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ABSTRACT
In this paper, a bit-loading algorithm for DMT (Discrete
MultiTone) broadband indoar power line

communicdionsis propaosed. In ndsy channelswith high
attenuation values, most of the cariers remain empty
after the gplicaion d conventiona strategies. This is
due to the limitation in the power spedral density (PSD)
mask for the transmitted signal imposed by regulations.
Under these drcumstances, MBA (Multibin  Bit
Allocaion) agorithm offers dgnificant bit-rate
improvements. Based onthis framework, a modification
of this method and its performance is presented.
Simulation results show that, even with a reduced
computational load, important bit-rate gains can be
obtained.
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I[.INTRODUCTION

In the last years, the use of the eisting power line
distribution grid as a broadband data transmisson
medium has aroused considerable interest. To this end,
international regulations that extend current limitsin the
avail able spedrum [1] are under development [2]. Two
main applications are proposed for power line
communicdions: to uilise the link between the
medium/low voltage transformer and the user premises as
the accespart to other telecommunicaion retworks (i.e.
the so-cdled “last mile”); and to make use of the indoa
mainsin small officesand houses asalocd areanetwork.
This paper is concentrated onthe latter alternative.

Indoor power line channels are alverse media for
high-speed data transmission [3]. Becaise of the
branched structure of the network they present deep
notches, large variation d the attenuation with frequency
and grea dispersion of the frequency response
charaderistics among dfferent channels of the same site.
In addition, the conredion and disconnedion of
eledricd appliances to the grid provokes time variation
in both the frequency response and the noise PSD.
Regardiess of the properties of the alaptive DMT
moduation to cope with these impairments, the non-
continuty of the aailable spedrum, due to
eledromagnetic compatibility problems, make it
spedally suited for power line channels.

One of the main aspeds of DMT moduation is the
criterion wsed to allocae energy to the different carriers,
which is dore by means of bit-loading agorithms. When
conventional techniques [4]-[6] are applied in situations
with large dtenuation values and high noise levels, a
large number of cariers have no bits assgned because
the required power would exceed the PSD limit imposed
by regulations. In these drcumstances, the use of the
MBA agorithm [7] after classicd strategies offers
significant bit-rate improvements. It groups ome of the
unused tones in fixed-size sets and transmits the same
data bit in al the cariers of ead cluster. Based onthis
framework, a modification d this method that discards
tones with very low SNR (Signal to Noise Ratio) prior to
the grouping process and uses variable-size sets is
presented. Simulation results ow that, even with a
reduced computational |oad, important bit-rate gains can
be obtained.

The rest of this paper is organised as follows. In
sedion II, the power line channel model employed
throughout of the study is depicted. This helps to
understand the problems of the bit-loading for this
applicaion and, therefore, the necesdty for the
modificaions in the MBA scheme, that was designed
with maor attention to ADSL (Asymmetricd Digital
Subscriber Loop) systems. This algorithm, along with the
proposed and conventional [4] ones, is explained in
sedion Il . Simulation results are described in sedion|V.
Finally, main conclusions are given in sedion | V.

[I.CHANNEL MODEL

Power line network inside buildings can be mnsidered
astheinterconredion, in atreelike structure, of multiple
transmisgon lines terminated in loads of diverse nature
[3]. Each device mnneded to the grid represents a load
and can be modelled with a mmplex impedance value
and anoise source. These frequency and time (depending
on whether the deviceis in working state or not) variant
values are obtained from charaderisation o typicd
eledricd appliances.

As an example, Fig.1 shows the anplitude frequency
resporse, in the frequency range up to 3MHz, of three
channels generated using the software model from [3].
All of them correspord to the same residential



configuration bu with the transmitter and the receaver
placal in dfferent positions at distances of 4, 13.4 and
33m, respedively. The dfeds of the mupling circuits are
also included.
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Figure 1. Amplitude frequency response of threepower line channels:
(a) 4mlength, (b) 13.4m length and (c) 33mlength

Although the noisein these channelsisnot white, for a
worst-case analysis, a flat PD of -65dBm/kHz can be
considered as an ugper bound d the worst noise scenario
measured in aresidential environment [3].

