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A CODED BIT-LOADING LINEAR PRECODED DISCRETE MULTITONE SOLUTION FOR
POWER LINE COMMUNICATION

Fahad Syed Muhammmad*, Jean-Yves Baudais, Jean-Fradétasd, and Matthieu Crusare

Institute of Electronics and Telecommunications of Ren88843 Rennes Cedex, France

ABSTRACT ing scheme. The loading algorithm, proposed]n [2], is mod-
ified to accommodate the coding gains associated with the

Linear precoded discrete multitone modulation (LP-DMT§-sy | codi h Th d bit and "
tem has been already proved advantageous with adaptive r%l]anne coding scheme. 1he proposed bit and energy afloca-
tion algorithm can be used in combination with any channel

source allocation algorithm in a power line communication . : ) .
(PLC) context. In this paper, we investigate the bit and enS:OFjlng sch_eme, no matter_ it has constant or variable C(_)dmg
ergy allocation algorithm of an adaptive LP-DMT system tak-92INS for @ﬁerent modulation orders, pr0v_|ded the obeain
ing into account the channel coding scheme. A coded adaS-Odmg gallns are kngwn for all the modulation orders.
tive LP-DMT system is presented in the PLC context with a The swtablg coding scheme_for PLC netv_vorks shoulq have
loading algorithm which accommodates the channel codin{f'9€ coding gains, reasonable implementation complexity
gains in bit and energy calculations. The performance of R0M€ Measure of burstimmunity. Sel_ected on these bf_ises, the
concatenated channel coding scheme, consisting of an innBfoPosed concatenated channel coding scheme consists of an
Wei's 4-dimensional 16-states trellis code and an outedRee "Ner Wer's 4-dimensional (4D) 16-state§ trellls.coﬂ.e [Bla
Solomon code, in combination with the proposed algorithrﬁ"ln outer Reeo'_'so',omﬁ?” (RS).code. This combination has al-
is analyzed. Simulation results are presented for a fixegtar "©2dy Proved its significance in xDSL systems and has been
bit error rate in a multicarrier scenario under power sgctr Ncluded in many standardf] [4]. The efficient performance
density constraint. Using a multipath model of PLC channel®f Wer's 4D 16-states trellis code over gaussian channel has
it is shown that the proposed coded adaptive LP-DMT systerfi!SC been demonstrated (i [5]. Here, we apply a resource al-
performs better than classical coded discrete multitone. location a'QO”thm to an LP-DMT systgm which takes into
account this concatenated channel coding scheme.
The rest of the paper is organized as follows. In Section

@ the structure of a coded LP-DMT system is described. The
modified bit loading algorithm is described in Sect[t])n 3.Sec
tionB gives the expression of the obtained coding gain along
with the loss incurred due to redundancies. In Secfion 5,
simulation scenarios are discussed and results are peelsent
efor the classical DMT system and the proposed adaptive LP-

MT system using a multipath PLC channel mocﬂl [6] for

oth coded and uncoded implementations. LP-DMT and DMT
simulations, for both coded and uncoded scenarios, are run
for various channel gains, while using the power line ch&nne
model suggested if][6]. It is shown that the proposed coded
EP-DMT system with the modified bit loading algorithm per-

1. INTRODUCTION

The magic of discrete multitone modulation (DMT) is hid-
den in its orthogonal subcarriers, that enhance its capatail
cope efficiently with narrowband interference, high fregue
attenuations and multipath fadings with the help of simpl
equalization filters. Adaptive linear precoded discretdtimu
tone (LP-DMT) system is based on classical DMT, combine
with a linear precoding component. Combinations of mul-
ticarrier (MC) and linear precoding (LP) have proved their
significance in the digital subscriber line (DSL) contd}t [1
Uncoded LP-DMT has already been suggested for power lin

communication (PLC) networks llﬂ[Z] with a loading algo- forms better than coded DMT and achieves higher throughput

rithm that handles the subcarrier, code, bit, and energy re- S . . :
source distribution among the active users but without tak-O" PLC applications. Finally, Sectlcﬁh 6 concludes thisqrap

ing into account the channel coding scheme. Assuming per-
fect channel state information (CSI) at the transmittirdgesi 2 SYSTEM DESCRIPTIONS
energy and bits are efficiently distributed among the precod

ing sequences by the loading algorithm to achieve eithdr higrhe structure of the suggested system, including the pembos

throughput or high robustness. In this paper, we examine thg,annel coding scheme, is shown in Hig. 1. The entire band-
performance of an LP-DMT system exploiting a resource alyigth is divided into parallel subcarriers which are split up

location algorithm which takes into account the channetcodj, N, sets S’ of L, subcarriers. The precoding function
*Email: fahad.syed-muhammad@ens.insa-rennes.fr is then applied block-wise by mean of precoding sequences




