconstructs the transmitted signal wita t [~ | g d; i g i
estimated version of the transmitted symbols. The MMSEF 1 06 100 1 1 0.26 300
IC formula takes into account the channel in the frequency 2 1 -9.08 130 2 1005 350
domain, the symbol interleaving and the spreading codes: 3T 0.08 160 3 1 03 370
1 4 |-0.08 190 4 | 0.25 450
%= (diagF+;/I)‘1(CHHg1AHr— (F —diagr)x) (8) 5 [015 300 5 [-035 510

. ) Table 2: Reference Channel 1 and 4
with I = CHTIJIAHATISC. This MMSE-IC allows the

MAI and the ISI to be suppressed iteratively. Several iter-
ations can be used depending on the channel. Usually foselective channels can also change abruptly in time due to

iterations should be enough to converge. the plugging or unplugging of devices in the network. In this
paper, we assume that the channel is constant over the time
3. THE PLC CHANNEL period of the simulation.

The noise in powerline channels is a mixture of colored

The PLC channel is described in the frequency domain b}‘loise, narrow band noise, asynchronous and synchronous

[6]: impulsive noises [7]. Because impulse noise can appear in
Np long bursts, itis necessary to include interleaving in @ume
H(f)= gi.e (Gota g, gi2nf(di/vp) (9)  Munication chain to allow spreading and channel coding to
i; lower its impact.

whereg; are the weighting factorsy, a; the attenuation fac- 4. RESULTS

tors, k is the exponent of the attenuation factdp, the num- '

ber of paths and the length of these paths, is the prop-  The simulation parameters are given in Table 1. Simulations

agation velocity of the cable. The channel impulse responsare carried out on two reference channels adopted from [1],

is obtained by the inverse DFT of the frequency response. namely the Reference Channel 1 (RC1) and RC4, which are
Intensive channel studies are carried out in [1] where theepresentation of a good and a poor channel. Their param-

authors propose four channels which reflect the main charaeters are given in Table 2. RC1 gives a channel impulse re-

teristics of typical PLC transfer functions. These frequen sponse with maximum delay spreaf< (with v, = 0.5c).



RC4 gives a channel impulse response with maximum dela
spread 3.4s. We choose a cyclic prefix length of 256 and 10 ‘ ‘
FFT size 4096 given the sampling rate of 50 MHz (8% loss — Non-iterative
of spectral efficiency). A half rate convolutional code with - - - Iterative

K = 7 is used for channel coding and the spreading code 197!
belong to the Fourier matrix. Simultations are provided for
a downlink transmission at full load (no loss in spectral ef-
ficiency due to spreading), meaning that either the numbe ® o2l
of users, equals the spreading lendthor N, < L. where  m
then several spreading codes are assigned to a particaelar us
For the simulations, it is assumed that the reference chsnne
representan average channel for all users, thereforesachu 10 ¢
experiences the same channel.

Figure 3 shows the Bit Error Rate (BER) performance ol
a MC-CDMA system with the parameters given in Table 1 10
and the RC1 channel whose parameters are given in Table 0
The difference between the performance of the non-iterativ
receiver and the performance of the iterative receiver &lism
because the RC1 channel is representative of a good powdrigure 3: Performance of QPSK non iterative and iterative
line channel with only few reflection points. Therefore, noMC-CDMA receiver on reference channel 1
frequency diversity can be exploited through the iterative
ceiver by enabling symbol interleaving and spreading.

RC4 represents a bad channel for powerline communi  1g°
cations. The link has numerous branches and exhibits fre
guency selectivity. Figure 4 shows that the iterative nezrei
leads to a gain of 2.3 dB &ER = 103 compared to the =
non-iterative receiver. In this case spreading and symbol i
terleaving enables the exploitation of the frequency sistec
ity through the iterative receveiver. x

Fig. 5 shows the Bit Error Rate (BER) performance of & 10 ¢
an iterative MC-CDMA system with the parameters given in
Table 1 and the RC4 channel whose parameters are given
Table 2. Several order of modulations are simulated, whicl 10 \
are QPSK, 16QAM and 64QAM. The impulse noise is 10 \
dB or 30 dB higher than the AWGN. Impulsive noise has a \
detrimental effect on the transmission, leading to a higRBE 1™ ‘ ‘ ‘ N ‘
treshold (around 1) even for high SNR in the case of 30 0 1 2 3 4 5 6
dB impulsive noise. This treshold is approximately 10 dB b0
and 30 dB long depending on the modulation for impulsive . ) ) )
noise of 10 dB and 30 dB respectively. Figure 4: Performance of QPSK non iterative and iterative

Fig. 6 shows the BER of the same iterative MC-CDMA MC-CDMA receiver on reference channel 4
receiver and impulsive noise with an increased size of sym-
bol interleaving (100 OFDM symbols). For low power im-
pulsive noise (10 dB) the MC-CDMA iterative receiver can
recover the data of the different users reaching the perfo
mance of a system without impulsive noise. In this case th
treshold of 10 dB long is totally cancelled, leading to a gain
of approximately 7 dB for QPSK, 16QAM and 64QAM. For
high power impulsive noise (30 dB), the symbol interleaving
allows the receiver to reach low BER for significantly lower
SNR values than without symbol interleaving. Compared tc
the case without interleaving, a gain of approximately 15 dE
is attained for the different modulations.

- - - Iterative
—— Non-iterative

5. CONCLUSION

Powerline channel properties call for advanced signal pra
cessing techniques to counteract the frequency selgrctivit
and the noise. In this paper, a MC-CDMA transmission withFigure 5: Performance of QPSK, 16QAM and 64QAM iter-
a low complexity iterative receiver is proposed for the PLCative MC-CDMA receiver on reference channel 4 with 1%
channel, which can also be extended to other access scheni@pulse noise 10 dB and 30 dB higher than AWGN without
including a spreading operation and an OFDM modulationinterleaving

While the iterative receiver may be inefficient in the case of
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Figure 6: Performance of QPSK, 16QAM and 64QAM iter-
ative MC-CDMA receiver on reference channel 4 with 1%
impulse noise 10 dB and 30 dB higher than AWGN with in-
terleaving

good powerline channels, a significant performance gain is
observed for poor powerline channels. While the impulsive
noise have a prejudicial effect on the link transmission, it
can be counteracted by means of symbol interleaving due to
the spreading operation which collects the data underrdiffe
ent channel and noise conditions. A significant performance
gain is observed for a realistic powerline channel and high
power impulsive noise.
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