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Welcome to this special issue. Device-to-device (D2D)
communication is a promising concept to improve user
experiences and resource utilization in cellular networks,
which enables two or more mobile devices in proximity to
establish local links, coordinated by a base station, to perform
direct data exchange. The benefits of D2D communication
include ubiquitous computing and communication, traffic
offloading, energy efficiency enhancement, coverage extension, and creation of new services. However, many research
challenges still exist, such as analyzing the performance of
these systems in different channel conditions and studying
the performance with different transmission and resource
management techniques.
The aim of this special issue is to address research
advances that enable D2D communication in cellular networks, and report on the state-of-the-art contributions in
this area. To ensure quality of this special issue, we have
conducted a rigorous review process on twenty-eight submissions, from which nine papers are selected and clustered
into three groups: two papers on channel coding and signal
processing algorithms, four on resource management and
scheduling, and three on new services and applications.
Detailed overviews of the selected works are given below.
The first group addresses channel coding and signal
processing algorithms on physical layer. The first paper,
written by M. Dai et al., studies multidevice multicast communication via a layer of parallel relay nodes and proposes
two relaying strategies, respectively, called the conventional
relaying and network-coded relaying. The paper, by M.
Qian et al., presents a signal detection scheme for two-way

relaying network using distributed differential space-time
coding under imperfect synchronization. A realistic scenario
is investigated by considering the signals transmitted from
the two source nodes arriving at the relay not exactly at the
same time due to the distributed nature of the nodes.
The second group mainly investigates MAC and network
layer resource allocation and scheduling issues. The first of
these papers, by W. Rehman et al., jointly considers resource
scheduling and relay selection to improve network capacity
in 60 GHz based D2D networks. Two types of transmission
scenarios are considered in wireless personal area networks,
that is, intra- and intergroup. A distributed receiver based
relay selection scheme is proposed for intragroup transmission and a distance based relay selection scheme for
intergroup transmission. The second paper, by Q. Ou et al.,
proposes a distributed cooperation scheme on frequency
resource sharing proposed to improve the quality of service
in D2D communications underlaying cellular networks using
coalition formation game. And all users have the incentive
to cooperate with some others and form a competitive
group to maximize the probability of obtaining their favorite
spectrum resources. The third paper, by B. Guo et al.,
investigates the resources allocation problem in multiuser
scenario and proposes a graph-based resources allocation
scheme which can achieve suboptimal performance but with
low computational complexity and less feedback information.
The paper, by Y. He et al., proposes a joint scheduling and
resource allocation scheme to improve the performance of
D2D communication by taking UE rate and UE fairness
into account. A Stackelberg game framework by grouping
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a macrocellular UE, a femtocellular UE, and a D2D UE to
form a two-leader one-follower pair is utilized to facilitate the
resource allocation problem.
The third group explores new services and applications.
The first paper, by X. Luan et al., proposes a distributed joint
cluster formation and resource allocation scheme for data
collection in cluster-based M2M networks. A hierarchical
transmission model which contains two communication
phases is provided in order to utilize the advantages of
cooperation. The second paper, by Y. Yin et al., presents
an infinite horizon Constrained Markov Decision Process
to model the sensor selection, which is able to achieve
different degrees of performance tradeoff between lifetime
and fairness. The simulation results show that the proposed
scheduling algorithm can obtain optimal lifetime utilizing
optimal policy under different degrees of constraints. The
last paper, by W. Zhang et al., suggests a new chaotic stream
cipher-based cryptographic scheme to achieve secure data
communications over a wireless sensor network for Intelligent Transportation Systems. The proposed cryptographic
scheme not only provided key negotiation and data encryption between sensor nodes in the WSN but also reduced
computational costs and power consumption.
In conclusion, this issue offers a state-of-the-art view into
recent advances of D2D communication and networks and
also attempts to tackle the research challenges particularly
raised from the adoption of new technologies. This issue also
offers both academic and industry appeal—the former as a
basis toward future research directions and the latter toward
viable industrial commercialization.
Finally, we would like to thank all the authors who have
submitted their papers for consideration for publications
in this issue. We are grateful to the anonymous reviewers
who spent much of their precious time in reviewing all
submissions. Their timely reviews and comments greatly
helped us select the best papers for inclusion in this special
issue. We hope you will enjoy reading the great selection of
papers in this issue.
Lingyang Song
Yan Zhang
Stephen Wang
Cheng-Xiang Wang
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A distributed cooperation scheme on frequency resource sharing is proposed to improve the quality of service (QoS) in deviceto-device (D2D) communications underlaying cellular networks. Specifically, we formulate the resource allocation problem as a
coalition formation game with transferable utility, in which all users have the incentive to cooperate with some others and form
a competitive group to maximize the probability of obtaining their favorite spectrum resources. Taking the cost for coalition
formation into account, such as the path loss for data sharing, we prove that the core of the proposed game is empty, which shows
the impossibility of grand coalition. Hence, we propose a distributed merge-and-split based coalition formation algorithm based
on a new defined Max-Coalition order to effectively solve the coalition game. Compared with the exhaustive search, our algorithm
has much lower computer complexity. In addition, we prove that stability and convergence of the proposed algorithm using the
concept of a defection function. Finally, the simulation results show that the proposed scheme achieves a suboptimal performance
in terms of network sum rate compared with the centralized optimal resource allocation scheme obtained via exhaustive search.

1. Introduction
The demand of increasing data rate for local services and
growing spectrum congestion have triggered the research
for improving spectral efficiency in cellular networks. The
device-to-device (D2D) communication link behaving as
an underlay to the cellular network has been regarded as
an effective technique to provide better wireless services in
local areas [1–4]. In the hybrid D2D-cellular system, D2D
users may share resources with cellular users in either an
orthogonal manner or a nonorthogonal manner [5]. In the
orthogonal case, dedicated resources are allocated to D2D
users, and it cannot improve spectral efficiency, though it is
easy to implement. Therefore, nonorthogonal resource sharing receives more attention [6–9]. While intracell interference
in the nonorthogonal case has significant influence on the
network throughput, hence, an efficient resource sharing
strategy is essential for the feasibility of the hybrid D2Dcellular system.
The resource sharing problems in the hybrid D2Dcellular system have been analyzed in many existing

researches. In [7], the optimum resource allocation and
power control scheme was proposed, which shows that,
with proper resource management, the hybrid D2D-cellular
communications can greatly increase the network throughput when comparing with traditional cellular-only networks.
However, the proposed cooperation algorithm in [7] fully
depended on a centralized entity in the network such as
a base station (BS), and a large amount of communication
overhead was required for information exchange among the
users. In [9, 10], a resource sharing algorithm was proposed
based on coalition graph game, while in these two papers the
cooperation cost on the communication was not discussed,
which would limit its benefits or even impair the users’
performance.
In this paper, we propose a frequency resource sharing
scheme based on the definition of coalition. Both the D2D
users and the cellular users form several cooperation coalitions, in which there are some D2D users and a cellular user,
and each coalition occupies a dedicated resource. In order
to allocate the frequency resource, we defined the coalition
sum transmission rate as the coalition that can be achieved
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through the resource blocks (RBs) allocated to it. Only the
user group who can achieve the maximum sum rate on a
specific RB can obtain it from the BS for data transmission, so
each user (either D2D pair or cellular UE) has the incentive
to cooperate with others who can achieve an improved sum
rate on its preferred RBs to maximize its own utility and form
a strengthened user group. In this strategy, we suppose that
every cellular UE and D2D pair has an identical priority to
access the RBs.
The main contribution of this paper is that the spectrum
resource allocation in the hybrid D2D-cellular system is
formulated as a coalition formation game with transferable
utility [11, 12]. In the proposed game, each user can only join
one coalition game at a time, while at the next time slot it
can change its identify (i.e., its current preferred RB index)
leaving the current subgame and participating in another
one. Based on this, we further divide the proposed game
into several subgames and those subgames can process the
resource allocation at the same time. In addition, we suppose
a distributed merge-and-split based coalition formation algorithm on the basis of a new defined Max-Coalition order to
solve the proposed game in a distributed manner effectively
with low complexity.
The rest of this paper is organized as follows. Section 2
presents the proposed system model and the corresponding
resource allocation optimization problem. In Section 3, we
model the resource allocation problem as a coalitional game
with transferable utility. In Section 4, a distributed coalition
formation algorithm is proposed based on the merge-andsplit rules to solve the resource allocation problem. Simulation results are provided in Section 5. Finally, conclusions are
drawn in Section 6.

2. System Model and Problem Formulation
2.1. System Description. In this paper, the D2D pairs reuse the
downlink resource in the underlaying D2D communication
system that is analyzed as depicted in Figure 1. Orthogonal frequency division multiplexing (OFDM) technique is
employed to support multiple access for both the traditional
cellular UEs and the D2D pairs; therefore, the wideband
channel for the cellular data transmission can be divided into
several narrow band subcarriers denoted as K RBs, K =
{RB1 , RB2 , . . . , RB𝐾 }. We assume that there are 𝑋 traditional
cellular UEs and 𝑌 D2D pairs in the investigated network,
where 𝑈𝑥 , 𝑥 = 1, 2, . . . , 𝑋, denotes a traditional cellular UE
and 𝐷𝑦,𝑡 and 𝐷𝑦,𝑟 , 𝑦 = 1, 2, . . . , 𝑌, denote a possible D2D
pair whose distance is short enough to satisfy the constraint
of the direct D2D communication, where 𝐷𝑦,𝑡 represents the
transmitter of the D2D pair and 𝐷𝑦,𝑟 represents the receiver
of the D2D pair. We define the set of references {1, 2, . . . , 𝑋},
the set of references {1, 2, . . . , 𝑌}, the set of traditional cellular
UEs, and the set of D2D communication pairs that are
represented by X, Y, U, and D, respectively.
The channel gains of the traditional cellular communication link from the BS to the cellular UE 𝑈𝑥 , the D2D
communication link from 𝐷𝑦,𝑡 to 𝐷𝑦,𝑟 , the interference link
from the BS to 𝐷𝑦,𝑟 , the interference link from 𝐷𝑦,𝑡 to 𝑈𝑥 ,
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and the interference link from 𝐷𝑦,𝑡 to 𝐷𝑦 ,𝑟 , when they share
the RB𝑘 for individual data transmission, are represented by
𝑘
𝑘
𝑘
𝑘
𝑘
𝑔𝑈
, 𝑔𝐷
, 𝑔𝑏,𝐷
, 𝑔𝐷
, and 𝑔𝐷
, respectively, where
𝑥
𝑦,𝑡 ,𝐷𝑦,𝑟
𝑦,𝑟
𝑦,𝑡 ,𝑈𝑥
𝑦,𝑡 ,𝐷 
𝑦 ,𝑟

𝑥 ∈ X, 𝑦 ∈ Y, 𝑦 ∈ Y, 𝑦 ≠𝑦 , and 𝑘 ∈ K. The channel gains
contain the normalized small-scale fading and the distancedependent path loss. Note that, in our assumption, the smallscale fading on different RBs for a certain communication
link is independent, but within one RB it stays the same, that
is, a frequency flat fading in each RB. Also quasistatic channel
fading is assumed from one slot to another. The thermal noise
at the receivers satisfies independent Gaussian distribution
with zero mean and the same variance denoted by 𝜎2 .
Suppose that the BS and the transmitter of the D2D
pairs transmit with powers 𝑃𝑏 and 𝑃𝑑 allocated to each RB,
respectively. Whenever a coalition (regarded as the cellular
UEs and D2D pairs sharing the RB for individual data
transmission after cooperation) occupies the RB, part of the
transmission power is used as a cost on the information
exchange among the members in the coalition [13–18], and
the remaining power is used for actual data transmission. The
cost is the sum of the power that is used to each member in
a coalition S exchanging information to its corresponding
farthest member inside S. For instance, the power needed
for broadcast transmission between a member 𝑖 ∈ S and its
corresponding farthest member ̂𝑖 ∈ S is given by
𝑃𝑖,̂𝑖 =

𝜅0 ⋅ 𝜎2
,
𝑔𝑖,𝑘̂𝑖

(1)

where 𝜅0 is a target SNR for information exchange; 𝑔𝑖,𝑘̂𝑖 =

ℎ2 ⋅𝑑𝑖,(−𝛼)
̂𝑖 is the exchange of information link from member 𝑖 to
member ̂𝑖 when RB𝑘 is allocated to it for data transmission;
ℎ is the path loss constant; 𝛼 is the path loss exponent; and
𝑑𝑖,̂𝑖 is the distance between member 𝑖 and member ̂𝑖. As
a consequence, the total power cost denoted by 𝑃̂𝑆 for a
coalition S is given by
𝑃̂𝑆 =

∑
𝑥∈X,𝑈𝑥 ∈S

𝑃𝑈𝑥 ,𝑈
̂𝑥 +

𝑃𝐷𝑦 ,𝐷̂𝑦 .

∑

𝑦∈Y,𝐷𝑦 ∈S

(2)

As the defined cost in (2) depends on the location of
the members and the size of the coalition, a higher power
cost is incurred whenever the distance between the members
increases or the size of coalition increases.
Thus, the actual power constraint of the cellular UE 𝑈𝑥
per coalition S is given by
+

𝑃𝑈𝑥 = (𝑃𝑏 − 𝑃𝑈𝑥 ,𝑈
̂𝑥 ) .

(3)

Also, the actual power constraint of the D2D pair 𝐷𝑦 per
coalition S is given by
+

𝑃𝐷𝑦 = (𝑃𝑑 − 𝑃𝐷𝑦 ,𝐷̂𝑦 ) ,

(4)

where it defines 𝑎+ ≜ max(𝑎, 0).
Thus the fraction power used for data transmission of
coalition S is
𝑃𝑆 =

∑

𝑃𝑈𝑥 +

𝑥∈X,𝑈𝑥 ∈S

∑
𝑦∈Y,𝐷𝑦 ∈S

𝑃𝐷𝑦 .

(5)
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D2D UEs
Cellular UEi

Transmitter

Receiver

Cellular UE1

Cellular UEN
Transmitter

BS
D2D UEs
Cellular UE2
Receiver

Communication link
Interface from D2D transmission to cellular transmission
Interface from cellular transmission to D2D transmission

Figure 1: System model for D2D communications underlaying cellular network when sharing downlink resource.

The instantaneous signal-to-interference-plus-noise ratio
(SINR) at cellular UE 𝑈𝑥 , 𝑥 ∈ X, when RB𝑘 is allocated to it
for data transmission, can be given as follows:
SINR𝑘𝑈𝑥 =

𝑘
𝑃𝑈𝑥 ⋅ 𝑔𝑈
𝑥
𝑘
𝜎2 + ∑𝐷𝑦 ∈S 𝑃𝐷𝑦 𝑔𝐷
𝑗,𝑡 ,𝑈𝑥

,

(6)

and the instantaneous SINR at the receiver of the D2D pair
𝐷𝑦 , that is, 𝐷𝑦,𝑟 , 𝑦 ∈ Y, when RB𝑘 is allocated to it for data
transmission, can be given as follows:
SINR𝑘𝐷𝑦
=

𝑃𝐷𝑦 ⋅

𝑘
𝑔𝐷
𝑦,𝑡 ,𝐷𝑦,𝑟

𝑘
𝑘
𝜎2 + ∑𝑈𝑥 ∈S (𝑃𝑈𝑥 𝑔𝑏,𝐷
/𝐾) + ∑𝑗=Y,𝐷
̸ 𝑦 ∈S 𝑃𝐷𝑦 𝑔𝐷𝑗,𝑡 ,𝐷𝑦,𝑟

U

) be an RB
within the network. Let S(𝑋+𝑌)×𝐾 = ( D𝑋×𝐾
𝑌×𝐾
assignment solution, where U𝑋×𝐾 = [𝛼𝑥,𝑘 ] and D𝑌×𝐾 =
[𝛽𝑦,𝑘 ] denote the RB assignment matrix for the traditional
cellular communication links and the D2D communication
links, respectively. The value of 𝛼𝑥,𝑘 and 𝛽𝑦,𝑘 , with 𝑥 ∈ X,
𝑦 ∈ Y, and 𝑘 ∈ K, can be defined as follows:
1,
𝛼𝑥,𝑘 = {
0,
1,
𝛽𝑦,𝑘 = {
0,

.

𝑦,𝑟

(7)
2.2. Frequency Resource Allocation Problem. In the underlaying D2D communication system, the interference problem
is not negligible, which, therefore, calls for optimal RB
assignment solution to reduce the interference, and then each
communication link can properly perform its individual data
transmission. According to the Shannon capacity formula,
we define the sum rate of the cellular network as the sum
of the channel capacities for all the communication links

when RB𝑘 is allocated to 𝑈𝑥 ,
otherwise,

(8)

when RB𝑘 allocated to 𝐷𝑦 ,
otherwise.

(9)

Therefore, we can obtain the optimal RB assignment
solution, denoted by Sopt , solving the optimization problem
as follows:
𝐾

𝑊 𝑋
[ ∑ log2 (1 + SINR𝑘𝑈𝑥 ) 𝛼𝑥,𝑘
S(𝑋+𝑌)×𝐾
𝐾
𝑥=1
𝑘=1

Sopt = arg max ∑

𝑌

+ ∑ log2 (1 + SINR𝑘𝐷𝑦 ) 𝛽𝑦,𝑘 ]
𝑦=1

(10)
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S = {𝑈𝑥 , 𝐷𝑦 | 𝛼𝑥,𝑘 = 1, 𝛽𝑦,𝑘 = 1, 𝑥 ∈ X, 𝑦 ∈ Y} ,
𝑋

∑ 𝛼𝑥,𝑘 ≤ 1,

(11)

𝑥=1
𝐾

∑ 𝛼𝑥,𝑘 ≤ 1,

𝑘=1

𝐾

𝐾

𝛼𝑥,𝑘 𝑊
log2 (1 + SINR𝑘𝑈𝑥 ) ,
𝐾
𝑘=1

∑ 𝛽𝑦,𝑘 ≤ 1,

R𝑈𝑥 = ∑

𝑘=1

where SINR𝑘𝑈𝑥 and SINR𝑘𝐷𝑦 are given in (6) and (7), respectively. Particularly, the second constraint in (11) guarantees
that different traditional cellular UEs can never occupy the
same RB for data transmission. The third constraint in (11)
guarantees that each user can obtain at most one RB in an
OFDM symbol through every RB assignment process.
The optimal RB assignment solution in (10) and (11) can
be obtained through an exhaustive search for all the possible
choices of 𝛼𝑥,𝑘 and 𝛽𝑦,𝑘 subjected to the conditions given
in (11), where 𝛼𝑥,𝑘 and 𝛽𝑦,𝑘 are independent of each other.
Then, the computational complexity can be obtained as the
multiplication of the complexity with all possible choices of
𝛼𝑥,𝑘 and 𝛽𝑦,𝑘 . So the computational complexity of it can be
obtained as follows:
𝐾

{Toptimal = O ( ∑ H𝑘X
𝑘=0

(Y + 1)𝐾−1
)} ,
(𝐾 − 1)!

(12)

where (𝑛)! denotes the factorial computation of a nonnegative
integer 𝑛 and H𝑛𝑚 represents the permutation operation,
which is defined as
(𝑚)!
{
,
H𝑛𝑚 = { (𝑚 − 𝑛)!
{0,

3.1. Utility Function. The utilities of the player in the coalition
are defined as the transmission rate which can be achieved
through the RBs allocated to it. Therefore, the utility of
cellular UE 𝑈𝑥 , 𝑥 ∈ X, denoted by R𝑈𝑥 , can be obtained as
follows:

when 𝑚 ≥ 𝑛,

(13)

otherwise,

where 𝑚 and 𝑛 are both nonnegative integers, and we further
define (0)! = 1.
Based on (13), the optimal RB assignment solution is an
NP-hard combinatorial optimization problem with nonlinear
constraints; particularly, as the number of cellular UEs and
D2D pairs grows, the computational complexity increases
rapidly. In other words, directly finding an optimal solution of
the aforementioned optimization problem is computationally
prohibitive, and no polynomial-time algorithm can optimally
solve it. Therefore, in the following section, we formulate this
resource allocation problem as a coalitional formation game
and solve it in a distributed manner with low computational
complexity.

3. Frequency Resource Allocation Using
Coalitional Game
In this section, we formulate the frequency resource assignment problem among both cellular UEs and D2D pairs as a
coalitional game with transferable utility (TU). In the game,
each player seeks to obtain an optimal RB for its individual
data transmission, while it has to share the RB with some
other players within the same resource group.

(14)

and the utility of D2D pair 𝐷𝑦 , 𝑦 ∈ Y, denoted by U𝐷𝑦 , is
given as
𝐾

R𝐷𝑦 = ∑

𝑘=1

𝛽𝑦,𝑘 𝑊
𝐾

log2 (1 + SINR𝑘𝐷𝑦 ) ,

(15)

where SINR𝑘𝑈𝑥 , SINR𝑘𝐷𝑦 , 𝛼𝑥,𝑘 , and 𝛽𝑦,𝑘 are given in (6), (7), (8),
and (9), respectively.
Note that for a certain communication link every player
has different performance on different RBs, and so each of
them has two individual attributes, the identity order list
L(𝑉) and the current identity 𝛿(𝑉), where 𝑉 = 𝑈𝑥 or 𝐷𝑦 , 𝑥 ∈
X, 𝑦 ∈ Y. The L(𝑉) is a vector of RB indices corresponding
to the highest signal-to-noise ratio (SNR) at the receiver of
the communication link to the lowest SNR, and 𝛿(𝑉) is the
first element of L(𝑉) which indicates the current interested
RB index of the player.
3.2. Coalitional Game. We use a coalitional TU game (T, V)
to analyze the distributed resource assignment process, where
T represents the set of players; that is, T = U ∪ D, and V(S)
is the value of a coalition S, S ⊆ T. Note that, in our assumption, only the players seeking for the same RB can cooperate
with each other to form a coalition. Based on the current
identity 𝛿(𝑉) of each player, we divided the coalitional TU
game (T, V) into 𝐾 types of subcoalition games, and each
coalition, denoted by S𝑘 , 𝑘 ∈ K, corresponds to the 𝐾 RBs.
The value V of a coalition S𝑘 can be given as follows:
0,
if S𝑘 = Φ,
{
{


{  𝑘 
V (S𝑘 ) = { 𝑊 S 
{
{ ∑ log2 (1 + SINR𝑘𝑉𝑖 ) , otherwise,
{ 𝐾 𝑖=1

(16)

where |S𝑘 | denotes the number of members in the coalition
S𝑘 , 𝑉𝑖 = 𝑈𝑥 or 𝐷𝑦 , 𝑥 ∈ X, 𝑦 ∈ Y, 𝑉𝑖 ∈ S𝑘 , and Φ represents
the empty set.
We define the payoff of each player in a coalition S𝑘 , 𝑘 ∈
K, as the individual contribution to the coalition value that it
offers. Therefore, the payoff of the player 𝑉𝑖 , 𝑖 = 1, 2, . . . , |S𝑘 |,
in coalition S𝑘 can be given as follows:
𝜙𝑖𝑘 = V (S𝑘 ) − V (

S𝑘
),
{𝑉𝑖 }

(17)

where S𝑘 /{𝑉𝑖 } denotes the coalition transformed from S𝑘 by
deleting 𝑉𝑖 in it. Note that V (Φ) = 0 in our definition of
the coalition value, and thus 𝜙𝑖𝑘 = V (S𝑘 ) if there is only
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one player 𝑉𝑖 in coalition S𝑘 ; that is, S𝑘 = {𝑉𝑖 }. We can
guarantee that finally at most one cellular UE will stay in a
coalition by the payoff allocation policy in which only the
cellular UE has the highest payoff (note that this payoff of a
cellular UE is calculated by (17) when supposing that all the
other cellular UEs are removed from the current coalition)
can obtain the payoff while the payoffs of the other cellular
UEs in the same coalition are set equal to a high negative
value. Then, those cellular UEs with negative payoffs will
deviate from the coalition on their own initiative.
In this paper, the proposed distributed resource assignment (T, V) coalitional game will seldom form the grand
coalition and, instead, disjoint coalitions will form in the
network due to the cost.

together, we divide the defined coalitional game (T, V) into
𝐾 coalitional subgames, denoted by (T𝑘 , V𝑘 ), 𝑘 ∈ K, where
T𝑘 = {𝑉𝑖 | 𝛿(𝑉𝑖 ) = 𝑘, 𝑉𝑖 ∈ T}, T = T1 ∪ T2 ∪ ⋅ ⋅ ⋅ ∪ T𝐾 ,
T𝑘1 ∩ T𝑘2 = Φ, 𝑘1 , 𝑘2 ∈ K, 𝑘1 ≠𝑘2 , and V𝑘 is defined the
same as V in (16). However, the 𝐾 coalitional subgames cannot
proceed independently during the resource assignment, since
each player in the game can change its current identity due to
the payoff. Every player can obtain its current identity in the
current coalitional subgame group, and then it joins another
coalitional subgame group to seek for the corresponding
RB which may bring it higher potential payoff. Thus, the 𝐾
coalitional subgames need to dynamically update their own
group information once one of the players makes a decision
to change its current identity during the resource allocation.

Definition 1. A coalitional TU game (T, V) is said to be
superadditive if for any two disjoint coalitions S1 , S2 ⊂ T,
V(S1 ∪ S2 ) ≥ V(S1 ) + V(S2 ).

4. Coalition Formation Algorithm

Theorem 2. The proposed distributed resource assignment
(T, V) coalition game with cost is, in general, nonsuperadditive.
Proof. Consider that two disjoint coalitions S1 ⊂ T and
S2 ⊂ T in the network, with the player of S1 ∪ S2 located far
enough to yield a very large power cost per (2) cause the data
transmission power in (5) 𝑃𝑆 = 0. Then by (16) the coalition
value of S1 ∪ S2 is V(S1 ∪ S2 ) = 0 < V(S1 ) + V(S2 ), so the
proposed distributed resource assignment (T, V) coalition
game is not superadditive.
Definition 3. An 𝜙𝑘 is said to be unstable through a coalition
𝑆, if V(𝑆) > ∑𝑖∈𝑆 𝜙𝑘 ; that is, the players have an incentive to
form coalition 𝑆 and reject the proposed 𝜙𝑘 . The set 𝐶 of stable
imputations is called the core; that is,
𝐶 = {𝜙𝑘 : ∑ 𝜙𝑖𝑘 = V (𝑁) , ∑ 𝜙𝑖𝑘 ≥ V (𝑆) , ∀𝑆 ⊆ T} .
𝑖∈𝑁

(18)

This section aims to design a distributed merge-and-split
based coalition formation algorithm to solve the resource
assignment problem in the investigated D2D communications underlaying cellular network.

4.1. Coalition Formation Concepts. To construct a coalition
formation process suitable to the proposed coalitional game,
we need several definitions as follows.
Definition 5. A collection of coalitions, denoted by P, is
defined as a set P = {S1 , S2 , . . . , S𝑝 } of mutually disjoint
coalitions S𝑖 ⊂ T. In other words, a collection is any arbitrary
group of disjoint coalitions S𝑖 of T that is not necessarily
spanning all the players of T. If a collection P spans all the
𝑝
players of T, that is, ⋃𝑖=1 S𝑖 = T, then the collection is
recognized as a partition of T.

𝑖∈𝑁

A nonempty core means that the players have an incentive to
form the grand coalition.
Theorem 4. In general, the core of the proposed (T, V)
coalitional game with cost is empty.
Based on the previous analysis, the cost on cooperation
information exchange for a coalition 𝑆 increases with the
number of the player and the distance between the players in
𝑆. Because this coalition consists of a large number of users
who are randomly located at different location, so similar to
the proof of Theorem 2, consider two disjoint coalitions 𝑆1
and 𝑆2 with V(𝑆1 ∪ 𝑆2 ) = 0 due to the cooperation costs. In
this case, coalitions 𝑆1 and 𝑆2 have no interest to combine
with each other to form a grand coalition, so they form
two independent disjoint coalitions. As a consequence, the
core of the proposed game does not exist. Because of the
nonsuperadditivity of the game and the emptiness of the core,
the grand coalition of all players will not form.
Considering that there are some different types of coalitions and only the coalitions of the same type can be merged

Definition 6. Consider two collections P = {S1 , . . . , S𝑝 }
and Q = {S∗1 , . . . , S∗𝑞 } which are partitions of the same
subset T∗ ⊆ T (i.e., the same players in P and Q). Then,
a comparison relation ⊳ is defined as that P ⊳ Q implies the
way P partitioning T∗ is preferred to the way Q partitioning
T∗ .
In the proposed coalition formation game, among all of
the same type coalitions only one coalition which has the
maximum coalition value can obtain the corresponding RB
for data transmission, which means that if a player cannot
join the coalition with the maximum coalition value, it
cannot obtain its preferred RB, and then its payoff would
be zero. Based on this, all of the disjoint coalitions of the
same coalition type are preferred to combine with others if
they can form a stronger one with a higher coalition value
instead, and thus all the players of them will have more chance
to obtain their corresponding RB for their individual data
transmission. Then, we define a new comparison relation
with respect to the investigated resource assignment problem
as follows.
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Definition 7. Consider two collections P = {S1 , . . . , S𝑝 } and
Q = {S∗1 , . . . , S∗𝑞 } with the same players in them. Then, the
Max-Coalition order P ⊳ Q is defined as follows:
{max {V (S1 ) , . . . , V (S𝑝 )} > max {V (S∗1 ) , . . . , V (S∗𝑞 )}} ,
(19)
where max{⋅ ⋅ ⋅ } means the maximum value of a vector.
4.2. Merge-and-Split Based Coalition Formation Algorithm.
Based on the coalition formation concepts defined in the
previous subsection, we construct a distributed coalition
formation algorithm based on two simple rules denoted by
“merge” and “split” which permit modifying a partition of T
[13].
(1) Merge Rule. Merge any set of coalitions {S1 , . . . , S𝑙 } whenever the merge form is preferred, that is, where {⋃𝑙𝑗=1 S𝑗 } ⊳

{S1 , . . . , S𝑙 }; then {S1 , . . . , S𝑙 } → {⋃𝑙𝑗=1 S𝑗 }.

(2) Split Rule. Split any set of coalitions {⋃𝑙𝑗=1 S𝑗 } whenever
the split form is preferred, that is, where {S1 , . . . , S𝑙 } ⊳
{⋃𝑙𝑗=1 S𝑗 }; then {⋃𝑙𝑗=1 S𝑗 } → {S1 , . . . , S𝑙 }.
According to the above rules, some coalitions can merge
into a larger coalition if the coalitional game can yield a
preferred partition based on the Max-Coalition order. This
implies that if the merged coalition has a higher value than
any of the disjoint coalitions, a group of players will form
a larger coalition to improve the opportunity for winning
the corresponding RB for their individual data transmission.
Note that the merge can only occur among disjoint coalitions
of the same coalition type due to our assumption that only the
players of the same identity, that is, seeking for the same RB
currently, can form a coalition. Similarly, an existing coalition
can make a decision to split into smaller disjoint coalitions
if splitting can yield a preferred partition based on the MaxCoalition order.
Based on the defined merge-and-split rules, we construct
the distributed coalition formation algorithm as follows.
Phase 1: State Initialization
(i) Each cellular UE and D2D pair acts as a player
participating in the proposed coalitional game in
order to acquire its interested RB for individual data
transmission. Each player, denoted by 𝑉𝑖 , initializes its
attributes based on the CSI of its own communication
link.
(a) 𝑉𝑖 calculates its identity order list L(𝑉𝑖 ) according to the SNR on different RBs. The identity
order list disposes the RB index with a higher
SNR in the front and the RB index with a lower
SNR followed in order.
(b) 𝑉𝑖 initializes its current identity 𝛿(𝑉𝑖 ) as the first
element in L(𝑉𝑖 ).

(ii) The proposed coalitional game is divided into 𝐾
coalitional subgames. Each player in the proposed
coalitional game chooses to join a corresponding
coalitional subgame based on its current identity
𝛿(𝑉𝑖 ) and is regarded as a disjoint independent coalition.
Phase 2: Iterative Coalition Formation
Repeat
(i) Each subgame deals with the merge-and-split based
coalition formation concurrently and independently
until reaching a temporal stable partition.
(1) Iteration index 𝑡 = 0.
(2) Repeat
(a) P𝑘𝑡 = Merge(T𝑘𝑡 ): coalitions in T𝑘𝑡 decide
to merge into a temporal subpartition P𝑘𝑡
based on the merge rules.
(b) Q𝑘𝑡 = Split(P𝑘𝑡 ): coalitions in P𝑘𝑡 decide to
split into a temporal subpartition Q𝑘𝑡 based
on the split rules.
(c) Update 𝑡 = 𝑡 + 1 and T𝑘𝑡 = Q𝑘𝑡 .
(3) Until merge-and-split operations terminate.
(ii) Each player checks whether it is in the coalition with
the highest value in the current subgame.
(1) If 𝑉𝑖 with the current identity 𝛿(𝑉𝑖 ) = 𝑘∗ , 𝑘∗ ∈
K, is in the coalition with the highest value of
type 𝑘∗ , then 𝑉𝑖 stays in the current state.
(2) Else, 𝑉𝑖 removes 𝑘∗ from the vector of its identity
order list and changes its identity by updating
𝛿(𝑉𝑖 ).
(iii) Each subgame updates its own player group and gets
ready to start another round merge-and-split based
coalition formation process to reach a new temporal
stable partition if the player group of it is changed.
Until all the players either stay in the coalition with the
highest value of a certain type or have an empty vector of the
identity order list left.
Phase 3: Resource Assignment
(i) Each coalition reports its current identity and coalition value to the BS, based on which the BS allocates
each RB to the coalition with the highest value of the
corresponding identity for the data transmission of its
players.
4.3. Complexity Analysis. According to the distributed coalition formation algorithm, which is processed in an iterative manner, different initial states of distributed coalition
formation constructed based on the current location of
the cellular UEs and D2D pairs and the information of
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the communication links in the cellular network will lead
to a different number of iterations to obtain the final RB
assignment solution, and thus the proposed algorithm has
different computational complexity. Based on the procedure
of the proposed distributed coalition formation algorithm,
the worst-case complexity denoted by Tcoalition can be easily
calculated when considering the case that each cellular UE
and D2D pair experiences all the virtual clusters and is given
as follows:
{Tcoalition = O ((𝑋 + 𝑌 + 1) ⋅ (𝑋 + 𝑌) ⋅ 𝐾)} ,

(20)

where we treat the computational complexity of the problem
to find a maximum or minimum value from a cluster
with 𝑁 values as O(𝑁). Compared with the complexity of
the optimal resource-allocation scheme calculated in (12),
the proposed distributed coalition formation algorithm can
effectively reduce the computational complexity to obtain the
RB allocation solution.
4.4. Partition Stability. The result of the proposed distributed
coalition formation algorithm is a cellular network partition
composed of disjoint independent coalitions. In [19, 20], the
authors used the concept of a defection function to investigate
the stability of network partition.
Definition 8. A defection function D associates with any
partition T = {T1 , . . . , T𝑙 } as a group of collections in 𝑉.
If no players are interested in leaving the current partition T
to form another coalition, then the partition of T is D-stable.
Here there are two important two defection functions.
One is the weak equilibrium-like stability, known as Dℎ𝑝
function which associates with each partition T of 𝑉, and the
group of all partitions of 𝑉 can be formed through merge or
split. The other one is the D𝑐 function which associates with
each partition T of 𝑉 which is the group of all collections
in 𝑉. This function allows any group of players to leave the
partition T of 𝑉 through any operation and to create an
arbitrary collection in 𝑉. Two forms of stability steming from
these definitions are as follows: Dℎ𝑝 -stability and a stronger
D𝑐 -stability. If no player in T is interested in leaving T
through merge-and-split to form other partitions in 𝑉, then
the partition T is Dℎ𝑝 -stable. If no player in T is interested
in leaving T through any operation (not necessarily merge
or split) to form other collections in 𝑉, then a partition T is
D𝑐 -stable.
Therefore, a partition is Dℎ𝑝 -stable if no coalition has
an incentive to split or merge. Thus, a partition T =
{T1 , . . . , T𝑙 } is Dℎ𝑝 -stable, if the following two necessary
and sufficient conditions are satisfied (⋫ is the nonpreference
operator, opposite of ⊳).
(i) For each 𝑖 ∈ {1, . . . , 𝑚} and each partition
{R1 , . . . , R𝑚 } of T𝑖 ∈ T, we have
{R1 , . . . , R𝑚 } ⋫ T𝑖 .

(21)

(ii) For each S ⊆ {1, . . . , 𝑚}, we have
⋃ T𝑖 ⋫ {T𝑖 | 𝑖 ∈ S} .

𝑖∈S

(22)

The above conditions are the generalized forms of the
Dℎ𝑝 -stability conditions presented in [20]. Using this definition of Dℎ𝑝 -stability, we have the following theorem.
Theorem 9. Every partition resulting from the proposed distributed coalition formation algorithm is Dℎ𝑝 -stable.
Proof. Consider a partition T resulting from the convergence
of an iteration of merge-and-split operations such as in
the distributed merge-and-split based coalition formation
algorithm that we proposed; then no coalition in T can leave
this partition through merge or split. Assume that T =
{T1 , . . . , T𝑙 } is the partition resulting from the proposed
merge-and-split algorithm; if, for any 𝑖 ∈ 1, . . . , 𝑙 and any
partition {S1 , . . . , S𝑚 } of T𝑖 , we assume that {S1 , . . . , S𝑚 } ⊳
T𝑖 , then the partition T can still be modified through the
application of the split rule on T𝑖 contradicting with the fact
that T resulted from a termination of the merge-and-split
iteration; therefore, {S1 , . . . , S𝑚 } ⋫ T𝑖 (first Dℎ𝑝 -stability
condition verified). A similar reasoning is applicable in order
to prove that T verifies the second condition, and otherwise
a merge rule would still be applicable.
Nevertheless, a stronger form of stability can be sought
using strict D𝑐 -stability. The appeal of a strictly D𝑐 -stable
partition is not always guaranteed for its existence which
needs two conditions [20].
(1) The D𝑐 -stable partition is the unique outcome of any
arbitrary iteration of merge-and-split operations on
any partition of 𝑉.
(2) The D𝑐 -stable partition is to maximize the social
welfare which is the sum of the utilities of all coalitions
in a partition.
Thus, in our proposed coalition formation game, because
of the cooperation cost, the first condition of D𝑐 -stability
depends on the location of cellular UEs and D2D pairs in the
network. In fact, an ideal case with no cost for cooperation
was analyzed in [12], and as the number of the users increases
for a fixed power constraint, the system’s diversity increases.
Actually, consider a partition T = {T1 , . . . , T𝑙 } of 𝑉 and two
disjoint coalitions 𝑆1 and 𝑆2 such that {𝑆1 ∪S2 } ⊂ 𝑇𝑖 . Assuming
that no cost for cooperation exists, the value of the coalition
𝑆1 ∪ 𝑆2 , denoted by V(𝑆1 ∪ 𝑆2 ), is larger than the values V(𝑆1 )
and V(𝑆2 ) of the coalitions 𝑆1 and 𝑆2 acting noncooperatively
(due to the larger number of users in 𝑆1 ∪ S2 ), and thus
|𝑆1 ∪ 𝑆2 | ⋅ V(𝑆1 ∪ 𝑆2 ) > |𝑆1 ∪ 𝑆2 | ⋅ max(V(𝑆1 ), V(𝑆2 )) with
|𝑆1 ∪ 𝑆2 | = |𝑆1 | + |𝑆2 |. As a result, V(𝑆1 ∪ 𝑆2 ) satisfies


 
 
𝑆1 ∪ 𝑆2  ⋅ V (𝑆1 ∪ 𝑆2 ) > 𝑆1  ⋅ 𝐶𝑆1 + 𝑆2  ⋅ 𝐶𝑆2 .

(23)

From (23), V(𝑆1 ∪ 𝑆2 ) > V(𝑆1 ) + V(𝑆2 ) is the necessary
condition to verify the first D𝑐 -stability condition. However,
due to the cost given by (2), V(𝑆1 ∪ 𝑆2 ), V(𝑆1 ), and V(𝑆2 ) can
have different power constraints, that is, users location, and
this condition is not always verified. Therefore, in practical
networks guaranteeing the first condition for existence of
a strictly D𝑐 -stabe partition is random due to the random
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Position in Y (100 m)

3

UE2

2

Dr2
Dt2

1
0

Dr5

−2

Dt5

Dt1

Coalition 3
Dr3

Dt3
BS

UE3
Dt4

−3

Parameters
Channel bandwidth 𝑊
Total RB number 𝐾
Cell radius
D2D pair distance
BS’s transmit power 𝑃𝑏
Device’s transmit power 𝑃𝑑
Path loss model
Small-scale fading
Noise power spectral density
Noise figure

Dr1

Coalition 1

−1

Dr4

UE1

−4
−5
−5

Table 1: Simulation parameters.

Coalition 2

Dt6
−4

−3

Dr6
−2

0
−1
1
2
Position in X (100 m)

3

4

Value
20 MHz
10
500 m
10 m
46 dBm
24 dBm
UMi model in [21–24]
Rayleigh fading coefficient
−174 dBm/Hz
5 dB

5
×106
4

Figure 2: A final coalition structure resulting from the proposed
distributed coalition formation algorithm for a network of 𝑋 = 3
UEs, 𝑌 = 6 D2D pairs, and 𝐾 = 3 links.

3.8

location of the users. Furthermore, for a partition T =
{T1 , . . . , T𝑙 }, the second condition of D𝑐 -stability is also
dependent on the distance between the users in different
coalitions 𝑇𝑖 ∈ 𝑇.
In summary, the existence of the D𝑐 -stable partition
is tied closely to the users location, which is a random
parameter in practical networks.