For channels like (a) and (b) from Fig. 1, conventional
bit-loading algorithms perform reasonably well, even in
the averse noise ndtions of -65dBm/kHz.
Nevertheless for the ones comparable to (c), most of the
cariers have no hts allocated because of their low SNR
values. For the subsequent analysis, eight long and
branched channels (in the range up to 30MHz), with
frequency responses smilar to (c), and an Additive White
Gausdan Noise with the dorementioned PSD are used.
Impulsive naise has not been included.

[11.BIT-LOADING ALGORITHM

There are two basic types of bit-loading algorithms:
those that try to minimise the total energy employed
subjed to the transmisson o afixed datarate, cdled MA
(Margin Adaptive); and the RA (Rate Adaptive) one, in
which the goal isto distribute the available energy among
the cariers auch that the overall bit-rate is maximised.
This work is focused on the latter one, whose optimal
solution, the water-pouring scheme, leads to nan-integer
numbers of bits per carier. However, when the bit
assgnment is constrained to be integer this distribution
has to be modified. Thus, denoting by &, the energy
alocaed to carier n, the number of bits that can be
transmitted, by, using uncoded QAM moduation with an
error probability Pe, can be gproximated by
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where [X[ stands for the lesser integer closest to x, Hy

and N, are the frequency response of the channel and the
noise and distortion (caused by ISl -Intersymbol
Interference- and ICl -Intercarrier Interference) PSD in
carier n, respedively. I, is the SNR gap that appeas
because of the use of pradicd signa constellations, and
for QAM can be gproximated by [8]
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Hence, the discrete RA problem for a system with M
cariersis dated asfollows

M
maxZ b, (€)
N
subjed to the mnstriction

M

len <E 4

A. Basic RA algorithm

The Hughes-Hartogs agorithm [4] achieves the
optimal solution for the discrete RA loading problem. For
the gplication wnder study, in addition to the limitation
in available energy, a PSD constraint for the transmitted
signal (imposed by regulations) and a restriction in the
maximum number of bits per carrier, b, are dso
considered. In order to apply the dgorithm, the use of a
memory stored look-up table, SNR(k,Pe), that contains
the required SNR to transmit k bits with an error
probability lower than P, is very convenient. Therefore,
the bit-loading procedure can be summarised as foll ows:

1: Estimate the \alues of H, andN, for n=1...M

2: For n=1...M calculate the necessry energy to add
one hit to ead carier:

SNRb, +1LR,)[N, SNRb,,R,)[N,
Ha|* Ha|*
where b,=0 [h in the first iteration and

SNR(0,Py)=0

3: Initialise the expended energy, Eopendes=0

AE(n) = (5)

4: Whil e (none of the constraintsis violated) do
-Find the minimum AE(n)
'Eexpended — E@(pended+ AE(n)

-If (Eependea< E) and (AE(n)< PSD_mask(n)),
where PSD_mask(n) is the PSD constraint in
the frequency of carier n

&« E+AE(N)
b byt 1
Compute the new AE(n)
elselJ some constraints have been viol ated

This process has O(Brota. X M) complexity, where



BrotaL is the total number of bits that have been assgned
during the exeaution.

B. MBA algorithm

After the gplicaion d the basic RA scheme in very
hostile channels, like the ones that concern us (e.g. (c) in
Fig. 1), alarge number of cariers remain empty, even if
the energy budget is nat exhausted, becaise of the PSD
constraint. The MBA is exeauted in a secnd ptase,
following the basic RA, when there is gill available
energy to expend and some cariers have no Hhts
allocaed. Energy neealed to transmit the minimum
number of bits (one, in our case) in the non-occupied
cariersis orted in ascending order. Groups of mcariers
are formed and the same information Ht, with energy 1/m
times lower than the minimum one, is assgned to al the
cariersin aset. This processcontinues while nore of the
constraints is violated, i.e. the energy budget is fully
expended o the dlocaed powver would exceed the PD
mask. The value of m is fixed and determined by
simulationto maximise the bit-rate [7]. The bit allocation
profile must be cmmunicated to the recaver in order to
recover the information spread over multiple cariers.
Algorithmicadly, the method can be described as:

1: Sat, in ascending ader, the AE(n) values of all the
non-occupied carriers. Let us express the output of
this step as avedor of pointers to the indexes of the
sorted cariers P(i), such that AE(P(i))< AE(P(}))
ifi<j

2: Initialiseiteration counter, k=1

3: While (none of the constraintsis violated) do
-Eopended — Eexpendedt AE(P(KIM))

-If DAE(PrE]k () PSD _mask (P (k Em))@

and (Eependea< E)
-For j=0tom-1
€ paj) — AE(P(KDj))/m

-Asdgn the same bit to carriers with
indexes P(kim) to P(k+m-1)

Kek+1
el se[7 some constraints have been violated

The complexity of the MBA is dominated by the
sorting of the AE(n) values that, using binary sort
algorithms, can be executed with average runring time
proportional to O(M,IbgM,), where M, is the number of
empty cariers after the gplication o the basic RA
scheme.

