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Recent advances of various mobile communication devices
have driven us into the era of smart society. Additionally,
rapid development of wireless communication enables these
devices to communicate with each other and exchange infor-
mation to perform the optimal control or display necessary
information ubiquitously. However, lacking of cooperation
amongmobile nodes results in not only a low communication
quality but also imbalances of the resource utilization in
mobile wireless networks and hence greatly increases the
unnecessary energy consumption. Green communication
such as information sharing, spectrum/energy awareness,
routing adaptation, and data caching enables balancing the
resource utilization and saving the energy of entire mobile
and wireless networks. Therefore, green communication
becomes the utmost important and promising research topic
for future mobile and wireless networks.

This special issue intends to provide a collection of the
latest researches in the field of green communication for
mobile and wireless networks. We select nine papers after
meticulous reviews and extensive discussions among Guest
Editors and the Editor-in-Chief.

The paper titled “A Game-Theoretical Approach for
Spectrum Efficiency Improvement in Cloud-RAN” proposed
by Z. Zhou et al. considers the problem of remote radio heads
(RRHs) mutual interference in cloud radio access networks
(Cloud-RAN). The problem is formulated as a coalition
formation game in partition form, which enables RRH to
join and leave the coalition according to the individual

utility as well as the coalition utility. Additionally, a hybrid
multiple access mode based coalition is proposed to achieve
the cooperative transmission among the RRHs. Based on
thesemechanisms, the intercell interference among the RRHs
can be effectively mitigated and hence spectrum efficiency in
terms of energy can be improved.

The paper titled “Social Optimization and Pricing Policy
inCognitive RadioNetworkswith anEnergy Saving Strategy”
by S. Jin et al. presents a novel energy saving strategy in cogni-
tive radio networks (CRNs) and an appropriate pricing policy
for secondary user (SU) packets. To evaluate the proposed
methods theoretically, the system performance in terms of
average latency of SU packets and energy saving ratio were
analyzed by solving a quasi-birth-and-death process. Besides,
the individually optimal behavior and the socially optimal
behavior of SU packets are studied individually via reward-
cost structure and compared. Based on the comparison, an
appropriate admission fee is imposed on SU packets which
aims to further improve the energy saving.

The paper titled “Interaction-Aware Video Community-
Based Content Delivery in Wireless Mobile Networks” by
Y. Zhong et al. proposes a novel interaction-aware video
community-based content delivery (IVCCD) method over
mobile environment. A user interactionmodel is built to cap-
ture common characteristics in the behavior of request and
delivery content. A partition-based community discovery
scheme is presented by grouping the mobile users with com-
mon characteristics in order to provide high efficiency video
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sharing. Community member management and resource
sharing scheme are also designed to optimize the community
maintaining cost and accelerating resource lookup speed,
which further support the green communications for mobile
video streaming service. The paper titled “Modelling of
P2P-BasedVideo Sharing Performance for Content-Oriented
Community-Based VoD Systems in Wireless Mobile Net-
works” by S. Jia et al. constructs two models for the node
state variation in terms of joining and quitting video system.
According to the built models, the degrees of three factors
which influence the video sharing performance, available
upload bandwidths, resource distribution in overlay, and
node mobility, are analyzed. Based on the analysis, the
authors improve the communication between communi-
ties by the participation permission of available resource
assignment. A service priority based incentive mechanism
is proposed for optimal resource distribution. Combining
with these two strategies, the control overhead and content
delivery cost can be reduced and hence save the energy
consumption of mobile video system.

The paper titled “Energy Efficient Interest Forwarding
in NDN-Based Wireless Sensor Networks” by S. Gao et al.
focuses on the energy efficient design issues over emerging
network paradigm Named Data Network (NDN) and pro-
poses a dualmode interest forwarding (DMIF) scheme. Series
of mechanisms including flexible mode shift, flooding scope
control, broadcast storm avoidance, packet suppression, and
energy weight factors are designed in DMIF, which aims to
save and balance the energy consumption in NDN-based
WSNs.

In the paper titled “ANovel Energy SavingResourceAllo-
cation Scheme in LTE-A Relay Networks” by Z.-Y. Chen, the
authors discuss a resource allocation problem to minimize
the total energy consumption of user equipment (UEs) and
guarantee the constraints of QoS, bit-error-rate (BER), total
system resource, and maximum transmit power. An efficient
method to solve the problem is proposed and the time
complexity of which has been proven to be acceptable. The
article “Energy-Saving Management Mechanism Based on
HybridEnergy Supplies for LTEHeterogeneousNetworks” by
P. Yu et al. proposes a novel energy saving (ES) management
mechanism which considers hybrid energy supplies and self-
organized network (SON). This mechanism divides the ES
problem into four stages: traffic variation prediction, regional
Base Station (BS) mode determination, BS-user association,
and power supply. Four low-complexity algorithms for each
stage are proposed, which aim to not only save the energy but
also ensure the network performance.

