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Background and Objectives: Broadband power line communications (PLC) is
a promising candidate for implementing access network of different
telecommunication Technologies. Planning process of the PLC access
network is subdivided into two main optimization problems of the
generalized base station placement and PLC channel allocation.

Methods: This paper studies the latter one for an actual PLC network by
taking both in-line and in-space neighboring schemes into account for the
first time and modeling the PLC channel allocation according to them. In this
regards, different aspects of this problem are first introduced in details and
then our suggested models for them are presented and numerically
evaluated.

Results: Specifically, for each pair of the broadband-PLC cells, in-line
neighboring is modeled either by one or zero indicating the cells are neighbor
or not; in-space neighboring is suggested to be a number from the interval [0
1] according to physical vicinity of cell’s wirings; and consequently aggregate
neighboring intensity will be a number from [0 2]. Subsequently, the network
interference is defined as a function of neighboring intensity and assigned
frequency sets to the neighbor cells; so that the more neighboring intensity is
increased and the more distance between the sets is decreased, the more
interference is imposed on the PLC network. Eventually, the meta-heuristic
methods of Genetic and shuffled frog-leaping algorithms are exploited to
solve resulting PLC channel allocation problem via minimizing the
interference.

Conclusion: In general, the results confirmed the success of the suggested
method in modeling PLC channel allocation problem in actual scenarios,
tracking the network interference in these situations, providing an optimal
solution for them, and including all previous research as a comprehensive
method.

©2021 JECEL All rights reserved.

Introduction various telecommunications services. History of this
Power Line Communications (PLC) technology utilizes  technology dates back to the 1900’s, and its fast and
existing electrical infrastructure to provide and deliver ~ low-cost deployment together with the wide spread
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availability of power grids has been the most promoting
factors encouraging power companies to develop PLC
technology over the years [1]-[3]. Compared with other
wireline technologies like fiber optic and coaxial cables,
PLC has lower deployment cost, fast installation time
and much more pervasive structure [4], [5].
Furthermore, since PLC utilizing already implemented
infrastructure, its deployment cost is comparable with
that one of wireless technologies [4], [5]. Moreover, to
increase coverage and enable signal propagation
through concrete walls in different floors, ultra-
wideband PLC has been suggested as an alternative for
the existing in-building wireless solutions [6], [7].

Different PLC technologies can be classified into three
main categories of ultra-narrowband PLC (UN-PLC),
narrowband-PLC (N-PLC) and broadband-PLC (B-PLC),
where the ultra-narrowband and narrowband ones use
frequency bands below 500 kHz and support date rates
between a few hundreds of bits per second (b/s) up to a
few Mb/s. However, the operation frequencies of B-PLC
systems are more than 1 MHz and may reach to 250
MHz. B-PLC systems provide data rate ranging from
several Mb/s to several hundred Mb/s [4], [5], [8]. PLC
technology has wide application area including from
management and monitoring tasks for power utilities,
smart grid applications, implementing access network of
different telecommunication systems as a last mile
solution, to smart homing, in-home and in-building
networking, and in-vehicle communications [9]-[11].

In the last two decades, PLC have also received
increasing attention as a promising solutions for
telecommunication infrastructure needed by smart grid
and a new subcategory, called high data rate N-PLC, has
been emerged and standardized by the PRIME, G3-PLC,
IEEE and ITU-T alliances for applications such as
automatic meter reading, vehicle-to-grid
communications and networking of consumer
appliances [12], [13]. Furthermore, it is worth to be
noted that the integration of the PLC with wireless
technologies such as radio frequency and visible light
communications systems have also received great
attention and explored to enhance performance metrics
like coverage and reliability [14], [15].

However, power lines are very harsh medium and
suffer from some constraints such as deep attenuation,
multipath propagation and impulsive noise [16], [17]. To
overcome them, orthogonal frequency division
multiplexing (OFDM) has been received increasing
interest as an anti-multipath technique [18] and adapted
to the B-PLC and high data rate N-PLC standards [17].

