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Abstract

In this paper we consider two different approaches for stiesil power line channel modeling. The first method folloavs
top-down approach where the channel transfer function failed from an analytical expression whose parameters ravend
from certain statistics. The second method is less corumeaitiand follows a bottom-up approach where the transfectiom is
computed using transmission line theory applied to a ramglganerated network topology. We compare the two methaieto
and show that they are both capable of statistically reptesal channels.
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I. INTRODUCTION

N the literature most of the efforts are spent toward theirattant of a power line communications (PLC) channel

simulator able to manage complex networks with accuracyedficency. Even if a good simulator represents a fundanhenta
prerequisite, it is not sufficient for the design of reliabenmunication systems. In fact, a simulator typically ceprces only a
specific channel response given all the information aboainétwork topology or given certain parameters from expenil
measurements. In the two cases the approach is referred botesn-up or top-down respectively. Therefore, the major
drawback of a simulator is that it can generate only a spechi@nnel response, while for the design of communication
systems the generation of statistically representatiemctl responses is required.

We tackle the problem of the channel response statistiaargéion following both a top-down [1], and a less convemio
bottom-up approach [2], in Section Il and Il respectivédpme comparison among the two methodologies is reportechwhi
shows that they are in good agreement despite the simpb€itile former method (Section V).

I1. STATISTICAL TOP-DOWN CHANNEL MODELING APPROACH

The considered top-down approach follows the multipatlpagation model [3] that uses the following analytic expi@ss
for the Channel Transfer Function (CTF)

Np )
H(f) =AY gpe d@mde/ife=(coteafDdy = 0 < B < f < By @
p=1
whereg, synthesizes the reflection and transmission contributionghe pathp, d,, is the length of the path; is the speed
of light in the TL structure and is a given attenuation coefficient. The factor

e (otarf)d, 2)

is a frequently used approximation for the attenuationdiaof the line. The parameterg), a; and K can be optimized to
obtain results in good compliance with experimental ondé® dhannel is statistically modeled as a finite line of lenfth,.
with an attenuation factor determined by Eq. 2 where reftscthat generate paths, are placed according to a Poisgeal ar
process with intensity\ [m~!]. This means that on average there is a reflector evétymeters and., .. A paths.

The path gaingj, can be statistically modeled in two different ways. The ferrone assumes, to be complex random
variables with a lognormal distribution for the amplitudedaa uniform distribution in the interva0, 2=] for the phase. Log-
normality is a good assumption for a variable that gathegrsnbans of a product, the contribution of independent andaan
factors. The latter option exploits approximations alldwey experimental results and assumes a uniform distributiathe
interval [—1, 1] for the path gains. It can also be shown that «;, K and A are the only parameters that affect the average
path-lossPL = E [|H(f)|?] [4], [5]. Since the path-loss is directly connected to thargkel capacity, by the appropriate
setting of the parameters), o1, K andA it is possible to generate channel frequency responsesdiata specified capacity
on average. This is described in detail in [4] and [6].

For the numerical results we use, for simplicity and spagetditions, a unique set of parameters as reported in Tab. I.
Consequently, the path loss realizations are gatheredhdralwgiven average path-loss profile.
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Il. STATISTICAL BOTTOM-UP CHANNEL MODELING APPROACH

Bottom-up channel modeling exploits TL theory to derive the@nnel transfer function from the knowledge of the network
topology, the cable parameters and the appliance impedd#maieare connected to the network. To realize a bottomatistital
simulator we have proposed to use a statistical model fon#teork topology and parameters in [2]. Two main issuesearis
with this approach. First, the need of deriving a statifiiiceepresentative topology model. Second, the need of ficiaft
method to compute the CTF from a given topology realizatiogesin general this task can be computationally intense. Th
latter issue has been addressed in [2] where we have propogsttition the topology into sections and then, to compute
each section CTF via a voltage ratio approach instead of tre rommon method that relies in the calculation of the ABCD
matrices. The former issue, i.e., the random topology gsiwer, is addressed in this contribution.