In the paper titled “Reverse Auction Based Green
Offloading Scheme for Small Cell Heterogeneous Networks”
proposed by X. Xu et al., the authors employ the reverse
auction theory to handle the offloading decision process.
Based on the reverse auction model, the energy efficiency
optimization problem under the constraint of QoS, available
bandwidth, and transmission power is modeled as dynamic
programming and solved by Kuhn–Tucker conditions. The
article titled “Technoeconomical Analysis of Macrocell and
Femtocell Based HetNet under Different Deployment Con-
straints” by S. F. Yunas et al. compares the performances

of two deployment strategies in terms of technoeconomic
homogeneous macrocellular densification and a heteroge-
neous macro-femto deployment strategy. According to the
comparison, the authors conclude that ultradense deploy-
ment of small cells together with larger bandwidth, mainly
through carrier aggregation, will form an integral part of net-
work evolution strategies, which achieves both cost efficiency
and energy efficiency.
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The small cell is treated as a promising proposition to provide hot spot capacity and higher data rates. However, even with dense
small cell deployment scenario, the heavy traffic load pressure and low energy efficiency in the small cell heterogeneous network
(HetNet) still exist. Therefore, how to make the best use of densely deployed small cells under HetNet environments becomes
the focus of researches. Offloading provides a feasible solution to promote cooperation between macrocells and small cells for
user traffic supporting. In this paper, we propose the reverse auction based Green Offloading (GO) scheme for energy efficiency
improvements. The proposed GO scheme employs the reverse auction theory to handle the offloading decision process, aiming
at maximizing the system energy efficiency under the constraints of user Quality of Service (QoS) requirements, bandwidth, and
transmission power limitations. Moreover, the reverse auction model gives the facility of multicell coordination transmissions
with multiple winners situation. The energy efficiency optimization problem with constraints is solved by Dynamic Programming
method with Karush-Kuhn-Tucker (KKT) conditions.The Individual Rationality and Truthfulness of the reverse auctionmodel are
also proved. By comparing the energy efficiency performances of the proposedGOschemewith currentworkswithin the LongTerm
Evolution-Advanced (LTE-A) system downlink scenario, simulation results show the improvements of the proposed GO scheme.

1. Introduction

With the rapid development of wireless communications,
there is a growing conflict between increasing mobile traffic
demands and limited radio resources. Many projects predict
an over 500-fold growth on mobile data traffic in 10 years
(2010–2020) [1]. In order to satisfy this tremendous demand,
lots of small cells have been deployed in both indoor and
outdoor environments for hot-spot capacity improvements
[2].Moreover, the corresponding research and standardwork
for the 5th Generation Mobile Communication System (5G)
are in a full swing [3, 4]. For future 5G networks, the small cell
heterogeneous network (HetNet) is believed as an important
solution to fulfill the capacity booming requirements.

The deployment of the small cell HetNet offers enhanced
capacity and expansile coverage and alleviates the heavy
traffic burden in macrocells. Relying on above advantages,
mobile operators all over the world are now keen on small
cell HetNet deployments. According to statistics, the total
number of already-deployed small cells has exceeded that

of macrocells [5]. Despite the fact that lots of small cells
have been deployed densely, simply relying on increasing
the spatial density of small cells is not an economically
sustainable manner to fulfill the growing demands. Because
the deployment of a new Base Station (BS) goes along with
large expenses like energy consumptions, laying of dedicated
backhaul, and network replanning processes, therefore, how
to take full advantages of the already-deployedmacrocell and
small cell BSs becomes the key issue for the mobile industry.
In order to solve this problem, researches have been focusing
on the offloading strategy gradually, which is believed as a
promising paradigm to improve the network utilizing for
densely deployed small cell HetNets [6, 7].

Offloading is a kind of technology that transfers the traffic
load from one network to another under certain conditions,
typically in case of heavy traffic burden or low efficiency
networks. One typical traditional scenario for offloading
application is about the cellular network andWireless Fidelity
(WiFi) network. Through offloading the cellular traffic to
WiFi networks, the load pressure of the cellular network
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could be relieved [8]. In recent years, some researches
have been conducted to refine the offloading scheme within
cellular networks to alleviate the increasing traffic burden
of macrocells. Authors of [9] analyze the proportion of
traffic that can be offloaded from macrocells to femtocells
to increase the system capacity. The offloading gain for the
macrocell and femtocell colocatedHetNets is explored in [10].
Except for enhancing capacity purposes, the energy efficiency
metric is also considered during offloading processes. In [11],
the system energy efficiency is improved through offloading
the high Quality of Service (QoS) requirement traffic to fem-
tocells. But the fairness between different users is neglected.
In [12], authors verify the offloading gain in the macrocell
and femtocell orthogonal frequency division multiple access
system by analytical evaluations. Nevertheless, the transmis-
sion power allocation is not taken into account. Benefitting
from the information exchange between macrocells and
picocells, a traffic offloading based on fractional frequency
reuse (TOFFR) algorithm is proposed to improve the system
energy efficiency in [13]. Authors in [14] propose a traffic
offloading scheme based on reverse auction mechanism and
greedy algorithms, which incentivizes femtocell owners to
rent their underutilized spectrum for the enhancement of
network performances in HetNets.