As outlined earlier, B-PLC can be exploited to
implement the last mile (or access network) of various
telecommunication technologies. In a B-PLC access
network, the low voltage grid is subdivided into several
cells and these cells are equipped with PLC base stations
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(BS), modems and repeaters to establish connection of
telecommunications backbone network with end-user
subscribers via an OFDM-based system. Typical structure
of a B-PLC access network is conceptually illustrated in
Fig. 1, in which the cell's areas are distinguished by
dotted lines and the BS terminal of each cell is located in
the low voltage transformer station or a street cabinet. A
more detailed structure of a typical B-PLC cell is shown in
Fig. 2, where the BS terminal will connect the
telecommunications backbone network to low voltage
grid through an access point. At low voltage side, PLC
modems over power outlets are utilized to connect the
end-user devices to the BS terminal and the backbone
network. In addition, several repeaters may be used in
each cell to provide BS coverage for all users. As a result,
this design enables injection of telecommunication
signals into the low voltage grid and extraction of them
from the grid. Planning process of B-PLC access network
can be subdivided into two different optimization
problems: the generalized base station placement
(GBSP) problem and the PLC channel allocation (PLC-CA)
problem [19]. The main task of former one is to optimize
network cost and quality of service by determining the
optimum number of cells for serving all users, the most
appropriate locations of the BS terminals, the set of
required repeaters and subset of users must be served
by each cell or BS terminal. When GBSP problem is
solved, the PLC-CA problem will rise to optimally share
the PLC resources such as available OFDM frequencies
between different B-PLC cells. Expressing with more
details, in order to increase network capacity, the
frequency reuse technique is used to assign bandwidth
to different cells and this results in assignment of same
or near frequencies to neighbor cells and imposing co-
site interference on the B-PLC network. PLC-CA solution
must manage this challenge by providing a channel
allocation which keeps this interference at authorized
level.

A. Related Works and Our Motivations

As outlined, design of the B-PLC access network has
been first addressed in [19] by converting this process
into problems of the GBPS and PLC-CA. This work was
paved the way for subsequent research on these
problems. In the case of the GBPS problem, this
challenge has been modeled as an optimization problem
in [20]-[22] and solved by minimizing the network costs
and delay. The challenge of PLC-CA is first addressed
in [23], [24], and modeled as an optimization problem.
Subsequently, the authors have generalized their works
in [23], [24] and investigating PLC-CA problem more
precisely in [25]. Furthermore, it is worth to be noted
that dynamic resource allocation, by assuming dynamic
structure for the B-PLC cells, has been developed to the
B-PLC access networks in [26].
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Fig. 1: Typical structure of a B-PLC access network [23].
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Fig. 2: Typical structure of a B-PLC cell [20].

However, similar to that one of [23]-[25], we
investigate the channel allocation for the fixed B-PLC
network and dynamic resource allocation falls beyond its
scope.

Unfortunately, the provided analysis in [23]-[25]
suffers from some limitations, since these works directly
applied existing wireless solutions to the B-PLC networks
without considering the differences between them.
Expressing with more details, whereas there exist some
similarities between B-PLC and wireless access networks,
but the physical medium, size, geometrical shape and
neighboring schemes of the cells are different in wireless
and PLC networks.

In fact, PLC uses a physical medium with a specific
wiring topology, and the PLC cells (as demonstrated in
Fig. 2) are not similar to that one’s of the wireless
networks, i.e. hexagonal cells in free space. More
specifically, in contrast to wireless, there exist two

different neighboring schemes for the B-PLC access
networks. These are in-line and in-space neighboring. In-
line neighboring is due to existence of common
segments or wirings between two cells and generates
conducted disturbances in the form of electrical signal.
However, in-space neighboring is due to physical vicinity
of wirings and generates disturbances in the term of
electromagnetic signals. For instance, as demonstrated
in Fig. 1, the cells 3 and 7 are in-line and in-space
neighbors of the cell 2, respectively. Thereby, the
channel and resource allocation in wireless scenarios
(like [27] and [28]) is different from that one of the B-PLC
networks and these are two distinct problems needing
different models, analyses and solutions.

However, these differences have not taken into
account in [23]-[25] and they have considered the B-PLC
network similar to a wireless environment, which is only
in expose of the in-line neighboring scheme.
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Consequently, the PLC-CA have been modeled and
analyzed in this regard and the impact of co-site
interference imposed by in-space neighboring scheme
has been ignored. This is while in-space neighboring is
the main distinguishing feature of the PLC access and
wireless networks. Therefore, it is necessary and vital to
investigate and analyze the PLC-CA problem for the
actual B-PLC networks by taking these differences into
account. The lacks of this analysis has motivated us to
devote this research on investigation of the PLC-CA
problem over actual networks by taking both in-line and
in-space neighboring schemes into account.