C. MBA-modified dgorithm

The MBA technique was designed with major
attention to ADSL channels, whaose attenuation can be

considered monaonicdly increasing with freguency.
Although it can be diredly applied to power line
channels, their spedal charaderistics siggest that various
modificaion of this drategy may report important
improvements in the bit-rate with minimum effed in the
computational |oad.

Mainly because of the presence of deeg ndches, a
considerable amount of cariers will never be used
because of their extremely low SNR. In addition to this,
it should be dso noted that the H, and N, estimation
procedures have a limited resolution that prevents us
from using these cariers, otherwise the objective eror
probability would be exceeded. The processof discarding
them before the ordering of the AE(n) values has O(M,)
complexity, but may grealy reduce the sorting time,
which is proportiona to O(M,IbgM,). On the other
hand, the optimum m for these dhannels is two. Notable
bit-rate gains can be adieved if variable-size sets, with
M=2... My, are alowed. The most appropriate My is
asssd by means of simulations. Even though this latter
step involves extra computational load, in sedion IV it
will be shown that the overal running time of this
algorithm is lesser than the one of the MBA. The
resulting MBA-modified algorithm can be summarised
as:

1: Discard empty carriers with
AE(N)/Mpa> PSD_mask(n)

2: Sat, in ascending order, the AE(n) values resulting
from step 1. Again, the output is expressed with the
vedor P(i)

3: Initialise iteration counter, k=1 andthe size of the
groups, m=2

4: While (nore of the mnstraints is violated) and
(MsMyy) do

-If DAE(PrE:( ) PSD _ mask (P (k Em))E

'Eexpended - Eexpended+ AE(P(k@))
-If (Ecpender<E)
-For j=0tom-1
€ pmmej) — AE(P(kM+j))/m

-Asdgn the same bit to carriers with
indexes P(k/m) to P(kmh+m-1)

k—k+1

elsel] one mnstraint has been violated
ese

-mHITH'].

The description d the dgorithm has been dane trying
to fadlitate its readability. However, in a practicd
implementation some operations will be performed in a



more dficient way, eg. instead o evaluating
AE(P(k))/m<PSD_mask(P(kim)), which contains a
division, AE(P(kim))<mPSD_mask(P(kim)) would be
cdculated.

IV.SIMULATION RESULTS

The bit-rates and implementation complexity of the
different bit-loading algorithms presented in the previous
sedion are now evaluated and compared. To this end, the
sampling frequency is fixed to 60MHz and a DMT
system with 1024 cariers and 228 samples of cyclic
prefix is considered. The latter parameter setting has
proved to be aequate to maximise the bit-rate [9].
Although regulations regarding the energy budget and the
PSD mask for the transmitted signal are still under
development [2], a -20dBm/kHz flat PSD (this value is
used as adesign criterion by many modem manufadurers
in the aeg, from which the energy constraint is derived,
has been adopted for the simulations. Uncoded QAM
constellations with an error probability of 10° and a
number of bitsin the range of one to 10are utilised.

The reasons for the poor results given by the basic RA
algorithm and for the improvements reported by the
MBA-modified are illustrated in Fig. 2. There, the SNR
(including distortion caused by ISl and ICl) experienced
by the 1024 carriers of the system in the channel of Fig.1
(c), have been sorted in descending order. Five regions
have been depicted: (a) contains those with a SNR higher
enough to cary, at least, one bit; (b) includes the extra
ones that would be employed by the MBA method
(m=2); when the MBA-modified with m,,=6 is applied,
this limit is extended upto region (c) and to (d) in the
case of my,=30. Findly, (e) comprises thase that would
need an My larger than 30
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Figure 2. SNR (including distortion from ISl and ICl) per carrier, sorted
in descending arder, for the channel configuration of Fig.1 (c)

As @, area (a), the one used by the basic RA, isvery
narrow. The number of cariersin (b) doubles the onein
(@), but each ore caries just half a bit. Region (¢) is
nealy twice & larger as (b) and, as My=6, ill
significant number of bits is gained. The cnvenience of

the use of (d) (extending the my) is not straightforward
and should be evaluated by means of simulations, but it
seams clea that very little performance would be lost if
(e) is not considered.

