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Performance of UWB Modulation Schemes and
UWB Pulses for Outdoor Power Line
Communications

Ana Luiza S. Ferreira, Renato Machado, and Moisés V. Ribeir

Resumo— A viabilidade do uso de pulsos de banda ultra-larga
(UWB - ultrawideband) e diferentes esquemas de modulag UWB
para a transmissho de dados atrags das redes de distribuigo
de energia ektrica, mais conhecidas por canais PLCower line
communications), sdo discutidas nesta contribuio. Resultados de
simulacao para canaisoutdoor PLC na baixa tensao, invariantes
no tempo, corrompidos pela presenga de ruido impulsivo,avelam

the suitability of UWB pulses is a key issue to be investidate
because of the variability of communication channel andeoi
Regarding an emerging wireline field widely nansalver
line communicatioPLC) [3], few attention has been put on
UWB for devising next generation of PLC technology [4]-
[7]. The reason for that resides on the fact that UWB for PLC

gque o desempenho de um sistema UWB-PLC depende fortementesystems is in the infancy stage and commercial application

de um bom projeto do pulso UWB, que por sua vez deve estar

atrelado ao perfil de atenuago da resposta em freqéncia do
canal PLC. Alem disso, tais resultados indicam que o esquem

are not well defined yet because of the cost, suitability, and

aPerformance comparison among UWB, multicarrier, single-

PPM (pulse position modulation) oferece o melhor desempenho carrier based PLC systems. However, the investigation of

em termos de BER bit error rate) e a menor taxa de trans-

UWB for PLC system is a very interesting and timely issue

missio. Outras observa@es apresentadas no presente trabalho pecause it can offer direction for the most appropriate dse o

evidenciam a necessidade de uma alise mais detalhada sobre
a comunicagio UWB para sistemas PLC.

Palavras-Chave— Comunicagdo por pulso de banda ultra-
larga, comunicagio via rede eétrica, pulso de banda ultra-larga,
ruido impulsivo.

Abstract— The suitability of the well-known ultra wideband
(UWB) pulses and different UWB modulation schemes for power
line communications (PLC) are addressed in this contributbn.
Numerical results for low-voltage outdoor time-invariant PLC
channels corrupted by the presence of impulsive noises reake
that UWB-PLC system performance is related to a good tradedf
between UWB pulse design and PLC channel attenuation profile
As a result, it is difficult to state that only one UWB pulse
is appropriate for a general UWB-PLC system. In addition,
the numerical results indicate that the PPM fpulse position
modulation) offers the best performance in terms of BER but
the lowest bit-rate. Other analysis provided in this contrbution
reveals the need for a deep investigation of UWB communicain
for PLC systems.

Keywords— Impulsive noise, power line communications, UWB
communications, UWB pulse.

I. INTRODUCTION
In recent years, pulse-basedtrawideband (UWB) com-

UWB communication in PLC field.

In [4]-[7] different aspects of UWB communication were
investigated. However, the performance comparison of UWB-
PLC system based on the choice of UWB pulse shapes as well
as modulation approaches is an open question in the literatu
It is important to mention that such analysis is not a simpie o
because PLC channels can vary considerably among outdoor
(high-voltageg(HV), medium-voltagéMV), low-voltage(LV) )
and indoor (residential, commercial, industrial, and ealr)
electric networks. Thena priori, it is not possible to state
that the performance comparison for specific electric neke/o
cannot be generalized at all.

As UWB pulse design is a key and timely issue to advance
UWB-PLC systems, performance comparison of these systems
based on the choices of pulse shapes and modulation scheme,
such aspulse shape modulatio(PSM), pulse position mod-
ulation (PPM) and andpulse amplitude modulatioPAM)
are presented and discussed in this contribution. UWB pulse
considered aré&saussian pulse¢GP) andmodified Hermite
pulses (MHP) [8]. The target PLC channels are outdoor
and LV electric networks, which comprise the power lines
among residential power meters and distribution transéorm

munications has been deeply investigated to offer new aBdsed onlinear and time-invariantLTl) PLC channels and

advantageous tradeoff in terms of performance, religbdind

additive impulsive Gaussian noi$8IGN) models, numerical

coverage for high-speed last meters communication systergsults in terms ofbit error rate (BER) are provided and
[1]. UWB communications is mainly characterized by transanalyzed. For this kind of PLC channels, the numerical tesul
mitting short pulses in time and highly spread in frequencseveal that if the design of pulses for UWB-PLC systems
Therefore, UWB pulses have very low power spectral densitgke into account partial channel information, then imgey