B. Our Contributions and Paper Organization

In order to overcome the above-mentioned
limitations, this paper is devoted to investigating PLC-CA
problem for the actual B-PLC access network by taking
both in-line and in-space neighboring schemes into
account and allocating channels accordingly. In this
regard, in-line neighboring is modeled either by one or
zero similar to [23]-[25]; however, in-space neighboring
is considered as a real number from the interval [0 1]
according to physical vicinity of cell’s wirings; and the
aggregate neighboring intensity is assumed as the
summation of these two numbers. Then, the co-site
interference of the B-PLC access networks is defined as a
function of the aggregate neighboring intensity and the
assigned frequency sets to the cells, so that the
interference is increased when the value of neighboring
intensity is increased and the distance of assigned
frequency sets is decreased. Finally, the resulting co-site
interference is minimized using genetic algorithm (GA)
and shuffled frog-leaping algorithm (SFLA), and the
assigned channels to cells are extracted. In general, the
suggested method has advantage over the existing
studies in terms of considering actual PLC network,
providing more suitable and accurate model for the co-
site interference, and evaluating the performance using
two evolutionary methods and various realizations.
However, since providing full details requires the
problem model and its formulation and parameters, our
contributions and novelties and their modifications over
existing works have been postponed until the second
part of the next section and highlighted in details at the
beginning of this part.

The rest of paper is organized as follows: In Section I,
we present the main results of this study by modeling
PLC-CA problem as an optimization problem and
suggesting our models for neighboring schemes and co-
site interference. Optimum performance of these
models is numerically evaluated and verified in Section
II. Finally, Section VI includes conclusion.

Notations: Throughout this paper, matrices are
defined by boldface letters like M, where m;; indicates
its (i,j) element. The notations A are used to define
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sets, where |A| indicates the set cardinality, i.e. the
number of elements in the sets.

Main Results

In this section, the PLC-CA problem is first formalized
as an optimization problem and then the suggested
models for different aspects of this problem are
presented.

C. Modeling PLC-CA Problem as an Optimization
Problem

Generally speaking, planning process of B-PLC access
network includes dividing the low voltage power gird
into several cells; equipping each cell with a BS terminal,
PLC modems and repeaters; determining the subset of
users have to be served by each cell; and assigning
OFDM channels (frequencies) needed by each cell to
serve its users.

In this paper, available B-PLC cells and OFDM
frequencies are denoted by the sets
¢ ={C,Cy ...Co} and F, = {F, Fyr o, |F1}
respectively, where |C| and |F;| are the cardinality of
these sets. The it" cell, i.e. C;, is modeled by C; =
{B;, UL, RL, FL, }, where B; indicates to BS terminal and
its access point, R. determines its repeaters set and UL
represents the subset of users have to be served by this
cell. These three quantities, i.e. B;, R. and U., are
determined by solving the GBSP problem and the task of
PLC-CA is to discover F(,, where F/, represents the set
of assigned frequencies to cell C;.

In general, any solution of the PLC-CA problem can be
represented using a binary matrix of size |C| X |F;].
Throughout this paper, we have named this matrix by
M4, where m{{* = 1 means that the j** frequency of
the F; has been assigned to the cell ¢; and m{/' = 0
means this frequency has not allocated to this cell. Note
that the index values of non-zero elements in i*" row of
MC®4 are the members of assigned frequency set to cell
C;,ie. Fly.

The requirements and constraints must be taken into
account for solving PLC-CA problem are as below:

e First, due to some technical and regulatory
restrictions, cell C; may has a forbidden frequency set
as Flopig- Thus, its allowable frequency set is
Fi=F, — Florpia, and the constraint of Fi, € Ft
must be met in solving PLC-CA problem.

e To guarantee serving of all users, the number of
assigned frequencies to cell C; must be as |F,§eq| =
Ayser|UE|, where |Ui| is the number of allocated
users to this cell and Ayse, is @ constant number
representing the average number of frequencies
needed by each user to provide the traffic requested
in its downlink and uplink channels. This imposes
another constraint to the PLC-CA problem as
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|Feal = [Freql.
e Moreover, to optimally solve PLC-CA problem, it is
necessary to minimize the co-site interference. Since
the in-line and in-space neighboring are the sources
of the co-site interference over B-PLC access
networks, PLC-CA solution must keep the summation
of these two interferences at authorized level by
increasing distance between assigned frequencies to
neighbor cells as much as possible. Hence, a |C| X |C]
matrix, called interference distance matrix M'P, is
needed to determine the threshold limits of
interference for each pair of cells. Indeed, elements of
this matrix are the thresholds determining assigned
frequencies to cells leading to co-site interference or
not. Expressing more precisely, for the two neighbor
cells of C; and Cys, if distance between the frequency
fi of C; and fyr of Cys is less than mi7, i.e. |f; — fr| <
m,
network interference. But, when [f;—fy|=m

then this assignment of frequency leads to

it
this assignment has no interference effect on the
network.

