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Bottom-Up Statistical PLC Channel Modeling - Part
I: Random Topology Model and Efficient Transfer
Function Computation

Andrea M. TonelloMember, |IEEE, and Fabio VersolattoGraduate Student Member, |EEE

Abstract—We propose an efficient bottom-up power line com- [3]. This approach allows fast channel simulations, but it
munication (PLC) channel simulator that exploits transmission |acks strong connection with physical reality. Conversely
line theory concepts and that is able to generate statistidly e bottom-up approach yields the channel transfer functio

representative in-home channels. We first derive from normsand loiting t ission li TL) th der the t
practices a statistical model of European in-home topologis. The exploiting transmission line (TL) theory under the tramsee

model describes how outlets are arranged in a topology and ar €lectromagnetic (TEM) or quasi TEM propagation assumption
interconnected via intermediate nodes referred to as deriation It ensures strong connection with physical reality sinagsis
boxes. Then, we present an efficient method to compute the g|| the topological information of the network. Both time
channel transfer function (CTF) between any pair of outlets domain and frequency domain bottom-up approaches have

belonging to a topology realization. The method is based on a - . .
systematic remapping technique that leads to the subdivien of P€€N Proposed. The former exploits the multipath propagati

the network in e|ementary units’ and on an efficient way to model and |t deSCl‘ibeS a” the reﬂection ef‘feCtS encoudtbye
compute the unit transfer function referred to as voltage raio the transmitted signal [4]. The latter tackles the same grop
approach. gation problem in the frequency domain with a calculation

The difference from the more conventional and complex ABCD - yathod that uses the ABCD [5], [6] or the scattering matrices
matrix approach is also discussed. We finally show that the

simulator can be configured with a small set of parameters and [71. o o .
that it offers a theoretical framework to study the statistical PLC Statistical PLC channel modeling is also of great imporéanc
channel properties as a function of the topology charactestics, because it allows the design of transmission techniques and

which is discussed in Part Il of this work. their performance analysis. Statistical top-down chanmad-
Index Terms—Power line communications, channel modeling, €ls have been proposed in [8] where an analytical formuiatio
in-home networks. is followed, and in [9] where the results of an experimental
campaign presented in [10] are exploited. On the contrary, i
|. INTRODUCTION this paper we follow a bottom-up approach where the CTF

Iis obtained applying TL theory to realizations of a network

delivery but they are also becoming an attractive megl%pe%logfyag\.’qr?]a: Itsastyi'sc :lrl'sfew':g tg;i;?g?scglfuﬂg

for data transmission both in outdoor and indoor scenarig§ ving a statistically repres Ive topologydel.
%condly, the derivation of an efficient method to compute

due to their widespread presence. Since power lines hapjI CTF si this task b tationally int f
been designed for power delivery, they are a hostile mec§ £ since this task can be computationally intense for

for communications. Latest transmission techniques mhpomplex networks. A similar approach has been presented

. . s in which however tar he American in r nari
multicarrier schemes, overcome most of the criticalitesur- [6] ch however targets the erica door scenario

ing communications even for channels with high attenuatié;r"fmswIng the National Electric Code (NEC) wiring norms.

and frequency selective fading effects. The design of these":j th|s_ gapert, wel first p;esletlp]t,tlﬁ Sebctlon d”’ a dnc;vel
advanced communication systems requires the knowledge:%? og‘n N 2.0r op;o. O%Y mo s at has been er|t\(e ron(;
the channel characteristics and the use of a model. Althouglf 2PS€rvation of in-home =uropeéan wiring practices ant

orms. The model describes how outlets are arranged in

there exist several deterministic channel simulatorsy littte {000l nd are interconnected via intermediate nod
work has been done to develop a statistically represeatatf\l/ opology and are Interconnected via intermediate nodes
referred to as derivation boxes. Then, in Section Ill, wesae

model. . .
an efficient CTF computation methodology that we refer to

Deterministic channel modeling can follow either a top- it i ho It firsil ted in 111
down or a bottom-up approach. The former handles the pov%sr voltage ratio approach. It was firstly presented in [11].

