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Highlights:

e The use of the MTL theory to obtain a new method of calculating the MIMO CTF.

e The impact of load household appliances connected to sockets in a MIMO PLC
network on throughput (MIMO PLC channel capacity) and communication reliability.

e The type of socket has a significant impact on the performance of the MIMO PLC
system.

Abstract. In this study, we mainly focused on a theoretical analysis of HomePlug
1.0 and an experimental analysis of modem data rates through a section of a PLC
network with several configurations. We introduce the utilization of the MIMO
technique to increase the throughput over a PLC channel. Besides, we propose a
MIMO PLC channel model to evaluate the channel transfer function of MIMO
PLC. We used an equivalent per-unit-length model of the indoor power line
network to characterize the three-conductor cable. Based on this mathematical
model, we analyzed the throughput of the PLC network with different household
appliances. The equivalent circuit of each appliance is also given. The simulation
results showed that the throughput is influenced by household appliances
connected to the sockets of a MIMO PLC network. Moreover, we also compared
the throughput between single and multi-antenna systems. Based on the simulation
results, we found that the data rate increased with frequency. In addition, the
performance of the MIMO PLC system was almost 90% higher than that of a SISO
PLC system in terms of channel capacity.

Keywords: data rate; HomePlug 1.0; MIMO PLC network; PLC network; throughput.

1 Introduction

The electrical grid is increasingly becoming a smart grid tank to single and
multiple power line communication (PLC) modems. It is now possible to share
Internet access at high data rates with various devices connected to the power
grid. Recently, the HD-PLC Alliance of Fukuoka, Japan has launched the Global
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Strategy Preparatory Office. This group aims to support the acceleration of the
transition to [oT. This will lead to a considerable increase in the need for high-
speed PLC in various systems, such as building automation systems, smart meter
systems, factory automation systems, smart street lighting systems, smart city
systems, smart home systems, solar power generation systems, etc.

In contrast, PLC channels introduce strong signal attenuation, as well as a large
sources of noise, which degrade the performance of PLC modems [1]. For
example, HomePlug Turbo and AV provide a theoretical data rate of 5 to 85
Mbit/s and 10 to 200Mbit/s, respectively, for a useful throughput of 1 to 20 Mbit/s
and 5 to 60 Mbit/s, respectively. This decrease in data rate can be explained by
two causes. Firstly, the PLC channel is a harsh environment for signal
transmission. Secondly, the size of the frame headers used in HomePlug and the
use of a number of mechanisms to enable a reliable transmission in an electrical
environment contribute to this, because part of the transmitted data is used for the
control and management of the transmission. Adhering to a set of
recommendations and specifications (as part of ITU-T G.hn and HomePlug
AV2), and using eigenbeamforming (EBF), it is possible to double the throughput
when moving from a SISO PLC configuration to a MIMO PLC configuration [2].
A MIMO configuration is theoretically able to increase the capacity of wireless
communication links as compared to a SISO configuration [3]. Existing indoor
PLC systems (such as SISO) use only two wires (phase and neutral) of the mains
network, while MIMO additionally utilizes the protective earth wire in order to
achieve maximum throughput. However, major issues still exist in PLC networks
due to signal transmission-reflection, different network cables, complex
topologies, and the variety of loads connected across the sockets [4].