According to the above considerations, the PLC-CA
problem can be generally formalized as a combinatorial
optimization problem with the following specifications:

e |nputs:

1. The output of GBSP problem, which is the set of cells
¢ ={¢,,C,, ..., Ci¢ } with their details of {B;, UL, R }.

2. The sets F; and Fyppiq, to compute F = F,—FL i
for the cells.

3. The interference distance matrix M'P.

4. The aggregate neighborhood matrix MM2 which is
summation of in-line and in-space neighboring
matrices.

5. The average number of frequencies needed by each
cell, i.e. Ayser, to compute |Fi,,| = Ayser|UE| for
each cell.

e QOutput:

1. The solution matrix M4, to extract the assigned
frequency sets of different B-PLC cells, i.e. F, for
i=1,.2,..,/¢|

e Objectives:

. Minimization of the co-site interference of the B-PLC

access network.

[EEY

Constraints:
Féa S F!
|Fheql < [Féal < |77

N = e

D. Suggested Models for the Different Aspects of the
PLC-CA Problem

In the sequel, our proposed methods for the
modeling of neighboring schemes, co-site interference
and interference distance matrix are provided in a
respective order. Compared with the existing study

of [23]-[25], the contributions and novelties of our

research can be highlighted as:

e In [23]-[25], in-line neighboring scheme has only
considered for the B-PLC access networks and for
each pair of B-PLC cells, the neighboring is modeled
either by zero or one. However, we investigate PLC-
CA problem for an actual PLC network in the presence
of both in-line and in-space neighboring schemes.
Since the binary model of [23]-[25] has no longer
holds, we suggest a fuzzy model where the aggregate
neighboring intensity for each cell pair will be real
number from the interval [0 2].

e |n [23]-[25], elements of interference distance matrix
M'™ are considered equal to a constant number. In
our study, these elements are intelligently defined as
a function of aggregate neighboring intensity of the
cells. As it will be described later, this definition
makes solver of PLC-CA problem more sensitive to
cells having greater neighboring intensity and
increases the distance between assigned frequency
sets to them.

e |n [23]-[25], the amount of co-site interference
imposed on network by different neighbor cells are
considered equal to each other’s. Here, as a more
appropriate and efficient model, the co-site
interference is defined as a function of neighboring
intensity of the B-PLC cells and the assigned frequency
sets to them. According to this, for each pair of
neighbor cells, the more neighboring intensity is
increased and the more distance between assigned
frequency sets is decreased, the more interference is
imposed on network.

e ltis also worth to be noted that a general formulation
is provided for the co-site interference which
subsumes many realizations such as existing ones
of [23]-[25].

e In addition to the GA, SFLA are also utilized to verify
the optimum performance of the suggested models
for different realizations of interference function,
neighboring models and forbidden sets.

1) Formulation of the Neighboring Schemes

The proposed models for in-line, in-space and
aggregate neighboring schemes can be summarized as
follows:

e Similar to [23]-[25]., in-line neighboring is modeled by
a |C| X |C| binary matrix, whose entries are zero or
one. Here, this matrix is denoted by MVPL, where

x?L =1 implies to in-line neighboring of cells C;
and C;, and mg?L = 0 indicates these cells are not
in-line neighbor.

e Since in-space neighboring is due to physical vicinity
of cell's wirings and its strength changes according to
the degree of this vicinity, it is modeled by a fuzzy
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approach and the elements of |G| X |C| in-space
neighboring matrix of M"5s are chosen from the
interval [0 1]. In this manner, mZ?S = 0 indicates cells
C; and C; are not in-space neighbor; however, if
these cells are in-space neighbor, then the value of
mﬁ?s will be a non-zero number from (0 1]. Note that

the amount of mﬁ?s directly depends on the vicinity
degree of cell's wirings and the more physical vicinity

S is more increased until

of wirings is increased, mIi\l{F
reaches its upper limit equal to one, which is
equivalent to in-line neighboring.

e Eventually, the aggregate neighboring is defined by
MNB = MNBL + MNBs, which is a |C] X |G| matrix
whose elements belonging to interval [0 2] indicating
the neighboring intensity of the different B-PLC cells.
Note that since the cells are not the neighbor of

themselves, the main diagonal elements of matrices

MVNBL, MNBs and MVB are always equal to zero.

