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An MTL Theory Approach for the Simulation of
MIMO Power Line Communication Channels

Fabio VersolattoSudent Member, IEEE, and Andrea M. TonelloMember, |EEE

Abstract—We propose a bottom-up power line communication
(PLC) channel simulator for networks that deploy multicon-
ductor cables and allow establishing a multiple-input muliple-
output (MIMO) communication link between two nodes. We
show that the fundamental multiconductor transmission lire
(MTL) relations are a matrix form extension of the two-conductor
transmission line equations, and that they allow the appliation
of the voltage ratio approach (VRA) for the computation of the
channel transfer function (CTF). Thus, any complex network
can be remapped to obtain a simple representation in terms of
MTL elementary units. Then, the MIMO CTF is computed as
the product of the insertion loss of the units.

We discuss the analytical computation of the per-unit-lenth
(p.u.l.) parameters for two electrical cables, that we refeto as
symmetric and ribbon. Further, we propose to use an improved
cable model for ribbon cables that accounts for the dielecic
non-uniformity. We report the comparison between simulatbn
and experimental measures for two test networks. The resut
are in good agreement. This validates the proposed MIMO PLC
channel simulation approach.

Index Terms—Power line communications, channel modeling,
MIMO, multiconductor transmission lines.

I. INTRODUCTION

POWER LINE communication systems are gaining hig

research and development interest because they can

vide communication services by the exploitation of the dar
existent power line infrastructure both in outdoor and imdo

scenarios. In particular, wide band state-of-the-art omh
PLC systems deliver high speed services via signal trans
sion over two conductors, i.e., the phase (hot) and the ale

wires, in the 1-30 MHz band [1]. To increase data rates beyo g
what it is offered today, larger bands should be used and
advanced spectrally efficient transmission techniquesildho

be developed.

Many power line networks deploy multiconductor cable

For safety reasons, in many countries the electrical r¢éiguia

impose the use of a third conductor, typically referred t
as protective earth (PE). The presence of a third conducf

allows, in principle, establishing two parallel commurtioa
channels between the transmitter and the receiver. In gkn

with M conductors,M — 1 communication channels are
available between two nodes, which suggests the use of s

form of multiple-input multiple-output communication. MO
communications have attracted considerable attentioreén

wireless scenario, where multiple antennas are availdble.
this context, a great amount of research has been carried
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to design spectral efficient modulation and coding techesqu
that are referred to as space-time and space-frequency cod-
ing techniques. Some early work on space-frequency coding
algorithms for PLC has been reported in [2].

An important aspect is the characterization and modeling
of PLC channels for the design and performance analysis
of communication algorithms. Although several resultsuabo
channel modeling for single-input single-output PLC clelan
are available, not many results are yet available for MIMO
PLC channels. Deterministic bottom-up channel models for
two-conductor PLC networks are described in [3] - [4]. They
exploit transmission line (TL) theory under the transverse
electromagnetic (TEM) or quasi TEM propagation assump-
tion. They further require the knowledge of the topological
information. Some work has also been done to provide a
bottom-up statistical PLC channel model in [5]. More reggnt
a statistical model for in-home topologies combined with a
bottom-up channel transfer function computation has atbw
the realization of a statistically representative chamyeeiera-
tor [6] - [7].

Besides the experimental MIMO channel characterization
gs it was done in [8] - [9], it is important to develop a model

d a simulator for the CTF between two given nodes of a

ertain network taking into account for all the reflectiordan
ransmission effects that are due to line discontinuitles.
[10], a bottom-up MIMO PLC channel simulator has been

theory channel simulator presented in [4], which in turn
& ploits the method of the modal expression for the eletric

mdﬁscribed. It is the MIMO extension of the two-conductor
ut|

H)L#antities.

In this paper, we propose a bottom-up channel simulator that
allows for the computation of the MIMO CTF for complex

Qetworks by exploiting the MTL theory concepts [11] under

the TEM or quasi-TEM assumption. The method is inspired
By the approach that we have presented in [3] for the two-
(?lnductor case. In detail, we show that the MTL relations
of the method are a matrix form extension of the two-
$onductor TL equations. Furthermore, to simplify the peoi]

we propose to remap the network between the transmitter and

Orr%%eiver nodes in order to obtain a simple representation in

terms of MTL elementary units. Then, the MIMO CTF is
omputed as the product of the insertion loss matrix of each
TL unit.