5. Simulation Results and Analysis
To evaluate the efficiency of the proposed merge-andsplit based coalition formation algorithm for the frequency
resource allocation in the hybrid D2D-cellular network, the
following simulations are conducted. Consider an isolated
cellular cell, where traditional cellular communications and
D2D communications coexist and can share the RB for their
individual data transmission. The cellular UEs and D2D pairs
are distributed randomly within the network, where each
D2D pair has a fixed distance between the transmitter and the
receiver. The main simulation parameters are set as in Table 1.
In Figure 2, we show an example that the cellular UE
number is 𝑋 = 3 and D2D pairs number is 𝑌 = 6 with
random distribution in the network, and the total RB number
is 𝐾 = 3. The final coalition structure of the network based
on the proposed merge-and-split based coalition formation
algorithm is showed. Clearly, the proposed algorithm allows
the users to structure themselves into disjoint independent
coalitions for the purpose of max sum rate of the network.
Considering the formed coalition 1 including 𝑈1 , 𝐷5 , 𝐷6 ,
since the distance between them is small enough, the cooperation cost in this coalition is less than the transmission
power by (3) and (4), so the value V of coalition 1 is nonzero,
and then by (17) the payoff of each user in this coalition is
smaller than they merge from the coalition. Considering the
D2D pair 2 in coalition 2, the distance between 𝐷2 and the
members in coalition 1 is far away, and thus by (1) the power

Network sum rate

3.6
3.4
3.2
3
2.8
2.6
10

15

20 25 30 35 40 45 50 55
Total number of cellular UEs and D2D pairs

60

Greedy orthogonal resource assignment scheme
Proposed coalition formation scheme
Optimal resource assignment scheme

Figure 3: Comparison in terms of network sum rate between
different schemes.

it needs for broadcast transmission is larger than 𝑃𝑑 , so the
utility function of 𝐷2 equals zero and 𝐷2 splits from coalition
1 to form coalition 2 with 𝐷1 pairs.
In Figure 3, we compare three different resource assignment schemes for the investigated hybrid D2D-cellular
network, that is, the greedy orthogonal resource assignment scheme, the proposed merge-and-split based coalition
formation scheme, and the optimal resource assignment
scheme formulated in (10) and (11), in terms of network
sum transmission rate. From Figure 3, it is shown that the
proposed coalition formation scheme can achieve a suboptimum performance compared with the optimal resource
assignment scheme. While the proposed scheme can solve
the 𝐾 RBs resource assignment problem concurrently and in
a distributed manner, compared with the optimal scheme, it
has much lower computational complexity in obtaining the
resource allocation solution.
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As shown in Figure 4, we compare the cumulative distribution function (CDF) in different SINR of the three
different schemes. Obviously, compared with the greedy
orthogonal resource assignment scheme, the performance
of the proposed merge-and-split based coalition formation
scheme improves almost 3 dB, while it has a little drop
compared with the optimal resource assignment scheme.

6. Conclusions
In this paper, we have investigated the resource allocation
problem for the hybrid D2D-cellular system in a distributed
manner. Specifically, we have formulated this problem as a
coalitional game while accounting for the cost of cooperation
in terms of power. Then, we have proposed a distributed
merge-and-split based coalition formation algorithm to solve
the resource allocation problem effectively based on the MaxCoalition order. Moreover, the stability of the hybrid D2Dcellular communication system partitions resulting from the
proposed algorithm has been studied by the defection function D. Simulation results have demonstrated efficiency of
the proposed scheme in terms of network’s sum transmission
rate.
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A signal detection scheme is proposed for two-way relaying network (TWRN) using distributed differential space-time coding
(DDSTC) under imperfect synchronization. Unlike most of existing work, which assumed perfect synchronization and channel
state information (CSI) at all nodes, a more realistic scenario is investigated here by considering the signals transmitted from the
two source nodes arriving at the relay not exactly at the same time due to the distributed nature of the nodes, and no CSI is available at
any node. The proposed signal detection scheme is then demonstrated to remove the imperfect synchronization effect significantly
through simulation results. Furthermore, pairwise error probability (PEP) of the asynchronous TWRN is analyzed and derived for
both source nodes. Based on the simplified PEP expression, an optimum power allocation (OPA) scheme is then determined to
further improve the whole system performance, when neither the source nor the relay has any knowledge of the CSI.

1. Introduction
Cooperative communications have attracted much attention
nowadays, by allowing nodes in the network to cooperate
and form a virtual antenna array [1, 2]. Compared with
one-way relaying, two-way relaying networks (TWRNs) [3]
have the advantage of high spectral efficiency, where two
source nodes exchange information via the help of the relay
nodes located between them. Recently, distributed spacetime coding (DSTC) for TWRNs was extensively investigated
[4–6] due to the diversity and multiplexing gain of multipleinput and multiple-output (MIMO) technology. Most of the
existing studies on DSTC consider coherent detection by
assuming that the channel state information (CSI) is known
at the receiver. However, in fast-fading scenario, accurate
CSI is hard to acquire, and training symbols required for
channel estimation will decrease the spectrum efficiency and
increase computation complexity, especially when there are
multiple relays in wireless networks. Therefore, differential
modulation has been considered to address this problem
since it does not require the knowledge of CSI at either the
transmitter or the receiver [7, 8].

Similar to the coherent detection scenario [9, 10], several
protocols have been proposed for TWRNs using differential
detection. One of the most commonly used protocols is the
amplify-and-forward (AF) scheme [11, 12]. In this scheme,
both source nodes transmit information to the relay node at
the same time, the relay then amplifies the received superimposed signal and broadcasts to both sources. For multiple
relay nodes, space-time coding is used before amplifying the
signals. This AF based bidirectional relaying is also referred
to as analog network coding (ANC), which is very useful
in wireless networks since the wireless channel acts as a
natural fulfillment of network coding by superimposing the
wireless signals over the air. In [11], distributed differential
space-time coding by AF was applied to TWRNs for the
first time. However, the correctness of the currently detected
symbol significantly affects the decoding of next symbols,
resulting in severe error propagation. To solve this problem,
Huo et al. [12] presented a differential space-time coding with
distributed ANC (DDSTC-ANC) scheme for TWRNs with
multiple relays. The DDSTC-ANC scheme has been proved
to achieve the same diversity order as the coherent detection
scheme, but the performance of which is 3 dB away compared

2
with that of the coherent detection due to the differential
modulation.
So far, almost all work on DDSTC with TWRNs has
assumed that the transmission is perfectly synchronized by
assuming that the relay nodes receive the signals from both
source nodes at the same time, which can be difficult to
achieve in practical systems due to the distributed nature
of the nodes, and the channels may become dispersive with
imperfect synchronization even under flat fading [13–16]. In
[15], a signal detection scheme for differential bidirectional
relaying with ANC under imperfect synchronization was put
forward, but it only considers a single relay node. In [16], the
authors proposed a simple detection scheme for distributed
space-time block coding under imperfect synchronization
for TWRNs. However, perfect CSI is required at all nodes.
To the best of our knowledge, little has been reported for
TWRNs with multiple relays using DSTC under imperfect
synchronization, when neither the sources nor the relays have
any knowledge of the CSI.
Therefore, a differential signal detection scheme for
asynchronous TWRNs with multiple relays using DDSTC is
proposed in this paper. Due to imperfect synchronization,
the symbols that relays broadcast back to sources are not
symmetrical, signal detection will not be the same at the two
sources, which will be described in detail thereafter. Due to
the importance of resource allocation for the TWRN system
[17, 18], the performance of the proposed detection schemes
is analyzed and PEP for both sides is derived. Moreover,
an optimum power allocation (OPA) scheme is presented
to further improve the system performance, based on the
simplified PEP expression.
The rest of this paper is organized as follows. Section 2
introduces the system model. In Section 3, the detection
schemes of the different sides are proposed, respectively, by
two subsections. Section 4 presents the performance analysis
and OPA for the system. The simulation results and corresponding conclusions are provided in Section 5. Section 6
summarizes the paper.
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Figure 1: Transmission model of DTWRN.

receive a superposition of the signals transmitted from 𝑆1
and 𝑆2 . The number of symbols in a distributed differential
space-time coding block is normally assumed to be equal
to the number of relay nodes. Since two relay nodes are
considered in this TWRN, the signals transmitted from 𝑆1
and 𝑆2 can be represented as two-dimensional vectors s𝑗 (𝑡) =
[𝑠𝑗1 (𝑡) 𝑠𝑗2 (𝑡)]𝑇 (𝑗 = 1, 2), normalized as 𝐸{s𝑗 (𝑡)s𝑗 (𝑡)𝐻} = I.
Considering that s1 (𝑡) and s2 (𝑡) are imperfectly synchronized
during the first phase, therefore they arrive at the relay nodes
at different time with a relative time delay. In the distributed
TWRNs, there are two nodes in the relay, the relative relay
time of s1 (𝑡) and s2 (𝑡) at two relay nodes are different, and
they are assumed as 𝜏1 and 𝜏2 corresponding to nodes 𝑅1
and 𝑅2 , respectively. Since the effort of synchronization is
always required, 𝜏1 and 𝜏2 are assumed no greater than the
symbol period 𝑇. Such a relative time delay will still cause
“intersymbol interference (ISI)” from neighboring symbols
at the receiver. Without loss of generality, we assume that the
signal from 𝑆1 is perfectly synchronized to 𝑅1 and 𝑅2 . The
received signals at relay node 𝑅𝑖 can then be expressed as
r𝑖 (𝑡) = √𝑃1 𝑓𝑖 (𝑡) s1 (𝑡) + √𝑃2 √1 − 𝛼𝑖2 𝑔𝑖 (𝑡) s2 (𝑡)
+ √𝑃2 𝛼𝑖 𝑔𝑖 (𝑡 − 1) s2 (𝑡 − 1) + k𝑖 (𝑡) ,

(1)

𝑖 = 1, 2,

Notation. Throughout this paper, capital and boldface lowercase letters denote matrices and vectors, respectively. (⋅)∗ ,
(⋅)𝑇 , (⋅)𝐻, and (⋅)−1 stand for complex conjugate, transpose,
conjugate transpose, and inverse, respectively, for both matrix
and vector. E{⋅} denotes the expectation. diag {𝑥1 , 𝑥2 } represents 2 × 2 matrix whose 𝑖th diagonal entry is 𝑥𝑖 .

where 𝑃1 and 𝑃2 are the transmitted power of 𝑆1 and 𝑆2 .
k𝑖 (𝑡) = [V𝑖1 (𝑡) V𝑖2 (𝑡)]𝑇 represents the noise in the MA phase,
which follows a zero-mean white Gaussian distribution, that
is, k𝑖 (𝑡) ∼ CN(0, 𝑁0 I). 𝛼𝑖 stands for the imperfect coefficient
of channel fading between 𝑆2 and 𝑅𝑖 , which reflects the effect
of timing delay 𝜏𝑖 . Normally, we have 𝛼𝑖 = 0 for 𝜏𝑖 = 0, which
means the synchronization situation, and 𝛼𝑖 = √1/2 (𝛼𝑖 =

2. System Model

√1 − 𝛼𝑖 2 ) for 𝜏𝑖 = 0.5𝑇, which means the power of delay
signal is equal to that of current signal. The fading coefficients
𝑓𝑖 (𝑡) and 𝑔𝑖 (𝑡), denoting the Rayleigh channel fading from
source 𝑆1 to Relay 𝑅𝑖 and source 𝑆2 to Relay 𝑅𝑖 , that is,
𝑓𝑖 (𝑡) ∼ CN(0, 𝜎𝑓2𝑖 ) and 𝑔𝑖 (𝑡) ∼ CN(0, 𝜎𝑔2𝑖 ), are assumed to be
constant over one frame and change independently from one
frame to another for simplicity [15, 17, 18]. So, let 𝑓𝑖 (𝑡) = 𝑓𝑖 ,
𝑔𝑖 (𝑡) = 𝑔𝑖 , and r𝑖 (𝑡) can be expressed as

A TWRN with two source nodes and two relay nodes is
considered in this paper, all equipped with a single antenna
and working in the half-duplex mode. The source nodes, 𝑆1
and 𝑆2 , exchange information through relay nodes 𝑅1 and 𝑅2 ,
using two phases, the multiple access (MA) phase and the
broadcast (BC) phase, as shown in Figure 1. In the MA phase,
both sources transmit signals to 𝑅1 and 𝑅2 simultaneously,
while in the BC phase, the relays broadcast the amplified
superimposed signal back to the source nodes. Let 𝑓𝑖 and
𝑔𝑖 (𝑖 = 1, 2) denote the fading coefficients of the channels
𝑆1 − 𝑅𝑖 and 𝑆2 − 𝑅𝑖 , respectively. In the MA phase, both relays

r𝑖 (𝑡) = √𝑃1 𝑓𝑖 s1 (𝑡) + √𝑃2 √1 − 𝛼𝑖2 𝑔𝑖 s2 (𝑡)
+ √𝑃2 𝛼𝑖 𝑔𝑖 s2 (𝑡 − 1) + k𝑖 (𝑡) ,

𝑖 = 1, 2.

(2)
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Since differential modulation is considered in this paper, a
2 × 2 unitary matrix 𝑈(𝑡) is used to encode the signal at nodes
𝑆1 and 𝑆2 . At time 𝑡, it is encoded as s𝑗 (𝑡) = 𝑈𝑗 (𝑡)s𝑗 (𝑡 − 1) (𝑗 =
1, 2), where s𝑗 (𝑡 − 1) is the signal transmitted by 𝑆𝑖 at time
𝑡 − 1. For space-time coding, a block is often constructed for
transmission [10], which satisfies
𝐴 𝑘 𝑈𝑗 (𝑡) = 𝑈𝑗 (𝑡) 𝐴 𝑘 ,

if 𝐵𝑘 = 0,

𝐵𝑘 𝑈𝑗∗ (𝑡) = 𝑈𝑗 (𝑡) 𝐵𝑘 ,

if 𝐴 𝑘 = 0,

Besides, 𝑆𝑗 (𝑡) is in the differential modulation with 𝑆𝑗 (𝑡) as
follows:
∗
𝑆𝑗 (𝑡) = (𝐴 1 s𝑗 (𝑡) , 𝐵2 s𝑗 (𝑡))
∗ ∗
= (𝐴 1 𝑈𝑗 (𝑡) 𝑠𝑗 (𝑡 − 1) , 𝐵2 𝑈𝑗 𝑠𝑗 (𝑡 − 1))
∗
= (𝑈𝑗 (𝑡) 𝐴 1 𝑠𝑗 (𝑡 − 1) , 𝑈𝑗 (𝑡) 𝐵2 𝑠𝑗 (𝑡 − 1))

(3)

= 𝑈𝑗 (𝑡) ⋅ 𝑆𝑗 (𝑡 − 1) .
2

where 𝐴 𝑘 and 𝐵𝑘 are two 2 × 2 complex matrices. For
simplicity, it is designed that either 𝐴 𝑘 is unitary, 𝐵𝑘 = 0 (case
I), or 𝐵𝑘 is unitary, 𝐴 𝑘 = 0 (case II).
In the BC phase, the 𝑖th relay node 𝑅𝑖 utilizes r𝑖 (𝑡) to
generate a symbol vector x𝑖 (𝑡) to satisfy the space-time coding
scheme, which is a linear combination of r𝑖 (𝑡) and its conju0 1 ]. Considering
gate [12, 19]. Hence, 𝐴 1 = [ 10 01 ], 𝐵2 = [ −1
0
amplify-and-forward (AF) protocol in the relay nodes, the
transmitted signal at the 𝑖th relay can be represented as
x𝑖 (𝑡) = 𝛽𝑖 (𝑡) (𝐴 𝑖 r𝑖 (𝑡) + 𝐵𝑖 r𝑖 (𝑡)∗ ) ,

(4)

Let h11 (𝑡) = 𝛽 [ 𝑓𝑓𝑓1 ∗ ], h12 (𝑡) = 𝛽 [
2 2

𝛼 𝑓𝑔

𝛽 [ 𝛼21𝑓21𝑔∗1 ], and n1 (𝑡) = 𝛽 [
2
can be abbreviated as

y2 (𝑡) = 𝛽𝑔1 𝐴 1 r1 (𝑡) + 𝛽𝑔2 𝐵2 r∗2 (𝑡) + w2 (𝑡)
= √𝑃1 𝑆1 (𝑡) h21 (𝑡) + √𝑃2 𝑆2 (𝑡) h22 (𝑡)

𝑔 𝑓

where h21 (𝑡) = 𝛽 [ 𝑔21𝑓1∗ ], h22 (𝑡) = 𝛽 [

,

2

𝛼1 𝑔12

𝛽 [ 𝛼 𝑔 𝑔∗ ], n2 (𝑡) = 𝛽 [

𝑖

where 𝑃𝑅𝑖 is the transmitted power of 𝑅𝑖 and it is assumed
that 𝑃𝑅𝑖 = 𝑃𝑅 , so we have 𝛽𝑖 (𝑡) = 𝛽 (constant). Then, the
relay nodes 𝑅𝑖 broadcast the coded symbol vector x𝑖 (𝑡). The
signals received at two source nodes are expressed as follows,
respectively. At node 𝑆1 ,
y1 (𝑡) = 𝛽𝑓1 𝐴 1 r1 (𝑡) + 𝛽𝑓2 𝐵2 r∗2 (𝑡) + w1 (𝑡)
√1 − 𝛼12 𝑓1 𝑔1
𝑓2
]
= √𝑃1 𝛽𝑆1 (𝑡) [ 1 ∗ ] + √𝑃2 𝛽𝑆2 (𝑡) [
𝑓2 𝑓2
√1 − 𝛼22 𝑓2 𝑔2∗
]
[

+[

∗
𝛼1 𝑓1 𝑔1
𝑓1 V11 −𝑓2 V22
∗] + 𝛽 [
∗ ]
𝛼2 𝑓2 𝑔2
𝑓1 V12 𝑓2 V21

(6)
𝑇

where w𝑖 (𝑡) = [𝑤𝑖1 (𝑡) 𝑤𝑖2 (𝑡)] (𝑖 = 1, 2) denotes the additive
white Gaussian noise (AWGN) at 𝑆1 . 𝑆𝑗 (𝜏) (𝜏 = 𝑡, 𝑡 − 1) is the
space-time coding block which satisfies (7), and it is also a
linear construction of 𝑠𝑗 (𝜏) and its conjugate [20]
𝑆𝑗 (𝜏) = (𝐴 1 s𝑗 (𝜏) ,

∗
𝑠 (𝜏) −𝑠𝑗2
(𝜏)
(𝜏)) = [ 𝑗1
].
∗
𝑠𝑗2 (𝜏) 𝑠𝑗1 (𝜏)

2 2 2

∗
𝑔1 V11 −𝑔2 V22
∗
𝑔1 V12 𝑔2 V21

√1−𝛼12 𝑔12
√1−𝛼22 𝑔2 𝑔2∗

], h23 (𝑡) =

21 (𝑡)
] + [𝑤
𝑤22 (𝑡) ], and n2 has the

same property as n1 ; that is, 𝜎n22 (𝑡) = (∑2𝑖=1 |𝛽|2 |𝑔𝑖 |2 + 1)𝑁0 .
For the first block, a known vector can be transmitted to
both source nodes for differential modulation which satisfies
𝑇
{s𝑗 (𝑡)𝐻s𝑗 (𝑡)} = 2 (𝑗 = 1, 2), for example, [1 1] . Here, let
𝑇

𝑇

s1 (0) = [1 1] , s2 (0) = [1 1] as initial state; then 𝑆1 (0) =
1 −1
[ 11 −1
1 ], 𝑆2 (0) = [ 1 1 ].

3. Signal Detection
Due to the imperfect synchronization, detection methods at
the two source nodes are not the same. They are proposed and
presented as follows, respectively.
3.1. Detection at Node 𝑆1

𝑤11 (𝑡)
],
𝑤12 (𝑡)

𝐵2 s∗𝑗

(10)

+ √𝑃2 𝑆2 (𝑡 − 1) h23 (𝑡) + n2 (𝑡) ,

(5)

+ √𝑃2 𝛽𝑆2 (𝑡 − 1) [

11 (𝑡)
] + [𝑤
𝑤12 (𝑡) ]; then y1 (𝑡)

It is easy to prove that 𝐸{n1 (𝑡)n1 (𝑡)𝐻} = 𝜎n21 (𝑡)I, and 𝜎n21 (𝑡) =
(∑2𝑖=1 |𝛽|2 |𝑓𝑖 |2 + 1)𝑁0 . Similarly, at node 𝑆2 ,

𝜎𝑓2 𝑃1 + (1 − 𝛼𝑖2 ) 𝜎𝑔2𝑖 𝑃2 + 𝛼𝑖2 𝜎𝑔2𝑖 𝑃2 + 𝑁0

𝜎𝑓2 𝑃1 + 𝜎𝑔2𝑖 𝑃2 + 𝑁0

], h13 (𝑡) =

+ √𝑃2 𝑆2 (𝑡 − 1) h13 (𝑡) + n1 (𝑡) .

𝑖

=√

√1−𝛼22 𝑓2 𝑔2∗

(9)

𝑃𝑅𝑖

𝑃𝑅𝑖

∗
𝑓1 V11 −𝑓2 V22
∗
𝑓1 V12 𝑓2 V21

√1−𝛼12 𝑓1 𝑔1

y1 (𝑡) = √𝑃1 𝑆1 (𝑡) h11 (𝑡) + √𝑃2 𝑆2 (𝑡) h12 (𝑡)

where 𝛽𝑖 (𝑡) is the scaling factor at 𝑅𝑖 and specially given by
𝛽𝑖 (𝑡) = √

(8)

(7)

Theorem 1. If the relay matrices have the property:
tr {𝑂𝑖 𝑂𝑗𝐻} = 2 for 𝑖 = 𝑗, tr {𝑂𝑖 𝑂𝑗𝐻} = 0 for 𝑖 ≠ 𝑗 (where
𝑂𝑗 stands for 𝐴 𝑗 or 𝐵𝑗 ) [12], it can be elicited that
E {𝑆1 (𝑡)𝐻y1 (𝑡)} = 2√𝑃1 h11 (𝑡) .

(11)

̃ (𝑡) can be approximated as
So, h
11
𝐿
̃ (𝑡) = 1 1 ∑𝑆 (𝑡 − 𝑙)𝐻y (𝑡 − 𝑙) ,
h
11
1
2𝐿 √𝑃1 𝑙=1 1

(12)

4

International Journal of Antennas and Propagation
̃ 1 (𝑡) = n1 (𝑡) − 𝑈2 (𝑡)n1 (𝑡 − 1). The transmitted signal
where n
is then detected by LS as
̃2 (𝑡) = arg min ỹ (𝑡) − 𝑈𝑘 (𝑡) ỹ (𝑡 − 1) ,
𝑈
(21)
1
1

𝑈 (𝑡) 

where L is the frame length. Then let
̃ (𝑡)
ỹ1 (𝑡) = y1 (𝑡) − √𝑃1 𝑆1 (𝑡) ⋅ h
11
= √𝑃2 𝑆2 (𝑡) h12 (𝑡) + √𝑃2 𝑆2 (𝑡 − 1) h13 (𝑡) + n1 (𝑡) .
(13)
If detection of s2 (𝑡) is in the same way as in the perfect
synchronization case, that is, ignoring ISI √𝑃2 𝑆2 (𝑡 − 1)h13 (𝑡),
there will be a severe error floor, which is the same at
node 𝑆2 . To eliminate the error floor caused by imperfect
synchronization, a detection scheme is proposed to remove
the ISI as much as possible. When 𝑡 = 1, the initial value is
h13 (0) = 0, 𝑆2 (−1) = 0; hence we have
y1 (0) = √𝑃1 𝑆1 (0) h11 (0) + √𝑃1 𝑆2 (0) h12 (0) + n1 (0) .
(14)
Then ỹ1 (0), ỹ1 (1) can be calculated as
ỹ1 (0) = √𝑃2 𝑆2 (0) h12 (0) + n1 (0) ,
(15)
ỹ1 (1) = √𝑃2 𝑆2 (1) h12 (1) + √𝑃2 𝑆2 (0) h13 (1) + n1 (1) .
By using the least square (LS) decoder, the transmitted signal
can be recovered as
̃2 (1) = arg min ỹ1 (1) − 𝑈𝑘 (1) ỹ1 (0) .
𝑈
(16)

𝑈𝑘 (1) 
̃
Since 𝑆2 (0) is initialized as 𝑆2 (0) = [ 11 −1
1 ], set 𝑆2 (0) =
̃
̃
̃
],
so
𝑆
(1)
=
𝑈
(1)
𝑆
(0),
and
then
h
𝑆2 (0) = [ 11 −1
2
2
2
13 (1) can
1
be estimated as
̃ (1) = 1 (𝑆̃ (1)𝐻𝑆̃ (0))−1
h
13
2
2
√𝑃2
(17)
𝐻
𝐻
̃
̃
⋅ (𝑆2 (1) ỹ1 (1) − 𝑆2 (0) ỹ1 (0)) .
̃ } instead of h
̃ (𝑡) to increase the
When 𝑡 ⩾ 2, use E{h
13
13
accuracy with
1 𝑡 ̃
̃
=
h
∑ h (𝑡) .
(𝑡)
13ave
𝑡 𝑛=1 13

(19)

≈ √𝑃2 𝑆2 (𝑡 − 1) h12 (𝑡 − 1) + n1 (𝑡 − 1) ,
̃
ỹ1 (𝑡) = ỹ1 (𝑡) − √𝑃2 𝑆2 (𝑡 − 1) h
13ave (𝑡 − 1)
≈ √𝑃2 𝑆2 (𝑡) h12 (𝑡) + n1 (𝑡)
= √𝑃2 𝑈2 (𝑡) 𝑆2 (𝑡 − 1) h12 (𝑡) + n1 (𝑡)
=

𝑈2 (𝑡) ỹ1

̃ 1 (𝑡) ,
(𝑡 − 1) + n

̃2 (𝑡)𝑆̃2 (𝑡 − 1), and estimate h13 (𝑡) again
and then 𝑆̃2 (𝑡) = 𝑈
using
̃ (𝑡) = 1 (𝑆̃ (𝑡)𝐻𝑆̃ (𝑡 − 1) − 𝑆̃ (𝑡 − 1)𝐻𝑆̃ (𝑡 − 2))−1
h
13
2
2
2
2
√𝑃2
⋅ (𝑆̃2 (𝑡)𝐻ỹ1 (𝑡 − 1) − 𝑆̃2 (𝑡 − 1)𝐻ỹ1 (𝑡)) .
(22)
The detection process is then repeated as described in steps
̃ (𝑡) as 𝑡
(18)∼(22), which improves the accuracy of h
13ave
increases.
3.2. Detection at Node 𝑆2 . Using the same estimation method
̃ (𝑡) in node 𝑆 , h
̃
̃
of h
11
1 22 and h23 here can be approximated as
𝐿
̃ (𝑡) = 1 1 ∑𝑆 (𝑡 − 𝑙)𝐻y (𝑡 − 𝑙) ,
h
22
2
2𝐿 √𝑃2 𝑙=1 2

1 𝐿
1
̃ (𝑡) =
h
∑𝑆 (𝑡 − 1 − 𝑙)𝐻y2 (𝑡 − 𝑙) .
23
2 (𝐿 − 1) √𝑃2 𝑙=1 2

(23)

Then set ỹ2 (𝑡) as
̃ (𝑡) − √𝑃 𝑆 (𝑡 − 1) h
̃ (𝑡)
ỹ2 (𝑡) = y2 (𝑡) − √𝑃2 𝑆2 (𝑡) h
22
2 2
23
= √𝑃1 𝑆1 (𝑡) h21 (𝑡) + n2 (𝑡)
̃ 2 (𝑡) ,
= 𝑈1 (𝑡) ỹ2 (𝑡 − 1) + n
(24)
̃ 2 (𝑡) = n2 (𝑡) − 𝑈1 (𝑡)n2 (𝑡 − 1). The transmitted signal
where n
from 𝑆1 can be detected by LS as
̃1 (𝑡) = arg min ỹ2 (𝑡) − 𝑈𝑘 (𝑡) ỹ2 (𝑡 − 1) .
𝑈
(25)

𝑈 (𝑡) 
𝑘

(18)

̃ (𝑡), let ỹ (𝑡)
Then the ISI part can be removed using h
13ave
1
denote the remaining signal, and it can be calculated as
̃
ỹ1 (𝑡 − 1) = ỹ1 (𝑡 − 1) − √𝑃2 𝑆2 (𝑡 − 2) h
13ave (𝑡 − 1)

𝑘

(20)

̃ (𝑡) and h
̃ (𝑡) estimated above are not accurate
However, h
22
23
enough, which will lead to error floor in the detection. The
reason is that when estimating h22 (𝑡), E{𝑆2 (𝑡)𝐻y2 (𝑡)} includes
part of E{𝑆2 (𝑡)𝐻𝑆2 (𝑡 − 1)h23 (𝑡)}. 𝑆2 (𝑡) and 𝑆2 (𝑡 − 1) are not
completely independent in statistical terms, so E{𝑆2 (𝑡)𝐻𝑆2 (𝑡−
1)h23 (𝑡)} is not 0 while E{𝑆1 (𝑡)𝐻𝑆2 (𝑡 − 1)h13 (𝑡)} = 0 for
node 𝑆1 . The same problem is also existing in the estimation
̃ (𝑡) and h
̃ (𝑡), a
of h23 (𝑡). To eliminate the inaccuracy of h
22
23
̃
method is proposed as follows. Though h22 (𝑡) is not accurate
̃ (𝑡) and h
̃ (𝑡) as
enough, it can be used. Firstly, rewrite h
22
23
(1)
(1)
̃ (𝑡) and h
̃ (𝑡). Then define ŷ (𝑡) as
h
2
22
23
̃ (1) (𝑡)
ŷ2 (𝑡) = y2 (𝑡) − √𝑃2 𝑆2 (𝑡) h
22
= √𝑃1 𝑆1 (𝑡) h21 (𝑡) + √𝑃2 𝑆2 (𝑡 − 1) h23 (𝑡) + n2 (𝑡) .
(26)
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Use the similar estimation method of h13 (𝑡) to estimate h23 (𝑡);
̃ (2) (𝑡). The only difference is that 𝑆 (𝑡 −
denote the result as h
2
23ave
1) is already known at node 𝑆2 , which leads to a more accurate
̃ (2) (𝑡); then h (𝑡) can
value. Set ŷ2 (𝑡) = y2 (𝑡) − √𝑃2 𝑆2 (𝑡 − 1)h
23
23ave
be reestimated as
𝐿
̃ (2) (𝑡) = 1 1 ∑𝑆 (𝑡 − 𝑙)𝐻ŷ (𝑡 − 𝑙) .
h
22
2
2𝐿 √𝑃2 𝑙=1 2

(27)

So, ỹ2(2) (𝑡) can be calculated as
̃ (2) (𝑡) − √𝑃 𝑆 (𝑡 − 1) h
̃ (2) (𝑡) .
ỹ2(2) (𝑡) = y2 (𝑡) − √𝑃2 𝑆2 (𝑡) h
2 2
22
23ave
(28)
The transmitted signal can be detected by LS again as
̃(2) (𝑡) = arg min ỹ(2) (𝑡) − 𝑈𝑘 (𝑡) ỹ(2) (𝑡 − 1) .
𝑈
1
2
2

𝑈𝑘 (𝑡) 

Note that the value of 𝑆̃2 (𝑡)𝐻𝑆̃2 (𝑡−

3.3. Constellation Rotation.
1) − 𝑆̃2 (𝑡 − 1)𝐻S̃2 (𝑡 − 2) can be equal to zero, which may affect
̃ (𝑡). This issue also exists in estimating
the accuracy of h
13
h23 (𝑡). To solve this problem, a rotation angle is required
for the symbols modulated [21]. For BPSK constellation, the
effective rotation angle is in the interval [−𝜋/2, 𝜋/2]. To
simplify, the rotation angle may be set as 𝜃 = 𝜋/2. Here, we
give s2 (𝑡) as an example on how to achieve the constellation
rotation. Set s2 (𝑡) as
𝑡 = 4𝑚 − 3, 4𝑚 − 2
𝑡 = 4𝑚 − 1, 4𝑚

(30)

(𝑚 = 1, 2, . . .) ,

−𝑖
𝑖 𝑖
],±[
]} ,
𝑖
−𝑖 𝑖

̃1
n

[

(33)

]

where 𝛾 = 𝑃/𝑁0 is the signal-to-noise ratio (SNR), 𝑃 is
the total transmitted power in the TWRN, and 𝑄(𝑥) is the
Gaussian Q-function. Since it is very difficult to analyze ỹ1 (𝑡−
1) directly, we use ỹ1 (𝑡 − 1) ≈ √𝑃2 𝑆2 (𝑡 − 1)h12 (𝑡 − 1) as in
(20) instead in the following analysis. In Section 2, 𝑓𝑖 (𝑡) and
𝑔𝑖 (𝑡) are assumed to be constant over one frame, so h12 (𝑡) is
constant; that is, h12 (𝑡) = h12 (𝑡 − 1). Based on (8), 𝑆2,(Δ,𝑘𝑗) (𝑡) =
𝑆
𝑉Δ,𝑘𝑗 (𝑡)𝑆2 (𝑡 − 1), so 𝑃𝑘𝑗1 (𝛾) can be simplified as
2

𝑃 𝑆
(𝑡) h12 (𝑡)
[
]
𝑆
√ 2  2,(Δ,𝑘𝑗)
𝑃𝑘𝑗1 (𝛾) ≈ E𝑓𝑖, 𝑔𝑖 [
)]
𝑄
(
[
] . (34)
2
2𝜎ñ (𝑡)
1
[
]
derived

where ĝ(𝑡)

in

Section 2,
𝑇

h12 (𝑡)

=
𝑇

𝑆
𝑃𝑘𝑗1 (𝛾)

and
can

−1

𝑃𝑘𝑗1 (𝛾) =

2
1 𝜋/2
2

∫ E𝑓𝑖 [∏ (1 + 𝑙 (𝜃, 𝑡) 𝜆 𝑖 𝑓𝑖 (𝑡) )] 𝑑𝜃,
𝜋 0
𝑖=1
(35)

where 𝑙(𝜃, 𝑡) = 𝑃2 |𝛽|2 𝜎𝑔2 (1 − 𝛼𝑖2 )/8(∑2𝑖=1 |𝛽|2 |𝑓𝑖 (𝑡)|2 +
1)𝑁0 sin2 𝜃, and 𝜆 𝑖 (𝑖 ∈ {1, 2}) denotes the singular value of
𝑆2,(Δ,𝑘𝑗) (𝑡)𝐻𝑆2,(Δ,𝑘𝑗) (𝑡). The mean of |𝑓𝑖 (𝑡)|2 is 𝜎𝑓2 , so the term

𝐻

𝑆2 (𝑡) 𝑆2 (𝑡 − 1) − 𝑆2 (𝑡 − 1) 𝑆2 (𝑡 − 2)
2 ± 2𝑖 0
2 ±2𝑖
],±[
],
0 2 ± 2𝑖
∓2𝑖 2

[√1 − 𝛼12 𝑔1 (𝑡) √1 − 𝛼22 𝑔2∗ (𝑡)]

=

𝐹(𝑡) = diag{𝑓1 (𝑡), 𝑓2 (𝑡)}. Then, according to [12],
be derived as
𝑆

Then we can get

±[

2

𝑉Δ,𝑘𝑗 (𝑡) ỹ1 (𝑡 − 1)
[
 )]

√
[
],
(𝛾) = E𝑓𝑖, 𝑔𝑖 [𝑄 (
]
2𝜎2 (𝑡)

𝑡 = 4𝑚 − 1, 4𝑚
(𝑚 = 1, 2, . . .) .
(31)

∈ {± [

𝑆
𝑃𝑘𝑗1

𝛽[√1 − 𝛼12 𝑓1 𝑔1 √1 − 𝛼22 𝑓2 𝑔2∗ ] . Define h12 (𝑡) = 𝛽𝐹(𝑡)̂g(𝑡),

−1
1 1
],±[
]} , 𝑡 = 4𝑚 − 3, 4𝑚 − 2
1
−1 1

𝐻

4.1. PEP of Node 𝑆1 . In Section 3, the differential detection
̃ 1 (𝑡).
expression at 𝑆1 is derived as ỹ1 (𝑡) = 𝑉(𝑡)̃y1 (𝑡 − 1) + n
Define 𝑉Δ,𝑘𝑗 (𝑡) = 𝑉𝑘 (𝑡)−𝑉𝑗 (𝑡) and 𝑆2,(Δ,𝑘𝑗) (𝑡) = 𝑆2,𝑘 (𝑡)−𝑆2,𝑗 (𝑡).
The PEP of mistaking the kth STC block by the 𝑗th STC block
can be evaluated by averaging the conditional PEP over the
channel statistics [12] as

As

and it is easy to calculate that
1
{
{
{± [
{
{
{
1
{
𝑆2 (𝑡) ∈ {
{
{
𝑖
{
{
{{± [
𝑖
{

In this section, the Pairwise Error Probability (PEP) of
the asynchronous TWRNs using DDSTC is derived. Due
to the effect of imperfect synchronization, performance at
the two source nodes is also asymmetric, which will be
analyzed as follows, respectively. Total PEP and optimum
power allocation method are also discussed in this section.

(29)

It is proved in the simulation results that the method of
reestimating h22 (𝑡) and h23 (𝑡) can effectively eliminate the
error floor and ensure the detection performance.

[±1, ±1]𝑇 ,
s2 (𝑡) ∈ {
[±𝑖, ±𝑖]𝑇 ,

4. Performance Analysis

(32)

±2𝑖 2
0
2 ± 2𝑖
],[
]} ,
−2 ±2𝑖
−2 ∓ 2𝑖 0

which is impossible to be zero. This constellation rotation
scheme is also applied to s1 (𝑡).

∑2𝑖=1 |𝑓𝑖 (𝑡)|2 in 𝑙(𝜃, 𝑡) can be approximated as ∑2𝑖=1 |𝑓𝑖 (𝑡)|2 ≈
2𝜎𝑓2 . Hence,
 2
𝑃2 𝛽 𝜎𝑔2 (1 − 𝛼𝑖2 )
𝑙 (𝜃, 𝑡) ≈ 𝑙 (𝜃) =
.
 2
8 (2𝛽 𝜎𝑓2 + 1) 𝑁0 sin2 𝜃


(36)
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𝑆

𝑃𝑘𝑗1 (𝛾) can then be expressed as
−1

𝑆

𝑃𝑘𝑗1 (𝛾) =

2
1 𝜋/2
2

∫ E𝑓𝑖 [∏ (1 + 𝑙 (𝜃) 𝜆 𝑖 𝑓𝑖 (𝑡) )] 𝑑𝜃. (37)
𝜋 0
𝑖=1

4.3. Optimum Power Allocation. In order to analyze the overall performance of the system, the total PEP is considered. It
can be calculated as
𝑆

𝑆

It can be observed from (37) that the influence factor of 𝑃𝑘𝑗1 (𝛾)

is the same as in synchronization case except the term (1−𝛼𝑖2 ).
However, (1 − 𝛼𝑖2 ) is a constant during a frame. So the PEP
expression of node 𝑆1 can be simplified at high SNR as
𝑆

𝑃𝑘𝑗1 (𝛾) ≈

1 3!! 2
1
∏ [( ) ln (𝑀𝑖 )]
2 4!! 𝑖=1
𝑀𝑖
(38)

=

2

1
3
∏ [( ) ln (𝑀𝑖 )] ,
16 𝑖=1
𝑀𝑖

where 𝑀𝑖 = (𝑃2 |𝛽|2 𝜎𝑓2 𝜎𝑔2 (1 − 𝛼𝑖2 )/8(2|𝛽|2 𝜎𝑓2 + 1)𝑁0 )𝜆 𝑖 . Since
the total transmission power is 𝑃, 𝑃 = 𝑃1 + 𝑃2 + 2𝑃𝑅 . Denote
𝑃1 = 𝜇1 𝑃, 𝑃2 = 𝜇2 𝑃, and 𝛾 = 𝑃/𝑁0 . So 𝑀𝑖 at high SNR can be
expressed as 𝑀𝑖 = 𝐶1𝑖 𝜆 𝑖 𝛾, where 𝐶1𝑖 = 𝜇2 (1−𝜇1 −𝜇2 )𝜎𝑓2 𝜎𝑔2 (1−
𝛼𝑖2 )/16((1 − 𝜇1 − 𝜇2 )𝜎𝑓2 + 𝜇1 𝜎𝑓2 + 𝜇2 𝜎𝑔2 ). Thus, the simplified
PEP at high SNR can be rewritten as
𝑆

𝑃𝑘𝑗1 (𝛾) =
≈

2
1
3
𝛾−2 ∏ (ln (𝐶1𝑖 𝜆 𝑖 ) + ln (𝛾))
2
16 ∏𝑖=1 𝐶1𝑖 𝜆 𝑖
𝑖=1

(39)

1
3
2
𝛾−2 [ln (𝛾)] .
2
16 ∏𝑖=1 𝐶1𝑖 𝜆 𝑖

2

𝑃1 𝑆1,(Δ,𝑘𝑗) (𝑡) h21 (𝑡)
[
]
√
(𝛾) ≈ E𝑓𝑖, 𝑔𝑖 [
)]
[𝑄 (
] , (40)
2
2𝜎ñ (𝑡)
2
[
]

where 𝜎ñ22 (𝑡) = 2(∑2𝑖=1 |𝛽𝑖 (𝑡)|2 |𝑔𝑖 (𝑡)|2 + 1)𝑁0 and 𝑆1,(Δ,𝑘𝑗) (𝑡) =
𝑆 (𝑡) − 𝑆 (𝑡). If we define h (𝑡) = 𝛽𝐺(𝑡)̂f(𝑡), where ̂f(𝑡) =
1,𝑘

1,𝑗

𝑇

≈

2
2
1
3
2
−1
−1
(∏𝐶1𝑖
+ ∏𝐶2𝑖
) 𝛾−2 [ln (𝛾)]
2
16 ∏𝑖=1 𝜆 𝑖 𝑖=1
𝑖=1

=

1
3
2
−1 −1
(𝐶−1 𝐶−1 + 𝐶21
𝐶22 ) 𝛾−2 [ln (𝛾)] .
2
16 ∏𝑖=1 𝜆 𝑖 11 12

21

[𝑓1 (𝑡) 𝑓2∗ (𝑡)] and 𝐺(𝑡) = diag {𝑔1 (𝑡), 𝑔2 (𝑡)}, it is easy to
𝑆
find that the elements in 𝑃𝑘𝑗2 (𝛾) have no relationship to the
imperfect synchronization coefficient 𝛼𝑖 ; that is, it is identical
𝑆
to the synchronization situation [12]. So 𝑃𝑘𝑗2 (𝛾) can be derived
as
1
3
2
𝑆
𝛾−2 [ln (𝛾)] ,
𝑃𝑘𝑗2 (𝛾) ≈
2
16 ∏𝑖=1 𝐶2𝑖 𝜆 𝑖

(41)

(42)

−1 −1
It is obvious that, to minimize the PEP at high SNR, (𝐶11
𝐶12 +
−1 −1
𝐶21 𝐶22 ) should be minimized. For simplification, the source
nodes and the relay nodes are assumed to have the same
power, which is to say 𝑃1 +𝑃2 = 2𝑃𝑅 = (1/2)𝑃; that is, 𝜇1 +𝜇2 =
1/2; then 𝐶1𝑖 , 𝐶2𝑖 can be rewritten as 𝐶1𝑖 = 𝜇2 𝜎𝑓2 𝜎𝑔2 (1 −
𝛼𝑖2 )/32((1 − 𝜇2 )𝜎𝑓2 + 𝜇2 𝜎𝑔2 ), 𝐶2𝑖 = (0.5 − 𝜇2 )𝜎𝑓2 𝜎𝑔2 /32((0.5 +
𝜇2 )𝜎𝑔2 + (0.5 − 𝜇2 )𝜎𝑓2 ). Two cases are considered for further
performance analysis. For case I, 𝜎𝑓2 = 𝜎𝑔2 = 𝜎2 . For case II,
−1 −1
−1 −1
𝜎𝑓2 = 10𝜎2 , 𝜎𝑔2 = 𝜎2 . In case I, (𝐶11
𝐶12 + 𝐶21
𝐶22 ) can be
simplified as
−1 −1
−1 −1
𝐶12 + 𝐶21
𝐶22 )
(𝐶11

=

32
32
32
+[
]
𝜇2 (1 − 𝛼12 ) 𝜎2 𝜇2 (1 − 𝛼22 ) 𝜎2
(0.5 − 𝜇2 ) 𝜎2

=

322
𝜎4 (1 − 𝛼12 ) (1 − 𝛼22 )
×

4.2. PEP of Node 𝑆2 . Similarly to the derivation of PEP at node
𝑆1 , PEP of node 𝑆2 can be expressed as

𝑆
𝑃𝑘𝑗2

𝑆

𝑃𝑘𝑗1 (𝛾) + 𝑃𝑘𝑗2 (𝛾)

2

(43)

(2 − 𝛼12 − 𝛼22 + 𝛼12 𝛼22 ) 𝜇22 − 𝜇2 + 0.25
2

𝜇22 (0.5 − 𝜇2 )

.