In our approach the channel simulator is realized using alégy that is randomly generated from a model derived by the
observation of regulations and common practices in realag@es. We have carried out an analysis of the Italian indeenario
that satisfies all the European rules and recommendatiotisabmatter. We surprisingly found a quite regular struetwhere
outlets of adjacent rooms are connected to the same nodere@fto as “derivation box”, and all the derivation boxes ar
connected together at a second level according to nearndsgeachability rules. We have also observed that on avetge
the outlets fed by the same derivation box are nearby plammthd the referenced derivation box in a limited area that ha
quite regular dimensions for all derivation boxes. So weeheencluded that the location plan could be divided in eldmen
that contain a derivation box and associated outlets. Bgtiperimental observation about the existence of regutaedsions,
we therefore propose to simplify the representation usiegients of the same area that are referred to as “clusteb&®. T
particularity of clusters is that even if there is no bondheit shape, in practice they can always be well representea b
rectangle with a fixed area, but variable dimension ratioimpter representation uses a square shaped cluster.

Each cluster contains all the outlets connected to a deyivaibx and the derivation box itself. Different clusters asually
interconnected only through the derivation boxes. In paldir, a cluster can contain more rooms, but also a room miaynge
to more than one cluster. Therefore, in general there is recdcorrespondence between rooms and clusters, but betwee
derivation boxes with associated outlets, and clustersveder, the observation suggests a significant correspaedsstween
the clusters and the room shapes. This allows an easiersiadding of the network topology and of the cluster dispizeet
starting from the location plan.

According to the experimental observations, and with theppsed partition of the topology into clusters, we havewderia
statistical topology generation algorithm, where a lamafplan is build up as a random displacement of neighboringtefs.
Outlets are distributed along the cluster’'s perimeter ating to a statistical model obtained from observations sindlarly
the position of the derivation box in each cluster is detaadi In particular, the outlets are placed only along thessif the
clusters and are connected to the associated derivatioadmmrding to the three most common practices that we havelfou
i.e., a ring structure that satisfies the minimum distané@eran, a ring topology with conductors placed along thaesionly,
and a bus topology. At the second layer, connections betdegwation boxes fulfill the reachability and the nearna#ziGa
with cables of section according to norms such that voltag@siare reduced. The special role played by the servicd,pane
that is a derivation box itself, is taken also into account.

As an example, we report in in Fig. 1 a topology arrangemenegged by the algorithm.

Fig. 1: An example of topology arrangement generated by the algoriDerivation boxes and outlets are represented by theredjznd
dotted markers respectively.

IV. ANALYSIS AND COMPARISONS

As explained in Section I, the top-down simulator is ablegemerate channel frequency responses that exhibit angavera
path-loss related to the particular set of values chosenttferparametersy, oy, K, A and L,,,.. Herein, we consider
channel responses belonging to a unique class of paramétars, they yield a given average path-loss profile (bedides
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normalization factord). In Tab. | we summarize the values. More details are givefjrand [5]. A broader set of classes
with different average path-loss profiles can also be defimethe appropriate fitting of the parameters as it is done Jn [6
Each path-loss class defines also a certain class of champacity.

The initialization of the bottom-up simulator is less compbecause it requires the definition of parameters that have
more direct topological meaning. In particular, we hereorepesults for the bottom-up simulator that assumes tapetoof
areal50m? and clusters of are20m?.

The CTF is in the band 1-30 MHz, and the number of realizatiob®ined with both simulators i5000. The impulse
response is obtained via the inverse fast Fourier transfatm2 N points and sampling frequency step-size= 60/2NM H z.
The corresponding impulse response samples are therdf@m loy h; = h(iTs) with Ts = 1/(2NF).

