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Abstract— The paper describes an OFDMA based modem for as in wireline applications, in particular for digital subscriber
multiple access PowerLine Communications (PLC) over the low- |ine (xDSL) services. Indeed, OFDM has many well known
voltage distribution network. Relying on a preliminary charac- advantages: among others, a low complexity channel equalizer,

terization of the French PLC network, a complete description a 0ood resistance to narrowband and imoulsive noise. and the
of the modem is given. It concerns in particular the data frame g : w Impuisivi IS€,

structure, subcarrier allocation to users, the bitloading algorithm ~ Possibility to approach the Shannon capacity by implementing
used for symbol coding, synchronization, and equalization. The a simple coding technique, the so-called bitloading technique.
proposed system is evaluated through simulations carried out |n the context of PLC, bitloading is appropriate because the
using a simplified noise model. channel is invariant for a period of time long in comparison
with the OFDM symbol duration. However, OFDM systems
also show a weakness in their sensitivity to synchronization
errors.

In recent years, in particular since the liberalization ofhe paper is organized as follows. Section Il describes the
the power and telecommunication markets, PowerLine Comharacteristics of the network that are capital in the choice of
munications (PLC) have been the subject of an importagfe system parameters. In section I, we propose a data frame
research work. At the same time, the growing demand f@gructure. Section IV and V provide a detailed description

multimedia communications provides a good prospect for PL§; the transmitter and the receiver. In section VI, simulation
as a promising transmission technique for the “last milefesylts are shown.

access network. In this configuration, the Low Voltage (LV)
power grid is considered as a local loop. The connection to Il. NETWORK DESCRIPTION
the Internet backbone is ensured at the Medium Voltage/Low ) ) ) o

Voltage (MV/LV) transformer, by a more conventional means In this section, we describe the communication link between
such as a fiber optic or a cable. the MV/LV transformer and the customer meter.

However, using electrical wires as a high speed communi-

cation channel remains a challenging idea, as the netwokk Network Topology

structure and nature were not |n|t|a”y devised for that purpose.The LV power gnd attracts considerable attention as a com-
The main characteristics of the powerline channel seem quignication medium because it provides connection to every
unfavorable: multipath reflections induced by impedance migpysehold. On average, an MV/LV transformer of the french
matches, changes in the channel transfer function due to $3BF network feeds 200 households in an urban residential
switching of electrical devices, a highly diverse noise environgrea ([1]). Therefore, seen from the MV/LV transformer, the
ment, and so forth. Therefore, an efficient transmission schemgtwork is amultiuserpoint-multipoint network.
has to include robust tEChniqueS in order to face the dlﬁlCUltl%e transmitted power"ne signa| experiences a considerable
of such a medium and to get reliable and spectrally-efficiegitenuation which increases with distance (that can reach a few
transmissions. In this paper, we focus on the design of a higlindred meters) but also with frequency ([2]). To deal with
speed PLC modem in thé MHz, 20 MHz| band. This modem thjs problem, relay points where the signal is demodulated,
is based on an orthogonal frequency division multiplexingegenerated and emitted again by modems called repeaters are
(OFDM) modulation, the considered multiple access schemigroduced if need be. Therefore, a PLC local loop access
being the frequency division access OFDMA (Orthogongetwork has a cell structure, similar to many radio networks.
Frequency Division Multiple Access). Up to the present dayshe communication system is thomultiuserandmulticellular.
OFDM has been adopted in many wireless systems as Wk distinguish two types of cells. We call primary cell the
. . _ unique cell where the Central Moder€1) at the MV/LV

This work is supported by the French grant RNRT/IDILE: project P P ansformer plays the role of the base station, and the repeaters
are CEA/LETI, EDF Electricitt de France) R&D, Elsys Design SA, ENST, )
INSA/IETR, Sagem SA, and Sefgc. (R) play the role of terminal stations (see Fig. 1). Beside the
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repeaters, the primary cell also contains those of the custonitesis being invariant for a period of the order of a few seconds.
modemsM that are close to the mode@®M. In Fig. 1, it is On this basis, training sequences have to be inserted periodi-
shown that repeaters also belong to secondary cells, in whichlly to re-estimate the channel in both uplink and downlink
they play the role of base stations that communicate withirections. Because this period is rather long, it is perfectly
customer modemsa\). A secondary cell will cover a repeaterconceivable to transmit the Channel State Information (CSI)
area, typically a building or a group of habitations. Followingoward the transmitter via a feedback channel, and to exploit
a configuration recommended by Electicibe France, we judiciously this CSI.