Il) Formulation of the Co-Site Interference

In this part, we present our proposed models for the
co-site interference and interference distance matrix. In
order to provide more insight, the function of co-site
interference is first formalized for the two B-PLC cells of

C; and C;r, and then generalized to the whole network.
The co-site interference generated between the cells

C; and C;r or imposed on network by the cells C; and C;

can be formalized as follows:

Y G(rmi) F<mb

y B
fE€FéL fleFta
0 F> mﬁ),

NB
I”’ (F, mlll

(1)
in which I;;» represents the co-site interference imposed
on network by the cells C; and C;r. Fi, and FL, are the
assigned frequency sets to the cells C; and Cy
respectively. F = |f; — f;/| is the distance between
members of these sets, ml’.?/ represents the (i,i")
element of interference distance matrix M'?, and the
function of G,(F,m}7) indicates to the co-site
interference for the specific values of F and m?l{?.

As outlined earlier, mf? denotes a threshold value
determining assigned frequencies to the cells C; and C;
leading to co-site interference or not. As described
below, to properly model interference distance matrix,
we define this threshold as a function of neighboring
intensity using mL’.LP, = Gz(m?ﬁ? .

The continuous functions of G;(F,x) and G,(x)
must meet following necessary conditions:

e First of all, since co-site interference does not
generate by non-neighbor cells, I;;» must be equal to
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Neigh
zero for any mii,g = 0. Consequently,

must be such that G (F,x)|,=o = 0.

e Since the amplitude of the co-site interference
directly depends on the G,(F,x), this function must
be such that (i): the more neighboring intensity is
increased, the more co-site interference is imposed
on network, (ii): the more distance between assigned
frequency sets of neighbor cells is decreased, the
more co-site interference is produced. Hence,
G,(F,x) must be a strictly increasing function of the
x and a strictly decreasing function of the F.

e |n [23]-[25], the elements of the interference distance
matrix M'® are considered equal to a constant
number. Here, to provide a more efficient model,
these elements are defined as a strictly increasing
function of neighboring intensity using Gz( mg?) =

G,(F,x)

mgﬁ. According to this model, if the neighboring

intensity of the cells C;, and C, r being more than that

of ¢, and C, s, ie. m}>, >m}?,, then m® , >
2 l1ly L2l2 l1ly

mI.D. .
515
counted using (1) for the cells ¢;, and Cil' in

Thereby, more co-site interference will be

comparison with that of C;, and C’izr. Consequently,

the interference function is more sensitive to the cells

having greater neighboring intensity and this finally

increases the distance between assigned frequencies
to these cells during the process of interference
minimization.

In the following, these conditions are more clarified
by considering some special realizations for the G,(F,x)
and G,(x).

e G,(F,x)=a and G,(x)=>b, for any positive
number of a and b: This realization does not satisfy
the above-mentioned conditions and is actually
similar to that one considered in [23]-[25]. Since
dependency of interference function to neighboring
intensity has been ignored in this realization, taking
in-space neighboring into account has no impact on
solution of the PLC-CA problem and the performance
of this realization in the presence and the absence of
in-space neighboring is identical and similar to that
one reported in [23]-[25] for in-line neighboring.

e Realizations of the G, (F,x): Any continuous function

satisfying the first two of above conditions will be a
x2

realization for g,(F,x), where g,(F,x) =

F
g1(F,x) = (1 + x%)e 1%l are the two examples that
are included for the numerical simulations of next
section.

e Realizations of the G,(x): Examples like G,(x) = x +
|F;] and G,(x) = |F;|x are two realizations of G,(x)
satisfying the last condition of above and also utilized
for the numerical simulations.
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Eventually, the whole co-site interference of the B-
PLC access network is obtained from (1) by summation
over all cells as:

1
I= mzl‘ecZi’eclii’ (2)

in which € = {C,C,, ..., Ce)} and Fs = {Fy, Fy, oo, | Fe}
are the sets of available B-PLC cells and the available
OFDM frequencies with the cardinality of |C| and |F|,
respectively.

In the next section, the evolutionary algorithms are
utilized to solve PLC-CA problem via minimizing this
interference function.

