N
N

N

HAL

open science

Resource allocation with adaptive spread spectrum
OFDM using 2D spreading for power line
communications

Jean-Yves Baudais, Matthieu Crussiere

» To cite this version:

Jean-Yves Baudais, Matthieu Crussiere. Resource allocation with adaptive spread spectrum OFDM
using 2D spreading for power line communications. Eurasip Journal on Applied Signal Processing,

2007, 2007, pp.ID 20542. hal-00173430

HAL Id: hal-00173430
https://hal.science/hal-00173430

Submitted on 18 Sep 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00173430
https://hal.archives-ouvertes.fr

Hindawi Publishing Corporation

EURASIP Journal on Advances in Signal Processing
Volume 2007, Article ID 20542, 13 pages
doi:10.1155/2007/20542

Research Article

Resource Allocation with Adaptive Spread Spectrum OFDM
Using 2D Spreading for Power Line Communications

Jean-Yves Baudais and Matthieu Crussiére

Institute for Electronics and Telecommunications of Rennes (IETR), CS 14315, 35043 Rennes, France
Received 31 October 2006; Revised 28 February 2007; Accepted 16 May 2007
Recommended by Moisés Vidal Ribeiro

Bit-loading techniques based on orthogonal frequency division mutiplexing (OFDM) are frequently used over wireline channels.
In the power line context, channel state information can reasonably be obtained at both transmitter and receiver sides, and adap-
tive loading can advantageously be carried out. In this paper, we propose to apply loading principles to an spread spectrum OFDM
(SS-OFDM) waveform which is a multicarrier system using 2D spreading in the time and frequency domains. The presented al-
gorithm handles the subcarriers, spreading codes, bits and energies assignment in order to maximize the data rate and the range
of the communication system. The optimization is realized at a target symbol error rate and under spectral mask constraint as
usually imposed. The analytical study shows that the merging principle realized by the spreading code improves the rate and the
range of the discrete multitone (DMT) system in single and multiuser contexts. Simulations have been run over measured power
line communication (PLC) channel responses and highlight that the proposed system is all the more interesting than the received
signal-to-noise ratio (SNR) is low.

Copyright © 2007 J.-Y. Baudais and M. Crussi¢re. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is

properly cited.

1. INTRODUCTION

Different techniques are proposed to provide reliable and
high data rate communication access. One of these possible
techniques is power line communications (PLC) which ex-
ploits the power supply grid for indoor and outdoor commu-
nication purpose. Recently, orthogonal frequency division
multiplexing (OFDM) has been retained as a good modula-
tion able to ensure high data rates in this frequency selective
medium [1, 2].

The power line channels essentially offer quasistatic im-
pulse responses, like in other wireline channels, which im-
plies that the channel state information (CSI) can be made
available at the transmitter by sending adequate feedback
information from the receiver. Under this assumption, the
channel knowledge is exploited by bit-loading algorithms to
increase the capacity of the transmission systems, as done
with the well-know discrete multitone (DMT) system in
the digital subscriber line (DSL) applications. This adap-
tive loading approach results in substantial improvements in
terms of system throughput or robustness [3]. In a general
approach, each subcarrier can be assigned a given energy and
be loaded with a given modulation, such as quadrature am-

plitude modulations (QAM). In order to ensure reliable com-
munications, the loading pair constellation energy is driven
by the signal-to-noise ratio (SNR) achieved per subcarrier.

However, for long lines or deep fades, the subcarrier SNR
can drop under a certain threshold resulting in unload situ-
ations. Moreover, finite order constellations like QAM, com-
bined with power spectrum density (PSD) limitations pro-
duce a quantification loss that implies a global achievable
rate reduction. To circumvent these problems, fractional bit
techniques exploiting trellis coded modulations with variable
rates can be carried out [4], but lead to an important in-
crease of complexity. Spread spectrum (SS) combined with
multicarrier technique has also been proposed using a so-
called carrier merging approach [5, 6]. The merging pro-
cess consists in connecting a set of subcarriers with spread-
ing sequences. If judiciously done, each resulting set holds
an equivalent SNR such that the total supported throughput
is greater than the sum of the individual throughputs sup-
ported by each subcarrier taken separately. This system, com-
monly referred to as SS-OFDM, can also be viewed as linear
precoded OFDM where the precoded matrix is the spreading
matrix [7].
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FIGURE 1: Schematic representation of the 2D-spreading technique.

The purpose of this paper is to generalize the above men-
tioned merging principles exploited for adaptive resource al-
location purpose, in the case of 2D time and frequency merg-
ing. The related transmission system thus combines OFDM
and SS in both domains, time and frequency. Consequently,
applying resource allocation to such a system means that the
loading algorithm has to take into account not only the sub-
carriers but also the time and the frequency spreading com-
ponents of the system to perform bit, energy, and code al-
location. Some preliminary works to this study have already
been introduced in [8, 9] in the case of one dimensional SS-
OFDM systems. This paper constitutes an overview, a gener-
alization, and an extension to these previous contributions.

This paper is organized as follows. Section 2 presents the
SS-OFDM system. Section 3 gives the optimal solution to
the throughput maximization problem of the SS-OFDM sys-
tem within a 2D time and frequency elementary pavement.
Section 4 gives some results with 1D spreading, in time or
in frequency, and Section 5 generalizes the spreading in 2D
space. Section 6 extends the previous results to the multiuser
case. The performance of the proposed scheme is given in
Section 7 over power line channels when 2D spreading is ap-
plied, in single and multiple user contexts. Finally, Section 8
concludes the paper.

