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In a wireless sensor network (WSN), the energy of nodes is limited and cannot be charged. Hence, it is necessary
to reduce energy consumption. Both the transmission power of nodes and the interference among nodes influence energy
consumption. In this paper, we design a power control and channel allocation game model with low energy consumption
(PCCAGM). This model contains transmission power, node interference, and residual energy. Besides, the interaction
between power and channel is considered. The Nash equilibrium has been proved to exist. Based on this model, a power
control and channel allocation optimization algorithm with low energy consumption (PCCAA) is proposed. Theoretical
analysis shows that PCCAA can converge to the Pareto Optimal. Simulation results demonstrate that this algorithm can
reduce transmission power and interference effectively. Therefore, this algorithm can reduce energy consumption and

prolong the network lifetime.

Keywords: wireless sensor network, power control, channel allocation, energy balance
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1. Introduction

Wireless sensor network (WSN) is a hot research topic in
the field of information science and computer networks.!!! It is
widely used in military, environment, medical treatment, and
other fields.!?! The WSN is made up of a large number of mi-
cro sensor nodes. ! Nodes are randomly deployed in or near
the monitoring area. They constitute a network in the way
of self-organization.[*! However, the energy of nodes in the
network is limited and residual energy is unbalanced. It will
stop transmitting data once the energy of nodes is run out. %)
With increasing the number of dead nodes, the network will
be paralyzed, which may cause the network to stop working
finally.[®] Besides, due to the vulnerability of the network,!”]
energy consumption of nodes plays an essential role in the net-
work connectivity. Hence, it has become a key problem to re-
duce energy consumption and prolong network lifetime in the
research of WSN.

Power control is one of the key technologies in WSN, [®!
it is mainly concerned with how to design efficient algorithms
for nodes to choose power on the premise of network connec-
tivity. It can reduce the transmission power of nodes as much
as possible and make the network form a sparse topology,
which achieves the purpose of reducing the network energy
consumption. ! However, power control with a single channel
often causes a large number of data to retransmit because of
channel conflict.!'%! The performance of anti-interference and

[11

low energy consumption decline.!'!! Multi-channel technol-
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ogy is an essential means to reduce network interference and
improve the channel utilization. It breaks the bottle neck that
all the data and signaling transmit through the same channel,
which improves network throughput and optimizes utilization

(121 However, there exists unnecessary energy

of the spectrum.
consumption. In recent years, there have been some schol-
ars, who work on joint power control and channel allocation
optimization problems, which can both reduce network inter-
ference and energy consumption. The network performance is
improved further.

Based on the above issues, a power control and chan-
nel allocation game model with low energy consumption
(PCCAGM) is proposed in this paper. The purpose is to re-
duce the power of nodes and interference among nodes. In this
model, the limitation of and unbalance among nodes’ energies
are taken into account. According to the game model, we con-
struct a power control and channel allocation optimization al-
gorithm with low energy consumption (PCCAA). Theoretical
analysis and simulation experiments show that this algorithm
can effectively improve the network performance and prolong
the network lifetime.

The rest of this paper is organized as follows. In Section 2
some relevant work is introduced. In Section 3 a power control
and channel allocation game model with low energy consump-
tion is presented. According to this model, a power control
and channel allocation optimization algorithm with low energy
consumption is put forward in Section 4. In Section 5 the sim-
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ulation experiment is carried out. Finally, some conclusions
are drawn from the present study in Section 6.

2. Relevant work

Energy limit is an important characteristic in WSN. Since
WSN was put forward, how to reduce energy consumption has
become a key problem.

In recent years, multi-channel allocation technology has
been widely used in WSN, which is an effective solution to
communication interference. A greedy tree algorithm based
on static channel allocation is proposed by Terzi and Kor-
peoglu in Ref. [13]. This algorithm divides the network into
multiple trees. It allocates channels for every tree through the
interference measured by the distance of nodes. The algorithm
improves the network throughput and reduces the packet colli-
sions and loss. A static channel assignment algorithm GBCA
presented in Ref. [14] allocates channels for all links in the
network. It makes full use of network topology and rout-
ing information. The algorithm not only reduces the inter-
ference that a node suffers but also reduces the interference
that the node generates with other nodes. Static channel al-
location method is easy to realize, but it is difficult to adjust
dynamically when the network topology changes. Hence, a
dynamic channel allocation algorithm was proposed by Mar-

3] 1t reallocates channels for the nodes in

tinez and Andrade.
the network when the level of nodes’ interference and noise
change. This algorithm effectively improves the data trans-
fer rate between the nodes. Besides, a distributed energy-
efficient solution for multi-channel allocation was put forward
based on the routing, aiming at the problems of interference
and faults in Ref. [16]. This solution implements a fault re-
covery mechanism. It not only reduces the network interfer-
ence, but also guarantees the connectivity of a network, which
makes the entire network operate normally. These two algo-
rithms need to switch channels constantly in the process of
operation. It greatly increases node energy consumption and
reduces the network lifetime. In order to solve this problem,
a multi-channel MAC protocol was proposed by Gireesan and
Krishna,['”! which increases the spatial reuse rate of WSN.
In the multi-hop wireless network, this protocol improves the
network capacity and increases the network throughput. But
it neglects the imbalance of nodes’ energy in a network. If
the energy consumption of a node with less residual energy is
larger, it will speed up the node’s death rate.

