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Abstract—Energy is a scarce resource in wireless communi-
cations and mobile networking. In this paper, a novel concept
of mobile energy sharing networks is proposed to enhance the
energy usage of wireless networks. In such networks, mobile
users can share energy with one another when they move and
meet, thus minimizing the chances of ending up with insufficient
energy for their consumption. This concept is similar to the notion
of opportunistic mobile social networks in which the users can
share information when they travel and encounter each other. To
optimize the operation of the proposed network, a performance
analysis and optimization framework tailored toward mobile en-
ergy sharing networks is developed. This framework has two main
components. The first component allows obtaining the optimal
energy sharing policy between mobile users who agree to share
energy (i.e., a pair of matched users). To obtain this optimal policy,
a stochastic optimization problem is formulated while taking into
account the mobility and energy levels of the users’ batteries. The
second component of the proposed framework is to determine
stable user matching for energy sharing. The user will find another
user with whom to share energy. The policy obtained from the
first component is applied such that the matched users achieve the
minimum energy outage probability. An extensive performance
evaluation of the proposed mobile sharing networks and frame-
work is conducted in order to highlight their potential benefits.

Index Terms—Energy transfer, Markov chain, matching theory,
mobile energy.

Manuscript received December 28, 2014; revised April 8, 2015; accepted
May 19, 2015. Date of publication May 25, 2015; date of current version
May 12, 2016. This work was supported in part by Singaporean Ministry of
Education under MOE Tier 1 Grant RG18/13, MOE Tier 1 Grant RG33/12,
and MOE Tier 2 Grant MOE2014-T2-2-015 ARC 4/15; by the National
Research Foundation of Korea under Grant 2014R1A5A1011478; and by the
U.S. National Science Foundation under Grant U.S. NSF CCF-1456921, Grant
CNS-1443917, Grant ECCS-1405121, Grant NSFC 61428101, Grant CNS-
1460333, and Grant AST-1506297. The review of this paper was coordinated
by Dr. M. Dianati.

D. Niyato and P. Wang are with the School of Computer Engineering,
Nanyang Technological University, Singapore 639798 (e-mail: dniyato@
ntu.edu.sg; wangping@ntu.edu.sg).

D. I. Kim is with the School of Information and Communication Engi-
neering, Sungkyunkwan University, Seoul 440-746, Korea (e-mail: dikim@
skku.ac.kr).

W. Saad is with the Wireless@VT, Bradley Department of Electrical and
Computer Engineering, Virginia Polytechnic Institute and State University,
Blacksburg, VA 24061-0105 USA, and also with the Department of Computer
Engineering, Kyung Hee University, Seoul 110-810, Korea (e-mail: walids@
vt.edu).

Z. Han is with the Department of Electrical and Computer Engineering,
University of Houston, Houston, TX 77004-4005 USA (e-mail: hanzhu22@
gmail.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TVT.2015.2437386

I. INTRODUCTION

ENERGY supply has always been a crucial challenge for
mobile networks and wireless communication systems.

A wireless node and a mobile device often operate using the
energy from a battery that needs to be charged or replaced reg-
ularly. However, due to mobility of nodes and users, charging
and replacing the battery may not always be possible. Con-
sequently, nodes and users may experience energy depletion,
which precludes them from running applications or transmitting
data, thus lowering network usability and functionality. Some
solutions have been proposed to extend the battery’s lifetime
of wireless nodes and mobile devices, e.g., reducing energy
consumption and deploying an energy harvesting technology
[1]–[4]. However, with sophisticated mobile applications and
devices such as smartphones, only a limited amount of en-
ergy consumption reduction can be achieved. Similarly, energy
harvesting can be applied to some limited scenarios. For exam-
ple, vibration and heat-based energy harvesting can produce a
small amount of energy, and is applicable only to low-power
sensors. In contrast, wind- and solar-based energy harvesting
can produce more energy but is feasible only for fixed base
stations and access points due to its large size and heavy weight.
Therefore, the restricted nature of energy supply in wireless
systems remains an open issue to be addressed particular for
user-carried devices such as smartphones, tablets, and wearable
computing devices.

Instead of depending on fixed and individual energy supply
of each wireless node and mobile device, the concept of energy
sharing has recently attracted attention. Users which have extra
energy in a battery (e.g., a power bank [5]) can transfer their
energy to other users that are running out of energy. In a
mobile environment where the users move and meet each other,
the energy sharing or transferring action can be performed
during user encounters to achieve mutual benefit. For example,
a certain user 1 can have more energy once it recharges its
battery with a fixed charger. Then, this user 1 meets with and
transfers energy to another user, i.e., user 2, who has not been
able to visit a charging station for a long period of time. At a
future encounter, if user 1 has low energy, it can receive energy
from user 2 if this user 2 recently has already visited a charger.1

Theoretically, such an energy sharing scenario can reduce the
chances of wireless users depleting their battery reserves. This
energy sharing concept is similar to that of mobile social

1One of the products on the market supporting such energy transfer is the
Mugenizer N11 Portable Wireless Charger Power Bank [5].
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network in which users reciprocally share information under
common interest when they move and meet.

The main contribution of this paper is to analyze mobile
energy sharing networks in which the users in the network
are allowed to share energy among each other. The users can
replenish their batteries when they visit any fixed charger, and
use the energy for running applications and transmitting data
when they move away. The users can move and meet each
other. Energy can then be transferred from one user to another
depending on the available energy in the battery and the energy
consumption or demand. To analytically study such mobile
energy sharing networks, we develop a framework for perfor-
mance analysis and optimization. The framework is composed
of two components as follows.

• Optimal energy sharing policy: First, we develop an opti-
mization model based on a constrained Markov decision
process (CMDP) to obtain an optimal energy sharing pol-
icy between users (i.e., called matched users) who agree to
share their energy. The CMDP model takes the mobility,
energy level of the battery, and energy consumption status
as states. The objective is to minimize aggregated energy
outage probability, which is the probability that the user’s
battery is empty. Additionally, the CMDP model ensures
that, with the energy sharing policy, the users will not
experience the energy outage probability higher than that
without joining the energy sharing networks.

• Stable user matching: Given the optimal energy sharing
policy, the user has to find the best matching user to
share energy with. We cast this problem as a stable user
matching. We consider two cases: static and dynamic.
The static case assumes that all the users have a priori
knowledge of the outcomes of matching and thus can
make an immediate action to match with each other. We
formulate an optimization model for the static matching
process to obtain a stable matching such that none of the
matched users can improve their energy outage probabil-
ity by changing its matching. Subsequently, we consider a
dynamic matching process in which the users do not know
the outcome of matching in advance. The users can take
the action to match gradually so that a stable matching can
be reached. The rational and irrational actions of matching
are considered in which we develop the Markov chain
models to analyze the outcome of the dynamic matching
process.

In summary, this paper introduces a holistic framework for
performance analysis and optimization of the newly proposed
concept of mobile energy sharing networks or mobile energy
social networks. The proposed energy sharing network concept
and the associated framework will be useful in improving
quality of service of mobile users with constrained energy
supply.

The remainder of this paper is organized as follows.
Section II reviews related works. Section III describes the
system model and assumptions used in this paper. Section IV
presents the optimization formulation for optimal energy
sharing policy. Section V discusses the stable user matching

algorithm. Section VI presents the numerical performance
evaluation results. Section VII summarizes this paper.

II. RELATED WORK

A. Energy Supply

Wireless communication nodes and mobile networking de-
vices are known to have a limited energy supply to run their
applications and to perform data transmission. They operate on
the energy generated from a battery with limited capacity. One
solution to this problem is to deploy energy harvesting in the
network, which allows the wireless nodes and mobile devices
to replenish their batteries [6], [7]. Such energy harvesting has
been used widely in sensor networks [6] and fixed wireless net-
work infrastructure such as base stations and access points [8].
Recently, wireless energy harvesting has been introduced for
wireless networks [9]. It has some attractive feature that the
energy source can be dedicated and controllable, e.g., a hybrid
access point provides both energy and data communication
services. Wireless energy transfer or charging can be used to
supply energy with considerable amount of energy [10]. Never-
theless, although RF-based wireless energy transfer can support
long range (several meters) energy replenishment, its efficiency
is relatively low due to wireless propagation conditions. In
contrast, inductive coupling and magnetic-resonance-coupling-
based wireless energy transfer has higher efficiency. However,
its range is limited (several centimeters). Therefore, providing
an efficient energy supply for devices such as smartphones
carried by mobile users remains a challenging issue.