Ou'Ehe analytical computation of the per-unit-length cable

parameters, considering both a symmetric structure and a

planar structure (ribbon cable), is also provided. To tird,e

we focus on three-conductor cables. We report both sinmulati

and experimental measurements for two test networks, one

without branches and one with a branch. We show that while
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for the symmetric cable we obtain good agreement between =% 0 T 1 LA
the simulated and the measured results, with ribbon cablés) 7 rac Lae( o gw“% TN &AT T [ Ay [
some more pronounced mismatches are found. Therefqrg,‘ Ar g’m% %’M ‘V’(HM

we propose to use an improved cable model that takes into
account the non uniformity of the insulation material [12]. = -
With this model, close matching between the simulation arp:rlzlg_ 1
experimental results is found.

The paper is organized as follows. In Section Il, we summa-

rize the MTL theory concepts and we derive the fundameni@e phase and the neutral wires. We refer to it as generator

matrix form equations of the voltage ratio approach. In®ect cjrcyit. The second circuit comprises the PE and the neutral
IIl, we address the cable models and we provide a comparisgiles. We refer to it as receptor circuit.

between the simulated and the experimental results. Indect Now, in order to provide a steady-state analysis, we use

IV, we discuss the effect of non-idealities and we improvge phasor representation for electrical quantities. Weotke
the model taking into account the dielectric inhomogeesiti \ith v, (f, z), for k € {g,r}, the voltage phasors associated

Per-unit-length equivalent model of the three caaiuline.

Finally, the conclusions follow. to the generator circuit and the receptor circuit at freqyen
f and coordinater. Thus, the voltage in sinusoidal regime
[I. ANALYSIS OF THEMTL CONFIGURATION is vg(z,t) = Re{Vi(x, f)e’**/t}. To simplify the notation,

We herein describe an MTL model for the simulatiosve do not explicitly show the frequency dependency in the
of MIMO in-home power line channels. We firstly reporfollowing. Therefore, we simply writ&(z). By letting Az —
the fundamental MTL relations and we show that they afein Fig. 1, we obtain the telegraph equations in the frequency
a matrix form extension of the two-conductor transmissio#omain, that read as follows
line equations. Then, we propose an efficient method for the OV (x)

computation of the MIMO channel transfer function between o —(R+j2rfL)I(z), 1)
pair of nodes in any complex power line network that deploys oL(z) ‘
multiconductor cables. The method is based on a voltage rati or —(G +j2nfC)V(2), (2)

approach. For clarity, we first address the three-conduetse.

_ T _
Then, we consider the general multiconductor case. where V. = [V, V;]" is the voltage phasor vectol, =

[I,, I;]T is the current phasor vector ad}” denotes the

o ) ] transposition. Furthermore,
A. Three-Conductor Transmission Line Equations

Several power line wiring installations use three idertica R |[fot7o 7o L |l lm] ’
wires, namely the phase, neutral and protective earth ctirat 0 T+ 710 I 1
be, in first approximation, modelled as parallel good corduc
tors sheathed in a dielectric material and nearby placed. Fgq — |G T ¢m  —Cm o Gg=1|% T9m - —gm :
instance, in Greece compact cables with conductors erttlose —Cm  Cr+Cm —9m  Gr T gm

Into a PVC cap are deployed [13]. In _Ital_y, three CondUCtOE\Sre the p.u.l. parameter matrices for the resistance, tadoe,
are individually insulated and placed inside small racesva

S th tries deol | bb bl ycapacitance and conductance, respectively.
ome other countries deploy aiso robon cables. Now, if we define the impedance and the admittance matrix
In all cases, the transversal dimension of the overall cas

ble struct . lativel I t the t issiomnal Z =R+ j2nrfL andY = G + j2nfC , respectively,
€ structure 1s refatively small w.r.L. the transmissiognal by means of a first derivative and a substitution we obtain the
wavelength in the range of frequencies that we consider, i.