line channel as a black box and returns an analytical exipress, erein, we summarize the main relations and we use them,

. " . in the Appendix, to discuss the differences with the more
of its response by fitting results from measurements acaoynt o .
P Y g common ABCD matrix method. We also describe a three p.u.l.

for multipath propagation in the time domain, via the so- o )
called “echo model’ [1], [2], or in the frequency dom‘,jlmlnarameters model for the description of the power line cble
B n Section IV, we report a numerical example.
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this respect, some preliminary results of the statisticalysis interval, i.e., A. ~ U(An, Ay) , where the minimum and
have been presented in [12] while a more comprehensive studgximum values are determined from experimental evidences
is reported in Part Il of this work [13]. Another interestinge.g., A,, = 15 m?2, Ay; = 45 m2. It follows that the number
topic is the comparison between the top-down statistical-moof clustersiN, is

eling approach and the bottom-up approach. Some discussion N. — [ﬂw 1)
about this aspect has been reported in [14]. ¢ Aol
where[-| denotes the ceiling operatdy.. is a discrete random
Il. THE TOPOLOGYMODEL AND GENERATION variable with alphabetN,,, Nys) € N, where
ALGORITHM
Ap/Am < Nap < (Ap + Ap) /A )

The analysis of European in-home norms and wiring prac-
tices reveals that a regular and structured wiring deployme Ap/Am < N < (Af + AM)/AM : ®3)
exists, as representatively shown by the layout in Fig. 1o Twts probability mass function is
connection levels can be usually found. The first one between
outlets of a room and the associated derivation box. The  FN.(k) = Fa. (As/(k = 1)) = Fa (As/k) =

second connection level is between the derivation boxessd h T if A; > (k—1)A
connections use dedicated cables, according to readiyatyit Aiﬂé—"‘m f M (4)
nearness criteria that keep into account the special ralgepl = ﬁ if Ay < kA,
by the main panel connected to the energy supplier network. A Af .

Thus, the topology can be divided in area elements that XA, Otherwise

contain all the outlets connected to a derivation box anghere F, () is the cumulative distribution function of..

the derivation box itself. We refer to these area elements as\ow, to determine the layout of clusters in the given area
“clusters”. From experimental evidences we have found thge proceed as follows. We define a boolean matrix of size
clusters have a rectangular shape with a variable dimension . which represents a regular partition of the arearin
ratio, but the same area on average. These observations Rysters. An element equal to one or zero denotes the presenc

allowed us to derive the statistical topology model that wgr absence of the cluster. For example the cluster matrix
present in the next subsection.
1 1 1
M =
[1 1 0]

corresponds to the topology layout of Fig. 2.

root 1

Fig. 2. Example of cluster arrangement and connectionsdsetwootl and
root 4.

Furthermore, we model as a uniformly distributed random
variable between 1 an/., while the number of columns is
¢ = [N./r]. Since we want a topology layout of only,
clusters, whenrc > N., we set to one all elements in the
first r — 1 rows andc — 1 columns of M. This is to account
for the fact that experimental evidences do not show sparse
Fig. 1. A typical in-home topology layout showing derivatidboxes and cluster d|s_placements. Then, we randomly set t_o Z€ero some
connections with outlets. elements in the-th row andc-th column to obtain a total
of N. non-zero elements. The result is a compact topology
layout formed by a kernel of — 1 by ¢ — 1 clusters edged by

A. Topology Layout Arrangement N — (r — 1)(c — 1) additional clusters.
We assume a certain topology arda and we divide it o )
into clusters of square shape with identical area To model B- Derivation Boxes and Outlets Displacement

the variability of the cluster number and area we considerFrom a graph theory perspective, the derivation box can be
A, to be a uniform distributed random variable over a propeeferred to as “root” of the cluster, since it can be alwaymnse
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as the top node of the tree that describes the outlet coomnscti The outlets are placed along the cluster perimeter acaprdin
inside the cluster. Usually, roots are regularly spacedtheg to a Poisson arrival process. This means that the number of
are not very close to each other. In addition, it can be notedtlets is a Poisson variable with alphaket=1,2,... and