With the development of wireless network technology,
the requirement for wireless network equipment is higher.
Channel allocation technology alone is not very good to im-
prove the performance of a network. Hence, there are many
algorithms combining power control and channel allocation.
A distributed topology control and channel allocation algo-
rithm (DTCCAA) was proposed using the residual energy and

interference of nodes.!'8! The DTCCAA algorithm considers
the relationship between the transmission power and channel
of nodes, which has good network performance; however, the
algorithm lacks accuracy in the description of network inter-
ference. In Ref. [19], firstly a maximum PRR spanning tree
was constructed, then the PRR of links on the tree was further
improved through adjusting transmission power and channel
of nodes. However, the algorithm ignores the relationship be-
tween power and channel. Joint topology control and channel
allocation optimization algorithms were proposed in Ref. [20]
and Ref. [21], aiming at multi-radio multi-channel wireless
sensor network. Theory and simulation showed that the pro-
posed algorithms can effectively reduce the network interfer-
ence, improve the channel utilization and reduce the packet
loss rate of nodes under the condition of network connectiv-
ity. A kind of network optimization algorithm was designed
based on power control and channel allocation./??! The algo-
rithm adopted the method of power control and channel allo-
cation to optimize the specific range of WLAN, which maxi-
mizes the effective bandwidth of WLAN. At the same time, it
ensured the balance of network load. Simulations verified that
the scheme can improve the network throughput and balance
the network load. However, the above algorithms ignored the
imbalance of nodes’ residual energy. Once the nodes’ energies
are depleted, it may cause the network to be unconnected and
affect the normal operation of the network.

Game theory can deal with the problem in which each
factor is contradictory. It is widely used in a wireless network.
Ref. [23] proposed a cross-layer algorithm for a multi-hop
cognitive radio network by process of a sequential game. The
three-layer resources of path, channel, and power are located
simultaneously. However, this algorithm cannot converge to
the Nash equilibrium eventually. In order to solve this prob-
lem, a joint game algorithm of power control and channel al-
location considering channel interval and relay transmission
(JACIRT) was designed in Ref. [24]. The JACIRT mainly con-
siders the channel interval and the interference among nodes,
which reduces the energy consumption of channel switch in
the process of communication. However, the algorithm ig-
nores the influence of power on energy consumption.

According to the above existing problems, in this paper
we firstly construct a model PCCAGM. Then an algorithm PC-
CAA is designed. The approach is different from the above
mentioned strategies.The unique features are shown as fol-
lows.

(1) In this paper, the model PCCAGM is proposed using
the network connectivity, residual energy, and interference of
nodes. The objective is to maximize the utility function so that
the network performance is optimal. Besides, the PCCAGM
is constructed based on the influence of power and channel on
the node’s energy consumption, which provides the theoretical
basis for the algorithm that follows.
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(ii) The PCCAA is presented based on the distributed de-
sign idea, which reduces the complexity of calculation. Be-
sides, in the PCCAA, each node accordingly changes its chan-
nel when its power decreases, which realizes the collaborative
optimization of power and channel. Therefore, the energy con-
sumption is reduced effectively.

3. Power control and channel allocation game
model with low energy consumption

3.1. Problem analysis

In the WSN, the lifetime of a node is determined by its
residual energy and average unit energy consumption. The
power and channel that a node chooses may influence its en-
ergy consumption. Meanwhile, the interference a node suffers
can reduce the data transmission successfully. Data retrans-
mission increases the additional energy consumption. If the
energy consumption of a node with smaller residual energy is
larger, it may die prematurely, which leads to abnormal oper-
ation of the network. The literature mentioned above ignored
the relationship among power, channel, and residual energy.
In this subsection the relationship is mainly analyzed from
the following two aspects in which the power,interference, and
residual energy of nodes are considered.

1) Relationship between the transmission power of
a node and its energy

The energy of nodes in WSN is limited. Besides, the
residual energies of the nodes are unequal. If the node with
less residual energy chooses larger transmission power, it will
quicken to death. Therefore, the node with less residual en-
ergy should choose the transmission power to be as small as
possible. The relationship between the energy of any node i
and its transmission power can be represented as follows:

o(p (i) = 229 i) (1)

In the formula, Ey (i) is the initial energy of node i, its
residual energy is E, (i), and the transmission power of node i
is p (i).

2) Relationship between interference and energy of
nodes

The data may be retransmitted because of network inter-
ference. The process of data retransmission would cause ex-
tra energy cost. So, it is necessary to allocate channels with
less interference for nodes. The node should consider not only
the interference it suffers, but also the interference it generates
with other nodes. If the interference a node generates with
other nodes is larger, other nodes may increase their transmis-
sion power in order to transmit data accurately. In this way, the
interference node i suffers may increase. Therefore, we define
the interference node i suffers and generates with other nodes
as node interference. When the transmission power of node i

is p and the channel it chooses is ¢, the node interference can
be expressed as follows:

Ii(p,c) = Z, p () hji+ Z, p@Dhi. (2
d(j.;)ﬁ:i?/(i) d(i«,/f)ﬁé;(k)

Here, d (i) is the transmission radius of node i; the in-
terference distance of node i is d’(i). Generally, we define
the node interference distance is twice the node transmission
radius, "1 namely d'(i) = 2d(i); d(i,j) represents the Eu-
clidean distance between node i and node j, and d(i,j) =
d(j,i). Node that j is in the interference range of node i. Node
that k is the node whose interference range includes node i.
The path gain between node i and node j is &;;, and h;; < 1.