B. Mobile Energy Transfer in Mobile Environment

As energy is one of the scarcest resources in wireless and
mobile networks, the idea of energy transfer in a mobile en-
vironment has recently attracted attention. In sensor networks,
mobile energy chargers can be deployed to travel and replenish
sensors’ battery [11], [12]. In [11], the concept of a renewable
energy cycle for wireless energy transfer from the mobile
charger to sensors is introduced. The optimization problem was
formulated with the objective to maximize the efficiency of
the mobile charger. The optimal traveling path of the mobile
charger is obtained to achieve the objective. Then, the extension
for the scenario that the mobile charger to charge multiple
sensors simultaneously was presented in [12]. The optimization
was also extended to obtain not only the traveling path but also
flow routing and charging time of the mobile charger. The near-
optimal but scalable solution is obtained based on discretiza-
tion and a reformulation–linearization technique. Additionally,
there are some more related works. For example, in [13] an
optimal traveling strategy was studied and designed for energy
resource to minimize the total charging delay of the entire
network. In [14], a novel nested traveling salesman problem
routing for energy resource was proposed, while minimizing
both the charging delay and travel distance. In [15], an energy
provisioning scheme was introduced to guarantee an optimal
energy coverage for all sensors in networks.
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The concept of distributable energy in mobile robot networks
was first presented in [16]. In the networks, many robots
are assigned with some tasks to complete. The robots have
to be charged regularly, which pauses them from performing
the tasks. To minimize the energy charging time, the robot
can self-recharge its battery or exchange batteries with other
robots. The coordination control for path planning and battery
exchange policy was developed. In [17], a scheme to deploy
docking stations (i.e., chargers) was proposed to supply en-
ergy to multiple robots. A deployment optimization framework
was also proposed to find an optimal location of the docking
station so that the cost of supplying energy to all robots of
interest is minimized. In [18], the concept of mobile-to-mobile
energy replenishment is proposed for robotic sensor networks.
The mobile charger is to transfer energy to robots performing
sensing functions. A charging scheduling algorithm was de-
veloped, taking the difference between charging latency and
charger travel into account. The algorithm aims to minimize
travel distance and hence energy consumption of the robots.
Additionally, the queueing model was developed to determine
the energy replenishment request for the robots.

C. Cooperation for Improved Energy Management

In cooperative networks, energy can be shared between
sources and relay nodes for data forwarding. For example,
in [19], the concept of “energy cooperation” was introduced,
in which some users can transfer energy wirelessly to other
users. Such energy can be used by the users for their own
data transmission and for packet relaying. In [20], a scenario
was studied in which relays are randomly placed. Multiple
sources can compete to obtain data forwarding services from
the relays based on the constraint on wireless energy har-
vesting. Similarly, in [21], the wireless energy harvesting and
relay transmission were analyzed. The protocols to optimize
the performance in terms of throughput for delay-limited and
delay-tolerant data were proposed given the supplied energy
constraint. In [22], information and energy sharing in cognitive
radio networks were studied. A secondary user can help relay-
ing data transmission of a primary user. In return, the primary
user can provide spectrum opportunity and supply energy to the
secondary user. Additionally, there are other works related to
energy sharing, e.g., [23]–[25], which can improve the energy
efficiency and network performance.

D. Mobile Social Networks

The concept of (distributed) mobile social networks was
developed based on the idea of delay-tolerant networks (DTNs).
Thus, mobile social networks allow mobile users to utilize their
social relationship to receive, store, and forward data using
mobility [26]–[29]. By exploiting social relations among users,
information routing in mobile networks can be efficiently opti-
mized [30]. Social relations can be used as key metrics to define
resource sharing schemes for bandwidth [31], multimedia data
storage [32], and computation [33]. For example, in [33], a
concept of social cloud computing was introduced, in which
the users with an online social relationship can share their

computation resource. Inherent socially corrective mechanisms
were presented to determine the incentives for online social
users to participate in the social cloud. However, the traditional
mobile social networks were developed for transferring data
and sharing other network resources. There is no application
for energy sharing yet.

Note that we have first proposed the concept of mobile
social energy networks in [34]. However, in [34], only static
energy sharing was considered without optimization. We will
show that the optimal energy sharing proposed in this paper
can significantly outperform the static one. Moreover, in [34],
only static matching among users was considered. Dynamic
matching with an irrational decision of mobile users, as studied
here, was not accounted for.

III. SYSTEM MODEL

Here, we first describe the concept of mobile energy sharing
networks. Then, we introduce a novel performance analysis and
optimization framework.

A. Mobile Energy Sharing Networks

We first present the system model of the studied mobile
energy sharing networks. In such networks, there are multiple
mobile users, and each user carries a mobile device (e.g., a
smartphone) with internal or external energy storage (e.g., a
battery or a power bank). The user will use its mobile device,
(e.g., to run local mobile applications or to transmit data), which
in turn consumes energy from the battery. The battery can
be charged when the user moves and visits a charger (e.g., a
wired or wireless charger). The user can establish a relationship
(i.e., matched as friends) with another user to share energy. In
particular, when these two users meet one another, they can
transfer energy, e.g., from the user with more energy to the
user with less energy in the battery. This can once again be
done via a cable connection or a wireless charging technology
such as inductive coupling. In this case, RF power transfer may
not be adopted due to high energy loss. The energy transfer
efficiency is modeled as the probability of successful energy
transfer, which is denoted by α. By sharing energy between
matched users, the performance in terms of the energy outage
probability can be potentially improved. Fig. 1(a) shows such a
mobile social energy network scenario.

We assume that the battery capacity of a user is finite and
that it differs between users. Every given user visits a charger
and meets with other users in an arbitrary fashion. The energy
consumption of a mobile user’s device is also random and
correlated. Without loss of generality, we assume a time-slotted
system in which one unit of energy can be transferred or is
consumed in a given time slot. The information exchange be-
tween users is implemented using short-range very-low-power
communication techniques such as Bluetooth or IEEE 802.15.4
when the users are near each other. Additionally, information
exchange can be performed involving only few messages. Thus,
the energy consumption for information exchange is minimal
and negligible in our model.
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Fig. 1. System model of mobile energy sharing networks.

B. Energy Sharing and User Matching

Based on this system model, there are two main issues that
have to be addressed.

1) Optimal energy sharing: If two users decide to be
matched and to share energy, they have to determine the
optimal energy sharing policy. In particular, such a policy
must minimize the energy outage probability. To obtain
this optimal policy, we formulate a CMDP model. The
derived policy must ensure that, within a matching, none
of the users is worse off in terms of the energy outage
probability.

2) Mobile user matching: Subsequently, each mobile user
has to find the best other user with whom to share energy.
In particular, being matched, the performance of the
involved users, in terms of the energy outage probability,
must be improved. To this end, we apply matching the-
ory to analyze and obtain a stable matching among the
mobile users.

Fig. 1(b) shows the interaction between mobile user match-
ing and optimal energy sharing. The user matching uses the
optimal energy sharing policy to determine the minimum ag-
gregated energy outage probability. The optimal energy sharing
is optimized given the matching structure between the mobile
users. Our goal is to obtain stable matching, which not only
minimizes the energy outage probability but also stabilizes the
energy sharing actions of the mobile users.

IV. OPTIMAL ENERGY SHARING

Here, given a certain matching between mobile users, which
is denoted by a set of users i and j, i.e., M = {i, j}, we for-
mulate the CMDP model to obtain the optimal energy sharing
policy for the matched users. First, the state and action spaces
are defined. Then, we derive the state transition probability.