Numerical Results and Discussion

This section is dedicated to the numerical results and
analyzing the performance of the proposed model for
the optimization problem of PLC-CA. In this regard, GA
and SFLA, as two population-based meta-heuristic
methods, are exploited and implemented using MATLAB
software. It is worth to be noted that GA has been
inspired from natural selection and corrects an initial
random population in the consecutive iterations using
operations like elitism, selection, crossover, mutation,
until converging to the solution [29], [30]. In order to
prevent convergence to local optima in some problems,
new advanced algorithms like SFLA have been proposed,
which inspired by the collective evolution of frogs in
obtaining food supply and benefits from local search and
information mixing in its evolution process to find the
global optimum and prevent convergence to local
optima [31]. It must be noted that since the PLC-CA
problem is a combinatorial optimization problem, the
binary versions of GA and SFLA are exploited to solve the
PLC-CA problem and optimally discover the assigned
frequency sets to the cells.

Performance of the suggested model is evaluated for
two different B-PLC test networks, where the first one is
consisted of three B-PLC cells and utilizes an OFDM
modulation having ten frequencies; however, the second
one relies on six B-PLC cells and employs OFDM
modulation of 64 frequencies. In order to diversify the
results and allow comparison with the previous studies,
the experiments of each test network have been
performed for the two different scenarios as detailed in
Table 1. As can be seen from the Table 1, the first
scenario investigates the performance in the absence of
forbidden sets for the B-PLC cells; However, the second
one takes the forbidden sets into account. Moreover,
numerical simulations of each scenario have also been
performed for the two different cases; case 1: which
only considers in-line neighboring scheme similar to that
one of previous studies in [23]-[25], and case 2: where
takes both in-line and in-space neighboring schemes into
account. Further, to provide a fair comparison in these

two cases, the numerical simulations of them have also
been performed for the identical interference functions
of G,(F,x)and G,(x).

Table 1: Specifications of the considered scenarios for the
performance evaluation of the B-PLC test networks

Scenario Ca T}arbid Interference Neighboring
se Functions Matrices
G, I G, MNBLI MVBs
1 No |Flx? x+1|F| Yes No
First F+|Fl
2  No |Flx? x+|F| Yes  VYes
F+ %l
1 VYes 1+ x? | F | Yes No
Second F_
elfsl
2 Yes 1+ x? | F | Yes  Yes
F_
elfsl

The in-line and in-space neighboring matrices of the
first B-PLC test network are as below and its other
details are provided in Table 2.

0 1 0 0 02 O
MNBL =11 0 1|, M. =105 0 0.1 (3)

0 1 0 0 03 O

Table 2: Specifications of the first B-PLC test network

[Cl =3, |FKl=10

Ci |Flgeq| :F;'orbid
C 5 {9,10}
G, 5 {2,3}

Cs 6 {5,10}

As can be seen from the Table 2, this test network
totally needs 16 frequencies and the PLC-CA solution
must assign them from the available ten frequencies by
taking the forbidden sets and neighboring model into
account. In the other words, the solution matrix M4
must such that while the assigned frequency sets to the
cells, i.e. TCiA, belonging to their allowable frequency
sets Fi = F,—Florpiar the frequencies of the neighbor
cells be far away from each other’s as much as possible.

For the numerical simulations, a random population
of size N = 40 is first generated for both GA and SFLA,
and fitness value for the elements of this population are
calculated according to the network's interference given
in (2). Then, for the GA, the members (chromosomes) of
this population exchanged their information through GA
operations including elitism, selection, crossover of rate
0.9 and mutation of rate 0.1, to produce next generation
of chromosomes and this process is continued until an
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optimal solution is obtained or stopping criterion is met.
For the SFLA, the generated random population is
subdivided into m = 10 memeplexes, each contains
n = N/m = 4 members (frogs). Then, a local search is
performed for each memeplex to improve the frog with
the worst fitness. When tenth iterations of local search
are performed, all frogs of population are mixed
together and partitioned into m = 10 memeplexes again
to repeat the local search. This process is continued
iteration by iteration until an optimal solution is
obtained or stopping criterion is met.

In the cases of first B-PLC test network, the curves of
the best fitness (co-site interference) versus iteration
(for both GA and SFLA) have been depicted in Fig. 3 for
the first scenario and Fig. 4 for the second one.
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Fig. 3: First B-PLC test network: curves of the co-site
interference versus iterations for the first scenario.
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Fig. 4: First B-PLC test network: curves of the co-site

interference versus iterations for the second scenario.