that if two roots are very close, then they can be merged imeanA,A. that increases with the cluster area. The outlet
a unigue derivation box which feeds outlets connected to theer-distances are exponentially distributed, and urttier

two initial roots. In our model, the derivation boxes arecgld condition of a given number of outlets, the outlets are uni-
in the top left corner of the associated cluster. To increaf@mly distributed along the perimeter which is a reasoeabl
the location variability, each derivation box is shiftearfr assumption. The connections with the derivation box can be
its reference corner by a bidimensional offset generated aslone in three different ways as sketched in Fig. 3:

pair of uniform distributed random variables defined betwee , Type SD, Fig. 3(a): a Star structure that satisfies the
0 and D = L/4, where L denotes the cluster side length.  minimum Distance criteria,

More in detail, if we define with(z,,y,) the bidimensional , Type SP, Fig. 3(b): a Star topology with conductors
offset w.r.t. the cluster edge corner, the final distancenfro placed along the Perimeter,

the corner isd, = \/zZ +y2, d, € (0,L/2v2). More in , Type BP Fig. 3(c): a Bus topology with conductors
general, under the assumption that the offset coordinates a  placed again along the Perimeter.

independent and uniformly distributed in the interya] D),
the cumulative distribution function aof,. conditioned onD

.s — 1
Fay (@) = 150° ® l\? r J L J

when0 < a < D, and

2

a D a? — D?
F; (a) = —= | arcsin — —arcsinU(a) | +1/ ——— (6

(a) 2D? ( a (a) D2 © Fig. 3. The three most common connection structures betwedats and

root. From left to right, case SD, SP and BP. Squared and diottarkers

whenD < a < \/§D where represent roots and outlets, respectively.
a2 — D2 . . . .
Ua) = —. (7 In particular, a widely followed practice suggests to avoid
a situations where connections form a closed ring around the

The connection between derivation boxes (roots) is desom. Therefore, we implement this new condition imposing
termined keeping into account the special role played [at no connections can cross the corner opposite to the
the main panel, i.e., conventionally the root of the top lefterivation box corner.
cluster associated to the elemévfi(1,1). Roots are directly ~ With the above model, the lengtly; of the connection
connected to the main panel or to the nearest root in thetween an outlet and the derivation box is a random variable
direction of the main panel. In Fig. 2, we depict all possiblerhose statistics depend on the connection type. We nowtrepor
connections between the roots of clusteand clusted. Since the probability density function (PDF) ef; conditioned onl
the root connections cannot be cyclic, and since we wantaod assuming,. = 0. For connections of type SD, it reads

satisfy the minimum distance criterion, we have devised the L .
following algorithm to randomly generate the connections. fa(a) = { 3L if 0<a<lL, ©)
. . . 1 a .
Firstly, we define an extended cluster matrix as follows VaIE if L<a<+2L.
. 0 0. ®) When connections are of typeP, d; is a uniform distributed
- 0, M|’ variable
fa,(a) ~ U(0,2L). (10)

where0,. and0!" are row vectors with zero elements of size

c andr, respectively. We denote the transposition with the fth ion b I dth but b
apix. Then, we consider all the possible sub matrisés of  © the connection between an outlet and the root, but between

size 2 x 2 extracted fromM. For each sub matriM., if an outlet and its neighbor outlet in the direction of the root
M,(2,2) is nonzero, then its root is connected to the root gior this latter case, the PDF is exponential and equal to

In the presence of a bus topologly,is no longer the length

clusterM,(1, 1) if this cluster exists, otherwise it is randomly 1 (2L — a)ApL\ _AqlLa
connected to one of the roots of clustévk(1,2), My(2,1). fa(a) = by 4 em T a € (0,20),
If Mo(1,1), Ms(1,2) andM2(2, 1) are zero, theiM (2, 2) (11)

is the main panel. The connections betweeh(1,1) and Finally, the physical connection between outlets and deriv
M,(2,2) can be done along the diagonal thus with minimurtion boxes can be done using cables of different type. This al
distance, through the root on the top adjacent clusfe(1,2), lows the use of higher section cables for root interconoasti