2. SYSTEM DESCRIPTION

As previously stated, the studied system results from the
combination of multicarrier modulation and spread spec-
trum. In the general case, the data symbols are spread in time
and frequency, and OFDM modulation is applied over the
chips of the spreading codes, as presented in [10], thus lead-
ing to the 2D SS-OFDM waveform which we are interested
in. In our study, the SS component is not used to share access
between users, as CDMA does, but instead to multiplex dif-
ferent data symbols belonging to a given user. We then prefer
to use the abbreviation SS instead of CDMA. In a multiple

user context, developed in Section 6, frequency division mul-
tiple access (FDMA) will be used to perform multiple access
between users. Figure 1 depicts the construction of the sym-
bol data-flow with respect to the spreading process in time
and frequency. As illustrated, the K, data symbols are spread
using code sequences of length L. The resulting chips are re-
shaped into an elementary pavement and are then distributed
across the time-frequency grid. The elementary pavement p
basically defines the L, chips that are connected by the same
codes, and transmitted over a set &£, of L, elements of the
time-frequency grid. The distribution is performed over L; ,
OFDM symbols and Ly, subcarriers. L;, and Ly, corre-
spond to the time and frequency spreading factors, respec-
tively, and Ly, X Ly, = L. The number P of pavements is
clearly restricted to be such that Z};:] Ly, < N, where N is
the number of available subcarriers of the SS-OFDM system.

The baseband discrete-time equivalent transmitter and
receiver model is depicted in Figure 2. The information sym-
bol stream xj (1) associated to pavement p € [1;P] is first
spread by the code vector Ci, of length L,, where k €
[1,K,]. K, is the number of active codes (see Figure 1), out of
a maximum that can be accommodated by the used spread-
ing matrix. With an orthogonal Hadamard matrix K, < L,
and L, € {1,2,4i | i € N} [11], the K, symbols x ,(n)
transmitted over the pavement p are

Kp
Y, = Z Ck,ka)p(n)
k=1
CLip " CLKp Xl,p(”l) (1)
= . X S
CLp,Lp " CLpKpop XK,p(1)
where ¢k, = =1 is the code-chip. The chips of signal

vector Y, are then distributed within the OFDM time-
frequency grid with respect to function 7. This func-
tion, also called chip-mapping, is handled by the resource



J.-Y. Baudais and M. Crussiére

40

FiGgure 2: Continuous and discrete-time equivalent SS-OFDM model.

allocation algorithm. The resulting data stream is multiplied
by the Hermitian Fourier matrix ¥ that performs the mul-
ticarrier modulation. Then digital-to-analog (D/A) conver-
sion yields the continuous-time signal transmitted through
the frequency-selective channel h(t).

The received signal is analog-to-digital (A/D) converted
and then the multicarrier demodulation ! and the dual
time-frequency 7 ! distribution are applied. The multi-
carrier component of the SS-OFDM signal is supposed to be
adapted to the channel which is assumed to be constant over
one SS-OFDM symbol. In that case, the channel can be mod-
eled by one single complex coefficient per subcarrier [12] and
represented by a diagonal matrix that takes into account the
time and frequency distribution 7. Now focusing on a given
elementary pavement p, that is, on a particular set of ele-
ments of the time-frequency grid (see Figure 1), denoted £,
we define the equivalent subchannel matrix H;, by

he,1)(n) 0
H, = s (2)
0 he,w,)(n)

where h ¢, ) (n) is the frequency channel coefficient of “time-
subcarrier” «£,(l). By “time-subcarrier” we mean one sub-
carrier among the Ly, subcarriers of the elementary pave-
ment p, this subcarrier belonging to one of the L;, OFDM
symbols of the SS-OFDM symbol. Before despreading, chan-
nel correction based on the zero forcing (ZF) criterion is per-
formed with diagonal matrix G,. Hence, diagonal elements
of G are g, = 1/hg, (). Finally, the received symbol z,,(n)
obtained after despreading using code Cy , writes

2 (e, 0)(n)

T Cl,k,p 5
Ly = 7 he,ap(n)

(3)

Zkp(n) = xg p(n) +

where (z,)(n) is the sample of complex background noise
associated to time-subcarrier £, (/). This noise is assumed
to be Gaussian and white with variance Ny for all I. Note
that if the spreading code is only applied in the time do-
main, then for all [ # l,hbc(l) = hx(l’)) but {x(l) + (Dg(lf).
On the other hand, it is important to keep in mind that
the SS-OFDM system is reduced to the DMT system when
Ly=Ly=Ls,=1

To make the notation more compact and without loss of
generality, the time variable n is omitted in the following.

3. THROUGHPUT MAXIMIZATION

The proposed SS-OFDM system offers many degrees of free-
dom which are the code length, the number of codes, the
time and frequency spreading factors, the number of bits
per code, and the energy per code. In a general approach,
these degrees of freedom define variable parameters that can
be adjusted to manage resource allocation and maximize the
throughput of the system. Let us first focus on the optimal
resource allocation within a given elementary pavement p of
the SS-OFDM system. The optimal allocation of bits, ener-
gies, spreading factors, and codes has to be found consider-
ing a particular set of subcarriers «£ , such that |£,| = L, and
under PSD constraint. In this section, one single elementary
pavement is considered and the subscript p is omitted.