Several studies have been carried out on PLC networks in order to enhance the
performance of this technology. In Ref. [5], the capacity of the MIMO PLC
channels was analyzed in a topology where the neutral and the protective earth
wires were short-circuited in the main network. Corchado, et al. in [6] studied the
influence of several elements, such as the impedance of the devices connected to
the sockets of the power grid and various distances between the conductors and
light switches on the performance of a MIMO PLC network. In [7], the MIMO
PLC channel capacity is broadly analyzed and a comparison between SISO and
MIMO channel capacity is proposed. The throughput in a section of a PLC
network is analyzed in [8]. Duan, et al. [9] concluded that the influence of
differential mode radiation can be ignored, whereas common mode radiation
must be considered as the main factor affecting the transmission characteristics
of MIMO PLC channels in the 1-100MHz frequency band [3-5]. Ref. [10]
proposes an algorithm to improve the performance of the MIMO PLC channels
based on a partial transmission sequence (PTS). This algorithm makes it possible
to attenuate the noise in these types of channels. Ref. [11] compares the capacity
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of PLC channels with the frequency response for different modeling techniques.
Another technique for the same purpose is proposed in Ref. [12], called Hybrid
Coding-Multiple Input Multiple Output-Orthogonal Frequency Division
Multiplexing (HC-MIMO-OFDM), which also efficiently increases the
transmission bit rate and reduces the effect of impulsive noise. Ref. [13] studied
the effects of the correlation between different paths in MIMO PLC on the
channel capacity in a PLC system utilizing Space-Time Output-Orthogonal
Frequency Division (ST-OFDM) and Space-Time Parallel Cancellation Output-
Orthogonal Frequency Division Multiplexing (STPC-OFDM) channel models.
The achievable data rates were calculated and systematically analyzed under the
effects of the distribution lines, connected loads, noise models, etc. It was
demonstrated that MIMO systems outperform SISO systems. The authors of [14]
investigated the feasibility of a smart metering system based on narrowband
power line communications. The obtained results were measured to validate the
efficiency of the proposed methods. In [15,16], the authors present a useful
mathematical formulation for the input-output relation by means of matrices of a
transmitter and receiver system based on windowed OFDM. The windowed
OFDM was analyzed in terms of bit error rate (BER) and throughput. The effect
of household appliances connected over a PLC-MIMO grid considering noise
was classified in five classes in [17]. Within this classification, while also taking
into account the protective earth wire, household appliances can be subdivided
into two types, especially when using MIMO PLC technology, i.e., those
connected by a three-pin plug (for phase and neutral plus earth) and those
connected by a two-pin plug to sockets without earth.

In this paper, we will show the main effects of the utilization of the protective
earth connection in a MIMO PLC system on the throughput of a MIMO PLC
channel. Based on the above analysis, the PLC network is a fairly new approach
that is still maturing, making it a promising technique for near-future
applications. We propose a channel model for the MIMO PLC system. Based on
this model, we analyzed the performance of the proposed MIMO PLC network
in terms of throughput. We also provide an equivalent circuit for each electric
appliance to see its impact on the attenuation of the transfer function as well as
on the data rate of the proposed configuration. A performance comparison
between SISO PLC and MIMO PLC is also given. This comparison revealed the
superiority of MIMO PLC systems against conventional SISO PLC systems.

This article is organized as follows. In Section 2, we present a theoretical study
of the throughput data rate in the HomePlug 1.0 standard. In Section 3, the useful
throughput measurement of a SISO PLC network in the presence of different
types of household appliance impedances is analyzed. In Section 4, we use the
multi-conductor transmission line (MTL) theory to calculate the transfer function
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of our structure and to determine the expression of MIMO PLC channel capacity.
In Section 5, we present and discuss the results of our simulation.

2 Theoretical Data Rate of Homeplugl1.0

If we look at the complete structure of the physical layer frame in HomePlug 1.0
that is permanently exchanged between the PLC devices (Figure 1), we notice
that it consists of a number of elements surrounding the long data frame,
including the data from the higher-level protocol layers forming the Open
Systems Interconnection (OSI) model. In terms of time length, the HomePlug1.0
frame can be quantified by minimum and maximum values, with a fixed part
(header), a variable data part, and a part used for contention periods with regard
to the Carrier Sense Multiple Access/Collision Avoidance (CSMA/CA) process,
as shown in Table 1. Therefore, the HomePlugl.0 frame consists of long data
frames (which comprise the data of the MAC frames) and short data frames
(which comprise the response information from other PLC devices). Keep in
mind that the average time of a HomePlug1.0 frame is 1.600 ps. From the point
of view of physical layer modulation techniques, the HomePlug1.0 data frame
consists of OFDM symbols. These symbols form blocks that, in turn, constitute
the complete framework.

Figure 1 illustrates the respective times of these various OFDM blocks. The
complete frame time is defined by adding the various OFDM symbol block times.
This makes it possible to calculate the maximum possible transmission speed and
the bit rate of the data link layer. The time of the frame is: Trrgme =
(3%x35.84+35%3584+1153.5+26+ 72) us = 153486 us . With a

2705 bytes frame, the maximum transmission speed is obtained in the following

way: Dipeoretical = 2705 (%.igtzps) = 14.1Mbit/s With an Ethernet data

frame with a maximum length of 1500 bytes, the maximum data rate is the

8bits ): 7.81Mbit/s However, this flow

following: Dipeoretical = 1500 (1534,86ps

does not correspond to reality.