Denote 𝑦(𝜇2 ) = ((2 − 𝛼12 − 𝛼22 + 𝛼12 𝛼22 )𝜇22 − 𝜇2 +
−1 −1
−1 −1
0.25)/𝜇22 (0.5 − 𝜇2 )2 ; obviously, when (𝐶11
𝐶12 + 𝐶21
𝐶22 )
obtain the minimum value, 𝑦(𝜇2 ) is minimum. This minimum value can be calculated by mathematical tools on
computer easily, and the corresponding value of 𝜇2 leads to
the optimum power allocation of this system. Similarly, in
−1 −1
−1 −1
case II, (𝐶11
𝐶12 + 𝐶21
𝐶22 ) can be simplified as
−1 −1
−1 −1
𝐶12 + 𝐶21
𝐶22 )
(𝐶11

=

16 (5.5 − 9𝜇2 )
16 (10 − 9𝜇2 ) 16 (10 − 9𝜇2 )
+[
]
5𝜇2 (1 − 𝛼12 ) 𝜎2 5𝜇2 (1 − 𝛼22 ) 𝜎2
5 (0.5 − 𝜇2 ) 𝜎2

=

256
((162 + Φ) 𝜇24 + (−261 − 99Φ) 𝜇23
25𝜎4 Φ

2

+ (300.25 + 30.25Φ) 𝜇22 − 145𝜇2 + 25)
2 −1

× (𝜇22 (0.5 − 𝜇2 ) ) ,
(44)

where 𝐶2𝑖 =
𝜇2 𝜎𝑔2 ).

𝜇2 (1 − 𝜇1 − 𝜇2 )𝜎𝑓2 𝜎𝑔2 /16((1 − 𝜇1

− 𝜇2 )𝜎𝑔2

+ 𝜇1 𝜎𝑓2

+

where Φ = (1 − 𝛼12 )(1 − 𝛼22 ). The OPA method also referred to
−1 −1
−1 −1
𝐶12 + 𝐶21
𝐶22 ) is minimum.
the value of 𝜇2 when (𝐶11
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5. Simulation Results
In this section, simulation results of the BER performance
on both sides using the proposed signal detection and the
OPA scheme are presented. Rayleigh fading channel is used as
the channel model in the simulations. Transmitted power of
the relay nodes is assumed as 𝑃𝑅𝑖 = 𝑃1,2 = 1, that is, equal
power allocation (EPA), if not specially pointed out. BPSK
modulation is used, and the frame length is 𝐿 = 100.
Figure 2 shows the performance of TWRN under imperfect synchronization using the existing differential detection
scheme in [12]. Set 𝜙 = 𝛼/√1 − 𝛼2 , the normalized imperfect
synchronization coefficients, and take its values as 1, 0.5,
0.3, 0.2, and 0.1 for the simulations. For comparison, the
performance of the TWRN under perfect synchronization is
also presented [12]. It can be concluded easily that, with 𝛼
increasing, the detection error floor becomes higher. But in
the real system, 𝜙 is generated randomly since 𝛼 is a random
value, ranging from 0 to 1. The result is also provided in
Figure 2; in this case, the error floor is almost the same as the
case that 𝜙 = 0.5.
Figure 3 shows the detection performance of the two
source nodes using the proposed differential detection
schemes for the two sides. It can be observed that the
detection schemes proposed for both nodes 𝑆1 and 𝑆2 remove
the high error floor caused by imperfect synchronization.
The detection method on node 𝑆2 eliminates the error floor
at high SNR after reestimating h23 (𝑡), providing a BER
performance approaching the synchronization situation. The
BER of node 𝑆1 is 4 dB less than that of node 𝑆2 . The reason
is that element 𝑆2 (𝑡 − 1) in the interference part is known to
node 𝑆2 but unknown to node 𝑆1 , which has been mentioned
in Section 3.

In Figure 4, it shows the BER performance of the
proposed differential detection and power allocation scheme.
It can be observed that, in both case I and case II, the
BER of node 𝑆1 decreased while that of node 𝑆2 increased
compared to equal power allocation (EPA), and the total BER
of node 𝑆1 and node 𝑆2 is decreased for about 1 dB. So, it is
obvious that OPA can balance the asymmetric performance
of the signal detection at the two sources caused by imperfect
synchronization, while the performance of the whole system
can also be improved.

6. Conclusion
In this paper, we have proposed a signal detection scheme
for TWRN under imperfect synchronization when neither
the sources nor the relays have any knowledge of CSI. Due
to the effect of imperfect synchronization, detection schemes
and performance are different for both sources. Simulation
results indicate that the proposed algorithms on both sides
perform well, with the imperfect synchronization effect
greatly removed. Furthermore, we derived the simplified PEP
of the TWRN and determined the optimum power allocation
scheme, which improves the performance of the whole
system and leads to a symmetrical detection performance for
both sides even though imperfect synchronization exists.
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An efficient data collection scheme plays an important role for the real-time intelligent monitoring in many machine-to-machine
(M2M) networks. In this paper, a distributed joint cluster formation and resource allocation scheme for data collection in clusterbased M2M networks is proposed. Specifically, in order to utilize the advantages of cooperation, we first propose a hierarchical
transmission model which contains two communication phases. In the first phase, the intracluster information sharing is carried
out by all the nodes within the same cluster. Then these nodes transmit the total information to the BS cooperatively with virtualMIMO (VMIMO) protocol in the second phase. To grasp the properties and advantages of this cooperative transmission strategy,
the theoretical analysis results are provided. The key issue in this system is to form the clusters and allocate resources efficiently.
Since the optimization problem on this issue is an NP-hard problem, a feasible joint scheme for the cluster formation and resource
allocation is proposed in this paper, which is carried out via coalition formation game with a distributed algorithm. This scheme
can reduce the complexity while keeping an attractive performance. Simulation results show the properties of the proposed scheme
and its advantages when comparing with the noncooperative scheme for the data collection in a practical scenario.

1. Introduction
Machine-to-machine (M2M) or machine type communications (MTC) have been recognized as a key and promising
technique in next-generation communication networks [1].
Impelled by the recent theoretical advances, various kinds
of M2M-based application networks are attracting more and
more attentions, such as smart grid [2], vehicle communication networks [3], and e-health [4]. In these networks, various
types of electronic terminals can be self-organized together
and work without the intervention of humans. However, no
matter in which applications, an efficient scheme for the realtime information collection plays an important role for the
feasibility and reliability of the network, since it is crucial
for the functions of network monitoring, automatic control,
safety precautions, and so forth.
In many kinds of networks, the number of terminals
may be very large, and their payload and distribution conditions are always different. Therefore, how to collect the
real-time information from the whole network efficiently

and automatically is a great challenge. To deal with this
issue, many traditional schemes can be utilized, such as
the CSMA-based schemes, typical cellular multiple access
schemes (e.g., CDMA, OFDMA) [5], or schemes with noncooperative games [6]. However, with the limitation of
frequency resources, as well as the growth of terminal number
and payload size, cooperative schemes have showed more
promising performance for the high efficient transmission
with finite resources [7].
Among cooperative schemes, cluster-based communications are a promising research direction. Though it is
attracting more and more attention, how to construct a highly
efficient network structure and take full use of the limited
resources is still a great challenge in M2M networks. The
authors in [8] gave a comprehensive survey of the existing
clustering algorithms for mobile ad hoc networks (MANETs).
Literatures such as [9, 10] focused on the transmission
schemes in cluster-based wireless sensor networks (WSN)
under different situations. Furthermore, how to select or
deploy the cluster heads has also been considered in the

2
context of cluster-based WSN networks [11]. However, the
particularity of WSN makes these results not suitable for
common M2M networks for generally two reasons. First,
existing researches pay more attention on the battery life
of sensors and take no account of the delay performance
[10]. Second, the own properties of the information are
always taken as the clustering criterion in WSN, such as
compressibility [11]. Though some cooperative data collection
schemes for M2M networks have also been studied recently,
such as [12, 13], most of them focused on developing centralized algorithms. In addition, the joint cluster formation
and resource allocation scheme, as well as the corresponding
theoretical analysis, have not been sufficiently studied neither.
In this paper, we focus on cluster-based M2M network
with VMIMO protocols. In this kind of networks, the members within a cluster transmit the information by means of
VMIMO, which is different from the cooperative transmission schemes with cluster heads [14]. Though the VMIMObased schemes have already been studied in WSN [15, 16],
there were few practical solutions on the efficient cluster
formation by taking resource allocation into consideration. Meanwhile, the quantitative theoretical analysis on the
advantages and properties of this kind of system has also not
been given clearly in existing researches.
In this context, a distributed joint cluster formation and
resource allocation scheme is proposed in this paper for the
real-time data collection in VMIMO-based M2M networks.
We first give a hierarchical cooperative transmission scheme
with two communication phases: the information sharing
phase and the cooperative transmission phase. To demonstrate the advantages of this cooperative scheme and the influence of different factors on performance, some theoretical
results are given. Based on these work, we propose a joint
cluster formation and resource allocation scheme based on
coalition formation game and then provide the whole implementation procedure via a distributed cooperative algorithm.
In this paper, time cost for data collection is chosen to be the
performance indicator to meet the requirement of some realtime applications.
The rest of this paper is organized as follows. We first
present the system model in Section 2. Then an optimization
problem and the corresponding theoretical analysis are given
in Section 3. In Section 4, a distributed joint cluster formation
and resource allocation scheme is proposed. Simulation
results and the data analysis are provided in Section 5. Finally,
we conclude this paper in Section 6.

2. System Model
Consider a cooperative data collection system in M2M networks shown in Figure 1. There are totally 𝑀 distributed
single-antenna data acquisition nodes (DANs), a base station
(BS) with 𝑁𝑅 antennas, and a data center within a certain
region. The roles of these nodes are different in different networks, such as smart meters in smart grid or vehicle sensors
in vehicle communications networks. All the information
acquired by these DANs should be collected by the BS timely
and forwarded to the data center (such as power center in
smart grid).

International Journal of Antennas and Propagation

Base station

Data center

Cluster 1

··· ···

Cluster N

Cluster 2
Unlicensed spectrum communications
Licensed spectrum communications
Wired communication

Figure 1: An illustration of system model.

2.1. Cluster-Based Data Collection. In this system, the data
collection process can be carried out cooperatively and
hierarchically. Before transmission, the DANs can organize
themselves into 𝑁 (1 ≤ 𝑁 ≤ 𝑀) disjoint clusters according
to certain rules without the intervention of humans. Let
S = {S1 , . . . , S𝑁} be the set of clusters, where S𝑗 is the
𝑗th cluster with |S𝑗 | nodes. Based on the cluster-organized
network structure, the whole data collection process can be
divided into two phases (subprocesses). In the first phase,
the nodes in the same cluster share their data information
{𝑥1,𝑗 , . . . , 𝑥|S𝑗 |,𝑗 } with each other by means of broadcasting,
where 𝑥𝑖,𝑗 denotes the payload of the 𝑖th DAN in cluster
S𝑗 . Since the range of these intracluster communications is
always short, unlicensed spectrum can be utilized to enhance
the spectral efficiency. In the second phase, the nodes in
the same cluster cooperate together as a virtual MIMO
(VMIMO) transmitter and send the combined payload 𝑥S𝑗 =
∑𝑖∈S𝑗 𝑥𝑖,𝑗 to the BS jointly. In this phase, licensed spectrum
(such as the cellular spectrum) is occupied for the possibility
of long-distance communication. In the first-layer transmission, TDMA scheme is chosen, since it is the most common
option for the nodes to support various kinds of shortdistance communication approaches in different scenarios,
such as WiFi, Zigbee, and bluetooth. However, since the
distances in the second-layer transmission are much larger, it
is necessary for them to adopt a compatible MA scheme with
LTE system to avoid extra interference. Therefore, we adopt
OFDMA scheme for the second-layer transmission.
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2.2. Traffic Model. The payload conditions are different in
different kinds of networks. In this paper, we define the traffic
model according to IEEE Std 2030 [17], which is the guidance
provided by IEEE to model the features of smart grid. For
the 𝑖th DAN, the packet number and the size of each packet
all obey truncated Pareto distribution, which has also been
used in several data analysis fields [17]. Assume the upper and
lower bounds of packet number are 𝑛max and 𝑛min ; the packet
number of the 𝑖th DAN can be generated with the following
probability density function correspondingly:
𝜅

−𝜅 −1

𝜅 ⋅ 𝑛 1 ⋅ (𝑛𝑖 ) 1
{
{
{ 1 min
𝜅 , 𝑛min < 𝑛𝑖 ≤ 𝑛max ,
𝑓 (𝑛𝑖 ) = { 1 − (𝑛min /𝑛max ) 1
{
{
others,
{0,

(1)

where 𝜅1 is the constant parameter of Pareto distribution and
−1
(1 − (𝑛min /𝑛max )𝜅1 ) is the probability normalization factor.
Similarly, the length of each packet ranges from 𝑠max to 𝑠min
also obeys the truncated Pareto distribution with parameter
𝜅2 .
𝑛𝑖
Hence, the total payload of the 𝑖th DAN is 𝑥𝑖 = ∑𝜉=1
𝑠𝑖𝜉 ,
which is to be shared in the first communication phase within
cluster S𝑗 .
2.3. Data Transmission Model. As mentioned above, the data
collection process in the system contains two phases, and
hence the data transmission model also can be formed with
two parts.
Since the TDMA scheme is adopted in the intracluster
information sharing process, all DANs within the same
cluster broadcast their information sequentially. We assume
that the transmit power of DANs can be low enough to eliminate the intercluster interference (ICI). In this context, the
minimum time cost for the 𝑖th DAN to share its information
with all the others in the same cluster S𝑗 can be expressed as
𝑇𝑖,𝑗 =

𝑥𝑖,𝑗
,
 2 −𝛽
𝑊 ⋅ log (1 + 𝑃1 ℎ𝑖,̂𝑖 𝑑𝑖,̂𝑖 /𝜎2 )

(2)

where ℎ𝑖,̂𝑖 and 𝑑𝑖,̂𝑖 are the channel and distance between the 𝑖th
DAN and its farthest partner ̂𝑖 in cluster S𝑗 , 𝛽 is the path loss
factor, 𝑊 is the available bandwidth in unlicensed spectrum,
𝑃1 is the transmit power of DANs in the first communication
phase, and 𝜎2 is the noise variance.
Therefore, the total time cost for finishing the information
sharing process in cluster S𝑗 can be calculated as
𝑇S(1)𝑗 = ∑ 𝑇𝑖,𝑗 .
𝑖∈S𝑗

(3)

Before cooperative transmission, the DANs in the same
cluster combine their own data with the received data and
generate a whole payload 𝑥S𝑗 = ∑𝑖∈S𝑗 𝑥𝑖,𝑗 . After that, they
transmit 𝑥𝑆𝑗 to the BS with VMIMO protocol in the second
phase. In this phase, OFDMA scheme is adopted. Hence, after

being multiplied by weight vector, the received signal at the
BS that comes from cluster S𝑗 in the second phase is
𝑦S 𝑗 = √

𝑃2 𝑀𝑗
𝛽

𝑑S𝑗

𝐻
w𝑅,S
HS𝑗 w𝑇,S𝑗 𝑥S𝑗 + 𝑛S𝑗 ,
𝑗

(4)

where 𝑀𝑗 = |S𝑗 | is the number of DANs in S𝑗 , HS𝑗 ∈ C𝑁𝑅 ×𝑀𝑗
is the channel matrix among DANs and antennas of the BS,
w𝑇,S𝑗 ∈ C𝑀𝑗 ×1 is the normalized precoding vector adopted by

𝐻
DANs in S𝑗 , that is, 𝐸[w𝑇,S
w𝑇,S𝑗 ] = I𝑀𝑗 , 𝑃2 is the transmit
𝑗
power in the second phase, 𝑑S𝑗 is the distance between the

cluster center and the BS, w𝑅,S𝑗 ∈ C𝑁𝑅 ×1 is the receiving

𝐻
n is the scalar noise
weight vector of the BS, 𝑛S𝑗 = w𝑅,S
𝑗 S𝑗
after processing, and nS𝑗 is the additive white Gaussian noise

(AWGN), denoted by CN(0, 𝜎2 ).
In this system, maximal ratio transmission (MRT) and
maximal ratio combining (MRC) are adopted by DANs and
the BS, respectively [18]. Specifically, the precoding vector for
DANs in S𝑗 is w𝑇,S𝑗 = k1,S𝑗 , where k1,S𝑗 is the first right
singular vector of the channel matrix HS𝑗 . Correspondingly,
the receiving weight vector for the BS is w𝑅,S𝑗 = HS𝑗 ⋅ k1,S𝑗 .
In this case, the signal-to-noise ratio (SNR) is
𝛾S𝑗 =

2
𝑃2 𝑀𝑗 𝜇max,S
𝑗
𝛽

𝑑S𝑗 𝜎2

,

(5)

where 𝜇max,𝑆𝑗 is the largest singular value of HS𝑗 , which
corresponds to the first right singular vector k1,S𝑗 .
Then the time cost for cooperative transmission in the
second phase can be derived as
𝑇S(2)𝑗 =

𝑥S𝑗
𝑤S𝑗 ⋅ log (1 + 𝛾S𝑗 )

,

(6)

where 𝑤S𝑗 is the available bandwidth of cluster S𝑗 .
Therefore, the total time cost for the BS to collect all data
from cluster S𝑗 is
𝑇S𝑗 = 𝑇S(1)𝑗 + 𝑇S(2)𝑗 .

(7)

Obviously, the total time cost for information submission
of the 𝑖th DAN in cluster S𝑗 is also equal to 𝑇S𝑗 ; that is, 𝑇𝑖,S𝑗 =
𝑇S𝑗 .
Since in many application scenarios, time-effectiveness is
a key performance indicator or even determines the success
or failure of network functions, such as network monitoring
or safety precaution in vehicle networks or smart grid, we will
take time cost as the performance evaluation criterion in this
paper. As we can see from (2) to (7), the network structure and
resource allocation strategy in this system can influence the
performance. In next section, the theoretical analysis will be
given to show this influence explicitly. After that, a practical
scheme will be proposed.
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3. Theoretical Analysis on Hierarchical
Cooperative Transmission
3.1. Optimization Problem Formulation. In this system, the
ideal solution is to find out a high-efficient network structure
and a resource allocation strategy to minimize the average
time cost for data collection, which is defined as follows:
𝑀𝑗

𝑇=

1
1 𝑁
(𝑀1 𝑇S𝑗 + ⋅ ⋅ ⋅ + 𝑀𝑁𝑇S𝑁 ) .
∑∑𝑇𝑖,S𝑗 =
𝑀 𝑗=1𝑖=1
𝑀

(8)

If the global network information is available at the BS,
such as the channel information, the payload condition, and
the distribution of DANs, a centralized approach can be used
to obtain the optimal system performance.
To describe the cooperative relationships, a network
structure indicator matrix S ∈ C𝑀×𝑁 and a resource
allocation indicator matrix W∈𝑁×𝐾 can be defined, where 𝑁
and 𝐾 are the cluster number and available subband number,
respectively. Their elements are
𝑠𝑖,𝑗 = 1,

if 𝑖 ∈ S𝑗 ,

𝑠𝑖,𝑗 = 0,

if 𝑖 ∉ S𝑗 ,

𝑤𝑗,𝑘 = 1,

if 𝑘 ∈ w𝑗 ,

𝑤𝑗,𝑘 = 0,

if 𝑘 ∉ w𝑗 ,

However, problem (11) is a nonlinear integer programming problem. To obtain the optimal solution, all possibilities
of cluster formation and the corresponding optimal resource
allocation pattern should be enumerated, which is an NPhard problem when the DAN number grows up. Though the
optimal solutions can hardly be obtained, the properties of
them and the influence factors on system performance can
be obtained by the theoretical analysis, which is our work in
the next subsection.
3.2. Advantages of Hierarchical Cooperative Transmission.
Consider the cluster S𝑗 with 𝑀𝑗 DANs. To prove the advantages of cluster-based transmission with VMIMO protocol,
we compare the average time cost of the noncooperative and
cooperative schemes under the same condition of bandwidth
and power resources. Assume that the available bandwidth
is 𝑤𝑗 and the transmit power of each node is 𝑃2 ; then if all
DANs send their information separately with time division
strategy and the BS processes the received signals with MRC,
the average time cost can be calculated as follows:
𝑇𝑗,𝑠 = 𝐸 (

(9)

∑𝑀
𝑖=1 𝑠𝑖,𝑗 𝑥𝑖,𝑗

𝑇S𝑗 = ∑𝑠𝑖,𝑗 𝑇𝑖,𝑗 +
𝑖=1

∑𝐾
𝑘=1 𝑤𝑗,𝑘 ⋅ log (1 + 𝛾𝑗,𝑘 )

.

(10)

The average time cost 𝑇 in (8) can also be redefined
correspondingly. In this context, the following optimization
problem can be formulated:

s.t.

1 ≤ 𝑁 ≤ 𝑀,

𝑀𝑗

𝐸 (𝑛) 𝐸 (𝑠)
1
=
(∑
2
𝑤𝑗
𝑖=1 log (1 + 𝑃𝜇

−𝛽 2
𝑖,max 𝑑𝑖 /𝜎 )

𝐸 (𝑠) =

𝑁

(11)

∑𝑠𝑖,𝑗 = 1,

𝑗=1

𝜅 −1

1
𝑛min

𝜅1

1 − (𝑛min /𝑛max )

𝑗=1

where 𝑇0 is the constraint on the maximum period. The third
constraint guarantees the nonoverlapping cluster formation,
which means that one DAN can only join in one cluster. The
last constraint ensures the exclusive bandwidth allocation to
avoid interference among different clusters.

⋅

1
𝑛𝜅1 −1 − 𝑛min
𝜅1
,
⋅ max
𝜅1 −1
𝜅1 −1
𝜅1 − 1 𝑛min
⋅ 𝑛max

𝜅 −1

2
𝑠min

1 − (𝑠min /𝑠max )

𝜅2

2
𝑠𝜅2 −1 − 𝑠min
𝜅2
⋅
.
⋅ max
𝜅2 −1
𝜅2 −1
𝜅2 − 1 𝑠min
⋅ 𝑠max

(13)

According to (6), if the DANs in cluster S𝑗 cooperate with
each other as a VMIMO system, the average time cost can be
written as

𝑁

∑𝑤𝑗,𝑘 = 1,

),

where 𝜇𝑖,max is the largest singular value of the channel vector
h𝑖 ∈ C𝑁𝑅 ×1 , 𝑑𝑖 is the distance between node 𝑖 and the
BS, and 𝐸(𝑛) and 𝐸(𝑠) are the average packet number and
packet size of DANs, respectively. Since both 𝑛 and 𝑠 obey
truncated Pareto distribution, 𝐸(𝑛) and 𝐸(𝑠) can be calculated
as follows:

𝜅

𝑇𝑆𝑗 ≤ 𝑇0 ,

(12)

−𝛽 2
𝑖,max 𝑑𝑖 /𝜎 )

𝜅

𝑁,S,W

)

𝑗
𝐸 (𝑥𝑖 )
1
∑
𝑀𝑗 𝑖=1 𝑤𝑗 /𝑀𝑗 ⋅ log (1 + 𝑃𝜇2

𝐸 (𝑛) =

Minimize 𝑇,

−𝛽

2
𝑤𝑗 /𝑀𝑗 ⋅ log (1 + 𝑃𝜇𝑖,max
𝑑𝑖 /𝜎2 )

𝑀

=

where w𝑗 indicated the available subbands for cluster S𝑗 .
Thus, the time cost 𝑇S𝑗 can be rewritten as
𝑀

𝑥𝑖

∗

𝑇𝑗 =

𝑀𝑗 𝐸 (𝑛) 𝐸 (𝑠)
𝑤𝑗

(

1
2 𝑑−𝛽 /𝜎2 )
log (1 + 𝑀𝑗 𝑃2 𝜇max

) , (14)

where 𝜇max is the largest singular value of the whole channel
matrix H𝑗 = [h1 ⋅ ⋅ ⋅ h𝑀𝑗 ], 𝑑 is the average distance between
DANs and the BS, and 𝐸(𝑛) and 𝐸(𝑠) are the same with the
ones defined in (13).
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Since H𝑗 is composed of h𝑖 , ∀𝑖 ∈ S𝑗 , the relationship
𝜇max > 𝜇𝑖,max , ∀𝑖 ∈ S𝑗 is always true according to matrix
theory. Assume that the range of a cluster is much smaller
than the distance to the BS; then the approximation 𝑑 ≈ 𝑑𝑖
−𝛽
2
holds. Define 𝑅𝑖 ≜ log(1 + 𝑃2 𝜇𝑖,max
𝑑𝑖 /𝜎2 ) and 𝑅∗ ≜ log(1 +
2
𝑑−𝛽 /𝜎2 ) as the achievable rates in unit bandwidth;
𝑀𝑗 𝑃2 𝜇max
∗
then difference value between 𝑇𝑗,𝑠 and 𝑇𝑗

𝑇𝑗,𝑠 −

∗
𝑇𝑗

can be calculated as

𝑀𝑗
1 𝑀𝑗
𝐸 (𝑛) 𝐸 (𝑠)
=
(∑ − ∗ )
𝑤𝑗
𝑅
𝑖=1 𝑅𝑖
𝑀

𝑀

𝑀

𝑗
𝑗
∗
𝑅𝑘 ) − 𝑀𝑗 ∏𝑖=1𝑗 𝑅𝑖
𝐸 (𝑛) 𝐸 (𝑠) 𝑅 (∑𝑖=1 ∏𝑘=1,𝑘=𝑖̸
=
𝑀
𝑤𝑗
∏ 𝑗 𝑅 ⋅ 𝑅∗

𝑖=1 𝑖

𝐸 (𝑛) 𝐸 (𝑠)
=
𝑤𝑗

𝑀
∑𝑖=1𝑗

𝑀

𝑗
(𝑅∗ − 𝑅𝑖 ) ∏𝑘=1,𝑘
𝑅𝑘
=𝑖̸

𝑀
∏𝑖=1𝑗 𝑅𝑖

⋅ 𝑅∗

.
(15)

∗

Since 𝑅∗ > 𝑅𝑖 , ∀𝑖 ∈ S𝑗 , then 𝑇𝑗,𝑠 − 𝑇𝑗 > 0 holds. From
(15) it can be seen that, for a certain number of DANs, the
proposed cluster-based transmission scheme can bring more
benefit on transmission efficiency when comparing with
noncooperative scheme under the same condition.
However, the result in (15) has not taken the cluster formation cost into consideration. Actually, for a whole data
collection process as mentioned in Section 2, the cost in
information sharing phase also cannot be ignored. According
to (2) and (3), the average time cost for the information
sharing process in cluster S𝑗 is
(1)

𝑇𝑗 =

The result in (17) shows that the performance enhancement is influenced by many factors. And in all of these factors,
the network structure and the resource allocation strategy are
the most important ones.
3.3. Influence of Network Structure and Resource Allocation.
As shown in (17), there are many parameters related to the
network structure, such as 𝑀𝑗 , ℎ𝑖,̂𝑖, H𝑗 , and 𝑑𝑖,̂𝑖. Therefore,
how to form an optimal network structure is a key issue in this
network. Define the network structure as S = {S1 , . . . , S𝑁},
and the following property can be established.
Property 1. Though the cluster-based cooperative transmission scheme can bring benefit for the system, a grand cluster,
which is denotes by S = M, can hardly be formed to get the
optimal performance.
Proof. Assume that the total bandwidth for the second phase
transmission is 𝑊2 , and the available bandwidth of cluster
S𝑗 is 𝑤𝑗 = 𝑀𝑗 ⋅ 𝑊2 /𝑀. Consider the average time cost
∗

in the cooperative transmission phase 𝑇𝑗 , and if the DAN
number in cluster S𝑗 increases, the first-order and secondorder derivatives can be calculated as
∗

𝜕𝑇𝑗

𝜕𝑀𝑗

=−

𝜂
𝑀𝐸 (𝑛) 𝐸 (𝑠)
< 0,
2
∗
𝑊2 (𝑅 ) 1 + 𝜂𝑀𝑗

∗

𝜕2 𝑇𝑗

𝜂2
𝑀𝐸 (𝑛) 𝐸 (𝑠)
=
> 0,
𝜕2 𝑀𝑗
𝑊2 (𝑅∗ )2 (1 + 𝜂𝑀𝑗 )2

(18)

2
where 𝜂 ≜ 𝑃2 𝜇max
𝑑−𝛽 /𝜎2 . From (18), it can be seen that, with
∗
the increase of 𝑀𝑗 , the 𝑇𝑗 can be reduced. However, the
∗

declining trend of 𝑇𝑗 becomes more and more slow. On the

𝑀𝑗

1
𝐸 (𝑛) 𝐸 (𝑠)
(∑
 2 −𝛽 2 ) .
𝑊
𝑖=1 log (1 + 𝑃1 ℎ𝑖,̂𝑖 𝑑 /𝜎 )
  𝑖,̂𝑖

(16)

It shows that this process not only increases the time
cost for data collection but also occupies a certain amount of
power resources and therefore brings negative effect to the
̃ 𝑖 = log(1 + 𝑃1 |ℎ ̂|2 𝑑−𝛽 /𝜎2 ).
system performance. Define 𝑅
𝑖,𝑖
𝑖,̂𝑖
Combining (15) and (16), we can calculate the final performance enhancement for this scheme, which is given as
follows:
Δ𝑇𝑗 = 𝐸 (𝑛) 𝐸 (𝑠)
𝑀

𝑀

𝑀

𝑗
𝑗
𝑗
{
̃ 𝑖 ⋅ [∑ (𝑅∗ − 𝑅𝑖 ) ∏ 𝑅𝑘 ]
× {(𝑊 ⋅ ∏𝑅
𝑖=1
𝑘=1,𝑘=𝑖̸
[𝑖=1
{
]

𝑀𝑗

𝑀𝑗

𝑀𝑗

̃ 𝑘 ])
− 𝑤𝑗 ⋅ ∏𝑅𝑖 ⋅ 𝑅∗ ⋅ [∑ ∏ 𝑅
𝑖=1
[𝑖=1𝑘=1,𝑘=𝑖̸ ]
𝑀𝑗

−1

}
̃ 𝑖 𝑅𝑖 ) ⋅ 𝑅∗ )
× (𝑤𝑗 ⋅ 𝑊 ⋅ ∏ (𝑅
}.
𝑖=1
}

(17)

other hand, the average farthest distance in a cluster, 𝑑𝑖,̂𝑖 =
(1/𝑀𝑗 )∑𝑖∈S𝑗 𝑑𝑖,̂𝑖, is generally proportional to 𝑀𝑗 ; that is,
𝑑𝑖,̂𝑖 ∝ 𝑀𝑗 . Meanwhile, in order to avoid the interference
among clusters, the transmit power 𝑃1 should be low enough.
(1)

Therefore, the first-order derivative 𝜕𝑇𝑗 /𝜕𝑀𝑗 > 0, which
means that the average time cost for the information sharing
in the first phase scales up with 𝑀𝑗 .
(1)

∗

Thus, the average total time cost 𝑇𝑗 = 𝑇𝑗 +𝑇𝑗 is a convex
function of 𝑀𝑗 . With the growth of 𝑀𝑗 , 𝑇𝑗 may even become
larger than the time cost 𝑇𝑗,𝑠 of noncooperative scheme. Then,
some DANs have incentive to deviate from the grand cluster
and form small clusters instead. Therefore, the grand cluster
can hardly be formed.
Apart from network structure, power and frequency
resource allocation can also impact the performance greatly.
Assume that the total available power for a DAN is 𝑃0 , which
can be allocated to the two communication phases; that is,
𝑃0 = 𝑃1 + 𝑃2 , as shown in (2) and (5). Though it can be
verified that for the total time cost in (7), 𝜕2 𝑇S𝑗 /𝜕2 𝑃1 > 0, the
optimal point of power allocation cannot be chosen because
interference among clusters may be introduced if 𝑃1 is large.
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Therefore, for simplicity, we set 𝑃1 = 𝛼𝑃2 in this system,
where 𝛼 is a constant satisfying 0 < 𝛼 < 0.5.
Since the time-division scheme is adopted for the intracluster transmission, the frequency resource allocation refers
to the bandwidth allocation in the second communications
phase. According to (14) and (17), it can be calculated that
∗

𝜕𝑇𝑗

𝜕𝑤𝑗
𝜕Δ𝑇𝑗
𝜕𝑤𝑗

=−

𝑀𝑗 𝐸 (𝑛) 𝐸 (𝑠)
𝑤𝑗2 𝑅∗
𝑀

=−

< 0,

𝑤𝑗2

V𝑖,𝑗 = −𝑇𝑖,S𝑗 = − (𝑇S(1)𝑗 + 𝑇S(2)𝑗 ) ,
(19)

𝑀

𝑗
𝑗
∗
𝑅𝑘
𝐸 (𝑛) 𝐸 (𝑠) ∑𝑖=1 (𝑅 − 𝑅𝑖 ) ∏𝑘=1,𝑘=𝑖̸

𝑀

∏𝑖=1𝑗 𝑅𝑖 ⋅ 𝑅∗

< 0.

The results in (19) show that, for a certain cluster, with
the increase of available bandwidth, the average total time
(1)

players inside, which satisfies ∑𝑖∈S𝑗 V𝑖 = V(S𝑗 ), where V𝑖 is the
payoff of the 𝑖th player. In NTU coalitional game, however,
the utility V(S𝑗 ) is a payoff vector, whose elements are the
payoffs of players decided by their own strategy and joint
behaviors of others in S𝑗 .
In this system, the utility function of the 𝑖th DAN in
cluster S𝑗 is defined as

∗

cost 𝑇𝑗 = 𝑇𝑗 + 𝑇𝑗 can be reduced. On the other hand, the
average performance enhancement Δ𝑇𝑗 also decreases with
the growth of available bandwidth, which means the decrease
of spectral efficiency. Therefore, an appropriate resource
allocation strategy is necessary for the network to maximize
the spectral efficiency and meanwhile guarantee the fairness
among clusters.
According to the above theoretical analysis, a joint cluster
formation and resource allocation scheme will be proposed
in the next section, which is implemented via distributed
method. Though the time cost performance of the proposed
scheme may be worse than the centralized scheme, the
optimal solution of the later scheme can hardly be obtained in
practical M2M applications, since it is hard to deploy a centric
controller for all the DANs and meanwhile the computing
complexity is quite high.

4. Distributed Joint Cluster Formation and
Resource Allocation Scheme
In this section, we first formulate the problem as a coalitional
game. Then a simplified resource allocation criterion is
provided to transfer the complicated original game into a
feasible game. After that, we give the detailed implementation
process for the scheme based on a practical distributed
algorithm.
4.1. Coalition Formation Game Formulation. We formulate
the cooperation among DANs as a coalitional game (M, V),
where M is the player set who are seeking partners to
maximize their utilities, and V is the payoff mapping of these
players. For a coalition S𝑗 , if its utility function V(S𝑗 ) is only
decided by its own members and irrelevant with the player
set M \ S𝑗 , it is a coalitional game with characteristic form
[19]. On the contrary, if the behaviors of players outside can
influence V(S𝑗 ), the game can be recognized as a coalitional
game with partition form. On the other hand, from the
view of utility allocation, coalitional game can be divided
into two categories: games with transferable utility (TU) and
nontransferable utility (NTU). In the former category, the
coalition utility V(S𝑗 ) can be divided and transferred among

(20)

where 𝑇𝑖,S𝑗 has been defined in (7). Since the time costs of
all DANs in the same cluster are the same, the total utility of
cluster S𝑗 is
V (S𝑗 ) = ∑ V𝑖,𝑗 = −𝑀𝑗 ⋅ (𝑇S(1)𝑗 + 𝑇S(2)𝑗 ) .
𝑖∈S𝑗

(21)

Among all coalitional games, canonical coalitional games
and coalition formation games are the most typical ones
which have been studied in communication systems [20].
However, since we have already proved that the grand cluster
cannot be formed in Section 3, we only focus on the later
kind of games, in which many small clusters can be formed
to benefit all DANs in this network.
As we can see, the utility function V(S𝑗 ) contains the term
𝑤𝑗 , which is not only determined by DANs in cluster S𝑗
but also influenced by the resource allocation strategy of the
whole network. Therefore, this game can be recognized as a
NTU coalition formation game (M, V) with partition mode.
However, coalitional games with partition mode are always
quite complicated to be solved in practical scenario [19]. In
the next subsection, we will provide a simplified resource
allocation rule in this system with the aim to transfer the
game into the one with characteristic mode.
4.2. Resource Allocation. In this system, both power and
frequency resources can be allocated. As shown in Section 3,
though there is an optimal tradeoff between 𝑇S(1)𝑗 and 𝑇S(2)𝑗
with proper power allocation, we set a small fixed ratio
between 𝑃1 and 𝑃2 to avoid the intercluster interference for
simplicity. Therefore, the resource allocation here refers to the
bandwidth allocation in the second phase.
In order to transfer the original game into a game with
characteristic mode, the available bandwidth 𝑤S𝑗 for cluster
S𝑗 should only depend on its own members. To achieve this
goal, we first divide the total bandwidth 𝑊2 into 𝑀 parts
virtually with the same size 𝑤V = 𝑊2 /𝑀. Then, each DAN
is assumed to be bound with one part of the bandwidth
resource. If the 𝑖th DAN joins into a cluster S𝑗 , the bandwidth
𝑤𝑖,V can be used by all DANs within the same cluster. In
this way, the frequency resource can be recognized as being
carried out in nodes’ level and therefore the total available
bandwidth for cluster S𝑗 is 𝑤𝑗 = 𝑀𝑗 ⋅ 𝑤V . Though it is not the
optimal allocation, the computing complexity of this manner
is much lower when comparing with the centralized scheme
shown in (11). Meanwhile, V(S𝑗 ) here is only determined by
the DANs in S𝑗 and therefore the original game has been
transferred into a game with characteristic mode.

International Journal of Antennas and Propagation

7

Initialization
Set each individual DAN as a cluster, and the initial partition is S = M = {S1 , . . . , S𝑀 }.
Joint cluster formation and virtual resource allocation
while
(1) Merge the subset {S𝑗1 , . . . , S𝑗𝑘 } into S𝑗 if the merge rule satisfies. Meanwhile, re-allocate the combined virtual
bandwidth resources {𝑤𝑗1 ,V , . . . , 𝑤𝑗𝑘 ,V } to the new cluster, 𝑤𝑗,V = ∑𝑖∈{𝑗1 ,...,𝑗𝑘 } 𝑤𝑖,V .
(2) Split S𝑗 into a set of small clusters {S𝑗1 , . . . , S𝑗𝑘 } if the split rule satisfies. Meanwhile, re-allocate the bandwidth
bandwidth resource 𝑤𝑗,V to all split clusters proportionally according to the DAN number in each
cluster, 𝑤S𝑘 ,V = (𝑀𝑘 / ∑𝑖∈{𝑗1 ,...,𝑗𝑘 } 𝑀𝑖 )𝑤𝑗,V .
until
A stopping criterion is satisfied.
Result reported and final resource allocation
(1) Report the final partition S∗ = {S∗1,V , . . . , S∗𝑁,V } and the corresponding virtual resource allocation results
∗
∗
, . . . , 𝑤𝑁,V
} to the BS.
W = {𝑤1,V
(2) The BS allocates proper frequency resources for each cluster with the same amount denoted by W.
Algorithm 1: Implementation of the joint cluster formation and resource allocation scheme.

4.3. Distributed Implementation for Joint Cluster Formation
and Resource Allocation. According to the theoretical results
in Section 3 and the resource allocation rule above, the joint
problem of cluster formation and resource allocation can be
solved with a distributed method. Before the description of
the implementation process, some concepts should be briefly
introduced [19].
Definition 1 (partition). If the whole set of DANs M can be
divided into a set of coalitions S = {S1 , . . . , S𝑁}, which
𝑘, S can be
satisfies ∪𝑁
𝑗=1 S𝑗 = M and S𝑗 ∩ S𝑘 = 𝜙, ∀𝑗 ≠
defined as a partition of M. Each partition represents a kind
of network structure.
Definition 2 (utilitarian order). Assume that R = {𝑅1 , . . . ,
𝑅𝐿 } and S = {S1 , . . . , S𝑁} are two different partitions of M.
The DANs prefer to self-organize into the clusters indicated
by partition S with utilitarian order if the following condition
is satisfied:
𝑁

𝐿

𝑗=1

𝑗=1

S ⊳ R ⇐⇒ ∑V (S𝑗 ) > ∑ V (R𝑗 ) .

(22)

The operator ⊳ shows the comparison relation. Equation
(22) means that the total social welfare in the network
increases if the network structure changes from R to S. In
other words, the average time cost for data collection with
network structure S is lower.
Based on these definitions, two important rules for the
partition adjustment can be introduced [19], which are the
foundation of the distributed implementation process that
will be described later.
(i) Merge Rule. For any subset of clusters {S𝑗1 , . . . , S𝑗𝑘 },
they can merge to a new cluster S𝑗 when the condi𝑗

𝑘
tion {S𝑗 } = {⋃𝑖=𝑗
𝑆 } ⊳ {S𝑗1 , . . . , S𝑗𝑘 } is satisfied.
1 𝑗𝑖

(ii) Split Rule. For any cluster S𝑗 , it can be split into a
set of small clusters {S𝑗1 , . . . , S𝑗𝑘 } if the condition
𝑗

𝑘
{S𝑗1 , . . . , S𝑗𝑘 } ⊳ {S𝑗 } = {⋃𝑖=𝑗
𝑆 } is satisfied.
1 𝑗𝑖

This merge-and-split algorithm has also been used in
other cooperative networks [20]. Based on this algorithm,
the implementation process for the distributed joint cluster
formation and resource allocation scheme can be designed.
The detailed procedures are provided in Algorithm 1. The
whole process can be carried out in a distributed method and
therefore is easy to be achieved. Specifically, in the iteration
process, all DANs try to find their proper partners to get the
maximum utilities. The solution of network structure and
resource allocation changes virtually with each merge and
split operation. Only when the iteration process stops, the
final solution of network structure and resource allocation is
valid and can be executed actually by the DANs and the BS.
Authors in [19] have proved that the merge-and-split
algorithm can converge to at least one kind of stability, Dℎ𝑝 .
Since the cluster utilities keep increasing in the process of
merge-and-split operations, the final results can be regarded
as optimal solutions in the view of utilitarian order. Meanwhile, since there is no payload transmission in the virtual
iteration process, the time cost for cluster formation is very
low. Therefore, though the performance of the proposed
scheme is worse than the optimal solution in problem (11),
the computing and implementing complexity is much lower
while the solutions in (11) can hardly be obtained.