3.1. Rate upper-bound

A rate upper-bound of the system can be derived by evalu-
ating the system capacity which takes into account the chan-
nel, the used waveform, and the receiver structure. The sys-
tem capacity is derived from the mutual information of the
SS-OFDM system. It has been proved in [7] that optimal
waveform capacity is obtained with Hadamard matrices as
spreading matrices. Due to orthogonality, each received sym-
bol zx is estimated independently without intersymbol inter-
ference, as evident from (3). Thus, the total system capacity
is the sum of the system capacities associated with each code
k. This total system capacity, expressed in bit per SS-OFDM
symbol, with ZF detection is then

i I? ek
C =) log <1+——>, (4)
i Sier (1/]h|*) No

where ey is the energy associated to the code k. The energy e
has to respect the PSD constraint expressed as

K
Vke[LK], D e <E, (5)
k=1

where E is given by the maximal PSD.

Applying classical Lagrange optimization to concave
function € in (4) under PSD constraint (5) leads to the fol-
lowing theorem which gives the maximal system capacity.

Theorem 1. With ZF detection, the maximal SS-OFDM sys-
tem capacity using code length L and a set L of subcarriers is

L E) ©)

C = Llog (1 —
? Sier (1/]m]%) No
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The fairly simple solution stated in Theorem 1 consists
in achieving a uniform distribution of energies between the
L available codes, that is, for all k € [1;L], ex = E/L. Note
that this result implicitly says that all of the available codes
must be exploited to ensure maximal capacity, thatis, K = L.

In order to work on a throughput bound rather than on
a capacity bound, a convenient quantity called the signal-
to-noise ratio gap I', sometimes called the normalized SNR,
is introduced. This gap is a measure of the loss introduced
by the QAM with respect to theoretical optimum capacity.
With channel coding, the SNR gap is modified to include the
coding gain and can also include an additional noise margin
which takes into account the impairments of the system [3].
The maximal SS-OFDM throughput R € R for one elemen-
tary pavement is then

1 L E
R - Llog (1+-— ) )
? Uer (/] )NO

This throughput is the rate upper-bound of the SS-
OFDM system and will be referred to as such in the remain-
der of the paper.

3.2. Discrete modulations

The above obtained optimal allocation leads to noninteger
modulation orders except in the particular case of | R/L] =
R/L. Hence, Theorem 1 cannot be applied in practice, and
workable rates have to be considered. Denoting Ry the rate
associated with code k, the total throughput of the system
can be decomposed as

o ) (8)

and in the case of integer order modulations, the following
theorem gives the optimal allocation.

K K L2
= og ( -
g Z ? Fzze£(1/|hl|

Theorem 2. With ZF detection and integer order QAM, the
maximal reliable throughput of SS-OFDM using code length
L, a set L of subcarriers, and with a rate upper-bound R is
obtained with | R/L] + 1 bits assigned to | LQR/L-IR/LI —1)]
codes and | R/L)] bits assigned to L— | LR®/L~LR/LI —1) | codes.

The details of the proof are given in [9], and are based on
simple analytical tools. This proof basically shows (i) that the
proposed bit distribution among the codes is the one that
costs minimum energy, and (ii) that the given throughput
is the maximal throughput that is achieved respecting the
energy constraint (5). From (5) and (8) this energy cost ex-
presses

L L
Sa=p Y —oxYEM-1)<E O
k=1 leL |hl k=1

Theorem 2 simply says that maximal throughput is
reached when bits and energies are distributed as uniformly

as possible across the codes. The optimal reliable throughput
then writes

L
= SR = LIR/LI+ LM -] (10)
k=1

and the throughput Ry per code are such that Ry €
{LR/LI,I R/L] + 1}. This theorem also gives the number K
of codes to use which is L if | R/L| # 0, and |[L2*T — 1)
otherwise.

4. 1D SPREADING CASE

Previous results are given for one elementary pavement p. In
this section we apply the previous results with time or fre-
quency spreading, and for multiple pavements p € [1; P]. In
a general approach, each elementary pavement can exploit
its own code length L, which also becomes an adaptive pa-
rameter. But finding the optimal code lengths amounts to re-
solving a complex combinatorial optimization problem that
cannot be reduced to an equivalent convex problem. Then,
no analytical solution exists and optimal solution can only
be obtained following exhaustive search. In order to avoid
prohibitive computations, we assume that all the codes have
the same length L independently of p, such that L = L; X Ly.
This suboptimal but simple solution gives very satisfying re-
sults compared to the adaptive code length solution [7]. Fur-
thermore, using unique code length allows to derive useful
analytical results. In the sequel, let then L, = L, L;, = Ly,
and Ly, = Ly forall pin [1;P].

4.1. Time spreading

In the case of 1D time spreading L; = L, the system would
then be an multicarrier direct sequence code division multi-
ple access (MC-DS-CDMA) system if the spreading compo-
nent were used to realize multiple access between users [13].
Subcarrier coefficients ;,, of one elementary pavement p are
equal, since the channel is unchanged over one SS-OFDM
symbol. The throughput in R then writes

R, = Llog, (1+ |hlp| ) (11)

and the throughput R of an SS-OFDM system using N sub-
carriers, or P = N elementary pavements, is simply the sum
over N of the throughputs R, of each elementary pavement
p- Throughput R, is then simply expressed replacing R by
Ry in (10).