or through the root in the left clust®di;(2, 1). The second and that are supposed to carry higher currents. In other words,
third solution are still direct connections betwesfi,(1,1) the norms on voltage drop limitations can also be taken into
andM,(2,2), and they can be used if adjacent clusters existccount.
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C. Load Distribution wherepr, = (Z,—Zc¢)/(Z1+ Z¢c), and where in the notation
In order to fit reality as much as possible, we also consid¥f ©Mit: as throughout the paper, the frequency dependence

the contribution of loads. More in detail, from experimentd®" SIMPplicity. This relation is useful in the analysis ofroe
measurements, we have collected a number of Idgdthat plex powe_r line n(_atwork_s becaL_Jse it suggests to co_llapse the
are representative of computer transformers, lamps, cerotR'anches into their equivalent impedances placed in garall

appliances. These loads are randomly selected, hence E ghth? backbone. Therefore, (12b) CT‘(E be directlyhused ifa
probability to pick thek — th load from the previous set is ranch (line segment) connects a backbone negdeith an

m(k) = 1/N,. Now, if we definep, as the probability that outleto where a loadZ;, is plugged in, i.e., we carry back;,

no loads are connected to a plug, then the probal)jug(k:) to n,. The method can be extended to multilevel branches,
that thek — th load is connected t,o an outletgiven that an i.e., branches that feed more than one outlet. For instance,

appliance is connected is py5 = (1 — p,)/N;. Note that !et us consider Fig. 4(a). We first carry back to nodethe
we setp, to a certain value according to our experimentélrlnpedances of the loads p'nged mto the outigtsand o,.
observations. Then, we compute the equivalent impedance at negl@s
their parallel obtaining the equivalent circuit in Fig. J(bve
now repeat the procedure to derive an equivalent impedance

I1l. CHANNEL TRANSFERFUNCTION COMPUTATION for noden; obtaining the circuit of Fig. 4(c). Finally, we carry
The computation of the channel transfer function with theack the equivalent branch impedance to the backbone node

bottom-up approach can be a rather computationally interi$e
task for complex networks as the indoor ones. It is of great
importance to use an efficient method. Thus, we propose the
approach that we have firstly described in [11], that is refér é»
to as voltage ratio approach. We summarize it here for the sak o,
of completeness and to provide all the equations that alhaw t n
comparison with the ABCD matrix method. e — .

For a given topology realization and a pair of outlets, the C) (b) (©
method starts from the identification of the backbone, ite,
shortest signal path between the transmitter and the mceivig. 4. Three subsequent steps of the impedance carry-battoth
nodes. Then, we remap the topology around the backbone and
we split the remapped layout into small parts referred to asAs noted in [11], the carry-back procedure can be sig-
units. Each unit comprises a portion of the backbone wittificantly simplified (in the sense that is not needed) in the
homogeneous line characteristics, and eventually, a hrafesence of long and non ideal cables, i.e., cables that ahow
connected in parallel at its input. The end units are tho&@al component for the propagation constant. This is becaus
associated to the transmitter and the receiver nodes. independently of the load impedance, the input impedance

Now, it is important to devise a fast way to remap th80€s to the cable characteristic impedance as the cablthleng
topology as a function of the backbone associated to a nertilcreases. Herein, we show that this conclusion holds tisee a
transmitter-receiver node pair. We start from the definitid in the presence of multiple line sections with heterogeseou
the network adjacency matrix that collects all the netwagk | Properties. Let us consider, the simple circuit of Fig. 5.
out information. Then, we firstly trace back the tree layout o

the network and we find the ordered sequence of intermediate L ly

nodes between each leave and the root of the tree. We refer

to these sequences of nodes as paths. Thus, we assign a path p Ze, Ze, p, 7
to each outlet. Finally, the backbone between two outlets is DRS¢ Y2 O -
determined by the properly ordered set of unique nodes gicke ‘t, o

from paths associated to the transmitter and receiver ndes Z,

a similar way, exploiting path information, the entire netlw

can be remapped as branches connected to the backboneFig. 5. A simple branch made of two line segments with différelectrical
properties and closed into a loa, .