In Eq. (2), the node interference only consists of the trans-
mission power of nodes. In fact, the energies of nodes should
not be ignored. It may influence the normal operation of the
network if the nodes with smaller energy prematurely die be-
cause of the interference. Hence, considering the nodes’ resid-
ual energies, node interference can be represented as follows:

: _ p(j)hji p (i) hix
Ji(p,c) = C_/;i-, £() + Ck;,-., £ 3)
d(j,i)<d'(i) d(ik)<d' (k)

In Eq. (3), E (i) and E (j) denote the residual energy of
node i and node j respectively. The formula indicates that the
residual energy of neighbor nodes is smaller, the effect on the
node interference is greater. Hence, other nodes should select
a different channel from the node with less residual energy to
reduce the node interference.

In the WSN, the power of a node influences its energy
consumption, at the same time the interference a node suffers
and generates with other nodes affects its energy consumption.
Combining the above analysis, this paper will allocate power
and channel for every node to reduce energy consumption of
the two aspects.

There are many choices for nodes to choose the trans-
mission power and the receiving channel when constructing
topology in WSN. Because of the selfishness of nodes, each
node wants to choose the power and the channel that makes its
performance better. However, the choice of a node will affect
the performances of other nodes. This characteristic that the
nodes are independent of and interact with each other is sim-
ilar to the strategy choices of participants in the game theory.
Therefore, the problem of power control and channel alloca-
tion in the WSN can be converted into a game problem to be
analyzed.

3.2. Establishment of game model

Game theory is a new branch of modern mathematics.
Game theory is composed of three factors, and it can be ex-
pressed as G = {I,S,u}, where I is the player set, S is the
strategy space, namely the strategy set of all participants, and
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u is the utility function. The information about WSN relates to
the three factors of game theory. Hence, a power control and
channel allocation game model with low energy consumption
(PCCAGM) is established. It can be expressed as follows:

i) Player set I:
{1,2,...,i,
the network. That is to say, all the nodes in the network are

Player set I is denoted by I =
.,N}, where N is the total number of nodes in

the participants of the game. Here, i is a random node in the
network, —i represents the other nodes except i.

ii) Strategy space S: The S is the strategy set of all par-
ticipants. It can be represented as S = {S;,S_;}, where S; de-
notes the strategy of node i, while S_; is the strategy vector of
the other nodes. The strategy of node i can be expressed as
S; ={(pi,ci)}, where p; € P and ¢; € C. p; being the transmis-
sion power of node i, P the optional power level set of node i,
c; the channel node i chooses, C the optional channel level set,
andC=1{1,2,...
can be used in the network.

,n}, n the maximum number of channels that

iii) Utility function u: The utility function of all nodes
in the network can be denoted as u = (uy,uz, ..., u;, ..., un),
where u; is the utility function of any node i under the strategy
of S;. In order to solve the above problem, the utility function
u;(p,c) of node i can be described as follows:

ui(p,c
= fi(p,c [agf max+aE( )+2Bnlp§nax:|
_aE (l)p BJ (pa )
= fi(p,c) [06?8 X+ oE; (p )+2ﬁnzp§“ax} —Ofgfgp
B p(j)hji p () hiy
Pl X TEG Tk EG @

d(ji)<d'(i) d(ik)<d' (k)

We include a glossary of terms that have been used in this
game model in Table 1.

Table 1. Glossary of terms used in this game model.

Notation  Definition

fi(p,c) The connected factor of the network

pi The maximum transmission power of node i.

Ei(pi) The average value of E, (j)/Eo(j), where j is the neighbor
node of node i with the maximum transmission power.

o, B The non-negative weighting factors.

A detailed description for the utility function is as fol-
lows.

() In order to improve the neighbor nodes’ average resid-
ual energy of node i, m is introduced into the utility func-

tion. It can be expressed as

»M—‘

S
j=1 (/)
k is the number of node i’s neighbor. E,(j) and Ey(j) are the
residual energy and initial energy of node j respectively.

M) fi(p,c) =1 represents that the network is connected.
If the network is unconnected, we set f;(p,c) = 0. The utility
value of node i is at[Ey (i) /E\ ()] p™™* + aE; (pi) +2Bn;p™™* in
the case of network connectivity. Since pmax > hijp (j)/E (j),
Pmax > hijp (i)/E (i), n; > ra(i), we can obtain 2n;p™™* >
Ji (p,c). For p™* > p;, this formula

Eo (i) Eo(i)
E,(l) E, (i)

can be obtained. Obviously, the utility value with the con-

(04

max+aE (pz)+2ﬁn1p pi+BJi(p, )

nected network is larger than with the unconnected network.

(IIT) The non-negative weighting factors @ and B not
only affect the proportion of their corresponding factors in the
utility function, but also play a role in balancing the orders of
magnitude of the influencing factors. When the utility value
of the network node is maximum, it can not only reduce the
network influence, but also make the node with less residual
energy choose smaller power, which achieves the purpose of
balancing the network energy and prolonging the lifetime of
the network.