consider, in the sequel, a network with= 16 repeaters, each

repeater transmitting towarth modems. ConsequentB56 1. FRAME STRUCTURE

users can be connected to the model. Fig. 1 brings to the . . .
The signals exchanged in the primary cell are separated

fore a bus-connected architecture since all types of moder];?sm th f th ndar I ina Time Division. Fur
are branched in parallel on the single-phase line. 0 0Se of the seconaary Celis using € sion. Fur-

thermore, in each cell, the downlink is separated from the
P e . uplink using Time Division Duplexing (TDD). The frame

=L =L structure is illustrated Fig. 3. Each frame is divided into 4
D | consecutive time slots corresponding to the 4 possibilities: the
3 ,jﬂ, 77777777777 slots CMD, CMU, RD, andRU correspond to the primary
1 7@ 7@ ! cell in downlink, primary cell in uplink, secondary cell in
. i 3 downlink, and secondary cell in uplink respectively. The
R second. cell | R second. cell | . . . .
””””” A ! relative durations of these slots can be adjusted according to
1 MVILY the data rate requirements of each of the corresponding four
TRANSFORMER transmission modes. The whole frame contédihgs OFDM

symbols. Every64 frames are grouped into a superframe. As

B O — : rames 2 1 [ N

. CMD CMU ] RD RU
Fig. 1. A PLC cellular network
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Training sequencA dedicated to DL channel estimation, cell search (in frame 0) and synchronization
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B- Chan nel CharaCte”SthS E  Training sequencBN dedicated to DL noise-plus-interference estimation (in frame 0)
[m

The frequency bandjl ].VIHZ, 20 MHZ] can Support the Training sequencA’ dedicated to UL channels estimation (in frame 0)
high rates needed by many Internet applications. Note that
the bandwidth is the same as in VDSL ([3]). Channel trangig. 3. Frames based on TDD slots
fer function between any two modems in the network is

that of a complicated transmission line with many stubﬁ~Ie duration of an OFDM symbol i€orpy = 117,4 s

ha"'f‘g termmated_ loads of various |mpedr_:mces. Beca_use (Qée section 1V-A), the duration of a superframe is equal to
the impedance mismatches, the channel is charactenzed(jg‘y>< 256 x Torpy = 1.92 s, a time period over which the

mgltipath effect ?Pd aolng time dislpersion equal to a fhew channel is considered as invariant. The first frame in a super-
microseconds. This delay spread lang compared t0 the fame denoted in Fig. 3 as frame 0, has a special structure.

invers_e of th? (cumulative) symbol rate_: which is aIm.OSt thﬁ modem that has the intention to access the network will
sampling period T = 0.05 us, see section IV-A). In Fig. 2, 5o the OFDM symbols denoted Wy at the beginning of
we plot the realization of a channel impulse response measu e 0 to estimate the (downlink) channels coming from
by Electricie de France in downlink from a household distanlthe different repeaters. SymboRN in this frame are used

of 20 meters to the MV/LV transformer in a residential ared, astimate the Power. Spectral Density (PSD) of the noise
Furthermore, this impulse response changes when elecmﬁfﬂs interference. Based on these estimations, this modem will

select the most appropriate cell. Because the aizef the
discrete Fourier transform (DFT) or equivalently, the number
] of subcarriers in an OFDM symbol is largeV(= 2048,
see section IV-A), the frequency of the transmitter sampling
clock has to be estimated. This is also one purpose of OFDM
symbolsA. Because the receiver clock has to remain locked
oa ‘ ‘ ‘ ‘ ‘ ‘ ‘ on the transmitter clock, symbol& are sent again in the
’ ° ' P e ’ > ) downlink slots of the frames other than frame 0. Frequency
clock estimation is done only in the downlink and all modems
in a cell will have their sampling clocks synchronized on
the clock of their base station. As a consequence, the whole
devices are switched on or off. It appears that one can consigetwork is synchronized on the clock of the modeml.

Training sequencBN’ dedicated to UL noise-plus-interference estimation (in frame 0)

0.4

0.2

]

amplitude
o

Fig. 2. A powerline channel impulse response.



