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Abstract—Smart grid is characterized by a large number of
smart meters (SMs) that exchange huge amounts of data with
control center, where an effective communication network is
required to guarantee reliable data transmission. In this paper,
we introduce software defined network (SDN) technology to the
smart grid, which decouples the control plane from the data
plane so as to satisfy the communication requirements in the
mart grid effectively. Aggregation points (APs) are employed
in the data plane to process and forward data between SMs
and control center. A general mathematical model is formulated
to plan the APs, where we try to minimize the total deploy-
ment cost, including the opening expenditure of the APs, the
connection cost between SMs and APs, and the connection cost
between APs and control center. We present a S-approximation
algorithm to address the generated NP-hard problem, which
yields performance-guaranteed solutions. Three representative
scenarios are investigated to verity the efficiency of our proposal.
Numerical results show that our proposed algorithm has great
advantages over other heuristic ones.

I. INTRODUCTION

As an evolution of conventional power systems, smart grid
employs advanced information and communication technolo-
gies to construct an intelligent bi-direction electricity and com-
munication network [1]. That is, a smart grid not only delivers
electricity from suppliers to consumers, but also uses a two-
way flow of data communications to exchange information
between consumers and suppliers to provide various services,
such as integrating renewable distributed energy resources,
applying demand side management and dealing with increased
energy trade [2,3].

Software defined networking (SDN), which decouples the
control plane from the data plane, is a promising method that
can meet the requirements of the smart grid communication
[4-9]. SDN can be applied for developing self-configuring
intelligent electric devices for the substation communication
network [10]. In [11], multicast transmission of measurement
unit data is handled by an SDN enable network to adapt dif-
ferent data rates requirements. Investigations in [12] indicate
that SDN can enhance data exchange and distribute resources
in the smart grid efficiently. A multi-layer SDN for the smart
grid is proposed in [13], where the southbound application
program interface is employed to the communication between
the data and the control plane.

In this paper, we introduce a novel SDN-based smart grid
communication architecture, as shown in Fig.1. Smart meters
(SMs) in the data plane gather energy consumption and control
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Fig. 1. Architecture of SDN-based smart grid communication.

information from residential and industrial consumers [14].
Recall that there are a huge number of SMs in the smart
grid, it is not practical to send these data to the control
center by deploying a direct link between each SM and the
control center. We suggest that multiple aggregation points
(APs) should be installed in the data plane, and each of
them serves its surrounding SMs to assist the information
exchanging between SMs and the control center. The data
generated by SMs, such as demand response information, will
be sent to the control center via these APs [15, 16]. Meanwhile,
the other way of data flow, such as the control information
for load management and price broadcasting, can be also sent
from the control center to SMs via these APs.

As can be seen from Fig.1, an AP receives data from its
serving SMs and send the data to the control center. Since
the SMs always generate a large amount of data, the AP
needs to compress the data before transmitting them for the
consideration of transmission efficiency. The compression ratio
usually varies from 1/2 to 2/3, depending on the correlation of
data [14]. In other words, the APs not only receive and forward
information, but also process the raw data originated from the
SMs. Thus planing APs is an important task for designing
such an SDN-based smart grid communication system. The
APs planning includes the installation of APs, the physical
links between each AP and its serving SMs, and the links
between the APs and the control center.



To reduce the capital expenditure of the smart grid com-
munication system, APs should be planned in a cost-efficient
way. Obviously, the key to achieve this goal is to minimize the
number of APs while considering the links cost between APs
and SMs, as well as the link cost between each AP and the
control center. Since power line communication (PLC) always
exists in the power systems, it is promising to use the PLC
to provide the links between APs and SMs. As for the link
between APs and the control center, it could be wired and
wireless communication as discussed in [17]. In this paper, we
employ the PLC to provide the communication link between
APs and SMs. The link cost will b discussed in detail in the
following section. To simplify analysis, the communication
cost between each AP and the control center is a given value.
We try to minimize the sum cost of the installation of APs,
the links between APs and SMs, and the links between APs
and the control center.