Next, we express the optimization formulation and obtain the
optimal policy.

A. State and Action Spaces

The state space of the matched users is defined as follows:

Ω={(Bi,Bj,Di,Dj ,M);Bi ∈ {0, 1, . . . , Bi}

Bj∈{0, 1, . . . , Bj},Di,Dj ∈{0, 1},M∈{1, . . . , 5}} . (1)

• Bi and Bj represent the battery energy levels of users i and
j, respectively. Bi and Bj are, respectively, the maximum
capacities of the batteries of users i and j.

• Di and Dj represent the energy consumption states of
users i and j, respectively. The values of the states Di and
Dj are set to 0 and 1 to indicate, respectively, whether a
user consumes or does not consume one unit of energy.
The energy consumption can be due to data transmission
or running a mobile application. Note here that the study
shows that a smartphone consumes much less energy when
it is in the standby mode [35]. Therefore, we assume that
there are two states of energy consumption in this paper.

• M represents the mobility state to indicate whether two
users meet each other or visit a charger. There are five
possible states denoted by the following numerical values.

1) The two users do not meet each other and do not visit
the charger.

2) The two users do not meet each other, and user i is
visiting the charger.

3) The two users do not meet each other, and user j is
visiting the charger.

4) Both users are visiting the charger.
5) Both users meet and are not visiting the charger.

The composite state variable is denoted by ω = (bi, bj, di,
dj ,m), which corresponds to the states in Ω. Clearly, for
m = 5, since both matched users meet and are not visiting the
charger, they can transfer energy, depending on the other states.
We assume that for m = 4, since both users are visiting the
charger, there is no energy transfer as they can receive energy
directly from the charger.

When the users meet (i.e., m = 5), they can take an action
to transfer energy or not. Thus, the action space is defined as
follows:

A(m) =

{
{0, 1, 2}, m = 5

{0}, otherwise
(2)

where 0 represents the action that the users remain idle, 1 is the
action that user i transfers one unit of energy to user j, and 2 is
the action that user j transfers one unit of energy to user i.

B. Transition Probability Matrix

Let M be the transition matrix for the state m whose element
Mm,m′ represents the probability that the mobility state is m in
the current time slot and becomes m′ in the succeeding time
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slot. Let Di and Dj denote the transition matrices for the states

di and dj , respectively. Their elements D(i)
d,d′ and D

(j)
d,d′ denote

the probability that the energy consumption state changes from
d to d′ for users i and j, respectively.

For a given energy level or energy state, there are four ways
in which their value might change: increase by one unit, remain
the same, decrease by one unit, or decrease by two units.
The corresponding transition matrices are denoted by B+1

i ,
B0

i , B−1
i , and B−2

i for user i, respectively, and those for user
j are expressed similarly. The transition matrices are of size
Bi + 1 and Bj + 1 for users i and j, respectively. The energy
level increases by one unit if the user charges its battery with
a charger or receives the energy from another matched user
without any consumption. The energy level decreases by one
unit if the user consumes energy or transfers energy to the
other user. The energy level decreases by two units if the user
consumes and transfers energy to the other user. The transition
matrices are given as follows:

B+1
i =

⎡
⎢⎢⎢⎣

0 1
. . .

. . .
0 1

1

⎤
⎥⎥⎥⎦

B−1
i =

⎡
⎢⎢⎢⎣

1
1 0

. . .
. . .
1 0

⎤
⎥⎥⎥⎦ (3)

B−2
i =

⎡
⎢⎢⎢⎢⎢⎣

1
1 0
1 0 0

. . .
. . .

. . .
1 0 0

⎤
⎥⎥⎥⎥⎥⎦ . (4)

Here, B0
i = I, with I being an identity matrix. Note that, if the

energy charging or energy transfer is not perfect, we can apply

the probability of successful energy charging and transferring
into these matrices. For example, B+1

i becomes

B+1
i =

⎡
⎢⎢⎢⎣

1 − α α
. . .

. . .
1 − α α

0 1

⎤
⎥⎥⎥⎦ (5)

where α is the probability of successful energy replenishment.
Next, we consider the state transition of energy consumption

and mobility. The complete transition probability matrix for all
states defined in (1) is given by P(a) for action a ∈ A(·). Each
row of this matrix P(·) is obtained by considering different
cases of energy consumption and mobility states of users i and
j. These cases are as follows.

1) di = 0, dj = 0,m = 1: Both users do not consume en-
ergy, and they do not meet each other. Thus, there is no change
to the energy levels of both users. The energy level transition
matrices B0

i ⊗B0
j will be applied, where ⊗ is the Kronecker

product. The corresponding row vector pdi,dj,m is obtained
from (6), shown at the bottom of the page.

2) di = 0, dj = 0,m = 2: Both users do not consume en-
ergy, and only user i is visiting the charger. Thus, the energy
level of user i can increase, whereas that of user j remains the
same. Matrices B+1

i ⊗B0
j will be applied. The corresponding

row vector is given in (7), shown at the bottom of the page.
3) di = 0, dj = 0,m = 3: Both users do not consume en-

ergy, and only user j is visiting the charger. Thus, the energy
level of user j can increase, whereas that of user i remains the
same. Matrices B0

i ⊗B+1
j will be applied. The corresponding

row vector is given in (8), shown at the bottom of the page.
4) di = 0, dj = 0,m = 4: Both users do not consume en-

ergy, and both users are visiting the charger. Thus, the energy
levels of both users increase. The matrices B+1

i ⊗B+1
j will be

applied. The corresponding row vector is given in (9), shown at
the bottom of the page.

p0,0,1 =
[
D

(i)
0,0D

(j)
0,0M1,1B

0
i ⊗B0

j · · · D
(i)
0,dD

(j)
0,d′M1,m′B0

i ⊗B0
j · · · D

(i)
0,1D

(j)
0,1M1,5B

0
i ⊗B0

j

]
(6)

p0,0,2 =
[
D

(i)
0,0D

(j)
0,0M2,1B

+1
i ⊗B0

j · · · D
(i)
0,dD

(j)
0,d′M2,mB+1

i ⊗B0
j · · · D

(i)
0,1D

(j)
0,1M2,5B

+1
i ⊗B0

j

]
(7)

p0,0,3 =
[
D

(i)
0,0D

(j)
0,0M3,1B0

i ⊗B+1
j · · · D

(i)
0,dD

(j)
0,d′M3,m′B0

i ⊗B+1
j · · · D

(i)
0,1D

(j)
0,1M3,5B0

i ⊗B+1
j

]
(8)

p0,0,4 =
[
D

(i)
0,0D

(j)
0,0M4,1B

+1
i ⊗B+1

j · · · D
(i)
0,dD

(j)
0,d′M4,m′B+1

i ⊗B+1
j · · · D

(i)
0,1D

(j)
0,1M4,5B

+1
i ⊗B+1

j

]
(9)
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5) di = 0, dj = 0,m = 5: Both users do not consume en-
ergy, and both users are not visiting the charger, but they meet
each other. The energy level of each user depends on the action
a. For a = 0, no energy is transferred, and thus, the energy
levels of both users remain the same. The corresponding row
vector is given in (10), shown at the bottom of the page. For
a = 1, user i transfers one unit of energy to user j. In this
case, the energy level of user i decreases, whereas that of user
j increases. The corresponding row vector is given in (11),
shown at the bottom of the page. B̃−1,+1

i,j is the combined
energy-level transition matrix where that of user i decreases by
one, whereas that of user j can increase by one. The element of
this matrix is denoted by B̃−1,+1

bi,bj ,b′i,b
′
j
, which is the probability

that the current energy levels of users i and j are bi and bj ,
and they change to b′i and b′j . The element is obtained as
follows:

B̃−1,+1
bi,bj ,b′i,b

′
j
=

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1, bi > 0 and b′i = bi − 1 and bj < Bj

and b′j = bj + 1

1, bi = b′i and bj = b′j = Bj

1, bi = b′i = 0 and bj = b′j
0, otherwise.