From the analyses of above researches, there are several
methods adopted in offloading processes. The stochastic
geometry is adopted to analyze the statistical status of the
offloading gain [9]. Game theory approaches are explored by
offloading researches in [15, 16]. Furthermore, the auction
theory is also employed to support the offloading target
decision and network performance improvements [10, 14, 17,
18]. The forward auction model is applied in [10] for the
offloading between different operators. References [14, 18]
employ the reverse auction model to establish the offloading
procedures; the properties of the proposed models are also
analyzed. We also applied the forward auction model to
improve the system energy efficiency of offloading in the
HetNet [17].

In economics, auction is a common means to determine
the value of an itemwhich has a valuable price. Nowadays, the
auction theory has been widely used in various fields, such
as the dynamic spectrummanagement in cognitive networks
[19] and hybrid access in HetNets [20]. The auction model is
particularly suitable for the processes that need information
exchanges and target choosing with pricing issues. Most of
the auctionmodels employed currently are forward auctions,
which typically involve a single seller and multiple buyers.
The buyers send bids to compete for the item sold by the
seller. The forward auction model is popular in dealing with
the decisions amongmultiple operators to getminimumcosts
[10], while the reverse auction model could be used in the
situation that one buyer wants to offer reasonable prices to
get service from multiple sellers [21]. The offloading process
is just adapted to the reverse auction applications that the
offloading user is treated as the buyer, while the candidate
BSs are acting as the sellers.Therefore, in this paper, a reverse
auction process with first price sealed bid mechanism is
adopted in the offloading research.The reverse auctionmodel
involves a single buyer and multiple sellers, where the buyer

makes the decision on whose bid will be accepted according
to the bids sent by multiple sellers.

For the offloading process researched in small cell Het-
Nets, there are two main concerns adapted to the reverse
auction model:

(1) The offloading user needs to select the target BS,
which is modeled as one “buyer” with multicandidate
“sellers.” The offloading user is acting as a buyer to
get service from multicandidate BSs as sellers. The
candidate BSs offer their bids to compete for the serv-
ing opportunity of the offloading user, which could
improve their performances such as throughputs or
resource/energy efficiency.

(2) The aforementioned “bid” offered by the candidate
BSs could be their available subcarriers and trans-
mission power. The “buyer” needs to pay with the
price determined by the reverse auction for getting
the service, where the price is usually defined as the
opportunity cost of the offloading target decision.

In order to improve the system energy efficiency in the
dense small cell HetNet deployment scenario, we propose a
Green Offloading (GO) scheme through the Vickrey-Clarke-
Grove (VCG) based reverse auction model [22]. The small
cells will be incentivized to help offloading the traffic from
macrocells, which allows the operator to express diverse
preferences for densely deployed HetNets. The properties of
the reverse auction model, such as the IndividualRationality
and 𝑇𝑟𝑢𝑡ℎ𝑓𝑢𝑙𝑛𝑒𝑠𝑠, are also proved in this paper to guaran-
tee the optimality of the proposed reverse auction mecha-
nism.

In this paper, the employed reverse auction model with
first price sealed bidmechanism is formulated for the offload-
ing process. The energy efficiency optimization problem
within the offloading process is modeled with constraints of
user guaranteed QoS requirements. The optimization prob-
lem is solved by the Karush-Kuhn-Tucker (KKT) conditions
and Dynamic Programming method. The system-level sim-
ulation evaluations are conducted for the proposed reverse
auction based GO scheme with taking current schemes [13,
14] as comparisons.

The contributions of this paper include three aspects:

(1) The reverse auction model is explored in the
offloading scheme design with the first price sealed
bid mechanism, which matches the mobility based
offloading process well with limited negotiations and
delays.

(2) The multiple winning bidders are also supported for
BS coordination transmissions.

(3) The optimization of the system energy efficiency
improvement is solvedwith guaranteed user through-
put in the offloading target decision and reallocation
of both the resource block and transmission power.