First, we give a brief survey of the related works. In
[18], a general mathematical model is given to plan the
APs which locate in the neighborhood area network of the
smart grid. However, the channel characteristic of PLC is
not considered in this work. In [19], the placement of data
aggregation services in smart grid communication network
is investigated, where the authors developed a minimum-
cost-forwarding-based asynchronous distributed algorithm to
find the optimal placement for the data aggregation service
tree with the minimal cost of in-network processing. The
controller placement problem in SDN is discussed in [20],
where the objective is to determine the number and the
locations of controllers, as well as the connection cost among
the controllers and the switches. The relay placement problem
in smart grid is studied in [21], where the optimization task is
to place the minimum number of relays so that all intelligent
devices in the smart grid can communicate with each other
via these relays under the constraint of the coverage range
of each relay. A 4.5-approximation algorithm is introduced.
The relay placement problem in [21] is different from the
APs planning problem investigated in this paper. The APs in
the data plane need not to communicate with each other. The
APs in our considered SDN-based sart grid communication
system work as the base stations in the cellular systems for
mobile communications. In [22], an optimal placement of data
aggregation points in advanced metering infrastructures for
smart grid is proposed. The objective is to minimize the total
installation and transmission cost. It yields an integer program
problem and the authors proposed K -means algorithm to solve
it efficiently.

In this paper, we investigate the APs planning problem
in the SDN-based smart grid communication system, which
has not been well discussed in the literature as far as the
authors have known. We show that the planning task leads
to a facility localization problem [23,24] and introduce an
efficient approximation algorithm to solve it. Three scenarios
with different SM densities are considered to verify our
proposed algorithm. Numerical results show our proposal
performs better than other heuristic methods, such as genetic

algorithm (GA) [25] and Tabu search (TS) [26]. Furthermore,
our proposed algorithm is performance-guaranteed, shedding
some insights on deploying a cost-efficient SDN-based smart
grid communication system.

The rest of this paper is organized as follows. In Section II,
we illustrate the PLC channel characteristics and formulate the
APs planning problem in the SDN-based smart grid system.
In Section III, we introduce a 5-approximation algorithm to
address the formulated optimization task. Numerical results
and discussions are given in Section IV. In Section V, we
conclude this paper and point out future researches.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Consider an SDN-based smart grid communication system
with M SMs, denoted by M = {1,2,..., M}. There are M,
control centers in the control plane. Here we only consider the
case of M, =1 to simplify analysis. Multiple APs are installed
in the data plane to serve the SMs. That is, an SM must be
connected with one and only on AP. Denote N' ={1,2,... , N}
as a set of candidate sites where the APs can be installed. PLC
is available for the communication links between the APs and
the SMs. Each AP is connected to one of the control centers by
the way of wired or wireless communication [17]. The number
of SMs is calculated as follows:

2
M = pspr?,

where r is the radius of the area of interest and pgps is the
density of SMs in the area. The value of pgjs is depend on
the area of interest being rural, urban or sub-urban [22]. To
make the rest of this paper easy to follow, we give a summary
of the notations frequently used in this paper in Table 1.

A. PLC Channel Model

PLC uses the existing power line infrastructure to provide
the communication links between the APs and the SMs in the
SDN-based smart grid [27,28]. The channel characteristics of
PLC can be subdivided into transfer function /¢ and additive
noise Ny. We assume that signal propagation only takes place
along a direct path between one AP and one SM. The loss
of power line cable causes an attenuation A(f,dis,,,) that
increases with frequency f and distance dis,,, between AP
n and SM m. B(f,disnn,) is the delay portion which is also
related to f and dis,,. Therefore, the transfer function Hy
can be expressed as

where g is a weighting factor representing the product of the
reflection and transmission factor along the path. It is not more
than one,

g<1.

The attenuation of power line cable can be characterized by
A(.f7 dZSnm) = 6(a0+a1f)'di5nm’

where ag and a; are cable parameters discussed in [29].



The delay 7 of the path between AP n and SM m

diSpmEr
T=—,
Vo
can be calculated from the dielectric constant &, of the
insulating material, the speed of light vy and the distance
diSnm between AP n and SM m. Therefore, the delay portion
B(f,dispm) can be expressed as

B(f,dispy) = e 257,

Thus the transfer function Hy can be expressed as

Hf =g- e(ag-%—alf)-disn,,n . e—27rjf~T.

Another channel characteristic is the background noise of
PLC. The power spectral density of the background noise is
a decreasing function of frequency. It can be calculated as

_ 105
Ny = 105-895107°F

where the value of K varies with the transmitter or receiver
locations [30]. Once an AP is selected, its location is also
fixed. Then the PLC channel noise is a constant value for a
given frequency.