Further, the solution matrix of the first scenario takes
one of the following forms for each realization of GA and
SFLA:

e—

)
O R OR O R
O R OR O R
OR OR O R
R R OR O R
RO RR RO
RO RO RO
RO RO RO
RO RO RO
o R o
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However, in the case of the second scenario, the
solution matrix has only below format:

1111100000
M“4=l0 000 01 111 1 (5)
1111011000

As demonstrated in Fig. 3 and Fig. 4, the suggested
interference function can successfully model and track
the network interference according to the considered
neighboring schemes in the two considered cases for
each scenario. Moreover, as evident from (4) and (5), the
resulting solution matrices indicating to an optimum
channel allocation for the both scenarios and also for
both GA and SFLA. This is because the assigned
frequency sets to the neighboring cells have the
maximum distance from each other’s. Expressing in
details, these results and their modifications with
respect to existing studies can be highlighted as below:

e First, since the case 1 of each scenario only considers
in-line neighboring scheme and in case 2 both in-line
and in-space neighboring are taken into account,
these two cases compare the results of our suggested
model for PLC-CA problem in which co-site
interference varies depending on neighboring
intensity and assigned frequency sets to the cells with
that one in which interference variations is only due
to changes in assigned frequency sets. Due to taking
both in-line and in-space neighboring schemes into
account for the actual B-PLC networks of the case 2, it
is evident that the amount of co-site interference
imposed on this real network must be more than of
case 1. As shown in Fig. 3 and Fig. 4, the suggested
interference function of (2) can properly model and
successfully track the variations of co-site interference
in these two cases. Noted that the case 1 of each
scenario can be considered as an improved version of
the assumed model in [23]-[25]. This is due to the fact
both ones, i.e. case 1 and the works of [23]-[25],
relying on in-line neighboring scheme; However, the
co-site interference of case 1 varies according to the
distance between assigned frequency sets, but this
dependency has not considered in [23]-[25]. Thus, the
results of the cases 1 and 2 provide a comparison
between the results of previous studies and our
method.

e Second, both GA and SFLA leading to optimum
channel allocation for all considered cases and
scenarios. For instance, as evident from (4) and (5),
there is no common frequencies between assigned
sets to the cells 1 and 2 of the first test network. Note
that existence of one common frequency for cells 2
and 3 of (4) is due to the fact that these two cells
totally needing 11 frequencies, this is while the
available OFDM channels are equal to |F;| = 10.
Similarly, existence of two common frequencies for
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these cells in (5) is due to limited number of OFDM
channels and also due to considering forbidden sets
which restricts it more cells. It is also important to be
noted that when the solution matrices are compered
for two different pairs of neighbor cells at
intermediates iterations, it is observed that distance
between assigned frequency sets to cells of pair with
greater neighboring intensity is more than that of
other pair. This is due to the fact that we defined the
interference distance matrix so that the considered
solver be more sensitive to the cells having greater
neighboring intensity and as a result, the frequencies
allocated to these cells have more distance from each
other in intermediates steps where the optimal
solution for the network has not been obtained yet.

e Third, as demonstrated in Fig. 3 and Fig. 4, both GA
and SFLA are finally converged to a similar co-site
interference. However, they reach to this value in
different iterations due to difference in computational
complexity. Expressing more precisely, if the solution
matrix of the GA and SFLA, i.e. M4, is compared
before convergence at an intermediate iteration, it is
observed that SFLA providing a more optimal solution
than the GA. However, it should be noted that this
comparing is not entirely accurate because SLFA also
benefits from an iteration-based local search in each
iteration. Therefore, it can be concluded that the SFLA
provides better solutions in intermediate iterations
due to performing local search and wasting the time;
however, the both ones eventually leading to an
optimal solution.

e Forth, curves of co-site interference versus iterations
have an expected behavior for both GA and SFLA and
follows a non-increasing function. Further, when
forbidden sets of the frequencies are considered in
the second scenario of Table 1, both GA and SFLA
successfully avoids assignment of these sets to the B-
PLC cells and the channels are allocated according to
the allowable frequency sets Fi = F,—FL .,:q-

e Eventually, the comprehensiveness of the suggested
interference function is also confirmed by performing
numerical simulations for two different realizations of
both G,(F,x) and G,(x). Note that these functions
are utilized in (1) and (2) to define co-site
interference.

Here, the second test network is considered to
evaluate performances of the suggested model for a
more complex structure. Notes this network is consisted
of the six B-PLC cells and exploits OFDM modulation of
|F;| = 64 frequencies.