TL i
in the lower GHz range. Therefore, we can make the TE& equations
or quasi-TEM mode assumption [14], and we can adopt the 0%V (x)

per-unit-length parameter model also for non ideal caldlds [ 92 ZY Vi), 3
In Fig. 1, we show a line section of three conductors of 0*I(x) YZ1(z) )
length Az, wherer;, li., gi, cx With i € {0,g,7} andk € or? ’

{g,m, r} denote the p.u.l. resistance, inductance, conductanggt are coupled by the boundary line conditions, and thus we

and capacitance. The p.u.l. inductancg capacitancec,, can focus only on a single one. Considering (4), we can use
and conductancg,, take into account the mutual interactiongne ejgenvalue decomposition to obtain

between conductors. The bottom conductor is assumed to be
the neutral, while the middle and the upper most conductors
are respectively, the PE and the phase. We assume the neutral
to be the reference conductor, and the phase and PE currents
to return through the neutral conductor. Consequently, tWgiereT andA are the eigenvector and eigenvalue matrices of
different circuits sharing the same return conductor can BeZ, respectively. Then, we diagonalize (4) defining the modal
defined. Coupling effects provide interactions betweemntheCurrent vectod,, = T~'T such that

therefore by transmitting and receiving on both the ciguit 9?1, ()

a2 x 2 MIMO system is defined. The first circuit comprises 2 = Alm(z). (6)

MO

A2

YZ=T T !=TAT !, (5)
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Now, due to the diagonal nature &, the resultant system unit N unit N -1 unit 1

comprises two uncoupled equations that can be indepegdentl
solved leading to N
2 : N
Y1z 1T S IS)
Im(x)[w ! ]Iw[‘ﬂ O]Im, T I s W e B = N
0 e 2% 0 er® S R Y- iR =
f . o .o o
where I, and I, are vectors whose coefficients are de- & o—= ST - T
termined from the boundary conditions, ang, v» are the Yo v PE Yo heaPil, s N P
propagation constants obtained from the diagonal elements Y Y Y,
of A. In detail, we define the propagation constant matriXx axis Xy Xy X, X,

I' = diag{~,2}, as the one for which’T' = A. Finally, we
exploit the relationl = TL,, to obtain the expression for theFig. 2.  On top, unifilar description of a topology remappeduitits. On
current phasor vectdr and the voltage vectoV that read bottom, equivalent representation of the units in admitamatrix terms.
I(z) = TL, = T(e ™1}, + ™1, ), 8)
. - _— firstly remap the MTL network into a backbone and into a
V(i)=Y Tl"(e I, —e Im) ; (9) set of branches that depart from intermediate nodes of the
respectively. The voltages and the currents maintain thmsabaCkbone' _The backbone |s_the shortest signal path between
. . the transmitter and the receiver. Fig. 2 shows an example of
structure of the two-conductor line case, i.e., both are ex- .
remapped network where each backbone branch comprises

&:\/s;:d as the superposition of the transmitted and rdleczﬁb-branches and loads at the terminal nodes.

To proceed, we firstly define the characteristic impedangeWe tcin mﬁgelbthekvt\)/hole t;;?nch (smgle_ orl m?lt'dle\.lgl) that
matrix of the multiconductor transmission line && eparts irom fhe backbone noagas an equivaient admittance

Y-ITIT L. Then, we define the load reflection Coef_ﬁcienglrectly connected toy,. Strictly, the equivalent admittance

matrix as the matri such thatl~ — I+ where the matrix Y_Bb is obtained by carrying back the terminal Ioads_
WL, m = PLim [comprising open loads) up to the backbone node. To this