In spite of the attained development in this field not only foperformance can be achieved. Finally, but not the last, the
wireless but also to wireline fields, many issues have to Imerical results indicate that PPM scheme is the one offeri
addressed for advances in UWB technology [2]. Among thenie best performance in terms of BER.
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This paper is organized as follows. Section Il describes the
UWB PLC system considered in the simulations. Section II-A
focus on the description of some UWB pulse shapes. Section
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lll evaluates and compares the simulation performances of oo a0 1 u(t) i o
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different kinds of UWB pulses in the presence of the PLCy 7| uwe h(t) w o=t UWB [y

channel and impulsive noise. Finally, Section IV preseotses

concluding remarks and final comments.

Fig. 1. Block diagram of the UWB system model.

II. UWB PLC: SYSTEM MODEL

A system model for\M-ary UWB-PLC is depicted in Fig. Where g; represents a weighting factar, («o*+i/")di s the
1. For this system model, thith messagen; composed of attenuation portion and~7/27/(4:/v») is the delay portion. The
k = logoM bits is transmitted in each UWB symbol. It isparameters of each portion ard: (number of propagations
assumed that UWB pulse shapes can be GP or MHP apths);i (number of path, where the path with the shortest
modulation schemes are PAM, PPM, and PSM [2]. Basé&glay has the index= 1); ao e a; (attenuation parameters);
on these modulation schemes and the pulse shapes, a gerfgkgonent of the attenuation factor (typical values arevben
formulation of UWB pulses considered in this contributiamc 0.5 and 1))j; (weighting factor for patfi, in general complex,
be expressed by can be considered as combination of the involved reflection
o and transmission factorsy; (length of pathi); v, (the speed
zp(t) = D agujwi(t— Ty —dpj)i=1,2,..., M, of light divided by the mean square of the dielectric congtan
j=—o0 The energy normalized (norm-2) frequency response atten-
h 5( ) denot der GP or MHPT; the f (1)d uation profiles of two outdoor PLC channels are portrayed in
\(;v ?fe:r:é'g ‘et?](;z?glritjée an?jrthe deI{a\y gf :;gessrenr;)%l’ Fig. 2 [10]. Their bandwidths range from O up to 50 MHz.
&b P Channels#1 and#2 are associated with typical users located

that contains theth pulse, respectively. As a result, PAM, .
PPM, and PSM modulations can be derived from the genepfﬁar and far from the MV-LV transformers, respectively.

formulation based on the values in Tab. |. In Tab.N, ‘
denotes the constellation size. Different values on Talanl ¢ —— Channel #1
offer other UWB modulations (PAM-PPM, PAM-PSM, etc) -5 = Channel #2

[9]. The parametery, ;; is a constant value for PPM and _
PSM modulations and it varies for PAM modulati@p,; may

assume different values for PPM modulation while it is -15
constant for other modulations. oot 1

TABLE |
NECESSARY CONDITIONS FOR DERIVING’AM, PPM,AND PSM
MODULATIONS.

_25 [ 4

[H®I (dB)

[ Modul ation | PAM | PPM | PSM |
a 1,2,...N 1 1 —40k- i
P 1 =1, .., N 1
s 1 1 =1, N -45¢ f
_50 1 1 L L
. . ) 0 10 20 30 40 50
The frame period of each transmitted UWB symbal'js> Frequency (MHz)

T, + T,, whereT, and T, denote time duration of UWB
pulse and guard period, respectively. Usually, it is asslimeig. 2. Normalized frequency response of PLC channels.
T, > Ty, whereT}, denotes the time period of PLC channel

impulse response. Due to the adopted frame period for eacfThe AIGN model can be given by [4]

UWB pulse transmitted, equalization technique is not uged a

the receiver side, once the received signal at the recdier s V() = Vogr (£) + Vimp (1), )
does not present intersymbol interference. where vpg, (t) and vi,,(t) denote the background and im-
The receiver’s baseband input is expressed by pulsive noise components, respectively. These components