A. Impedance Carry-back Method Applying twice the relation (12) the input impedance can
As discussed in the next sub-section, we assume a TIJ::1\9I expressed as 1+p

or quasi-TEM propagation mode. Then, let us consider a Z1 = Zeyy =, (13)
line of lengthl, characteristic impedanc&- and propagation
constanty, closed into an impedance lodd,. From TL theory Where
we can compute the equivalent impedadigeseen at the line  (Zo, + Zc, ) pre 22 + (Ze, — Zo,) ol (14
input as follows P= (Ze — Zow)pre 27 + (Z, + Zcy)

Z1, + Zc tanh(v1) 1+ pre= 21 andpr, = (Z1, — Zc,)/(Z1 + Zc,). Therefore, ifl; goes to

Zr=Zc =7

12
Zc + Zp, tanh(y1) 1= pre—2l’ (12)

infinity, prexp(—272l2) vanishes regardless of the load value.
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Similarly, we achieve an analogous resulkifgoes to infinity. respectively, wher&” is a voltage coefficient that is a function

In the same manner, if we connect an impedafigeat the of the boundary conditions, such as the source generator
junction between lingé and2 we will find that its contribution voltage value. Therefore, the unit CTF reads

to the definition ofp is scaled at least byzp(—2(v1l1)). In

summary, the load does not influence the equivalent branch o, = Vo1 = — 1 +pr7 - (18)
impedance as long as it is connected to the backbone via long Voo em A premmh
non ideal cables. Now, we need to compute the reflection coefficignt .

. Whenb = 1 this is a trivial task, sinceZy, is the receiver

B. Wbltage Ratio Approach (VRA) input impedance. Conversely, whén> 1, Z;, is the input
For a topology realization and a given pair of nodes thghpedance of the unit of indek — 1, and its computation

CTF computation is obtained by firstly finding the backboni@yolves again the impedance carry-back method. More in

and remapping the network topology along it, as describeddgtail, to estimate the input impedance of the generic unit

Section IlIl.A. Then, we collapse the branches into equivaley shown in Fig. 6, we carry back the load impedathe up

impedances connected to the backbone. FinaIIy, we compiiethe inpu[ port, according to (12) Then, we compute the

the CTF as the insertion loss between the transmitter aggrallel of Zr, and Zp, and the result yieldsZ;,, i.e. the

receiver nodes. Now, if we divide the backboneM+ 1 input impedance of the unit

units each with an input node labeled with (towards the |t should be noted that the VRA requires to start from the

transmitter) and output node labeled with_, (towards the receiver side due to the implicit dependence of (18) from the
receiver), the CTF can be computed as the product of the Cdifwnstream input impedances.

voltage ratioHy(f) = Ve—1(f)/Vs(f) of each unit, that is The key aspect of the proposed method consists in splitting
Vo(f) N+l the overall complex problem int&/ + 1 simpler subproblems
H(f)= Ve (f = H Hy(f). (15) each of which comprises the computation of the insertios los
n+1(f) b=1 and the input impedance of each backbone unit. Note also

whereVy(f) and V41 (f) are the measured voltages at théhat the VRA, unlike other well-known methods —such as

input ports of the receiver and transmitter, respectivaly, the ABCD matrix method— handles only scalar quantities and

frequencyf. this gives an advantage in terms of computational effore Th
relation to the ABCD method is discussed in the Appendix.

n/ L, z, n/;L/, Z C. I-_|ne Parameters |
b b Y, ”*‘:) b Line parameters and cable models play an important role
\ L, in the computation of the channel transfer function via the
4 ETE bottom-up approach. Different models have been presented i
2,52y, x=0 - the literature to describe different cable types, such a¥,NY
NYM or VVF, e.g., in [15], [16] and [17]. These models are
Fig. 6. Elements of a unit belonging to a given backbone. widely used to describe the scenarios of countries whemsor