B. Mathematical Model

The optimization objective of our APs planning problem
is to install the minimum number of APs in the candidate
sites N while considering the traffic demands of all the SMs
and all the links cost discussed above. Assume that each AP
n € N requires an installation cost of ¢, The connection
cost between an AP and the control center is P. When AP n
is selected for opening, the connecting cost between SM m
and AP n is ¢,,,,, which is related to the distance dis,,,,:

Cnm = O(diSpnm).

We assume the connection cost ¢,,,, is linear to the distance
disnm for simplicity. However, tt is intuitive to extend our
results to other convex cost functions.

Define x,, as an index variable that indicates whether AP n
is selected for opening or not:

| 1 if AP n is selected,
=1 0 otherwise.

Let Y., be an index variable to show whether SM m is
connected to AP n or not:

] 1 if SM m is assigned to AP n,
Ynm =1 0 otherwise.

SM m € M requests a traffic demand d,,, and AP n € N/
is equipped with a capacity of w,. The APs installed in the
area of interest should satisfy all the traffic demands of SMs
in this area. Meanwhile, the traffic demands of SMs served
by an AP cannot exceed the capacity limitation of this AP.

TABLE I

NOTATIONS
Symbol | Semantics

N Candidate sites set for placing APs

M SMs set

M, Number of control centers

cAP Installation cost of AP n

Tn Index variable showing that AP n is selected or not
Ynm Index variable indicating whether SM m is assigned to AP n or not

dm Traffic demand of SM m

diSpm Distance between SM m and AP n
PSM SM density
Cnm Link cost between SM m and AP n
P Link cost between AP and control center

Wy, Capacity of AP n

OPT Optimal value
c; Per unit cost of distance to AP n
Ny, Cluster centered around SM k
k Center of Ny
C Set of cluster center
F Set of APs that could be selected
Fo APs in F' that fractionally serve SM m
Bm Set of unclustered APs
n*(m) | AP in A,, nearest to m
Am Set of APs not in By,

Mathematically, our APs planning optimization problem can
be written as follows:

min Z cfpxn + z Z CnmYnm + Z an
Tn,Ynm neN neN meM neN
s.t. Cl : Z Z dmynm 2 Z dma
neN meM meM
Co: Y dmYnm < WpTy, VN EN,
meM

Cs:| Hy |> Q X Ynm, Vn e N, Vm e M,
Cy:%n 2 Ynm, VN e N, Vm e M,

Cs: Y Ynm=1,VYmeM,
neN

Ce:wp€{0,1},VneN,
C7: Ynm € {0,1},Vne N ,me M,
(D

where
Q = Qa ' Qb-

Q. and @, are the attenuation limit and the delay limit of the
links between APs and SMs, respectively. The first term of the
objective function accounts for the installation cost of APs.
The second term is the link costs between SMs and APs, and
the third term is the link costs between APs and the control
center. C; guarantees that the total traffic demands of SMs
should be satisfied. Co means that the sum traffic demand
provided by an AP cannot exceed its capacity limitation. Cs
is the attenuation and relay requirements between APs and
SMs. C4 means that an SM should be served by an AP that
has been selected to open. Cs and C7 ensure an SM can be
served by only one AP. Cy is intuitive.



III. PROPOSED ALGORITHM

Equation (1) defines an integer programming problem that is
NP-hard. It falls into the general facility location problem class
[23,24]. The main difficulty of solving (1) lies in the integer
constraints which usually generate exponential complexity if
the optimal solution could be worked out. An intuitive way
to tackle such kind of problems is the heuristic methods
such as TS and GA, which can yield feasible solutions
with reasonable complexity. However, these methods cannot
give a provable gap between the produced solutions and the
optimum of the original problem. In this paper, we introduce
a S-approximation algorithm to produce quality guaranteed
solutions. The relaxation form of (1) can be written as follows:

min Y T+ X X Com¥Ynm
Tn Ynm neN neN meM

s.t. 01: Z Z dmyan Z d’m.,
neN meM meM

Cr: Y dnYnm S WnTy, V0 E./\[,
meM

Cs:| Hy |> Q X Ynm, Vn e N,Vm e M,
Cy: %y 2 Ynm, VN €N, ¥Yme M,
Cs: Y Ynm=1,YVmeM,

neN

2

Ce:0<x, <1,YneN,
Cr:0< Ynm <1, Vn e N,me M.

where

Cp = cfp +P.