The rest of this paper is organized as the following. In
Section 2, the system model is described and the reverse
auction model applied in this paper is clarified. The reverse
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auction based GO scheme for small cell HetNets is proposed
in Section 3. In Section 4, the simulation results are presented
and discussed with comparison schemes. Finally, concluding
remarks are drawn in Section 5.

2. System Model

In this section, the system model of the proposed reverse
auction basedGOscheme is formulated.Thenetwork deploy-
ment scenario will be introduced at first and the notation
definitions about the reverse auction model based offloading
process are described afterwards.

2.1. Deployment Scenario. We focus on the small cell and
macrocell overlaidHetNet deployment scenario in this paper.
According to the 3rd Generation Partnership Project (3GPP)
Long Term Evolution-Advanced (LTE-A) standards, due to
the scarcity of available spectrum, the macrocell tier and
small cell tier will be inevitably deployed with the shared
spectrum manner. In this paper, we will focus on the
shared spectrum scenario with considerations of cross-tier
interferences, which is more realistic. Furthermore, the coor-
dination technologies, such as the Coordinated Multipoint
Transmission/Reception (CoMP) defined by 3GPP [23], are
supported in above small cell HetNet deployment scenario.
CoMP will bring benefits to the cell edge throughput and
energy efficiency, which helps the offloading users usually
located in the cell edge area.

In order to address the dense deployment scenario for
future heavy-traffic requirements, each macrocell coverage
area is covered by several small cell clusters, the number
of which will be 1, 4, or 10 based on 3GPP simulation
methodology [24]. Each small cell cluster includes several
small cell BSs, the number of which will be 4 or 10 [25].
Both small cell clusters and small cell BSs are considerably
less planed as opposed to the typical planned macrocell
deployments.

Based on the standard discussions on the small cell Het-
Net deployments in 3GPP [26], themacrocell will take charge
of the control plane for both the macrocell and colocated
small cells within its coverage. The main responsibility of the
small cell tier is to offload the high data-rate service from
the macrocell, while the macrocell tier handles the low data-
rate traffic and high mobility users. This is the typical actual
deployment demand for the HetNet. The traffic model of the
user is File Transfer Protocol (FTP) Model 1 as full-buffer
[23]. The system energy efficiency will be the optimization
objective during the offloading processes with constraints of
user QoS guaranteeing.

The handover solution for the offloading operation is
different from the standard handover criterion due to the user
mobility. For small cell HetNets, 3GPP also discussed new
handover criterion for macro-to-small cells with Cell Range
Extension (CRE), which is defined by 3GPP standard [27].
Assisted by the CRE, the downlink Reference Signal Received
Power (RSRP) of small cells could be added with a bias. By
this means, the user will be encouraged to do handover to
small cells, which will help to implement the handover for
offloading users or load balancing operations.

Buyer: UE

Seller: BS1
Seller: BS2

Seller: BS3

Bid

Bi
d

BidBids 
collection:
resources

Auction
Allocation

Pricing

Response

Resource

Energy efficiency

Figure 1: The framework of reverse auction based GO scheme.

2.2. Reverse Auction. One typical implementation scenario
of GO scheme is given in this section. Considering the users’
immense offloading potential in dense small cell HetNet, a
reverse auction model based offloading scheme is suitable
to motivate users to conduct traffic offloading that could
achieve higher system energy efficiency. Figure 1 illustrates
the typical scenario of offloading process with reverse auction
model. According to the reverse auction model, the User
Equipment (UE) acts as the buyer, who ensures higher
system energy efficiency in exchange of bandwidth and
transmission power resources provided by the BS to serve the
offloading UE. When the UE requests data transmission, its
current serving BS is encouraged to broadcast the offloading
request to all of its neighboring BSs. All the BSs receiving
the request will send their bids along with their available
resources to the UE’s current serving BS. The information
included in each bid contains the amount of the available
bandwidth and transmission power that will be provided
for the offloading user. Then the UE’s current serving BS
calculates the throughput, that each bidder can provide, to
decide whether it could satisfy the UE’s QoS requirement.

The target BS for offloading will be the winner of the
reverse auction process. The conditions for judging the
winner bid could be set as the optimal objectives for the
offloading process. In this paper, the optimal objective of the
proposed reverse auction based GO scheme is to maximize
the system energy efficiency subjected to the UE’s minimum
throughput requirement and bidder’s available resources
during the offloading process. The reverse auction based GO
scheme involves two steps: 𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 and 𝑃𝑟𝑖𝑐𝑖𝑛𝑔.

In the𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 step, theUE’s current serving BS decides
which bidders will be the auction winners. As described
above, the coordination techniques among different BSs are
supported in the offloading scheme. Therefore, the winner
may be one BS or several BSs with the same bids.