As evident from (11) and (10), R, (L) and R,(L) are in-
creasing functions. Expressed in bit per OFDM symbol, the
reliable rate R,/L can reach the rate upper-bound per OFDM
symbol R ,/L if and only if R,/L is integer, which is stated in
the following proposition.

Proposition 1. If | R,/L| # R,/L, then for all L R, < R,.
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carrier, 3 received SNR {10, 15,20} dBand I' = 6 dB.

Proof. It is simply proved using that if x € R and x # |x],
then 2*71%1 — 1 < x — | x|. Thus

Ry = L] 72 | [ am-tmn )|

L
< Ry
This inequality is true for all L € N*. O

To illustrate Proposition 1, Figure3 shows that the
throughput R, is an increasing function of L, whereas the
relative throughput R,/&R, converges to a value inferior to
100%. In this figure, the received SNR equals |hy, I2(E/Ny).
This relative throughput is overall increasing with L, but can
locally decrease due to the integer part operator.

We have introduced a rate upper-bound in Section 3.1
which gives a bound in R of a reliable rate in N. This bound
is actually not a reachable rate in general as it can be viewed
in Figure 3. Proposition 1 then induces a new upper-bound
well suited for reliable throughputs defined in N. Let R, be
this new reliable upper-bound:

R R
e Bl

This upper-bound is then expressed in bit per OFDM sym-
bol, and combining (11) with (13) it is clear that R, is inde-
pendent of L.

In terms of system performance, Figure 3 shows that the
time spreading exploits energy merging to improve the
throughput. Indeed, the SS-OFDM throughput with L, =
L > 1 cannot be lower than that obtained with L; = 1
which corresponds to the DMT system. The difference be-
tween the throughput R, and the rate upper-bound R, is re-
duced which means that the energy merging translates into a
compensation of the energy loss brought by the integer order
modulations.

4.2. Frequency spreading

With 1D time spreading, the energy merging is realized be-
tween the same time-subcarriers of several successive OFDM
symbols. With 1D frequency spreading, the merging is in-
stead realized between different subcarriers belonging to the
same OFDM symbol. One SS-OFDM symbol is then reduced
to one OFDM symbol, and the corresponding system would
be an MC-CDMA (multicarrier coded division multiple ac-
cess) system if the spreading component were used to realize
multiple access between users [14]. In a general approach, the
gains of the subcarriers over a subset £, are not equal, that
is, for all {I,I'} € £§, and | # I, |hip|* # |hyp|?. Then, the
rate upper-bound R, of pavement p is directly given by (7)
without any simplifications, and the achievable throughput
R, is simply expressed replacing &R by R, in (10).

This SS-OFDM system can benefit from carrier merg-
ing to improved the system throughput even if the sub-
carriers have different gains. For example, let P = 2, and
|12 = || 2(E/TNy), with [;]2 = 3.4 and |h,|2 = 2.9. The
DMT throughput corresponding to this two-subcarrier sys-
tem equals 3 whereas the SS-OFDM throughput equals 4:

Rpmr = [log,(1+3.4)] + | log,(1+2.9)] =3,

(14)
Rss-orpm = 2 X [ log,(1+3.13) +0 = 4.

The throughput gain is expected to be all the more im-
portant than the amount of merged energies is high, that is,
the frequency spreading factor increases. However, merging
subcarriers with variable gains also leads to distortion within
pavements. The ZF detector suppresses this distortion restor-
ing the code orthogonality to the detriment of a noise level
enhancement.

As it is shown in Figure 4 over uncorrelated Rayleigh fad-
ing channel of 100 subcarriers, the throughput overall in-
creases with the code length but when the system exploits
subcarriers with small received SNR, the carrier merging
cannot compensate for the distortion. This is the case, for
example, when hsy or hyy are exploited with code lengths,
respectively, equal to 30 and 40. For small code lengths, the
throughput R, is very far from upper-bound R, whereas
the difference R,/ reaches a minimum for code lengths
around 10—40 as evident from the relative throughput curve
in Figure 4. Now focusing on the code throughput R,/K, it is
shown that the number of bit per code overall decreases with



EURASIP Journal on Advances in Signal Processing

6
20
0 WW’\/WW
=20 T T T T T T T . .
0 20 40 60 80 100
Code length
70
35 1
0 T T T T T T T T T
0 20 40 60 80 100
Code length
100
75
50
0 20 40 60 80 100
Code length
3
15 1 f\’R,\
0 20 40 60 80 100
Code length

FIGURE 4: Received SNR in dB per subcarrier (a), throughput R, in
bit per SS-OFDM symbol (b), relative throughput R,/R, in % (c),
and code throughput R,/K (d) versus code length Ly = L over 100
subcarriers, I' = 6 dB.

code length. This means that the gain brought by the energy
merging cannot compensate for the distortion.

A solution to mitigate the distortion is to use multi-
ple elementary pavements thus reducing the spreading fac-
tor while exploiting the highest possible number of subcar-
riers. The corresponding system is commonly called spread-
spectrum multi-carrier multiple access (SS-MC-MA) system
[15]. Such a system needs to distribute subcarriers between
the elementary pavements. The following proposition gives
the optimal distribution that maximizes the throughput R.