3.3. Game-theoretic analysis of game model

In a game model, since the interests of participants could
conflict with each other, any participant may make an optimal
reaction according to others’ strategies to maximize its ben-
efit. A strategy combination is made up of all participants’
strategies. In a strategy combination, if the other nodes do not
change their strategies, there is no participant choosing other
strategies to change this state. Then the strategy combination
reaches the Nash equilibrium. The definition of Nash equilib-
rium is described as follows.

Definition 1 (Nash equilibrium (NE)) If any i € N and
s; € S; satisfy the following inequality in a strategy combina-
tion s* = {s7,s3,...,5;}, this strategy combination is an NE of
game G = {I,S,u}:

u; (s;-k,s*_l-) >u; (s,-,s*_l-) ) %)

A game may have one or more NEs, but there may
not exist an NE. In order to guarantee the existence of NE,
Monderer(>! put forward a special game: ordinal potential
game. There is at least one NE in the game. The definitions
of ordinal potential game and ordinal potential function are
shown as follows.

Definition 2 (Ordinal potential game & ordinal poten-
tial function) If there is a function V: § — R satisfying the
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following relation and the game G = {/,S,u} is an ordinal po-
tential game:

\%
o

< ui (pi,p—i) —ui (qi, p—i (6)

then function V is an ordinal potential function.[>>! Here,
Vie N,Vp_;€S_;and Vp;,q; € S,.
Property 1 PCCAGM is an ordinal potential game.
Proof The ordinal potential function is constructed as

V(p,c)

= L2 @ P+ 20 )+ 2B |

EPY SR LUNITS A 7
L@ L ™

If the strategy of node i changes from (p;,c;) to (pl,c}),
the variation of node i’s utility function is expressed as fol-
lows:

Aui = u; (piscis p—irc—i) —ui (pi,¢is P—isc—i)

E .
P 0() max+2Bnlp;ndx

E, (i )
X [fi(piscizp—ise—i) = fi (Phrcisp—isc—i)]
+ alf; (pi,ciip—isc—i) Ei (pi)

— fi (Phscisp—ire—i) Ei (P))]

ocg) 8 (pi— i) = B [Ji(pisci) = Ji (pi,c)] . (8)

Similarly, the variation of the ordinal potential function in

this game is described as follows:
AV = V(piaci;p iC

_A+Z[

JEN#i

i) -V (pﬁ,cf;p,,',c,,')

r

X [fj (Piyci;P i€ i)—f]/- (i ciip—ise—i)]
+ OCZ |: max (fi (piscisp—isc—i)
ieN

- fi/ (PgaC;§P—iaC—i)):|
+a ) [fi(piciip-iyc-

ieEN

_fi/ (pﬁ, §§P i€ i)EI (P:)]
il
(

—aY {
=B Y Uilpie) 7]
In this game, we analyze the variation of J; (p,c) shown

i) Ei (pi)

ieEN
p;.c)]- ©)
JEN#i
as follows.
The channel of any node i changes from ¢; to ¢}, the vari-

ation of J; (p,¢) can be divided into the following three parts:

1) the interference variation of the nodes using channel ¢; in
the interference range of node i; 2) the interference variation
of the nodes using channel ¢} in the interference range of node
i; 3) the variation of node i’s J; (p,c). Therefore, the variation
of J; (p,c) can be obtained from the following equation:

Z-Ii(phci;pfiacfl) - ZJi(p;C;;p*iaC*i)
iEN iEN

[]j (P;7€;§P—iac—i) _‘]j (PhCi;P—iaC—i)]

-7 X
{jeD(i)
Cj=¢Ci
+ [Ji (Pirciip—isei) BIR (10)

In Eq. (10), D (i) is a vector consisting of the nodes in the

i (piscisp—ise—i) =T (phycip—ire—i) ]

—Ji(piscisp—irc—

interference of node i. For the first part, the nodes using chan-
nel ¢} in the interference range of node i may cause node i to
be interfered. Besides, these nodes will suffer the interference
node i generates. Hence, the variation value of the first part is
increasing. The variation of node i’s J; (p, ¢) is made up of two
parts. They are the interference of node iwithother nodes and
the interference of other nodes with node i. So, the variation
of the first part is exactly equal to J;(p!,c}; p—i,c—;) of node i.
We can obtain

Y, [i(picipoic)

Jj€D(i)
cj=¢

= Ji (p},cisp—iyc—i) . (11

In the same way, the variation value of the second part

—Jj(piscizp—isc—i)]

equals —J;(p;,ci; p—i,c—;). Then, equation (10) can be con-

verted into the following equation

Y Ji(pisciip—ive—i) = Y Ji(pi.ciipisci)

ieN iEN
=Y [Vilpici) = Ji(ph, )]
ieN
= 2[Ji(pi,ei) = J{ (P )] - (12)

According to the influence of node i’s strategy choice on
network connectivity, we divide the problem into four condi-
tions to judge the relationship between AV and Au;.