In PLC, data sending must comply with certain rules related to the CSMA/CA
access method, which is based on a number of mechanisms that generate a large
overhead. It can be said that a PLC network never reaches the capacity mentioned
in the specifications. If the information is transmitted at a speed of 14 Mbit/s, the
number of bits useful to the user is only approximately half of the gross capacity
of the electrical interface. To confirm these results, the next paragraph will focus
on flow measurement on a PLC network using an 85-Mbps and a 200-Mbps PLC
adapter.
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Table1 HomePlug 1.0 frame time length.

Fixed (header) Variable (data) Contention (CSMA/CA) Time length
Min 205.52 ps + 313.5us +  N*35.84 us =519.02 us + N*35.84
us
Max 205.52 ps + 1489.5us +  N*35.84 ps =1692.02+ N*35.84
us
Interframe Priority CAO, CS PHY Inter-frame Response data
contention CAl, CA2, MA/ informatio response frame (ACK,
window CA3 CA n data time NACK. ...)
v e Y v 4 ~aA Y
FCIT Priority Priority Contention Long data Frame TIT Short
framel frame2 frame R ™
— P — > <«—> “— > <—>
3584 pus 3584 pus 35.84us  3.35%35.84pus 33.5—148Q5us 26 s

2.1

160symboles OFDM*8.4us=1008us

~
MAX Ethernet Frame (OFDM)=15000
(1153.5us with PHY ctrl headers )

Figure 1 Complete HomePlug 1.0 frame.

Section of a PLC Network

Experimental Analysis of Modem Data Rate Through a

In this section, we focus on the performance of an 85-Mbps and a 200-Mbps PLC
modems in terms of throughput and robustness against disturbances generated
directly and indirectly on a PLC network section without the presence of an
extension and without branch, and also in the presence of an extension and
without branch. The test circuit, represented in Figure 2 below, consisted of two
PLC modems connected to two computers for data transfer via the section,
according to the following configuration: T (transmitter) and R (receiver) sockets.
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Figure 2 Experimental PLC network.
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2.2 Throughput Measurement in a Section of a PLC Network
With and Without Extension under Different Types of Loads

In Figure 3, we show the data rates measured in a section of a PLC network with
length LC = 5.5 m, with and without extension branch (length Lex = 2.5 m) for
different types of loads.

Average throughput on “85Mbps PLC modem® Average throughput on “200Mbps PLC modem*“
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Figure 3 Variation of a channel throughput with and without extension branch
according to different types of loads for an 85-Mbps PLC modem and a 200-Mbps
PLC modem.

The decrease of the channel’s capacity was caused by increasing the length of the
branch (an extension cable), by the nature of the load connected to the branch,
and also by the distance between the transmitter and the receiver. As
demonstrated in this paper, the load has an important effect on the throughput.
Furthermore, the impact of the extension cable length on the throughput has been
already discussed in [8]. Table 2 shows the impact of the length of the extension
cable on the throughput, as demonstrated in [8]. From this table, a slight decrease
in throughput can be seen when the length of the branch increases from 15 to 45
meters. Therefore, the length of the extension cable did not have a significant
effect on the throughput.

Table 2 Influence of extension cable length on throughput.

Length of extension (m) 15 25 35 45
Throughput (Mbps) 3.12 3.03 2.96 2.93

In the presence of a microcomputer or an open circuit, the throughput level does
not change very much. The nature of the load is the most important factor. Indeed,

553



Abdelmounim Hmamou, et al.

in the presence of load type, there is a significant drop, which can reach 17 Mbps
(85-Mbs PLC modem) and 20 Mps (200-Mbs PLC modem), which corresponds
to a loss of 79% and 90%, respectively. Figure 3 reveals that the throughput level
obtained was better with the 85-Mbs modem than with the 200-Mbs modem. This
could be mainly due to modem technology, since the measurements were carried
out under the same conditions.

3 MIMO PLC System

MIMO communication is an established technique in radio transmission systems
and is equally applicable to PLC by replacing the transmit and receive antennas
with signal feed and receive ports, and a radio channel with electrical wiring. It
is quite common across the world to use a three-wire electrical system, i.e. P, N,
and PE, for indoor PLC networks. As a result, there are three different feeding
possibilities, i.e., N to P, N to PE, and P to PE, as shown in Figure 4.