subscript{-}; is used in the notation to recall that we ar ) i . .
dealing with currents. Finally, from (8)-(9), it follows dh aim, we re(_:urswely apply (13). The final _result is a simple
representation of the network seen by a pair of nodes, namely
1(0) = T(U + p; )L}, , (10) an MTL backbone with a number of admittances in certain
V(0) = ZoT(U - pp, )L, (11) Ppoints. _ |
To proceed, we split the backbone int small elements
whereU is the identity matrix of size x 2, and we assume called units. In Fig. 2, we show an example of unit represen-
that the load is placed at the coordinate- 0. tation of the network. We use thick and thin lines to représen
Now, we define the load admittance mafhix, as the matrix physical wires and zero-length connections, respectiviéiy
such thatl(0) = Y, V(0), and thus we rewrite the reflectioncoordinates on the axis refer to the position of the backbone
coefficient matrix as nodes. Each unib = 1,...,N contains an homogeneous
-1 -1 iece of backbone line and the equivalent admittance of the
pr, =T Y (YL * YC) (YL a YC)ZCT - (12) Eranch connected to the nodg. Weqconventionally start the
whereY¢s = Zgl. Furthermore, onc& ;, is known, we can unit numeration from the receiver end. We also denote with
also determine the admittance matiXz(z) at coordinater ~ Z¢,, I'y, I, and p;,, ,, the characteristic impedance matrix,
as the matrix that satisfies the relatibfx) = Yr(z)V(z). the propagation constant matrix, the length of the piece of
Y r(x) can be interpreted as the load admittance carried baskckbone line, and the load reflection matrix of the unit

at coordinater. Combining (8)-(9), it follows that respectively. The latter is given by (12). Further, we rdter
Y., andY;, as the load and the input admittance matrices
Yr(z)=T(e ™ +e™p,)) of the unitb, respectively. The first is the receiver admittance

% (e_m _ el":chI)_lT—ch . (13) matrix whenb =1, otherwisg it is the input admittance matrix
of the unitb — 1. The latter is the sum of the load admittance
This final relation will be exploited in the next section foimatrix Y, carried back at the input port of the urit and
the development of a CTF simulator for complex in-homghe branch admittance matr¥ p, .
networks that comprise several branches and loads. Now, from (9) and (11), the voltage vector at nogdecan
be written as a function of the voltage vector at node

B. \oltage Ratio Approach for Three-Conductor Networks yielding

Our objective is to compute the MIMO channel transfer B ol Tl
function of any pair of nodes in power line networks that V(ws) = Zo, Ty (e —e " py, )
comprise multiconductor lines and several branches arsloa x (U - prb)*lTb‘lZg:V(xb,l) . (14)
We propose to compute the CTF via an MTL extension of
the algorithm presented in [3] for the two-conductor case. W By definition, the MTL CTF of a given unit is the voltage
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insertion loss between the two ports of the unit, namely, Z -

V(l‘bfl) = HbV(l‘b) . (15) E,

Thus, from (14) it follows that

(a) Single Cable Test Network Y
l h
Hy, = Zc, Ty (U - pp, ) Z D
X (erblh — eirblhpL“b)_lTb_lZE: . (16) E TV;\ ng
_ _ Qs i
Now, we define the voltage phasor vectors at the transmitter \(}
and receiver nodes & (xzy, f) and V(zo, f), respectively. -
We explicitly show the frequency dependency of the quaadtiti A

Hence, if we denote witlI(f) the overall MTL transfer func-
tion (insertion loss), we obtaiV (zo, f) = H(f)V(zy, f).
Finally, by recursively applying (15), the CTF can be com-
puted as follows

(b) Branched Test Network

Fig. 3. Equivalent representation of the two test networks.

N
H(f) = [[Huo(f), (17)
b=1 D. Multiconductor Extension of the VRA

i.e., the product of the CTF of the units. We refer to this Although the three-conductor case is the most frequent in
method as MTL voltage ratio approach. in-home PLC networks, the VRA can be easily extended
when M > 3 conductors are present, e.g., in multiple phase
networks. In this case)M — 1 communication channels are
C. Application of the VRA and Complexity Analysis available. By knowing the p.u.l. parameters of the cables, w
_ o ] derive the relations (3)-(4) of siz&/ —1. Then, we diagonalize
In order to detail the application of the VRA, we firstlyihe system of equations through the eigenvalue decompuositi

apply it to the branched test network shown in Fig. 3(b). W&, that the results of Section II-A are still valid, and theA/R
start dividing the network in units. According to the notati 4 section 11-B is applicable.

