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Abstract—Nowadays, the key to design a reliable communication system is to acquire channel
characteristics and improve channel capacity. In the transmission of high-speed data, the unshielded
transmission channel used in power line communication has interference factors such as noise,
attenuation, reflection, radiation, and time-varying. A three-wire MIMO-PLC channel transfer function
priori model has been established based on the theory of MTL in this paper, which is necessary for band
pre-selection, power setting, and dynamic range design in a high-speed MIMO-PLC set to improve the
unshielded transmission channel capacity with the effect of noise, attenuation, reaction, radiation, and
time-varying factors. The simulation results with the model parameters of geometric sizes, material,
surrounding medium, and lengths of the power line network agree well with the measurement ones in
the frequency band of 1-200 MHz. The research results of this paper have guiding significance for the
band pre-selection, power setting, and dynamic range design of broadband MIMO-PLC.

1. INTRODUCTION

Power line communication (PLC) has been developed rapidly in the fields of internet high-speed
access, video monitoring, smart home, mine safety management, electric vehicle management, etc.
[1,2], and also applied to airport control system [3]. In particular, the cost will be high if cables
are laid again in areas where control cables or communication cables were not laid during airport
construction. Therefore, the widespread existence of power line network makes PLC technology become
a potential important means in the field of airport communication and monitoring. Compared with the
traditional single input single output PLC (SISO-PLC), multiple input multiple output PLC (MIMO-
PLC) [4,5] can use multiple channels to improve communication quality, enhance reliability, increase
transmission range, and improve throughput [6, 7], which is considered as a potential and effective means
of PLC development in the future, and is widely accepted by the industry. However, it is necessary to
analyze PLC channel to improve its transmission performance and reliability because of the influence of
radiation, noise, fading, and multipath on PLC channel characteristics [8,9]. Therefore, modeling and
analyzing the coupling between electromagnetic wave and power line is an important research content
in the field of electromagnetic compatibility [10]. At present, there are many research results related
to the accurate channel transmission characteristics of various power line networks. The bottom-up
modeling method is used in [11] to calculate the channel transfer function by applying the voltage ratio
method. A random PLC channel generator with a frequency range of 1-100 MHz has been given in
[12]. All of the above models are based on the channel transfer function obtained from the power line
measurement data in different environments, which fails to realize the prior research on the power line
channel characteristics. In [13], according to MTL theory, a common mode current propagation model
of a three-wire power line network in the frequency range of 1-30 MHz has been proposed. In [14], the
influence of conduction and radiation on signal integrity is analyzed, and the unit length equivalent
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circuit including radiation resistance has been given. References [13,14] give some analysis on the
impedance or radiation of the power line, but the transfer function model with radiation loss is not
established. In [18], a two-wire model with radiation loss is proposed.

In order to accurately estimate the channel attenuation and spectrum characteristics of complex
power line network and provide guidance for band pre-selection, power setting, and dynamic range design
of broadband MIMO-PLC, the channel model needs to be improved. Therefore, this paper proposes a
three-wire transfer function model with radiation loss based on the existing MIMO-PLC channel model,
which is suitable for 1-200 MHz frequency band and also suitable for 1-100 MHz mainstream frequency
band.

This paper is organized as follows. Section 2 illustrates some foundation concepts to build the
power line BPLC model, including revision of radiation resistance by common mode and differential
mode radiation loss of long wire antenna. Section 3 adds the radiation loss to the three-wire power
line channel modeling. In Section 4, the accuracy of the proposed irradiate model is elucidated by
comparing the simulated results with the measured ones. Finally, the contribution of the research is
given in Section 5.

2. BASIC PARAMETERS OF THREE-WIRE POWER LINE CHANNEL MODELING

2.1. Equivalent Distribution Parameters

A three-wire power line is equivalent to a three-conductor transmission line in this paper. The
distributed parameters per unit length can be stated as Inductance L, Capacitance C, Resistance R,
and Conductivity G

.- |n l]

I 2

[ e1+c —c
C = 1 m m
—Cm 2+ Cm

G = [ g1 +t9m  —Gm
—9m 92 + Im

R - [ ,rthm_i_,rOOhm ,roOhm (1)
I TOOhm T2Ohm_|_r(())hm
Ohm Ohm Ohm : :
where [; and I, ¢ and cp, g1 and g9, rg""™, 1] and 13 and the inductance, capacitance,

conductivity, and resistance representing the unit length distribution parameters of the three-conductor
transmission line, respectively. The interaction between conductors is represented by inductance [,,,
capacitance c¢,,, and conductance g,,. Fig. 1 shows the cross section of the three-conductor symmetrical
structure power line and three-conductor ribbon structure power line commonly used in engineering
wiring. Among them, r,, is the radius of the inner conductor, d the distance between power lines, € the
equivalent permittivity, u the permeability, o1 the conductivity, and oo the conductivity of the medium
between conductors.
Elements in matrix L:
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The parameter matrices L, C, and G of unit length have the following relations:
LC =CL = ,11,5[2
LG = GL = ,U,O'QIQ (3)
where I5 is the unit matrix. The inductance matrix L, capacitance matrix C, and conductivity matrix