Proposition 2. The optimal subcarrier subsets L ,, p € [1;P],

that maximize the throughput R = 211;:1 R are such that for
allp # p', foralll € L, foralll' € Ly, then || = |hy|.

Proof. We have basically shown that any subcarriers swap-
ping between two subsets «£, and £ given by the proposi-
tion leads to a rate loss. This is done using simple derivation
study of a sum of logarithm functions. The result obtained
for two subsets is easily generalized for P subsets. O

A practical solution to make use of Proposition 2 is to
sort the subcarriers in descending order of power gain. The
same result is obtained by symmetric with ascending order
and also minimizes the distortion within each subset and
maximizes the total throughput R. However, Proposition 2
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Figure 5: Throughput R in bit per SS-OFDM symbol and relative
throughput R/ in percent versus code length Ly = L over 100
subcarriers, for 3 average SNR {10,15,20} dB, and I' = 6 dB.

which gives the unique optimal subcarrier distribution be-
tween subsets for R € R, only yields a suboptimal solution
to the R € N maximization problem. The optimal subset
choice for R € R would consist in finding the subcarriers that
fully exploit the PSD in each subset. This optimal solution
could be obtained following a subcarrier swapping approach
after initial subcarrier distribution given by Proposition 2.
The resulting algorithm would require a prohibitive inten-
sive computation and the resulting rate gain would however
not be sufficiently high to compensate for this complexity in-
crease [9]. Therefore, we directly exploit Proposition 2 to dis-
tribute subcarriers and then simply apply Theorem 2 in each
resulting pavement to maximize R with low complexity cost.

Figure 5 gives throughput R = 3>, R, and relative
throughput R/R of the SS-OFDM system over uncorrelated
Rayleigh fading channel of 100 subcarriers. The average SNR
is given by

100

2 E 1 2 E
E[|hi| ﬁo]—mgm No' (15)

All the 100 subcarriers are used if and only if the code length
Ly is a divider of 100. In spite of this disadvantage, the
throughput increases with Ly up to Ly ~ 20. For Ly > 52,
the system is composed of only one elementary pavement
and can then exploit only Ly subcarriers. In that case, the
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obtained throughputs are lower than those obtained with
lower code lengths. As in Figure 3, for small code lengths, the
throughput R, is very far from upper-bound R, whereas
this difference reduces for higher code lengths. Figure 5 also
shows that Ly = 1 is not the optimal code length configura-
tion for throughput in N. However, the optimal configura-
tion cannot be derived analytically.

Note that a more powerful equalizer such as minimum
mean square error (MMSE) equalizer rather than ZF equal-
izer could have been chosen to mitigate noise effect. How-
ever, Proposition 2 leads to subcarrier distribution that min-
imizes channel distortion—and noise effect—within each
subset. Then, ZF detection leads to throughputs very close to
those obtained with MMSE equalizer. Furthermore, mathe-
matical expressions obtained with MMSE have a form such
that the studied optimization problem is not convex, whereas
derivations with ZF are fairly simple and lead to a closed
form solution to the optimization problem.

5. 2D SPREADING OPTIMIZATION

Merging the results in Section 4 obtained with 1D time or
frequency spreading, the throughput per elementary pave-
ment writes with 2D time and frequency spreading

1 Ly E
R, = Llog (1-1——.——), (16)
TS (] ) No

and applying (10) the total reliable throughput yields

R-$o )

Figure 6 gives reliable throughput R/L; per OFDM sym-
bol of the SS-OFDM system over uncorrelated Rayleigh fad-
ing channel of 100 subcarriers. It firstly appears that the
throughput increases with L;, that is, with L for a fixed value
of Ly, as already mentioned in Figure 3, and quickly reaches
its maximal value. On the other hand, for a fixed spreading

Z |L(2R/ AR 1) |, (17)
p=1

factor L, the throughput degrades for high values of L; due to
the increase of the frequency distortion. If the maximal time
spreading factor L; is only limited by L, the highest through-
puts are obtained for small values of Ly and for high values
of L;. Such configurations minimize the distortion within 2D
pavements. The DMT throughput givenby L = L, = Ly = 1
is around 130 bits per OFDM symbol, and is then easily out-
performed by the SS-OFDM system.

It turns out that the optimal configuration, that is, code
length, time, and frequency spreading factors, cannot be
reached analytically for throughput in N, whereas the follow-
ing proposition gives the optimal configuration in R.

Proposition 3. The throughput R = Zizl R is maximal for
Ly =1

Proof. The case of two subcarriers and Ly € {1;2} is ana-
lyzed, the generalization being obvious. Let x, y be the two
normalized SNR per subcarrier. The throughputs write

Rrs=1) = Llog,y(1 + x) + Lt log, (1 + y),

R =L, x2lo <1+#) (18)
(Ly=2) = &2 Ux+1/y)

The difference between these two functions shows that

ﬁ(szz) < ,ﬂ(szl) for all L;. O

The reliable rate upper-bound R, introduced in Section
4.1 remains valid using R, defined in (16) and (13). R, then
depends on the frequency spreading factor L and, contrary
to R € R given by Proposition 3, we cannot obtain any ana-
lytical total reliable upper-bound R € N independent of L.

6. MULTIUSER EXTENSION

In the single user context, the bit-loading algorithm applies
Theorem 2 to perform bit, code, and energy allocation across
the spectrum.