5. Simulation Results
To verify the performance of the proposed scheme, we set
up a practical simulation scenario. A number of DANs are
uniformly distributed within a 1 km × 1 km square area and
the BS is located at the center of this focused area. The total
available bandwidth in the unlicensed and licensed spectrum
is 5 MHz and 10 MHz, respectively. The total power constraint
per node is 10 and 20 dBm, which is divided into two parts
with the power ratio being fixed at 𝛼 = 0.1. The channel
model is constituted by Rayleigh fading and pathloss components, and the pathloss factor is set to 𝛽 = 3. The payloads are
generated by truncated Pareto distribution with parameters
𝜅1 = 1.5 and 𝜅2 = 3. And the average payload size is 5 kbits.
The constraint on the maximum collection period is 1 s.
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Figure 2: The average time cost performance (𝑇𝑗 , 𝑇𝑗 , 𝑇𝑗 ) versus
different number of DANs (𝑀𝑗 ) with different cluster locations (𝑑 =
100 m, 200 m).

Figure 2 shows the variation trend of the average time cost
with different number of DANs and cluster locations. It can be
seen that, with the increase of the DAN number in one cluster,
the average total time cost can be reduced to a minimum
value and then begins to increase at a certain position.
Specifically, with more DANs, the time cost for cooperative
transmission declines correspondingly. However, the declining trend becomes more and more slow. Meanwhile, more
DANs create a larger cluster range, which will raise the cost
for information sharing. Hence, a certain number of DANs
is required for a cluster to obtain the optimal performance
in this context. Besides, the cluster location also influences
the variation trend of performance. For example, the same
clusters at the locations 100 m and 200 m far from the BS have
different time cost as well as the switch point of DAN number.
The reason is that the farther the distance between cluster and
BS is, the more enhancement on performance can be obtained
via cooperative transmission, and therefore the larger DAN
number is required.
Figure 3 shows the performance comparison between the
proposed and the noncooperative schemes with the change
of available bandwidth under different conditions of DAN
number. Obviously, larger available bandwidth can bring
better performance for both schemes. However, the difference
between the performance enhancement of these two schemes
becomes smaller and smaller. It means that though increasing
the bandwidth for a cluster can reduce the time cost, the spectral efficiency will decrease inversely. In addition, Figure 3
also shows that it is reasonable to allocate more frequency
resource for clusters with more DANs, since the spectral efficiency in large clusters is higher.
Figure 4 shows the comparison results between the proposed and the noncooperative schemes with the variation

Noncooperative, M = 5
Noncooperative, M = 2

Figure 3: Performance comparison between the proposed and the
non-cooperative schemes versus different frequency resources (𝑤𝑗 )
with different number of DANs (𝑀𝑗 = 2,5).
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Figure 4: Performance comparison between the proposed and the
noncooperative schemes versus different number of DANs (𝑀𝑗 )
with different transmit power (𝑃0 = 10 dBm, 20 dBm).

of DAN number and transmit power under the condition
of the same frequency resources; that is, 𝑤𝑗 = 𝑀𝑗 ⋅ 𝑤V as
mentioned in Section 4. It can be seen that, with a certain
number of DANs, the performance of the proposed scheme
is much higher than the noncooperative scheme due to the
advantages of VMIMO. However, if there are too many DANs
in a cluster, the performance will decline since the benefit of
cooperative transmission is not large enough to cover the cost
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for cluster formation and information sharing. Meanwhile,
from Figure 4, we can also conclude that more benefit of the
proposed scheme can be gotten with lower transmit power.
The reason is that the poorer the condition is, the more
necessity for DANs to find partner is.

6. Conclusion
In this paper, we focused on the issue of cooperative data
collection schemes in M2M networks. To collect the real-time
information efficiently, a cluster-based hierarchical transmission scheme with virtual MIMO protocol was provided. In
this scheme, the data was firstly shared with intracluster
broadcasting. And then all partners transmitted all the total
payload cooperatively. To construct the network and allocate resource optimally, we first formulated an optimization
problem and derived theoretical analysis results on the
advantages and properties of the system. Since the optimal
solution can hardly be obtained in practical use, a distributed
joint cluster formation and resource allocation scheme was
proposed under the context of coalition formation game.
Simulation results showed the efficiency of the proposed
scheme by evaluating the average time cost performance for
data collection.
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Intelligent transportation systems (ITS) are advanced applications in which the transportation industry is adapted to the
information technology revolution. As an important development direction of ITS, the electronic toll collection (ETC) subsystem,
which enables an efficient and speedy toll collection, has gained widespread popularity in the world. In an ETC system, toll
transaction data are transmitted over intelligent transportation networks, which is vulnerable to eavesdropping, interfering, and
tampering attacks. To address the above security problems, we proposed a chaotic stream cipher-based cryptographic scheme to
realise secure data communications over wireless sensor network (WSN), which is a part of ITS. The proposed cryptographic scheme
allowed ITS to achieve key negotiation and data encryption between sensor nodes in the WSN, whileas reduced computational
costs and power consumption. Security analysis and experimental results showed that the proposed scheme could protect data
transmission between wireless sensor nodes from being attacked, and significantly reduced the communication overhead for the
whole system compared to the existing ECC AES scheme, thus satisfying the real-time data transmission requirement of ITS.

1. Introduction
Intelligent transportation systems (ITS) provide real-time,
accurate, effective, and comprehensive transportation management services by integrating advanced communications,
sensing, automation, and information processing technologies into transportation infrastructure and vehicles [1]. Users
of ITS including motorists, commercial operators, and public
transport customers, who rely on ITS to make travel decisions, are informed based on such factors as traffic conditions,
road maintenance or construction work, and weather conditions that could potentially impact travel time and safety.
Policy makers and road or highway operators also utilize the
information from ITS in the management and future planning of the road networks.
Intelligent transport systems vary in technologies applied
and mainly comprise seven subsystems: electronic toll collection system (ETC), advanced transport information service (ATIS), advanced transportation management system
(ATMS), advanced public transportation system (APTS),
advanced vehicle control system (AVCS), freight management system (FMS), and emergence rescue system (ERS), in

which ETC has already become an important development
direction of ITS [2].
Electronic toll collection system has greatly improved the
toll collection process by making use of transponder with
RFID technology and license plate recognition system to
identify vehicles and by transmitting information in relation
to toll transaction over ETC network to collect the final tolls
without stopping or slowing traffic. ETC system helps eliminate or minimize chock points along the routes with toll
booths, thus effectively accelerating the speed of toll collection, enhancing traffic capacity of the toll roads, and conserving energy. Due to the advantages mentioned above, ETC is
gaining widespread use throughout the country and even the
world.
1.1. Electronic Toll Collection System. As shown in Figure 1, an
electronic toll collection system is generally divided into two
subsystems: a foreground system and a background system.
The former mainly comprises three parts [3]: automatic
vehicle identification (AVI) system, automatic vehicle classification (AVC) system, and violation enforcement (VE) system.
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Figure 1: ETC intelligent transportation system.

The on board unit (OBU) is a box installed in the car, capable
of collecting location information that is sent to the road side
unit (RSU) via dedicated short range communication (DSRC)
protocol. The latter is primarily responsible for the initialization of OBU, receiving and processing the transaction data
from the foreground, storing communication data, computing the prices associated with the roads, and forming the final
payment information, and so on. An automatic toll collection
process is completed smoothly with the deliberate cooperation of foreground and background.
1.2. ETC Intelligent Transportation Network. Information on
tolls is transmitted over an ETC intelligent transportation
network, which is regarded as a derivative of the Internet of
Things [4], thereby possessing its structural characteristics.
The layered structure of ETC intelligent transportation network is illustrated in Figure 2, in which the data perception
level collects the vehicle information and OBU information
and then forwards those data to the background system
through the data transport level after the process of the data
protection level. Finally, the data application level takes full
use of those data gathered.
Data communications between OBU and RSU over an
intelligent transportation network are carried out using
DSRC technology [5]; data transmission among sensor nodes
uses wireless sensor network (WSN) technique; the exchange
of information between RSU and the processing centre is
based on wireless local area network (WLAN) and so on. All
of the communication links collaboratively realize the transaction information transmitted favourably.

Data application level

User interfaces,
vehicle communication equipment

Data transport level

WSN, 3G internet, WLAN, DSRC

Data protection level

Encryption, hierarchical key mechanism

Data perception level

RFID tag, sensor nodes, monitor probes

Figure 2: Four layers of ETC intelligent transportation network.

1.3. Security Requirements. As Dimitrakopoulos and Demestichas stated, the popularization of ETC intelligent transportation network has raised numerous information security
issues [2]. Data packets carrying private and valuable information about the driver and the car transmitted over an intelligent transportation network are subject to eavesdropping,
tampering, and decoding attacks by adversaries. This is owing
to the fact that an ETC system uses many traditional communication technologies with inherent security problems.
The inherent vulnerabilities of wireless sensor network,
which is deployed in ETC lanes, could compromise the whole
security of an intelligent transportation network. Moreover,
the DSRC protocol that is used to connect OBU and RSU has
several shortcomings, such as bypass interference and carfollowing interference. Therefore, it is urgent to improve data
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transmission security for ETC intelligent transportation networks.
With the aim of improving the security of data communications over an ETC intelligent transportation network, we
focused on creating a safe environment for WSN as a part of
it to protect the information in relation to the drivers and the
vehicles in the ETC lanes from being eavesdropped, tampered, and/or interfered.
1.4. Motivation for Giving a Priority to WSN. In an ETC
system, a large number of wireless sensor nodes are deployed
at ETC lanes, and they are small in size and operate on small
sized battery with very limited data processing power. Those
wireless sensor nodes constitute a WSN by means of selforganization [6]. The sensor nodes are used to apperceive
(acquire), dispose, and transmit information about the driver
and the driving vehicle in ETC lanes. Meanwhile, they are also
used to store, manage, and fuse information which is retransmitted by other sensor nodes. The above information is then
converged at a sink node and forwarded to the processing
centre (server) for central fusion and processing through
exterior networks. Depending on the received information,
the processing centre determines the final tolls that should be
deducted from the vehicle owner’s Intelligent Card.
The maintenance and monitoring of sensor nodes are
quite difficult due to its deployment environment, and so the
sensor nodes could be easily compromised by adversaries.
The security of the information collected by the sensor nodes
has a direct impact on the privacy of vehicle owners; thus a
priority should be given to secure data communication over
WSN.
Encrypting sensitive data such as vehicle information on
deduction standards could effectively resist some attacks on
WSN. As secure key management is the premise of information encryption, encryption techniques and key management
are the central gravity for the security of WSN. There has been
extensive literature in researching WSN security, which can
be divided into two categories in the cryptography field. One
uses symmetric encryption; although existing symmetric
encryption schemes provide a good level of security, key
maintenance remains difficult. The other emphasizes asymmetric encryption (public-key cryptography). When asymmetric schemes are used, key management becomes easier,
but they provide a lower level of security compared to the former. No matter which kind of protection method is adopted,
the low battery power, limited memory space, and less
processing capabilities of sensor nodes should be taken into
account. In this study, we proposed an efficient symmetric key
negotiation, data encryption, and key update scheme based
on a logistic chaotic stream cipher algorithm.
The rest of this paper is organized as follows: Section 2
presents the related research work on WSN security protection. Our proposed cryptographic scheme is described in
detail in Section 3. Section 4 shows the security analysis of
the proposed scheme. The experimental results and performance comparisons of the proposed scheme are discussed
in Section 5. Finally, the conclusion of the paper is given in
Section 6.

3

2. Related Work
The security aspects that have been attracting vast attention
in WSN are the areas of information encryption and key
management, which are mainly achieved by using symmetric
cryptography and public key cryptography.
Currently, security in wireless sensor network is provided
mostly through symmetric cryptography. LEAP protocol [7]
was designed to prevent security threats and localize the
possible damages based on symmetric cryptography. This
protocol supports the establishment of some types of keys
for each sensor node, in which pair wise keys are used for
secure data transmission between a sensor node and its direct
neighbours. To share the key with neighbours, sensor node 𝐴
broadcasts a “hello” message to discover its direct neighbours
(one hop node) and then waits for each neighbour to reply
with their identities. After receiving replay from neighbour 𝐵,
𝐴 computes a key 𝐾𝐴𝐵 . Sensor node 𝐴 generates 𝐾𝐵 = 𝑓𝐾𝑖 (𝐵)
and then computes 𝐾𝐴𝐵 as 𝐾𝐴𝐵 = 𝑓𝐾𝐵 (𝐴). Node 𝐴 erases
the key 𝐾𝑖 after neighbour discovery or time expiration. Thus
no other node can compute 𝐾𝐴𝐵 after erasing the key. Sensor
node 𝐵 computes 𝐾𝐴𝐵 in the same manner without transmitting any message. Finally, each pair of adjacent sensor
nodes possesses a unique secret key. The protocol effectively
enhances the security of information transferred between
sensor nodes. However, the number of neighbour nodes is
abundant for each sensor node, which results in the difficulty
of key maintenance. In addition, the workload for computing
those secret keys is tremendous. The defects mentioned above
are contradictory with the features of sensor nodes.
An RSA-based asymmetric algorithm was used to solve
the problem of information security in wireless sensor network [8]. This encryption algorithm contains two phrases: a
sensor node to shake hand with another sensor node in which
the two sensor nodes setup a session key; the use of the session
key for data encryption. However, this encryption algorithm
is not practical, since under the assumption that the nature
of sensor node could not support asymmetric encryption
algorithm due to the limitations of sensor battery and CPU
power. Furthermore, the public key algorithm with low
encryption speed could not meet the real-time data transmission requirement, which is vital to WSN.
The above analysis shows that both symmetric and asymmetric encryption algorithms have shortcomings. To cope up
with the shortcomings, Ganesh et al. [9] proposed to combine
elliptical curve cryptography (ECC) with advanced encryption standards (AES) to form an information protection
method for WSN. The equation of standard Elliptic Curve is
𝑦2 = 𝑥3 + 𝑎𝑥 + 𝑏 (𝑎, 𝑏 ∈ 𝐹𝑞 ), in which the values of 𝑎 and 𝑏
are fixed. AES is of a symmetric encryption, and decryption
is similar to the encryption process but in reverse direction.
In the method, sensor nodes 𝐴 and 𝐵 first negotiate a session
key for ECC algorithm. Second, the communication initiator
(sensor node 𝐴) uses an ECC algorithm which is mainly
designed for encrypting a random number generated in the
sensor node 𝐴 to consult a key for AES algorithm and then
sends the cipher to sensor node 𝐵. The sensor node 𝐵 obtains
a random number by ECC decryption. Subsequently, the
sensor node 𝐴 uses ECC to encrypt plaintext and primary
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ciphertext is then obtained, which is further encrypted using
AES algorithm. Finally, at the receiver side, the ciphertext is
first decrypted by AES decryptor and then decrypted by ECC
decryptor, and the plaintext is obtained.
Although the existing ECC AES scheme is pretty secure,
the whole process is complicated and time-consuming. As
wireless sensor nodes possess the inherent limitations of
sensor battery and CPU power, the practical application of
this scheme is limited. The increase in the elapsed time of
finishing this complicated scheme has a negative effect on the
quality of real-time communication.
So in this study, we are devoted to improving key management and information security for WSN by proposing a more
reliable, speedy, and secure cryptographic scheme.

3. Proposed Chaotic Stream Cipher-Based
Cryptographic Scheme
In this section, at first, we describe a logistic chaotic algorithm
briefly. Subsequently, we detail our proposed chaotic stream
cipher-based cryptographic algorithm for wireless sensor
network.
3.1. Logistic Chaotic Algorithm. A wide range of ciphers are
included in the chaotic stream cipher, which is a hybrid algorithm of chaotic system and stream cipher. Chaotic system
is an important subdiscipline of nonlinear science, which
includes a unidimensional Logistic map, bidimensional Duffing equation and Henon chaotic system, three-dimensional
Lorenz system, Chua’s system and CLHE hyperchaos system,
and four-dimensional Rössler hyperchaos system.
Chaotic systems can be roughly classified into two types:
chaos and hyperchaos. The essential difference between chaos
and hyperchaos lies in the number of positive Lyapunov
exponents associated with them. There is a positive exponent
in a dynamical system, which is usually taken as an indication
that the system is chaotic. A chaotic system with at least two
positive Lyapunov exponents is typically defined as hyperchaos.
In mathematics the Lyapunov exponent of a dynamical
system is a quantity that characterizes the rate of separation of
infinitesimally close trajectories. In a dynamical system, there
is a spectrum of Lyapunov exponents, equal in number to the
dimensionality of the phase space, in which the more positive
the Lyapunov exponent is, the more chaotic the dynamic
system is. So in a hyperchaotic system, the directions of trajectories are more unstable and the pseudorandom sequences
generated are more random than a chaotic system. Although
the research on hyperchaotic systems is in the budding stage,
with their strong chaotic characteristics they are getting
well application prospects in many fields, such as secure
communication [10], electronic implementation [11], chaotic
neural networks, weather forecast, and economics.
With the newest advances in communication technology,
secure communication has gained more and more attention.
The emerging technology of chaotic secure communication
has opened up a new approach to secure data communications. Secure communication is achieved through either
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masking of a weak analog message signal by adding it into
a chaotic coupling signal or modulation of the parameters
of the drive system by a digital message signal [10]. The
early algorithms for chaotic secure communication mostly
employed low-dimensional chaotic systems; however, the
space of pseudorandom sequences generated is limited and
its complexity is quite low. So the chaotic communication
systems could not effectively resist phase space reconstruction and brute force attacks (e.g., using predictive modelling
or noise reduction methods from nonlinear dynamics). The
use of hyperchaos system could generate pseudorandom
sequences of an ultrahigh degree of randomness. Meanwhile,
the structure of the hyperchaos system is pretty complex,
which could effectively resist the phase space reconstruction
attack on the hyperchaos communication system, meaning
that hyperchaos could strengthen the security of communication process. However, there is a defect in chaos and hyperchaos systems that the speed of generating pseudorandom
sequences is low, which is serious for hyperchaos due to its
complexity structure. This means that use of hyperchaos will
delay the communication significantly.
To meet the real-time data transmission requirement of
ETC intelligent transportation network and the limitations
of wireless sensors in computation and energy, we chose a
straightforward logistic chaotic system rather than a hyperchaotic system. The stream cipher used is one kind of symmetric cryptography, which encrypts and decrypts plaintext
or ciphertext in one or several bits. Taking performance
into account, RC4 algorithm was chosen as a component of
chaotic stream cipher in this study.
3.1.1. Logistic Chaotic System. The logistic chaotic system [12]
is one of the most popular models for discrete nonlinear
dynamical systems. Its expression and computation process
are straightforward. A logistic chaotic map can be described
in
𝑋𝑛+1 = 𝜇𝑋𝑛 (1 − 𝑋𝑛 ) ,

𝜇 ∈ [0, 4] , 𝑋𝑛 ∈ [0, 1] ,

(1)

where 𝜇 is a control parameter on the interval [0, 4] and 𝑋𝑛
is a real number on the interval [0, 1].
Figure 3 depicts a bifurcation diagram of a logistic chaotic
map. As Figure 3 shows, when 𝜇 ∈ (0, 1], the value of 𝑋 is
equal or close to 0. When 𝜇 ∈ (1, 3], the value of 𝑋 quickly
approaches the value of 𝜇 − 1/𝜇. When 3.57 < 𝜇 ≤ 4,
𝑥0 ∈ (0, 1), the sequence generated by using (1) is in a chaotic
status, which is similar to the probability nature of white
noise, so the logistic chaotic system is an ideal way to act as a
key sequence generator [13].
In addition, the logistic chaotic system is sensitive to the
initial value. Figure 4 shows the deviations of two logistic
chaotic sequences at two initial values. As Figure 4 illustrates,
when 𝜇 = 4, the initial values 𝑋0 = 0.6634890 and 𝑋0 =
0.6634891, respectively, with a scanty margin, the deviations
of the two logistic chaotic sequences generated by the
logistic chaotic map described by (1) are blindingly obvious.
The deviations vary as the iteration n increases between
(0, 80]. For the first thirty iterations, the deviations of the two
logistic chaotic sequences are equal or close to zero, while
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(a)
𝑖 = 0, 𝑗 = 0
while(true)
𝑖 = (𝑖 + 1) mod 256
𝑗 = (𝑗 + 𝑆[𝑖]) mod 256
Swap(𝑆 [𝑖] , 𝑆[𝑗])
𝑇 = (𝑆[𝑖] + 𝑆[𝑗]) mod 256
𝐾 = 𝑆[𝑡]
(b)
𝑖 = 0, 𝑗 = 0
while(true)
𝑖 = (𝑖 + 1) mod 256
𝑋𝑛+1 = 𝑋𝑛 (1 − 𝑋𝑛 )
𝑋𝑛 = 𝑋𝑛+1
𝑗 = (𝑗 + 𝑆[𝑗] + 𝑋𝑛+1 ∗ 256) mod 256
Swap(𝑆[𝑖], 𝑆[𝑗])
𝑇 = (𝑆[𝑖] + 𝑆[𝑗]) mod 256
𝐾 = 𝑆[𝑡]
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Figure 3: Bifurcation diagram of logistic chaotic map.
Pseudocode 1: Pseudocodes of PRGA: (a) in RC4 algorithm and
(b) in the proposed logistic chaotic RC4 algorithm.
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with one-byte of plaintext; in the meantime a new 256-byte
permutation state 𝑆 as well as two one-byte indexes 𝑖 and 𝑗
are updated, which are defined by

0.6
0.4

X

0.2

(𝑆𝑘+1 , 𝑖𝑘+1 , 𝑗𝑘+1 ) = PRGA (𝑆𝑘 , 𝑖𝑘 , 𝑗𝑘 ) ,

0
−0.2
−0.4
−0.6
−0.8
−1

0

10

20

30

40

50

60

70

80

n

Figure 4: Deviation of two logistic chaotic sequences (𝑥0
0.6634890, 𝑥0 = 0.6634891).

=

the deviations are evident since then. Therefore, the act of
fixing the initial element position of a key sequence at the
beginning of the iteration should be avoided when the logistic
chaotic map is used as a key sequence generator.
3.1.2. RC4 Encryption Algorithm. The RC4 algorithm is composed of two components: key-scheduling algorithm (KSA)
and pseudorandom number generation algorithm (PRGA).
RC4 is regarded as a variable key-size stream cipher based
on a 256-byte secret internal state and two one-byte indexes.
Information is encrypted by XORing data with the key
sequence which is generated by RC4 from a seed key. For
a given seed key, KSA generates an initial permutation
state 𝑆. PRGA is a repeated loop procedure with each loop
generating a one-byte pseudorandom output as a key stream.
At each loop, a one-byte key stream is generated and XORed

(2)

where 𝑖𝑘+1 and 𝑗𝑘+1 are the indexes and 𝑆𝑘+1 is the state
updated from 𝑖𝑘 , 𝑗𝑘 and 𝑆𝑘 by applying one loop of PRGA.
Since RC4 is probably the most widely used stream cipher
nowadays due to its high efficiency and simplicity, attacks on
RC4 have gathered pace in recent years. The attacks can be
mainly classified into three types [14–17]: week key attacks,
force attacks, and related key attacks. The primary method
of enhancing the anti-attack ability of RC4 is to improve the
complexity and randomicity of key sequences. To address this
problem, we proposed to use the logistic chaotic RC4 algorithm below.
3.1.3. Logistic Chaotic RC4 Algorithm. Logistic chaotic RC4
algorithm is made of a logistic chaotic algorithm and an
RC4 stream cipher. To explore the advantages of RC4 and
to improve the randomicity of the pseudorandom number
generated by pseudorandom number generation algorithm in
RC4, in this study we designed a new scheme by embedding
a logistic chaotic system into the PRSA component of RC4
algorithm without modifying the KSA algorithm of RC4. The
function of KSA in RC4 is to complete initialization of RC4
key, while the function of PRSA is to produce a pseudorandom number. Pseudocode 1 shows the comparison of the
pseudocodes of PRGA in RC4 algorithm and Logistic chaotic
RC4 algorithm.
3.2. Chaotic Stream Cipher-Based Cryptographic Scheme. The
proposed chaotic stream cipher-based cryptographic scheme
not only possesses the inherent advantages of symmetric
cipher but also settles the problem of key management.

6

International Journal of Antennas and Propagation
Sensor node B

Sensor node A
Shared key
{xR , 𝜇R }

CA
CH

ra

ra

Logistic
chaotic
system

CM

CA

Figure 5: Regional division of WSN area.

The proposed scheme includes four stages: regional division,
the initialization of sensor nodes, the creation of session key
and data encryption, and key updating.
3.2.1. Regional Division. Regional division of the deployment
area of sensor nodes is dominant for key management, and
so it needs to pick up an appropriate division method firstly.
According to the mosaic principle (3), it is possible to judge
which polygon can connect seamlessly and cover the whole
WSN area:
180
,
360

(3)

where the parameter 𝑛 represents the number of edges in
a polygon. When the result of (3) is an integer, the corresponding polygon can realize a seamless connection, and vice
versa. Regular hexagon is an optimum in dividing the WSN
area due to every vertex having the least adjacent domains,
which means that the critical sensor nodes can prestore
less information of the adjacent domains.
Assuming that the base station is an unconditionally
trusted entity, which manages keys for sensor nodes in WSN.
The base station sends flooding broadcast to the whole WSN
and then collects the information including the number
and location of sensor nodes. Subsequently, the base station
divides the WSN area in the form of regular hexagon. Figure 5
depicts the specific regional division of WSN area, in which
𝐶𝐻, 𝐶𝑀, and 𝐶𝐴 represent the cluster head, member node,
and critical node, respectively. After the initialization of
sensor nodes, it creates session keys which confidentially
communicate with others.
3.2.2. Initialization of Sensor Nodes. The sensor nodes
deployed in ETC lanes can be divided into three types after
the regional division. The initialization processes vary for
different types of wireless sensor nodes.
(a) 𝐶𝐻: it is the cluster head of every partition, which
is used to manage the whole non 𝐶𝐻 sensor nodes
within a partition. Each cluster head needs to be
loaded with the information: the identity id𝑥 assigned
by the base station which has an identity repository
(IR) used to restore the identities of all cluster heads.

Shared key
{xR , 𝜇R }
Logistic
chaotic
system

Chaotic sequence
Seed key

(𝑛 − 2) ∗

ra

rb

rb

Chaotic sequence

rb
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RC4 algorithm
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RC4 algorithm
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Key sequence
Transmission

Encrypt/decrypt

Encrypt/decrypt

Figure 6: Creation of session key and data encryption.

In addition, it also needs to prestore two sets of keys
{𝑥𝐵 , 𝜇𝐵 } and {𝑥𝑅 , 𝜇𝑅 }. One is a shared key with the
base station, which includes the initial value 𝑥0 = 𝑥𝐵
and the control parameter 𝜇0 = 𝜇𝐵 of logistic chaotic
system. The other one is a shared key with all noncluster head nodes within a partition, which includes
the initial value 𝑥0 = 𝑥𝑅 and the control parameter
𝜇0 = 𝜇𝑅 of logistic chaotic system.
(b) 𝐶𝐴 : there are three adjacent domains at the most
for every critical sensor node according to the above
regional division method. Thus, 𝐶𝐴 needs to prestore
two or three pairs of keys {𝑥𝑅 , 𝜇𝑅 } shared with every
adjacent domain.
(c) 𝐶𝑀: it is a general member sensor node that only
needs to prestore a pair of keys {𝑥𝑅 , 𝜇𝑅 } shared with
the partition domain to which 𝐶𝑀 belongs.
3.2.3. Creation of Session Key and Data Encryption. When a
wireless sensor node 𝐴 wants to transmit vehicle information
to a sensor node 𝐵, there are two situations according to the
specific position of the sensor node 𝐵. One case is that sensor
nodes 𝐴 and 𝐵 are in the same partition, in which they can
negotiate a session key directly. The other case is that the
two sides of communication are in different partitions, since
both of them possess different shared keys prestored, in which
the creation of session key depends on the 𝐶𝐴 as a medium.
The creation of session key is completed by sensor nodes
that belong to the same partition step by step no matter
which situation it is. Figure 6 illustrates the creation process
of session key and information encryption. The specific steps
of using the proposed scheme are described as follows.
(a) Sensor node 𝐴 sends a random number 𝑟𝑎 to sensor
node 𝐵, when receiving 𝑟𝑎 from 𝐴, 𝐵 transmits a
random number 𝑟𝑏 to 𝐴.
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(b) Sensor nodes 𝐴 and 𝐵 use the logistic chaotic map (1)
and key {𝑥𝑅 , 𝜇𝑅 } owned jointly to generate a chaotic
sequence. Subsequently, sensor nodes 𝐴 and 𝐵 choose
seed keys for Logistic chaotic RC4 algorithm. The use
of the random number 𝑟𝑎 is to determine the position
of the initially selected value in the chaotic sequence
and the length of the selected seed key.
(c) Sensor nodes 𝐴 and 𝐵 employ logistic chaotic RC4
algorithm to produce a key sequence based on the
seed key, respectively. The function of the random
number 𝑟𝑏 is to decide the position of the initially
selected value in the chaotic sequence generated by
the imbedded logistic chaotic system in logistic chaotic RC4 algorithm. The shared key {𝑥𝑅 , 𝜇𝑅 } is used
by the embedded logistic chaotic system again.
(d) Sensor node 𝐴 encrypts and decrypts vehicle information by XORing it with the key sequence, while
sensor node 𝐵 decrypts and encrypts the cipher text
by XORing it with the key sequence.
3.2.4. Key Updating. In the proposed scheme, keys are
updated within the scope of a partition instead of the whole
WSN area. The key update process includes two kinds of key
updating: {𝑥𝐵 , 𝜇𝐵 } and {𝑥𝑅 , 𝜇𝑅 }. The 𝐶𝐻 of each partition is
responsible for the process of key update, in which the steps
involved are described as follows.
(a) At first, 𝐶𝐻 sends its identity id𝑥 and a random number 𝑟𝑎 to the base station, and then the base station
determines whether the identity id𝑥 is legal or not by
matching the value with its identity repository (IR). In
addition, 𝐶𝐻 also sends an indication number 𝑈𝑅 or
𝑈𝐵 that indicates which kind of keys is to be updated,
respectively. The number 𝑈𝑅 denotes the update of
{𝑥𝑅 , 𝜇𝑅 } and another number 𝑈𝐵 means the updating
of {𝑥𝐵 , 𝜇𝐵 }.
(b) If the identity id𝑥 is legal, the base station sends a
random number 𝑟𝑏 to the initiator of the communication and then generates a pair of new keys {𝑥𝑁𝑅 , 𝜇𝑁𝑅 }
or {𝑥𝑁𝐵 , 𝜇𝑁𝐵 } according to the value of indication
number 𝑈𝑅 or 𝑈𝐵 .
(c) At this time, 𝐶𝐻 and the base station have a pair of
shared random numbers 𝑟𝑎 and 𝑟𝑏 . The base station
sends the new keys to 𝐶𝐻 after the process by using
the proposed scheme in the stage of the creation of
session key and data encryption.
(d) 𝐶𝐻 decrypts the cipher and obtains the new keys
{𝑥𝑁𝑅 , 𝜇𝑁𝑅 } or {𝑥𝑁𝐵 , 𝜇𝑁𝐵 }. If the update keys are the
former, 𝐶𝐻 also needs to send it to all non 𝐶𝐻 sensor
nodes in its partition. To protect {𝑥𝑁𝑅 , 𝜇𝑁𝑅 } from
malicious attacks, 𝐶𝐻 needs to negotiate a session
key with all of the non 𝐶𝐻 sensor nodes within a
partition and then to encrypt {𝑥𝑁𝑅 , 𝜇𝑁𝑅 }. This process
is slightly different from the above stage of session key
creation and data encryption, taking into account the
low battery power, limited memory space, and less
processing capabilities of sensor nodes. 𝐶𝐻 first sends
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flooding broadcasts carrying a random number 𝑟𝐶𝐻 to
other sensor nodes in the same partition. The random
number 𝑟𝐶𝐻 acts as the functions of 𝑟𝑎 and 𝑟𝑏 in the
stage of session key creation and data encryption.
Subsequently, 𝐶𝐻 transmits the new key {𝑥𝑁𝑅 , 𝜇𝑁𝑅 }
after the process by using the proposed scheme in
the stage of the creation of session key and data
encryption.

4. Security Analysis
This section provides a security analysis of the proposed chaotic stream cipher-based cryptographic scheme used to realise secure data communications over a wireless sensor network. The use of logistic chaotic system in this study enhances
key sequence randomness, thus preventing WSN from malicious attacks.
4.1. Dos Attacks. In the proposed scheme, the clustering that
consists of building partitions of sensor nodes is used to
form a logistical structure with respect to a given metric. So
sensor nodes communicate directly inside a partition and use
a cluster head 𝐶𝐻 to communicate between the partitions.
The workload of the base station is then reduced; that is, it is
only used in regional division and key updating. By this way,
the proposed scheme can effectively withstand Dos attacks
aimed at the base station.
4.2. Interference Attacks. Because of the application context
of intelligent transportation systems, the transmitted information can be easily interfered by the perpetual noise of
traffic and even other noises from the adversary. However, the
proposed cryptographic scheme can resist interference
attacks, because the statistical nature of the key sequence
generated by the use of logistic chaotic system in our proposed scheme is similar to the white noise’s possessing antiinterference, as discussed by Wu and Huang [18].
4.3. Replay Attacks. Analysis shows that the proposed
scheme can resist replay attacks. In the key sequence negotiation process, only two random numbers are transmitted over
the unsecure wireless sensor network. Any action in which an
adversary attempts to deceive another wireless sensor node by
reusing the intercepted random number cannot be successful
because the adversary does not possess the shared key
{𝑥𝑅 , 𝜇𝑅 }, and so she or he could not obtain the key sequence.
4.4. Man-in-the Middle Attacks. According to the proposed
scheme, the adversary is infeasible to pretend to be a sensor
node to communicate with another sensor node by using the
intercepted random numbers. Assuming that the adversary
successfully shared two pairs of random numbers 𝑟𝑎 and 𝑟𝑏
with legal sensor nodes 𝐴 and 𝐵, respectively, it still could
not communicate with both of them. As the adversary could
not decrypt the cipher coming from sensor nodes 𝐴 and 𝐵,
and vice versa, it does not have the prestored values {𝑥𝑅 , 𝜇𝑅 }.
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Figure 7: Experimental setup.

4.5. Session Key Security. In case a wireless sensor node wants
to transmit vehicle information to another sensor node, it can
obtain a session key sequence by using the proposed scheme,
which is fairly secure. First, the negotiated session key sequence is not known to the third party but only to the two communicating wireless sensors. Second, it possesses a better
pseudorandom owing to the use of logistic chaotic system
in the proposed scheme, which prevents the adversary from
launching ciphertext-only attacks.

Figure 8: Key negotiation and data encryption using the proposed
scheme.

5. Experimental Results and Discussion
To evaluate the efficiency and availability of the proposed
chaotic stream cipher-based cryptographic scheme, we set up
experiments simulating WSN in a real environment.
The communications between sensor nodes were implemented with the proposed scheme, and the associated
encryption algorithm functions were supported by the
OpenSSL cryptographic library. In our experiments, we measured the elapsed times of session key negotiation and data
encryption using the proposed scheme and then compared
the experimental results with the results obtained from the
experiments using the existing ECC AES scheme.
Figure 7 illustrates the experimental environment/setup
for performance measurements. As Figure 7 shows, the communication between senor nodes 𝐴 and 𝐵 was based on our
proposed scheme, while the communication between sensor
nodes 𝐴∗ and 𝐵∗ was based on the existing ECC AES scheme
[8].
The processes of session key negotiation and data encryption are illustrated in Figures 8 and 9. Figures 8 and 9 were
based on our proposed scheme and the existing ECC AES
scheme, respectively. For comparing the elapsed times, the
two schemes encrypted information with the same length.
With regard to the elapsed time of finishing one round session
key creation and data encryption, each run obtained a slightly
different result. As shown in Figures 8 and 9, the elapsed
times were measured to be 62 ms and 218 ms for the proposed
scheme and the existing ECC AES scheme, respectively.
After 40 times repeated tests, we obtained the elapsed
times of finishing one round session key creation and

Figure 9: Key negotiation and data encryption using the ECC AES
scheme.

data encryption for the proposed scheme and the existing
ECC AES scheme, respectively, and the results are listed in
Table 1.
Close analysis of the results is listed in the table; the
average elapsed time for finishing one round of our proposed scheme and the ECC AES scheme are 70.53 ms and
214.58 ms, respectively. It is obvious that our proposed
scheme is more time saving compared with the existing
scheme. Since intelligent transportation networks have a
strict requirement in real-time data transmission, wireless
sensor network as a component of ITS network should also
meet the real-time data transmission requirement. Taking
into account the experimental results, the elapsed times for
finishing one round with our proposed scheme were much
shorter than the existing ECC AES scheme. In other words,
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Figure 10: Average elapsed times and standard deviations for finishing one round of each scheme.
Table 1: Elapsed time of completing one round.
Round
R=1
R=2
R=3
R=4
R=5
R=6
R=7
R=8
R=9
R = 10
R = 15
R = 20
R = 25
R = 30
R = 35
R = 40

Elapsed time (ms)
ECC AES scheme
Proposed scheme
220
78
230
78
201
78
230
62
210
94
230
94
210
62
210
63
210
93
231
62
210
63
210
78
211
62
210
62
230
62
210
78

our proposed chaotic stream cipher-based cryptographic
scheme could realise secure data communications over a
wireless sensor network without compromising the real-time
data communications over intelligent transportation systems.
Figure 10 shows the average elapsed times and standard
deviations for finishing one round of our proposed cryptographic scheme based on logistic chaotic RC4 encryption/
decryption algorithm and the ECC AES scheme, respectively.
As the results show, the proposed cryptographic scheme
reduced the average elapsed time up to 67% in comparison
with the existing ECC AES scheme, indicating that the proposed scheme is remarkably effective in terms of security and
performance.

In this study, we suggested a new chaotic stream cipher-based
cryptographic scheme to achieve secure data communications over a wireless sensor network for intelligent transportation systems. The proposed cryptographic scheme not
only provided key negotiation and data encryption between
sensor nodes in the WSN but also reduced computational
costs and power consumption. Security analysis indicated
that the proposed scheme could protect data transmission
between wireless sensor nodes from malicious attacks, such
as Dos attacks, interference attacks, replay attacks, and manin-the middle attacks. Experimental results showed that,
in comparison with the existing ECC AES scheme, the
proposed scheme reduced the average elapsed time (the communication overhead) up to 67%, thus meeting the real-time
data transmission requirement of ITS.
Further experiments should investigate how the steganography technology could be applied to ITS so as to improve
data communications security further on the basis of the
proposed scheme.
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Millimeter-wave or 60 GHz communication is a promising technology that enables data rates in multigigabits. However, its
tremendous propagation loss and signal blockage may severely affect the network throughput. In current data-centric device-todevice (D2D) communication networks, the devices with intended data communications usually lay in close proximity, unlike
the case in voice-centric networks. So the network can be visualized as a naturally formed groups of devices. In this paper, we
jointly consider resource scheduling and relay selection to improve network capacity in 60 GHz based D2D networks. Two types
of transmission scenarios are considered in wireless personal area networks (WPANs), intra and intergroup. A distributed receiver
based relay selection scheme is proposed for intragroup transmission, while a distance based relay selection scheme is proposed for
intergroup transmission. The outage analysis of our proposed relay selection scheme is provided along with the numerical results.
We then propose a concurrent transmission scheduling algorithm based on vertex coloring technique. The proposed scheduling
algorithm employs time and space division in mmWave WPANs. Using vertex multicoloring, we allow transmitter-receiver (𝑇𝑥-𝑅𝑥)
communication pairs to span over more colors, enabling better time slot utilization. We evaluate our scheduling algorithm in singlehop and multihop scenarios and discover that it outperforms other schemes by significantly improving network throughput.

1. Introduction
The demand for high-bandwidth applications in the recent
years has been growing exponentially. The high-speed Internet has raised users expectations to a level, where they are
impatient to wait for their data communication requests.
60 GHz communication network promises data rate in gigabits and can be used in both indoor [1] and outdoor scenarios
[2]. Device-to-device (D2D), being an emerging technology,
helps offload the data from the central node by encouraging
direct communication between transceivers. Both 60 GHz
and D2D are also seen as enablers for 5G networks [3, 4].
The confluence of 60 GHz with D2D communication can be
seen as paragon that satisfies users quality of experience [5]
by enhancing network capacity.
One of the unique characteristics of 60 GHz networks is
its tremendous propagation loss which severely affects the
data rates. However, unlike traditional networks [6], this

characteristic reduces the impact of interference in 60 GHz.
Propagation loss coupled with shortage of multipath signals
entails the use of line-of-sight (LOS) communication to
achieve higher data rates. Directive antennas are employed
to cater for propagation loss and attaining data rates in
multigigabits. However, directive antennas result in another
nuisance, a signal blockage which may result in signal
attenuation up to 40 dB [7]. The network capacity in 60 GHz
networks is severely affected by signal blockage and propagation loss. Beamforming (BF) [8–10] can partially rectify
the signal blockage problem by steering the signal around the
obstacle rather than burning through them. However, in BF,
neighbor discovery procedure normally requires significant
time for signaling. Thus, system throughput is significantly
affected in dense deployment.
The use of relays in 60 GHz based D2D networks provides
an alternative for signal blockage. Relays not only help in signal blockage but also reduce the tremendous propagation loss
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[11]. The effect of distance in 60 GHz networks is detrimental
as compared to networks operating at lower frequencies.
Relays partition a communication link into shorter distances
and help achieve the so-called “distance gain.”
In short-ranged data-centric communication network,
the premise that two parties initiate communication to be
in close proximity is acceptable contrary to voice-centric
networks. Rather, it would be common to have a situation where several co-located devices (DEVs) would like
to share contents such as digital pictures or interact for
applications such as video gaming and social networking
[12]. As a result, the network can be visualized as naturally
formed groups rather than DEVs scattered randomly. In
such scenario, usually the transmitter and receiver (𝑇𝑥, 𝑅𝑥)
pair stays for the duration of their transmission. Examples
may include file transfer kiosk, home entertainment system,
where sound system, HD TV, and gaming devices are in close
proximity, along with the people intending to communicate
with them. Two types of communication may be seen in
such scenario, intra and intergroup transmission. Due to the
rationale behind such grouping, it can safely be assumed
that most of the times nearby devices would be involved
in data communications with occasional distant devices.
We devised two algorithms, each for intra and intergroup
communication, respectively. A receiver based distributed
algorithm is proposed for intragroup communication, while
a centralized algorithm is proposed for intergroup transmission. In order to further improve network throughput, we
have also proposed a concurrent transmission scheduling
algorithm that works jointly with relay selection schemes. It
is also argued that network throughput in such short-ranged
networks mainly depends on scheduling scheme rather than
transmission power control [13], which makes it imperative
to have an efficient resource allocation scheme.
The main contributions of this paper include the following. (1) To enhance network capacity in order to meet
demands of bandwidth craving applications, we have proposed two relay selection algorithms: a novel distributed relay
selection scheme for intragroup transmission, where DEVs
can effectively select a relay by exploiting the directional
nature of 60 GHz based D2D networks, and also simple but
an effective intergroup relay algorithm. Both algorithms try to
find the midmost relay and try to select the relay to maximize
distance gain. (2) Capacity analysis is provided by utilizing
our proposed relay selection algorithms in conjunction with
our proposed concurrent transmission scheduling algorithm
in [5]. The scheduling algorithm is modified to cater multihop
scenario. The simulation results show that our proposed
algorithms significantly improve the network capacity in
single- and multihop scenarios. Multihopping in 60 GHz
based D2D networks helps increase the network throughput
by encouraging concurrent transmissions. However, induced
complexity and varying relay distances may seriously affect
the end-to-end data rate of an individual flow. Applications
with higher throughput requirement such as uncompressed
high-definition videos and real-time audio/video applications have stringent quality of service requirements. Since
links in mmWave require high data rate, too many hops
that exhibit uniform characteristics are very challenging
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and can seriously affect the individual flows. Therefore, we
are considering a two-hop scenario. Furthermore, we are
considering an indoor scenario such as home or office where
multiple hops may not be feasible. In this paper two-hop and
multihop are interchangeably used.
The rest of the paper is organized as follows. Section 2
provides an overview of related relay selection and scheduling
algorithm research work in 60 GHz networks followed by
system model in Section 3. The detailed discussion of our
proposed relay selection schemes and scheduling algorithm
is provided in Section 4. Numerical results to compare
our proposed schemes are given in Section 5, followed by
conclusion in Section 6.