G can be obtained from Eqgs. (2) and (3). The elements of the resistance matrix R are calculated as
follows:

yOhm _ ) O 117”"w (4)
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Figure 1. Symmetrical structure and ribbon structure.
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If three conductors of the three-wire power line have the same geometric and electrical
characteristics, then the elements in the resistance matrix R of unit length are obtained, which are
7“00 hm — 'rthm = 'rQOhm. When 1, < 26, the low frequency current can pass through the whole cross
section; when r,, > 2, it can be calculated by skin effect.

For a three-conductor transmission line, both phasor voltage V' (z) and phasor current I(z) are
2 x 1 column vectors, and the complex matrices Ty and 17 are 2 x 2 nonsingular matrices, that is, T, !

and T} ! exist. The complex matrix Ty is defined as the variable transformation between the actual
phasor voltage V() and mode voltage V,,(z), and the complex matrix 77 is defined as the variable
transformation between the actual phasor current I(z) and mode current I,,(z) on the transmission
line.

In three-conductor symmetrical transmission lines, Z is the impedance matrix of unit length; Y is
the admittance matrix of unit length; Z and Y matrices are reciprocal.

where 0 is the skin depth.

Z = R+ jwL
Y = G+ jwC (6)
The MTL equation of the second order is
d? -
7 Vm (2) = T ZY Ty Vi (2) = AVi (2)
d? _
Tzl (2) = Ty 'Y ZT 1y (2) = ALy (2) (7)
Here, A is a 2 x 2 eigenvalue diagonal matrix [15, 16]
2.0
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where v and 79 are propagation constants; « is the attenuation constant matrix; and (§ is the phase
constant matrix. The propagation constant matrix + is

SR [} 2] '

As shown in Fig. 2, N + 2 nodes are divided into N + 1 main power lines with the shortest path
between the sender and the receiver as the backbone, where [, is the length of each main power line
segment; the branch equivalent admittance matrix of each node is defined as Yj.; Yine is the input
admittance matrix of each node; and the equivalent admittance matrix of each node end is defined as
}/;qx'
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Figure 2. Power line network unit.
The equivalent admittance matrix of each node end is
quac(x) = Yz-nx(x) + }/;Jx(x) (10)
I'y is the reflection coefficient matrix of voltage, and Yj is the characteristic admittance matrix.
Yo = Z Ty Ty} (11)
Yine () = Yo [Io — Tye Ty (& — 1) Tye T [Ty + Tye Ty (¢ — 1) Tye T 7 (12)
Yy - Y, -1
Ty (z—1) = 0 eqr (T ) (13)
Yo+ Yegu(z — 1)
Similarly, we can get Yj,. I's is the reflection coefficient matrix of current.
Y, Y
y(a) = Yol D 4 o (14)

Yveq:v (x) - YE)

The relationship between current reflection coefficient matrix and voltage reflection coefficient
matrix is
Ly (z) = =Yply (z) Yo ! (15)

2.2. Revision of Radiation Resistance by Common Mode and Differential Mode
Radiation Loss of Long Wire Antenna

In the actual transmission line, there is a case where the sum of current on any cross section is not
zero, which is called “antenna current”. Therefore, the total current flowing through the transmission
line is divided into common mode current and differential mode current [17]. Considering that the
power line network is in the mismatched state in general, we introduce the MIMP-PLC channel transfer
function radiation model which adds the radiation loss factor in the mismatched state to simulate the
transmission characteristics of the three-wire power line network channel.

Suppose that the parallel two-wire transmission line could be equivalent to a long wire antenna and
its mirror image under the ground, as shown in Fig. 3(a). The radiation loss can be imported into the
transfer function model of power line channel [18]. The antenna with a length of [ is placed along the
z-axis, with the feeding point placed at the origin of the coordinate. I™ and I~ represent the incident
wave current and reflected wave current in the case of mismatch, respectively. 7 is the wave impedance,
r the distance from the origin to the field point, and 8 the angle between the half-line r and the z-axis.
According to the transmission line theory, the current on the long wire antenna can be expressed as

Ion () = I*e % (14T (16)
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Figure 3. (a) Long wire antenna model. (b) Loop antenna model.