JIAIIINY

Figure 4 Indoor MIMO PLC channel.

Conventional SISO PLC networks use only the P-N port for the transmission and
reception of data. Therefore, in the case of MIMO PLC, the PE wire is also used
in addition to the P and N wires to transmit and receive data. Nevertheless, due
to Kirchhoff’s law, only two ports can be used simultaneously to transmit data.
At the receiver, all three different receiving ports can be used. In addition, the
common mode (CM) path can also be employed as a fourth receiving port.

3.1 Transfer Function of MIMO PLC Channel

The data through the power line can be transmitted through a differential signal
between P-N or P-E or N-E. For SISO communication, the signal is fed through
any one the ports. For MIMO communication, the signal is fed through multiple
ports simultaneously. We can use the equivalent per-unit-length model of an
indoor power line network, as shown in Figure 5, to characterize the three-
conductor cable.
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Conductor

Insulating PVC

Figure 5 Symmetric cable cross-section (left) and per-unit length equivalent
(right) of a three-wire indoor power line.

Kirchhoff’s laws are used to derive the formulas expressing the voltage and
current in phasor form for the elementary section of the line, which is shown in
Figure 6. More detailed information on the general solution of the differential
equations for such lines can be found in [18-20].

v (x)

5 = —(Rmmmo +Jj21f Lyimo)1(x) (D
oI .
%x) = —(Gmmo +J21f Cpimo)V (X) 2)

where x denotes the position at the conductor. One of the conductors is identified
as the reference conductor. The matrices Ryrmo»> Lmimo> Gmimo and Cyimo
have dimension (2,2), where 2 is the number of conductors without the reference
conductor, and they are symmetrical with respect to the diagonal. The resistance,
inductance, conductance, and capacitance in terms of /m, H/m, F/m and S/m
respectively are specified as per-unit-length parameters. These are obtained from
the transmission line theory.

o _[Re+Re  Re ] . _[LP LM].
MIMO — RE RN +RE s MIMO — LM LN 5

c _ [CPE + Cpn = Cpn ] .G _ [GPE + Gpy — Gpy ]
MIMO —Cpy Cnve +Cpyl ° MIMO — Gpy Gne + Gpy

The computation of the per-unit-length parameter matrices and can be done in an
analytical way for the symmetric cable geometry shown in Fig 5. Assuming that
the phase, neutral and ground wires have the same geometrical and electrical
properties, we have that: R = Rp = Ry = Rg; L =Lp =Ly = 2Ly; C = Cpp =
Cye = Cpy and G = Gpg = Gyg = Gpy

where the resistance R, inductance L, capacitance C and conductance G can be
obtained from the following relationships:

555



Abdelmounim Hmamou, et al.

1
I(narz r<26
— Kok d R
R = ; L=—acosh(—)+—; H/m
{l M > 28 T 2r)  2nf (H/m)
er o
_ TEYE _ _
C= —a~ (F/m) ;0 G =2nfC tan(5) (S/m),
acosh (ﬂ)

where r is the radius of the conductors, d is the distance between the conductors,
o is the electric conductivity of the conductors, p is the magnetic
permeability (u = pop,), € is the dielectric constant (= g¢,), and § =

__t is the skin depth.
VTfronyo) P
0

To simplify the notation, the impedance and admittance matrices of the
transmission lines are defined as follows:
Z = Ruimo +Jj2nfLymo and Y = Guymo + j21f Cuimo

By means of a first derivative and a substitution, we obtain the multi-conductor
transmission-line (MTL) equations in Egs. (3) and (4):

2%V (x)

A 440) 3)
20— yz1(0) )

Introducing the substitutions Vm = T~V and ZY = TAT™1 it is possible to
define Eq. (3) as in Eq. (5):

0%V (%)
dx2

= AT WV (x) = AV, (%) (5)

where T is the eigenvector of matrix ZY, and A is matrix, which has the
eigenvalues of matrix ZY on the diagonal.

By introducing the matrix I' = /4 we can find the general solution to these
equations in Eq. (6):

Vm(x) =e XVt + ™ VY, (6)

where V;;, and Vj, are voltage vectors whose coefficients are determined from
the boundary conditions. Finally, taking into account the above formulas, it is
easy to obtain the expression for the current vector and the voltage vector:

Vx) =T ™Vt + e™ V) and (12)I(x) = ZZ1T(e ™ Vit — e™ V)

556



Experimental and Theoretical Analysis of Throughput of MIMO PLC
Network

where Z. = TI'"1T~1Z is the characteristic impedance matrix.