Equation (2) is the linear programming relaxation of (1), where
the integrality constraints Cg and C7 of (1) are relaxed to
rational values between 0 and 1. The dual form of (2) can be
written as follows:

max Y, Qun
meM
s.t. Crioun < Cpm + Bum + A yn + Hypn,

CQ : Z 5nm < Cp t 6n - Qpna (3)
meM

Cs: amaﬁnma’Ynaénvpn > 0.

— WnYn

Qs Brums Vns Ony P are dual variables. The original problem
(2) is convex and is equivalent to the dual problem (3). We can
take a,, as the total cost of SM m including the connecting
cost and the deployment cost of the AP that serves SM m.
That is, «,, also includes part of the installation cost of this
AP.

A special case of (2), for which there is only one SM,
plays an important role for designing our proposed algorithm.
Assume that only one SM k € M exists, the special case can

TABLE II
GREEDY ALGORITHM FOR THE SINGLE SM CASE

Algorithm: Greedy Algorithm

1: Initialize gy, = vn, = 0;

2: for m in increasing order of (2 + c,n);
n

3: while Dy #0

4 gn = min(wy, Dg);
5. wp = gj’; ;

6 Dy = Dy, - gn;

7:  end while

8: end for

9: return (g, v)

be described as follows:

min Y ¢, v, + Z cn gn

Unydn n
st. Ci1: Y gn> Dy,
neLy

Cs: gn S wpvy,, Y0 e Ly,
03 :| Hf |Z ana Vn e Lk7
Cy:iv,<1,¥ne Ly,

“4)

05 *Uns Gn 207 V?’lELk,

where Ly, is the set of APs that fractionally serves SM k. Dy,
is the total traffic demand served by these APs, and c;L is the
cost of connecting SM k with AP n; v,, indicates if AP n is
open or not; g, is the traffic demand assigned to AP n. Set
Uy, = 9” , and we can obtain a feasible solution with no greater
cost. Therefore we rewrite (4) into the following form:

min ¥ (% + ¢,)gn
9n n Wy
st. Ci1: Y gn>Dy,Vne Ly,
neN 5)
C2 “Gn Swnavne Lkv

C3:9,20,Yne Ly.

We propose a Greedy algorithm for the single SM problem as
shown in Table II, by which an optimal solution to (5) can be
obtained. The solution generated the greedy algorithm has the
following property: at most one of the v,’s is not zero; if it
exists, it falls into the interval 0 < v,, < 1.

By decomposing (2) into a collection of single SM case that
can be solved independently, we can obtain the optimal frac-
tional solution of (2). Then we introduce an efficient rounding
technique to yield a feasible solution to (1) with quality
guarantee. Stack x and y into a vector x = {z1,x9,...,ZN}
and a vector y = {y11, Y12, ---, YN }» respectively. Let (x, y)
be the optimal solution to (2). Denote F' = {n : z,, > 0} as
the set of APs in (x,y), and Fy,, = {n : n € F,yn, > 0}
as the set of APs in F' that fractionally serve SM m. Our
proposed approximation algorithm can be divided into two
step: clustering and rounding.



TABLE III
PROPOSED ALGORITHM FOR APS PLANNING PROBLEM

Step 1: Clustering

Clustering:
2: while S # @ do

3: for m in increasing order of cm,

4: B :{nGFm 3n¢UkeCNk7cnmSminkeccnk};
5: S=5\m;

6: while B, # @

7: k=m;

8: Ni = Bm;

9: C=Cu{k};

10: end while

11: end for

12: end while

13: U = F — Ugec Nis

14: for n € U do

15: if k = argmingec cnp
16: Ng=Npu{n};

17: end if

18: end for

Step 1: Clustering. Partition the APs with x,, > 0 into
clusters and each of them can be centered around an SM. We
call it as the cluster center. Denote the cluster centered around
SM k as Nj,. The cluster IV, consists of SM k, the set of APs
assigned to it, and the fractional demands served by these APs,
that is, 3,,cn, 2m Ynm- At the clustering step, the following
two properties are held:

(1) ZneNk Tn 2 %;

(2) if the APs in Nj serve SM m, the center k is not too
far away from SM m.

Let C' be the set of current cluster centers, which is initially
empty. For each SM m ¢ C, B,, represents the set of
unclustered APs that are closer to it than to any other clustered
center, i.e.,

By ={meF,,:ne|J Ng,cpm <mincyy}.
keC keC

To find all cluster centers, m € M is ordered in the increasing
of a,,, and the cluster Ny, can be formed by B,,,. The procedure
of clustering is described in Table III.