Condition 1 f; (p;,ci;p—i,c—i) = f{ (Pg,C;;P—hC—i) =1
. E ,
su = o [Ep) - E <p;>} a8 (i)
ﬁ[ (phcl pn ]
AV:Au,—Hx[E ] i pi—p})
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- B Z [ (Pz,C:) J}(p;,c;)}

JEN#i
= 206[ (pl) E; (Pi)
— 2B [Ji(pirci) = (Pl )] -

Obviously, AV = 2Au;. Hence, AV and Au; have the same
sign. Namely sgn (AV) = sgn (Au;).
Condition 2 f;(p;,ci;p—i,c—i) = f,-’ (p;,cﬁ;lkhcﬂ') =0,

s =~ (= 10) B [pi) i)
AV = Au; — (XLE?,O((l; B Z;é [ P,,C, (pzv 1)]
JENF#i
— 6B G 2B prse) — (Pl

E, (i)

Thus, AV = 2Au; is obtained. AV and Au; have the same
sign. Namely sgn (AV) = sgn (Au;).

Condition 3 f; (pi,ci;p—i,c—i) = 1; £l (pl,chip_iyc_i) =

0
Au; = ag(:ggpf“a“rZﬁn,p?ax +0E;i (pi)
- O‘? 8 (pi = pi) = B [Ji(pici) = i (Pl cl)]

(l max

— L
- aEr(l) (pl pl+pl)

+ B (2mip™ i (pz,cz) +Ji(pisci)) + ki (pi),

AV = Au; + Z [ ma"—i—aE (pj)—i-Zﬁn/pmax]

JENH#i
+aY E p,+a2{ U "‘a"}
ieN ieN l
_aY { }
ieN
7ﬁ Z [ pla (pl’ l)]
JENF#i
= Aui+B Y, [20,p7™ —Jj(pisci) + (Pl ch)]
JEN#i
Z E pj + ZE Pz + Z J
JENH#i icN jeN;éz J
_|_aZ |: l maX P1+Pl):|
ieN l

When f; (pi,cisp—i,c—i) = L fj (p},ciip—i,c—i) = 0, AV
can be obtained according to Eq. (9). For any node i in the
network, p™* > p; and 2n;p™* > J; (p,c) always hold true.
So we can obtain Ay; > 0 and AV > 0. That is, sgn(AV) =
sgn (Au;).

Condition 4 f; (p;,ci;p—ic—i) = 0 f/ (pl,cip—isc—i) =

P 4+ 2Bn;p™™ | — aE; (pl)

: (pi—pi) = B [Ji(pi,ci) = I (P ch)]

= —a ? 8 (™ — pi+ )

*ﬁ 2mip™ —Ji(pisci) +J; (pisci)) — aEi (pl),

AV = Aui—B Y [2npP™ +T(pisci) — TP )]
JENH#i
- O‘l ) Ej(Pj)"’ZEi(P;)] —a ) EO(DP?’”
JENHi ieN jenwi Br(J )
_ Ey (l) max __
«F (5 -t

For any node i in the network, p"** > p; and 2n;p"®* >
Ji(p,c) always hold true. So we can obtain Au; < 0 and
AV < 0. That is, sgn (AV) = sgn (Au;).

According to the four conditions analyzed above,
sgn (AV) = sgn (Au;) always holds. It meets the condition of
an ordinal potential game. Hence, PCCAGM is an ordinal po-
tential game, and V is the ordinal potential function. Property
1 has been proved.

Theorem 1 A strategy that can maximize the ordinal po-
tential function of an ordinal potential game is an NE in this
game.

Property 2 There must be NE in PCCAGM

Proof According to the proof of Property 1, we know
that PCCAGM is an ordinal potential game and V is the or-
dinal potential function. Since the strategy space of any node
in the network is discrete and limited, a strategy combination
must exist to maximize the ordinal potential function V in this
game. From Theorem 1, it can be obtained that there must be
NE in this game model. Hence, Property 2 is obtained.

4. Power control and channel allocation opti-
mization algorithm with low energy consump-
tion

4.1. Establishment of power control and channel allo-

cation optimization algorithm with low energy con-

sumption

According to PCCAGM, we propose a power control
and channel allocation optimization algorithm with low en-
ergy consumption (PCCAA). Considered in this algorithm is
the relationship between power control and channel allocation.

Nodes in the network choose power and channel rationally ac-

cording to the neighbor information in one hop. The PCCAA

adopts the best response strategy and improves the speed of
convergence. The definition of the best response strategy is
given as follows.

Definition 3 (The best response strategy) If participant

i is allowed to update its strategy in any round of the game

k, it may choose the strategy that can maximize its utility ac-

cording to the strategies of the other participants in the former

080102-6



Chin. Phys. B Vol. 27, No. 8 (2018) 080102

round. It can be expressed as follows:

s}; = argmax u; (s,-,s]:l) . (13)
Si€S;

The PCCAA algorithm is made up of two phases: initial-
ization phase and game phase. The description of PCCAA is
expressed as follows.

) Initialization phase

All nodes in the network exchange information with
neighbor nodes at the maximal power to establish the neigh-
bor list. Then the initialization phase is finished. The detail is
stated next.

Firstly we mark different ID’s for all nodes in the net-
work, then all nodes initialize their receiving channels and
transmission power. Firstly, any node i broadcasts a “Hello”
message to its neighbor nodes at the maximal power. The

message contains its ID (ID(i)), receiving channel rc;, trans-

mission power p™®*, and residual energy E, (i). When node j
receives the “Hello” message from node i, it measures the min-
imum transmission power p (i, j) that can ensure their normal
communication. Secondly, node j sends a “Reply” message to
node i. The message includes its ID (ID(})), receiving chan-
nel rcj, residual energy E, (j), and minimum power p (i, ).
Thirdly, after node i receives the “Reply” message, it adds the
information of node j to its neighbor list. Meanwhile, node
i adds the nodes’ ID and the node number in the interference
range of node i to cnl(i) and Ln (i), respectively.