T [Dataa R | Imrlmra‘ Wei's ‘H.S - =4 used here is a shortened RS code RS(240,224), supported in
3 Encodsy cH —.— many standardg][7], and can correct up to 8 erroneous bytes.
g [ma RS | . Inmlewa‘ T ‘le 0 = A convolutional interleaver is used to spread the errors ave
3 Encoder LCH = —| 0 number of RS codewords.
P = F
N — I\?l 3. THE LOADING ALGORITHM
b | —
2 e ST — . = The presented single user multiple block case of the bit-load
H [Da‘aa Encoder| '"‘”'““'H‘ TcM ‘a.z = ing algorithm takes into account the channel coding scheme
g .| andis modified to accommodate the channel coding gains in
[  nergies | subcarriers bit and energy calculations. Over a given subset of subcarri
csl— | Loading Algorithm ) ersSy, the optimal achieved throughput under PSD constraint
is given as
Fig. 1. Coded LP-DMT transmitter structure
1 L. by
Ry =L.logy, | 1+ TS ﬁ N (1)
nCSy

of length ... In fact, the precoding function can be viewed
as a sprgadmg .com-ponent ca_me_d out |n-the frequency d(\3/\'/here|hn|2 is the gain of subchannel T is defined as nor-
main as in multicarrier code-division-multiple-accessGM . : : : .
CDMA). FactorL, is such thalL, < N, which implies that malized signal to noise ratio (also known as SNR g&f)is

; ° y ’ P obtained from a given power spectral density (PSD) comnstrai

— | i i A
N . LL.CJ - Note that the subsets in a given s_et are n_ot neceséndNO is the additive background white Gaussian noise level.
sarily adjacent. Each userof the network is being assigned a

. NR I', h nstant value for all the modulation or-
setB, of subsets.. We emphasize th&t:, B, are mutually S gapl’, has a constant aug or all the pdu ation o
) . ders of uncoded quadrature amplitude modulation (QAM) for
exclusive subsets. Consequently, multiple access bettheen _ . ;
; . S . a fixed target SER. Howeve[] (1) does not provide any prac-
N, users is managed following a frequency division multiple

access (FDMA) approach, instead of a code division multipl t:;l Lher?eui%rlﬁztré)fi?:ﬁ?irl: dazil;mersoln:ilg':;eb?trgir:tj:iérﬁlye
access (CDMA) approach. It is worthy to mention here tha bprop

; ) ) . available pr in n f h hich
we are going to consider the only case of a single user mu(:“ available precoding sequences of each subsewhic

tinle block svstem which can be easilv extended for a multmaximizes the data rate. In the following, we discuss the al-
P y y location policy that handles the finite granularity problem

user multiple block scenario. The number of precoding se- Given an SNR ga, a precoding factof, and a trans-

qugnces used to (?c?rea}d mformggon symbols on one SUbSr%tlssion levelE, the rate achieved by an adaptive LP-DMT
Sk is denoted byV.:"’, with0 < N;~/ < L. since we assume

system using discrete modulation is maximized if, on each
orthogonal sequences. A certain amount of enef@ﬂ/is as-  gubsetSy, »®) pits are allocated to precoding sequemge
signed to each precoding sequengassociated to a given k) i o
. (k) v , *) o andb; " is given as

modulation symbol 0b,"’ bits, wherel < i < N:™. Finally,
in the following,H = {1,..., N} will be the set of the useful , )
subcarriers of the multicarrier spectrum. ptk) — [Ri/Le) +1 (1 <i<mnc)

Wei's trellis code operates on the bits allocated to the pre- ' |Ri/ L] (¥ <i < NV
coding sequences and produces two 2D points at its output. In
Fig. [l, only a single output is shown for Wei's trellis encode where
because both 2D outputs are allocated to the same precoding nF) = | L (28%/LemlRe/Le] _ 1)),
sequence. Also multiple copies of Wei's encoder is shown fo . . - T
th(;q purpose of iIIustrgtion \F/)vhereas, in practice a single enﬁ_hen’ pr.actlcally ach|evablg da_ta rafig, considering finite
coderis uEd to encode across the precoding sequences as 8@nular|ty, on each subsé}, is given as
cussed in|[pb], where a single encoder is used to encode across; Ri/Le—|Ri/Le
the subcarriers. It will be shown in Sectifh 5 that similar to T =L@/ = 1)) (B /Le) + 1)
independentand memoryless subchannels in a DMT scenario, + (Lo — |Le(2f/Bemx/Lel — 1) ) 5 | Ry, /L]
precoding sequences are also independent and memoryless in 3)

an LP-DMT scenario. The gain obtained from the application imall . icul lati
of trellis code will therefore be the same as that obtaingzhin NOW We can optimally assign a particular modulation order

intersymbol interference (ISI) free environment. The R8eo to each precoding sequence on different subsets. Each pre-

operates on the binary stream at the input of the system, b§2ding sequence’s energy contribution in the total enefgy o
fore the bit allocation block as shown in F@’. 1. The RS code linfinite granularity: non-integer modulation order