(12)

The first condition implies that the energy transfer from user i
to user j is possible if user i has enough energy (i.e., bi > 0),
and the battery of user j is not full (i.e., bj < Bj). The second
and third conditions imply that there is no energy transfer since
the battery of user j is full and the battery of user i is empty,
respectively. For a = 2, user j transfers one unit of energy
to user i. The similar derivation to that of a = 1 with the

substitution of i and j is applied. Thus, we omit the detail for
brevity of this paper.

6) di = 0, dj = 1,m = 1: Here, only user j consumes en-
ergy, and the two users do not meet. Thus, only the energy level
of user j will decrease. The energy level transition matrices
B0

i ⊗B−1
j will be applied. The corresponding row vector is

obtained from (13), shown at the bottom of the page.
7) di = 0, dj = 1,m = 2: Only user j consumes energy,

and only user i is visiting the charger. Thus, the energy level
of user i can increase, whereas that of user j will decrease. The
matrices B+1

i ⊗B−1
j will be applied. The corresponding row

vector is given in (14), shown at the bottom of the page.
8) di = 0, dj = 1,m = 3: Only user j consumes energy,

and only user j is visiting the charger. Thus, the energy levels
of both users remain the same. The matrices B0

i ⊗B0
j will be

applied. The corresponding row vector is given in (15), shown
at the bottom of the page.

9) di = 0, dj = 1,m = 4: Only user j consumes energy,
and both users are visiting the charger. Thus, the energy level
of user i increases, whereas that of user j remains the same.
The matrices B+1

i ⊗B0
j will be applied. The corresponding

row vector is given in (16), shown at the bottom of the
next page.

10) di = 0, dj = 1,m = 5: Only user j consumes energy,
and both users are not visiting the charger, but they meet each
other. The energy level of each user depends on the action a.
For a = 0, no energy is transferred; thus, the energy level of
user i remains the same, whereas that of user j decreases. The
corresponding row vector is given in (17), shown at the bottom
of the next page, where B̃0,−1

i,j = B0
i ⊗B−1

j . For a = 1, user i
transfers one unit of energy to user j. In this case, the energy
level of user i decreases, whereas that of user j remains the

p
(a=0)
0,0,5 =

[
D

(i)
0,0D

(j)
0,0M5,1B

0
i ⊗B0

j · · · D
(i)
0,dD

(j)
0,d′M5,m′B0

i ⊗B0
j · · · D

(i)
0,1D

(j)
0,1M5,5B

0
i ⊗B0

j

]
(10)

p
(a=1)
0,0,5 =

[
D

(i)
0,0D

(j)
0,0M5,1B̃

−1,+1
i,j · · · D

(i)
0,dD

(j)
0,d′M5,m′B̃−1,+1

i,j · · · D
(i)
0,1D

(j)
0,1M5,5B̃

−1,+1
i,j

]
(11)

p0,1,1 =
[
D

(i)
0,0D

(j)
1,0M1,1B

0
i ⊗B−1

j · · · D
(i)
0,dD

(j)
1,d′M1,m′B0

i ⊗B−1
j · · · D

(i)
0,1D

(j)
1,1M1,5B

0
i ⊗B−1

j

]
(13)

p0,1,2 =
[
D

(i)
0,0D

(j)
1,0M2,1B

+1
i ⊗B−1

j · · · D
(i)
0,dD

(j)
1,d′M2,m′B+1

i ⊗B−1
j · · · D

(i)
0,1D

(j)
1,1M2,5B

+1
i ⊗B−1

j

]
(14)

p0,1,3 =
[
D

(i)
0,0D

(j)
1,0M3,1B0

i ⊗B0
j · · · D

(i)
0,dD

(j)
1,d′M3,m′B0

i ⊗B0
j · · · D

(i)
0,1D

(j)
1,1M3,5B0

i ⊗B0
j

]
(15)
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same. p(a=1)
0,1,5 is similar to p

(a=0)
0,1,5 in (17), except that B̃0,−1

i,j

is replaced by B̃−1,0
i,j . The element of B̃−1,0

i,j is denoted by

B̃−1,0
bi,bj ,b′i,b

′
j

and is given as follows:

B̃−1,0
bi,bj ,b′i,b

′
j
=

⎧⎪⎨
⎪⎩

1, bi > 0 and b′i = bi − 1 and bj = b′j
1, bi = b′i = 0 and bj = b′j
0, otherwise.

(18)

Again, energy is transferred only if the battery of user i is not
empty. As user j is consuming energy, user i will still transfer
energy even if the battery of user j is currently full.

For a = 2, user j transfers one unit of energy to user i.p(a=2)
0,1,5

is similar to p
(a=0)
0,1,5 in (17), except that B̃0,−1

i,j is replaced by

B̃+1,−2
i,j . The element of B̃+1,−2

i,j is denoted by B̃+1,−2
bi,bj ,b′i,b

′
j

and

is given as follows:

B̃+1,−2
bi,bj ,b′i,b

′
j
=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1, bj > 1 and b′j = bj − 2 and b′i = bi + 1

1, bj ≤ 1 and b′j = 0 and b′i = bi

1, b′j = bj − 1 and bi = b′i = Bi

0, otherwise.
(19)

The first condition indicates a successful energy transfer from
user j to user i. The second and third conditions capture the
cases in which there is no energy transfer since user j does
not have enough energy and the battery of user i is full,
respectively.

11) (di = 1, dj = 0,m) for m = 1, . . . , 5: The transition
probabilities (i.e., the row vectors) are similar to those of
(di = 0, dj = 1,m).

12) (di = 1, dj = 1,m) for m = 1, . . . , 4: The transition
probabilities (i.e., the row vectors) are similar to those of (di =
0, dj = 0,m), except that users i and j will consume one more
unit of energy. For example, the energy-level transition matrix

B0
i ⊗B0

j for the case of (di = 0, dj = 0,m = 1) becomes
B−1

i ⊗B−1
j for the case of (di = 1, dj = 1,m = 1). However,

the difference appears in the case of (di = 1, dj = 1,m = 5).
For a = 0, no energy is transferred; thus, the energy levels of
both users decrease. The corresponding row vector is given
in (20), shown at the bottom of the page, where B̃−1,−1

i,j =

B−1
i ⊗B−1

j . For a = 1, user i transfers one unit of energy to
user j. In this case, the energy level of user i decreases by two
units, whereas that of user j remains the same. p(a=1)

1,1,5 is similar

to p
(a=0)
1,1,5 in (20), except that B̃−1,−1

i,j is replaced by B̃−2,0
i,j .

The element of B̃−2,0
i,j is denoted by B̃−2,0

bi,bj ,b′i,b
′
j

and is given

as follows:

B̃−2,0
bi,bj ,b′i,b

′
j
=

⎧⎪⎨
⎪⎩

1, bi > 1 and b′i = bi − 2 and b′j = bj

1, bi ≤ 1 and b′i = 0 and b′j = max(0, bj−1)

0, otherwise.
(21)

The first condition represents the successful energy transfer
from user i to user j. The second condition indicates that there
is no energy transfer since user i does not have enough energy.