Step 2: Rounding. In this step, we decide which AP will be
fully opened in each cluster. For each cluster obtained in the
first step, it can be tackled as the single SM problem. There-
fore, the cluster NV, can be obtained by the greedy algorithm
shown in Table II. Then we have Ly = {n € Ny :x, <1} and
Dy =Y er,. Zm dmYnm, where the tuple of (gflk),v,(lk)) is an
optimal solution produced by the algorithm in Table II. While
0< vflk) <1, all APs are fully opened in Ly, i.e., x,, = 1 for
n € L. Piecing together the solutions for all clusters, z,,’s are
assigned by {0,1}. Once all APs have been fixed, each SM is
assigned to the closest AP around it.

Lemma 4.1 and 4.2 show that the cost ¢, is bounded.

TABLE IV
THE PROPOSED ALGORITHM FOR APS PLANNING PROBLEM

Step 2: Rounding

Rounding:

19: for each Ng

20: Lig={neNg:zn,<l}

21: Di = Eper;, Xm Ynm;

22:  find ( gﬁk),vg,,k)) by greedy algorithm in Table I and
calculate the value O;;;

23: end for

24: for each Ny,

25: while 0 < vF <1

26: Tn =1;
27: end while
28: end for

Lemma 4.1. Consider SM m and AP n € A,,. If AP n is
assigned to the cluster Ny, then cpi < Q.

Proof: If SM m is a cluster center, we can get c,,, <
oy, with the analysis of complementary slackness. It can be
verified as follows. Denoe C' as the set of cluster centers when
SM m is removed from S. Since n ¢ B,,, we have

Cnm > l?lelc‘n' Cri! -

Let C be the set of cluster centers when AP n is assigned to
Ny. So k is the cluster center closest to n among all cluster
centers in C' , that is:

Cnk = kg:lcg, Crie’ -

Hence,

Cnk < Q.

Lemma 4.2. Consider SM m and AP n € F,, ~ A,,. If
m € C, then ¢,k < Cpms Otherwise, ¢k < Cpm +Cn* (m)ym + Qe

Proof: If SM m is a cluster center, when it is removed
from S, we can construct the cluster N that is equal to the
current set B,,, which is also F,,, \ A,,. Then we can simply
get cpk < Cum.-

Suppose m ¢ C. Let k' e C be the cluster center if AP
n*(m) is removed from B,,, we have

Cp ('rrL)k’ < Cp (m)m-
Since

Qpr < Oy,

we also have

Cn*(m)k" <Oy



Using Lemma 4.1., we have

an = mlnk,EC” anu

<cpm + Cp* (m)m + Cn*(m)kl (6)

< Cnm + Cpt(m)m T Om-

|

Let k(n) € C denote the cluster where AP n is assigned, we
can obtain that n € Ny (). (gflk),vfzk)) construct the optimal
solution to (9) and the value is Oj. Define R; = {n:z, <1}
and Ry = {n: z, =1}, we can obtain the following Lemma
4.3 which shows that the optimal solution to the single SM

case problem is comparable to the OPT.

Lemma 4.3. The  optimal
ZneLk CnUn + Xm ZneLk CnkYnm,
ZRl CpUp + Zm ZRl CnkYnm-

Proof: Set

value O}
and ZkeC Ol:

ININ

Up = Tn,

and
’g\n = Z dmynma
m

for all n € L. The AP cost is at most

Z CnUp = Z CnUn-
neLy neLy

The second bound follows from the first since the clusters IV,
are disjoint. Then we can prove the lemma. ]

Let T be the 0—1 vector indicating which AP is open. That
is, T,, = 1 if n is open, and 0 otherwise. Let 7() be the portion
of @ consisting of the APs in L, we can show that the cost
of the solution is bounded by aggregating the bounds obtained
for each partial solution.