The base station of a cell has to estimate the uplink channelglas standard (240, 224) octet-oriented Reed-Solomon (RS)
well as the noise plus interference PSD. In the uplink slots cbde followed by an octet-oriented interleaver. This coding
frame 0, the modems in a cell send training sequences towaaheme is similar to the one described in the VDSL norm ([3]).

their base station for that purpose. Notice that the noise environment is similar in the two contexts
Related algorithms are detailed in section V. of PLC and VDSL. In particular, in addition to Gaussian noise,
impulse noise is present in both situations. RS codes are known
IV. MODEM : TRANSMITTER SIDE to combat the effect of these noises efficiently. Notice also
that (1) is usually considered as reliable when the noise is
p— Addiion of a cyclic prefix Gaussian. In our situation, the noise has a non Gaussian part
] | [ Resouree] [ s 5 .% 15 Lo Digaoanaog | Tensmi | . dU€ to intercell interference. However, for a BER equal to
fnterleaver] | Allocation] | (s/p) = OFT Conversion Fiter 103 at the output of the hard decoder (resulting in a BER of

. _ _ 107 at the output of the RS decoder), it appears that (1) can
Fig. 4. Transmitter block diagram still be used in our context.

C. Subcarrier Allocation to Users

A. OFDM Modulation Design We present here a very simple OFDMA algorithm for
allocating the subcarriers to users within a cell. It is an
adaptation of the one proposed by Rhee and Cioffi in [5],
where they assume equivalent users rate requirements.

Table | gathers the system main parameters.

TABLE | Let (Ri)k=1,... x be the rates given to th& users. Define
OUR POWERLINE SYSTEM PARAMETERS the subcarrier allocation function &§n) = k if subcarriern
Sampling period %) .05 s is given to userk. The allocation algorithm is :
Number of sub-carriersN) 2048 1) Init:
Channel delay spread 5 us =100 Tk o L . . o .
Guard interval duration 15 ps = 300 Ty A= {0’ NV 1}’ b= {O’ K 1}’
DFT block duration 102,4 s = 2048 T, ckn = [log(14+SNI Ry, /Ty)] VEke€ B Yne A
OFDM symbol duration {Torpm) | 117,4 ps = 2348 T

2) For k=0,--- ,K—-1 {

€)) M = maxjeca(ck,;)
The sampling frequenc¥’s is 20 MHz. The guard interval (b) If M#0
has been fixed td = 300 samples. It has been dimensioned Find B : ¢ ;=M VjekE
so as to absorb all the transmission delays in a cell, which Find n : ¢y, =minjcp(max;zx ¢ ;)
ensures synchronization at the level of OFDM symbols. In R,=M, A=A—-{n}, ZI(n)=k
order to limit the loss of spectral efficiency induced by the (© el se
guard interval, the number of subcarriers has to be chosen B=B-{k} }
large: N = 2048, and this reduces the loss of spectral 3) Wiile A#( and B#0 {
efficiencyn = D/(N + D) ton = 12.8 %. (@) Find k : Ry =miniep R;
(b) M = maxjeca(c,;)
B. Dynamic Bit Allocation and Coding (c) If M#0
Let K be the number of users in a given cell. Assume Find £ @ c;=MVjek
that subcarriem has been allocated to usér and denote Find n @ ¢, =minjep(maxiz ci ;)
by SNIR;,, the associated Signal to Noise plus Interference Ry =Rp+M, A=A—{n}, I(n)=k
Ratio (SNIR). Notice that in our case, the interference is the (d) el se
undesired signal that comes from nearby cells, as explicitly B=B-{k} }