At the input and output of transmission line of length L and after modifying, we
can write:

() = [orr hm2)™ () = o (). @
T

where My; =~ T(e + e T)T™1; My, = - T(e™ — e T)T7175" ;

My =52 T(e™ — e T Tt and My, = 2 Z71T(eM™ + e )Tz,

where M(L) denotes the chain-parameter matrix for a line segment of length L,

and ¢ = [CDM ¢12] is the inverse matrix of matrix M. Using the MIMO PLC

®y1 Ppp
A Vi . .
network shown in Figure 7, the Vip/oue = < o °“t> are the transmitter/receiver
in/out
11 12 12
Zin/out + Zin/out _Zin/out
voltages and  Zjy/ou; = 12 22 12 are the
_Zin/out Zin/out+Zin/aut

transmitter/receiver equivalent impedance matrices. L; is the length of the wire

from the source to a branch i or between two branches, Lb; is the length of a
11 12 12
Zpi + Zp —Zpi

12 22 12

—Zpi  Zpi tZpi

= P L
N
VIlN TVI%\I
p

Figure 6 Transmission line model of our indoor circuit.

branch i. Zy; = [ ] is the load impedance matrix of a

branch i.

The branch cable terminated by the load impedance Z},; can be considered to be
an equivalent load impedance matrix zp;:

Zpi = (My1Zp; + M) (M1 Zy; + Mpp) ™t ®)
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where My, M;,, My;, and M,, are the transmission parameter matrices of a
branch i can be computed with the following expressions:

1 0 0 0 _
M11:M22:[0 1]F M12:[0 0 and Mz1:Zbi1

The source of the transmission line can be computed with the following
expressions:

1 0

My, = My, = 0 1

]F My = zp; and My, = 0 0]

0 0

From the matrices obtained for each part, the whole network is given by:

n
MTotal = an = MO X M1 X ...Mn_1 X MTL’ (9)
k=0
where M; is the transmission parameter matrix of segment i of length L.

[Mﬂ Mi"'z]

ij ij
My, My,
Combining with Eq. (7) and substituting for Vout at the end of network we can
write:

Therefore, the 4 X 4 matrix Mry¢q; can be defined as: M%ml =

Vout = ®11Vin + ®120;,  and
Zoutlout = ZoutP21Vin + Zout P221in
After modifying:
Vout = ®11Vin + P12/ and (Zoutq)zz)_l(vout = ZoutP21Vin) = lin

After substituting I;, into the expression of V,,; we get the following
expression:

Vout = P11Vin + P12P22 ™ Zoue ™ Vour — P12P2z " P21 Vi
After modifying we can write:
_ -1 -
(1 — ©y,P,, 1Zout )Vout = (q’u — ©y,Dy, 1¢21)Vin
This expression can be simplified to:
_ _ -1\71 _
VourVin ™ = (1= @12000  Zowr ) (@11 = P1o®p ' ®31)

Finally, the MIMO PLC channel transfer function of our power line network
(with three wires) is given by:
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ii ity - ij ijoraij L ij
HY = <I - q)1]2(¢2]2) (Zo]ut ) (¢1j1 - q)ljz(cszz) ¢2]1) (10)

where,

O = (M) (1) @Y = (M) (12):

Total Total

ol =My, )@ ;oY =mi,.) @2

Total Total

i+ [hy pe— hy pe—
I is the 2 X 2 identity matrix, and HY = [ NPE-NPE "N PE PPE]

P PE—-N PE hP PE—-P PE

3.2 Transfer Function and Throughput of MIMO PLC Channel

Studying the impact of the impedance of household electrical appliances on the
throughput in the PLC network can be realized by calculating the channel
capacity [21].

The SISO channel capacity is given by the following equation:

_ N Pra(f) i ()1
Csiso = Af Tt Log, (1 + TRttt ), (1
where Af is the carrier frequency, N is the number of carrier frequencies,
h;;i(f) is the co-channel transfer function, and Pr, and Ng, are the power
spectral density (PSD) and the noise spectral density (NSD), respectively.