In the 𝑃𝑟𝑖𝑐𝑖𝑛𝑔 step, the improvement of system energy
efficiency is evaluated as a payment from the UE. Finally,
the UE’s current serving BS sends back the auction result
to the bidders which consist of the required resources and
the expected energy efficiency increment.Then, the handover
process for the offloading will start. As shown in Figure 1,
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the winning bidders are BS1 and BS3 together, who win the
reverse auction and are designated as the offloading target BSs
to serve the UE coordinately.

In order to present the reverse auction based GO scheme
clearer, the related notation definitions are introduced as
follows:

Bid (𝑏
𝑖
): submitted by the 𝐵𝑆

𝑖
to convey how much

bandwidth and transmission power it can provide to
the offloading UE, which may not always equal all
available resources the BS can provide.
Private Value (𝑥

𝑖
): available resources in the 𝐵𝑆

𝑖
,

which is only known by the 𝐵𝑆
𝑖
itself.

Pricing (𝑝
𝑖
): the opportunity cost of the 𝑖th BS, which

makes sure the system energy efficiency could be
maximum.

Based on the auction theory, when the condition 𝑏
𝑖
= 𝑥
𝑖

is satisfied, the auction process is truthful. Moreover, 𝑏
𝑖
=

𝑥
𝑖
is a weakly dominant strategy [20]. As a result, in this

paper, we set 𝑏
𝑖
= 𝑥
𝑖
, assuming all the bidders participating

in the auction process will send the bids with all available
resources it can provide, which guarantees the truthfulness
of the reverse auction model.

Although we have set the 𝐵𝑖𝑑 equal to the PrivateValue,
the reverse auction basedGO schemewithmultiple candidate
target BSs is still NP-hard problem. In order to solve this
problem, an approximation algorithm is designed in the next
section. The notations used in the algorithm are introduced
in the Notation Definition.

2.3. User Delay Tolerance. The reverse auction based GO
scheme will start upon the receipt of offloading request at the
serving BS periodically. For the traditional auction process,
there usually exist multiround bidding procedures to achieve
the final winner. This process would inevitably generate an
extra delay for the BSs to wait for the auction consequence.
But for the wireless network, the user traffic usually has
delay tolerance requirements, which should be considered
in the offloading scheme. Therefore, we implement the
single-round auction in this paper, in order to prevent the
information exchange overhead and corresponding delay for
the offloading users. Since the number of BSs surrounding a
specific UE is limited, the extra delay caused by the single-
round first price sealed bid auction process could be not
significant. This delay avoidance mechanism is also feasible
for the handover based offloading schemes that usually need
more time for measurements and handover decisions.

3. Reverse Auction Based GO Scheme

In this section, the proposed reverse auction based GO
scheme is described. The main steps of the proposed GO
scheme are given in Figure 1. Firstly, according to the
offloading request, the UE’s current serving BS collects all
the bids from its neighboring BSs. Then the serving BS
calculates the throughput that all bidders can provide and
derives the expected energy efficiency increment for each
candidate BS. Based on the derived throughput and energy

efficiency increment, a single-round reverse auction process
is performed, which includes the 𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 and 𝑃𝑟𝑖𝑐𝑖𝑛𝑔
steps. Finally, the auction results are sent back to the bidders
and the user will be offloaded to the winners accordingly.

3.1. Bidding. In order to contribute to the offloading process,
bidders will append available resources with their bids to
reveal the throughput they can provide for the offloading
user. For each bidder, the upper bound of bandwidth and
transmission power that a BS can provide is𝐵bound and𝑃bound,
respectively. 𝐵bound and 𝑃bound can be divided into multiple
units and classified asmultiple bids b = {b1, b2, . . . , b𝑖, . . . , b𝑙}
to indicate the resources the UE can obtain from each bidder,
where 𝑙 = max(⌊𝐵bound/𝑒𝐵⌋, ⌊𝑃bound/𝑒𝑃⌋). 𝑒𝐵 is the basic
bandwidth unit; 𝑒

𝑃
is the basic transmission power unit for

the bidder. The b𝑖 = (𝐵𝑖, 𝑃𝑖) consists of both bandwidth and
transmission power resources. After receiving all of the bids,
UE’s current serving BS can know how many resources each
bidder can provide with the value not larger than the ∑𝑙

𝑖=1
𝐵
𝑖

and ∑𝑙
𝑖=1
𝑃
𝑖. The scale of the bandwidth and transmission

power unit can be flexibly set by the system. The smaller
unit definition leads to more information in the bid, which
improves the performance of the auction process. But it will
also generate more computational costs and increase the
complexity. In this paper, one Resource Block (RB) and 0.1W
transmission power are chosen as the basic bandwidth unit
and transmission power unit, respectively. We choose 0.1W
as the basic transmission power here because the Dynamic
Programming will be adopted in the next subsection to solve
the optimization problem, where the integer data are needed
by the Dynamic Programming method.