of Fig. 2, two units exist. The first includes the line of lemgt
and the branch terminated in¥"". The second unit comprises
the piece of backbone line of length For the first unit, we Il VALIDATION OF THE MODEL
have to calculate the insertion loss and the input admi&anc |n this section we report experimental results in order to
matrix. To this end, we compute twice the relations (12)}(13yalidate the analytical approach that we have proposed. We
once the relation (16), and then, at the input port of the, unonsider two test networks that are depicted in Fig. 3. In
we sum the equivalent admittance matrices of the branch ané first network, we consider the transmitter and the reteiv
the receiver. The second unit is rather simple since no bescdirectly connected via a three-conductor homogeneousepiec
are present, and thus we only need to compute (12) and (&§)ine, i.e. the backbone. In the second network, we evaluat
once. Finally, the overall CTF is given by (17). the effect of a branch connected to the backbone. We refer to
Now, if we consider a more complex network, we can stithe two networks as single section and branched, respbctive
divide it into units, and then, for each unit, we compute th€he cable geometries of Fig. 4 are considered, i.e., a sym-
same relations applied before to the branched test netwametric cable and a planar (ribbon) cable. The geometriodl an
Therefore, the number of relations to be solved by the VRélectrical properties of the cables are summarized in Thble
scales linearly with the total number of network units. while the lengths of the MTL lines are reported in Table II.
For the sake of comparison, we can consider the methdé& terminate the branch into a load whose admittance matrix
proposed in [10], which is in general more complex becauseads
it does not consider the division of the network in units as 1/50 0
we instead propose. However, it can be also applied once the - o ol (18)
network is divided into units. In such a case, the number of
relations to be solved for a given unit is similar in metho@][1  The measurements have been made in the time domain using
and in our method. However, the computation of the relatiomassignal pulser and a two channels digital oscilloscope with
requires a higher number of scalar operations (additioms as0 2 input impedance. This realizes a form of single-input
products) per unit in the method [10] compared to the VRAnultiple-output (SIMO) transmission since the transmitte
As an example, for the network of Fig. 3(b) the method ifsignal pulser) is connected to a pair of conductors, e.g.,
[10] runs approximatel\3% more operations than the VRA.the phase and neutral, while the receiver captures both the
It follows, that also for more complex networks the VRAsignals between the phase and neutral, and between the PE
maintains some complexity advantage. and neutral. The frequency response, up to 80 MHz, has been

br
Yoo

0 Yb'r

T

Yb'r —




TO APPEAR IN IEEE TRANSACTIONS ON POWER DELIVERYPREPRINT 5

TABLE |

PARAMETERS OF THE CABLES i i i
Type Tw /rd / d Ns /ne e / 7d
(mm) (S/m) il
‘ : RN
Symm' 0.69 / 1.5 / 3.1 16/6 5.8. 107/10—5 (a) Symmetric (b) Rlbbon
Ribbon | 0.79 /1.6 /3.4 | 15/13
TABLE Il Fig. 4. Cross sections of the two considered cables.

CIRCUIT CABLE LENGTHS

A. P.u.l. Parameters for the Symmetric Cable

The computation of the p.u.l. parameter matrigesL, C
5.22 | 2.30 | 3.60 and G can be done in an analytical way for the symmetric
cable geometry shown in Fig. 4(a). We further assume the
general case of stranded conductors that are independently
obtained via discrete Fourier transform with a frequenepstsheathed and then enclosed into a second PVC cap. The
size of50 kH z. inter-distance between the conductors is constant. We also
We model the receiver as a quadripole with a shareghproximate the dielectric as homogeneous since the three-
reference conductor and two admittances connected at Haductor structure is typically compact.
end of the receptor and generator circuits, respectivélysT  To determine the p.u.l. resistance of a stranded conductor,
the admittance matrix of the receiver can be written age follow the approach in [15], where the resistance of adsoli
Y'* = diag{Y,",Y,""}, where we conventionally s&{/* = core conductor is divided by a correction coefficiéng, i.e.,
Y'* =1/50 S. We also terminate the receptor circuit at the = ¢4/ X with
transmitter side intd’,’* = 1/50 S. It follows that both ends )
of the receptor circuit are connected to an admittance of the Psolid = {1/(Uc7”“w) 0>> Ty, (24)