2. Related Work
Relay selection and scheduling algorithm for 60 GHz have
generated sizable literature [7, 11, 14–22] in recent years. Both
efforts are made to achieve one goal: capacity enhancement,
either directly or indirectly. The first analytical and simulated
study on the use of relays in 60 GHz is provided in [11]. The
paper shows that at least 33% of free space path loss can be
improved by using relays. The paper also signifies the proper
positioning of the relay. However, the simulation results are
provided on the basis of grid topology and fixed relays, mostly
positioned on ceiling. Centralized relay selection approach is
proposed in [7], where each sender DEV knows two paths
to the destination, direct and relay path. The relay path is
discovered in advance and in case of blockage, the data
would “deflect” through relay node. Minimum cochannel
interference is considered as selection metric. In [15], a relay
selection scheme is proposed based on distance and traffic
load. The authors propose to replace a long direct path with
several multihop paths to improve the network throughput.
A diffraction based model to determine network link connectivity is also studied in [16]. It is shown that the proposed
multihop protocol works with highly directional antenna
arrays and is able to maintain high network utilization with
low overhead. Use of beam sectors is proposed in [17] to
discover an effective relay. However, the proposed scheme is
centralized and involves higher overhead and complexity. A
joint relay selection and analog network coding over twoway relay channels are proposed in [23]. In the proposed
relay selection amplify-and-forward (RS-AF) scheme, two
source nodes first transmit to all the relays at the same time.
The selected relay then broadcasts the signal back to both
sources to achieve a minimum sum symbol error rate (SER).
A suboptimal Max-Min criterion is proposed to facilitate the
selection process, where a single relay which minimizes the
maximum SER of two source nodes will be selected.
Apart from relay selection, scheduling algorithms are
also proposed for capacity enhancement in conjunction
with/without relay selection. More recently in 60 GHz networks, concurrent transmission is encouraged due to its
highly directional nature. The concept of concurrent transmission is not new, but coupled with the directional antenna
and short-range nature of 60 GHz networks, its effectiveness can be multifolded. The case of concurrent transmission scheduling has been investigated extensively in the
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Figure 1: System Model for Typical D2D WPAN.

literature [18–22]. The authors in [18] propose a hybrid
SDMA/TDMA scalable heuristic scheduling scheme for
throughput enhancement in practical mmWave systems.
The authors in [19] propose an opportunistic spatial reuse
algorithm to allow concurrent transmission in 802.15.3c
networks. In [20], the authors define an exclusive region
(ER) condition to support concurrent transmission. They
further propose a randomized exclusive region (REX) based
scheduling scheme for resource allocation. However, REX is a
randomized scheduling scheme with unpredictable iteration
times based on greedy algorithm (GA). Qiao et al. present
a multihop concurrent transmission algorithm in mmWave
WPAN [21]. The proposed multihop algorithm improved the
network throughput as compared to single-hop concurrent
transmission. The authors in [22] propose a concurrent
transmission algorithm based on DEVs locations. Upon
collecting coordinates and transmission requests of DEVs,
piconet network controller (PNC) schedules noninterfered
flows in the same time slot.

3. System Model
A network based on 802.15.3c with dense deployment of
DEVs is considered with one central DEV called PNC.
Initially, DEVs are distributed randomly with a PNC in the
center with quasi-omni transmission. Over time, due to the
tendency of (𝑇𝑥, 𝑅𝑥) pair to come close, WPAN has naturally
formed groups, as shown in Figure 1. It is observed that in
such scenarios the communicating DEVs usually stay for
the duration of their transmission. Direct transmission is
preferred for intragroup transmission. However, if the signal
is blocked or the interference at certain antenna element gets
greater than a defined threshold, an appropriate relay would
be selected, distributively. A DEV may choose to send data to
a distant DEV(s), in which case an intergroup relay selection
scheme would be initiated by PNC, selecting an appropriate
relay to facilitate the transmission.

3.1. Quasi-Omni Transmission for PNC. Devices in 802.15.3c
suffer from high path loss at 60 GHz frequency band.
Therefore, they should focus radiant energy for the data
transmissions in the intended direction. Similarly, they may
concentrate on the energy for data receptions at a specific direction to gather more power, making it necessary
to employ directional communication technologies at the
60 GHz frequency band. The PNC in 802.15.3c should broadcast beacons in all directions since every device connected
with the PNC should receive the beacons for proper operations. Quasi-omni is a directional transmission, but it mimics
omnidirectional transmission by consecutively rotating its
transmission direction through 360∘ [24]. In the 802.15.3c
WPANs, the PNC can adopt quasi-omni transmissions for
broadcast message transmissions.
3.2. Antenna Model. Highly directional antenna is considered for our model. Directional antennas fall in two categories
[25], sectored/switched antenna array and adaptive antenna
array. We are considering the former that can intelligently put
a main beam in the direction of the desired signal and nullifies
in the directions of the interference. In [26], Mudumbai et
al. also concluded that a mmWave link can be abstracted as
a pesudowired link, which shows support for our flat-top
antenna model.
Every DEV employs an antenna with 𝑁 beams, each of
which spans an angle of 2𝜋/𝑁 radians. The transmitters and
receivers will always steer beams to each other. Directional
antennas are characterized by their pattern functions that
measure the power gain 𝐺(𝜙) over the angle 𝜙. The normalized pattern function is defined as
𝑔 (𝜙) =

𝐺 (𝜙)
,
𝐺max

(1)

where 𝐺max = max𝜙 𝐺(𝜙). In a flat-top antenna model, the
antenna gain is constant; that is, 𝑔(𝜙) = 1 when |𝜙| ≤ Δ𝜙/2
and 0 otherwise. Here, Δ𝜙 = 2𝜋/𝑁 is the antenna beamwidth.
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Thus the antenna gains for (𝑇𝑥, 𝑅𝑥) pair will be 𝐺𝑡 = 𝐺𝑟 = 1
within the antenna beamwidth and 𝐺𝑡 = 𝐺𝑟 = 0 outside.
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where 𝑃𝑟 is the received signal power, 𝑊 is the system
bandwidth, and 𝑁0 and 𝐼 are the one-side power spectral densities of white Gaussian noise and broadband interference,
respectively. The received signal power can be calculated
using Friis transmission equation as
𝑛
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where 𝑃𝑡 is the transmit power, 𝐺𝑟 and 𝐺𝑡 are the antenna
gains of receiver and transmitter, respectively, 𝜆 is the wavelength (usually taken as 5 mm), 𝑑 is the transmission distance
between (𝑇𝑥, 𝑅𝑥) pair, and 𝑛 is the path loss exponent
(usually in the range of 2 to 6 for indoor scenarios). By
combining (3) and (4), the data rate can be obtained as
𝑅 ≤ 𝐶 = 𝑊𝛽 log2 [1 +

A5
A9

3.3. mmWave Transmission Model. The capacity of an additive white Gaussian noise (AWGN) channel with broadband
interference assumed as Gaussian distribution is given by
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Figure 2: Intergroup multihop scenario.
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Here 𝛽 is the data rate loss due to the noncontinuity of timeslot resource, and 0 ≤ 𝛽 ≤ 1. We can observe from (4) that
the flow throughput reduction over distance is more serious
in 60 GHz network due to its large bandwidth and small
wavelength.
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3.4. Two-Hop Relay Model. We are considering a typical
indoor environment with possibility of concurrent transmissions as shown in Figure 1. We can see that flows are scheduled
in the same time slot, possibly interfering with one another.
All 𝑇𝑥 DEVs are transmitting at fixed average power without
any power control schemes. We are also considering obstacles
that block the direct path and hence no direct path exists
between 𝑇𝑥 and 𝑅𝑥. In order to improve the DEV’s signal-tonoise ratio (SNR), a relay can be selected using our proposed
algorithm. Decode-and-forward (DAF) relays are considered
with half-duplex communication; that is, in the first hop 𝑇𝑥
transmits data to relay, which is decoded by the relay which
then transmits to 𝑅𝑥 in the second hop.
As we can see in Figures 2 and 3, 𝐶 and 𝐴 are transmitting
data to 𝐷 and 𝐵, respectively, in both inter- and intragroup
transmission scenarios. In case of blockage of LOS path
between (𝐶, 𝐷) flow, data may be relayed through 𝑅. If 𝑃𝑡𝐶
is the transmit power of 𝐶, the received SNR at 𝑅 can be
expressed as

𝛾𝐶𝑅 =

𝑛
 2
𝑃𝑡𝐶𝐾𝐶𝑅 (𝑑0 /√𝐻2 + 𝑑12 ) 𝜀𝐶𝑅 ℎ𝐶𝑅 

𝑁0

,

(5)

R

Relay path
Direct path

Figure 3: Intragroup multihop scenario.

where 𝐾𝐶𝑅 is free space path loss at 𝑑0 , 𝑑0 is reference distance
(1 m), 𝑛 is path loss exponent, 𝐻 is the height of transmitting
DEV (taken as constant for all DEVs except PNC), 𝑑1 is
the transmitter-relay distance, 𝜀𝐶𝑅 = 10−(𝜙𝑑𝐵 /10) denotes the
shadow fading, 𝜙𝑑𝐵 is zero mean Gaussian random variable,
ℎ𝐶𝑅 is channel coefficient of the (𝐶, 𝑅) link, and 𝑁0 is the
average background white Gaussian noise power.
Assume that relay 𝑅 has transmit power 𝑃𝑡𝑅 and the
interfering flow has an average transmit power 𝑝𝑡𝐼 ; then the
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received signal-to-interference-plus-noise ratio (SINR) can
be expressed as
𝛾𝑅𝐷 =

𝑃𝑟 (𝑦)
=
𝑃𝑟 (𝑦𝐼 ) + 𝑁0

𝑛

2
𝑃𝑡𝑅 𝐾𝑅𝐷 (𝑑0 /𝑑2 ) 𝜀𝑅𝐷 ℎ𝑅𝐷
,
𝑛
 2
𝑃𝑡𝐼 𝐾𝐼 (𝑑0 /𝑑𝐼 ) 𝜀𝐼 ℎ𝐼  + 𝑁0

(6)

where 𝑃𝑟 (𝑦) is the received desired signal power and 𝑃𝑟 (𝑦𝐼 ) is
the interference power at receiver.

4. Capacity Enhancement Using Relay and
Scheduling Schemes
In this section, we are focusing on relay selection and
scheduling mechanism to enhance D2D networks based on
60 GHz to successfully achieve the data rates it promises.
4.1. Relay Selection Schemes. We first define the relay selection problem as follows. Let 𝑄 be the set of all DEVs in a
network. For any pair of DEVs 𝑥, 𝑦 ∈ 𝑄 and a subset 𝑃 ⊂ 𝑄,
we find another DEV 𝑝 belonging to 𝑃 that minimizes the
sum of delays in the overlay link of 𝑥 − 𝑝 and 𝑝 − 𝑦. In a
general selection scheme, a subset 𝑃 of DEVs of 𝑄 is chosen
and the two DEVs 𝑥 and 𝑦 measure the network distance to all
the DEVs in 𝑃. Finally, 𝑥 and 𝑦 select the DEV that results in
the smallest one-hop network distance. The size of the chosen
subset 𝑃 determines the amount of measurement traffic.
As mentioned earlier, two types of transmissions are
considered, inter- and intragroup. It is observed that in highspeed short-ranged WPANs, (𝑇𝑥, 𝑅𝑥) pair come close for
their transmission [12] and then stay for several minutes
during their data transmission. So we can assume that most of
the transmission will be based on intragroup with occasional
intergroup transmissions. Therefore, we have proposed a
novel low complexity distributed relay algorithm for intragroup and a simple but effective centralized distance based
relay algorithm for intergroup transmissions.
4.1.1. Intergroup Relay Selection. In this subsection, we propose a relay selection algorithm for intergroup multihop
transmission in mmWave WPANs. Midmost relay positioning, distance, and traffic load are considered to take the relay
decision, as mentioned in Algorithm 1. Our emphasis lies on
midmost relay positioning and distance. Traffic flow metric
can be considered useful in case that multiple potential relay
DEVs yield the same value at step (7) of Algorithm 1. We
are considering a two-hop scenario as shown in Figure 2.
Suppose that the total number of groups in a network is
𝑀. Then each 𝐺𝑖 for 𝑖 = 1, . . . , 𝑀 contains DEVs which
mostly communicate with one another (rationale behind the
grouping). The PNC would assign weights to all potential
DEVs to evaluate the best relay DEV. Suppose that 𝑃relay
is the total number of potential relay DEVs (𝑃𝑘 ∀𝑘 =
(1, 2, . . . , 𝑃relay )). Weights are assigned on the basis of link
lengths and traffic load (Algorithm 1 lines 6–8). The terms
𝐹(𝑃𝑘 ) and 𝐸 [𝐺𝑔 ] represent traffic load at DEV 𝑃𝑘 and average
traffic load on all DEVs in group 𝐺𝑔 , respectively. Traffic load
is calculated as a ratio of traffic load on a DEV 𝑃𝑘 and sum
of traffic load on all DEVs in that group. In (4), data rate is a

Table 1: Table maintained by 𝑅𝑥.
Beams
1
2
3
4
5
6
7
8

SNR levels
𝛾1
𝛾2
𝛾3
𝛾4
𝛾5
𝛾6
𝛾7
𝛾8

Potential relay DEVs
DEV1
DEV2
DEV3 , DEV4
DEV5 , DEV6
DEV7
DEV8
DEV9
DEV10

function of 𝑑𝑛 , which is also introduced in Algorithm 1 (line
7), where 𝐷 refers to distance of corresponding pair. The best
relay would be the DEV with the smallest weight.
4.1.2. Intragroup Distributed Relay Selection. In this subsection, we propose a receiver based distributed relay selection
for intragroup transmission. We are considering an antenna
with 𝑁 = 8 beams at each DEV covering, 360 degrees
as shown in Figure 3. All DEVs are assumed to be capable
of measuring SINR levels on their antenna elements and
are aware of the neighboring DEV(s) within their beams’
coverage areas. Discovery of neighboring DEVs can be
accomplished either by using some discovery techniques [27]
or through learning by successful transmissions and other
signaling with the DEVs for some threshold amount of time.
During transmission, each 𝑅𝑥 DEV is maintaining a table that
contains SINR levels and DEVs information on the respective
antenna elements as shown in Table 1. The frequency of table
updates at 𝑅𝑥 depends on its mobility along with the mobility
and recurrence of mutual transmissions among neighboring
DEVs.
The first column in Table 1 represents the total number of
antenna elements, followed by SINR levels on the respective
antenna elements in the second column. The third column
represents the location(s) of DEV(s) lying in the area of
the corresponding beams. Our algorithm tries to find the
minimum distance by exploiting the directional nature of
60 GHz based D2D networks. The rationale behind our
best relay is the least distance along with midmost relay
placement. As shown in (4) and Figure 4, data rate is severely
affected by distance especially for 𝑛 > 2 in 60 GHz networks.
As we can see in Figure 4 those relays lying close to midmost
between receiver and transmitter result in higher capacity
gain. An inequality of both hops of even 5% difference would
result in lower capacity. Therefore, relay with least distance
along (𝑇𝑥, 𝑑relay , 𝑅𝑥) with midmost placement is encouraged.
The intuition of finding the least distance relay for beam
sector 𝑖 is to search the neighboring sectors. Our proposed
algorithm tries to search 4 beam sectors (𝑖 − 2, 𝑖 − 1, 𝑖 + 1, 𝑖 + 2)
(for 𝑖 = 1 : 𝑖 − 1, 𝑖 − 2 correspond to beams 8 and 7,
respectively), with the assumption of the same SINR levels
on each antenna element. Other beam sectors, being almost
in the opposite direction, would result in a longer relay path
and would not be cost effective. Our proposed relay selection
scheme is given in Algorithm 2. For an active transmission
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(1) Inputs: link lengths and traffic load
(2) Output: Best relay DEV for (𝑇𝑥, 𝑅𝑥) pair based on distance and traffic load
(3) With (𝑇𝑥, 𝑅𝑥) pair
(4) if 𝑇𝑥 and 𝑅𝑥 belongs to different groups then
(5) say 𝑇𝑥 ∈ 𝐺𝑖 and 𝑅𝑥 ∈ 𝐺𝑗 ∀𝑖, 𝑗 ← (1, 2, . . . , 𝑀) and 𝑖 ≠𝑗
𝑀 is maximum number of groups in WPAN
(6) for 𝑘 ← 1 to 𝑃relay do
(7)

𝑤 (𝑇𝑥, 𝑅𝑥) ←

𝐷𝑛 (𝑇𝑥, 𝑃𝑘 ) + 𝐷𝑛 (𝑃𝑘 , 𝑅𝑥) 𝐹 (𝑃𝑘 )
+
𝐷𝑛 (𝑇𝑥, 𝑅𝑥)
𝐸 [𝐺𝑔 ]

where 𝑔 ← group 𝑖 or group 𝑗
𝑤(𝑇𝑥, 𝑅𝑥) is a set of all weights assigned to potential DEVs for (𝑇𝑥, 𝑅𝑥) pair
(8) end for
(9) Select 𝑑relay ∈ 𝑃𝑘 with weight Min[𝑤(𝑇𝑥, 𝑅𝑥)] and ∀𝑘 ← (1, 2, . . . , 𝑃relay )
(10) end if
Algorithm 1: Distance based intergroup relay selection.

(1) Input: Table maintained by 𝑅𝑥
(2) Output: Best Relay 𝑑relay for (𝑇𝑥, 𝑅𝑥) pair
(3) With active reception of signal at sector 𝑖
(4) if 𝛾𝑖 ≤ 𝛾th or Signal Blockage then
(5) Search table for (𝑖 − 2, 𝑖 − 1, 𝑖 + 1, 𝑖 + 2) rows for potential relays. Let 𝑃relay be total
potential relay DEVs found
(6) Calculate Distance (𝑇𝑥, 𝑟𝑗 , 𝑅𝑥) ∀𝑗 ← (1, 2, . . . , 𝑃relay ) that is, end-to-end distance of relay
paths for all 𝑃relay
(7) 𝑑relay ← Min(𝑇𝑥, 𝑟𝑗 , 𝑅𝑥) ∀𝑗 ← (1, 2, . . . , 𝑃relay ), where 𝑑relay is a set containing one or
more relays with minimum distance 𝐷min ,
(8) if |𝑑relay | > 1 that is, more than one relays (say 𝑃min ⊂ 𝑃relay ) with same minimum
distance 𝐷min then
(9)
for 𝑗 ← 1 to 𝑃min do





 1 𝑑 (𝑇𝑥, 𝑟𝑗 ) 

) + ( 1 − 𝑑 (𝑟𝑗 , 𝑅𝑥) )
(10)
Mid (𝑗) ← ( −



𝐷min 
𝐷min 
 2
 2


(11)
end for
(12)
𝑑relay ← Min(𝑀𝑖𝑑)
(13) end if
(14) end if
Algorithm 2: Distributed receiver based intragroup relay selection.

at sector 𝑖, 𝑅𝑥 will continuously calculate SINR at all the
antenna elements (𝑁 = 8). If the SINR at 𝑖th element (𝛾𝑖 )
is less than or equal to the threshold SINR (𝛾th ), or in case
of blockage of LOS path, 𝑅𝑥 DEV can check the table for the
neighboring four beams. The intuition is that these regions
will have the relay DEV with the least distance. Possible
relay DEVs on other beams (other than four neighboring
beams) will be too far away to be effective. The relay with
minimum relay path (𝐷min ) is considered as the best relay
(𝑑relay ). In case of more than one such DEV, distance of 𝑑relay
to 𝑇𝑥 and 𝑅𝑥 is checked. A DEV which lies at midmost
position ((𝑇𝑥, 𝑑relay , 𝑅𝑥)/2) of the link is selected as relay for
the corresponding (𝑇𝑥, 𝑅𝑥) pair.

Example. We try to explain the algorithm using an example.
As mentioned earlier, distance plays a major role in mmWave
networks especially for 𝑛 > 2. It is very important to select
a relay at the midmost position between 𝑇𝑥 and 𝑅𝑥. In
Figure 5, we can see that there are different relays placed for
the (𝑇𝑥, 𝑅𝑥) pair at various distances. The distance between
𝑇𝑥 and 𝑅𝑥 is 6 m. The distance of 𝑇𝑥 and 𝑅𝑥 from relays
varies. However, the sum of their distances from 𝑇𝑥 and 𝑅𝑥
is the same, that is, 8 m.
For 𝑅1, 𝑅2, and 𝑅3, Algorithms 1 and 2 will respectively
calculate |(22 + 62 )/62 | = 1.11, |(52 + 32 )/62 | = 0.944, |(3.52 +
4.52 )/62 | = 0.902 and |(1/2) − (2/8)| + |(1/2) − (6/8)| = 0.5,
|(1/2) − (5/8)| + |(1/2) − (3/8)| = 0.25, |(1/2) − (3.5/8)| +
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|(1/2) − (4.5/8)| = 0.125. 𝑅3 will be selected as relay by
both Algorithms 1 and 2 (𝑑relay ), depending upon inter- or
intragroup transmission.

25

Capacity (Gbps)

20

4.2. Vertex Multicoloring Scheduling Algorithm. In this section, we propose an algorithm for concurrent transmission
in 60 GHz based D2D networks employing the principle
of vertex coloring (VC). Our proposed vertex multicoloring concurrent transmission (VMCCT) algorithm schedules
(𝑇𝑥, 𝑅𝑥) flows in the same time resource. The considered
flows have all the distinct transmitters and receivers with no
shared transceiver.

15
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n=2

n=3

5

0

0

5

10
Distance (m)

15

20

Near equal relay-(Tx, Rx) paths
5% relay-(Tx, Rx) path dierence
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Figure 4: Relay to (𝑇𝑥, 𝑅𝑥) distance analysis.

R1

Concurrent Transmission Sufficient Condition 1. Here we
assess whether the flows (𝐴, 𝐵) and (𝐶, 𝐷) are within the
signal beams of each other by using the following condition:

R2

5m

2m

3m

6m

∠𝐷𝐴𝐵 >

6m

Tx

Rx

3.5 m

4.2.1. Concurrent Transmission Conditions. In this subsection, we discuss the conditions for concurrent transmission.
Figure 6 shows two concurrent flows scenario in 60 GHz
based D2D networks. We can see that two transmitters (𝐴, 𝐶)
try to send data to two receivers (𝐵, 𝐷), in the same time slot.
Hence, the sufficient condition 1 for concurrent transmission
between pair (𝐴, 𝐵) and pair (𝐶, 𝐷) with beamwidth 𝜃 can be
obtained as follows.

𝜃
,
2

∠𝐵𝐶𝐷 >

𝜃
,
2

(7)

where ∠𝐷𝐴𝐵 and ∠𝐵𝐶𝐷 could be obtained from the cosine
law:

4.5 m

∠𝐷𝐴𝐵 = arccos (

R3

Figure 5: Relay selection example.

2

2

2

2

2

2

𝐴𝐷 + 𝐴𝐵 − 𝐵𝐷
),
2𝐴𝐷 × 𝐴𝐵

(8)

𝐵𝐶 + 𝐶𝐷 − 𝐵𝐷
∠𝐵𝐶𝐷 = arccos (
).
2𝐵𝐶 × 𝐶𝐷
A
𝜃

B
𝜃

Concurrent flows with mutual interference can be
allowed as long as they are apart by a certain threshold
distance. The threshold distance is defined as an area where
the mutual interference can be seen as background noise. To
accomplish this, an exclusive region (ER) around the receiver
is defined in [20], which allows concurrent transmission of
mutually interfering flows. Hence, we can obtain the sufficient
condition 2 for concurrent transmission between pair (𝐴, 𝐵)
and pair (𝐶, 𝐷) as follows.
Concurrent Transmission Sufficient Condition 2. If the flows
are in conflict with each other then the transmitter-receiver
distances of the conflicting flows are checked to see if they are
apart a threshold distance by using the following condition:

C

D

Figure 6: Concurrent transmission scenario.

𝜃
),
2

𝐴𝐷 > 𝑅ER

(∠𝐷𝐴𝐵 <

𝐵𝐶 > 𝑅ER

𝜃
(∠𝐵𝐶𝐷 < ) ,
2

(9)
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Figure 7: Conflict graph representation of VC and VMCCT.

using the ER definition in [20]:

𝑅ER = (

𝑘1 𝐺𝑡 𝐺𝑟 𝑃𝑡 1/𝑛
) ,
𝑁0 𝑊

relationship is represented by 1 (conflict) and 0 (no conflict)
as shown below:
(10)

where 𝑅ER is the radius of ER as shown in Figure 6 (around
DEV 𝐷), 𝑘1 ∝ (𝜆/4𝜋)2 is a constant coefficient dependent
on the wavelength 𝜆, 𝐺𝑡 and 𝐺𝑟 are the antenna gains for
the transmitter and receiver, respectively, 𝑃𝑡 is the transmit
power, and 𝑛 is the pathloss exponent. Here condition 2 will
keep the accumulative interference in the network below an
acceptable threshold.
Both concurrent transmission conditions 1 and 2 realize
the possibility of concurrent transmission for different flows.
For illustration, as in Figure 6, receiver 𝐷 is inside the
beamwidth of transmitter 𝐴, but the distance between 𝐴 and
𝐷 is larger than 𝑅ER . Therefore, concurrent transmission of
pairs (𝐴, 𝐵) and (𝐶, 𝐷) would be allowed.
4.2.2. Construction of Conflict Matrix. A conflict matrix
(CM) represents the relationship between different flows. The

CM(6×6)

0
[0
[
[1
=[
[0
[
[0
[1

1
0
1
0
0
0

0
1
0
1
0
0

0
0
0
0
0
0

0
0
0
0
0
1

1
0]
]
0]
].
0]
]
0]
0]

(11)

Equation (11) shows a conflict matrix of 6 flows. Element 1
results when the corresponding flows fail to meet concurrent
conditions 1 and 2. Therefore, they cannot be allowed to
transmit their data concurrently. The rows of the conflict
matrix represent the conflict relationship among flows. Each
row is constructed by considering the conflict relationship
from the corresponding flow to all the other flows unilaterally.
Therefore if some flow 𝑖 has no conflict with flow 𝑗, it does not
necessarily mean that flow 𝑗 also has no conflict with flow 𝑖.
This situation can be seen in matrix as shown in (11) at indices
(1,2) and (2,1). The conflict matrix can also be represented
as an undirected graph called conflict graph. The conflict
matrix in (11) is converted into conflict graph as shown in
Figure 7(a). The flows are represented as vertices and their
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mutual conflicts are represented as edges between them. It
should be noted that values in the conflict matrix for flow
1 and 2 at indices (1,2) and (2,1) are not same but they have
resulted in a conflict (an edge) in conflict graph.
4.2.3. Time-Slot Allocation Based on VC. Time slot, being
scarce resource, requires efficient allocation. We employ VC
algorithm to effectively resolve conflict among flows and
efficiently assign time resource. VC algorithm has been
used for resource allocation in different types of networks
[28–31] including mmWave, cognitive radios, and ad hoc
networks. VC will color all vertices (flows) in conflict graph
with minimum number of colors (time slots). Two directly
connected vertices cannot have the same color. We can see
in Figure 7(b) that VC colors all the six vertices using three
colors. With green, red, and yellow representing first, second,
and third time slots, respectively, we can transmit flows 2 and
6 in first time slot, flows 1, 4, and 5 in second time slot, and
flow 3 in the third time slot.
4.2.4. Time-Slot Allocation Based on VMCCT. The conservative time-slot allocation based on VC is not efficient. Our
proposed multicoloring algorithm allocates time slots more
aggressively to improve network throughput. Algorithm 3
shows the details of our proposed scheme. Our scheme starts
by constructing a conflict matrix (Algorithm 2 lines 3–16).
The conflict matrix is then used to resolve conflict and assign
time slots based on VC and VMCCT.
The proposed algorithm can be explained with the help
of Figure 7. Time-slot allocation based on VC and VMCCT
is shown in Figures 7(b) and 7(c), respectively. The basic
principle with multiple colors for a vertex is the same as the
traditional VC; that is, the color between connected vertices
should be different. Hence, the possible colors for a specific
vertex should not include matching colors of its neighbors,
which can be shown as follows:
Color 𝑉 (𝑖) = Color All − Color 𝑁 (𝑖) ,

(12)

where Color 𝑉(𝑖) represents the color assigned to flow 𝑖,
Color All holds the set of all colors, and Color 𝑁(𝑖) represents the color of the neighboring vertex.
With (12), we can obtain the final multicoloring results
for all the vertices. Vertex selection for multicoloring can
significantly affect the network throughput because different
flows can exhibit different data rates. In order to improve the
network throughput, we give each of the vertices a weight
based on its intended data rate. Since mutual interference
is below the background noise because of the distance and
high propagation loss, it is appropriate to use the transmission
distance as a metric for color selection:
𝑤 (𝑖) =

∑𝑉
𝑖=1 𝑑 (𝑖)
,
𝑑 (𝑖)

(13)

where 𝑉 is the number of vertices and 𝑑(𝑖) donates the
distance between the transmitter and receiver in a flow 𝑖.
Using (13), flow 𝑖 with shorter transmission distance will get
higher weight. In order to multicolor the vertices as proposed

Table 2: Simulation parameters.
Parameters
System bandwidth (𝑊)
Transmission power (𝑃𝑡 )
Background noise (𝑁𝑜 )
Path loss exponent (𝑛)
Reference distance (𝑑ref )
Path loss at 𝑑ref (PL𝑜 )
Slot time Δ𝑡
Number of slots in superframe

Values
1800 MHz
0.1 mW
−134 dBm/MHz
3
1.5 m
71.5 dB
18 𝜇sec
1000

in VMCCT, we will sort the vertices in descending order of
their weights.
In Figure 7(b), weights are shown on the top of each
vertex; we can get the Color All and sorted weights sets from
the graph:
Color All = (RED, GREEN, YELLOW) ,

(14)

Weight = {20.0 (4) , 13.3 (6) , 6.6 (5) , 5.0 (1) , 4.0 (2) , 3.6 (3)} .
(15)
Hence, vertex 4 with the largest weight will be considered
first. By using (15) we can assign color to vertex 4 as follows:
Color 𝑉 (4) = (RED, GREEN, YELLOW) − (YELLOW) ,
= (RED, GREEN) .
(16)
This will yield red and green color to vertex 4. Similarly,
vertex 6 will be assigned both green and yellow colors. Then
the Color 𝑁(6) will be refreshed to (GREEN, YELLOW), so
vertex 5 can only be assigned a red color. Similarly, we can get
the final results for flows 1, 2, and 3 as shown in Figure 7(c).

5. Performance Evaluations
In order to evaluate our proposed relay selection schemes
and scheduling algorithm, we consider 15 × 15 meters’ room
with random distribution of 30 DEVs. All the DEVs are
placed using polar coordinates, hence information about
their locations and distances from the PNC is known. Data
transmission is based on IEEE 802.15.3c standard. We have
evaluated our proposed schemes under single- and multihop scenarios. We assume static locations of DEVs for the
duration of superframe. The mobility in IEEE 802.15.3c based
WPAN is very low (1 meter/sec). In such a scenario, ignoring
mobility for the duration of superframe is not impractical.
The simulation parameters are shown in Table 2.
5.1. Single-Hop Scenario. We compare our proposed VMCCT
scheme [5] for single-hop scenario with the traditional singlehop GA scheme presented in [20] as well as with the wellknown TDMA method under the same assumptions and
system model. The reader is referred to [5] for further details
while we provide some details for completeness.
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(1) Inputs: Set of all flows that is, 𝐹𝑙𝑜𝑤(1) to 𝐹𝑙𝑜𝑤(𝑉)
(2) Output: vertex multi-color graph for scheduling concurrent transmission
(3) for 𝑅𝑜𝑤 = 1; 𝑅𝑜𝑤 < 𝑉; 𝑅𝑜𝑤 + + do
(4)
for 𝐶𝑜𝑙𝑢𝑚𝑛 = 1; 𝐶𝑜𝑙𝑢𝑚𝑛 < 𝑉; 𝐶𝑜𝑙𝑢𝑚𝑛 + + do
(5)
if 𝑅𝑜𝑤 ! = 𝐶𝑜𝑙𝑢𝑚𝑛 then
(6)
𝛼 = 𝐴𝑛𝑔𝑙𝑒(𝑅𝑜𝑤, 𝐶𝑜𝑙𝑢𝑚𝑛)
(7)
𝐷 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑅𝑜𝑤, 𝐶𝑜𝑙𝑢𝑚𝑛)
(8)
if 𝛼 < 𝜃/2 and 𝐷 < ER then
(9)
Use relay selection algorithms, go back and calculate 𝛼 and 𝐷
(10)
if no relay found Conflict Matrix(Row, Column) = 1
(11)
else
(12)
Conflict Matrix(Row, Column) = 0
(13)
end if
(14)
end if
(15) end for
(16) end for
(17) 𝐶𝑜𝑙𝑜𝑟 𝐺𝑟𝑎𝑝ℎ = 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 VC(𝐶𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑀𝑎𝑡𝑟𝑖𝑥)
(18) for 𝐶𝑛𝑡 = 1; 𝐶𝑛𝑡 < 𝑉; 𝐶𝑛𝑡 + + do
(19) 𝐷(𝐶𝑛𝑡) = 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝐹𝑙𝑜𝑤(𝐶𝑛𝑡))
(20) end for
(21) for 𝐶𝑛𝑡 = 1; 𝐶𝑛𝑡 < 𝑉; 𝐶𝑛𝑡 + + do
(22) 𝑤(𝐶𝑛𝑡) = 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑊𝑒𝑖𝑔ℎ𝑡(𝐷(𝐶𝑛𝑡))
(23) end for
(24) for 𝐶𝑛𝑡 = 1; 𝐶𝑛𝑡 < 𝑉; 𝐶𝑛𝑡 + + do
(25) 𝑥 = Max(𝑤)
(26) 𝐶𝑜𝑙𝑜𝑟 𝑉(𝑥) = 𝐶𝑜𝑙𝑜𝑟 𝐴𝑙𝑙 − 𝐶𝑜𝑙𝑜𝑟 𝑁(𝑥)
(27) 𝑤(𝑥) = 0
(28) end for
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Algorithm 3: Vertex multicoloring concurrent transmission algorithm.
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Figure 8: Improved average flows throughput versus flow density.

Figures 8 and 9 show the performance of VMCCT
average flow rate with respect to increasing flow density
and beamwidths, respectively. Beamwidths of 30 and 60
degrees are considered in Figure 8. We can see that the

0
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VMCCT (14 ﬂows)
Greedy (14 ﬂows)
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Figure 9: Improved average flow throughput versus increasing
beamwidth.

traditional TDMA scheme can only transmit one flow per
time slot. While compared to GA, we can see that average
flows per slot using VMCCT are better than GA. The average
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Figure 10: Improved network throughput versus flow density.
20

Network throughput (Gbps)

18
16

Figure 10 that VMCCT improved network throughput as
compared to GA and hence can support applications such
as HD TV, online gaming, and uncompressed video with
stringent bandwidth and quality requirements. On the other
hand, TDMA provides a constant data rate as it supports one
transmission at any particular time. Similar results can be
seen in Figure 11, where VMCCT decreases more gracefully
due to increasing beamwidths, as compared to other schemes.
On average, our scheme provides throughput improvement
of 2 Gbps (60-degree beamwidth) and 3 Gbps (30-degree
beamwidth), as compared to GA. The rationale behind better
performance gain is the limited interference at 30-degree
beamwidth as compared to 60 degrees. In terms of percentage, on average, VMCCT improves network throughput by
19% and average flows per slot by 12% as compared to the GA
scheme.
5.2. Multihop Scenario. In this section, we will evaluate our
proposed relay selection schemes. We also have evaluated
our proposed VMCCT scheme in multihop scenario using
the proposed relay selection schemes. We are considering a
typical WPANs scenario, where most of the transmissions are
within intragroup with occasional intergroup transmissions.
We first evaluate our relay selection schemes and then provide
simulation results to show their effectiveness in conjunction
with our proposed VMCCT scheme.
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Figure 11: Network throughput versus increasing beamwidth.

flow per slot is improved by almost one for both 30 and
60 degrees’ beamwidths. VMCCT scheme is also evaluated
against increasing beamwidths as shown in Figure 9. By
increasing the beamwidth, the signal can span larger area
resulting in more interference. Hence, the chances of concurrent transmission will also be reduced. We have used flow
densities of 8 and 14 for evaluating the effects of increased
beamwidth on flow rate. It can be seen that almost an
additional flow can be transmitted per slot with VMCCT than
that of the GA scheme.
Figures 10 and 11 show the VMCCT performance by
enhancing network throughput with respect to increasing
flow density and beamwidth, respectively. It can be seen in

5.2.1. Outage Analysis. In order to evaluate our proposed
relay selection schemes, we use outage probability (OP) as
metric. OP is an important performance indicator in wireless
systems. OP can be defined as the probability that the endto-end SNR falls below a predefined threshold 𝛾th . The
type of threshold 𝛾th varies according to different quality of
service requirements. For example, the value may be based on
minimum error rate or a minimum data rate. Since 60 GHz
promises data rate in Gbps, therefore we choose achievable
transmission rate as a threshold, which can be calculated as
𝑅 = 𝑊𝑓 𝜂 log2 (1 +

𝛾th
),
𝛾𝑓

(17)

where 𝑊𝑓 denotes adjustments to the system bandwidth
efficiency, 𝛾𝑓 is the system SINR implementation efficiency,
and 𝜂 is a correction factor to facilitate the derivation. It is
chosen to be 1.
Since we are considering two-hop scenario, according to
(17) in half-duplex relay system, to meet a required end-toend data rate 𝑅, both hops should support a rate greater or
equal to 2𝑅. Thus, 𝛾th becomes
𝛾th = 𝛾𝑓 (2(2𝑅/𝑊𝑓 𝜂) − 1) .

(18)

In relay assisted transmission in two-hop scenario, the outage
is decided by either of the weaker hops. Thus, OP can be
expressed as
𝑃out = 𝑃𝑟 (min (𝛾𝐶𝑅 , 𝛾𝑅𝐷)) < 𝛾th .

(19)
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Thus we have
𝑃out (𝑑1, 𝑑2, 𝑑𝐼, 𝛾th )

= 1 − (1 − 𝐹𝐶𝑅 (𝑑1, 𝛾th )) (1 − 𝐹𝑅𝐷 (𝑑1, 𝑑𝐼, 𝛾th )) (20)
= 𝐹𝐶𝑅 (𝑑1, 𝛾th ) + 𝐹𝑅𝐷 (𝑑1, 𝑑𝐼, 𝛾th )
− 𝐹𝐶𝑅 (𝑑1, 𝛾th ) 𝐹𝑅𝐷 (𝑑𝐼, 𝑑2, 𝛾th ) ,
where 𝐹𝐶𝑅 (𝑑1, 𝛾th ) and 𝐹𝑅𝐷(𝑑𝐼, 𝑑2, 𝛾th ) are the cumulative
distribution functions of the received SINR of both hops,
that is, 𝐶𝑅 and 𝑅 − 𝐷, respectively. Rayleigh distribution
is considered in [32] to model non-line-of-sight (NLOS)
scenario for office, home, and library environment. Hence,
the instantaneous received power of the desired signal follows
an exponential distribution with probability density function
(pdf) expressed as
1
𝑥
exp (− ) .
𝑃𝑟
𝑃𝑟

𝑃𝛾𝐶𝑅 (𝑥) =

(21)

The OP of 𝐶 − 𝑅 hop can be calculated as

𝛾th 𝑁0

1
𝑥
exp (− ) 𝑑𝑥
𝑃𝑟
𝑃𝑟

= 1 − exp (−

where 𝑃𝑟 (𝑥) =

𝛾th 𝑁0

𝑃𝑡𝐶𝐾𝐶𝑅 (𝑑0 /√𝐻2

𝑃𝑟
+

(22)

𝑛

𝜀𝐶𝑅 .

𝐹𝑅𝐷 = 𝑃𝑟 (𝑥 < 𝛾th (𝑦 + 𝑁0 ))
= 1 − 𝑃𝑟 (𝑥 > 𝛾th (𝑦 + 𝑁0 ))
∞

∞

0

𝛾th (𝑦+𝑁0 )

=1−∫

∞

0

×∫

𝛾th (𝑦+𝑁0 )

=1−

𝑓 (𝑥) 𝑑𝑥𝑑𝑦

𝑦
1
exp (−
)
𝑃𝑟𝐼(𝑅𝐷)
𝑃𝑟𝐼(𝑅𝐷)

∞

2

4

6

1
𝑥
exp (−
) 𝑑𝑥𝑑𝑦
𝑃𝑟𝑅𝐷
𝑃𝑟𝑅𝐷

𝛾 𝑁
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Figure 12: Outage probability with varying relay distance.