. . are generated according to the two-term Gaussian model
y(t) = §(t) +v(t) = 2y (&) ¥ A(t) + v(t), 2) whose probability density function is defined ps = (1 —

where 7j(t) denotes the PLC channel output free of noise)N (0, 012)+eN (0, 022) [4]. The first term gives theyr,, ()

zy(t) the transmitted UWB pulsess convolution operator, with variances;? and the second term gives thg,, (¢) with

h(t) the LTI PLC channel model, and(t) the AIGN model variances,?> = 10001% [4]. The occurrence probability is

at the PLC channel output. e = 0.01. It has been assumed that each Gaussian process
The frequency response of the top-down PLC channel modi$ts for a period of time corresponding to four frames. Big.
considered in the simulations is expressed by [10] illustrates a realization of additive noise wher? = —3 dB.

N For the receiver, we consider time-shifting-coherent camm
H(f) = Zgi e~ (@otaifN)di, o—j2mf(di/vy) (3) nication. For decodlng,. we use tid-ary correlat|o_n receiver
P with perfect synchronization for each modulation scheme.
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30 wheren = 0,1,2,..., —oo < t < oo and K,, are constants
which vary with the energy,, of each pulse. The constant
20l 1 is a time-scale factor.

MHP [8] are inferred from the Hermite polynomials. These
polynomials have been modified to became orthogonal. The

tor 1 general formula of the MHP ofith order is expressed by

E 2 2 n/2 i n—2i
§ O% wirap, = Kne ™t/ "!; <_%) %v 9)
-1or 1 wheren =0,1,2,..., —00 < t < oo and K,, are constants
which vary with the energy,, of each pulse. The constant
_o0l |/ is a time-scale vector. The constaiifs vary with the energy
of the pulse.
‘ ‘ ‘ ‘ Fig. 4 shows time domain waveforms of MHP designed to
3% 10 20 30 40 50 occupy bandwidth ranging from O up to 12.5 MHz and fom 0

time (ms)

up to 50 MHz. In this figure, it is considered that the energy

of both MHP pulses are equal to 1.
Fig. 3. AIGN realization.

0.7 T
—— MHP #1
Although other symbol detections are on the literature [11 | —oMHP #2|
in this contribution the detection is based on correlation.
this case, we need to correlate the received signals Witta | |
priori, known UWB pulses. The output of thj#h correlation
is given b
g Yy L 04f 1
JTs+Ts+Tp 2
A, Ts,i) = [ yaaswi(t—jTr —dp)dt £l 1
JT¢+Ts
JTs+Ts+T)y
= [ [z xh(t)]ow, wi(t — Ty — 6p;)dt+ 02 1
JTy+Ts
T+ T+ Ty 0.1f 1
j v(t)ozayi_,jwf(t—ij—5p_,j)dt,i: 1,2,...,M, '
JTs+Ts ( )
5 BB ROBY H 50O
where T denotes the synchronization instant. Then, the es 0 01 02 time (us) 03 04 05
mation of thejth transmitted message is
A : . Fig. 4. —+— and—o— lines denote MHP of order zero designed to occupy
mj = izl%%iM d(j, Ts, 1)- (6) 12.5 MHz and 50 MHz of bandwidth, respectively.

A. UWB Pulses

Pulse shapes that are commonly used in UWB theoretical
studies include Gaussian, Laplacian, Rayleigh, or modifiedT0 carry out computational simulation with the described
Hermitean pulses [2]. In this work, we have focused on GBWB-PLC system, GP and MHP have been designed to
and MHP. occupy bandwidth ranging from 0 up 1®.5 MHz, 25 MHz,
The gaussian waveforms have mathematical definition siff- 50 MHz. The amplitude spectrum of the designed pulses
ilar to the Gauss function [8]. The basis of these waveforr§§cays to -50dB at2.5 MHz, 25 MHz, or 50 MHz. The