For a = 2, user j transfers one unit of energy to user i. p(a=2)
1,1,5

is similar to p
(a=0)
1,1,5 in (20), except that B̃−1,−1

i,j is replaced by

B̃0,−2
i,j . The element of B̃0,−2

i,j is denoted by B̃0,−2
bi,bj ,b′i,b

′
j

and is

given as follows:

B̃0,−2
bi,bj ,b′i,b

′
j
=

⎧⎪⎨
⎪⎩

1, bj > 1 and b′j = bj − 2 and b′i = bi

1, bj ≤ 1 and b′j = 0 and b′i = max(0, bi−1)

0, otherwise.
(22)

Finally, the complete transition probability matrix P(a) is
obtained from (23), shown at the bottom of the page.

p0,1,4 =
[
D

(i)
0,0D

(j)
1,0M4,1B

+1
i ⊗B0

j · · · D
(i)
0,dD

(j)
1,d′M4,m′B+1

i ⊗B0
j · · · D

(i)
0,1D

(j)
1,1M4,5B

+1
i ⊗B0

j

]
(16)

p
(a=0)
0,1,5 =

[
D

(i)
0,0D

(j)
1,0M5,1B̃

0,−1
i,j · · · D

(i)
0,dD

(j)
1,d′M5,m′B̃0,−1

i,j · · · D
(i)
0,1D

(j)
1,1M5,5B̃

0,−1
i,j

]
(17)

p
(a=0)
1,1,5 =

[
D

(i)
1,0D

(j)
1,0M5,1B̃

−1,−1
i,j · · · D

(i)
1,dD

(j)
1,d′M5,m′B̃−1,−1

i,j · · · D
(i)
1,1D

(j)
1,1M5,5B̃

−1,−1
i,j

]
(20)

P(a) =
[
(p0,0,1)

� · · · (p
(a)
0,0,5)

� · · · (p1,1,1)
� · · · (p

(a)
1,1,5)

�
]�

(23)
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C. Optimization Formulation

From the state and action spaces, we formulate a CMDP
optimization model to obtain the optimal energy sharing policy
π for the matched mobile users i and j as follows:

min
π

JS(π) (24)

s.t. JO,i(π) ≤ Li (25)

JO,j(π) ≤ Lj (26)

where JS(π) is the steady-state aggregated energy outage
probability of both users, JO,i and JO,j are the steady-
state individual energy outage probability of users i and j,
respectively. Li and Lj are the energy outage probabilities of
users i and j when they act individually (i.e., they do not match
with any user). Here, we want to ensure that the users will
only be matched if they achieve energy outage probabilities
lower than or equal to those without matching. These steady-
state aggregated and individual energy outage probabilities are
obtained as follows:

JS(π) = lim
t→∞

inf
1
t

t∑
t′=1

E (S (ωt′ , at′)) (27)

JO,i(π) = lim
t→∞

inf
1
t

t∑
t′=1

E (Oi(ωt′ , at′)) (28)

JO,j(π) = lim
t→∞

inf
1
t

t∑
t′=1

E (Oj(ωt′ , at′)) (29)

where ωt ∈ Ω and at ∈ A are the state and action variables
at time t, respectively. S (ω, a) is the immediate aggregated
energy outage probability, and Oi(ω, a) is the immediate indi-
vidual energy outage probability of user i.

The immediate aggregated and individual energy outage
probabilities of users i are given by

S (bi, bj, di, dj ,m) =

⎧⎪⎨
⎪⎩

1, bi = 0 and di = 1

1, bj = 0 and dj = 1

0, otherwise

(30)

Oi(bi, bj, di, dj ,m) =

{
1, bi = 0 and di = 1

0, otherwise.
(31)

The energy outage occurs when the user needs to consume
energy, but its battery is empty. The immediate individual
energy outage probability of user j can be obtained in the same
way as that of user i.

For the solution of the CMDP model, we adopt the concept
of a randomized policy [36]. The policy determines the proba-
bility, denoted by π∗((bi, bj , di, dj ,m)|a) = π∗(ω|a) of taking
action a ∈ A at state (bi, bj, di, dj ,m) = ω ∈ Ω. We transform

the CMDP model to an equivalent linear programming (LP)
model, defined as follows:

min
φ(ω,a)

∑
ω∈Ω

∑
a∈A

φ(ω, a)S (ω, a) (32)

s.t.
∑
ω∈Ω

∑
a∈A

φ(ω, a)Oi(ω, a) ≤ Li (33)

∑
ω∈Ω

∑
a∈A

φ(ω, a)Oj(ω, a) ≤ Lj (34)

∑
a∈A

φ(ω, a) =
∑
ω∈Ω

∑
a∈A

φ(ω, a)Pω,ω′(a), ω′ ∈ Ω

(35)∑
ω∈Ω

∑
a∈A

φ(ω, a) = 1, φ(ω, a) ≥ 0 (36)

where Pω,ω′(a) is the element of the transition probability
matrix P(a) as given in (23), ω = (bi, bj, di, dj ,m), and ω′ =
(b′i, b

′
j, d

′
i, d

′
j ,m

′). In particular, Pω,ω′(a) is the probability that
action a is taken and the state changes from ω to ω′.

• The objective in (32) is to minimize the aggregated energy
outage probability of matched users i and j.

• The constraint in (33) is used to ensure that user i will not
experience an energy outage probability higher than that
not matching with any user.

• The constraint in (34) is to ensure that user j will not
experience an energy outage probability higher than that
not matching with any user.

• The constraint in (35) satisfies the Chapman–Kolmogorov
equation.

A standard LP solver can be used to obtain the solution φ∗(ω, a)
of the equivalent LP model in (32)–(36).

The optimal randomized energy sharing policy can be de-
rived from the optimal solution of the LP model, i.e., φ∗(ω, a),
as follows:

π∗(ω, a) =
φ∗(ω, a)∑

a′∈A φ∗(ω, a′)
(37)

for ω ∈ Ω and
∑

a′∈A φ∗(ω, a′) > 0. If
∑

a′∈A φ∗(ω, a′) = 0,
then π∗(ω, 0) = 1 (i.e., both users will do nothing).

D. Performance Measures

With the optimal solution φ∗(ω, a) of the LP model, we can
obtain the steady-state performance measures of the users. The
energy outage probabilities are given as follows:

Oi =

Bj∑
bj=0

1∑
dj=0

5∑
m=1

∑
a∈A

π∗((bi=0, bj , di=1, dj ,m)|a) (38)

Oj =

Bi∑
bi=0

1∑
di=0

5∑
m=1

∑
a∈A

π∗((bi, bj=0, di, dj=1,m)|a). (39)

Note that the energy outage probability of the users is indepen-
dent if they do not match.
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The average amount of energy transferred from user i to user
j is obtained from Ti→j =, i.e.,

Bi∑
bi=1

Bj∑
bj=0

π∗((bi, bj , di = 0, dj = 1,m = 5)|a = 1)

+

Bi∑
bi=1

Bj−1∑
bj=0

π∗((bi, bj, di = 0, dj = 0,m = 5)|a = 1)

+

Bi∑
bi=2

Bj∑
bj=0

π∗((bi, bj, di = 1, dj = 1,m = 5)|a = 1)

+

Bi∑
bi=2

Bj−1∑
bj=0

π∗((bi, bj, di = 1, dj = 0,m = 5)|a = 1)

where the first term corresponds to the case that user i does
not consume the energy from its battery, and user j can also
receive the energy from user i as the user j is consuming one
unit of energy (i.e., dj = 1). The second term corresponds to
the case similar to the first term. The third term corresponds to
the case that user i consumes the energy from its battery, and
user j can also receive the energy from user i as the user j is
consuming one unit of energy. The fourth term corresponds to
the case similar to the third term.

The average amount of energy transferred from user j to
user i can be obtained similarly to that transferred from user i
to user j.

E. Performance Measure of Unmatched Users

The optimal energy sharing policy must ensure that the
mobile users will achieve energy outage probabilities lower
than or equal to those without matching. This is guaranteed
via the constraints given in (25) and (26) for users i and j,
respectively. To obtain Li and Lj which are required in these
constraints, we can use the same analytical model as the CMDP
to obtain the individual energy outage probability of each user,
which does not match with any other user. In this case, we use
a fixed policy expressed as follows:

π†(ω|a) =
{

1, a = 0

0, otherwise
(40)

where the transition probability matrix P(a = 0) is applied.
The steady-state probability of the users without matching is

given by ψ(ω) whose vector is �ψ. The steady-state vector is

obtained by solving �ψ
�
P(a = 0) = �ψ

�
and �ψ

��1 = 1, where
�1 is a vector of ones with an appropriate size. From the steady-
state probability, we can obtain the individual energy outage
probability of the users without matching from

Li =

Bj∑
bj=0

1∑
dj=0

5∑
m=1

ψ((bi = 0, bj, di = 1, dj ,m)) (41)

Lj =

Bi∑
bi=0

1∑
di=0

5∑
m=1

ψ((bi, bj = 0, di, dj = 1,m)). (42)

This unmatched individual energy outage probabilities are used
in (33) and (34).