11‘

(m) | (m) ‘ (m)

same value. Viof/(doemr?) 0 << Ty,

We define the “direct” insertion l0s&/y(f) as the ratio wherer,, is the radius of the solid core conductet, is the
vre(f)/VEe(f), and the “coupled” insertion losd..(f) as the g ’
g9 g = A/
ratio V" (f)/V*(f). Then, the SIMO insertion loss vector Isconductwny,é L/ V7o fo. [14] s the skin depth withy
r 9 being the frequency and, being the vacuum permeability.

Therefore, X is the ratio between the areas interested by

H vre Viz AR
Hsmo(f) = [ alf) gm(f)/ gtx(f) (19) the flow of the current in the stranded wire and in the solid
He(f) Vi (/v () core conductor. Further, the current is supposed to flow only

in the n, outermost conductors of the stranded wires. Thus, it
follows that [15]

th(f) Yhz(f) —1(rs=6\,2 _ _ 2 _ — )2
cos (7,5 Yr2 — (rs —8)\/r2 — (rs = 9) . (25)

Y}21 (f) Y}n (f) 27“w5

as the input line admittance matrix at the transmitter sid&here n. and r, denote the number of strand wires that
According to the notation of Fig. 3, it follows that constitutes the outer ring and their radius, respectivily.

i i particular, we compute, asrs ~ r,//ns wheren, denotes
Ig*(f) Y Ve () 21) the total number of strands that make up the conductor core.

The correction factor is derived assuming that the solid-
core conductor has a non perfectly circular cross section
Furthermore, the current and the voltage at the transmlt
side of the receptor circuit are related as follows:( f

E%orrugated circle) due to the outer ring of thin wires. We
—Y!* V! (f). Therefore, from (21) we obtain

Now, we refer to

Y, (f)= (20)

XR:ne

point out that in [11] another approach is followed. It catsi
in dividing the p.u.l. resistance of a solid wire by the numbe
of strands. However, we have found through measurements
that the approach in [15] performs better.
) Assuming that the phase, neutral and ground wires have
Finally, from (17) and (22) we can reformulatgsimo(f) @S the same geometrical and electrical properties, we have tha
_ rg = 1 = 19 = r. ConverselyL, C and G depend in
Hsivo(f) = H(f)e(f), (23) general on the overall geometry of the cable, i.e. the distan
wherea(f) = [1 = Y5, (f)/ (Y, (f) + Y,,FI)]T takes into between conductors. However, under the assumption of an
account for the boundary condition at the transmitter sitle bomogeneous dielectric, the p.u.l. parameter matricefd| ful
the receptor circuit. the following relations [14]
In the following, we firstly discuss how to obtain the p.u.l. .
parameters for the cable geometries herein considered, The LC = nogoer U (26)
we compare the simulations with the experimental results.

Ve = pomven @

LG = poosU (27)
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Fig. 5. Comparison between the simulated (circle-markee)) land measured Fig. 6. Comparison between the simulated (circle-markee) land measured
(solid line) results of the direct and coupled insertionskss of the single (solid line) results of the direct and coupled insertionstss of the branched
section test network. (a) amplitudes, and (b) phases. test network. (a) amplitudes, and (b) phases.

whereey, ¢, and o, are respectively the vacuum dielectricomparison is made in terms of both the direct and the coupled
constant, the relative dielectric constant, and the cotidiyc amplitude and phase of the CTF. The results are in excellent
of the dielectric among conductors, whil is the 2 x 2 agreement especially for the direct CTF. In particular, the
identity matrix. Thus, for each cable we only need to compughase is perfectly matching. The relatively small discneya
the p.u.l. inductance matrix, since th@, G matrices are in the amplitude (always below 3 dB) is due to the non
consequently defined from (26)-(27). Due to the nature afealities that are neglected by the simulations.

the structure and according to the notation of Fig. 4, it is In Fig. 6, we show the results for the branched test network.

immediate to verify that Again, the results are in good agreement both for the direct
and the coupled channels, which proves the validity of the
Ho d ; .
lg =1 =2l = —1 > proposed simulation method.