Therefore, in the case of terminal mismatch, the common mode radiation resistance r“™ per unit

length is )

00 .

o) VA I (281) — 0'42294_/ cosT .. Sin (261) 1+’F[’.
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In addition, considering the line spacing, the parallel two-wire power line is similar to a rectangular

shape, so the differential mode radiation model between the two channels of the parallel three-wire

power line MIMO-PLC is regarded as the loading ring antenna model of the terminal access resistance,

as shown in Fig. 3(b). The distance between the centers of two-wire power lines with length [ is d, and

¢ is the direction angle. Similarly, we can get the current Ipps(2’) on the loop antenna by referring to

Eq. (16).

Similarly, the differential mode radiation resistance M per unit length is

DM _ n(Bd)” L+|Ty |
2ml 11+ Flefj25l|2

(17)

(1 — sinc (261)) (18)

3. THREE-WIRE POWER LINE CHANNEL MODELING WITH RADIATION LOSS

The equivalent circuit of unit length parameter is introduced into the radiation loss, and the equivalent
circuit of unit length parameter including the equivalent radiation resistance of unit length (differential
mode and common mode) is given, as shown in Fig. 4.

The unit length resistances 7 and ) of conductor 1 (P neutral line) and conductor 2 (N phase line)
containing differential mode radiation loss, and the unit length resistances r{, of reference 0 conductor
(PE protective ground wire) containing common mode radiation loss are as follows

Ti _ 7"1DM+?”10hm

R

ry = r&M 4 pQhm (19)
Then the corrected unit length resistance matrix R’ is
i+ 7 I

R =
/ / /
To 9 + 70
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Figure 4. Unit length equivalent circuit including unit length radiation loss.

In this paper, the voltage ratio algorithm proposed in reference [19] is extended to MTL to calculate
the transfer function. Referring to Fig. 2, V(z) is the voltage at x, and the corrected voltage ratio of
each power line is

Viie—1 / _
H, = % = [L+ Ty (z = D] Tpe Ty [ + T (2)] ! (21)
The transfer function of N + 1 section power line is
N+1
V(0)
H =— 7 — H, 22

The MIMO-PLC channel model including voltage source and terminal admittance is shown in
Fig. 5, where V} is the voltage source; Z, is internal admittance; VlT’“" and VQT‘” are transmitter voltage;
I* and I are transmitter current; Y5/ @ is the transmitter equivalent admittance; Vi and Vi are
receiver voltage; I f%’” and If’” are receiver current; YlR’” and YQR‘” are receiver equivalent admittance.

Z, " o
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|
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Figure 5. MIMO-PLC network with source and terminal.
The equivalent admittance matrix from the N + 1 node is
Y; Y;
Yegn+1 = Yinns1 = { iV i } (23)
}/7;TLN+121 )/tinN+122
I’lfx V'lT:t
I*QTx - }/inN+1 ‘/QTI
L* = - (24)

At the sending side,

HEEIEER 3k o



Progress In Electromagnetics Research M, Vol. 92, 2020 73

Consider the internal resistance loss and boundary condition of the sender, where oy (f) and asa(f)
are the boundary conditions of conductor 1 and conductor 2 of three-wire power line respectively. The
result is

o (f) - |: 1 o KTLN—}—lQl :|T
! }/;TLN'F122 + Y2Tx
0s (f) = [  Yinta 1 ]T (26)
2 }/:L'TLN+111 + }/1TJ:
ZgYinN+112 YinN+1
VTx:<1+ZY — Sgmo e 2V,
1 glinN+111 Y;nN-l—lgg —|—Y2Tx g
ZgYinN+12, YinN+1
vie = (1+ 2, — Dy AT 2y 27
2 ( glinN+1a22 }/iTLN+111 _’_YlTx g ( )

Finally, the SISO-PLC channel transfer function of conductor 1 and conductor 2 is obtained by
introducing the radiation loss of differential mode and common mode.

VTx
o () = 2H (f) aa ()
V’ng
H%pno (f) = 2H (f) a2 (f) VZ'g (28)

After considering the internal resistance loss and boundary conditions of the sender, the radiation
model of MIMO-PLC channel transfer function of the final three-wire power line network is Hyrraro(f)

Hyrvo (f) == Hsryo () Héro (F) ] (29)

4. COMPARISON OF SIMULATED AND MEASURED RESULTS

In this paper, the symmetrical structure of 3x1.5mm? RVV (PVC insulated PVC) national standard
copper core power line is used as the test object. The basic parameters of three-wire power line are
shown in Table 1, and three-wire power line network parameters are shown in Table 2. The test network
is shown in Fig. 6. Vector network analyzer (VNA model E5061B) is used to measure the scattering
parameter Ss; in the 1-200 MHz frequency band of the test network and characterize the MIMO-PLC
channel transfer function as shown in Fig. 7. Two MIMO-PLC couplers are connected at both ends
of the vector network analyzer and connected with a three-wire power line test network. The test
connection modes of common channel and mutual channel are given respectively.