. . . - . . suggest the deployment of compact cables for in-home wiring

A given unitb, as depicted in Fig. 6, comprises a portiofy, «omnact cables both the safety ground wire and the power

of the backbone, with homogeneous line characterlstme—ev%upply wires, namely phase and neutral, are enclosed into

tually with a branch connected in parallel at its input. le th, by, cap, so they always run closed together. This latter

following, the notation does not explicitly show the frequ_ feature ensures the TEM or quasi-TEM propagation. Other
dependence. Thus, we referfe;, and-, as the characteristic |, ,ts comprise single wires displaced in a plastic ragewa

i_mpedan_ce and the propaga_tion coefficient of th? ba_CkbOB e to the regular structure and the small dimension of the
line portion of lengthi,. In Fig. 6, we also use thick lines o .o\ay compared to the signal wavelength, the TEM or quasi-

to represent physical wires, while thin lines have zeragten g\, propagation mode can still be assumed. Consequently,

and are simply used to graphically represent connections. Twe use a concentrated parameters model since the radiated

equivalent impedance of the branches connected to the nedey is supposed to be a minor factor [18]. We then define the
n, is denoted withZp,. By definition, the line segment of skin depth as [19]

each unit connects together two intermediate nodes of the 1
backbone or the last intermediate node to the I&ad i.e., 6= ; (19)
dad o

the input impedance of the receiver. We set= 0 at node
ny—1 and we define the load reflection coefficient for uhit wherep ando are respectively the magnetic permeability and

aspr, = (Zr, — Zc,)/(ZL, + Zc,)- the conductivity of the wire, whil¢ is the frequency. We omit
Hence, we can write the expression for the voltages at nodke frequency dependence for notation simplicity. We ckoos
ny andny_1 as the vacuum magnetic permeability equal4e - 10~7 H/m
Vi, = V(e%lb +pr6_%“) , (16) and the copper conductivity equal 8 - 107 S/m. Then,

we definer andd as the conductor radius and the distance
Vo1 = V(l + PLb) ’ (17)  between conductors, respectively. Finally, we computeptre
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unit-length (p.u.l.) resistanc® as by dotted and squared shaped markers, respectively. Theen, t
1 tree of the topology realization is derived (see Fig. 8). The

R=—3 wheng >>r, (20)  main panel is the root in the top left cluster and it is labeled

1 as nodel in the tree representation of Fig. 8. More in general,

i y—"- whend <<r, (21)  roots are numbered walking down to columns of the cluster

matrix starting from the left. Hence, nodeis the root of the
clusterM(2, 1), and the generic node < N, is the root of
L="log (c_i> LM whens >> -, (22) theclusteM(n—[(n—1)/r]-r,|(n—1)/r|+1), wherer is

T r 8T the number of rows of the cluster matiM. Outlets underlie

7 d 1 1 a similar numeration: if2,, is the number of outlets of the
L="log (;) Y\ 7ot whend <<r.  (23) first cluster, then these outlets are incrementally nuntire
the tree plot fromV.+1 to N.+n,,. In addition, inside each
YTster the outlet numeration follows the countercloclewisie
shown in the first cluster of Fig. 7.

and the p.u.l. inductanck as

If the two conductors are surrounded by an homogene
dielectric insulator, it can be demonstrated that [18]

LC = pe, (24)
that is, the product of the p.u.l. inductan€ewith the p.u.l. e e
capacitanceC is always equal to product of the magnetic Ll [ !
permeability with the dielectric constant. For the sakeiof-s !
plicity, we neglect the presence of inhomogeneous diétect -4t d T b
between the two wires, hence we exploit (24) to obtain tt oot e o oo

p.u.l. capacitance. In particular, we assume the insulator
be PVC, whose relative dielectric constant is equal to
3.6, [4]. Hence,e = g,69 = 3.6 - 8.859 - 10712 F//m. We
also neglect the p.u.l conductance contributiGh due to 101 p
the very high resistivity of the considered insulated mater
Thus, the cable model uses three p.u.l. parameters, and
can compute the characteristic impedance and the propaga -14r P ¢ Outlet
constant respectively as ] ) Derivation box

y axis (m)
)

—-12+

-16 - . ‘ ‘
o — \/R+j27rfL . \/R+j2wa 5 0 cadsm) *
G+ j2rfC j2nfC
Fig. 7. Layout of the randomly generated topology. the uppgrcluster
v = \/jQWfC(R + j27rfL) ) (26) shows the direction followed for the outlet humeration.