In the multiuser context different resource sharing strate-
gies can be used (see, e.g., [16, 17] and related references).
We choose here to maximize the smallest throughput over all
users, which is equivalent to maximize the total throughput
of the system while ensuring equal rates between users. This
strategy then sacrifices the overall performance of the system,
measured as the sum rate of all active users. Maximizing this
sum rate can be done at low computational complexity but
favors only users with good channels and does not ensure
bandwidth for all users. Maximizing the minimum through-
put ensures minimum quality of services for all the active
users, and then guarantees fairness between them.

To realize multiple access, we use a modified version of
the subcarrier allocation algorithm proposed in [18]. Let N,,
be the number of users, R® the throughput of user 4, and B,
the subset of subcarriers used by user u that gathers several
elementary pavements. Because of spectrum sharing between
users following FDMA, we have forallu # u', 8,n B, = 2.
For given L, L¢, and Ly, the proposed allocation Algorithm 1
is realized in three steps [9].
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(1) Initialization

(a) Compute Vu ay =RW | with B, = [1;N]
(b) Set Vu RW =0, 8,=0

(2) While Ju, B, =0

(a) Find u = argmin, {a, | B, = @}
(b) For the found u, find the best unused
Ly subcarriers

(c) Update B,, RW | o,
(3) While there exists unused subcarrier

(a) Find u = argmin, {R" | 3p, Ry” >0}

(b) For the found u, find the best unused
Ly subcarriers

(c) Update B,, RW.

ALGORITHM 1

The modifications of the algorithm proposed in [18] are
as follows (i) subcarriers are allocated to users by sets of L¢
subcarriers instead of being allocated one by one; (ii) the N,
first sets of subcarriers are assigned in step 2 with respect
to a priority order among the users based on the achievable
throughput of each user computed over all the available sub-
carriers; and (iii) the user which cannot improve its rate is no
more taken into account by the allocation procedure in step
3. The user with the smallest R® is being allocated at first,
and then are the others. Of course step 3 is stopped when no
more user can improve its throughput. Without condition
in 3(a), the user with the worst channel would impose its
throughput on all the other users, which would reduce the
total throughput. Note that the structure of the algorithm
is independent of the code length L and can be applied for
L=1aswellasforL > 1.

7. SIMULATION RESULTS OVER POWER LINE
CHANNELS

In practical systems, there is P = | N/Ly]| elementary pave-
ments over N subcarriers then

P
R =D R,

P p
R=>MR,, R=>DR, (19
p=1 p=1 p=1

and in order to compare the performance of the systems, the
throughputs are given in bit per OFDM symbol, that is, these
throughputs are R/L;, R, and R/L;.

In this section, we present simulation results for the
proposed adaptive SS-OFDM scheme and we compare the
performance of the new scheme with the performance of
DMT, that is, when L = Ly = L; = 1. The generated SS-
OFDM signal is composed of 2048 subcarriers transmitted
in the band [0;20] MHz, and 1880 subcarriers are used to
transmit information data. Then N = 1880 and the result-
ing used bandwidth is [1.6;20] MHz. The subcarrier spac-
ing equals 9.765 kHz and a long enough cyclic prefix is used
to overcome intersymbol interference. We assume that the

Channel transfer function (dB)

Frequency (MHz)
+ #1 * #3
X #2 O #4

F1GURE 7: Measured PLC channel transfer functions.

synchronization and channel estimation tasks have success-
fully been treated. The used PLC responses, displayed in
Figure 7, have been measured in an outdoor residential net-
work by the French power company Electricité de France
(EDF). We assume a background noise level of —110 dBm/Hz
and the signal is transmitted with respect to a maximal PSD
of —40 dBm/Hz. We consider that 29-ary QAM are employed
with g € [2;15] as in DSL specifications. Results are given for
a target symbol error rate (SER) of 1073 corresponding to an
SNR gap I' = 6 dB without channel coding. Some results are
given versus channel attenuation which is related to maximal
received SNR per subcarrier in the following way:

max SNRgp) = 70 — Att(gg). (20)

From (7) with L = 1, it comes that the DMT system needs
a received SNR larger than 10.8dB to transmit a minimal
number of 2 bits per subcarrier, corresponding to a chan-
nel attenuation lower than 59.2 dB. The following simulation
results show that the SS-OFDM system can benefit from en-
ergy merging to lower the required minimal received SNR
and then improve the system range.

To perform bit-loading which needs CSI at the transmit-
ter side, we assumed that the channel is constant over one
SS-OFDM symbol, that is, over L, OFDM symbols. This as-
sumption cannot be valid for large values of time spread-
ing. Furthermore, the SS-OFDM receiver have to memorize
L; times the result of the FFT 2 K before any signal process-
ing. In order to limit this memory size and to assume con-
stant channel over one SS-OFDM symbol, the maximal time
spreading is then limited to 8.

7.1. Single-user case

Figures 8 and 9 give results with time spreadingand Ly = 1,
and with frequency spreading and L; = 1, respectively. In
these figures only 1D spreading is then performed.



J.-Y. Baudais and M. Crussiére

Relative throughput

70 T T T
1 10 100

Time spreading factor

FIGURE 8: Relative throughput R/(L,#R) in percent of SS-OFDM sys-
tem with Ly = 1 versus code length, over PLC channel no. 1 and for
six channel attenuations {20, 30, 40, 50, 60,70} dB.
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FIGURE 9: Maximal throughput max(R) in bit per SS-OFDM sym-
bol, corresponding code length, and relative throughput R/max(R)
for three code lengths Ly = {16,064, 188} of SS-OFDM with L, = 1
versus channel attenuation in dB, over PLC channel no. 1.