In the network, any node i constructs its neighbor list
(list(Z)), the header format of the neighbor list is shown in Ta-

ble 2.

Table 2. Neighbor list of nodei(list(i)).

ID(j) rej  E(j)  p(j) enl(i)  Ln(i)

Suppose that there are k neighbor nodes in the maximal
power range of node i. The power level set of node i can be
represented as A; = {p},p?,--- ,p¥,---,p~} where pf is the
transmission power of the xth link connected to node i in the
maximum power topology. In addition, it meets p; < pf“.

II) Game phase

In this phase, all nodes in the network are ranked in an
ascending order according to their residual energy. When the
network is updated, we assume there is one and only one node
that can update its transmission power and channel. That is
to say, when one node changes its strategy, the other nodes’
strategies remain unchanged. Nodes update their strategies
according to the above order. The specific steps are shown
as follows.

Step 1 Initialize the power of all nodes into the maximal
transmission power, and the receiving channel into the same
channel.

Step 2 Calculate the utility values of a node under dif-
ferent channels when the transmission power of the node is
determined. Then find the channel that makes the utility value
of the node maximum.

Step 3 Determine whether the network is connected if
the transmission power of the node decreases by a power level.
If the network is disconnected, the last power of the node re-
mains unchanged. If the network is connected, it would go to
Step 4.

Step 4 Get the maximum utility of the node according to
the best response strategy. The power is the final power that
makes the utility value of the node maximum under different
power levels. The channel is the final channel that makes the
utility value of the node maximum at the final power.

Step 5 In this round, update the power and channel of
all the other nodes in turn. After all nodes in the network up-
date strategies, judge whether the algorithm achieves NE. If
so, the algorithm is ended. If not, the algorithm turns to the
next round. It starts from Step 3.

We take any node i for example to express the process of
strategy selection. Supposing that the transmission power of

node i is p’", the channel it choses is cf at present. Firstly, node
i reduces its power level to pl’-’“1 and then judges whether the
network is connected. That is to say, if node i is in the commu-
nication range of other nodes and there are other nodes within
the communication range of node i, the network is connected.
If node i does not meet the above condition, it chooses the
former power level p!". It keeps the original state unchanged.
Otherwise,node i computes the utility under different channel
selections by using the best response strategy. According to
Eq. (4), the utility can be obtained by using the current power
and channel. Node i may choose the channel that maximizes
its utility as the best channel selection. In the same way, the
other nodes change their strategies and make the best choice.
After all nodes in the network make a choice, node i continues
to reduce its transmission power level pl'»’“2 to choose the best
channel selection. The game algorithm repeats constantly, un-
til all nodes’ strategies are not varied. Then the algorithm is

ended.

4.2. Analysis of algorithm

It is very important for an algorithm to achieve the opti-
mal state of NE. If an algorithm does not achieve the state, the
energy consumption of nodes in the network may not be the
minimum. Hence, in this subsection we analyze PCCAA to
verify the feasibility and validity.

Property 3 PCCAA can converge to NE.

Proof According to the description of the algorithm, any
node i reduces its power level and chooses the best channel in
each round. The following three states may possibly occur:

a) p?ew 74 p?Id. cnew — C?ld;

1

b) p?ew 7& p?ld; C?CW 7& C?ld;
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new __ old. .new old
©) pi = pya # .

In the above three states,

u; (new) > u; (old) = Z u;j (new) > Z uj(old)
JEN, j#i JEN. j#i
always holds true. Since the monotonicity of the function and
the limitation of power and channel, this algorithm must con-
verge in limited rounds. Now, Property 3 is proved.

Property 4 If the topology constructed by all nodes at
the maximum power can guarantee the network connected, the
topology constructed by PCCAA is connected.

Proof Property 3 has proved that PCCAA can converge
to NE. We assume that the initial power of any node i is p?
and the initial channel is C?. When all nodes in the network
reach NE, the power level of node i is p} and the channel is c}.

The formula (14) can be obtained according to the definition
of NE:

wi (plyclip_ivesi) —ui (p? e p_iyci) > 0. (14)

If the topology constructed by all nodes at the maxi-
mum power can guarantee the network connected, the value
of f; (p?,c?) is 1. Then equation (15) can be obtained accord-
ing to Eq. (4):

i (P00 = aEOEg PP 4 i (p0) + 2B p™
Eo(i) o 0 0
_ Er(i)pi —BJi (pi,ci). (15)

Suppose that the network is unconnected when node i
reaches the equilibrium state. In this condition, the strategies
of node i are pi1 and cll fi (pl-l,cil) = 0 and equation (16) can
be obtained:

Ey(i)
E, (i)

The formula (17) is obtained according to Eqgs. (14), (15),
and (16):

wi(phei) = —ap ol =Bhi(phe). (16

I

08 (P —pi = p™) +BUi (p}. <)

—Ji (pl,cl) = 2np™ — aE; (p?)] > 0. (17)

o

;

~

Since p? < p™ and J; (p?,c?) < 2n;p>, the for-
mula (18) is obtained:

i

O (= ol =)+ B o)

—Ji (pi,cl) —2mp™™] — aE; (p?) <O0. (18)

o

1

It is clear that equaiton (17) is in conflict with Eq. (18).
That is to say, the topology constructed by the PCCAA can
guarantee the network connected. Property 4 is testified.