V. MOBILE USER MATCHING

The optimal energy sharing policy presented in Section IV
is obtained given the matched users i and j. Here, we propose
novel user matching algorithms to determine a stable matching,
which enables the users to achieve an energy outage probability
lower than or equal to that without matching. We observe that
different users have different preferences for matching with the
other users. Moreover, some user may prefer to be unmatched if
matching does not yield a better performance. We first consider
a static matching process that can achieve stable matching
in one shot with complete information about the outcome of
matching. Alternatively, without complete knowledge about the
matching outcome, we introduce a dynamic matching process
that allows users to interact and match with each other gradu-
ally. The analytical models for the dynamic matching process
based on a Markov chain are presented.

A. Static Matching

In our network, the goal of matching is to share energy
within a finite set N of |N | mobile users. Here, | · | is the set
cardinality operator. The set of mobile users must be partitioned
into pairs (e.g., friends) and singletons (i.e., unmatched users).
Each user i ∈ N has preferences �i over matching with any
of the user j or k, where j, k ∈ N \ {i}. For example, j �i k
means that user i prefers to match with user j over user k.
The user’s preference is assumed to be a total order, which
possesses the antisymmetry, transitivity, and totality (compa-
rability) properties [37]. In particular, for all i ∈ N , j �i k and
k �i j if and only if j = k. Let �i be a strict preference relation
associated with �i. If i �i j, then j is unacceptable to i (i.e.,
user i will prefer not to match with user j since, for example,
it yields higher individual energy outage probability for user
i). The preference profile is a set of preferences of all users
to all other users in N . The preference profile is denoted by
� = (�i)i∈N .

The solution of the user matching process, denoted by a
matching structure Δ, is a partitioning of N in pairs and
singletons. j = Δ(i) implies that user j is matched with user
i to share energy. Δ(i) is called a mate or friend of user i.
Clearly, Δ(i) = i is called a singleton. A matching structure
Δ is blocked by a pair {i, j} ⊆ N if j �i k = Δ(i) and
i �j l = Δ(j). In other words, user i prefers user j over its
current matched user k, and user j also prefers user i over its
current matched user l. Therefore, if users i and j are allowed
to adapt their matching, they will match with each other by
abandoning their current matched users k and l, respectively.
If {i, j} blocks Δ, then {i, j} is called a blocking pair for Δ.
A pair {i, j} ⊆ N that is not a blocking pair for Δ is called a
nonblocking pair for Δ.

We consider an individually rational matching in which there
is no blocking pair {i, j} with i = j. A matching structure
is stable if there is no blocking pair. Let S(�) denote a set
of individually rational matchings for the preference profile
� with a set of users N . Then, the set of stable match-
ings is S∗(�). The matching preference profile is solvable if
S∗(�) �= ∅. Otherwise, it is unsolvable.
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Let Oi(j) denote an individual energy outage probability of
user i when it matches with user j as obtained from (38). To
find a stable matching, we formulate a LP model defined as
follows [38]:

min
x(i,j)

∑
i∈N

Oi(j)x(i,j) (43)

∑
j∈N

x(i,j) = 1 ∀i (44)

∑
k:k≺j i

x(k,j) +
∑

k:k≺ij

x(i,k) + x(i,j) ≤ 1

∀i, j ∈ N . (45)

The decision variable is x(i,j), which has a value of one if users
i and j are matched, and zero otherwise. The objective function
in (43) is to minimize the total energy outage probability.
The constraint in (45) is to ensure that user j will not match
with another user k that results in a higher energy outage
probability compared with user i. Similarly, user i will not
match with another user k that results in a higher energy outage
probability compared with user j. That is, {i, j} must not be a
blocking pair.

The optimization in (43)–(45) can be solved with a reason-
able time when the number of users are small or moderate.
The number of decision variables is |N |2, and the number
of constraints is |N |2 + |N |. The problem is based on a LP,
i.e., the branch-and-bound algorithm, which has polynomial
complexity.

B. Dynamic Matching

The aforementioned static matching process can be solved in
a single shot to obtain the stable matching. However, it requires
complete information of all the users and network. Moreover,
it does not capture dynamic formation of matchings between
users. Alternatively, a dynamic matching process can be used
to analyze the adaptation of users to reach stable matchings.
Algorithm 1 shows the proposed dynamic matching process.
The algorithm allows the users i and j to move to the matching
that yields an individual energy outage probability lower than
that of the current matching (Line 4). A pair of users i and j
is a blocking pair. The algorithm terminates when none of the
users can improve its individual energy outage probability by
changing its matching.

Algorithm 1 Dynamic Matching Process.

1: An initial matching Δt is generated (e.g., all matchings are
singletons) for period t = 0

2: loop
3: A pair {i, j} is randomly chosen
4: if Oi(j) < Oi(Δ(i)) and Oj(i) < Oj(Δ(j)) then
5: Δt+1 is updated by matching users i and j
6: end if
7: t ← t+ 1
8: end loop No change to Δ

We can model the dynamic matching process as a Markov
chain of a blocking dynamics [39]. The state space is the
same as the set of matchings, i.e., S. The transition probability
from state Δ to Δ′ is denoted by Q(Δ,Δ′), where Δ,Δ′ ∈
S. The transition from state Δ to state Δ′ occurs when the
corresponding users match with each other. In this case, the
transition probability is defined as follows:

Q(Δ,Δ′) =

⎧⎪⎨
⎪⎩
δ, Oi(j) < Oi(Δ(i))

and Oj(i) < Oj(Δ(j))

0, otherwise

(46)

Q(Δ,Δ) = 1 −
∑

Δ′:Δ′ �=Δ

Q(Δ,Δ′). (47)

Let A ⊆ S denote a set of absorbing states of the Markov chain.
For any absorbing state Δ†, we have∑

Δ′:Δ′ �=Δ†

Q(Δ†,Δ′) = 0. (48)

In particular, when the process arrives at the absorbing state, it
will remain there forever. In other words, the absorbing set A
is a minimal set of matchings that once the dynamic matching
process arrives at one of the states in this set, the process will
never leave the set. In this case, there is no blocking pair in
the matching. Thus, the absorbing set presents the collection of
stable matchings such that none of the users can improve its
individual energy outage probability by switching its matching.
This corresponds to the termination condition of Algorithm 1.
It is proven in [39] that the set of absorbing states A is the same
as the set of stable matchings S∗.

Here, we can analyze the Markov chain with absorbing
states. Let Q denote the transition matrix for the Markov chain
whose element is Q(Δ,Δ′). This matrix can be formatted and
expressed in the canonical form as follows:

Q =

[
K L
0 I

]
← non-absorbing states
← absorbing states

(49)

where I is an identity matrix, L is the submatrix containing
transition probabilities from nonabsorbing or transient states
(i.e., unstable matching structures) to absorbing states (i.e.,
stable matching structures). K is the square submatrix contain-
ing the transition probabilities among nonabsorbing states. 0 is
a matrix of zeros. The fundamental matrix of the Markov chain
is obtained from the following:

F = (I−K)−1. (50)

We can obtain the number of transitions to the absorbing states
(i.e., any stable matching structures) as follows:

�τ = F�1 (51)

where �τ = [· · · τΔ · · · ]� is the vector whose element is the
average number of transitions if the Markov chain starts from
the state Δ. In other words, if the dynamic matching process
starts at the matching structure Δ, then τΔ is the average
number of matchings performed by the users before reaching
one of the stable matching structures.
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Then, the probability of absorption is obtained from the
following:

A = FL (52)

where the element of the matrix A, denoted by AΔ,Δ† , is the
probability that the Markov chain starts from a nonabsorbing
state Δ, and finishes its transition at an absorbing state Δ†.
Again, AΔ,Δ† is the probability that the dynamic matching
process starts at the matching structure Δ and terminates at the
stable matching structure Δ†.