IV. CHANNEL SIMULATOR

Following the proposed statistical topology model and CTF
computation method we have developed a statistical channel
simulator. The simulator uses a small set of parameters that
comprises the topology area, the minimum and maximum
cluster size, the intensity of outlets per square meter, and
the probability of having an open outlet. For simplicityeth Pl 8P
cable types and the set of load impedance are pre-computed
and stored in a look-up table. An example of parameters
that have been used to obtain results in good agreement with ho hsdbods s
experimental campaigns, e.g., [20], is reported in Table I.

20 %4 G1q7 g4

@548 A A6 @9® @2

TABLE |
SETUP OF THE CHANNEL GENERATOR PARAMETERS @2 3 B4 B5 (26 27 28RIB0 (16 (17 BT B2 &3 B4 B5 (36 (37 3TBIAVSAL &7 48 (10 A11
Parameter Value Fig. 8. Tree representation of the generated layout.
Ap(m?) 160
A (m) U(15,45) We arbitrarily select two pair of outlets, and we compute
Ao (outlets/m?) 0.5 the corresponding CTF in the 1-30 MHz band with a sampling
Do 0.3 frequency ofl00 kH z. In Fig. 9, we show both the frequency
Ny 10 and impulse channel responses. The impulse response is

obtained via the inverse Fourier discrete transform (IDBTT)
The simulator firstly generates a topology realization,,e.ghe frequency response. We further smooth the CTF with a
the one shown in Fig. 7. The outlets and roots are representaded cosine window.
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can always be modeled as an equivalent admittance according
to the impedance carry-back method of Section I1I.B. If we

|
N
o

|
w
(=}

Path Loss (dB)

—40 I. unit N+1 1, unit N Iy, I unit 1 I,
N4l N Ml _1:
-50 A, . B, A B A B
V‘,_ N+1 N+1 V ' NN V . v 1 1 V Z
N II CN+| D}erl N CND,\' N-1 1 C1 DI 0 L
5 10 15 20 25 30 5 10 15 20 25 30 o— e
Frequency (MHz) Frequency (MHz)
003 Fig. 10. Structure of a backbone divided W + 1 subunits, each of which
002 is described by its ABCD matrix.
oo _
g know the ABCD matrix of each unit
<<
~0.01 Vi Ay Byl | V-1 27)
002 1 2 3 40 1 2 3 4 Iy Co Dp] [1Io—1
Ti Ti . . .
etk e (1) we can exploit the chain rule to obtain
Fig. 9. Frequency and impulse responses of two differentirutla: (a) Via _ V41 _ An+1 B+
between outlet$1 and23, and (b) between outlets2 and 27. Iix Inyi1 Cni1 Dnia
(28)
Ay By A Bl | W
. . . . X
An in-depth analysis of the statistical properties of the Cnx Dy C, Di| | I

We have found a good agreement with the results fro owever, since each unit comprises the cascade of the equiv-

measurements campaigns. The simulator is a powerful tool &Nt admittance of a branch and a line segment (see also Fig.

investigate the properties of the channel keeping corrmectl6 , we can reformulate the ABCD matrix of tieth unit as
1 0
Yp, 1

with physical reality. For instance, it allows inferringeth iAb B,
cosh(yplp) Ze, sinh('yblb)]

proposed PLC channel simulator is reported in Part Il [13%1{

outlets distance and the belonging of the outlets to the sam
or distinct clusters. The generation of time-variant chenn
responses can also be obtained by including time-variant
loads [11]. Moreover, the simulation can be easily extended . )
to the case of multiple homes having nearby located affeft is, the ABCD matrix of the admittances, = 1/Zs,
interconnected main panels, e.g., multiple apartments inm&/tplied by the ABCD matrix of the backbone line segment
building, by simply connecting together through the mailhich belongs to unib. We also definé’c, = 1/Zc, as the
panel different topology realizations. Top-down geneisitve characteristic _|mpedance of th_e line. Now, let us suppose to
not yet able to comprehensively offer such information. ~ Know the equivalent load admittance for th¢h unit Yz, =
Iy_1/Vo—y = 1/Z1,. Then, from (29) the expression &} as