The 2 X 2 MIMO channel capacity is given by the following equation:

Prx(fi)-mm (F)?
Cvimo = Af et Xh=1 [Lng (1 + %)} (12)

where 2 is the number of transmit ports, 1,,, are singular values (SVD) of HV.
The SVD are obtained by HY = U¥YV, where U and V are unitary matrices and
¥ = diag(m1 (i), M (Fr))-

In a wireless context, as discussed in [22], the performance of a MIMO system is
better than that of a SISO system in terms of throughput.

4 Results and Discussion

The real PLC channel considered in this work is represented in Figure 7. The
cable used in the power line network has a cross-sectional area of 2.5 mm? and
consists of multiple branches distributed across the line length, which are
connected with various domestic appliances. These appliances are a lamp, a
micro-computer charger, a mobile phone charger, and an electric heater. Based
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on the load connected or the ampere rating of the plug socket, the cross-section
of the wiring also differs.

1€ 2493 —> 15— 19 —<7 19 < 23 —>

s : ”
Transmitter ||| @
I Socket 6 Socket 7 -
“Socket 5
) \L;l_m 5o
- : =
N Household electrical S
3 appliance &
i L Socket4  gi ket 3 Socket 2 7. Emmem 5
- = - Receiver
$ ® .
e 187 —5 1 «— 182 5.1 176 —51< 185 >< 1 2

Figure 7 Experimental in-home PLC network.

The household electric appliances were classified into five classes according to
their input impedances. These impedances were modeled as a series connection
of parallel RLC circuits, because most of the input impedances in operating state
and non-operating state do not change. Thus, to model the input impedances of
the household electric appliances we have to consider the approach that was
adopted in [17,23]. Figures 8(a) and 8(b) show the equivalent circuits for the
electric heater and the micro-computer, respectively. These two appliances have
a protective earth (PE) connection. Figures 8(c) and 9 show the equivalent circuits
for the lamp and the mobile phone charger, respectively. The latter two appliances
did not have a PE connection. All four impedances were chosen to see their
impacts on the channel transfer function and then to analyze their influences on
the throughput data rate of the MIMO PLC network.

I I

N g || 2
1 ~ 1

PE, Y _| E 3: 35.5pF

bz =1 4 S !
O e - - ]!
| |

= | Tt
e 2 I

P w1 ';_I_ | Zyi

(b) ©

Figure 8 Equivalent impedance of (a) electric heater, (b) micro-computer, and
(c) lamp.
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The impedance of the equivalent circuit for the electric heater was modeled by
the circuit shown in Figures 8 and 9. Its input impedance is given by:

_1/(21+ + + )WhereZ—R+]27th ]21TfC

The wiring used is stranded in nature and is assumed to have the same physical
dimensions and similar electrical properties throughout the network. We model
the transmitter and receiver that both are depicted in Figure 9 as impedance
Zin/ous> Where the impedance value of Zilnl/out Zm Jout = Zm Jout = Zilnz/out is
equal to 50 Q.

MA Il 11 11
o @@_d 11 ] 1T a
E T E 2.388KO 1.64nF 98pF = E
) ® g __”__ : <
_ 1380pF ad
[zl]_ z zg LOgd e = a0 2.1 2882
— [—J — .
= = 11mH § § o SF ~
= el
S— % 169.7uF 3
. 020
=T (] M =7

Figure 9 Equivalent impedance for a mobile phone charger.
The basic cable parameters of our experimental network are as follows:

Power line radius (2.5 mm?): r = 0.89 mm; distance between power lines: d = 2.5
mm

Electric conductivity of conductors: 6 =15.575 x 107 S/m
Magnetic permeability: p = 4710”7 H/m

Permittivity of dielectric: € = gy&, where, €0 = (1/36m).10° F/m is the relative
dielectric constant. The vacuum dielectric constant is [24]:

-6
g = w +29701 F/m

The following parameters were considered in our simulation: frequency band:
[1-100]MHz; number of carrier frequencies: 4125; carrier frequency: Af =
24KHz. For NSD, the colored Gaussian noise model described in [5] was
considered.
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Nax () = fiz +107155 mW/Hz ; PSD: —50dBm/Hz from [1 — 100] MHz

4.1 Channel Transfer Function

Let us now see the impact of electrical appliances on the channel transfer
function. To analyze the behavior of the PLC channel, we used the PLC network
represented in Figure 7, where all sockets are in open state, except Socket 4,
which is connected with an electrical household appliance that is equivalent to its

input impedance Zy;.