3.2. Reserve Auction Algorithm. As mentioned above, the
reverse auction process includes two steps of the 𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
and 𝑃𝑟𝑖𝑐𝑖𝑛𝑔.

3.2.1. Allocation. In traditional reverse auction processes, the
allocation result is completely decided by the bids; that is,
the bidders who offer the largest supply of resources will win
the auction. However, in this paper, besides the resources
that the bidders can provide, the energy efficiency achieved
by the bidder should also be considered. Assume that B =
{B
1
,B
2
, . . . ,B

𝑗
, . . . ,B

𝑛
} and P = {P

1
,P
2
, . . . ,P

𝑗
, . . . ,P

𝑛
}

represent the allocation result, where B
𝑗
= {𝐵
1

𝑗
, 𝐵
2

𝑗
, . . . , 𝐵

𝑙𝑗

𝑗
}

is the RB that 𝑗th BS could provide and 𝐵𝑖
𝑗
= 0 if the 𝑖th RB

in the 𝑗th BS is not needed. P
𝑗
= {𝑃
1

𝑗
, 𝑃
2

𝑗
, . . . , 𝑃

𝑙𝑗

𝑗
} denotes the

transmission power that the 𝑗th BS could transmit and 𝑃𝑖
𝑗
is

the transmission power on 𝐵𝑖
𝑗
. If B
𝑗
or P
𝑗
equals zero, the 𝑗th

BS loses in this auction process.
The 𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 problem is formulated as

max
B𝑗 ,P𝑗

𝐶system

𝑃
𝑡

(1)

s.t.
𝑛

∑

𝑗=1

𝑙𝑗

∑

𝑖=1

𝐵
𝑖

𝑗
log(1 +

𝑃
𝑖

𝑗
𝐻
𝑗

𝐼
𝑖

𝑗
+ 𝑁
0
𝐵
𝑖

𝑗

) ≥ 𝜏
𝑟
∀𝑟 (2)
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𝐵
𝑖

𝑗
∈ {0, 𝐵} (3)

𝑃
𝑖

𝑗
∈ {P
𝑚
,P
𝑠
} (4)

P
𝑚
=
{

{

{

𝑃
𝑖

𝑗
| 0 ≤ 𝑃

𝑖

𝑗
≤ 𝑃
𝑚
,

𝑙𝑗

∑

𝑖=1

𝑃
𝑖

𝑗
≤ 𝑃
𝑚

}

}

}

(5)

P
𝑠
=
{

{

{

𝑃
𝑖

𝑗
| 0 ≤ 𝑃

𝑖

𝑗
≤ 𝑃
𝑠
,

𝑙𝑗

∑

𝑖=1

𝑃
𝑖

𝑗
≤ 𝑃
𝑠

}

}

}

. (6)

In (1), 𝐶system = ∑
𝑛

𝑗=1
𝐶
𝑗
∑
𝑙𝑗

𝑖=1
𝐵
𝑖

𝑗
denotes the throughput;

𝑃
𝑡
= ∑
𝑙𝑗

𝑖=1
𝑃
𝑖

𝑗
∑
𝑛

𝑗=1
𝑙
𝑗
denotes the expectation of transmission

power on each RB from all the bidders. 𝐶system/𝑃𝑡 is the
system energy efficiency and 𝑃

𝑡
> 0.

In (2), 𝐻
𝑗
= 𝑑
−𝛼𝑗

𝑗
|ℎ
𝑗
|
2
𝜒
𝑗
is the channel gain between

the 𝑗th BS and UE, where 𝑑
𝑗
is the distance between the

𝑗th BS and UE. 𝛼
𝑗
is the path-loss exponent of the 𝑗th

BS. ℎ
𝑗
is the Rayleigh fading component. 𝜒

𝑗
denotes the

log-normally distributed shadow fading. Furthermore, 𝐼𝑖
𝑗
=

∑
𝑛

𝑗

=1,𝑗

̸=𝑗
𝑃
𝑖

𝑗
𝐻𝑗V
𝑖

𝑗
 is the interference experienced by the UE

on the 𝑖th RB, where 𝑃𝑖
𝑗
 is the transmission power on the 𝑖th

RB from the 𝑗th BS.𝐻
𝑗
 is the channel gain between the 𝑗th

BS andUE. V𝑖
𝑗
 is the binary variables representing the activity

factor of 𝑗th BS. 𝑁
0
is the thermal noise level and 𝜏

𝑟
is the

guaranteed throughput threshold of the offloading UE.
Constraint (3) means the RB 𝐵𝑖

𝑗
can be occupied or

vacant. Constraint (4) denotes the bidder can be a macrocell
BS or a small cell BS. In (5) and (6), we give the requirement
for the transmission power in the corresponding RB, where
𝑃
𝑚
and 𝑃
𝑠
are the power limitations for the macrocell BS and

small cell BS, respectively.
For the convenience of solving this problem, we trans-

form (1), (2), and (3) into the following form:

min
B𝑗,P𝑗

𝑃
𝑡

𝐶system

𝐶system ≥ 𝜏𝑟

0 ≤ 𝐵
𝑖

𝑗
≤ 𝐵.