We first evaluate the statistics of the root-mean-squareRbklay spread of the channels. It is an important metric for
system design [7] and it is defined as

or =

N=1 (. \2 -1 2
Z?:o ' (iTs)"[hal? - (Z?iv(l 12T8|hi|2> (3

S a2 S kil

The RMS delay spread cumulative distribution function isveh in Fig. 2 for both channel simulators. Both simulators
yield a lognormal distribution for the delay spread whichtchas experimental results from measurements [7]. Thanegi
of the delay spread with the two simulators is different ti$ tan be easily justified by the fact that the top-down sataul
draws channels from a unique set of parameters, i.e., thiemdpéo a unique path-loss/capacity class, while the searad
gathers the contribution of channels that are found in aatetbpology layout (area) and that belong to a broader tyadgé
path-loss/capacity classes. In other words, the bottorsiaplators generates channels associated to a broad rangpatity
and delay spread as it is observed, for instance, in an irehegenario. A larger variance of delay spread can be obtained
with the top-down approach if we use different set of iniiation parameters as it is done in [6].

The fact that there is a relation between delay spread anthehaapacity is proved in Fig. 3 where we have partitioned th
channel realization of the bottom-up simulator into 5 adasef capacity according to Tab. Il, assuming a transmit@ddp
Spectral Density (PSD) of -50 dBm/Hz and additive white Géars noise with PSD = -140 dBm/Hz. In particular, we have
divided the capacity range 0 — 900 Mbps into 5 intervals of I8fps each. This representation is similar in spirit to the on
proposed in [4], [5], where however 9 capacity intervalsavproposed for channels in the 1-100 MHz frequency band. For
each capacity class we have evaluated the mean value arndideisl deviation of the RMS delay spread. In Fig. 3, the erark
and the line segment represent the mean and the standaediaieviespectively. Lower capacity channels are assatiata
higher mean and variance delay spread. Furthermore, diec®p-down simulator (with the given parameters) yieldekyl
spread mean d§.32 us and standard deviation 66 ns respectively, we conclude that channels generated withofh&own
simulator belong to class 5 of Fig. 3.

In Tab. Il we also report the percentage of channel reatinatbelonging to each class with the bottom-up simulatar. Fo
the considered topology model, the most frequent are clamsd34, which is in accordance with the measurements in [4].
Note that the broad range of capacity values is due to thetliattwe consider all possible combinations of outlets, vaith
low noise PSD value.

We now consider the average channel gain (ACG) that is defisgd]

GaB 1 Nl 9
G = 10710 :N;|Hi| . (4)

In Fig. 4 we report a quantile-quantile plot of the ACG exgexsin dB () versus a normal distribution. The figure
shows that the ACG in dB is normally distributed with both slators. We also note that the bottom-Gpg spans an higher
range of values which is in good agreement with the previaussiderations about the RMS delay spread and capacity.

TABLE |: PARAMETERS OF THE TOPDOWN SIMULATOR TABLE I[I: CHANNEL CLASSES BANDWIDTH 29 MHZz
Parameter  Value Class Capacity interval  Percentage of
[Mbps] channels

ap [m~1]  0.003

ai [s/m] 1079 1 720 — 900 0.9%
K 1 2 540 — 720 18.8%
A [m~1] 0.2 3 360 — 540 37.6 %
Lmaz [m] 300 4 180 — 360 27.5%
A 0.01 5 0— 180 15.2 %
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Fig. 2: Cumulative Distribution Functions (CDF) of the RMS Fig. 3: Standard deviations and mean values of RMS delay
delay spread. Bandwidt?9 MHz. spread in each class of capacity. BandwigéhMHz.
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Fig. 4: QQ plot of the average channel gain in (dB) versus the stdndamal.

V. CONCLUSION

We have proposed and compared two different approachesdfiistieal channel modeling and simulation, a top-down and
a bottom-up approach. Despite the significant differentoaeibgy, they both generate channels that are significaathted
to the ones obtained from measurement campaigns [4], [4.tdp-down simulator is simpler and allows to generate célsnn
belonging to a certain class of capacity [6]. The bottom-ppraach ensures a deeper connection with the physicatyrealil
allows an understanding of the transmission effects owvareakectrical grids.
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