Table 1. Basic parameters of symmetrical three-wire power line.

No. Parameter Value
Power line radius Tw 0.69 mm
Distance between power lines d 2.5 mm
Conductivity of power line o1 5.8 x 107 S/m
Dielectric leakage conductivity between power lines 09 107°S/m
Permeability of dielectric between power lines I 47 x 107" H/m
Equivalent permittivity of dielectric between power lines £ (3.2/367) x 1072 F/m

Equation (29) is used to simulate the test cases shown in Table 2 in the following three situations:
differential mode (DM) model, common mode (CM) model, differential and common mode (DM and
CM) model. Fig. 8(c) and Fig. 9(c) show that the simulated results are consistent with Fig. 8(b) and
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Figure 7. Three-wire power line network test scenario.

Table 2. Three-wire power line network parameters.

Example Ly | Lagm) | BBem) | iem) | loaem) | Yo1r | Yoo

direct network 5 0 0 0 0 0 0

Single-branch network 2 3 0 1 0 open 0
Double-branch network 3 3 4 1 3.8 | open | open

Fig. 9(b), respectively. Therefore, for the three-wire power line direct network, the common mode
radiation mainly affects the common channel transfer function.

The simulated and measured results of the common channel transfer function Hi;(f) and mutual
channel transfer function Hai(f) (H21(f) can be equivalent to crosstalk between unshielded channels)
of the single-branch network (the branch terminal is in the open state) are shown in Fig. 10 and
Fig. 11. In these three cases, the positions of all grooves (troughs) are consistent. When the common
mode radiation factor is added, the results also have a high degree of agreement, which has the same
conclusion as direct network.

Hy1(f) and Hai(f) of the double-branch network (branch terminals are all in open state) are shown
in Fig. 12 and Fig. 13. The comparison between the basic simulated and measured results shows that
there are more grooves in the basic simulated results, but the simulated results obtained by adding the
common mode radiation loss factor are consistent with the grooves in the measured results, and the
curve shapes are more similar.

By comparing the simulated results with the measured ones in the frequency band of 1-200 MHz
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Figure 8. Common channel with radiation loss-Hii(f) (direct network). (a) DM simulated and
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results.
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Figure 9. Mutual channel with radiation loss-Ha; (f) (direct network). (a) DM simulated and mearured
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Figure 10. Common channel with radiation loss-Hj1(f) (Single-branch network). (a) DM simulated
and mearured results. (b) CM simulated and mearured results. (¢) DM and CM simulated and mearured

results.

in Fig. 8-13, it can be concluded that in either case, when differential mode radiation factor is added, it
hardly affects the transmission characteristics of the channel transfer function, almost consistent with
the simulated results of the basic model; when common mode radiation factor is added, the simulated
results of the radiation model are in good agreement with the measured ones (groove position and
amplitude size). It is shown that the influence of common mode radiation is greater than that of
differential mode radiation.
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Figure 12. Common channel with radiation loss-Hii(f) (Double-branch network). (a) DM simulated
and mearured results. (b) CM simulated and mearured results. (c) DM and CM simulated and mearured

results.
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Figure 13. Mutual channel with radiation loss-Ha;(f) (Double-branch network). (a) DM simulated
and mearured results. (b) CM simulated and mearured results. (¢c) DM and CM simulated and mearured

results.

Therefore, the introduction of common mode radiation loss factor into the basic model of MIMO-
PLC channel transfer function is beneficial for correcting the difference between channel transfer function
and measurement results of the power line network, and the consistency between the simulated results of
the radiation model and the measured results verifies the correctness and effectiveness of the modeling.
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5. CONCLUSION

In this paper, a PLC channel transfer function model is proposed. In this model, the common and
differential mode radiation loss of long wire antenna and the reflection factor in the mismatched
transmission line are introduced, and the transfer function is obtained by calculating the voltage ratio
between the sender and the receiver. Finally, the numerical simulation and measurement results of
MIMO-PLC channel transfer function including radiation loss are compared in three different states. It
is verified that the influence of differential mode radiation can be ignored in 1-200 MHz frequency band,
and the main factor affecting the transmission characteristics of channel transfer function is common
mode radiation. The simulated results of the radiation model are in good agreement with the measured
ones, which verifies the accuracy and validity of the MIMO-PLC channel transfer function of three-
wire power line including the radiation loss factor. This model lays a foundation for further research
on the frequency band pre-selection, power setting, dynamic range design, and MIMO-PLC channel
transmission characteristics of power line network channels in complex scenarios.
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