)




subcarrier of a given subseé,k), is given as in [E]. The SNR gagd for a target BER ofl0~7 is given as

p(F) r 1 =98+ Tm — Ve (dB) (5)
‘ _1)L_2,N0 Z W (4)

nCSk

(k)
e =(2
where~,, is the desired margin in the system afnd the
coding gain for the proposed concatenated channel coding

which satisfiesz e™ < E,. As discussed abové,is ~ Scheme, is given as

defined for a given tlarget SER with uncoded QAM and have a Ye = Vee,dB + Vrs,dB — Vioss,dB  (dB) (6)
constant value for all the modulation orders. In this paper w , . .
are going to deal with fixed target bit error rate (BER) indtea We'€tc.an and7rs a5 are the gains provided by the trellis
of SER. Then taking into account the coding gains and fixe§0de and the RS code respectively angls a5 is the loss
BERs, " is no more constant for all the modulation orders."cUrred for increasing the data rate. o

The above algorithm is modified to accommodate varigble Vrs.d5* The gain obtained by RS decoder s given as

for different modulation orders. The exact values of the SNR -7 T (dB) @)
gaps for all the modulation orders are stored in a predefined Tre = 0P T L

table and are denoted wk). These values are calculated onwhererl’,., is the SNR gap to obtaif,, the BER at the output
the basis of the selected channel coding scheme and the ksf-the demodulator, and is giverfas

quired system margin, which we are going to discuss in Sec-

tion H For a given subsety, initially, we can take any value 1 i 2
for T, sayl“z’”t(’“) = 1. The closer the initial value to the ex- Lps = 3 Q [?} (8)

act value, the more efficient is the algorith®, is calculated

from () usingr?"**) while {*) andn'" from @). Nowthe ~andT, p,,, is the SNR gap to obtaif,;,, the BER of the
exact value of SNR gaf"’, is taken from the table depend- uncoded system, and is given as

ing upon the bit vectobgk), andegk) is calculated from[{4) 2

usinng(.k). Gradually bits are added in the bit vectbjjf), To.p,, = 1(@-1 [Pbit]) (9)
till Z el(.k) exceeds the PSD limif,, and subsequently bits 3 2

are removed to respect the PSD limit. We can summarize thse.as: AS I is the required BER at the input to the RS de-
modified approach as follows: coder and’y p, andl'y. p, are the SNR gaps required by an

uncoded and a Wei's 4D 16-states trellis coded system respec

: (k) (k) init (k)

L CalculateR(kk,)nc andb-l. for Fi(k) tively to achieveP,. Then the coding gain of a Wei’'s 4D 16-

2: Now takel“(ik) , dep(ir;dlng upob; states trellis code can be given by

3: Calculatee;” for I';

4: Start a counter, saght = 1 Yte = Lo,p, = Lie,p, (dB) (10)

5. while Z egk) > F, | do Vioss,ap: If P, (b) is the minimum amount of power required
; to achieve the data rateas defined in[|5], the loss for the

6: bEfi’ bent) = bE:) tenty T 1 increased data rate associated with the RS cpgdg, sz, can

7. ent=cnt+1 " be given as

8: updateegk) b

9: end while VYioss,dB = Pt*ot,dB(?) - Pttjt,dB(b) (11)

10: while (Z e > E) do

i 5. SMULATION RESULTS
11: cnt=cnt—1

12. p® —p® 1 . . . . .
(netent) (ne+ent) In this section, we will present simulation results for thiep

13: updategik) posed concatenated channel coding scheme combined with

14: end while the adaptive LP-DMT system and the modified bit loading al-
gorithm. The performance of the coded adaptive LP-DMT
system is compared with that of the coded DMT, i.e., when

4. THEORETICAL CODING GAINS L.=1, and uncoded LP-DMT. The generated LP-DMT signal

is composed ofV=1024 subcarriers transmitted in the band

In this section, the theoretical expressions are giverfise- 2division by 2 ip@—'[.] results from the assumption that BER is one-half