Ill. SIMULATION RESULTS

is a Gaussian pulse represented by GP and MHP orders are equal @01, 2, and3. The designed
) pulses obey thé&ederal Communications Commissi¢irCC)
wep, = Koe= /77 (7) rules which states that any signal or pulse satisfying a min-

imum of 0.20 fractional bandwidth can be considered as an

where K| is a constant which controls the energy of the pulsgwp signal [1]. In all simulations, the pulses are transeutt

andr is a time-scale factor. More waveforms can be creatgql haseband and it is considered that the synchronization is

by a sort of high-pass filtering of this Gaussian pulse. fil® jgea at the receiver side. What is more, the paramatergy

acts in a manner S|m|_lar to taking the derivative of (7). T,herF),er bit to noise power spectral density ra(@,/N,), showed

GP ofnth order are given by in all the simulation results below, represents the ratiwben
A"y the energy of the pulse and the power spectral density of the

wap, = Knge ) 8 background noisevtk,-(t)). The energy of the transmitted
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UWB symbols are normalized té. The channel impulse designed withb0 MHz bandwidth. Based on the performance
has energy normalized equal to 1. Also, the bit-rate of thresults reported in this figure, it is clear that PPM showsdbet
simulation results showed in Fig. 5, 6 and 7 have been fix&ER performance than PAM for all pulse orders considered
to the same valuel (54 Mbps). in the simulations. Also, PPM with zero- aridt-orders GP
To verify how the UWB-PLC system performance can bgurpasses the performance attained with PSM. These results
subjected to spectral correlation between frequency resgso indicate that PPM is the most robust and appropriate mod-
of PLC channel and UWB pulses, several simulations weuation scheme for UWB-PLC system operating in outdoor
carried out. In this case, GP and MHP have been designed-1d PLC channels with frequency selectivity and AIGN. Also,
occupy bandwidth ranging from 0 up 1@.5 MHz, 25 MHz, they reveal that PAM without channel equalization should be
or 50 MHz. The amplitude spectrum of the designed pulse@yoided because of its very poor performance. Although the
decays to-50 dB at12.5 MHz, 25 MHz, or 50 MHz, and the attained results with MHP pulses are not illustrated here, w
GP and MHP pulse orders are equaldtd, 2, and 3. can state that they present similar results to those depiate
Fig. 5 highlights the performance of UWB-PLC system wittfrig. 6.
those UWB pulse orders that offered the highest performance
in terms of BER versusE, /Ny when PPM scheme, PLC  q¢° :

channel#2 (see Fig. 2), and AIGN model are considerec A A AL AL AL AL % PAM-GP-n =0
. , ‘0 PAM-GP-n=17
For the 12.5 MHz bandwidth, 1st-order pulses offer better SR 4]+ PAM—GP —n=2

‘A PAM-GP-n=3
—+—PPM-GP -n=0
——PPM-GP-n=1
——PPM-GP-n=2
—&—PPM-GP-n=3
—=—PSM - GP

performance, while to the other UWB bandwidths, pulses !
zero-order provided better performance. It is clearlycesble 10
in Fig. 2 that as close as frequency response of UWB puls
is concentrated around frequentythe more efficient are the
UWB-PLC system performance in terms of BER. In othex 107k
words, once the outdoor PLC channel is characterized ©
strong attenuations as the frequency increases (see Fitpe2)
pulses with their spectrums concentrated in low frequeraie
expected to be advantageous in comparison with the others 107
to the reduction of energy losses yield by the PLC channl tt
act, in this case, as a low-pass filter. That is a very impbrte
issue because in outdoor LV networks the distance between
transmitter and receiver is considerable and, as a consegue 0 5 10 15 20 5 30
the attenuation of the transmitted signal through the PL Ey/N, (dB)

channel increases considerably as the frequency increases

Fig. 6. Performance results of UWB-PLC system designed WMtHP
10° : : ‘ and different modulation schemes. PLC chang/@ and AIGN models are
‘8 GP (125MHz)n=1 considered.
A GP (25MHz)n=0
0GP (50 MHz) n =0 . .
—a—MH}g(]_z_S vv)le) n=1 To analyze which pulse, GP or MHP, is more advantageous