Algorithm 1 assumes that all the users are rational. In partic-
ular, a user matches with another user if the resulting matching
yields lower energy outage probability for both users. This is
based on the assumption that the users can perfectly evaluate
the outcome of the matching. However, in reality, the user
may not have such an ability. Moreover, a user may make an
irrational matching action via a decision error. Assume that
such an irrational matching occurs with a small probability
ε > 0. For any two matchings Δ and Δ′, where Δ �= Δ′, the
probability that the matching structure changes from Δ to Δ′ is
denoted by

Qε(Δ,Δ′) = Q(Δ,Δ′) + ε
∑

{i,j}∈D
χ(Δ, {i, j}) (53)

Qε(Δ,Δ) = 1 −
∑

Δ′:Δ′ �=Δ

Qε(Δ,Δ′) (54)

whereD is the set of nonblocking paris forΔ when the matched
result in Δ′. This set is defined as follows:

D={{i, j}|Oi(j) ≥ Oi(Δ(i)) or Oj(i) ≥ Oj(Δ(j))} (55)

which implies that matching between users i and j can result
in a higher or similar energy outage probability for one of the
users. χ(Δ, {i, j}) in (53) is the probability that the pair {i, j}
is chosen when the matching structure is Δ. The corresponding
Markov chain can be easily shown to be ergodic and aperiodic,
as the irrational matching between users induces transition
between any two matchings. Therefore, there will be a unique
stationary probability of the Markov chain. The stationary
probability με(Δ) of the matching structure Δ can be obtained
from solving the following equations, i.e.,

με(Δ)=
∑
Δ′∈S

με(Δ′)Qε(Δ′,Δ), Δ∈S,
∑
Δ′∈S

με(Δ′)=1.

(56)

The stationary probability indicates the frequency that a certain
matching structure will be formed by the users. Let �με denote
the vector of με(Δ). We then consider the case of ε → 0, in
which the irrational matching happens less frequently. There is
the probability vector �μ† = limε→0 �μ

ε whose element denoted
by μ†(Δ) is the probability that the dynamic matching process
will be at matching structure Δ at the steady state. Accordingly,
the matching structure Δ is stochastically stable if and only if
the probability μ†(Δ) is positive.

C. Joint Energy Sharing Policy and User Matching

Algorithm 2 shows the entire steps of the proposed perfor-
mance analysis and optimization framework. This algorithm is
based on the static matching process. Therefore, the first step
is to compute the individual energy outage probability of all
users without matching. Then, for all possible combinations
of matching, the CMDP is solved to obtain the individual
energy outage probability of matched users. Finally, we solve
the optimization for the static matching process. Note that the
similar steps for the dynamic matching process can be used,
where we omit it for brevity.

Algorithm 2 Joint Energy Sharing Policy and User Matching.

1: for i ∈ N do
2: Compute the individual energy outage probability of all

users without matching from (41)
3: end for
4: for i ∈ N do
5: for j ∈ N do
6: Solve the CMDP and obtain the individual energy

outage probability of the pair {i, j} of matched users
from (38) and (39)

7: end for
8: end for
9: Solve the optimization for the static matching process as

in (43)–(45) or solve the Markov chain for the dynamic
matching process as in (48) or (56)

VI. PERFORMANCE EVALUATION

We consider a general network of energy sharing among
mobile users. Similar to the model shown in Fig. 1, the users
can visit a charger to replenish their energy in the battery. If
they are matched, they can transfer energy between each other.
We assume that the users visit a charger and meet each other
randomly with a certain probability. This assumption is widely
adopted in mobile networks to model an encounter event such
as in DTNs [40].

1) Energy Sharing Policy: We first consider two mobile
users 1 and 2, which are matched to one another to study an
optimal energy sharing policies. Both users have an energy
charging rate (i.e., the probability of visiting a charger) of
0.15 and an energy consumption rate (i.e., the probability
of consuming energy) of 0.1. Their battery can hold up to
ten units of energy. The probability that they meet is 0.3.
Fig. 2(a)–(c) shows the probability of taking actions “user 1
transfers energy to user 2,” “user 2 transfers energy to user 1,”
and “no transfer,” respectively. Clearly, one user will transfer
energy to another user if that user has a higher energy level in
the battery. Nevertheless, they will not transfer energy if their
energy levels are not too different. This optimal energy sharing
policy corroborates the intuition that, whenever a user has more
energy, it should share it with another user to reduce the energy
outage probability.
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Fig. 2. Energy sharing policy (symmetric case, where both users 1 and 2 have the same energy charging rate).

Fig. 3. Energy outage probability under different capacities of a battery.

2) Comparison with a Static Policy: Next, we compare the
energy outage probability metric between the proposed optimal
energy sharing policy and a static policy. In the static policy,
the user will always transfer energy if it has two units of energy
more than the other user. Fig. 3 shows the individual energy
outage probabilities of two users adopting the optimal and static
energy sharing policies. Clearly, the optimal policy, which takes
the energy levels of both users into account, can achieve signif-
icantly lower individual energy outage probability. This result
clearly shows that the proposed optimal energy sharing is re-
quired to achieve an optimal performance for the mobile users.

3) Energy Consumption Rate: Next, we consider three mo-
bile users. The energy charging rates of users 1, 2, and 3 are
0.12, 0.15, and 0.12, respectively. This means that user 2 visits
a charger more often than users 1 and 3. In other words, users 1,
2, and 3 spend 12%, 15%, and 12% of their time at a charger to
receive energy. The energy consumption rates of users 2 and 3
are 0.1. This means that the users 2 and 3 spend 10% of their
time running applications or transmitting data. Here, the energy
consumption rate of user 1 is being varied. Fig. 4(a) shows the
individual energy outage probability. We consider two cases:
when user 2 is matched with user 1 and when user 2 is matched
with user 3. In the case in which users 1 and 2 are matched,
as the energy consumption rate of user 1 increases, the outage
probabilities increase. Initially, the individual energy outage
probability of user 2 is higher. However, at a certain point, the
outage probabilities of both users change and that of user 1
becomes higher. This is due to the fact that, as user 1 consumes

more energy, the optimal energy sharing policy has to maintain
low outage probability for user 2 while ensuring that it will not
be higher than the case in which user 2 does not match with
user 1. This is clearly observed when the energy consumption
rate of user 1 is above 0.127 as the individual energy outage
probability of user 2 becomes constant. We observe that there
are certain ranges of energy consumption rate of user 1 that
yields lower individual energy outage probability for user 2 than
that if user 2 is matched with user 3. Consequently, user 2 will
be willing to match with user 1 instead of user 3.

Fig. 4(b) shows the amount of transferred energy between
users 1 and 2. The amount of energy transferred from user 2 to
user 1 increases much faster than that from user 1 to user 2.
Therefore, the net energy transfer from user 2 to user 1 is
positive.

4) Impact of Meeting Probability: We again consider the
case in which user 2 wants to choose to match with either
user 1 or user 3. We then vary the probability of meeting be-
tween users 1 and 2. The probability of meeting between users 1
and 2 (when user 2 is matched with user 3) is fixed at 0.3
(for comparison purposes). In Fig. 5(a), the energy outage
probabilities of both users 1 and 2 decrease as their meeting
probability increases. This is because they have more oppor-
tunity to share energy. Clearly, if the individual energy outage
probability of user 2, when matched with user 1, is less than
that matched with user 3, user 2 will choose user 1.

In Fig. 5, we observe an interesting result. The amount of
energy transferred between users 1 and 2 first increases and
then decreases as the meeting probability between these two
users increases. This is because, when both users meet less
frequently, the opportunity to transfer energy is small. However,
when both users meet very frequently, they have similar levels
of energy in their battery; hence, they do not need much energy
transfer to reserve energy for their own consumption.

5) Lower Bounds on Energy Outage Probability: Next, we
consider the performance (i.e., an individual energy outage
probability) bound of matched users. The optimization problem
to obtain the lower bound of an individual energy outage
probability is given in the Appendix. We have two mobile users
with the same energy charging rate. Fig. 6 shows the maximum
energy outage probability between users 1 and 2. We observe
that when the individual energy outage probability of one user
increases, that of another user will decrease. This behavior
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Fig. 4. (a) Individual energy outage probability and (b) amount of transferred energy under different energy consumption rate.