lected channel coding scheme by using the assumptions givet 2-D error rate] [5].
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Fig. 2. 15-paths reference channel model for P[b [6] Fig. 3. Achieved throughputs at various channel gains
Table 1. PARAMETERS OF THE 15-PATH MODEL
s
. -40.45+
attenuation parameters o
_ _ _ 10-9 e
k=1 | a=0 |a=25-10 s
path-parameters % -a2.21F
7 g; dl (m) 7 gi dl (m) % -43.011
1]0029] 90 [ 9| o0071] 411 2 worf
2| 0.043| 102 | 10| -0.035| 490 -45.22-
3| 0.103| 113 | 11| 0.065| 567 ~46.98"
4| -0.058| 143 | 12| -0.055| 740 -or e el
51 -0.045| 148 13| 0.042 960 O0 100 200 300 400 500 600 700 800 900 1000
Subcarriers
6| -0.040| 200 | 14| -0.059| 1130
710038 260 | 15| 0.049 | 1250 Fig. 4. Energy distribution comparison
8 | -0.038| 322

is assumed and the signal is transmitted with respect to a flat
[500;20,000] kHz. The optimal value of the precoding fac-PSD of -40 dBm/Hz. The maximum number of bits per sym-
tor is obtained by running the simulations for various possibol is limited to 10 and minimum number of bits per symbol
ble values ofL., which came out to be 32 for said channelis 2. Results are given for a fixed target BERLOf 7.
model. The subcarrier spacing18.043 kHz. It is assumed Fig-B shows the achieved bit per DMT symbol versus the
that the synchronization and channel estimation tasks hawg/erage channel gaii = (%) >~ |hn|? which conveys the
been successfully performed. We use the multipath model fasttenuation experienced by the signal through the channel.
the power line channel as proposedin [6] and shown in[[ig. 2rhe corresponding SNR is then given BWR = —30 +
The considered reference model is 110 m link 15-paths model, ; + 110. The performance of LP-DMT is compared with
whose frequency response is given by DMT at different average channel gains for both coded and
uncoded implementations, where coded LP-DMT implemen-
tation uses the proposed algorithm as discussed in Seﬂ:tion 3
The DMT system can be obtained by takihg = 1 in the
LP-DMT system. The simulations are run for a single user
a result which has been widely proved in practice. The pamultiple block scenario. The proposed adaptive coded LP-
rameters of the 15-path model are listed in Tdble 1,.an8  DMT system can easily be extended to a multi user multiple
the delay of pathi. A background noise level of -110 dBm/Hz block scenario. The reason for the better performance of the

N
H(f) =3 gi-em(@oras L o=2nfr0 - (12)
=1



exploited for poor SNR which is equivalent to claim that the
proposed system ensures reliable communication over tonge
links and effectively increases the range of PLC systems.

T T T T T
Coded LP-DMT vs Uncoded LP-DMT
— — - Coded LP-DMT vs Coded DMT

T
120

100

6. CONCLUSION

80

In this paper, the resource allocation problem of a codep-ada

B tive LP-DMT system is investigated. The proposed resource

Percentage Increase in the Throughput (%)
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allocation algorithm incorporates the effect of channel-co
ing in energy and bit distribution and handles various v&lue
of the SNR gap depending upon the constellation size. The
performance of the proposed system is compared with that of
coded DMT and uncoded LP-DMT and it is shown that the
proposed system was able to transmit higher rates especiall

for lower channel gains. The performance is compared while
applying the same proposed coding scheme to both the sys-
tems, although the proposed algorithm can be used in com-
bination with any channel coding scheme provided the SNR
gaps of that scheme are known for all the modulation orders.
coded LP-DMT system is explained in F[§. 4, where energyt is shown that using a powerful but low-complexity coding
distribution of the coded LP-DMT is compared with that of Scheme with the proposed algorithm, improves the through-
the coded DMT. The spike-shaped curve of the coded DMPut of the system significantly and can especially be advanta

Fig. 5. Percentage increase in the throughput

shows the transitions of the modulation orders (i.e. desreageously exploited for poor SNR.

ing the constellation sizes) when no more energy is avalabl

to sustain the fixed target BER. It is clear that the coded DMT

is not fully exploiting the available energy on each subcar-
rier due to finite granularity and PSD constraints, while the [1]
precoding component of the coded LP-DMT system accumu-
lates the energies of a given subset of subcarriers to tiansm
additional bits. Both systems respect the PSD constraint of
-40 dBm/Hz as defined earlier. The coded adaptive LP-DMT
system utilizes more efficiently this PSD limit in compari-
son with the coded DMT system. Fiﬂ. 4 gives the minimal
required energy allowing the transmission of the maximum
data rate. According to the PSD mask, the residual available
energy would not lead to any increase in the data rate.

Fig. B gives the percentage increase in the throughput ob{3]
tained by coded LP-DMT in comparison of coded DMT and
uncoded LP-DMT for various values of average channel gain.
The vertical broken line in Fig[|5 represents the reference[4]
power line channel model proposed by Zimmermann. As it
is shown in Fig[¥ anfl 5 that coded LP-DMT has the highest
throughput and more efficient energy utilization when com-
pared to coded DMT (see Fi. 4). Furthermore, it is worth

(2]
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