:mggg mgzig 4 to data transmission through the outdoor LTI PLC channel
#2 corrupted by AIGN, Fig. 7 shows performance com-
parison results when both pulses were designed witth
MHz bandwidth and the modulation scheme is the PPM. As
mentioned before, the results show a close match between
attained performance with zero- amdt-orders GP and zero-
and 1st-orders MHP pulses, respectively. On the other hand,
the same cannot be noted if one comparatively analgnds
and 3rd-orders GP and MHP. Finally, thést-order MHP
and GP achieve the best BER versug ¥, performance in
comparison to the others.
0 s 0 15 2 v 30 To verify how the ove_rall performa_nce of UWB-PLC system
E/N, (dB) is impacted by the choice of bandwidth of UWB pulses when
the PLC channel switches between two impulse responses,
. . as is presented in [12], some simulation were carried out.
detigned with Tree difierent bandviths, PLC chanseland AIGN modets 11 this case, the UWB-PLC system was designed with MHP
are considered. occupying bandwidths equal t2.5 MHz and 50 MHz, the
PLC channel switches between changd and channel2
To compare the behavior of UWB modulation schemes, Fisee Fig. 2) with probabilitiep; = pys = 0.5 for each
6 shows the performance of PPM, PAM and PSM when GPWB symbol period, and the noise is AIGN. In this situation
are transmitted through PLC channg®. In this case, GP are the channel varies as well as the pulse bandwidth, then the bi
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10° ; 10° \

“GPn=0 : —— Case #1
"GPn=1 —a— Case #2
GPn=2 : —o—Case #3

A GPn=3
—*—MHP n=0| 107tL
——MHPn=1
—+—MHP n=2
—A—MHP n=3

+ 0 %

-3

L - 10’ L L
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
E,/N, (dB) E,/N, (dB)

Fig. 7. Performance comparison of UWB-PLC systems designéid GP  Fig. 8. Performance comparison of UWB-PLC system in cgsés#2 and
and MHP pulses. PLC channgt2 and AIGN models are considered. #3.

rate is not the same as the bit-rate of the previous simuigtioof UWB communication system for PLC applications. Based
This occurs because the PPM pulse has been optimizedug®n the discussed performance of UWB-PLC system, it could
show its better performance in each case, what means th@t verified through computational simulations, that severe
the bit-rate modifies according to the pulse bandwidth. Basattenuations yielded by PLC channel in the transmitted UWB
upon this assumption, three typical scenarios emerge to y#se when the frequency increases (this is usually occurs
analyzedi) Case#1: the UWB-PLC system is designed within outdoor LV networks), result in poor performance if the
MHP occupying12.5 MHz and offering a bit-rate equal to UWB pulse occupies all the PLC channel bandwidth. Then,
0.71 Mbps; ii) Case#2: the same system is now designedmprovements can be attained if the UWB pulses are designed
with MHP occupying50 MHz of bandwidth. For caset2, to occupy a fraction of the channel bandwidth that reduces th
the attained bit-rate is equal io54 Mbps;iii) Case#3: the UWB pulse losses of energy at the receiver side. It means that
UWB-PLC system is designed with two MHP, each of therartial information of PLC channel such as attenuation [grofi
occupies the bandwidth starting ihup to 12.5 MHz or up can be very useful to improve UWB-PLC system performance.
to 50 MHz, respectively. For cas¢-3, the transmitter, basedIn addition, PPM scheme can offer the best performance
on a partial channel information, is capable of transngttinn terms of BER and, consequently, can be a good scheme
the 12.5 MHz or 50 MHz UWB pulse if the transmission to be deeply investigated for UWB-PLC systems. Also, it
channel is#1 or #2, respectively. The bit-rate for casg3 could be verified that PAM is the modulation scheme that
is 0.98 Mbps. The performance results, in terms of BER, aghould be avoided if channel equalization is not taken into
presented in Fig. 8. These results indicate that the a gowerount. Finally, zero- andst-order pulses are those ones
strategy when the channel varies is to design the UWB pulét can provide the lowest BER versig/ N, performance
occupying a fraction of the channel bandwidth becauseiraall analyzed scenarios due to the attenuation profile ef th
reduced attenuation of the transmitted pulse is observedfi@guency response of outdoor PLC channels.

the receiver side. Overall, for caggl, the best performance

in terms of BERversusEb/N, is attained, but the worst in ACKNOWLEDGMENT
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