Figure 8 shows that the higher the channel attenuation
is, the larger the time spreading factor should be to achieve
a given percent of the reliable upper-bound fR. With chan-
nel attenuation of 70 dB, the time spreading factor must be
higher than 100 to reach 90% of the reliable throughput
upper-bound. For lower channel attenuations, that is, higher

9
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Figure 10: Time and frequency spreading configurations of SS-
OFDM system which lead to at least 99.5% of the maximal value
of the reliable rate upper-bound R, over PLC channel no. 1 and for
three channel attenuations {30, 40,50} dB.

received SNR, shorter time spreading factors are sufficient
to reach a high percentage of the bound. When the chan-
nel attenuation increases, the energy per subcarrier and per
OFDM symbol decreases and drops under values for which
no more bits can be transmitted for an increasing number
of subcarriers. To transmit bits over these zeroed subcarri-
ers larger time spreading factors must be used to merge more
OFDM symbols.

Since none analytical reliable upper-bound can be de-
rived, as already mentioned in Section 4.2, the optimal fre-
quency spreading factor that maximizes the throughput
is worked out through simulation search. Figure 9 then
shows the maximal throughput and the corresponding fre-
quency spreading factor obtained for channel attenuations
in [20;70] dB. The optimal frequency spreading is Ly €
[36;96] with an average value around 52. When comparing
the throughput of fixed frequency spreading configurations
with the optimal throughput for each channel attenuation,
it appears that all the frequency spreadings, except very high
Ly, give throughputs up to 99% of the maximal throughput
for low channel attenuations. For high channel attenuations,
the system cannot merge enough subcarriers with low Ly,
and cannot compensate for the channel distortion with very
high L in order to improve the throughput. For these high
channel attenuations, the optimal frequency spreading factor
is around 64.

Figure 10 gives results with both time and frequency
spreadings, that is, with 2D spreading. The reliable rate
upper-bound R is frequency spreading dependent. In or-
der to work with a frequency spreading independent upper-
bound, the maximal rate upper-bound is computed over all
the possible time and frequency spreading configurations,
L; < 8 and Ly < 100. Figure 10 gives the configurations
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Figure 11: Throughput of DMT and SS-OFDM maximal reli-
able upper-bound in bit per OFDM symbol, relative through- put
R/(L¢R) of SS-OFDM systems in percent versus channel attenua-
tion in dB, with configurations {L;, Ly} € {{4,94};{6,40}; {8,2};
{1, 1}}.

that lead to at least 99.5% of this maximal bound. The num-
ber of these configurations decreases when the channel at-
tenuation increases. For example, this number of configura-
tions is equal to 285, 155, and 13 for channel attenuation, re-
spectively, equal to 30, 40, and 50 dB. With 50 dB of channel
attenuation, most of the optimal configurations use a time
spreading factor close to the maximal available one, that is,
L; = 8. It is important to note that there exist several con-
figurations that lead to throughputs very close to the maxi-
mal rate upper-bound. In practice, it is then possible to fix
in advance, that is, not in real time but as of the system de-
sign, a subset of configurations that yield performance close
to the optimal. This approach reduces the number of config-
urations that the system has to compare in real-time.

Figure 11 gives the throughput of the DMT system and
the optimal rate upper-bound of the SS-OFDM system, and
compared the throughputs of four SS-OFDM configurations
relative to this upper-bound. The DMT throughput, corre-
sponding to the SS-OFDM system with L = L; = Ly = 1, is
easily improved by the SS-OFDM system. The DMT system
cannot reach 60% of the reliable upper-bound for channel
attenuations higher than 55 dB, whereas the SS-OFDM sys-
tem with {L;,L¢} € {{4,94};{6,40}} can reach at least 90%
of this upper-bound even for a channel attenuation equals
to 70 dB. Let us recall that for this channel attenuation the
received SNR per subcarrier is lower or equal to 0dB. The
SS-OFDM system is then able to transmit information even

Channel attenuation (dB)

FIGURE 12: Average throughput per user of DMT and SS-OFDM,
and corresponding {L;, Ly} SS-OFDM configuration, versus chan-
nel attenuation.

if the signal is under the noise level, whereas this is impossi-
ble with the DMT system. The SS-OFDM system can exploit
subcarriers with received SNR equal to 10.8 — 10log,, L dB to
transmit the lower number of bits which is 2, that is, channel
attenuation equals to 59.2 + 10log,, L dB.

7.2. Multiuser case

In the multiuser case, the time and frequency resource is
shared by the users with FDMA, whereas the SS is used to
multiplex the data of each user as in the single user case. The
simulation results are given for the four power line chan-
nel responses displayed in Figure 7. Each user transmits in-
formation over its own channel. Let us recall that the bit-
loading algorithm proposed in Section 6 aims at maximizing
the smallest throughput over all users, which ensures mini-
mal differences between their throughputs. Note that this al-
gorithm is appropriate whatever the length code L, in par-
ticular for L = 1, that is, for DMT. In order to have flexibil-
ity sharing the subcarriers Ly < 235 which means that the
minimal number of elementary pavements per user is 2. The
maximal value of L; is still 8.