wherel,, takes only into account for the external inductance, ] )
i.e., it neglects the internal inductance of a non-nullisect & PU.l. Parameters for the Ribbon Cable and Experimental
cable [14]_ Validation

To compare the simulation results with the experimental The definition of the reference conductor in the ribbon
ones, we have used the electrical constants presented i@ Talbles is important in order to determine the p.u.l. paramset
I. The frequency-dependent dielectric constant can beradata In particular, referring to the notation of Fig. 4(b), if the
from the measurement of the speed of liglif) ase.(f) = wire labelled with2 is the reference conductor, then we can
1/(eomov(f)?). Via measurements, we have found thatf) compute the p.u.l. inductances as [14]
can be approximated as

6 1,(2) =1,(2) = 2210 (i), In(2) = 2200 (i)
o (f) = LOOOL 1070 oy (28) 9(2) =1r(2) =""log | = n(2) =g log {5 -
/ where in the notation we highlight the dependence of each
inductance on the reference conductor.
B. Comparison between Smulations and Measurements for If the reference conductor is an external wire, namielyr
the Symmetric Cable 3, the generator and receptor circuits are not equivalents;Th

In the following, the amplitude and phase of the chann¥{€ define the generator circuit between the two externalsyire
transfer functions are defined ak;(f) = 201log,,(|Hyx(f)|) and the receptor circuit consequently. The p.u.l. induztan
andyy(f) = ZHyx(f), respectively, wheré € {d, c} denotes for this case read [11]
the direct and coupled channel in a SIMO configuration. When o 2d
symmetric cables are used in the single section test network lo(1) = lg(3) = 2lm(1) = 20 (3) = — log <—> :

s T4
the p.u.l. parameters are the same for the generator and the 0 d ‘
receptor circuit. Thus, identical results are found whethie (1) =1.-(3) = — log (r—)

w

transmit between the phase and neutral conductor or between

the PE and neutral conductor. Note that the p.u.l. inductances do not depend on the di-
In Fig. 5, we compare the simulated results with thelectric permeability. Hence, they are not affected by latson

experimental ones for the single section test network. Tithomogeneities and the previous relations are valid ireggn
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Fig. 7. Comparison between the simulated and measuredsesdihe direct
and coupled insertion losses for the single section testarktwhen a ribbon
cable is deployed. Results are obtained considering thératereference

Fig. 8. Comparison between the simulated and measuredseduhe direct
and coupled insertion losses for the branched test netwbanw ribbon cable
is deployed. Results are obtained considering the cergfatence conductor

conductor in (a)-(b), and an external reference conductdc)-(d). in (a)-(b), and an external reference conductor in (c)-(d).

Now, if we neglect the dielectric inhomogeneities, we caif Stperyork and the measurement equipment ports. Nevertheless
exploit (26)-(27) in order to obtain th€ andG matrices.  these approximations have yielded good matching of the
In Fig. 7, we report the comparison between simulatiqygits when the symmetric cable is used. On the contrary,
and experimental results for the single section test n&wQf;i the ribbon cable the discrepancy is significant, as Fig.
that uses the ribbon cable. The geometrical parameters gy rig. 8 show, still considering an identical test network
the ribbon cable are reported in Table I. Further, for thgsogy. This suggests that the conventional ribbon cable
ribbon cable we have found an almost frequency independgfiige| does not represent with sufficient accuracy the yealit

relative dielectric constant, i.es, = 3.5. Both reference Therefore, we have further refined the ribbon cable model as
conductor configurations are considered. Namely, the @enty);o\s.

conductor case and an external conductor case are shown i
Fig. 7(a)-7(b) and Fig. 7(c)-7(d) respectively. We repaityo

. . ar
tzzu?tr:plel/t#ilc:eetr?(fa t:huerv(él—I\:/\}i;hgrzgl?n;lrjliza/?ssaarreetrt]r:)ierrnféur(%%vemional assumption of a uniform dielectric may stitgng
' . affect the mutual interactions between coupled channéis. T

via simulation under the assumption of a uniform dlelectrlltgaoblem has been already pointed out in the literature, evher