(7)

Assuming the 𝐶system is an independent variable, the
Karush-Kuhn-Tucker (KKT) conditions are given as

∇B𝑗,P𝑗,system
𝑃
𝑡

𝐶system
− ∇B𝑗,P𝑗,system (𝐶system − 𝜏𝑟) 𝜇

− ∇B𝑗 ,P𝑗,system𝐵
𝑖

𝑗
𝜎
𝑖

𝑗
− ∇B𝑗,P𝑗,system (𝐵 − 𝐵

𝑖

𝑗
) 𝜉
𝑖

𝑗

− ∇B𝑗 ,P𝑗,system𝑃
𝑖

𝑗
]𝑖
𝑗
− ∇B𝑗,P𝑗,system (𝑃𝑠 (𝑃𝑚) − 𝑃

𝑖

𝑗
) 𝜆
𝑖

𝑗

− ∇B𝑗 ,P𝑗,system(𝑃𝑠 (𝑃𝑚) −

𝑙𝑗

∑

𝑖=1

𝑃
𝑖

𝑗
)𝜌
𝑗
= 0

(8)

(𝐶system − 𝜏𝑟) 𝜇 = 0 (9)

𝐵
𝑖

𝑗
𝜎
𝑖

𝑗
= 0, 𝐵

𝑖

𝑗
≥ 0, 𝜎

𝑖

𝑗
≥ 0 (10)

(𝐵 − 𝐵
𝑖

𝑗
) 𝜉
𝑖

𝑗
= 0, 𝐵 ≤ 𝐵

𝑖

𝑗
, 𝜉
𝑖

𝑗
≥ 0 (11)

𝑃
𝑖

𝑗
]𝑖
𝑗
= 0, 𝑃

𝑖

𝑗
≥ 0, ]𝑖

𝑗
≥ 0 (12)

(𝑃
𝑠
(𝑃
𝑚
) − 𝑃
𝑖

𝑗
) 𝜆
𝑖

𝑗
= 0, 𝑃

𝑖

𝑗
≤ 𝑃
𝑠
(𝑃
𝑚
) , 𝜆
𝑖

𝑗
≥ 0 (13)

(𝑃
𝑠
(𝑃
𝑚
) −

𝑙𝑗

∑

𝑖=1

𝑃
𝑖

𝑗
)𝜌
𝑗
= 0,

𝑙𝑗

∑

𝑖=1

𝑃
𝑖

𝑗
≤ 𝑃
𝑠
(𝑃
𝑚
) , 𝜌
𝑗
≥ 0. (14)

Equation (8) is changed into (15) by taking the derivative
of 𝐶system as

−
𝑃
𝑡

𝐶2system
− 𝜇 = 0 (15)

𝑃
𝑡

𝐶2system
+ 𝜇 = 0. (16)

Thismakes sense,where𝑃
𝑡
and𝐶2system are nonzero values.

Thus, 𝜇 ̸= 0, (9) shows (𝐶system − 𝜏𝑟)𝜇 = 0, where

𝐶system = 𝜏𝑟. (17)

When the offloading process is triggered, the offloaded
user traffic requirements and the number of BSs participating
in the auction are known. The KKT conditions prove that
(9) is guaranteed throughput requirement. The 𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
problem is transformed to solve minB𝑗,P𝑗𝑃𝑡, which can be

simplified into a linear objective functionmin∑𝑙𝑗
𝑖=1
𝑃
𝑖

𝑗
∑
𝑛

𝑗=1
𝑙
𝑗
.

Because the above𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛problem is a linear problem,
it is easy to find that this is a multiple knapsack problem.
In order to facilitate the solving process, we turn it into
a 0-1 knapsack problem. There are 𝑛 BSs to participate in
the auction; the 𝑖th BS resources are separated into 𝑀

𝑖

independent piece of “goods” that can be loaded into a
knapsack. This will get a 0-1 knapsack problem where the
number of items is ∑𝑀

𝑖
. If we solve this problem directly,

the computational complexity will be 𝑂(𝐶∑𝑀
𝑖
). In order to

reduce the complexity, we design another algorithm with the
specific plan as follows.