The other details of this network are provided in
Table 3 and its in-line and in-space neighboring matrices
are given in (6) and (7).

00 0 1 0 0
ooooooi
000000
M¥L=11 0 0 0 o of (6)
0000 0 1|
0 00 0 1 o
0 0 0 09 0 0
0 0 0.7000]
e 0 07 0 0 0 0
M™ =109 0o 0 o 00‘ )
0 0 0 0 0 0
Lo o o o0 o ol

Table 3: Specifications of the second B-PLC test network

ICl =6, |%|=64

G |Flgeq| :F;‘orbid

Cy 20 {61,62,63,64}
C, 15 {1,2,3,4,5}
C3 32 (0]

Cy 40 (0]

Cs 27 {1,2,10,44 45}
Ce 27 {60,61,62,63,64}

For the numerical simulations of the second B-PLC
test network, population size has been considered equal
to N = 120 and crossover and mutation rates of the GA
are set to 0.9 and 0.2, respectively. For the SFLA, this
population is subdivided into m = 12 memeplexes of
n=N/m =10 members. Curves of the best fitness
versus iterations have been depicted in Fig. 5 for the first
scenario and Fig. 6 for the second one.

Furthermore, according to the solution matrix of the
first scenario, the assigned sets to the neighboring cells 1
and 4 have one of the following forms:

{:FgA ={1,2,..,20}, F&, = {64,63, ...,25}

8
FL, = (64,63, ... 45}, F&, = (1,2, ... 40} (8)

However, when the forbidden sets are taken into the
account for the second scenario, the solution is:

Fr, =1{1,2,..,20}, F&, = {64,63, ...,25} (9)

In similar manner, for the first scenario, the assigned
sets to the neighboring cells of 5 and 6 belonging to one
of the following groups:

{TEA ={1,..,27}, F&, = {64, ...,38} o

F5, = {64,..,38}, F&, = {1, ...,27}

However, due to considering forbidden sets in the
second scenario, the solution will be as:

o = (64,63, ...,46,43,42, ...
{TCA {6 )63) ] 6r 3) ] ,36} (11)

F&, ={1,..27}

As can be seen from Fig. 5 and Fig. 6, the curves of
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the co-site interference have their expected behavior as
non-increasing functions and track the network
interference according to the considered cases in these
scenarios. Furthermore, as evident from (8)-(11), there is
no common frequencies between assigned sets to the
neighboring cells, i.e. cells 1 and 4, and cells 5 and 6.
Moreover, the assigned sets to these cells have
maximum distance from each other. In general, it is
observed that the numerical results of the second test
network are consistent with that one of the first test
network and all mentioned points for the results of first
test network are valid for the second one as well.
Thereby, it is concluded that the suggested method has
the ability to model PLC-CA problem in actual scenarios,
tracking the network interference in these situations and
providing an optimal solution for them. Further, it is
confirmed the suggested method, as a comprehensive
model, includes all previous research.
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Fig. 5: Second B-PLC test network: curves of the co-site
interference versus iterations for the first scenario.
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Conclusion

In this paper, the problem of channel allocation was
investigated for the B-PLC access network. In order to
overcome the limitations of the existing study and
provide a comprehensive analysis, an actual B-PLC access
that is in expose of both in-line and in-space neighboring
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schemes was assumed and the problem modelling,
formulations, and suggested solutions are planned in this
regard. To achieve these goals, PLC-CA problem is first
formalized as an optimization problem; in-line
neighboring is considered as zero number or one; in-
space neighboring is modeled as a real number from the
interval [0 1]; and the aggregate neighboring intensity is
assumed as the summation of these two numbers. Then,
the co-site interference of the B-PLC access networks is
defined as a function of the aggregate neighboring
intensity and the assigned frequency sets to the cells, so
that when the value of neighboring intensity is increased
and the distance of assigned frequency sets is decreased,
the interference is increased. Finally, the meta-heuristic
methods of GA and SFLA were employed to solve the
resulting PLC-CA problem and evaluate its performance
for different scenarios and compare it with the existing
research. The results were confirmed that suggested
method can successfully model channel allocation
problem in actual B-PLC networks and provides an
optimum solution for both GA and SFLA by avoiding the
assignment of forbidden frequencies and increasing the
distance between neighboring cells as much as possible.
It was also revealed that this method includes and
improves all previous research and worked as a
comprehensive  alternative  for co-site
interference in different situations.
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