Hence, OP at a given DEV position can be obtained by
inserting (21) and (22) in (19) as follows:

+1−

𝛾th
)
𝑃𝑟(𝐶𝑅)

𝑃𝑟(𝑅𝐷)
𝛾 𝑁
exp (− th 0 )
𝑃𝑟(𝑅𝐷) + 𝑃𝑟𝐼(𝑅𝐷) 𝛾th
𝑃𝑟(𝑅𝐷)

× (1 −

For 𝑅 − 𝐷 hop, the desired and interfering channel coefficients are considered to be independent and not identically
distributed (INID). Both follow Rayleigh distribution. Thus,
the OP of the 𝑅 − 𝐷 hop can be approximated as

= 1 − ∫ 𝑓 (𝑦) ∫

10−4

− (1 − exp (−

),

𝑑12 )

10−3

= 1 − exp (−

= 1 − 𝑃𝑟 (𝑥 > 𝛾th 𝑁0 )
∞

10−2

𝑃out (𝑑1 , 𝑑2 , 𝛾th )

𝐹𝐶𝑅 = 𝑃𝑟 (𝑥 < 𝛾th 𝑁0 )

=1−∫

Outage probability

10−1

= 𝑃𝑟 (min (𝛾𝐶𝑅 (𝑑1) , 𝛾𝑅𝐷 (𝑑𝐼, 𝑑2)) < 𝛾th )

(23)

(24)

𝛾th
))
𝑃𝑟(𝐶𝐷)

𝑃𝑟(𝑅𝐷)
𝛾 𝑁
exp (− th 0 )) .
𝑃𝑟(𝑅𝐷) + 𝑃𝑟𝐼(𝑅𝐷) 𝛾th
𝑃𝑟(𝑅𝐷)

5.2.2. Simulation Results. In this subsection, numerical
results are employed to evaluate our proposed relay selection and VMCCT schemes. Ergodic capacity and OP are
compared for direct transmission, fixed relay, and our proposed relay selection schemes. The simulation parameters
are shown in Table 2. In Figure 12, OP of our proposed
relay schemes is compared with direct transmission and fixed
relay selection schemes. The 𝑅𝑥 position is fixed at 𝐷, while
different relays are selected with varying distances. We can
see that there is a point where OP is the minimum. When the
distance increases, relays help reduce the OP. Our proposed
schemes select the minimum relay path with the efforts of
finding relay in the midmost position. This helps reduce
the OP of our proposed schemes. Figure 13 compares the
OP of fixed relay node and direct transmission with our
proposed relay selection schemes. We can see that as the
distance between 𝑇𝑥 and 𝑅𝑥 increases, fixed relay node’s
performance degrades significantly as compared to our relay
selection schemes. Distance plays a major role in 60 GHz
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Figure 14: Ergodic capacity with varying 𝑇𝑥-𝑅𝑥 distances.

based D2D network and the tremendous propagation loss
requires careful relay selection in such system. Our proposed
scheme outperforms both direct and fixed relay nodes by
significantly improving OP. Ergodic capacity is analyzed in
Figure 14. We can see that ergodic capacity is very low
in direct transmission. As the distances increases, ergodic
capacity decreases rapidly. However, our proposed relay
selection schemes degrades gracefully as compared to other
schemes. The fixed relay node and our relay selection schemes
are equal only on the condition that the fixed relay node
be located at the optimal position. Overall, our proposed
relay selection schemes perform better as compared to other
schemes by improving OP and ergodic capacity, significantly.
We used our proposed VMCCT algorithm in multihop
scenario. Our proposed algorithms try to find a suitable
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Figure 16: Network throughput in multihop scenario.

relay placed at near-equal distance from 𝑇𝑥 and 𝑅𝑥. Our
algorithm works equally well in multihop scenario and both
GA and TDMA. Figures 15 and 16 show performance of
VMCCT in single- and multihop scenarios, respectively.
Improvement in average flow throughput against traffic flow
density can be seen in Figure 15. We evaluated our system
with up to 50 flows under the very dense deployment. We
can see that the proposed VMCCT algorithm in the multihop
scenario performs better as compared to other schemes by
significantly increasing average flow throughput. The use of
relays helps alleviate network interference and encourages
more concurrent transmissions. Similarly, in Figure 16, we

14
can see that the network throughput is significantly improved
using VMCCT in multihop scenario. Overall, the performance of our proposed VMCCT scheme outperforms GA by
improving the network throughput.

6. Conclusion
In order to improve the network capacity in 60 GHz based
D2D networks, we jointly consider relay selection and
scheduling algorithm. Owing to tremendous propagation
loss, distance is used as a main metric for relay selection.
Apart from distance, a relay with midmost positioning
is encouraged for both inter and intragroup transmission
scenarios. A novel distributed relay selection algorithm is
proposed for intragroup transmission scenario. The outage
probability analysis is provided to compare our relay selection
schemes with fixed relay selection schemes. Furthermore, we
evaluated our proposed relay selection schemes jointly with
scheduling algorithm in single- and multihop scenarios. We
have compared our results with GA and TDMA under the
same system model. Our proposed scheme outperforms both
GA and TDMA in terms of network throughput and average
flows per slot. Network throughput and average number of
flows per slot are improved by 19% and 12%, respectively.
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As an important part of the Internet of Things (IOT) and the special case of device-to-device (D2D) communication, wireless body
area network (WBAN) gradually becomes the focus of attention. Since WBAN is a body-centered network, the energy of sensor
nodes is strictly restrained since they are supplied by battery with limited power. In each data collection, only one sensor node is
scheduled to transmit its measurements directly to the access point (AP) through the fading channel. We formulate the problem
of dynamically choosing which sensor should communicate with the AP to maximize network lifetime under the constraint of
fairness as a constrained markov decision process (CMDP). The optimal lifetime and optimal policy are obtained by Bellman
equation in dynamic programming. The proposed algorithm defines the limiting performance in WBAN lifetime under different
degrees of fairness constraints. Due to the defect of large implementation overhead in acquiring global channel state information
(CSI), we put forward a distributed scheduling algorithm that adopts local CSI, which saves the network overhead and simplifies
the algorithm. It was demonstrated via simulation that this scheduling algorithm can allocate time slot reasonably under different
channel conditions to balance the performances of network lifetime and fairness.

1. Introduction
With the increasing development of wireless communication technology and wireless sensor network (WSN), the
emerging wireless body area network (WBAN) provides great
opportunities in real-time healthcare monitoring, fitness,
entertainment, and consumer electronics applications without restricting the activities of users [1]. WBAN is a dynamic
network with sensor nodes in, on, or around the body for continuous monitoring of physiological parameters with capabilities of real-time processing and data communication as well.
Device-to-device (D2D) communication is a hot technology,
which allows direct communication between closely located
devices using the licensed band [2]. Networks can benefit
from improved reliability, robustness, and coverage provided
by D2D communications [3]. However, there are some
challenges in D2D communication. Power efficiency is one
of the difficulties due to the fact that proximate devices must
use very low transmission power for reliable communication
[4]. Besides, source allocation is another research hotspot in

D2D communication. In [5], a fair resource allocation problem for D2D communications was studied in orthogonal
frequency division multiple access- (OFDMA-) based wireless cellular networks. In [6], a genetic algorithm (GA) with
frequency hopping technique was proposed to optimally
select the number of frequency channels required in the
system and then allocate these frequency channels to the UE
clusters for D2D communication. The sensor nodes in the
dynamic network of WBAN and the AP can be considered as
proximate devices in D2D communication. Using the processing methods for references is thus a good choice to
improve the performance of WBAN.
In the literature, some methods have been proposed
aiming at improving the performance of WBAN in the
aspects of MAC (media access control) protocol design [7],
data fusion [8], security [9], and so forth. However, WBAN is
still in its early development stage, and there are some challenges we must conquer before it can be widely applied [10].
For instance, limited battery energy makes a huge demand
of lifetime. Lifetime extension in WBAN has attracted
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increasing interest of researchers. Transmission scheduling
algorithms have been explored for maximizing the lifetime
of WSN in some publications, for example, [11, 12]. In [13],
a general formula of lifetime in WSN was proposed, which
demonstrated that channel state information (CSI) and
residual energy information (REI) were major parameters in
the issue of lifetime maximization. CSI is also an essential
factor in closed-loop wireless communication systems [14].
A dynamic transmission scheduling scheme dubbed dynamic
protocol for lifetime maximization (DPLM) was proposed
in [15], which has been demonstrated to be asymptotically
optimal in network lifetime. As shown in [16], the problem of
lifetime maximization was formulated as a stochastic shortest
path Markov decision process. An iterative algorithm was
developed to find a Pareto-optimal solution for maximizing
the lifetime of WSN in [17].
These transmission scheduling schemes care about only
lifetime maximization in WSN under the condition of homogeneous traffic requirements. However, this cannot work well
when sensor nodes require different data transmission rates.
In WBAN, different types of physiological parameters such
as body temperature, blood pressure, electrocardiograph
(ECG), and electroencephalograph (EEG) are monitored,
which requires various data rates for sensor nodes. The transmission scheduling schemes mentioned above can cause socalled unfairness in selection where some channel conditions
cannot be satisfied during a long time and consequently some
sensor nodes will not be selected.
The concept of fairness has been intensively investigated
for resource allocation in wireless network. As is shown in
[15], a pure opportunistic transmission scheduling scheme
was proposed to carry out transmission in the best channel
condition. This scheme is throughput optimal; in the meantime, it can cause unfair resource allocation. Several algorithms have been presented to improve the system performance under fairness constraints. The authors in [18] take
network throughput and fairness of user equipment into
account by performing interference management. An opportunistic fair scheduling scheme for CDMA (code division
multiple access) networks was developed in [19], which
relates the average transmission of users to their fair weights
achieved. In [20], an optimization framework was proposed
to balance the performance of lifetime and fairness. To
allocate time slots based on the demands of sensor nodes, a
utility-based allocation method was adopted in [21]. In [22],
a fair resource allocation approach was proposed for D2D
communication in wireless cellular networks.
Due to limited battery energy in WBAN, increasing
network lifetime and meantime maintaining fairness are
conflicting with each other within limits. Balancing network
lifetime and fairness performance is important in WBAN. In
the literature, however, very few research efforts have been
made to address the issue of balance between lifetime and
fairness. To the best of our knowledge, there is no widely
accepted unified framework that can be effectively used for
accurate evaluation of performance under different tradeoff
between lifetime and fairness. To address this problem,
a novel centralized transmission scheduling scheme that
utilizes a constrained Markov decision process (CMDP) and
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a distributed one are proposed in this paper, which can both
extend lifetime and maintain fairness of sensor nodes, aiming
at balancing lifetime and fairness in WBAN.
The remainder of this paper is organized as follows. In
Section 2, the model of WBAN and the formulation of lifetime are described. In Section 3, an optimization framework
using CMDP is presented. The proposed fair weights transmission scheduling scheme is presented in Section 4. Finally,
we conclude the paper in Section 5.

2. WBAN Model
2.1. WBAN Model. We consider a WBAN which consists of
an access point (AP) and 𝑁 sensors with initial energy 𝐸in . We
adopt a star topology. Each sensor transmits its own equalsized data packets that are directly transmitted to the AP
through a common channel as shown in Figure 1. Assume a
block channel that remains constant within each transmission slot and varies independently in between different slots.
During communication in WBAN, the strength of signals
can be fading due to reflection, diffraction, energy absorption, shadowing by body, and body posture. A theoretical
channel model may trace back to the fundamental theories
of electromagnetic propagation and require precise modeling
of a specific situation, which is too complex and exceeds our
research.
Each sensor node measures a certain physiological
parameter and transmits corresponding data packets directly
to the AP through the fading channel. The received signal can
be expressed as
𝑦𝑖 (𝑡) = ℎ𝑖 ⋅ 𝑥𝑖 (𝑡) + 𝑛 (𝑡) ,

(1)

where 𝑥𝑖 (𝑡) is the transmitted signal, ℎ𝑖 is the channel fading
in sensor 𝑖, and 𝑛(𝑡) is additive white Gaussian noise with
power spectrum density 𝑁0 /2 that is the identical in all
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sensors. Assume that a block-fading channel of 𝑇 seconds
with channel gain expressed as
 2
𝐶𝑖 = ℎ𝑖 

(2)

keeps constant within each time slot. Here 𝐶𝑖 is exponentially distributed in the condition of independent Rayleigh
fading. The AP broadcasts beacon signals to initiate the
data collection process and each sensor node estimates their
channel condition. Since the AP is usually a mobile phone or
another personal digital assistant (PDA) containing enough
energy, the energy consumption of the AP is not considered
in this work. We suppose that sensors can ensure satisfying
transmission and reduce unnecessary energy consumption
by adjusting their transmission power according to channel
conditions. In practical applications, sensors can only transmit at a finite number of power levels according to hardware
limitations [23]. Let 𝑀 be the number of power levels and
𝑎1 , 𝑎2 , . . . , 𝑎𝑚 , . . ., and 𝑎𝑀 denote the power scaling factors of
a transmitter, where 0 ⩽ 𝑎1 < ⋅ ⋅ ⋅ < 𝑎𝑀 ⩽ 1. The power level
is then restricted to a finite set shown as
𝑀

𝑃𝑖 = {𝑎𝑘 𝑃max }𝑘=1 ,

(3)

where 𝑃𝑖 is the transmission power available for sensor 𝑖
transmitting a data packet to the AP if it is scheduled and 𝑃max
is the maximum transmission power that transmitter can
achieve. For simplicity, based on the Shannon theorem, the
transmission rate of sensor 𝑖, denoted by V𝑖 , can be expressed
as
V𝑖 = 𝐵 log2 (1 +

𝐶𝑖 𝑃
𝐶𝑃
) ≤ 𝐵 log2 (1 + 𝑖 𝑖 )
𝑁0 𝐵
𝑁0 𝐵

𝐶𝑎 𝑃
= 𝐵 log2 (1 + 𝑖 𝑘 max ) ,
𝑁0 𝐵

(4)

where 𝑝 is the desired value of transmission power in theory
and 𝐵 is the bandwidth. In (4), 𝑎𝑘 adopts the minimum value
for the sake of matching with the inequality. Since 𝑎𝑘 depends
on the current channel gain and the transmission rate related
to the sensor 𝑖, the energy consumption for data transmitting
of sensor 𝑖 in data collection can be written as
𝐸tx𝑖 = 𝑎𝑘 𝑃max ⋅ 𝑇 + 𝐸𝑐 ,

(5)

where 𝐸𝑐 is the energy consumption of the transmitter circuit
and it is identical for all sensor nodes.
2.2. Formulation of Lifetime in WBAN. A general formula of
lifetime in WSN is described in [13]. We adopt this lifetime
concept in WBAN, which expresses WBAN lifetime as
𝐸 {𝐿} =

the energy required by a sensor for CSI acquisition. The
wasted energy is set to be the total unused energy when the
lifetime completes. It can be expressed as

𝑁 ⋅ 𝐸in − 𝐸 {𝐸𝑤 }
.
𝑁 ⋅ 𝑒 + 𝐸 {𝐸tx }

(6)

In (6), 𝑁in is the initial energy of sensor nodes, 𝐸tx is
the expected transmission energy consumed in one round of
data collection, 𝐸𝑤 is the expected wasted energy, and 𝑒 is

𝑁

𝐸𝑤 = ∑𝐸𝑤𝑖 ,

(7)

𝑖=1

where 𝐸𝑤𝑖 is the wasted energy of sensor 𝑖. A sensor node is
supposed to be dead when its residual energy is lower than the
transmitter circuit consumption; that is, under any channel
condition it has no enough energy to transmit. A WBAN is
considered to be dead when any sensor node in this network
is dead. In this paper, we express the lifetime of a WBAN as
the number of data allocations before the network dies.

3. Optimal Transmission Scheduling
In each time slot, only one sensor node is scheduled to
transmit its measurements directly to the AP through the
fading channel. We assume that the instantaneous CSI of all
sensors is available to the AP. In this section, we formulate
the problem of dynamically choosing which sensor should
communicate with the AP to maximize network lifetime
under the constraint of fairness as a CMDP. We propose
a centralized transmission scheduling algorithm that maximizes network lifetime under different constraint of fairness.
The optimal lifetime and optimal policy are achieved by
Bellman equation in dynamic programming. The optimal
policy using global CSI defines the limiting performance in
network lifetime for the model specified in Section 2.
3.1. Fairness Index. Fairness is in general a critical factor in
performance studies. Particularly in distributed networks
where resources are shared by a number of users, fair
allocation is extremely important and fairness is considered
as an important criterion in the design of a WBAN.
In the MAC layer of IEEE 802.15.6 specification, time
is divided into superframes, each with equal length. The
superframes consist of four periods: control period, contention access period (CAP), contention-free period (CFP), and
inactive period. The CFP is further divided into a number
of time slots. We focus on the time division multiple access(TDMA-) based protocol, in which data packets are mainly
transmitted in the CFP. Therefore, this is a time-slotted network, where time is the resource to be allocated among the
sensor nodes.
In the literature, Jain’s fairness index [24] has been widely
used as a measure of network-wise fairness performance. Let
𝑇𝑖 denote the actual transmission time of sensor 𝑖 and let 𝑂
denote the total transmission times. 𝑏𝑖 indicates the weighting
factor, which expresses the degree of importance of sensor 𝑖.
Then the normalized time allocation of sensor 𝑖 can be given
as
𝑥𝑖 =

𝑇𝑖
.
𝑏𝑖 𝑂

(8)
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If 𝑥𝑖 is used to represent the allocation received by sensor
𝑖 in a network with 𝑁 competitive sensors, the fairness index
for the network we proposed in this work can be expressed as
2

𝑓=

(∑ 𝑥𝑛 )
.
𝑁 ∑ 𝑥𝑛2

(9)

A transmission scheduling scheme is considered to be perfectly fair if 𝑓 = 1. A higher value of 𝑓 indicates higher fairness level among the sensor nodes and the converse is true.
3.2. CMDP Formulation. We use an infinite horizon CMDP
to model the sensor selection problem aiming at achieving
different performance tradeoff between lifetime and fairness.
The major components are elaborated below.
3.2.1. State Space. Let e be residual energy and let w and 𝑓
be the transmission energy requirement and fairness index in
each time slot, respectively. The network state space characterized by e, w, and 𝑓 can be expressed as
S = {𝑖 = (e, w, 𝑓)} .

(10)

When the network lifetime expires, it reaches a special
termination state 𝑆𝑡 expressed as
𝑆𝑡 = {(e, w, 𝑓) : ∀ {𝑒𝑛 : 𝑒𝑛 < 𝜀1 } or e < w} ,

(11)

where 𝑒𝑛 < 𝐸𝑐 indicates that the residual energy of the 𝑛th
sensor reduces below the transmitter circuit consumption
and e < w indicates a transmission failure.
3.2.2. Action Space. The set of actions is denoted by A. The
action space in state 𝑖 = (e, w, 𝑓) ∈ S can be described as
follows:
𝐴 (𝑖) = 𝐴 [(e, w, 𝑓)] = {𝑛 : 𝑒𝑛 ≥ 𝑤𝑛 } .

(12)

The set of actions consists of the indexes of all sensors that
support the current transmission.
3.2.3. Transition Probability. Assume that sensor 𝑛 will be
selected for transmitting after action 𝑎 is applied. If the state
at time 𝑡 is 𝑖 and action 𝑎 is taken, then the probability that
the next state is 𝑗 can be calculated as
𝑃𝑖𝑎𝑗 = 𝑝 (𝑤 ) 1[𝑒 =𝑒−I𝑛 𝑤𝑛 ] ,

(13)

where 𝑝(𝑤 ) = Pr{𝑊 = 𝑤 } is the probability mass function
of 𝑊 determined by channel fading for a predefined set 𝑊 of
transmission energy. Let I𝑛 = (0, . . . , 0, 1, 0, . . . , 0) be a 1 × 𝑁
unit vector that the 𝑛th element is set to be 1.1[𝑥] denote the
indicator function that 1[𝑥] = 1 if 𝑥 is true and zero otherwise.
3.2.4. Transmission Reward. After each of the transmissions,
the network is assigned a unit reward until the network enters
a terminating state. In other words, if the network is in state

𝑖 = (e, w, 𝑓), the instantaneous reward 𝑅(𝑖) in this time slot is
defined as
𝑅 (𝑖) = 1[𝑖∈𝑆\𝑆𝑡 ] ,

(14)

when state 𝑖 ∈ 𝑆 and 𝑖 ∉ 𝑆𝑡 . The network lifetime, denoted by
𝐿, can be described as the accumulated total reward until the
network enters a terminating state in 𝑆𝑡 .
3.2.5. The Constraint. In state 𝑖, an action is considered as a
feasible action if the fairness index 𝑓 of the network is larger
than a given threshold 𝑓𝑛 after action 𝑎 is applied. This can be
expressed as
𝑓 (𝑖, 𝑎) ≤ 𝑓𝑛 ,

(15)

where 𝑓(𝑖, 𝑎) represents the fairness index of the next state in
state 𝑖 after action 𝑎 is applied. The set of available actions in
state 𝑖 is denoted by 𝐴 𝑎 (𝑖).
3.2.6. CMDP Formulation. Now we formulate the sensor
scheduling problem in the form of CMDP. A transmission
scheduling protocol is a policy 𝑢 in CMDP. A policy 𝑢 in
the policy space U is a sequence; that is, 𝑢 = {𝑢0 , 𝑢1 , . . .},
where 𝑢𝑡 : 𝑆 → {1, . . . , 𝑁} specifies the sensor selected in
the 𝑡th time slot and 𝑢𝑡 (⋅ | 𝑖1 , 𝑎1 , 𝑖2 , 𝑎2 , . . . , 𝑖𝑡−1 , 𝑎𝑡−1 , 𝑖𝑡 ) is a
conditional probability measure over A. Let 𝐿 𝑢 (𝑖) specify the
expected network lifetime (the total reward in the CMDP)
starting from state 𝑖 with policy 𝑢. The maximum expected
lifetime 𝐿∗ (𝑖) starting form state 𝑖 is given by
𝐿 𝑢 (𝑖) .
𝐿∗ (𝑖) = max
𝑢

(16)

A policy 𝑢∗ is considered optimal if it obtains the maximum
expected lifetime before the network reaches the terminating
state; that is,
𝐿 𝑢∗ (𝑖) = 𝐿∗ (𝑖) ,

∀𝑖 ∈ 𝑆 \ 𝑆𝑡 .

(17)

We define 𝑈𝑎 = {𝑢 ∈ 𝑈 : 𝑓𝑢 ⩾ 𝑓𝑛 } as an available policy
set. If 𝑢∗ ∈ 𝑈𝑎 satisfies the condition 𝐿(𝑢∗ ) ⩾ 𝐿(𝑢), (𝑢 ∈ 𝑈𝑎 ),
𝑢∗ is called the constrained optimal policy.
Hence, the constrained optimization problem is to find
a feasible 𝑢 ∈ 𝑈 that maximizes network lifetime 𝐿.
The optimal sensor scheduling protocol is given by the
constrained optimal policy 𝑢∗ in the above CMDP problem.
3.3. Optimal Policy. The maximum expected lifetime 𝐿∗ (𝑖)
starting form state 𝑖 with the fairness constraint can be
obtained as the unique solution to the Bellman optimality
equation shown as
𝐿∗ (𝑖) = 𝐿∗ [(e,w, 𝑓)]
}
{
= 𝑅 (𝑖) + max {∑𝑝𝑖𝑎𝑗 𝐿∗ (𝑗)} ,
𝑛∈𝐴(𝑖)
}
{𝑗∈𝑆
s.t. 𝑓𝑗 ≥ 𝑓𝑛 ,

∀𝑖 ∈ 𝑆,

(18)
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{
}
𝐿∗ (𝑖) = 𝐿∗ [(e,w, 𝑓)] = 𝑅 (𝑖) + max {∑𝑝𝑖𝑎𝑗 𝐿∗ (𝑗)} ,
𝑛∈𝐴 𝑎 (𝑖)
{𝑗∈S
}
∀𝑖 ∈ 𝑆.
(19)
An optimal policy 𝑢 for transmission scheduling protocol
is given by
{
}
𝑢 (𝑖) = arg max {∑𝑝𝑖𝑎𝑗 𝐿∗ (𝑗)} ,
𝑛∈𝐴 𝑎 (𝑖)
{𝑗∈𝑆
}

∀𝑖 ∈ 𝑆 \ 𝑆𝑡 .

𝐿 [e, 𝑓] = ∑𝑝 (𝑤) {𝑅 [(e, w)] + max 𝐿 [e−I𝑛 𝑤𝑛 ]} .
𝑛∈𝐴 𝑎

(20)

(21)

Hence, the constrained optimal policy can also be
expressed as
𝑢 [(e,w, 𝑓)] = arg max 𝐿 {e − I𝑛 𝑤𝑛 ] .
𝑛∈𝐴 𝑎

20

15

10

5

0

Similar to [11], an equivalent modified Bellman’s optimality equation can be expressed as

𝑤

25

Expected network lifetime (times)

where 𝑓𝑗 is the fairness index of the network in state 𝑗 and
𝑓𝑛 is the fairness threshold specified according to different
application scenario.
Equation (18) can be rewritten as

(22)

3.4. Implementation and Overhead. We need to acquire network energy profile e and transmission energy requirement
w to implement constrained Markov decision process using
global CSI. We also need to understand how to realize the
instantaneous channel for all sensors. The way of implementation is elaborated below. First, AP broadcasts a beacon
signal to activate each sensor in the network at the start
of a data collection slot. Each sensor then responds to the
AP by sending pilot signals and acquiring global CSI. The
AP estimates the channel station of all response sensors
and realizes the transmission energy requirement w by the
response signals from sensors. Next, according to the CMDP
and the current network state (e, w, 𝑓), the AP determines
which sensor to be scheduled. Lastly, the AP broadcasts the
ID of the selected sensor and the required transmission power
level. Then, the chosen sensor on the required transmission
power level reports its observed value to the AP. The AP
can trace the network energy profile easily by knowing the
scheduled sensor’s ID and channel realizations of all sensors.
The main disadvantage of the CMDP is the huge energy
consumption due to the fact that each sensor needs to consume energy to transmit pilot signals to acquire global CSI.
Nevertheless, any sensor scheduling protocols would sacrifice
the network lifetime.
3.5. Numerical Results. In this section, the transmission
scheduling using CMDP is evaluated in simulation. The
performance is evaluated by using lifetime and fairness index.
Firstly, we compare the lifetime of the optimal transmission scheduling with the following four scheduling protocols:

5

10
Initial energy (J)
Optimal lifetime
Pure opportunistic
Pure conservative

15

Randomly
DPLM

Figure 2: Expected lifetime for optimal lifetime, pure opportunistic,
pure conservative, randomly, and DPLM schemes.

(1) the AP randomly scheme which selects a sensor to
transmit; (2) the pure opportunistic scheme which selects
the sensor with the best channel condition; (3) the pure
conservative approach which chooses sensor with the most
residual energy; (4) the DPLM protocol which selects the
sensor with the largest ratio between the residual energy and
the current transmission consumption. As shown in Figure 2,
when the WBAN adopts optimal transmission scheduling,
pure opportunistic, pure conservative, randomly, and DPLM
schemes, respectively, the network lifetime is proportional to
the initial energy of sensor nodes. Obviously, the randomly
scheme performs the worst. The pure conservative approach
outperforms the pure opportunist approach. Among these,
the optimal transmission scheduling achieves the perfect
performance.
In WBAN, every sensor node monitors various physiological parameters with different degrees of importance. That
is to say, the sensor nodes have different weighting factors
in the network. Then, we illustrate the performance of the
optimal transmission scheduling scheme under the condition
of equal weighting factors and different weighting factors.
3.5.1. Equal Weighting Factors. In the simulation of Figure 3,
we set that the weighting factors of every sensor are the equal
value of 1/3. The fairness thresholds are assigned to be 0.3,
0.5, 0.7, and 0.9, respectively, which represent the fairness
requirement in various application scenarios. As shown in
Figure 3, the network lifetime improves with the increase of
initial energy of sensor nodes. The higher the requirement of
fairness, the lower the network lifetime.
3.5.2. Different Weighting Factors. In order to compare with
the above simulation, the weighting factors are assigned to
be 0.7, 0.2, and 0.1, respectively. The set of fairness thresholds
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algorithm tends to select the sensor with a higher weighting
factor rather than the one with a longer lifetime, in order to
ensure fairness performance. Therefore, if fairness is highly
required in WBAN, the weighting factors have an intensive
impact on network lifetime; otherwise, the weighting factors
have a smaller impact on lifetime.
By comparing Figures 3 and 4, it can be observed that
the proposed optimal transmission scheduling scheme can
achieve different degrees of tradeoff between network lifetime
and fairness by utilizing different degrees of fairness constraint.

Expected network lifetime (times)

16
14
12
10
8
6
4
2

4. Proposed Fair Weights Scheduling Scheme
3

4

5

6

7

8

9

10

Initial energy (J)

fn = 0.3
fn = 0.5

fn = 0.7
fn = 0.9

Figure 3: Expected lifetime for optimal lifetime with equal weighting factors.

Expected network lifetime (times)

16
14

Due to the defect of large implementation overhead in acquiring global CSI, we put forward a novel distributed scheduling
algorithm that adopts local CSI, which saves the network
overhead and simplifies the algorithm.
4.1. Design Principle. In this section, a novel distributed
transmission scheduling scheme, which is named as fair
weights scheme in this paper, is proposed. Fair weights consist
of functions of CSI, REI, exponentially weighted moving
average (EWMA) of data rate, and expected data rate. The
proposed fair weights scheme satisfies the following design
principles:

12

(i) maximize lifetime of the whole network through
weights of both CSI and REI;

10

(ii) maintain fairness. To do so, the transmission scheme
should adjust fair weights grounded on old samples of
sensor nodes’ transmission condition.

8
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4
2

3

4

5
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7

8

9

10

Initial energy (J)

fn = 0.3
fn = 0.5

fn = 0.7
fn = 0.9

Figure 4: Expected lifetime for optimal lifetime with different
weighting factors.

are equal to Figure 3. As shown in Figure 4, lifetime also
follows the change of fairness, when all sensors have identical
initial energy, the lower the requirements for fairness, and
the longer the lifetime. The basic difference between Figure 3
and Figure 4 is that the layouts of curves in Figure 4 are
more diffuse. This means that the constraint of fairness has a
greater impact on the performance of network lifetime under
the condition of different weighting factors. As shown in
(8) and (9), the weighting factors work as a part of fairness
indexes. When the weighting factors of different sensors are
not identical and especially when the weighting factors of
some sensors are much larger than the others, the proposed

4.2. Fair Weights Scheme. DPLM has been proved to be
asymptotically optimal in lifetime, in which we based on in
lifetime maximization. At the beginning of data allocation,
the sensor whose current energy consumption demands
the smallest portion of its residual energy for transmission
is selected based on the DPLM scheme. Accordingly, the
energy-efficiency index is defined as a ratio of residual energy
and expected energy consumption is expressed as
𝑒𝑖 =

𝐸𝑖
,
𝐸tx𝑖

(23)

where 𝐸𝑖 is the residual energy of sensor 𝑖.
In order to maintain fairness, we adopt the EWMA of
data rate. The scheme holds a running average V𝑖 of data rate,
which is achieved by using exponentially weighted moving
average of each newly obtained sample during decision
history. In our scheme, at the beginning of each scheduling
interval 𝑡, the exponentially weighted moving average of data
rate for sensor 𝑖 is updated as
V𝑖 (𝑛) = 𝜕𝑖 V𝑖 (𝑛 − 1) + (1 − 𝜕𝑖 ) V𝑖 (𝑛 − 1),

(24)

where V𝑖 (𝑛 − 1) is the transmission rate of sensor 𝑖 at
scheduling interval 𝑛 − 1. If sensor 𝑖 is not scheduled to transmit at scheduling interval 𝑛 − 1, V𝑖 (𝑛 − 1) is assigned to be
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the value of 0. In (10), 𝜕𝑖 ∈ [1, 0] is a constant, which
determines the rate of exponential decay of the previous
samples. A larger 𝜕𝑖 results in rapid decay and the converse
is true. Considering this, we can tune 𝜕𝑖 according to the
physiological parameter to improve fairness. For example,
ECG monitoring requires higher data rate than body temperature monitoring. Therefore, a higher 𝜕𝑖 will be set for
ECG monitoring sensor to make V𝑖 decrease radically when it
fails to be scheduled for several times. On the contrary, lower
𝜕𝑖 should be set for body temperature monitoring sensors
requiring lower data rate. It can be seen that this scheme
is desirable in the sense that it attempts to compensate for
unfairness of recent allocations as much as possible.
Letting 𝑅𝑖 be the ratio of V𝑖 to the expected data rate of
sensor 𝑖, denoted by 𝑅0𝑖 , then it can be expressed as
V
𝑅𝑖 = 𝑖 .
𝑅0𝑖

(25)

In (25), 𝑅𝑖 represents the deviation between V𝑖 and 𝑅0𝑖 .
Note that 𝑅0𝑖 is different for different sensors processing
different kinds of physiological parameters. Then the fair
weight of sensor 𝑖 is defined as
𝑊𝑖 =

𝑒𝑖
𝑒𝑖
=
.
𝑅𝑖 V𝑖 /𝑅0𝑖

(26)

The fair weights in (26) are used to determine which
sensor node will transmit its measurements to the AP
through the common channel during each round of data
collection by exploiting CSI, REI, data rate requirement, and
decision history. If sensor 𝑖 has not been scheduled for a
long time, the value of V𝑖 decreases severely. As a result,
𝑅𝑖 decreases and the fair weight 𝑊𝑖 increases to achieve
larger possibility for seizing the channel. The fair weights
are calculated periodically to accommodate the channel
condition. The objective of the proposed scheme is to improve
fairness performance without sacrificing excessive network
lifetime, which can overcome the shortage of the existing
distributed transmission scheduling schemes. Consequently,
it is able to achieve a desired balance between increasing
lifetime and maintaining fairness in the design of a WBAN.
4.3. Distributed Implementation. In this part, we consider
the implementation of the proposed distributed transmission
scheduling scheme. Here, we adopt opportunistic carrier
sensing [10] in our implementation. The basic idea is to
match the fair weight of each sensor node with the backoff
function of carrier sensing. It provides a distributed solution
in the searching of global maximum. At the beginning of each
scheduling interval, the AP broadcasts a beacon and each
sensor node estimates its channel information and calculates
the predefined fair weight. After that, each sensor node maps
its fair weight 𝑤 to a backoff time using a predetermined
backoff function 𝑓(𝑤) and then listens to the channel. If 𝑓(𝑤)
is designed to be a strictly decreasing function of 𝑤 as shown
in Figure 5, this opportunistic carrier sensing will ensure that
only the sensor with the maximum fair weight will transmit
data. The propagation delay among sensors is assumed to be

𝜏 = f(w)

𝜏max

𝜏2

𝜏1

w2

w1

Figure 5: Opportunistic carrier sensing.

negligible, and the sensor will be scheduled to transmit if
its backoff time 𝜏𝑖 expires before the other sensors transmit,
which indicates that the sensor with the maximum fair weight
will seize the channel. In the case that multiple nodes have
identical values of fair weight 𝑊, collision will happen. This
will be considered in our future work.
4.4. Fairness Criterion. A fairness factor is defined for fairness evaluation in this section, which is expressed as
𝑁 𝑁


𝐹 = ∑ ∑ 𝑔𝑥 − 𝑔𝑦  ,

(27)

𝑥=1 𝑦=1

where the 𝑔𝑥 and 𝑔𝑦 denote the ratio between actual transmission times and the given expected transmission times of
sensors 𝑥 and 𝑦, respectively, in a fixed time period.
4.5. Numerical Results. In this section, simulation results are
provided to illustrate the effectiveness of the proposed fair
weights scheme. Lifetime and fairness factor are used as
performance metrics. The proposed fair weights scheduling
scheme is compared with the pure opportunistic scheme that
uses only CSI and the DPLM scheme that utilizes the energyefficiency index to select the sensor transmitting data packets
to the AP. Without loss of generality, the estimation of channel
conditions that is identical in all schemes and the energy
consumption of carrier sensing are not considered here.
A WBAN consisting of 5 sensor nodes is considered. The
power spectrum density of noise is set to be −70 Dbm/Hz,
and the bandwidth is 5 × 106 Hz. Assume that the channel
gain follows an exponential distribution and is set to be 1. The
energy consumption of transmitter circuitry, denoted by 𝐸𝑐 ,
is set to be 0.001 Joule. The transmission rate V𝑖 is 250 k bits per
second for all sensors. The expected data rates are gradually
increased; that is, 𝑅0𝑖 = {0.5, 1, 2, 5, 10} kbps for sensors 1–
5. It means that the index of a sensor node is proportion
to data packets that are to be transmitted. In our scheme,
the parameter 𝜕𝑖 is initially set to be {0.5, 0.6, 0.7, 0.8, 0.9},
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Figure 6: Lifetime versus energy of sensors achieved from pure
opportunistic, DPLM, and fair weights scheme.
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Figure 7: Fairness factor achieved from pure opportunistic, DPLM,
and fair weights scheme.

Sensor

for sensors 1–5, respectively, and will be adjusted according
to miscellaneous physiological parameters.
Figure 6 shows the lifetime of the WBAN designed using
different methods, that is, pure opportunistic, the DPLM,
and the fair weights schemes. The network lifetime improves
with the increase of initial energy of sensor nodes. It can
be seen from the figure that the pure opportunistic scheme
ignoring REI achieves the worst performance. DPLM has
the best performance of lifetime without considering fairness
constraint. Although considering the condition of fairness
constraint, the WBAN from the fair weights scheme has
the lifetime equal to DPLM. The small gap between the
performance of DPLM and the fair weights scheme is due to
the fact that the fairness constraint will force the scheme to
select the sensor that has not been scheduled for a long time
regardless of their CSI and REI.
Figure 7 shows the fairness factor versus 300 of scheduling intervals achieved by using the pure opportunistic,
DPLM, and fair weights schemes. As the number of scheduling intervals increases, the fairness factor tends towards being
stable. The scheduling scheme satisfies the rate requirements
of sensor nodes on a large time scale while the fair weights
periodically computed compensate unfairness. It can be
found from Figures 6 and 7 that, by sacrificing a small
amount of lifetime within an acceptable level, the fair weights
scheme is able to greatly enhance the fairness performance.
In the meantime, the network designed using the fair weights
scheduling scheme achieves a balance between lifetime and
fairness performance.
In order to illustrate the fairness performance more
clearly, the scheduled time slots of each sensor node versus
time are compared when their traffic is scheduled by DPLM
and fair weights schemes, which are shown in Figure 8.

50

DPLM

Fair weights scheme

1

2

3

4

5
Number of time slots (1–250) Number of time slots (1–250)

Figure 8: Scheduled time slots of sensors 1 to 5 versus time for
DPLM and fair weights scheme.

The range of time slots in simulation is from 1 to 250. In order
to make the contrast more obvious, we set that the channel
gains of sensor 3 and sensor 5 are persistently severe. The
simulation illustrated in Figure 8 shows that the DPLM
scheme ignores sensor node with low energy-efficiency
index, such as sensor 3 and sensor 5. This result leads to severe
unfairness in data rate allocation. As shown in the corresponding simulation of fair weights scheme, the sensors that
are ignored by DPLM get compensations and the sensors with
higher expected data rate obtain more priorities to transmit
their data packets to the AP.
It can be seen from the simulation results that the proposed fair weights scheme can effectively allocate time slots
to balance the performance of lifetime and fairness in various
channel conditions.
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5. Conclusions
Lifetime and fairness are two primary concerns in WBAN. In
this paper, an infinite horizon CMDP is proposed to model
the sensor selection, which is able to achieve different degrees
of performance tradeoff between lifetime and fairness. The
simulation results show that the proposed scheduling algorithm can obtain optimal lifetime utilizing optimal policy
under different degrees of constraints. To overcome the defect
of large application overhead and complexity of the abovementioned algorithm, a distributed transmission scheduling
scheme using local CSI is also proposed to achieve a balance between lifetime and fairness. Taking heterogeneous
rate requirements into consideration, energy-efficiency index
and exponentially weighted moving average of data rate
are employed, which are devoted to lifetime and fairness,
respectively. It can be demonstrated from simulation results
that the proposed scheduling scheme is able to achieve much
better fairness performance at only a very little cost of lifetime
in the tradeoff between lifetime and fairness.
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With the characteristics of considerable user equipment, massive traffic and numerous local services, but limited frequency
resources, the mobile communications in the future require efficient use of frequency resources. Device-to-device (D2D)
communications underlying cellular networks have been considered as a promising solution to improve the resources utilization
in local scenario. In this paper, we investigated the resources allocation problem in multiuser scenario and proposed a graph-based
resources allocation scheme which can achieve suboptimal performance but with low computational complexity and less feedback
information.