~(k k) .
Lemma 4.4. ZneLk Cnxgl )+ Zm ZneLk Cnm@;(wr)L s at most

O; +2 ZnENk CnZpt Zm ZneLk CnmYnm + Zm ZnELk CnkYnm-

Proof: First, it is intuitive that 3, .y, T 2 D e, Ynk 2 %
since [Vy, is generated with this property in the first step. Since
all APs have the same cost, the cost of the APs in N, is

c<c-2 Z Ty =2 Z CnTop.
neNy neNy

Therefore, the AP cost 3,1, cnfislk)

Z can(Lk)-r? Z CnTn-

nely neNg

is at most

The service cost ¥, ¥ per, cnm?j,(ff% can be
Z Z anyg:% + Z Z kaﬂgf%'
m neLy m neLy

So the service cost is

m neLy

Z CnyT(lk) + Z Z (Cnm + an)ynm
neLy m neLy,
(7

Recall that O}, = ¥,.cp, (cnv,(lk) +cng,(lk) ), the lemma is proved.

|

Next, we prove a bound of the opening APs cost and the
related connecting cost.

Lemma 4.5. The sum of opening APs cost and connecting
cost is at most 3., Y r, CmYnm — 2o, On.

Proof: For AP n that §,, > 0, we have x,, = 1. Consider
Equation (5-7), we have,

Y 0mYnm = 2 CnmYnm + 2 BnmYnm + X YnYnm
m m m m

= Z CnmYnm t Z Bnmxn + WpYnTn (8)

m m

=) CnmYnm + Cn + On-
m

Yo Brm + WpYn = Cp + 0. So Lemma 4.5 can be proved by
sum all n with z,, = 1. |

Finally, we can prove our main results that is shown in the
following Lemma 4.6 using these bounds.

Lemma 4.6. The total cost of the solution returned by
Algorithm 2 is at most 5-OPT.
Proof: The proof is referred to Appendix A. [ ]

IV. NUMERICAL RESULTS AND DISCUSSIONS

As can be observed from Lemma 4.6, our proposed algo-
rithm is approximation algorithm that can provide the worst
performance guarantee for the APs planning problem in the
SDN-based smart gird. In this section, we verify the efficiency
of the algorithm in three representative scenarios: urban, sub-
urban and rural. We compare the performance of the proposed
algorithm with other heuristic methods that can be employed
to address NP-hard problems with reasonable complexity: GA
and TS. We will show that our proposal outperforms others
for all considered scenarios. The parameters of the GA and
the TS employed in this work is summarized in Table V.

Consider a certain area served by an SDN-based smart
grid communication system, where all the SMs and the
candidate sites to install the APs are uniformly distributed
within an area of 1 by 1 kilometer for urban, suburban and
rural environments. The capacity w,, of AP n is distributed
uniformly within (600,900). The traffic demand d,,, of SM
m is distributed uniformly within (20,30). The number of
SMs, the control center and the candidate sites to install
APs are summarized as Table VI for different scenarios. The
communication technology in data plane is PLC and the
frequency of PLC channel is 15M. The weighting factor g
is 1. The attenuation limit ), and delay limit @, of the
links between APs and SMs are 15 and 20, respectively.
ao =6.5-10"2 and a; = 2.46-107°, which have been proposed
in [29]. Without loss of generality, we assume the installation
cost of each AP is the same.

Numerical results yielded by our proposed algorithm are
given in Fig.2-4, where the black circles represent the can-
didate sites for installing APs and the red squares are the
locations of SMs. Fig.2, Fig.3 and Fig.4 correspond to urban,



TABLE V
PARAMETERS OF GA AND TS

Parameters of GA Parameters of TS
Population size 100 Tabu size (active) 3
Crossover probability 0.7 Tabu size (candidate) 7
Mutation probability 0.3 Iterations 300
TABLE VI

PARAMETERS OF THE SYSTEM IN DIFFERENT SCENARIOS

Scenario PSM N M. SMs per AP
(perkm?)
Urban 1000 500 1 34
Suburban 500 500 1 22
Rural 10 500 1 2

suburban and rural areas, respectively. Table VI shows the
average number of SMs served by an AP in different scenarios.
In Fig.2-4, the sub-figure on the left shows the distribution of
SMs and the candidate sites for deploying APs. And the right
one shows the selected APs by our proposed algorithm, as
well as the links between the SMs and the AP serving them.

Since the SMs are sparse in the rural area, we can observe
from Fig.2 that there are on average much fewer SMs served
by an AP as compared to the suburban and urban scenarios
shown in Fig.3-4, where on average 22 and 34 SMs are
connected to one AP. Moreover, from Fig.2-4 we can see that
our proposed algorithm can produce load balanced planning
results for all considered cased. In other words, our proposed
algorithm can fully exploit the capacity potential of each AP,
leading to the minimal number of required APs for serving
given number of SMs. So we can conclude conservatively that
our proposal is cost-efficient.