Figure 12 displays the average throughput per user for the
DMT and SS-OFDM systems, and the corresponding opti-
mal configurations for the SS-OFDM system. Optimal con-
figuration means that the time and the frequency spread-
ing factors lead to the best maximization of the minimum
users’” throughput. This optimal configuration is obtained by
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throughput of SS-OFDM compared to DMT, versus channel atten-
uation.

exhaustive search over Ly < 8 and Ly < 235. The through-
puts are expressed in bit per OFDM symbol, and 1 kbyte per
OFDM symbol corresponds to a mean throughput per user
of 9.765 Mbps and a total throughput of 39 Mbps. For all the
channel attenuations, the average throughput per user with
SS-OFDM is higher than the average throughput per user
with DMT, even if the multiuser bit-loading algorithm is not
designed to maximize the total system throughput. The opti-
mal time spreading factor is equal to the maximal possible
value except for some particular channel attenuations and
contrary to the results obtained in the single user case with
Ly = 1 (see Figure 8) for which the optimal time spread-
ing factor is always the maximal possible one. As for the fre-
quency spreading factor, Figure 12 shows that Ly is overall
decreasing with the channel attenuation from 30 dB but ex-
hibits a strong dispersion of the values, Ly € [4;220], and
contrary to the single-user case with L, = 1 (see Figure 9)
for which an average frequency spreading factor around 52 is
obtained. Eventually, we cannot conclude that there exists a
unique pair {L;, Ly} that yields the optimal configuration.
Figure 13 gives the throughput dispersion of each user
which is evaluated as the ratio between the individual
throughput and the average throughput. These values are
given for the DMT system and for the SS-OFDM system

with the optimal configurations given in Figure 12. The to-
tal gain is the difference between the SS-OFDM and DMT
total throughputs. The minimum gain is the difference be-
tween the SS-OFDM and DM T minimal throughputs among
users. As evident from the obtained results, the SS-OFDM
system provides a lower throughput dispersion between users
than DMT. The adaptive SS-OFDM system has in fact much
more variable parameters than DMT, which allows to bet-
ter answer to the resource sharing problem, and especially
minimize the throughput dispersion. Now focusing on the
throughput gain, the total and the minimal user throughputs
are improved with SS-OFDM. In the figure, a gain of 300
bits per OFDM symbol corresponds to a gain of 2.9 Mbps.
Then, for channel attenuation equals to 50 dB, the minimum
throughput obtained with {L;,L¢} = {8,31} is increased
by 779 bps, that is, 27%, and the corresponding total gain
is 20%. For lower channel attenuations, for example 30 dB,
the minimum throughput is increased by 23%, and the total
throughput by 9%. For all the channel attenuations the gain
of the minimum throughput is higher than 11.8%.

Complementary simulations show that there exist 175
configurations that give a gain of at least 10% for all the
channel attenuations, and 449 configurations for which SS-
OFDM outperforms DMT for all the channel attenuations.
Then, there is a great choice of configurations that allow
to achieve higher rates than DMT. To simplify this choice,
Table 1 proposes optimal spreading configurations for some
ranges of channel attenuations. Note that all users can trans-
mit low rate information up to 83 dB of channel attenuation
with SS-OFDM, whereas DMT needs channel attenuations
lower than 58 dB to transmit information for all users. For
example, for the largest range, that is, channel attenuation
in [20;83], the optimal configuration is {L;,Ls} = {8,5}
yielding a minimum throughput gain of 11.8% (the min-
imal value is obtained for 20dB of channel attenuation).
A minimum gain of 26.4% is reached for channel attenua-
tions higher than 50 dB. These results show that it is possible
in practice to select a small number of interesting configu-
rations depending on channel attenuation ranges to reach
throughputs higher than those obtained with DMT. More
generally, it is possible to pick and choose a set of interest-
ing configurations according to all the practical transmission
scenarios that will be used to design the modem. The online
modem will only have to select in real time the configuration
adapted to its transmission link.

8. CONCLUSION

In this paper, we have studied adaptive loading principles ap-
plied to SS-OFDM systems suitable for wireline networks in
a multiple-user context. A practical loading algorithm based
on a 2D energy merging strategy has been proposed to maxi-
mize the system throughput and the system range. The adap-
tive SS-OFDM system offers allocation flexibility due to a
large number of variable parameters. These parameters have
been optimized through analytical studies and simulations,
at a target symbol error rate and under PSD constraint. The
2D spreading component of the SS-OFDM system translates
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TaBLE 1: SS-OFDM optimal configuration and minimum user’s
throughput gain versus channel attenuation.

Chan. at. Opt. config. Min. user’s gain

(dB) (L x Ly) (%)
20-83 8§ x5 11.8
30-83 8 x 15 15.0
20-30 8 x5 11.8
30—40 8 x 191 18.7
40-50 8 x 38 23.3
50-58 8 x 31 26.4

into energy merging in the time and frequency domains that
leads to an increase of the throughputs compared with the
classical DMT approach. This gain is understood as a reduc-
tion of the quantification loss due to the finite-order mod-
ulations. Well-chosen spreading factors lead to minimum
user throughputs improved by at least 11.8% for low chan-
nel attenuations, and more than 23.3% for channel attenua-
tions higher than 40 dB. Among the large number of possible
spreading configurations, it is possible to establish a limited
number of system configurations adapted to pratical trans-
mission scenarios, and chosen in real time by the online mo-
dem.
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