1. Introduction
The development of mobile communications is rapid. ITU
forecasted that the amount of global mobile user equipment
(UE) will catch up with the world’s total population in
2014 [1]. Informa Telecoms & Media Company estimated
that the global mobile data traffic will reach 39.75 trillion
MB in 2016, which is 10 times the traffic in 2011 [2].
Furthermore, according to a 3GPP’s report [3], about 80 to
90% of the system throughput will occur in local scenarios
in future, such as hotspot scenarios and indoor scenarios.
These forecasts show that the future mobile communications
are characterized by considerable UE, massive traffic, and
numerous local services.
In addition, at the World Radio Communication Conference in 2007, the bandwidth allocated to mobile communications is less than 600 MHz [4]. However, ITU predicted
that the bandwidth requirement for mobile communications
will reach 1280–1720 MHz in 2020 [5]. On one hand there are
increasing demands, and on the other hand there is a lack of
frequency resources. This conflict puts forward the challenge
for efficient use of frequency resources.
D2D communications as short-range communication
technologies underlying cellular networks can not only

improve the transmission rate and save propagation latency
and transmission power, but also effectively improve the
spectrum efficiency and the system performance [6, 7].
Therefore, they are considered as a promising solution to local
services.
A key issue of D2D communications underlying cellular
networks is the resource allocation and there have been a
lot of researches about this issue [8–11]. In [8], the optimum
resources allocation and power control are analyzed, and the
results show that, by proper resources management, D2D
communications can effectively improve the total throughput
with limited interference between cellular links and D2D
communications. In [9], an interference-aware resource allocation scheme is proposed to minimize the interference and
obtain substantial gains in system performance. In [10], a
novel resource allocation method by which D2D can reuse
the resources of more than one cellular user is proposed and
the selection of the optimal resource allocation method is
discussed. The resource allocation problem was formulated
as a noncooperative resource allocation game in [11], and
an efficient auction algorithm was proposed to improve the
performance of D2D communication. The simulation results
showed that the proposed algorithm has close performance to
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the centralized scheme, and UE battery lifetime can be greatly
extended.
However, these studies assumed that the number of
D2D pairs is not greater than the number of channel
resources, which ignores that the number of D2D pairs
will exceed the number of available resources in future.
In a multiuser scenario, in order to make users as many
as possible to get reliable service, it is inevitable to share
channel resources between different D2D pairs. Therefore,
the interference situation in system will become more
complicated. Except for the interferences between D2D
communications and cellular networks, there are additional
interferences between different D2D pairs. In addition, the
channel state information (CSI) required for interference
management at BS will increase, which will increase BS’s
burden.
In this paper, we propose a graph-based resource allocation scheme for D2D communications in multiuser scenario
to solve the above problems. Graph theory is an effective
mathematical tool, which is widely used to model and analyze
the interaction and relationship of different types of networks.
There have been some schemes using graph theory to allocate
resources for D2D communications [12, 13]. In [12], an
interference-aware graph-based resource sharing algorithm
is proposed in downlink scenario of D2D communications
underlying cellular networks. The algorithm can effectively
obtain the near optimal resource assignment solutions at
the BS but with low computational complexity. However,
the interference-awareness is defined as a condition that the
BS can acquire local awareness on channel gains of each
communication link and interference link. With the number
of D2D pairs increasing, the graph will become complicated.
In [13], a weighted bipartite graph-based scheme is proposed
in uplink scenario. This scheme divides pieces of cellular UE
and D2D pairs into two parties and converts the resources
allocation problem into a matching problem. Matching is
processed according to the weight which is defined as the
difference between the channel capacity of the D2D pair and
the cellular UE and the channel capacity of the cellular UE
without D2D pair. The proposed channel sharing scheme
increases the system capacity. However, the scheme assumes
that the number of D2D pairs is not greater than the
number of channel resources. For the opposite case, the paper
proposes taking the cellular users as the matching object,
which may affect the quality of cellular communications.
To our knowledge, there have been no researches for
D2D communications based on graph theory in multiuser
scenario. In this paper, the proposed scheme can reduce computational complexity and the amount of required feedback
information on the premise of keeping guaranteed system
performance.
The rest of this paper is organized as follows. In Section 2,
the D2D communications underlying cellular networks in
multiuser scenario are described and the resource sharing problem is formulated. In Section 3, the graph-based
resources allocation scheme is proposed. In Section 4, we
show the simulation results and present analysis on the
simulation results. In Section 5, the conclusions are drawn.
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2. System Model
2.1. System Model. As illustrated in Figure 1, we consider
an uplink transmission scenario in a cellular network, in
which pieces of cellular UE transmit signals to BS. It is
assumed that there are 𝑀 traditional pieces of cellular UE
(indicated by 𝑈𝑚 ) and 𝑁 (𝑁 ≥ 𝑀) D2D pairs (indicated
by D𝑛 ) within the coverage of BS. Pieces of cellular UE
and D2D pairs are uniformly distributed in the area. D2D
transmitters (indicated by DT𝑛 ) transmit signals to D2D
receiver (indicated by DR𝑛 ) and the maximum distance
between them is 𝐷.
BS allocates channel resources to cellular communications and D2D communications. It is assumed that channel
resources are orthogonal, and the interference only exists
in intrachannel when different links share the same channel resource. Given that the number of channel resources
equals the number of pieces of cellular UE, that is, being
equal to 𝑀, one D2D pair is allowed to share one channel
resource with other D2D pairs. Therefore, there are two kinds
of interferences in this scenario due to channel resources
sharing. One is the interference between cellular links and
D2D communications. Another is the interference between
different D2D pairs.
In order to reduce interference and save energy, BS
controls the transmit power of pieces of cellular UE and D2D
transmitters determine transmit power themselves by setting
the maximum transmit power PTmax and the maximum
received power PRmax . In general, transmitters will transmit
signals in PTmax . However, when a received power exceeds
the PRmax , the corresponding transmitter should reduce the
transmit power.
In this paper, the channel model is considered as Rayleigh
fading channel, and the channel response follows the independent complex Gaussian distribution. Besides, the path
loss model is considered as distance-dependent path loss.
Therefore, the channel gains contain the normalized smallscale fading and the path loss. We use 𝑔𝑈𝑚 ,BS , 𝑔DT𝑛 ,DR𝑛 , 𝑔DT𝑛 ,BS ,
and 𝑔𝑈𝑚 ,DR𝑛 to, respectively, represent the channel gains of the
traditional cellular communication link from 𝑈𝑚 to BS, the
D2D communication link from DT𝑛 to DR𝑛 , the interference
link from DT𝑛 to BS, and the interference link from 𝑈𝑚 to
DR𝑛 .
Consider the following:
𝑔𝑈𝑚 ,BS = √𝑃𝐿 𝑈𝑚 ,BS ℎ𝑈𝑚 ,BS ,
𝑔DT𝑛 ,DR𝑛 = √𝑃𝐿 DT𝑛 ,DR𝑛 ℎDT𝑛 ,DR𝑛 ,
𝑔DT𝑛 ,BS = √𝑃𝐿 DT𝑛 ,BS ℎDT𝑛 ,BS ,

(1)

𝑔𝑈𝑚 ,DR𝑛 = √𝑃𝐿 𝑈𝑚 ,DR𝑛 ℎ𝑈𝑚 ,𝐷𝑅𝑛 ,
where 𝑃𝐿 𝑈𝑚 ,BS , 𝑃𝐿 DT𝑛 ,DR𝑛 , 𝑃𝐿 DT𝑛 ,BS , and 𝑃𝐿 𝑈𝑚 ,DR𝑛 are the
corresponding path losses. ℎ𝑈𝑚 ,BS , ℎDT𝑛 ,DR𝑛 , ℎDT𝑛 ,BS , and
ℎ𝑈𝑚 ,DR𝑛 are the corresponding small-scale fading.
2.2. Problem Formulation. We consider that cellular communications have higher priority and BS must guarantee
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Thus, the optimization objective can be rewritten as
𝑀

T1

T3

R1

R2

R3

∑ 𝐼𝑚

𝑚=1

UE3

BS

T2

min

𝑀 𝑁

= min ∑ ∑ (𝛼𝑚,𝑛 (𝑃DT𝑛 𝑔DT𝑛 ,BS + 𝑃𝑈𝑚 𝑔𝑈𝑚 ,DR𝑛 )

UE2

UE1

𝑚=1𝑛=1

(5)

Signal
Interference

𝑁

+∑𝛼𝑚,𝑖 𝑃DT𝑖 𝑔DT𝑖 ,DR𝑛 )

Figure 1: System model for D2D communications underlying
cellular network when sharing uplink resource.

𝑖=1
𝑖=𝑛
̸

𝑀

the performance of cellular links first. Therefore, resources
allocation for D2D communications is considered under the
assumption that all pieces of cellular UE have already equally
obtained channel resources.
In multiuser scenario, in order to make D2D pairs as
many as possible obtaining effective resources, it is inevitable
to allocate one channel resource to multiple D2D pairs. On
one hand, that leads to a cumulative effect of the interference
in one channel resource. On the other hand, that introduces
additional interference between these D2D pairs. Therefore,
in order to reduce the total interference level in the system
as much as possible, it is required to conduct reasonable
resources allocation. In this paper, we take the minimum
interference level of the system as objective.
The resources sharing situation between pieces of cellular
UE and D2D pairs are denoted as matrix 𝐴 𝑀×𝑁 = [𝑎𝑚,𝑛 ],
where 𝑎𝑚,𝑛 = 1 and 𝑎𝑚,𝑛 = 0 are, respectively, used to imply
whether cellular UE 𝑈𝑚 and D2D pair 𝐷𝑛 share the same
resources or not.
Thus, the objective can be expressed as
𝑀

min

∑ 𝐼𝑚

𝑚=1

(2)

𝑀

s.t.

∑ 𝛼𝑚,𝑛 = 1,

𝑛 = 1, . . . , 𝑁.

𝑚=1

The constraint guarantees that each D2D pair is allowed
to obtain one channel resource.
𝐼𝑚 is the interference power in channel resource 𝑚:
𝑀 𝑁

𝑐
𝑑
𝐼𝑚 = ∑ ∑ (𝐼𝑚,𝑛
+ 𝐼𝑚,𝑛
),

(3)

𝑚=1𝑛=1

𝑐
𝑑
where 𝐼𝑚,𝑛
and 𝐼𝑚,𝑛
, respectively, represent the received
interference at BS in channel 𝑚 from D2D pair 𝐷𝑛 and the
received interference at D2D pair 𝐷𝑛 in channel 𝑚 from
cellular UE 𝑈𝑚 :
𝑐
= 𝛼𝑚,𝑛 𝑃DT𝑛 𝑔DT𝑛 ,BS ,
𝐼𝑚,𝑛
𝑁

𝑑
𝐼𝑚,𝑛
= 𝛼𝑚,𝑛 𝑃𝑈𝑚 𝑔𝑈𝑚 ,DR𝑛 + ∑𝛼𝑚,𝑖 𝑃DT𝑖 𝑔DT𝑖 ,DR𝑛 ,
𝑖=1
𝑖=𝑛
̸

where 𝑃DT𝑛 is the transmit power of DT𝑛 .

(4)

s.t.

∑ 𝛼𝑚,𝑛 = 1,

𝑛 = 1, . . . , 𝑁.

𝑚=1

Moreover, in ideal conditions, BS should know CSIs of
all communication links and all interference links to allocate
resources. The information is reported by users. In multiuser
scenario, BS not only considers the resources sharing between
pieces of cellular UE and D2D pairs, but also considers the
resources sharing between different D2D pairs. Therefore,
a D2D pair needs to report CSIs of the links from all
pieces of cellular UE and all the other D2D pairs. With the
number of D2D pairs increasing, the amount of feedback
information will be considerable. Hence, it is necessary to
design an effective method to reduce the amount of feedback
information.

3. Graph-Based Resource Allocation Scheme
In this section, the proposed graph-based resource allocation
scheme is introduced in detail. In order to decrease the interference level of the system, we propose a resources allocation
scheme giving priority to the resources with the minimum
interference. In order to avoid the severe interference between
D2D pairs and reduce the amount of feedback information,
we set up interference matrixes based on a new feedback
model. In addition, in order to ensure the performance of
cellular links, we design a resource selection scheme to avoid
too many D2D pairs reusing one cellular resource.
3.1. Feedback Model. Before allocating resources, BS collects
CSIs of related channels. Hence, a D2D pair is required to
have the ability of measuring channel state including the
channels from pieces of cellular UE to the D2D receiver and
the channels from all the other D2D transmitters to the D2D
receiver and the ability of reporting the information to BS.
The channel state from pieces of cellular UE to D2D
receivers can be measured and reported by D2D receivers
which monitor all communication channels, while, to measure the channel state of interference links between different
D2D pairs, we define an exclusive channel for D2D communications, denoted by D2DCH, which consisted of 𝑁
orthogonal subchannels. The pattern of the subchannels can
be multiple OFDM subcarriers, orthogonal spread spectrum
codes, or independent time slots. Each subchannel matches
a unique D2D pair. Each D2D transmitter launches its ID
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Figure 2: An illustrative example of the graph.

signal in corresponding subchannel and each D2D receiver
monitors the D2DCH and reports the results to BS.
It is seen that the required feedback information of one
D2D pair includes CSIs of channels between this D2D pair
and all pieces of cellular UE and CSIs of channels between
this D2D pair and all the other D2D pairs. With the number
of D2D pairs increasing, this feedback model will cause
considerable overheads. Therefore, we design a new feedback
model to reduce the overheads.
First of all, a threshold of interference power 𝜂 is set
for D2D communications. Then, D2D receivers monitor
all cellular resources and report feedback information of
those resources in which the received interference power is
lower than 𝜂. After receiving the feedback information, BS
establishes a matrix denoted as 𝑋1𝑀×𝑁 = [𝑥1𝑚,𝑛 ], where
𝑥1𝑚,𝑛 = 1 is used to imply that the cellular UE 𝑈𝑚 does
not cause severe interference to D2D pair 𝐷𝑛 and cellular
resource 𝑚 is available and 𝑥1𝑚,𝑛 = 0 implies that cellular
resource 𝑚 is not available.
At the same time, D2D receivers monitor the subchannels
of D2DCH and record those subchannels in which the
received interference power is larger than 𝜂. D2D receivers
establish matrix denoted as 𝑋2𝑁×𝑁 = [𝑥2𝑛,𝑛 ], where the
𝑥2𝑛,𝑛 = 1 and 𝑥2𝑛,𝑛 = 0 are, respectively, used to imply
whether the D2D pair 𝐷𝑛 will cause severe interference
or not to D2D pair 𝐷𝑛 when they share the same channel
resource. Every D2D receiver just needs to report its corresponding row in 𝑋2𝑁×𝑁 to BS.
By this feedback model, D2D pairs just report a part of
CSIs and a list, instead of CSIs of all channels. Thus, the
amount of feedback information can be reduced considerably. Notice that do not set 𝜂 too small, or there will be some
D2D pairs that cannot acquire resources. The way to set up
a reasonable 𝜂 needs further study. Furthermore, with the
matrix 𝑋2𝑁×𝑁 , BS can avoid allocating the same resource to
D2D pairs which may cause severe interference.

3.2. Graph Construction. The first step of the graph-based
resource allocation scheme is the graph construction. Here,
we consider that a weighted bipartite graph which contains

two parties of vertices, respectively, represents the pieces
of cellular UE and D2D pairs, and some weighted edges
represent the relationships between vertices. According to
the scenario in Figure 1, the constructed graph is shown in
Figure 2.
There are two pieces of cellular UE and four D2D pairs
are in the graph. 𝑈1 and 𝑈2 , which present the pieces of
cellular UE, compose the left part, and 𝐷1 , 𝐷2 , 𝐷3 , and 𝐷4 ,
which present D2D pairs, compose the right part. The graph
is denoted by 𝐺 = (𝑉𝑐 , 𝑉𝑑 , 𝐸), where 𝑉𝑐 is the vertices set
of pieces of cellular UE, 𝑉𝑑 is the vertices set of D2D pairs,
𝑐
∈ 𝑉𝑐 represents
and 𝐸 is the edges set. Each vertex V𝑚
𝑑
𝑑
a cellular UE and each vertex V𝑛 ∈ 𝑉 represents a D2D
pair. The edge 𝑒𝑚,𝑛 ∈ 𝐸 implies that the D2D pair V𝑛𝑑 shares
𝑐
. Moreover, the
the channel resource with the cellular UE V𝑚
weights set is denoted by 𝑊𝑀×𝑁, which is 𝑀-by-𝑁 matrix.
The element 𝑤𝑚,𝑛 ∈ 𝑊𝑀×𝑁, representing the weight of the
𝑐
. In addition, the edge
𝑒𝑚,𝑛 , equals the interference power 𝐼𝑚,𝑛
𝑑
𝑑
𝑑
𝑒𝑛,𝑛 ∈ 𝐸 connects V𝑛 ∈ 𝑉 and V𝑛 ∈ 𝑉𝑑 , which implies
the interference level between D2D pair V𝑛𝑑 and D2D pair V𝑛𝑑 .
When they will cause strong interference, the edge is denoted
by dotted lines. When the interference can be ignored, the
edge is denoted by solid lines. The interference level can be
obtained according to the matrix 𝑋2𝑁×𝑁 .
3.3. Graph-Based Resource Allocation Scheme. The algorithm
of the proposed scheme is detailed in Algorithm 1. Firstly,
the graph is established and the parameters of the graph
are initialized. The matrix 𝑋1𝑀×𝑁 and matrix 𝑋2𝑀×𝑁 are
established according to the feedback information of each
D2D pair. The 𝑊𝑀×𝑁 is calculated according to 𝑋1𝑀×𝑁
and the edge between different D2D pairs is determined by
𝑋2𝑀×𝑁. A list 𝐿𝐴 1×𝑀 is established to accumulate interference from allocated D2D pairs on each channel resource and
its elements are initialized to 0. A list 𝐿𝑅1×𝑁 is established to
record the allocated resource for D2D pairs and its elements
are initialized to 0.
Resources allocation is achieved by an iteration algorithm
which is controlled by 𝐿𝑅1×𝑁. When 𝐿𝑅1×𝑁 does not have
0 elements, the calculation will be terminated. In order to
reduce the interference level of the system, the resources with
the minimum weight are allocated preferentially. However,
only considering the weight may lead to a condition that
too many D2D pairs reuse one channel resource, which
will cause strong accumulative interference on this cellular
link. Therefore, we take the sum of weight and accumulated
interference as the basis for selecting reuse resource. In each
iteration, the edge with the minimum sum value is selected.
Then, the selected weight is accumulated to 𝐿𝐴 1×𝑀. Resource
allocation for D2D pair 𝐷𝑛 may affect D2D pairs whose value
in the 𝑛th column of 𝑋2𝑁×𝑁 is 1. The allocated resource
will be forbidden to share with those D2D pairs, so their
weights associated with the allocated resource will be set to
infinite. At this point, the allocation process for one D2D pair
is completed. Repeat the above steps until each element of
𝐿𝑅1×𝑁 is not 0.
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Step 1. Graph Construction
Construct the graph and initialize the parameters of the graph.
Calculate 𝑋1𝑀×𝑁 and 𝑋2𝑀×𝑁 .
Calculate 𝑊𝑀×𝑁 according to 𝑋1𝑀×𝑁 and construct edges between D2D pairs according to 𝑋2𝑀×𝑁 .
Step 2. Allocation Scheme
Initialize the elements of 𝐿𝐴 1×𝑀 and 𝐿𝑅1×𝑁 to 0.
Repeat:
Select the minimum element in the matrix which adds 𝐿𝐴 1×𝑀 to each column of 𝑊𝑀×𝑁 .
Record the selected resource in 𝐿𝑅1×𝑁 and accumulate the corresponding weight in 𝐿𝐴 1×𝑀 .
Find D2D pairs whose value in the selected column of 𝑋2𝑁×𝑁
is 1 and set these D2D pairs’ weights on selected resource to infinite.
Until 𝐿𝑅1×𝑁 has no 0 elements.
Algorithm 1: Graph-based resources allocation algorithm.

3.4. Complexity Analysis. At last, we analyze the superiority
of the proposed graph-based resource allocation scheme
on computational complexity. According to the iteration
algorithm in Algorithm 1, the computational complexity of
the proposed scheme is relative to the initial state of the graph.
In the worst case, the computational complexity is
2

𝜒prop = 𝑂 ((𝑀𝑁) ) ,

(6)

where the computational complexity of finding the minimum
value from 𝑀-by-𝑁 matrix is treated as 𝑂(𝑀𝑁).
Meanwhile, the computational complexity of the enumeration scheme is calculated as
𝑁

𝜒enum = 𝑂 (𝑀 ) .

(7)

It is obvious that as the number of D2D pairs increases,
the computational complexity of the enumeration scheme
will increase rapidly. However, the computational complexity
of the proposed scheme is polynomial time. Therefore, the
proposed scheme is more effective.

4. Simulation Results and Analysis
In this section, we give the simulation results of the proposed
resources allocation scheme comparing with enumeration
scheme, which achieves the optimal resources allocation
through an exhaustive search, and random resources sharing
scheme, which allocates the cellular resources to D2D pairs
randomly. The parameters are shown in Table 1.
In terms of system interference, we compare three
resource allocation schemes for the considered multiuser scenario of D2D communications underlying cellular network.

Table 1: Parameters for simulation.
Parameter
Cell radius
The number of channel resources
Maximum D2D pair distance
Maximum transmit power of pieces of cellular UE
Maximum transmit power of D2D transmitters
Maximum received power PRmax
Noise power
SINR threshold of cellular links SINRthre
Interference threshold of D2D communications 𝜂

System interference (dBm)

In addition, the transmit power of D2D communications
is determined by D2D transmitters. The initial transmit
power of a D2D pair is PTmax . According to the received
power reported from D2D receiver, D2D transmitter computes the path loss. If the received power at receiver is lower
than PRmax , the transmitter keeps transmit power. If the
received power is larger than PRmax , the transmitter computes
a new transmit power according to the path loss. By power
control, the interference can be further reduced.

Value
1000 m
5
40 m
23 dBm
23 dBm
−106 dBm
−174 dBm
6 dB
−90 dBm

−80
−90
−100
−110
−120

5

6

7
8
The number of D2D pairs

9

Enumeration scheme
Proposed scheme
Random scheme

Figure 3: System interference with the number of D2D pairs.

Figure 3 shows that the system interference changed with the
number of D2D pairs. It is shown that the interference level
changed little with pair number. The enumeration scheme has
the lowest interference level, the interference of the proposed
scheme is bigger than the optimal scheme by 16 dB, and the
interference of the random scheme is the largest.
Moreover, we investigate the performance of system
capacity. Figure 4 shows that, with different number of
D2D pairs, the enumeration scheme achieves the optimal
performance and the proposed scheme achieves suboptimal
performance. However, the computational complexity of
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but much lower than the random scheme. Furthermore, the
proposed scheme can achieve suboptimal system capacity
with much lower computational complexity than the enumeration scheme. At the same time, the proposed scheme sharply
decreases the amount of feedback information.
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Figure 5: The average feedback amount with the number of D2D
pairs.

the proposed scheme is much lower than the enumeration
scheme. On the other hand, compared with the random
scheme, the proposed scheme has a significant performance
promotion in system capacity. In sum, we can conclude that
the proposed scheme is an efficiency method for resources
allocation.
Figure 5 shows that the average feedback information of
all D2D pairs in system changed with the number of D2D
pairs. As it is shown, the feedback amount of the enumeration
scheme is much higher than the proposed scheme, and the
difference between these two schemes is becoming larger
with the number of D2D pairs increasing. It is indicated that
the feedback model can not only help construct the edge
between D2D pairs, but also effectively reduce the amount of
feedback information. Therefore, the proposed scheme will
not increase overhead to the system.

5. Conclusions
In this paper, we proposed a resources allocation scheme
based on graph theory for D2D communication underlying
cellular networks in multiuser scenario. Simulation results
show that the proposed resources allocation scheme achieves
a lower interference level which is close to the optimal scheme
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D2D communication trades short-range communication for achieving high communication rate and short communication latency.
Relay aided D2D communication can further tackle the problem of intermediate obstacles blocking the communication. In this
work, multidevice multicast communication via a layer of parallel relay nodes is considered. Two relaying strategies, respectively,
called the conventional relaying (CR) and network-coded relaying (NCR), are proposed. The throughput of these two schemes is
analytically derived and evaluated through numerical study. Theoretically, NCR shows advantage over CR in twofold: one is higher
throughput and the other is requiring less relay nodes and, hence, consuming less aggregate power. Numerical studies verify the
analysis and show that the throughput performance gap between the two schemes increases significantly, actually exponentially
with the number of devices.

1. Introduction
The main idea of D2D communication is to use short-range
communication to trade for high rate communication, short
delivery latency, and low aggregate consumption power [1–
3]. Sometimes, due to the mobility of devices (devices move
out of the communication coverage) or due to the fact that
intermediate obstacles are blocking the communication, the
communication link may be down intermittently [4]. These
facts render relay-aided D2D communication necessary.
For relay-aided communication networks [5, 6], there are
mainly two categories of strategies adopted by intermediate
relay, including physical-layer relaying and network-coded
relaying. For simple topology, for example, the point-to-point
D2D communication via intermediate relays [7], capacity is
given by the physical-layer technique in certain scenarios [8–
10]. However, for complex topology, physical-layer technique
tends to be unwieldy, while network coding (NC) [11, 12]
shows significant advantages. Typical topology examples
include interference network [13], multicast multihop network [14], intracell uplink relay network [15], and multiple

unicasts networks [16] including three-node Alice-and-Bob
relay network, two unicasts X-topology, cross topology, and
wheel topology [17–25].
The full-duplex relay assumption in the above investigations is not practical [26]. In practice, if “cheap” relay
is adopted, namely, half-duplex relay [27], which cannot
transmit and receive simultaneously, the advantage of NC
shown in the above investigations may be lost due to the
orthogonal transmission nature of the multiple transmitters.
In this paper, we investigate a more general and practical
model by considering the scenario where multiple devices
exchange information via a layer of intermediate relays,
namely, relay-aided D2D multicasting communication. For
this model, we propose two relaying protocols based on the
physical-layer and NC technique, respectively. Details of each
technique are illustrated below.
Physical-Layer Technique. Firstly, for the special case where
there is a single relay, the communication stage when all the
devices transmit simultaneously can be viewed as multiple
access channel (MAC) [28]. After this MAC stage, the
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relay broadcasts superimposed signals originating from the
devices, and the corresponding channel can be viewed as
broadcast channel (BC). In the BC stage, power allocation
among all the information streams originating from different
devices may degrade the system performance. In addition,
due to heavy burden on the single relay, multiple cheap
relays cooperately share the burden become a preference.
One natural solution is that a lot of parallel relays are
deployed between the devices, with each relay serving a
single device, respectively, a device, a relay that serves it, and
the other destination devices form a multicast single relay
network. We call this strategy conventional multicast relaying
(CMCR). The most desirable feature of this scheme is the
simple operation at each relay. However, since each relay only
decodes one device’s information while treating the other
devices’ signals as interference, the performance of CMCR is
interference-limited [29].
NC Technique. After the MAC stage, each relay firstly applies
NC operation on some information flows originating from
different devices and then multicasts the resultant information flow to all the devices. Each device can employ the idea of
side information-aided decoding [30]. More specifically, each
device performs decoding utilizing the message originating
from itself. We call this strategy network-coded multicast
relaying (NCMCR). The most desirable feature of NCMCR
is that the interference can be reduced to some extent, since
more devices’ signals are decoded at each relay and hence less
devices’ signals are treated as interference. Besides, this does
not involve power allocation among the information streams
at each relay node, which also embodies NC’s advantage over
the physical relaying technique.

2. System Model
Refer to Figure 1. Consider 𝑀 devices, denoted as 𝑈𝑖 for 𝑖 =
{1, 2, . . . , 𝑀} ≜ M, exchanging information over a layer of 𝑁
parallel relays, denoted as 𝑅𝑖 for 𝑖 = {1, 2, . . . , 𝑁} ≜ N. Define
device terminal set U ≜ {𝑈1 , 𝑈2 , . . . , 𝑈𝑀} and relay node set
R ≜ {𝑅1 , 𝑅2 , . . . , 𝑅𝑁}. Device 𝑈𝑖 multicasts information 𝑚𝑖
to the other devices U/{𝑈𝑖 }, 𝑖 ∈ M. The devices are assumed
to be so far away that the wireless link between them can be
neglected. We assume that the communication between any
pair of devices experiences two hops, that is, through certain
relay nodes. Each node in the network is assumed to have
one single antenna and operates in half-duplex mode. Node
𝑖 ∈ U ∪ R is subject to power constraint 𝑃𝑖 . For simplicity,
we consider additive white Gaussian noise (AWGN) at the
receiver.
The communication between any pair of devices is
performed in two time slots. During the first time slot, the
devices simultaneously distribute their data while the relays
listen. During the second time slot, the relays forward the
messages to the devices.
Let 𝑋𝑖 [𝑚], 𝑌𝑖 [𝑚], and 𝑤𝑖 [𝑚] be, respectively, the transmitted symbol from node 𝑖, the received symbol, and the
thermal noise at node 𝑖, at time 𝑚, respectively, 𝑖 ∈ U ∪ R.
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Figure 1: The general model.

The first hop’s input-output relationship is represented by the
following formula:
𝑌𝑅𝑖 [𝑚] = ∑ 𝑋𝑈𝑗 [𝑚] + 𝑤𝑖 [𝑚] ,

𝑖 ∈ N, 𝑗 ∈ M,

𝑗∈U

(1)

which is subject to
Var {𝑋𝑈𝑗 [𝑚]} ≤ 𝑃𝑈𝑗 .

(2)

For simplicity, we assume that 𝑃𝑖 = 𝑃 and 𝑤𝑖 [𝑚] ∼ CN(0, 𝜎2 )
for all 𝑖 ∈ U∪R. Define signal-to-noise ratio (SNR) Γ ≜ 𝑃/𝜎2 .
The second hop’s input-output relationship depends on the
selected transmission scheme and is hence detailed in the
following sections. Define 𝑅𝑚𝑖 and 𝑅𝑚𝑖 ,𝑚𝑗 as the data rate of
information flow originating from source 𝑈𝑖 and the data
rate of information flows originating from sources 𝑈𝑖 and 𝑈𝑗 ,
respectively, 𝑖, 𝑗 ∈ U, 𝑖 ≠𝑗.
Remark 1. Throughout this paper, we assume that matchedfilter receiver is used; hence, the achievable rate in each hop
can be denoted by its capacity, and we let 𝐶(𝑥) ≜ log2 (1 + 𝑥).

3. Proposed Transmission Protocols
For easy understanding, we first consider the special case
where there are three devices in Section 3.1. We then generalize the above results to an arbitrary number of devices
together with mathematical analysis, that is, to 𝑀 > 3, in
Section 3.2.
3.1. Proposed Schemes for Three Devices. We describe the conventional method, the proposed method, and the refined
proposed method, respectively.
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Figure 2: Conventional relaying.

Figure 3: Network-coded relaying.

3.1.1. Conventional Multicast Relaying (CMCR). Refer to
Figure 2. Relay 𝑅𝑖 adopts decode-and-forward (DF) strategy
to relay device 𝑈𝑖 ’s signal to the other devices, 𝑖 ∈ {1, 2, 3} ≜
U3 . In the following, we derive the achievable rate of each
device. Note that there are totally two stages of transmission
and the achievable rate is the minimum of these two stages.
In the first stage, since relay 𝑅𝑖 only decodes the message
originating from device 𝑈𝑖 , the signals originating from other
devices’ are treated as interference, 𝑖 ∈ U3 . In this case, the
achievable rate region is

Combining (4) and (6), we obtain that the achievable rate
region of each device by CMCR is

𝑅𝑚𝑖 ≤ 𝐶 (

𝜎2

𝑃𝑈𝑖
+ ∑𝑗∈U3 ,𝑗=𝑖̸ 𝑃𝑈𝑗

),

(3)

which is simplified to
𝑅𝑚𝑖 ≤ 𝐶 (

1
).
1/Γ + 2

(4)

In the second stage, device 𝑈𝑖 intends to decode the
messages from relays 𝑅𝑗 ’s for 𝑗 ∈ U3 /{𝑖}. This stage can be
viewed as a two-user MAC by treating the signal from relay
𝑅𝑖 as interference. In this case, the achievable rate region is
𝑅𝑚𝑗 ≤ 𝐶 (
𝑅𝑚𝑗 + 𝑅𝑚𝑘 ≤ 𝐶 (

𝑃𝑅𝑗
𝜎2

+ 𝑃𝑅𝑖

𝑃𝑅𝑗 + 𝑃𝑅𝑘
𝜎2 + 𝑃𝑅𝑖

),

),

𝑗 ∈ U3 / {𝑖} ,
(5)
𝑗, 𝑘 ∈ U3 / {𝑖} , 𝑗 ≠𝑘.

CMCR
𝑅𝑚
≤ min (𝐶 (
𝑖

= 𝐶(

1
1
2
), 𝐶(
))
1/Γ + 2 2
1/Γ + 1

1
).
1/Γ + 2

(7)
(8)

3.1.2. Network-Coded Multicast Relaying (NCMCR). Refer to
Figure 3. Device 𝑈𝑖 selects relays 𝑅𝑗 for all 𝑗 ∈ U3 \ {𝑖} as
the intermediate relays to forward its message to the other
devices. Relay 𝑅𝑗 performs the following procedures. Firstly,
it decodes the messages from devices 𝑈𝑖 for 𝑖 ∈ U3 \ {𝑗}.
Afterwards, it performs exclusive OR (XOR) operation on
the decoded information bits. Finally, it encodes the resultant
information bits into new codeword and sends the resultant
codeword out. We derive the achieved rate region in the
following.
In the first stage, relay 𝑅𝑖 needs to decode the signals from
devices 𝑈𝑗 ’s for 𝑗 ∈ U3 \ {𝑖}. This stage can be viewed as a twouser MAC. The achievable rate region is
𝑅𝑚𝑗 ≤ 𝐶 (
𝑅𝑚𝑗 + 𝑅𝑚𝑘 ≤ 𝐶 (

𝑃𝑈𝑗
𝜎2

+ 𝑃𝑈𝑖

𝑃𝑈𝑗 + 𝑃𝑈𝑘
𝜎2 + 𝑃𝑈𝑖

),

),

𝑗 ∈ U3 / {𝑖} ,
(9)
𝑗, 𝑘 ∈ U3 / {𝑖} , 𝑗 ≠𝑘.

From (9), we obtain the achievable rate region of device 𝑈𝑖 in
the first stage as

From (5), we obtain that the achievable rate region of the
message rate originating from device 𝑖 in the second stage is

1
2
𝑅𝑚𝑖 ≤ 𝐶 (
).
2
1/Γ + 1

1
2
𝑅𝑚𝑖 ≤ 𝐶 (
).
2
1/Γ + 1

In the second stage, since device 𝑈𝑖 intends to decode the
messages from relays 𝑅𝑗 ’s for 𝑗 ∈ U3 \{𝑖}, the channel can also

(6)

(10)
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U1

be viewed as a two-user MAC. The achievable rate region at
decoder 𝑈𝑖 is
𝑅𝑚𝑖 ,𝑚𝑗 ≤ 𝐶 (
𝑅𝑚𝑖 ,𝑚𝑗 + 𝑅𝑚𝑖 ,𝑚𝑘 ≤ 𝐶 (

m1

𝑃𝑅𝑗
𝜎2 + 𝑃𝑅𝑖

𝑃𝑅𝑗 + 𝑃𝑅𝑘
𝜎2 + 𝑃𝑅𝑖

),

𝑗 ∈ U3 \ {𝑖} ,

),

𝑗, 𝑘 ∈ U3 \ {𝑖} , 𝑗 ≠𝑘.
(11)
R3

R2

Note that

m1 ⊕ m3

m1 ⊕ m2

𝑅𝑚𝑖 ,𝑚𝑗 = min (𝑅𝑚𝑖 , 𝑅𝑚𝑗 ) ,

𝑖, 𝑗 ∈ U3 , 𝑖 ≠𝑗.

(12)

From (11) and (12), we obtain that the achievable rate region
of device 𝑈𝑖 in the second stage is
1
2
𝑅𝑚𝑖 ≤ 𝐶 (
).
2
1/Γ + 1

1
2
≤ 𝐶(
).
2
1/Γ + 1

>

CMCR
𝑅𝑚
,
𝑖

m3

U3

Figure 4: Two relays.

(14)

3.1.3. Refined NCMCR. Combining (8) and (14), we can
obtain
NCMCR
𝑅𝑚
𝑖

m2

(13)

Combining (10) and (13), we obtain that the achievable
rate region of device 𝑈𝑖 by NCMCR is
NCMCR
𝑅𝑚
𝑖

U2

(15)

which shows the advantage of NCMCR over CMCR. However, for more than 3 devices, the number of relays needed
2
by intuitively applying NCMCR should be 𝐶𝑀
, while CMCR
requires only 𝑀 relays.
In the following, we propose a method based on NCMCR
to reduce the number of relays required to be even less than
the number of devices. Without loss of generality, we first
illustrate the case for 𝑀 = 3. We remove relay 𝑅1 and
keep the operations performed on the other relay nodes the
same as those described in Section 3.1.2 (refer to Figure 4).
Obviously, the decoding at device 𝑈1 can be made the same as
before. Now, let us consider the decoding operation at devices
𝑈2 and 𝑈3 . Without loss of generality, we consider node 𝑈2
only. It intends to decode 𝑚1 and 𝑚3 . Since 𝑚2 is available
to 𝑈2 and hence can be viewed as side information [31],
node 𝑈2 first performs XOR operation on 𝑚2 with 𝑚1 ⊕ 𝑚2
which is forwarded by relay 𝑅2 , obtaining 𝑚1 . Afterwards, 𝑈2
performs XOR operation again on 𝑚1 and 𝑚1 ⊕ 𝑚3 which is
forwarded by relay 𝑅3 , obtaining 𝑚3 . We name this protocol
as refined network-coded multicast relaying (RNCMCR).
In the following, we derive the achievable rate region of
RNCMCR.
In the first stage, consider relay 𝑅2 . It needs to decode the
message from devices 𝑈1 and 𝑈2 , respectively. The channel

can be viewed as a two-user MAC. The achievable rate region
is, therefore,
𝑅𝑚𝑗 ≤ 𝐶 (

𝑃𝑈𝑗
𝜎2

+ 𝑃𝑈3

),

𝑅𝑚1 + 𝑅𝑚2 ≤ 𝐶 (

𝑗 ∈ {1, 2} ,

𝑃𝑈1 + 𝑃𝑈2
𝜎2 + 𝑃𝑈3

(16)
).

Similarly, for relay 𝑅3 in the first stage, we have
𝑅𝑚𝑗 ≤ 𝐶 (

𝑃𝑈𝑗
𝜎2 + 𝑃𝑈2

),

𝑅𝑚1 + 𝑅𝑚3 ≤ 𝐶 (

𝑗 ∈ {1, 3} ,

𝑃𝑈1 + 𝑃𝑈3
𝜎2 + 𝑃𝑈2

(17)
).

We then obtain that the achievable rate region of device 𝑈𝑖 in
the first stage is
1
2
𝑅𝑚𝑖 ≤ 𝐶 (
).
2
1/Γ + 1

(18)

In the second stage, for device 𝑈2 , we have
𝑅𝑚1 ,𝑚2 ≤ 𝐶 (
𝑅𝑚1 ,𝑚3 ≤ 𝐶 (

𝑃𝑅2
𝜎2

𝑃𝑅3
𝜎2

𝑅𝑚1 ,𝑚2 + 𝑅𝑚1 ,𝑚3 ≤ 𝐶 (

) = 𝐶 (Γ) ,
) = 𝐶 (Γ) ,

𝑃𝑅2 + 𝑃𝑅3
𝜎2

(19)

) = 𝐶 (2Γ) .

We then obtain that the achievable rate region of device 𝑈𝑖 in
the second stage is
1
𝑅𝑚𝑖 ≤ 𝐶 (2Γ) .
2

(20)
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Combining (18) with (20), we obtain that the achievable
rate region of device 𝑈𝑖 by RNCMCR is
1
2
≤ 𝐶(
),
2
1/Γ + 1

(21)

which is the same as (14). It naturally indicates a conjecture
that, for 𝑀 devices, 𝑀 − 1 relays are enough for RNCMCR
without performance penalty with respect to that composed
2
relays. In the next subsection, we analytically verify this
of 𝐶𝑀
conjecture and compare RNCMCR with CMCR.
3.2. Analysis for General Number of Devices. We first derive
the achievable rate region obtained by CMCR and RNCMCR,
respectively. We then compare these two schemes.
3.2.1. CMCR. Following the above derivation steps, we can
obtain that the achievable rate region by CMCR for 𝑀 devices
and 𝑀 relays in each stage is as follows.

1.2
Throughput (Baut/Hz)

RNCMCR
𝑅𝑚
𝑖

1
0.8
0.6
0.4
0.2
0
−20

−10

𝑅 ≤ 𝐶(

20

30

40

NCMCR
CMCR

1
),
𝑡+𝑀−1

(22)

3.2.3. Comparison. Comparing (25) with (29), we obtain

where 𝑡 ≜ 1/Γ.

𝑅RNCMCR > 𝑅CMCR .

Stage 2. Consider
1
𝑀−1
𝑅≤
𝐶(
).
𝑀−1
𝑡+1

(23)

By jointly considering these two stages, we obtain
𝑅CMCR ≤ min (𝐶 (

1
1
𝑀−1
),
𝐶(
)) (24)
𝑡+𝑀−1 𝑀−1
𝑡+1

1
),
𝑡+𝑀−1

(25)

where the proof of (25) is given in The Appendix.
3.2.2. RNCMCR. Following the above derivation steps, we
can obtain that the achievable rate region by RNCMCR for
𝑀 devices and 𝑀 − 1 relays in each stage as follows.
Stage 1. Consider
𝑅≤

𝑀−1
1
𝐶(
).
𝑀−1
𝑡+1

(26)

𝑅≤

1
𝑀−1
𝐶(
).
𝑀−1
𝑡

(27)

Stage 2. Consider

𝑅RNCMCR ≤ min (

1
𝑀−1
1
𝑀−1
𝐶(
),
𝐶(
))
𝑀−1
𝑡+1
𝑀−1
𝑡
(28)

1
𝑀−1
𝐶(
).
𝑀−1
𝑡+1

(30)

It reveals the fact that RNCMCR outperforms CMCR twofold. On one hand, it uses less relays and hence needs less
aggregate power budget. On the other hand, according to
(30), RNCMCR outperforms CMCR in terms of achievable
rate.

4. Numerical Study
In this section, we compare the achievable throughput of
different schemes, where throughput is defined as the sum
rate of all devices in the network. We set 𝜎 = 1.
For 𝑀 = 3, the achievable throughput of NCMCR and
CMCR is plotted in Figure 5. We can see that the performance
improvement in the high SNR region is around 33%.
In Figure 6, we consider the case where 𝑀 = 100. We
can see that the performance improvement is much more
significant than the 𝑀 = 3 case.
To show the advantage under different number of devices,
we plot Figure 7 with the horizontal axis representing the
number of devices. We can see that the performance advantage increases linearly with respect to the logarithm of 𝑀.
This indicates that our proposed scheme scales well with the
network size (in terms of the number of devices).

5. Conclusion

By jointly considering these two stages, we obtain

=

10
SNR (dB)

Figure 5: Throughput comparison at different SNRs, 𝑀 = 3.

Stage 1. Consider

= 𝐶(

0

(29)

The throughput of a D2D communication aided by a multidevice multicast two-hop Gaussian parallel relay network
is analyzed. Both conventional relaying (CR) strategy and
network-coded relaying (NCR) strategy together with refined
version are proposed. Their achievable rates are evaluated
theoretically and numerically. Comparison results show that
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𝑀 = 3 has been analyzed previously, it suffices to prove for
the cases 𝑀 ≥ 4 that the following equation holds:

3.5

Throughput (Baut/Hz)

3

1
𝑀−1
1
)<
𝐶(
).
𝑡+𝑀−1
𝑀−1
𝑡+1
It is equivalent to prove
𝐶(

2.5
2

1+

1.5
1

⇐⇒ (

0.5
0
−30

𝑀 − 1 1/(𝑀−1)
1
)
< (1 +
𝑡+𝑀−1
𝑡+1

(A.3)

𝑡 + 𝑀 𝑀−2 𝑡 + 𝑀 − 1
(A.4)
<
)
.
𝑡+𝑀−1
𝑡+1
At high SNR, we have 𝑡 → 0. Hence, (A.4) is equivalent

−20

−10

0
SNR (dB)

10

20

30

to
(

𝑀 𝑀−2
<𝑀−1
)
𝑀−1
𝑀−2
1
⇐⇒ (1 +
< 𝑀 − 1.
)
𝑀−1

Figure 6: Throughput comparison at different SNRs, 𝑀 = 100.