detailed in section V-C. Given this SNIR, we have to chooseest us now explain the main differences w.rt. Rhee and
the greatest symbol constellation size compatible with a targeioffi's algorithm. Rhee and Cioffi simply use the SNIR as
Bit Error Rate (BER). This is the well known bitloadinga unique distinction criterion. However, there is a truncation
principle. The chosen constellation will be characterized byffect due to the use of the floor function in (1), since
a number of bits per symbal, ,, given by: subcarriers having different SNIRs can transmit the same
. bitrate. Therefore, the subcarrier uppermost assigned to a
bin = 108y (1 + SNIRj.n /Tt @) given user is chosen among a set of subcarriers with SNIRs
where|.] stands for rounding down to the nearest integer arldading to thesame maximaltransmitted bitrate. Then, on
T'x is the so-called Signal to Noise Ratio Gap ([4]). Assumingach subcarrier belonging to this set, one finds the maximum
a hard decoding at the output of the constellation decodamong the bitrates all other users would reach in a single user
this gap depends on the target BER at the output of the hardntext, and the subcarrier corresponding to the minimum of
decoder. For instance, if we require the BER at the outpall these maxima is allocated, so as to penalize as less as
of the hard decoder to be equal 163, thenT, = 6 dB. possible other users. Moreover, a user is discarded e
Considering the Forward Error Correction (FEC), we selectenill not be considered in the following of algorithm) as soon



as the number of bits supported by its “best” subcarrier is ridince the number of subcarriers in an OFDM symbol is

longer strictly positive. large, the frequency of the transmitter sampling clock has
to be estimated. Equivalently, denoting By the transmitter

V. MODEM : RECEIVER SIDE clock period, the receiver clock period in its free oscillation
mode can be writterll'f*¢ = (1 + §)T,. The mismatch

b ) orscpemenons De inereaver parametep has to be estimated and to do this, the particular

ﬂ R:.i::“e’H A?:?i‘;&é.‘;’.??‘“‘H St [ s ::: Pis g - structure of symbolA can be exploited again. As the even

0 ey subcarriers are the only active subcarriers, a transmitted
symbol consists in two consecutive identical halves in the time
domain ([6]). At the receiver, a DFT operation of si2g2 is
sequentially performed on each of these two halves. Denoting
by (Y1(0),...,Y1(N/2 — 1)) and (Y2(0), ..., Y2(N/2 — 1))
A. Synchronization and Channel Estimation the OUEDUEF ](;f these two DFTs respectively, an estindaté
can be ([7]) :

Fig. 5. Receiver block diagram

A modem with the intention to access the network will try to(S
detect theCMD or theRD slots of the frame 0 in a superframe.

<1 TS 0Yr ()
The procedure it has to follow is described by Fig. 6. 0= 5=

N/2—1 > S
2m S PRV (1)Yy (1)
We now turn to the channel estimation and consider for
example the situation where a moddvh receives signals

from a certain number of repeaters. The pseudo-noise training
sequence sent on symbdisby a repeater is specific to this

4

OFDM symbol synchronization

v

Frame synchronization

v repeater, and these sequences are decorrelated. Therefore, the
Sampling clock synchronization different channels can be estimated by the moddmby

v correlation of the signal it receives in the time domain with
Estimation of different channels these training sequences. The cell that corresponds to the

I estimated impulse response vector with the largest Euclidean

norm is finally selected by modei.
Cell selection

B. MMSE equalization

Let the samekt” user transmitting on the*" subcarrier

. i L belong to the cell 1. The MMSE detection of a QAM symbol
First, the modem has to find the symbol timirige. the emitted by the repeater writes :

beginning of the OFDM symbols, in order to position accu-
rately the Discrete Fourier Transform (DFT) window. To that _ NN
L . . 1 nkn (1)
purpose, the OFDM symbol periodical structure is exploited Sy, = T 5l Y., ©)
i v A ! : Z|H()|2+ZQ Z|H(q’)|2+02 :
by computing a slidingD-sample correlation of the received nlstk,n q=2 "1k k,n

,n

Fig. 6. Synchronization procedure

signal with its replica shifted back by samples ([6]): where Z,, is the QAM symbol energy. This energy is con-
D—-1 4 strained by a PSD mask to avoid radiated emission from
k k+ N
R(n) = Lio y'(n+ ky(n +k+ N) (2) PLC on other services using the same bandwidth, such as

szol ly(n + &+ N)J? amateur radio operatorsl ,517)1 and H ,E,q;f) are respectively the
where{y(n)} are the received signal samples in time domairmoefficient of the channel between the repeater of the cell 1
Simple threshold detection is then implemented to locate tlad itsk” modem on thex*" subcarrier, and the coefficient
correlation peaks,e. the OFDM symbols beginning. of the channel between the repeater of the g¢elhd the same

In a second step, the modem has to locate the frames. Thisdem on the same subcarrier.