To verify the promising performance of our proposed algo-
rithm, we also compare it with other representative heuristic

250 T

[ Approximation Algorithm
[ Genetic Algorithm
I Tabu Search

Average deployment cost
T
I

60 90 120 180 240

Number of SMs

Flig. 5. Average deployment cost as the number of SMs M changes. N = 500,
caP =93, YneN, P =10, cpm = 0.001disnm, ¥n e N,m e M.

methods that can tackle our formulated problem. Fig.5 shows
the average costs as a function of the number of SMs, which
are produced by our proposed algorithm, the GA and the TS
discussed above. The cost of AP n is set to ¢;'¥ = 9.3 and
the connection cost between AP n and the control center is
set to P = 5. The connection cost between AP n and SM m
for PLC is ¢y, = 0.001dis,,,, where dis,,, is the distance
between the SM and the serving AP. As can be seen from
the Fig.5, our proposed algorithm outperforms the GA and
the TS remarkably. The cost of our proposal is about 20%
lower than that of the TS. Obviously, when the number of SMs
increases, the total deployment cost is also increases. Recall
that our proposed algorithm has the worst case performance
guarantee which is difficult even impossible for other heuristic
methods to achieve such a performance. It is promising for
applications in the SDN-based smart grid communications
where scalability and reliability are essential prerequisites.

V. CONCLUSION

In this paper, we studied the SDN-based smart grid com-
munications, where the data plane and the control control
are decoupled to provide flexible two-way flow of data com-
munications for the smart grid. The APs planning in data
plane plays an important role for such an SDN-based smart
grid communication network. We formulated a general APs
placement problem and introduce a 5-approximation algorithm
to address it. Our proposed algorithm can yield solutions
with the worst case performance guarantee. Moreover, it
outperforms other representative heuristic methods for all
considered scenarios as verified by numerical results. In future
work, hybrid networking model should be investigated for the
communication links between APs and SMs, e.g., both wired
and wireless technology can be selected for these links in
practical environment, depending on the density of SMs, traffic
requirements of SMs, as well as the installation and connection
cost between APs and SMs.

APPENDIX A
PROOF OF THEOREM 4.6

To bound the total cost, it suffices to give a fractional
assignment Z,,, such that 7,7 are feasible solutions to (2)
and have the cost at most 5- OPT. Set Upm = Ynm for every
AP n with x,, =1 =7T,,. Then

Z Z cn?fn + Z Z Cnmynm = Z Z AmYnm — Z 677, (9)
m Rs m Ro m Ro n
(,7) satisfies ¥, Unm = 2R, Ynm + LR, Znm- Since the
clusters Ny, are disjoint, by Lemma 4.5 we have,

Y CnTn + 2 Y CamUnm
Ry m Ry

keC m Ry m Ry
3Y T+ X X CamYnm +22 % Cnk(n)Ynm-
n m Ry

le

(10)

For any SM m and AP n € F,,, if n € A,,, then we have
Cnk(n) < Qum; otherwise, cnk < Cpm + iy for m € C, and
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(b) Selected APs and the connected SMs in rural area

Fig. 2. APs placement for rural area
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Fig. 4. APs placement for urban area



Cnk < Cpm + Cn*(m)m + gy

for m ¢ C. Plugging this in the

above expression,

Y CnTn + 2 Y CamUnm

Ry m Ry
<3Y CnTn+ 2 Y Cam¥Ynm 22 2 mYnm (11)
n m Ry m Ry
+2Y Y CamYnmt X 2Cn*(m)m > Ynm-
m nix, <l m¢C Ry
For m ¢ C, denote n € A,, as Rs,
Cn*(m)m = ngn Com, < — <2 chmynm. (12)
3 Ynm Rs
3
This implies that
> CnTn + 2 Y ComUnm
Ry m Ry
<3YcnTn+ X 1%: CnmYnm + 22 }%: AmYnm
n m Ro m Ro
m Ry m¢C Rg
<23 I%: UmYnm t 3(2 CnTp + 22 Cnmynm)-
m Ry n m n
Combine (12) and (13), we obtain that
Ctotal < (Z Z AmYnm — Z(Sn) + 2 Z Z AmYnm
m Ro n m Ro
+3(Z CnTn + 2.2 Cnmynm)
§2 Zzam nm_zén
(% 3, comblom = 2 (14)
+Z Zamynm)+3'0PTI
m R1
=5-0OPT;.
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