Fig. 5. (a) Individual energy outage probability and (b) amount of transferred energy under different meeting probability.

Fig. 6. Energy outage probability bounds.

forms a region within which the users can achieve minimum
energy outage probabilities between them. This bound repre-
sents the Pareto frontier, on which the solution of an optimal

Fig. 7. Matching of four users when the energy charging rate and energy con-
sumption rate of user 2 are varied in [0.12, 0.15] and [0.1, 0.12], respectively.

energy sharing policy is located. Additionally, as expected,
when the energy charging increases, both the users achieve
smaller energy outage probabilities.
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TABLE I
INDIVIDUAL ENERGY OUTAGE PROBABILITY UNDER DIFFERENT MATCHING FOR FOUR USERS

6) User Matching: We analyze the matching between four
users. Here, four users are considered to simplify the presenta-
tion. Mobile users 1, 2, 3, and 4 have the energy charging rates
of 0.15, 0.15, 0.1, and 0.1, and have the energy consumption
rates of 0.12, 0.1, 0.1, and 0.12, respectively. The setting is
shown graphically in Fig. 7. Table I shows the energy outage
probabilities of the users under different matching. Each ele-
ment is the individual energy outage probability of the user in
a certain row if this user is matched with the user in a certain
column. For example, the highlighted probability 0.00048327 is
the individual energy outage probability of user 1 when this user
is matched with user 2. Similarly, the highlighted probability
0.000330508 is the individual energy outage probability of
user 2 when this user is matched with user 1. The individ-
ual energy outage probability in a diagonal element is when
the user does not match with another user (i.e., a singleton
matching).

For the Markov chain of the dynamic matching process, with
four users N = {1, 2, 3, 4}, the state space is S = {Δ1, . . . ,
Δ10}, where Δ1 = {{1}, {2}, {3}, {4}}, Δ2 = {{1, 2}, {3},
{4}}, Δ3={{1, 3}, {2}, {4}}, Δ4={{1, 4}, {2}, {3}}, Δ5=
{{1}, {2, 3}, {4}}, Δ6 = {{1}, {2, 4}, {3}}, Δ7 = {{1}, {2},
{3, 4}}, Δ8 = {{1, 2}, {3, 4}}, Δ9 = {{1, 3}, {2, 4}}, and
Δ10 = {{1, 4}, {2, 3}}.

The transition matrix of the Markov chain, when the users
perform only rational matching actions is given by (57), shown
at the bottom of the page. Clearly, the singleton matching
structure (i.e., Δ1) is not stable as any user can improve its
energy outage probability by sharing energy with another user.
Similarly, the structures with single matching pair (i.e., Δ2,
Δ3, Δ4, Δ5, Δ6, and Δ7) are not stable as the other users
with singleton matchings can be matched to each other to
improve their energy outage probability. Finally, between the
structures with two matching pairs, there is one that is stable in
this case.

Fig. 8. Matching of 20 users.

The stable matching structure is Δ8 = {{1, 2}, {3, 4} whose
energy outage probabilities of the corresponding users are
highlighted in Table I. Other matchings are not stable. For
example, for the pair {1, 3}, user 1 can deviate to match with
user 2, which achieves lower energy outage probability (i.e.,
0.00048327 versus 0.003585675). Similarly, for {2,4}, user 2
will deviate to match with user 1, which again achieves
lower energy outage probability (i.e., 0.000330508 versus
0.001884253).

Then, we vary the parameters of user 2, whereas the rest
of the users’ parameters remain constant. In particular, we
vary the energy charging rate between 0.12 and 0.15, and the
energy consumption rate between 0.1 and 0.12. These values
are shown graphically in Fig. 7. Based on this setting, we
observe that there are two major regions for energy charging
and consumption rates within which user 2 will match with a
different user. In the shaded area (i.e., top left corner), these

Q =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0.166 0.166 0.166 0.166 0.166 0.166 0 0 0
0 0 0 0 0 0 0 1 0 0
0 0.333 0 0 0.333 0 0 0 0.333 0
0 0.25 0.25 0 0 0.25 0 0 0 0.25
0 0.5 0 0 0 0 0 0 0 0.5
0 0.333 0 0 0.333 0 0 0 0.333 0
0 0 0.2 0.2 0.2 0.2 0 0.2 0 0
0 0 0 0 0 0 0 1 0 0
0 0.5 0 0 0.5 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

← Δ1

← Δ2

← Δ3

← Δ4

← Δ5

← Δ6

← Δ7

← Δ8

← Δ9

← Δ10

(57)
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probabilities of user 2 are close to those of user 4. Consequently,
user 2 will match with user 4, and user 1 will match with user 3
to minimize their energy outage probabilities. That is, the stable
matchings are {2, 4} and {1, 3}. In contrast, in the other region
(i.e., bottom right corner), user 2 will match with user 1, and
user 3 will match with user 4. Therefore, the matchings {1, 2}
and {3,4} are stable.

7) Matching Among Users: Fig. 8 shows a matching be-
tween 20 users with different energy charging and consumption
rates. We observe that a stable matching occurs mostly between
users with opposite energy charging and consumption rates. For
example, user 11, which has relatively low energy charging and
consumption rates, matches with user 23, which has relatively
high energy charging and consumption rates. This is due to the
fact that the energy remaining in the battery at the steady state
is not much different among the users; hence, the users will
benefit from energy sharing.

VII. CONCLUSION

In this paper, we have introduced the novel concept of mobile
energy sharing networks. Such networks allow mobile users to
share their energy when they move and meet each other. The
proposed notion of energy sharing can help reduce the energy
outage probabilities of the users. Based on this concept, we
have presented a holistic performance analysis and optimization
framework for the users in mobile energy sharing networks.
The framework is composed of two components. The first
component is developed based on an optimization to determine
an optimal energy sharing policy between matched users. This
optimization has been formulated as a CMDP model. The sec-
ond component is used to obtain stable and desirable matchings
between the mobile users of the energy sharing network. Both
the components use the outcome and setting of each other to
obtain their solutions. We have presented a novel algorithm
that enables the users to perform such matching. Simulation
results have shown the various advantages of the proposed
framework. For example, the stable matchings among users can
reduce the energy outage probability. For the future work, an
actual implementation and real experiment of the mobile energy
sharing networks will be performed. The net energy efficiency,
which is the ratio between the performance gain and energy us-
age, can be measured. Finally, the coalition formulation among
multiple mobile users with manageable complexity can be
considered.

APPENDIX

LOWER BOUNDS ON ENERGY OUTAGE PROBABILITY

The lower bound on the individual energy outage probability
of the matched users i and j can be obtained by solving the
optimization problem, modified of that in (24)–(26). Let us con-
sider the lower bound of user i; the corresponding optimization
problem is expressed as follows:

min
πb
i

JO,i(π) (58)

s.t. JO,j(π) ≤ Lj (59)

where πb
i is the corresponding policy. The equivalent LP model

can be expressed as follows:

min
φb
i (ω,a)

∑
ω∈Ω

∑
a∈A

φb
i (ω, a)Oi(ω, a) (60)

s.t.
∑
ω∈Ω

∑
a∈A

φb
i (ω, a)Oj(ω, a) ≤ Lj (61)

∑
a∈A

φb
i (ω

′, a)=
∑
ω∈Ω

∑
a∈A

φb
i (ω, a)Pω,ω′(a), ω′ ∈ Ω

(62)∑
ω∈Ω

∑
a∈A

φb
i (ω, a) = 1, φb

i (ω, a) ≥ 0 (63)

where the decision variable φb
i (ω, a) is the probability that

action a will be taken at state ω. Then, the optimal policy πb∗
i

can be obtained as in (37). Basically, the lower bound indicates
the smallest individual energy outage probability of user i such
that both users i and j are willing to match with each other.
Note that we can vary the maximum required energy outage
probability Lj for user j.

The lower bound of user j can be obtained in a similar way.
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