can be done by detecting symbaiswhich have a particular

structure. Indeed, in symbo#s, all subcarriers with odd ranks ~ Noise-plus-Interference estimation

are put to zero, and a pseudo-noise sequence is transmitted on . L . -
even subcarriers. Thus if we compute the ratio of the sum of 2till considering the same user, once his channel coefficients

the powers received on even subcarriers to sum of the powdf§ known, the noise-plus-interference denote@fjl\llremalns
received on the odd subcarriers, peaks will appear every tirffe P€ estimated on every subcarrier, as required for the
a symbolA is received,.e, at the beginning of slotcMp  Pitloading algorithm and the MMSE detection.
andRD. The symbolA detection function writes:
(N-1)/2 2
S(n) = im0 Yo (28)|

VY, 2k + 1) o i i i

= ne can notice there is no need to estimate separately the
whereY,,(I) represents the signal received on subcairief interfering channels and the noise variance. In downlink, a
OFDM symboln. simple solution based on the symbdkN exists. At the

,n

Q
NI =S 2, 5D + 07, ()
©) 02



Cell 1

begining of the superframe, after the symigleach repeater o~
emits@Q—1 PN symbols and one null symbol. The localizatior s|
of the null symbol follows the rule according to which wherg,,|
one repeater emits its null symbol, all other repeaters as, |
transmitting their non-nulPN symbols. As the power emitted gzoi
for the PN symbols is equivalent to the power emitted in dat(“ﬁl
mode, the signal received by the modem during the silen
of one repeater will provide an estimate of the sum of th % 4 8 12
intercell interference of the other repeaters with the AWGN
This enables us to estimate exactly the noise-plus-interferer 2sp
variance. And finally, for usek transmitting on subcarrier |
n in the cell 1, the Signal-to-Noise-plus-Interference has thgmf
following expression:

16 20 24 28
EJN, (dB)

Cell 2

(Mb

Bitrates
=
o

7 |H(1) |2
(1) _ Znlkn
SNIR; ;, = o) 7
k,n
In uplink, all modems in all cells emi®) — 1 PN’ symbols
and one null symbol. The I_ocallzatlon of the null symbol I%ig. 8. Bitrates vsEs /Ny in a multicellular multiuser context
the same for all modems inner to a same cell. And when
the modems of a particular cell emit their null symbol, they

estimate the intercell interference plus the AWGN because all ) _ )
other modems are transmitting their non-nBIN' symbols. and decoding techniques can be used to reduce the magin

Therefore, the estimated interference power is worse thgRd then to increase the spectral efficiency. In Fig. 8, three
in data mode since the subcarriers have not been allocaksg's are located in two cells. So this simulation also includes
yet. All signals emitted simultaneously by all modems on alhe cell selection and the subcarrier allocation algorithms. As
subcarriers are taken into account. Notice that this results 3nesult, the modem 1 belongs to cell 1 while the modems 2

o

o,

16 20 24 28
EJN, (dB)

a pessimistic uplink noise-plus-interference estimate. and 3 belong to cell 2. In reality, the distance between the
modem 1 and the cell 1 repeater i® m. In the cell 2,
VI. RESULTS the distances between the modem 2 and the repeater and

ween the modem 3 and the repeateri@@m and30 m

pectively. Finally the distance between the two repeaters is

about20 m which corresponds to a standard distance between
3 buildings. The bitrate degradation in cell 33(Mbits/s)

AWGN) i d. The initial i lock offset int .r.t. the single cell case is due to intercell interference which
) is assumed. The initial sampling clock offset intro, ives lower SNIRs. In the second cell, the two modems obtain

duced is30 ppm. The synchronization, channel estimation, an latively fair bitrates in spite of the distance of modem 2 :
noise estimation algorithms are simulated, with a RS-cod%I

. . . . . be
Simulations were carried out using the parameters descrlbr(-*é

in section IV-A. The channels used, provided bigléctricite
de France”, have been measured in a residential area of P
southern suburbs, and a simplified noise model (with on

. f) Mbits/s for modem 2 and5 Mbits/s for modem 3.
gggoz?ﬁg?;%_bft no interleaver. The targeted BER after R he algorithms for symbol synchronization, frame synchro-

. . . . nization, and cell selection offer very good results (in practice,
In Fig. 7 and 8, we plot bitrates vs. ttig, /Ny in dB, which a detection rate of 100 % is reached).
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