(A.5)

Note that 𝑓(𝑥) ≜ (1 + (1/𝑥))𝑥−1 monotonically increases with
respect to 𝑥 when 𝑥 > 0 and lim𝑥 → ∞ 𝑓(𝑥) = 𝑒 < 3 ≤ 𝑀 − 1
when 𝑀 ≥ 4. We hence obtain (25).
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8
7
Throughput (Baut/Hz)
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NCR outperforms CR; the advantage increases linearly with
respect to the logarithm of the number of devices, which
indicates that the proposed scheme scales well with the
network size.

Appendix
Proof for (25)
Proof. Since the case where 𝑀 = 2 is just the Alice-and-Bob
model which has been considered in [32] and the case where
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Device-to-device (D2D) communications and femtocell systems can bring significant benefits to users’ throughput. However, the
complicated three-tier interference among macrocell, femtocell, and D2D systems is a challenging issue in heterogeneous networks.
As D2D user equipment (UE) can cause interference to cellular UE, scheduling and allocation of channel resources and power of
D2D communication need elaborate coordination. In this paper, we propose a joint scheduling and resource allocation scheme
to improve the performance of D2D communication. We take UE rate and UE fairness into account by performing interference
management. First, we construct a Stackelberg game framework in which we group a macrocellular UE, a femtocellular UE, and a
D2D UE to form a two-leader one-follower pair. The cellular UE are leaders, and D2D UE is the follower who buys channel resources
from the leaders. We analyze the equilibrium of the game and obtain solutions to the equilibrium. Second, we propose an algorithm
for joint scheduling of D2D pairs based on their utility. Finally, we perform computer simulations to study the performance of the
proposed scheme.

1. Introduction
With the increasing demand for larger system capacity
and ubiquitous service quality in wireless communication,
device-to-device (D2D) communication is a promising technology which has been considered as an important feature to
be integrated into the long term evolution-advanced (LTEA) system. As a type of proximity communication, D2D
communication enables user equipment (UE) to communicate with each other directly without traversing the evolved
NodeB (eNB) when UE is in close distance [1, 2]. There
are multiple transmission modes for D2D communication
coexisting with cellular networks. Inband mode indicates the
method of D2D reusing cellular spectrum, while outband
mode indicates that D2D occurs on unlicensed band [3].
In inband mode, the interference among participators can
be properly controlled, due to the controlling mechanism
of cellular spectrum based networks [4, 5]. Therefore, D2D
communication makes a great contribution in improving
system throughput and extending UE’s battery lifetime.

On the other hand, network topology has been considered as one of the key issues to make a leap on the
performance of networks [6]. Using a mix of several cellular
systems, heterogeneous networks enables flexible and lowcost deployments with higher spectral efficiency and better
user experience [7]. As a type of such technology, femtocells
have gathered considerable interest recently, since they can
efficiently offload traffic burden of macrocell base station
(MBS), which will consequently improve network coverage
and capacity.
In the literature, studies on resource management of D2D
communication focus on power optimization, resource allocation, and mode selection when they perform as an underlay
in traditional cellular networks reusing uplink resource [8–
10]. In [11], the optimal selection of possible resource sharing
modes of D2D pairs with the cellular network in a single cell
is studied, and a mode selection procedure for a multicell
environment is proposed. A greedy heuristic algorithm that
can lessen interference from D2D to cellular network utilizing
channel gain information was proposed in [12]. In [13],
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the optimum power allocation method is derived for the
scenario with prioritized cellular communication and an
upper limit on the maximum transmission rate of all links.
In [14], an open-access algorithm for femtocell base stations
in D2D LTE-advanced networks is proposed to optimize
network connectivity. Distributed power allocation strategies
are discussed in [15] using Stackelberg game, where a central
macrocell is underlaid with several femtocells.
Generally, as a secondary underlay which reuses the spectrum resources of the primary system, resource allocation of
D2D pairs is an important but challenging task to improve the
performance of heterogeneous macrocell-femtocell networks
[16, 17], since the receivers in this system suffer from threetier interference, that is, macro-to-device, femto-to-device,
and device-to-device interference [18]. In previous SINRthreshold-based power control method [19, 20], only one
system, either macrocell or femtocell, has been considered
to determine transmit power of D2D pairs, which can be
inefficient and impede sufficient deployment of D2D communications. Other related research on multilayer interference
management in heterogenous networks is limited in number.
In this paper, we study resource management for D2D
communication in heterogeneous networks utilizing game
theory approach. Given D2D’s underlay status in the system,
Stackelberg game framework is well suited for the situation.
The rest of this paper is organized as follows. In Section 2,
system model of heterogeneous networks with D2D communication as an underlay is illustrated. In Section 3, we
formulate the problem as a two-level Stackelberg game.
In Section 4, solutions for the proposed game are derived
by attaining Stackelberg game equilibrium. In Section 5,
simulation results are presented to validate the proposed
scheme. Finally, Section 6 concludes the paper.

2. System Model
We consider the uplink of a macro/femto/D2D system in
a single cell with a macrocell base station (MBS) in the
center. One femtocell is randomly located in the same
cell. The femtocell is assumed to be round-shaped with a
femtocell base station (FBS) deployed at the center of the
house. The femtocell serves several indoor users, which are
randomly located within the house. Several macrocell UE are
distributed out of the femtocell. There are multiple outdoor
D2D UE around the considered femtocell. The D2D UE are
in pairs, each consisting of one transmitter and one receiver
between which the communication distance is 𝑅𝑑 . If D2D
pairs are far enough away from the femtocell, the interference
they cause to the considered femtocell can be neglected.
Therefore, we locate D2D pairs around the central house in
the shadowed area with width of 𝑑, as shown in Figure 1.
We assume that the number of macrocell UE is 𝐾, and
hence there are 𝐾 orthogonal channels which are occupied
by the corresponding macrocell UE. The channels allocated
to the macrocell UE are fixed. The femtocell system and D2D
pairs share the channels with macrocell UE. The number of
the femtocell UE is 𝐾. One channel is only allowed to be used
by one macrocell UE, one femtocell UE, and one D2D pair.
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Macrocell base station
(MBS)

Macrocell user
D2D pair 1

Femtocell

D2D pair 2

Communication link
Interference link

Figure 1: System model.

We consider a dense D2D environment, where the number
of macrocell UE (𝐾) is smaller than the number of D2D
pairs (𝐷). The set of macrocell UE, femtocell UE, and D2D
pairs are K, F, and D, respectively. In LTE, scheduling takes
place in every transmission time interval (TTI) [21]. Channels
are allocated among D2D pairs according to their priority.
During each TTI, 𝐾 D2D pairs are selected to share the 𝐾
channels with macrocell UE and the femtocell UE while other
D2D pairs wait for transmission.
We use a set of 𝑥𝑖𝑘 (𝑖 ∈ D, 𝑘 ∈ K) to denote the
current D2D pair in communication. 𝑥𝑖𝑘 = 1 if the 𝑖th D2D
pair is selected to use channel 𝑘, and 𝑥𝑖𝑘 = 0 otherwise.
Define 𝑃1𝑘 , 𝑃2𝑘 , and 𝑃𝑖 as transmit power of the 𝑘th macrocell
UE, 𝑘th femtocell UE, and 𝑖th D2D transmitter, respectively.
Therefore, the received SINR at MBS corresponding to 𝑘th
macrocell UE is
𝛾𝑘𝑀 =

𝑃1𝑘 𝑔𝑀𝑘 𝐵
∑𝑖 𝑥𝑖𝑘 𝑃𝑖 𝑔𝐷𝑖 𝑀𝑘 + 𝑁0

,

(1)

where 𝑔𝑀𝑘 𝐵 denotes channel gain between 𝑘th macrocell UE
and MBS. 𝑔𝐷𝑖 𝑀𝑘 denotes channel gain between 𝑖th D2D transmitter and MBS. The received SINR at FBS corresponding to
𝑘th femtoocell UE is
𝛾𝑘𝐹 =

𝑃2𝑘 𝑔𝐹𝑘 𝐵
∑𝑖 𝑥𝑖𝑘 𝑃𝑖 𝑔𝐷𝑖 𝐹𝑘 + 𝑁0

,

(2)

where 𝑔𝐹𝑘 𝐵 denotes channel gain between 𝑘th femtocell UE
and FBS. 𝑔𝐷𝑖 𝐹𝑘 denotes channel gain between the 𝑖th D2D
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transmitter and FBS. The SINR at 𝑖th D2D receiver can be
expressed as
𝛾𝑖 =

𝑃𝑖 𝑔D2D𝑖
∑𝑘 𝑥𝑖𝑘 𝑃1𝑘 𝑔𝑀𝑘 𝐷𝑖 + ∑𝑘 𝑥𝑖𝑘 𝑃2𝑘 𝑔𝐹𝑘 𝐷𝑖 + 𝑁0

,

(3)

where 𝑔D2D𝑖 denotes channel gain between 𝑖th D2D transmitter and 𝑖th D2D receiver, which are in a pair. 𝑔𝑀𝑘 𝐷𝑖 denotes
channel gain between 𝑘th macrocell UE and 𝑖th D2D receiver.
𝑔𝐹𝑘 𝐷𝑖 denotes channel gain between 𝑘th femtocell UE and 𝑖th
D2D receiver. The channel rate of a UE can be obtained by
𝑟 = log2 (1 + 𝛾) .

(4)

3. Stackelberg Game Formulation
As D2D communication takes place underlaying the heterogeneous networks, we focus on power control and scheduling
of D2D UE, while transmit power of macrocell UE and femtocell UE are assumed to be fixed. D2D communication can
utilize the proximity between UE to improve the throughput
performance of the system. In the meanwhile, interference
from D2D pairs to cellular network should be limited. Thus,
transmit power of D2D UE should be properly controlled.
Another goal is to guarantee the fairness among D2D UE
when scheduling. In this section, we first formulate this
problem as a resource allocation method using Stackelberg
game based scheme; then we first obtain solutions to the
outcomes of the proposed game.
3.1. Two-Level Game Framework. Interactions among selfish
cellular UE and D2D UE sharing a channel can be modeled
as a noncooperative game using game theory framework.
When players choose their strategies independently without
any coordination, it usually leads to an inefficient outcome.
If we simply model this scenario as a noncooperative game,
D2D transmitters will choose to use the maximum transmit
power to maximize their own payoffs regardless of other
players, whereas cellular UE will choose not to share channel
resources with D2D UE. This is an inefficient outcome, as
either the interference is too serious or D2D cannot get access
into the network.
Therefore, we employ the Stackelberg game to coordinate
the scheduling, in which macrocell UE and femtocell UE are
leaders and D2D UE are followers. We focus on the behavior
of a two-leader one-follower pair, of which a macrocell UE
and a femtocell UE are the leaders; a D2D UE is the follower.
They share the same channel resource. The leaders own the
channel resource and they can charge D2D UE some fees for
using the channels. The fees are fictitious money to coordinate
the system. Thus, the cellular UE have an incentive to share
the channel with D2D UE if it is profitable, and the leaders
have the right to decide the price. For D2D UE, under
the charging price, they can choose the optimal power to
maximize their payoffs. In this way, an equilibrium can be
reached.
3.1.1. D2D UE/Follower-Level. The D2D pair can be modeled
as a buyer and aims to obtain the most benefits, at least possi-

ble payments. The utility of the follower can be defined as its
own throughput performance minus the cost it pays for using
the channel. The fees should be decided according to the
leaders’ consideration. Thus, the fee is charged proportionally
to the amount of interference the leaders observe, which can
be expressed as
𝑈D2D𝑖 = 𝛼 log2 (1 +

𝑃𝑖 𝑔D2D𝑖
𝑃1𝑘 𝑔𝑀𝑘 𝐷𝑖 + 𝑃2𝑘 𝑔𝐹𝑘 𝐷𝑖 + 𝑁𝑜

)
(5)

− 𝑝𝑖1 𝑃𝑖 𝑔𝐷𝑖 𝐹𝑘 − 𝑝𝑖2 𝑃𝑖 𝑔𝐷𝑖 𝑀𝑘 ,
where 𝑝𝑖1 and 𝑝𝑖2 are the charging prices (𝑝𝑖1 > 0, 𝑝𝑖2 > 0)
of MBS and FBS, respectively. We denote the set of prices for
𝑖th D2D as 𝑝𝑖𝑗 , where 𝑗 ∈ {1, 2}. 𝛼 is a scale factor to denote
the ratio of the D2D’s gain and its per unit of rate. Since the
two terms in the utility function are uniform in measurement
units, the scale factor 𝛼 is introduced to better integrate them.
𝛼 is a key parameter to influence the outcome of the game,
which we will discuss later.
The optimization problem of follower-level game can be
formulated as
max

𝑈D2D𝑖 ,

s.t.

𝑃𝑖 ≥ 0.

(6)

3.1.2. Macrocell UE and Femtocell UE/Leader-Level. The
macrocell UE and femtocell UE can be seen as two seller and
aim to not only earn the payment but also gain as many extra
profits as possible. The utility of the leaders can be defined
as their gain from the follower minus the interference they
observe from the D2D pair. The utility function of the leaders
can be, respectively, described as
𝑈𝑖1 = −𝑃𝑖 𝑔𝐷𝑖 𝑀𝑘 + 𝑝𝑖1 𝛽1 𝑃𝑖 𝑔𝐷𝑖 𝑀𝑘 ,
𝑈𝑖2 = −𝑃𝑖 𝑔𝐷𝑖 𝐹𝑘 + 𝑝𝑖2 𝛽2 𝑃𝑖 𝑔𝐷𝑖 𝐹𝑘 ,

(7)

where 𝑈𝑖1 denotes utility of MBS and 𝑈𝑖2 denotes utility of
FBS. 𝛽 is a factor to denote the ratio of the leader’s gain
and the follower’s payment. It mainly influences the speed of
convergence of the proposed game.
The optimization problem of leader-level is to set a set of
charging prices that maximize their utility, that is,
max

𝑈𝑖1 , 𝑈𝑖2

s.t.

𝑝1 > 0,

𝑝2 > 0.

(8)

The choice of the optimal prices 𝑝𝑖1 and 𝑝𝑖2 is affected not only
by distance and channel conditions between D2D transmitter
and base stations, but also by each other.
The outcome of the proposed game will be shown in detail
in the following section.
3.2. Analysis of the Proposed Game. In the Stackelberg game,
the leaders move first and the follower moves sequentially;
that is, the leaders set the prices first, and the follower selects
its best transmit power based on the price. The leaders know
ex ante that the follower observes their action. Therefore, the
game can be solved by backward induction.
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3.2.1. Analysis of the Follower-Level Game. In Stackelberg
game, the leader has the preferential right of pricing on the
follower cost, while the follower has no direct influence on the
prices. Therefore, in every step of pricing updating process,
since prices have been set by the leaders, they remain constant
at this very step from the perspective of the follower. As
illustrated in (5), given 𝑝𝑖1 and 𝑝𝑖2 decided by the leaders,
when 𝑃𝑖 approaches 0, the utility of D2D approaches 0 as
well. As 𝑃𝑖 increases, 𝑈D2D𝑖 also increases. If 𝑃𝑖 grows too
large, 𝑈D2D𝑖 will begin to decrease since the logarithmic
function grows slower than the cost. The follower wants to
maximize its utility by choosing proper transmit power. The
best response is derived by solving
𝜕𝑈D2D𝑖
𝜕𝑃𝑖

=

𝑔D2D𝑖
𝛼
− 𝑝𝑖1 𝑔𝐷𝑖 𝑀𝑘 − 𝑝𝑖2 𝑔𝐷𝑖 𝐹𝑘 = 0, (9)
ln 2 𝑃𝑖 𝑔D2D𝑖 + 𝐺

where
𝐺 = 𝑃1𝑘 𝑔𝑀𝑘 𝐷𝑖 + 𝑃2𝑘 𝑔𝐹𝑘𝐷𝑖 + 𝑁0 .

(10)

𝑃̂𝑖 =

ln 2 (𝑝𝑖1 𝑔𝐷𝑖 𝑀𝑘 + 𝑝𝑖2 𝑔𝐷𝑖 𝐹𝑘 )

−

𝐺
𝑔D2D𝑖

.

(11)

From (11), we know the power is monotonically decreasing with 𝑝1 and 𝑝2 , which means when the price is higher, the
amount of power bought is smaller.
3.2.2. Analysis of the Leader-Level Game. Substituting (11)
into (8), we have
max

𝑈𝑖1 = (𝑝𝑖1 𝛽1 − 1) 𝑔𝐷𝑖 𝑀𝑘 𝑃̂𝑖 (𝑝𝑖𝑗 ) ,

(12)

max

𝑈𝑖2 = (𝑝𝑖2 𝛽2 − 1) 𝑔𝐷𝑖 𝐹𝑘 𝑃̂𝑖 (𝑝𝑖𝑗 ) .

(13)

We can note that (12) and (13) are a noncooperative game
by MBS and FBS, and there exists a trade-off between prices
and the base stations’ utility. We take MBS, for example. If
MBS 𝑘 asks for a relatively low price 𝑝𝑖1 at first, the D2D pair
sharing the same channel will buy more power from MBS,
and 𝑈𝑖1 will increase as 𝑝𝑖1 grows according to (12). When
𝑝𝑖1 keeps growing and exceeds a certain value, it is no longer
beneficial for D2D to buy so much power from MBS. In this
way, 𝑃̂𝑖 (𝑝𝑖𝑗 ) will shrink and hence results in decrement of
𝑈𝑖1 . Therefore, there is an optimal price for MBS to ask for.
Besides, the optimal price is also affected by FBS’s price.
From the analysis above, by taking the derivative of 𝑈𝑖1 to
𝑝𝑖1 and 𝑈𝑖2 to 𝑝𝑖2 , and equating it to zero, we have
𝜕𝑃̂
= (𝑝𝑖𝑗 𝛽𝑗 − 1) 𝑔𝑖𝑗 𝑖 + 𝑃̂𝑖 𝑔𝑖𝑗 𝛽𝑗 = 0,
𝜕𝑝𝑖𝑗
𝜕𝑝𝑖𝑗

𝜕𝑈𝑖𝑗

(14)

where 𝑗 ∈ 1, 2. We take 𝑔𝑖𝑗 short for 𝑔𝐷𝑖 𝑀𝑘 when 𝑗 = 1, and
for 𝑔𝐷𝑖 𝐹𝑘 when 𝑗 = 2.
Solving the above equations of 𝑝𝑖𝑗 , we denote the optimal
prices as
𝑝̂𝑖𝑗 = 𝑝̂𝑖𝑗 ({𝐺𝑖,𝑗 }) ,

In this section, we prove that the solutions 𝑃̂𝑖 in (11) and 𝑝̂𝑖𝑗
in (15) are the Stackelberg equilibrium (SE) for the proposed
game and show the conditions for the SE to be optimal
by the following properties, propositions, and theorems.
Furthermore, we show that the set of the solutions is a unique
fixed point and the proposed game converges to that point.
4.1. Existence of the Equilibrium for the Proposed Game. We
first define the SE of the proposed game as follows.
Definition 1. 𝑃𝑖SE and 𝑝𝑖𝑗SE are the SE of the proposed game if
when 𝑝𝑖𝑗 is fixed
𝑈D2D𝑖 (𝑃𝑖SE ) = sup 𝑈D2D (𝑃𝑖 ) ,

(15)

where {𝐺𝑖,𝑗 } denotes the set of channel gains among disparate
participators.

∀𝑖 ∈ D,

(16)

∀𝑘 ∈ K, 𝑗 = 1, 2.

(17)

and when 𝑃𝑖 is fixed
𝑈𝑖𝑗 (𝑝𝑖𝑗SE ) = sup 𝑈𝑖𝑗 (𝑝𝑖𝑗 ) ,

The solution of (9) is
𝛼

4. Stackelberg Equilibrium

Then, we show that the optimizer 𝑃̂𝑖 of (11) can be solved
by equating 𝜕𝑈D2D𝑖 /𝜕𝑃𝑖 to zero by the following property.
Property 1. The utility function 𝑈D2D𝑖 of the follower is a
concave function of 𝑃𝑖 , with 𝑃𝑖 ≥ 0 and 𝑝𝑖𝑗 fixed (𝑗 = 1, 2).
Proof. The second-order derivative of (5) is
𝜕2 𝑈D2D𝑖
𝜕𝑃𝑖 2

=−

1
1
𝑔2
< 0.
2 D2D𝑖
ln 2 (𝑃 𝑔
𝑖 𝐷2𝐷𝑖 + 𝐺)

(18)

Thus, the solution in (11) is a maximum point.
Due to Property 1, 𝑃̂𝑖 in (11) is the global optimum that
maximizes the D2D UE’s utility 𝑈D2D𝑖 . Therefore, 𝑃̂𝑖 satisfies
(16) and is the SE 𝑃𝑖SE .
In the following two properties, we show that the base
stations cannot infinitely increase 𝑈𝑖𝑗 by asking arbitrarily
high prices.
Property 2. The optimal power of D2D transmitter 𝑃̂𝑖 is
decreasing with a base station’s price 𝑝𝑖𝑗 (𝑗 = 1 or 2) when
the other base station’s price (𝑝𝑖𝑗 (𝑗 = 2 or 1)) is fixed.
Proof. Taking the first-order derivative of the optimal power
𝑃̂𝑖 by 𝑝𝑖1 , we have
𝑔𝐷𝑖 𝑀𝑘
𝜕𝑃̂𝑖
1
=−
< 0.
2
𝜕𝑝𝑖1
ln 2 (𝑝 𝑔
𝑖1 𝐷𝑖 𝑀𝑘 + 𝑝𝑖2 𝑔𝐷𝑖 𝐹𝑘 )

(19)

Similarly, taking the first-order derivative of the optimal
power 𝑃𝑖 by 𝑝𝑖2 , we have
𝑔𝐷𝑖 𝐹𝑘
𝜕𝑃̂𝑖
1
=−
< 0.
2
𝜕𝑝𝑖1
ln 2 (𝑝 𝑔
𝑖1 𝐷𝑖 𝑀𝑘 + 𝑝𝑖2 𝑔𝐷𝑖 𝐹𝑘 )

(20)
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Therefore, 𝑃̂𝑖 is decreasing with 𝑝𝑖1 and 𝑝𝑖2 . This is because
when a base station individually increases its price while the
other keeps the same price as before, the D2D transmitter will
adopt a lower power to avoid loss of its own utility.
Consequently, there is a trade-off for base stations to ask
for proper prices, and we can solve the optimal prices by
equating 𝜕𝑈𝑖𝑗 /𝜕𝑝𝑖𝑗 = 0, the reason of which is shown as
follows.
Property 3. The utility function 𝑈𝑖𝑗 of each base station is
concave in its own price 𝑝𝑖𝑗 when the D2D transmitter in the
same channel adopts the optimized power as calculated in (11)
and the other base station’s price is fixed.
Proof. We can prove Property 3 by taking the derivatives of a
base station’s utility 𝑈𝑖𝑗 . We take the proof of 𝑈𝑖1 , for example,
while the proof of 𝑈𝑖2 is similar. Taking the second-order of
𝑈𝑖1 results in the following:
𝜕2 𝑈𝑖1
𝜕𝑃̂𝑖
𝜕2 𝑃̂𝑖
=
2𝛽
𝑔
+
(𝛽
𝑝
−
1)
𝑔
1 𝐷𝑖 𝑀𝑘
1 𝑖1
𝐷𝑖 𝑀𝑘
2
2
𝜕𝑝𝑖1
𝜕𝑝𝑖1
𝜕𝑝𝑖1
2 𝛽1 𝑝𝑖2 𝑔𝐷𝑖 𝐹𝑘 + 𝑔𝐷𝑖 𝑀𝑘
=−
𝑔2 ,
3 𝐷𝑖 𝑀𝑘
ln 2 (𝑝 𝑔
+𝑝 𝑔 )
𝑖1 𝐷𝑖 𝑀𝑘

(21)

Based on the above properties, we conclude the following
theorem.
Theorem 2. The 𝑃̂𝑖 in (11) and 𝑝̂𝑖𝑗 in (15) are the SE for the
proposed game, where the SE is defined in (16) and (17).
In the next section, we will show that the SE is unique,
and the proposed game converges to the unique SE when each
base station updates its price according to a simple function.
4.2. Convergence of the Price Updating Function. From the
previous section, one base station needs to modify its own
price after the other base station changes its price. Consequently, each base station updates 𝑝𝑖𝑗 so that its utility 𝑈𝑖𝑗
satisfies the following equality:
𝜕𝑝𝑖𝑗

=

𝜕
[(𝑝𝑖𝑗 𝛽𝑗 − 1) 𝑃̂𝑖 𝑔𝑖𝑗 ] = 0,
𝜕𝑝𝑖𝑗

(22)

with the equality holding if and only if 𝑝𝑖𝑗 reaches the
optimum.
After rearranging (22) we have
𝑃̂𝑖

1
+ .
𝑝𝑖𝑗 = 𝐻𝑖𝑗 (𝑝) = −
̂
𝛽
𝜕𝑃𝑖 /𝜕𝑝𝑖𝑗
𝑗

p = H (p) ,

(24)

where p = (𝑝𝑖1 , 𝑝𝑖2 ) and H(p) = (𝐻1 (p), 𝐻2 (p)), with
𝐻𝑗 (p) representing the price competition constraint to one
base station from the other. Therefore, with the competition
constraints in (24), the iterations of the price updating can be
expressed as follows:
p (𝑡 + 1) = H (p (𝑡)) .

(25)

We show next the convergence of the iterations in (25) by
proving that the price updating function H(p) is a standard
function.
Definition 3. A function H(p) is standard if for all p ≥ 0, the
following properties are satisfied.
(i) Positivity. H(p) > 0.
(ii) Monotonicity. If p ≥ p , then H(p) ≥ H(p ).
(iii) Scalability. For all 𝑎 > 1, 𝑎H(p) > H(𝑎p).
Proposition 4. The price updating function H(p) is standard.
Proof. Consider the following.

𝑖2 𝐷𝑖 𝐹𝑘

2
where 𝛽1 𝑝𝑖2 𝑔𝐷𝑖 𝐹𝑘 + 𝑔𝐷𝑖 𝑀𝑘 > 0; then 𝜕2 𝑈𝑖1 /𝜕𝑝𝑖2
< 0. Therefore,
𝑈𝑖𝑗 is concave with respect to 𝑝𝑖𝑗 .

𝜕𝑈𝑖𝑗

stations’ prices can be described by a vector equality of the
form

(23)

In order to calculate 𝑝𝑖𝑗 in (23), each base station listens to
the instantaneous feedback information about 𝑃̂𝑖 and 𝜕𝑃̂𝑖 /𝜕𝑝𝑖𝑗
from the D2D transmitter. Then the updating of the base

Positivity. By Property 2, 𝜕𝑃̂𝑖 /𝜕𝑝𝑖𝑗 < 0. Moreover, if 1/𝛽𝑗 > 0
and 𝑃𝑖 > 0, then by the definition of (23), 𝐻𝑖𝑗 (𝑝) > 1/𝛽j > 0.
Therefore, in a real price updating progress, each base station
starts increasing its price from 1/𝛽𝑗 .
Scalability. Comparing 𝑎H(p) and H(𝑎p), we have
𝑎𝐻𝑖𝑗 (p) − 𝐻𝑖𝑗 (𝑎p)
=

𝑃̂𝑖 (𝑎p)
𝑃̂𝑖 (p)
(𝑎 − 1)
+ 𝑎[
−
].
𝛽𝑗
𝜕𝑃̂𝑖 (𝑎p) /𝜕𝑝𝑖𝑗 𝜕𝑃̂𝑖 (p) /𝜕𝑝𝑖𝑗

(26)

Since 𝑎 > 1, (𝑎 − 1)/𝛽𝑗 > 0. Then, the problem reduces to
proving that the second term in the RHS of (27) is positive.
We take 𝑝𝑖𝑗 = 𝑝𝑖1 , for example. If we define 𝐹(𝑔𝐷𝑖 𝑀𝑘 ) as
follows:
𝐹 (𝑔𝐷𝑖 𝑀𝑘 ) = −𝑝𝑖1 −

𝐵
𝑔𝐷𝑖 𝑀𝑘

+𝐴

(𝑝𝑖1 𝑔𝐷𝑖 𝑀𝑘 + 𝐵)
𝑔𝐷𝑖 𝑀𝑘

2

,

(27)

where 𝐴 = 𝐺 ⋅ ln 2/𝑔D2D𝑖 and 𝐵 = 𝑝𝑖2 𝑔𝐷𝑖 𝐹𝑘 . Then, from (11),
we can get
𝑃̂𝑖 (𝑎p)

𝜕𝑃̂𝑖 (𝑎p) /𝜕𝑝𝑖1

= − 𝑝𝑖1 −

𝐵
𝑎𝑔𝐷𝑖 𝑀𝑘

+𝐴

(𝑝𝑖1 ⋅ 𝑎𝑔𝐷𝑖 𝑀𝑘 + 𝐵)

2

𝑎𝑔𝐷𝑖 𝑀𝑘

= 𝐹 (𝑎𝑔𝐷𝑖 𝑀𝑘 ) ,
(𝑝𝑖1 ⋅ 𝑔𝐷𝑖 𝑀𝑘 + 𝐵)
𝑃̂𝑖 (p)
𝐵
= −𝑝𝑖1 −
+𝐴
𝜕𝑃𝑖 (p) /𝜕𝑝𝑖1
𝑔𝐷𝑖 𝑀𝑘
𝑔𝐷𝑖 𝑀𝑘

2

= 𝐹 (𝑔𝐷𝑖 𝑀𝑘 ) .
(28)
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Therefore, to prove the positivity of the second term of
RHS of (27) is equivalent to proving 𝐹(𝑎𝑔𝐷𝑖 𝑀𝑘 ) > 𝐹(𝑔𝐷𝑖 𝑀𝑘 ),
where 𝑎𝑔𝐷𝑖 𝑀𝑘 > 𝑔𝐷𝑖 𝑀𝑘 . Since 𝐹(𝑔𝐷𝑖 𝑀𝑘 ) is continuous
and differentiable in 𝑔𝐷𝑖 𝑀𝑘 , we only need to prove that
𝜕𝐹(𝑔𝐷𝑖 𝑀𝑘 )/𝜕𝑔𝐷𝑖 𝑀𝑘 > 0. Consider
𝜕𝐹 (𝑔𝐷𝑖 𝑀𝑘 )
𝜕𝑔𝐷𝑖 𝑀𝑘

2

=

𝐴 [(𝑝𝑖1 𝑔𝐷𝑖 𝑀𝑘 ) − 𝐵2 ] + 𝐵
2
𝑔𝐷
𝑖 𝑀𝑘

.

(29)

After extensive numerical tests for a wide range of parameters when the nodes are randomly located, we observe that
the numerator of (29) is positive. Then, 𝜕𝐹(𝑔𝐷𝑖 𝑀𝑘 )/𝜕𝑔𝐷𝑖 𝑀𝑘 >
0. We can claim that 𝑎H(p) > H(𝑎p).


Monotonicity. Suppose p and p are different price vectors,
and the vector inequality p ≥ p means that 𝑝𝑖𝑗 ≥ 𝑝𝑖𝑗 , for
all 𝑗 ∈ {1, 2}. Therefore, the problem reduces to proving
𝜕𝐻𝑖𝑗 (p)/𝜕𝑝𝑖𝑗 ≥ 0 and 𝜕𝐻𝑖𝑞 (p)/𝜕𝑝𝑖𝑗 ≥ 0, for all 𝑗 ≠𝑞, 𝑗, 𝑞 ∈
{1, 2}. Consider
2 ln 2𝐺 (𝑝𝑖1 𝑔𝐷𝑖 𝑀𝑘 + 𝑝𝑖2 𝑔𝐷𝑖 𝐹𝑘 )
𝜕𝐻𝑖1 (p)
=1−
.
𝜕𝑝𝑖1
𝑔D2D𝑖

(30)

After order-of-magnitude estimation, we can note that
𝜕𝐻𝑖1 (p)/𝜕𝑝𝑖1 > 0. Similarly, we can also prove that
𝜕𝐻𝑖𝑞 /𝜕𝑝𝑖𝑗 > 0, so monotonicity holds for the price updating
function.
Finally, from the above three parts, we prove that the price
updating function 𝐻(p) is standard.
In [22], a proof has been given that starting from any
feasible initial power vector p, the power vector H𝑛 (𝑝)
produced after 𝑛 iterations of the standard power control
algorithm gradually converges to a unique fixed point.
From (22) we know that for one base station, its utility 𝑈𝑖𝑗
satisfies 𝜕𝑈𝑖𝑗 /𝜕𝑝𝑖𝑗 = 0 every time after the base station updates
its price 𝑝𝑖𝑗 given the feedback of 𝜕𝑃̂𝑖 /𝜕𝑝𝑖𝑗 from the source.
̂ , no base station can
After the vector H𝑛 (𝑝) converges to p
gain a higher utility by further varying its price, meaning that
̂ is exactly the
𝜕𝑈𝑖𝑗 /𝜕𝑝𝑖𝑗 = 0, 𝑗 ∈ 1, 2. From (15), we know that p
optimal price vector. As Property 1 shows, 𝑈D2D𝑖 is concave in
𝑃𝑖 , so the D2D transmitter can gradually increase the power
from 0 and find the optimal 𝑃̂𝑖 . Thus, if the prices of both MBS
and FBS converge to their optima, then the D2D transmitter
will correspondingly buy the optimal power. Therefore, once
̂ , 𝑃𝑖 and 𝑝𝑖𝑗 converge to the SE.
H𝑛 (𝑝) converges to p

5. Joint Scheduling and Resource Allocation
The scheduling process is conducted at each TTI. The D2D
UE forms a priority queue for each channel. During each TTI,
the MBS selects 𝐾 D2D UE with the highest priority for each
channel sequentially and other D2D UE has to wait.
In our Stackelberg game framework, the priority is based
on the utilities of the followers, which express the satisfaction
of the followers. In the design of scheduling scheme, fairness
is considered as an important goal. The scheme should take
the outcome in the previous TTIs into account. This can

be achieved by adjusting prices for using the channel. The
follower has to pay an additional fee for using the channel at
TTI 𝑡 if it has been selected in previous TTIs, which will lead
to a decrease in the priority. The additional fee is decided by
the cumulative utility of follower. The priority for follower 𝑖
at TTI 𝑡 can be defined as the following:
̂ 𝑘 (𝑡)) − 𝑐𝑖 (𝑡) ,
𝑃𝑖𝑘 (𝑡) = 𝑈D2D𝑖 (𝑃̂𝑖 (𝑡) , p

(31)

where 𝑃̂𝑖 and 𝑝̂𝑖𝑘 are the optimal strategy under the Stackelberg equilibrium at TTI 𝑡. 𝑐𝑖 (𝑡) is the additional cost and can
be defined as
𝑡−1 𝐾

̂ 𝑘 (𝜏)) ,
𝑐𝑖 (𝑡) = ∑ ∑ 𝛿𝑥𝑖𝑘 (𝜏) 𝑈D2D𝑖 (𝑃̂𝑖 (𝜏) , p

(32)

𝜏=0 𝑘=1

where 𝛿 > 0 is the fairness coefficient. For a larger 𝛿, the
cumulative utility has a larger influence on the priority. If
𝛿 = 0, the scheduling scheme does not take fairness into
account.
Based on the above discussion, during each TTI, every
macrocell UE, femtocell UE, and D2D UE form a leaderfollower pair and play the Stackelberg game. The optimal
price and power can be decided for each pair. The priority
for each pair can be calculated and they form a priority
queue. Then, the eNB schedules the D2D pairs sequentially
according to their order in the queue. If there is a tie, in which
one channel has been allocated to another D2D pair, or the
D2D pair has been scheduled to another channel, the pair
is skipped. When each channel is allocated to one D2D pair,
the eNB records the outcome and the scheduling is over. The
algorithm is summarized in Algorithm 1.
The algorithm has a low complexity, as the optimal
strategy for each leader-follower pair is searched in a set with
a constant number of elements. To form the priority queue
with length 𝐾 × 𝐷, the complexity is 𝑂(𝐾𝐷).

6. Simulation Results
To evaluate the performance of the proposed algorithm, we
perform several simulations. We consider a single circular
cell environment. The macrocell/femtocell UE and D2D pairs
are uniformly distributed in the cell. The two D2D UE in a
D2D pair are close enough to satisfy the maximum distance
constraint of D2D communication. The received signal power
is 𝑃𝑖 = 𝑃𝑗 𝑑𝑖𝑗−2 |ℎ𝑖𝑗 |2 , where 𝑃𝑖 and 𝑃𝑗 are received power
and transmit power, respectively. 𝑑𝑖𝑗 is the distance between
the transmitter and the receiver. ℎ𝑖𝑗 represents the complex
Gaussian channel coefficient that satisfies ℎ𝑖𝑗 ∼ CN(0, 1). The
scheduling takes place every TTI. Simulation parameters are
summarized in Table 1.
6.1. Convergence of the Proposed Game. As described in
previous section, the base stations start increasing their price
𝑝𝑖𝑗 from 1/𝛽𝑖 . Denote the price vector at time 𝑡 as p(𝑡) =
(𝑝𝑖1 (𝑡), 𝑝𝑖2 (𝑡)). From (11) the optimal power purchased by the
source node at time 𝑡 can be denoted as
𝑃̂𝑖 (𝑡) = 𝑃̂𝑖 (p (𝑡)) = 𝑃̂𝑖 (𝑝𝑖1 (𝑡) , 𝑝𝑖2 (𝑡)) .

(33)
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(1)
(2)
(3)
(4)

(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)

7

Given CSI, TTI 𝑡, the factors 𝛼, 𝛽, the fairness coefficient 𝛿, and the additional cost 𝑐𝑖 (𝑡), ∀𝑖.
Initialize 𝑥𝑖𝑘 = 0, ∀𝑖, 𝑘
Update prices according to the iterative function
p (t + 1) = H (p (t))
Calculate the optimal power
𝐺
𝛼
−
𝑃̂𝑖 =
𝑔
ln2 (pi1 gDi Mk + pi2 gDi Fk )
D2D𝑖
Calculate priorities
𝑈D2D𝑖 (̂
p, 𝑃̂𝑖 ), ∀𝑖.
Sort 𝑈D2D𝑖 in descending order to form a priority queue.
while ∑𝑖 𝑥𝑖𝑘 = 0, ∃𝑘 do
Select the head of the queue. The pair is (̂𝑖, ̂𝑘).
if ∑𝑖 𝑥𝑖̂𝑘 = 0 and ∑𝑘 𝑥̂𝑖𝑘 = 0 then
Schedule the pair (̂𝑖, ̂𝑘).
Set 𝑥̂𝑖̂𝑘 = 1 and 𝑐̂𝑖 (𝑡 + 1) = 𝑐̂𝑖 (𝑡) + 𝛿𝑈D2D𝑖 (̂𝑖, ̂𝑘)
end if
Delete the head of the queue.
end while
Algorithm 1: Joint D2D scheduling and resource allocation algorithm.
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Figure 2: Prices of MBS and FBS uder different 𝛼.

In order to obtain 𝜕𝑃̂𝑖 /𝜕𝑝𝑖𝑗 and update their prices by (23),
the base stations will simultaneously increase each 𝑝𝑖𝑗 (𝑡) by a
small amount 𝛿𝑖 . The D2D pairs receive this price updating
and calculate 𝜕𝑃̂𝑖 /𝜕𝑝𝑖𝑗 using the following approximation:
𝑃̂ (𝑝 (𝑡) + 𝛿𝑖 , 𝑝𝑖1 ) − 𝑃̂𝑖 (p (𝑡))
𝜕𝑃̂𝑖
≃ 𝑖 𝑖1
.
𝜕𝑝𝑖1
𝛿𝑖

Cellular UE

(34)

Substituting the above approximation signaled from the D2D
pairs into (23), the base stations can obtain p(𝑡+1) = H(p(𝑡)).
We conducted simulations to observe the convergence
behavior of the proposed game. In Figure 2, we plot the
convergence of the prices of MBS and FBS under different
𝛼 (𝛼1 < 𝛼2 ), where 𝛼 denotes the gain per unit of rate as
defined in (5). It is seen that the proposed scheme has fast

̂ . It takes less than 15 iterations until
convergence to the SE p
the price vector p converges to the optimum. For one 𝛼, the
speed of convergence for MBS and FBS is almost the same.
When 𝛼 gets smaller, the prices asked for D2D transmission
from MBS and FBS get smaller consequently. From (11), we
denote that when 𝛼 gets smaller, D2D transmitter will choose
a smaller transmit power, which is illustrated in Figure 3
(𝛼1 < 𝛼2 < 𝛼3 ). In this case, the interference D2D causes to
base stations gets relatively weaker, and there is no necessity
for base stations to ask for high prices. Thus the prices are
relatively lower.
6.2. Analysis of the UE Rate. In Figure 4, we plot CDF of D2D
rate under different 𝛼. With larger 𝛼, D2D transmit power
rises as has been shown in Figure 3. Therefore, D2D rate goes
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Figure 6: Femtocell BS rate distribution.
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In Figures 5 and 6, we plot CDF of MBS and FBS rate
with/without power optimization method proposed in this
paper. It is clearly shown that both MBS and FBS rate is
improved by approximately 2-3 bps/Hz.
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6.3. Analysis of Scheduling Process. In Figure 7, we study the
effect of the fairness coefficient 𝛿. We plot CDF of UE rate
under different 𝛿. For a small 𝛿, D2D UE rate is distributed
in a large range and has a tendency to converge with a larger
𝛿. Thus, scheduling with a larger 𝛿 achieves better fairness. If
we set 𝛿 too large, the previous utility is the deciding factor
and the utility of the current TTI has little influence. If D2D
scheduling is not considered, there will be only a few D2D
pairs that can get access to the network, resulting in other
D2D UE that cannot achieve any data transmission.

Figure 5: Macrocell BS rate distribution.

7. Conclusion
Table 1: Simulation parameters and values.
Parameter
Macrocell radius
Number of cellular UE
Number of D2D pairs
D2D communication distance
Femtocell radius
Shadow width (𝑑)
Cellular UE power
D2D transmit power
Thermal noise power density
Bandwidth
Transmission time interval

Values
500 m
5
10
10 m
10 m
5m
23 dBm
0–23 dBm
−174 dBm/Hz
180 kHz
1 ms

up correspondingly, causing more interference to cellular UE
and a decrease in the rate of cellular UE.

In this paper, we constructed a Stackelberg game framework for joint power control and channel allocation and
scheduling of D2D communication in heterogeneous macrocell/femtocell network system. Based on properly designed
utility functions, prices for reusing the channel resource
and appropriate transmit power of D2D transmitters are
adjusted to maximize the utility obtained by base stations
and D2D pairs, respectively. Based on the proposed scheme,
we analyzed the optimal strategy for every participator
(D2D pairs/femtocell users/macrocell users), worked out the
solutions for equilibrium state, and proposed an algorithm to
allocate resources to schedule D2D UE, where interference
management and fairness of the system were considered.
Simulation results show that the proposed algorithm can
achieve an increase in transmit rate performance for both the
cellular and the D2D UE. The D2D UE can be fairly served.
The scale factor 𝛼 and fairness coefficient 𝛿 have an important
effect on the performance of the algorithm.
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