We know that the PCCAA can converge to NE from Prop-
erty 3. However, it cannot guarantee that the algorithm con-
verges to the best NE because there may be more than one NE
in the ordinal potential game. In order to obtain the optimal re-
sult, a concept Pareto optimality is put forward. The definition
of Pareto optimality is expressed as follows.

Definition 4 (Pareto optimality) A strategy vector s* is
Pareto optimal if there is not a strategy vector s € S to satisfy
ui (s*) < u;j(s) for any node i and u; (s*) < u;(s) for at least
one node j € N.

Property 5 PCCAA can converge to Pareto optimality.

Proof According to the definition of NE, we know that
no one node i reduces its power or changes its channel to in-
crease its utility in the condition that the other nodes do not
change their strategies. If node i continues to reduce its trans-
mission power, its utility may decrease and the network is un-
connected. Meanwhile, if node i changes its channel, its utility
may also decrease. On the premise of the network connectiv-
ity, it does not exist that more than two nodes reduce their
power in order to increase their utilities. Since one node re-
duces its power, it may cause the network to be unconnected.
Other nodes must increase their power to make the network
connected, which may lead their utilities to decrease. Hence,
based on the definition of Pareto optimal, it can be obtained
that PCCAA can converge to Pareto optimality. Thus Prop-
erty 5 is proved.

5. Simulation experiment

In this section, the performance of the algorithm PC-
CAA is evaluated via simulations by MTALAB. We choose
JACIRT** and a combination algorithm of GBCA!4! and
FS[?1 is called GBCAFS used as a comparative algorithm.
The simulation area is 500 mx500 m. Experimental param-
eters are the same in the three algorithms, and they are shown
in Table 3.

Table 3. Simulation parameters.

Parameters  Denotation Value
Pth minimum transmission power 7x 1077 W
h Path gain 1/d?
dmax maximal transmission distance 150 m
Enax maximal node energy 5017

5.1. Analysis of weighting factors o and f8

In the utility function of any node i, ¢, and B are un-
certain. Different values of & and 8 may influence the utility
function. The utility value decreases with interference increas-
ing. Hence, we should choose the appropriate values of o and
B to obtain the better network performance.

There are 50 nodes

distributed randomly in a

500 mx500 m simulation area. We assume ¢ = 1, and set

080102-8



Chin. Phys. B Vol. 27, No. 8 (2018) 080102

P to be an independent variable. When f is chosen to be
different values, we analyze the influence of 8 on network
performance. The comparison results of network performance
are shown in Fig. 1.
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Fig. 1. (color online) (a) Average transmission power, (b) nodes’ interfer-
ence, and (c) average residual energy for different 8 values and ot = 1.
In Fig. 1, when 8 = 10, the average residual energy within
a node’s transmission range is biggest, but the average trans-
mission power of nodes in the network is also biggest. It may

cause node energy to waste. Besides, larger node interference
leads to inaccurate data transmission between nodes. Thus it
can speed up nodes’ energy consumption. When 3 = 5, the
interference of nodes is bigger, as well as the average residual
energy within a node’s transmission range is smaller. It is bad
for the network with limited energy. When 8 =1 and 8 =4,
the average transmission power of nodes and the interference
of nodes are both smaller, besides, the average residual energy
within the node’s transmission range is also smaller.

Above all, when @ = 1 and 8 = 6, the performance of av-
erage transmission power, node interference, and the average
residual energy within the node’s transmission range are better
than those in other cases. It is more conducive to operating the
network. Hence, in the following simulation experiments, we
choose ¢ =1 and f = 6.

5.2. Analysis of topology structure and channel allocation
result

We set 60 nodes in the 500 mx 500 m simulation area ran-
domly. The number of available channels is 6. We implement
PCCAA, JACIRT, and GBCAFS separately. In GBCAFS, the
node chooses power and channel on the basis of knowing the
topology structure and route. The simulation results of the
three algorithms are shown in Fig. 2. The numbers in Fig. 2
represent the receiving channels of nodes in the network.

In Fig. 2, the topologies constructed by PCCAA and
JACIRT can guarantee the network connected. There is no
cross link in the topology, which reduces extra energy waste
of nodes. In Fig. 2(a), PCCAA considers the residual energy
of neighbor nodes,transmission power, and channels. Hence,
adjacent nodes use different channels. It reduces the inter-
ference and energy cost among nodes validly. In Fig. 2(b),
the algorithm of JACIRT considers the channel interval. It re-
duces the channel interval between two nodes, which reduces
the energy cost of channel switching. From Fig. 2(c), there are
adjacent links using the same channel. This is because it con-
siders the number of nodes that use the same channel as node
interference. It ignores the influence of distance. Hence, the
topology structure of PCCAA and JACIRT are better than that
of GBCAFS.

5.3. Analysis of power control result

In WSN, the larger transmission power of nodes can in-
crease the transmission range and guarantee the network con-
nected, but the energy consumption is increased. If the trans-
mission powers of nodes are smaller, the network may be un-
connected. It will influence the performance of a network.
Therefore, reducing the transmission power of nodes reason-
ably can not only guarantee the network connected, but also
reduce energy consumption as much as possible. The total
number of nodes is 30-80. The available channel number is
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5. We operate the three algorithms and calculate their average
transmission power. The simulation result is shown in Fig. 3.
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Fig. 2. (color online) Results of topology and channel allocation for (a)
PCCAA, (b) JACIRT, and (c) GBCAFS.