A. Bit-rate comparison

Fig.3 depicts, for eight indoor power line dhannels,
bit-rate values obtained with the MBA-modified strategy,
relative to the ones achieved by the basic RA agorithm,
for different values of mua. Notice that when myu=2,
results of the MBA-modified are equal to those of the
MBA method with optimum m, which provides
important gains over the RA one. The use of an My.,=8
may even double these gains and, in general, minimum
improvements are acomplished by using values greaer
than 12. However, the maximum M.y is limited, as
previously explained, by the resolution of the SNR
estimation process

12 EASNE=R- oS s piias ]
-

e
= =

10

/

80|

7

/7
6/%
[

| e
o4
=
.

R
bR

—©- Channel 1
-5~ Channel 2 |
2 ~4- Channel 3

—¥- Channel 4
204 —< Channel 5
—— Channel 6
—— Channel 7
—=%— Channel 8

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

40

AR S
e Em

iy j\

Bit-rate gain with respect to the basic RA algorithm (%)

0

m
Figure 3. Bit-rate gains, with resped to the basic RA algorithm,
ohtained with the MBA-modified for different values of mpmax

Absolute values, in Mbps, are shown in Table 1 For the
MBA-modified my,=8 has been employed.

Channel | BasicRA | MBA | MBA-modified
1 3,30 5,04 6,12
2 3,01 4,69 6,09
3 3,95 511 6,41
4 3,08 4,72 5,93
5 7,09 8,12 9,52
6 4,38 5,30 6,38
7 4,24 5,46 6,78
8 5,83 6,93 8,25

Table 1. Bit-rate (Mbps) values for the basic RA, MBA and MBA-
modified with mmu=8

B. Complexty comparison

To assss the @mplexity of the MBA-modified
algorithm with resped to the MBA one, the number of
operations required by both of them has been estimated.



Table 2 summarises the results obtained by courting, line
by line, the pseudo-code from sedionl|.

Line MBA MBA-modified
1 M, og,(M,) 2[M,
2 ! M og, (M)
L
3 Z(6+2Dm) 2
L
4 - Z(7+2|]n)+mmax

Table 2. Number of operations estimated for the pseudo-code of the
MBA and MBA-modified algorithm

where L is the total humber of groups that have been
formed, M isthe number of cariers that have not been

discarded in line 1 of the MBA-modified and my is the
number of carriersin a group (for the MBA m=2).

Fig. 4 displays the total number of operations of the
MBA-modified algorithm with resped to the MBA with
optimum m (negative values indicate that lessnumber of
operations are required) when applied in the eaght
channels considered in Fig. 3. Trends in the arves are
eaily explained considering Fig. 2. The enormous
difference between bah methods when my,=2 is due to
the faa that for the MBA-modified line 2 just includes
the cariersin region (b), whereas the ejuivalent process
in the MBA (line 1) comprises cariers from regions (b)
to (e). For very large my vaues, the MBA-modified
gives higher computational load because, athough

Mg =M, , the extraprocessin line 1 is performed.
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Figure 4. Number of operations of the MBA-modified, with respect to
the MBA, for different values of Mmax

It should be noted that Fig. 4, in conjunction with Fig.
3, gives an additional criterion to seled the maximum
Mmax- [N this ense, athough the use of My, larger than
12 provides insignificant bit-rate gains in most cases, it
may increase the running time wnsiderably.

V. CONCLUSIONS

The performance of a nventional bit-loading
algorithm for DMT systems has been assssd in indoor
power line dhannels with severe atenuation values and
high nase levels. In these scenarios most of the cariers
have no hits alocaed becaise of the limitation in the
PSD for the transmitted signal imposed by regulations. It
has been shown that, under these drcumstances, the use
of the MBA scheme, that spreads the same information
bit over multiple cariers that would atherwise be empty,
provides important bit-rate gains.

Based on this framework, a modificaion of this
method, adapted to the spedal charaderistics of power
line dhannels, has been proposed. The performance, in
terms of bit-rate and number of operations, of bath
algorithms has been compared. It has been proved that,
even with a reduced computational load, significant bit-
rate improvements can be adieved.
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