a function ofV,_; reads

In this paper we have presented a statistical bottom-up Vi = (cosh(ylo) + Zc, Vi, sinh(s)) Vo-1 (30)
PLC channel generator for the indoor scenario. We hawhere we neglect the dependance from frequency to simplify
fully described the topology generation algorithm and & fathe notation. In particular, it is worthwhile noting thgg, is
channel transfer function computation method. The difiees the receiver input admittance for the ubit 1, and the input
with the ABCD matrix method have also been discusseddmittance of the unith—1), otherwise. The previous equation
The simulator uses a small set of parameters an examplecaf be further manipulated. To this end, we first define the loa
which has been reported. An in-depth statistical analysis reflection coefficient for unib as
the simulator is carried out in the second part of this work Ye, — Y1,
[13] where we show that it is a powerful tool to infer the PLC PLy = m :
channel statistics as a function of the topology charesttesi
It allows generating statistically representative chasrip
agreement with experimental measurement campaigns.

behavior as a function of the topology area, the loads, the Dy
(29)
Ye, sinh(yp) cosh(yplp)

V. CONCLUSIONS

(31)

Then, we can expred§,, as a function opy, and use this new

formulation into (30) to obtain the ratio betwe&pandV;_,

i.e., the insertion loss of thieth unit given by (18). Therefore,

we have found the VRA core equation starting from the ABCD
APPENDIXA matrix description of the network. To compute (18) for every

COMPARISON WITH THEABCD MATRIX METHOD unit b, we need the load impedance of all the units. We can

Let us consider Fig. 10 which describes the channel ba@XPloit again the impedance carry-back method, to obtan th
bone between a pair of outlets as the composition of dfPut admittance of unib as follows
ementary units. From the definitions of Section Ill, a unit Y., + Yo, tanh(yplp)
comprises a backbone line segment and a branch. The IattSe/b =Y, +70, Y, + Y1, tanh(ypl,)

= YBb + YRb s (32)
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where Y, is the equivalent load admittance obtained bji6] I. C. Papaleonidopoulos, C. G. Karagiannopoulos, Nh&odorou, 1. E.

carrying backYz, to the upstream port of unit. Starting Anagnostopoulos, and C. E. Anagnostopoulos, “Modelingidébr Low
b \oltage Power-Line Cables in the High Frequency Range,Pinoc.

from unitb = 1, we can recursively apply (32) to compute the  |gge" . symp. Power Line Commun. and its App., Mar. 2002, pp.
load impedance, and consequently the insertion loss, fdr ea  267-271.

unit b. Finally, the overall insertion loss is the product of th&'7] S. Tsuzuki, T. Takamatsu, H. Nishio, and Y. Yamada, “AstifBation
Method of the Transfer Function of Indoor Power-Line Chasirfer

individual unit insertion losses according to (15). Japanese Houses,” Proc. IEEE Int. Symp. Power Line Commun. and
In conclusion, while the ABCD matrix method exploits the  its App,, Mar. 2002, pp. 55-59.

chain rule to obtain an overall ABCD matrix which gather§8l R. P. ClaytonAnalysis of Multiconductor Transmission Lines.  Wiley-
IEEE Press, Nov. 2007.

and merges all the information about the system, the volta@e] s. Ramo, J. R. Whinnery, and T. Van Duzéiiglds and Waves in
ratio approach splits up the analysis in a certain number of Communication Electronics. Wiley & Sons, 1994.

i : [ ; ; ] S. Galli, “A Simplified Model for the Indoor Power Line @hnel,” in
sub-units for which it computes the input admittance and e Proc. IEEE Int. Symp. Power Line Commun, and its App., Apr. 2009,

insertion loss. The VRA can be thought as a scalar version of pp 13-19.
the ABCD matrix method since it handles only scalar elements
which allows lowering the implementation complexity.
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