In Fig. 3, the average transmission power decreases with
the increase of node number. This is because the distance be-
tween nodes becomes shorter with the increase of node num-
ber. Nodes can communicate with other nodes by using a
smaller transmission power. Meanwhile, the average transmis-
sion power of PCCAA is smallest. JACIRT does not appear
to be much different from PCCAA. The average transmission

power of GBCAFS is biggest. In the case of network connec-
tivity, it is better to reduce transmission power. Through the
above analysis, the nodes can choose the smallest transmission
power under the premise of guaranteeing network connectivity
in PCCAA. Hence, it can reduce the energy cost.
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—— PCCAA
8 == JACIRT
e —#= GBCAFS
2B
£ES 7
I
2% 6
c 3
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[
55 °
<
4
3 J . k .
30 40 50 60 70 80

Node number
Fig. 3. (color online) Plots of average transmission power of nodes versus
node number.

5.4. Analysis of interference

In WSN, the node interference is bigger, and the energy
consumption is larger. The communication quality of a net-
work is bad. So the network interference should be reduced as
much as possible. In this subsection, we compare the average
node interferences through the simulation experiments. The
total number of nodes is 30—-80. The available channel num-
ber is 5. We operate the three algorithms and calculate their
average node interference. The simulation results are shown
in Fig. 4. In Fig. 4, the node interference increases with the
increase of node number. This is because the number of nodes
that use the same channel increases with the increase of node
number. The network interference increases.

== PCCAA
=4= JACIRT

== GBCAFS

Average interference of nodes/10™° W

030 40 50 60 70 80

Node number

Fig. 4. (color online) Plots of average interference of nodes versus node
number.
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In Fig. 5, the number of nodes is 60. The available chan-
nel is 3-7. From Fig. 5, the average node interference de-
creases with the increased number of available channels. In
the condition of a fixed number of nodes, nodes can choose
more channels with the increased number of available chan-
nels. The network interference decreases. From Figs. 4 and
5, we can see that the average node interference of PCCAA
is always weaker than those of JACIRT and GBCAFS. It in-
dicates that PCCAA can eliminate more interferences of net-
work, which reduces the extra energy consumption.

8

=)= PCCAA
=4= JACIRT
=#= GBCAFS

Average interference of nodes/10™* W
S

Channel number

Fig. 5. (color online) Average interference of nodes versus channel number.

5.5. Analysis of channel balance

Channel allocation should not only achieve a good anti-
interference effect, but also balance channel usages. It can
realize the balanced utilizations of spectrum resources. In the
simulation experiments, the number of nodes is 60. The num-
ber of available channels is set to be 5. We operate the three
algorithms and calculate the ratios of participants’ numbers in
different channels to the number of total participants. The re-
sult is shown in Fig. 6. In Fig. 6, the range of the ratio in
the JACIRT is larger. The balance between node allocations
is not good. In the GBCAFS, the link number of each chan-
nel does not appear to be much different. The PCCAA is the
most balanced in channel usage, which improves the effective
utilization of channels.

Channel variance of the network can reflect the equilib-
rium degree of channel allocation. The number of nodes is
set to be 40-80. The number of available channels is set to
be 5. We operate the three algorithms and then calculate the
channel variance. In Fig. 7, the channel variance of JACIRT
is the largest, while that of the PCCAA is the second largest,
and that of the GBCAFS is the smallest. When the numbers
of nodes are 60, 70, and 80, there is little difference in chan-
nel variance between PCCAA and GBCAFS. That is to say,
both PCCAA and GBCAFS have good equilibrium degree of
channel allocation.

0.24
=p= PCCAA
5 == JACIRT
-g == GBCAFS
5= 0.22 1
[=I)
R =]
25
58 + .
o
TE 0.20p—f—> ¥
+ o=
=R )
= \
w O
TN
= 0.18 +
]
~
0.16 ‘ : !
2 3 4 5
Channel

Fig. 6. (color online) Plots of ratio of participants’ number versus channel
number for GBCAFS, JACIRT, and PCCAA.
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Fig. 7. (color online) Channel variance versus for GBCAFS, JACIRT, and
PCCAA.

6. Conclusions

In this paper, we have constructed a game model
PCCAGM to reduce energy consumption. In this model, we
take the power and energy of a node and its neighbors into
consideration. Through theoretical analysis, the model is an
ordinal potential game and it can converge into NE. Accord-
ing to this game model, we propose an algorithm PCCAA. In
this algorithm, nodes with less residual energy preferentially
choose power and channel. Besides, the relationship between
power and channel is fully considered. Then we prove that
this algorithm can converge into Pareto optimality. Simulation
experiments indicate that the performance of PCCAA is bet-
ter than those of JACIRT and GBCAFS. The PCCAA reduces
energy consumption effectively. This algorithm has good per-
formance of anti-interference and channel balance, which can
balance the energies of nodes and prolong the network lifetime
further. With the development of wireless network technology,
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dynamic networks are more flexible and much closer to real-

ity. In the next work, we will investigate the performance of

dynamic networks.
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