The transfer function HY of the MIMO PLC channel are shown in Figures 10(a),
(b), (c) and (d). These transfer function channels are obtained when one socket is
in open state or connected to an appliance device.

In this analysis, we considered two types of devices: with and without a plug with
PE conductor. The second ones were connected to a socket with N and P wires,
i.e., while the N-PE and P-PE connections were open. The results obtained when
these devices were connected to the network are shown in Figure 11. From these
figures, we can obtain two types of channel responses: from the co-channel and

the cross-channel.
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Figure 10 MIMO PLC channel transfer function: (a) lamp, (b) mobile phone
charger, (c) electric heater, and (d) micro-computer.
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The transfer function of an indoor 2*2 MIMO PLC network was realized from 1
MHz up to 100 MHz. The comparison shows that there was a significant impact
of the input impedance connected to the sockets on the behavior of the PLC
channel transfer function. Moreover, for the case with the plug with PE conductor
we can see that the difference between the co-channel (hN PE-N PE or hP PE-P
PE) and the cross-channel (hN PE-P PE or hP PE-N PE) was approximately 5dB,
as shown in Figures 11(a) and (b), but this difference was less significant in the
cases of devices that had a plug without PE conductor. Thus, the main conclusion
from this analysis is that the transfer function of a MIMO PLC channel is
influenced by the type of plugs that are connected to the socket. Furthermore, we
saw that the transfer function of the MIMO PLC channel displayed strong notches
in some frequency bands. Therefore, these bands must be ignored when designing
a PLC system, i.e., no useful information should be transmitted over these bands.

4.2 Throughput Over MIMO PLC Channel

After analyzing the behavior of the PLC channel, we will now look at the effect
of appliances connected to the PLC network on the data rate supported by the
system. As mentioned above, the measured data rate over SISO PLC depends on
the type of electrical appliance as well as on the length of the cable. In this
subsection, we will calculate the throughput of a MIMO PLC channel and
compare it with the throughput of a SISO PLC channel.
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Figure 11 Throughput versus frequency for MIMO PLC and SISO PLC for (a)
lamp, (b) mobile phone charger, (c) electric heater, and (d) micro-computer.
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Figures 11(a), (b), (c) and (d) give the simulation results for the throughput
between the transmitter and the receiver in the MIMO and SISO power line
communication networks. These figures show the case for one socket when
connected to a lamp, a mobile phone charger, an electric heater, and a micro-
computer, respectively. From these figures, it can be seen that the throughput
offered by the PLC-MIMO channel was higher than the throughput offered by
the SISO PLC channel. In both cases, the throughput increased with frequency.
Moreover, by comparing the simulated throughput results shown in Figures 12(a)
and (b) (household appliances that have a plug without PE conductor) with the
throughput results shown in Figure 11(c) and (d) (household appliances that have
a plug with PE conductor), it can be observed that the impact of the devices that
have the same plug (two or three conductors) on throughput was only slightly
significant. However, when we compare the cases that do not have the same type
of plug, for example, the mobile phone charger and micro-computer, we can
clearly see the influence of the PE conductor on throughput. Generally, from the
figures related to the throughput it seems that the performance of the MIMO PLC
system was almost 90% higher than that of the SISO PLC system. In addition,
the type of socket plays a major role in determining the throughput of a MIMO
PLC system.

5 Conclusion

In this work, we carried out actual measurements of the useful throughput on the
proposed SISO PLC network. The measurements that were performed on the
different configurations pointed out that the data rate through a PLC network
depends not only on the type of modem but also on the nature of the load
connected to the network. Besides, we proposed a MIMO system to enhance the
throughput of PLC networks. In addition, based on the MTL theory, we obtained
a new calculation of the MIMO channel transfer function. This calculation
allowed us to see the influences of different household appliances connected
across the various sockets of our PLC grid on the throughput in the MIMO PLC
network. The throughput in a MIMO PLC network is influenced by several
factors, especially the type of terminal load branch, i.e., the kind of plugs of the
household appliances connected to the sockets of the MIMO PLC network.

In fact, the effect of the common mode radiation on the behavior of the MIMO
PLC channel in terms of throughput is negative, so the longer the line network
topologies, the more significant the effect. Therefore, in a future work we will
focus on taking this factor into account, where we will add its algorithms to
conduct a simulation whose results will approximate reality.
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