S;}Z%rﬁglzn?gs ta;]r: ;?#Egtzgt?n;grt}x I(:) I;igts?rg ;hoi:t;?fp refined characterization of the charge densities is peabos
T in [12]. In detail, the charge over each conductor surface

consistent with the measures. This effect is more pronaimclg no longer determined by just the position of the other
when the reference is the central conductor rather than \ﬁﬁ‘es It is also affected by the presence of a bound charge

external one. . o - :

) over the dielectric discontinuity surfaces. In particuldre
neltn (IJ:rIIg(] di’ Z\:%esgqxv Stzg.z?]n:ﬁ r:ls,l:)Itsn ftohr_ thfa bﬂ“?ﬁf :ac%targe distribution over the conductors is the sum of the fre
cie;Nare fojndl ! ! - AISO N this case discrep charge and the bound charge. The bound charge over the

Inth t secti further tiqate th i conductor surface is equal in absolute value and opposite in
nthe nextsection, we furtherinvestigate tne reasonsai su to the bound charge, over the dielectric surface, i.e.,

. . . Si
discrepancies, and we propose an improved cable model bat?1 gdiscontinuity dielectric surface. According to [12] we

on a finer characterization of the dielectric inhomogeasiti accurately model the bound charge we are able to estimate
the free charge; on each conductor surface and consequently
we obtain an improved model for the capacitance mattix

In the previous section, we have found close matching be-To this end, we follow the approach proposed in [12].
tween the simulated and measured channel transfer fusctidime method describes the surface charge densities over the
when the symmetric cable is deployed. Slight differences adiscontinuity surfaces with a Fourier series expansiorenTh
due to the presence of non idealities of a real-made circuivo sets of boundary conditions are enforced. The first define
In fact, the theoretical model applies some approximatiortee potential over each conductor as a function of the charge
i.e., we model the line geometry as constant, we consider tthensities. The second imposes the continuity conditioms fo
dielectric around conductors as uniform, we do not take inthe normal components of the displacement vector just énsid
account the fact that the hand-made wiring interconnestioand just outside the dielectric surfaces. The resultartesys
are not ideal as those at the branch nodes and between thedksiquations leads to an expression of the charge densities

Prom Fig. 4(b), we note that the conductors of a ribbon cable
surrounded only by a thin insulation layer. Therefdne, t

IV. M ODEL IMPROVEMENTS AND VALIDATION
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as a function of the conductor potentials, and thus to thg] D. Schneider, L. Stadelmeier, and D. Schill, “Precodeghtfal Multi-

the free charge over the conductors. Finally, by defining the

conductor potentials as a function of the reference paknti
the p.u.l. capacitance matri is obtained. This is done
for both transmission configurations, i.e., when the refeee
conductor is the wire or one of the external wires. Finally,
onceC is known, we apply (26)-(27) to derive the inductanc
matrix L and the conductance matr.

We report numerical results in Fig. 7 and 8, where t
cross-marked curves represent the insertion loss compu

with the improved ribbon cable model. Now, a significari?]
better matching between simulated and measured results is
shown for both the single section and the branched test
network. For instance, in Fig. 7(b) (single section netyork3l
and 8(d) (branched network), the simulated insertion loss f

the coupled channel is always within 4 dB from the measured
one, while the simulated results with the conventional eab4]

model are significantly discrepant.

V. CONCLUSIONS
We have presented an MTL theory based approach
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compute the MIMO channel transfer function of PLC networks
with multiple conductor cables. The method is based on

computing the MIMO CTF via a matrix voltage ratio approac
which is applicable to complex in-home networks that exhib
several branches. We have addressed the analytical rmagel
of cables with symmetric and ribbon geometries. Then, v
have validated the channel simulator. We have found that t
results from simulations are in good agreement with the exp
imental ones. This shows that the simulator is an apprapri:
tool for the generation of MIMO PLC channel responses
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be used in the design and testing of PLC modems that exploit
MIMO signal processing. In order to better the results when
ribbon cables are deployed, we have also proposed to improve

the cable model by considering the effects of a non unifor
dielectric insulation.
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