As mentioned above, the 𝑖th BS bandwidth resource
is composed of a number of RB groups. Considering the
condition of the binary, the guaranteeing of selecting any
multiple resource package strategy still can be achieved
after the transformation of the original multiple knapsack
problem. One BS which has𝑀

𝑖
resource blocks is separated

into several RB groups, where these RB groups, respectively,
have 1, 2, 22, 23, . . . ,𝑀

𝑖
− 2
𝑘−1
+ 1 resource blocks. The 𝑖th BS

has Ceiling(log𝑀
𝑖
) different RB groups participating in the

0-1 knapsack problem.
Initialize the value as follows: the weight of knapsack is

𝐶, which is the offloading user traffic requirements 𝜏
𝑟
. The

starting value 𝐹[0, 𝑐] = 0, 𝐹[𝑥, 0] = 0. And the 𝑖th BS has
Ceiling(log𝑀

𝑖
) stages.
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(1) Let 𝜂
0
= 0;

(2) for 𝑗 = 1 to 𝑛 do
(3) if Bidder b𝑗 is a macrocell BS then
(4) for 𝑃 = 1 to 10𝑃

𝑚
do

(5) P
𝑗
= argmaxb𝑗 {𝜂b𝑗 = 𝜂b𝑗 + 𝜂b𝑗−1 };

(6) end for
(7) for 𝑖 = 1 to 𝑙

𝑗
do

(8) if 𝑃𝑖
𝑗
> 0 then

(9) 𝐵
𝑖

𝑗
= 𝐵;

(10) else
(11) 𝐵

𝑖

𝑗
= 0;

(12) end if
(13) end for
(14) else if Bidder b𝑗 is a small cell BS then
(15) for 𝑃 = 1 to 10𝑃

𝑠
do

(16) P
𝑗
= argmaxb𝑗 {𝜂b𝑗 = 𝜂b𝑗 + 𝜂b𝑗−1 };

(17) end for
(18) for 𝑖 = 1 to 𝑙

𝑗
do

(19) if 𝑃𝑖
𝑗
> 0 then

(20) 𝐵
𝑖

𝑗
= 𝐵;

(21) else
(22) 𝐵

𝑖

𝑗
= 0;

(23) end if
(24) end for
(25) end if
(26) end for

Algorithm 1: Reverse auction, 𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 (𝑛, b
𝑛
).

Renumber all RB groups, 𝑐
𝑥
is the capacity of the 𝑥

stage, which denotes the 𝑖th RB group of the 𝑗th BS, and the
corresponding value is V

𝑥
.

The capacity of the 𝑥 stage is

𝑐
𝑥
= 𝑤 [𝑖, 𝑗] = 𝐵

𝑖

𝑗
log(1 +

𝑃
𝑖

𝑗
𝐻
𝑗

𝐼
𝑖

𝑗
+ 𝑁
0
𝐵
𝑖

𝑗

) . (18)

The value of the corresponding V
𝑥
is

V
𝑥
= V [𝑖, 𝑗] = 𝑃𝑖

𝑗
. (19)

The iterative equation will be

𝐹 [𝑥, 𝑐] = min {𝐹 [𝑥 − 1, 𝑐] , 𝐹 [𝑥 − 1, 𝑐 − 𝑐𝑥] + V𝑥} . (20)

In (20), 𝐹[𝑥, 𝑐] is the minimum value of the transmission
power in the stage 𝑥. 𝑐 denotes the remaining space of
the pack according to the current stage. 𝑐

𝑥
denotes the

provided capacity when choosing the 𝑥 stage. V
𝑥
denotes the

provided transmission power when choosing the 𝑥 stage.The
computational complexity is reduced to 𝑂(𝐶∑ log𝑀

𝑖
).

The proposed 𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 algorithm is illustrated in
Algorithm 1 with B = {B

1
,B
2
, . . . ,B

𝑛
} and P = {P

1
,P
2
, . . . ,

P
𝑛
}.
In Algorithm 1, the transmission power of each bidder is

chosen firstly and the corresponding bandwidth is decided
based on the transmission power allocation results. As

for 𝑗 = 1 to 𝑛 do
(2) if 𝑗th BS is a winning bidder then

Reverse Auction - 𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 (𝑛 \ {𝑗},B \ {b𝑖})
(4) 𝑝

𝑗
= 𝜂B𝑛\{b𝑖} − (𝜂B𝑛 − 𝜂b𝑖 )

else
(6) 𝑝

𝑗
= 0;

end if
(8) end for

Algorithm 2: Reverse auction, 𝑃𝑟𝑖𝑐𝑖𝑛𝑔 (𝑛, b
𝑛
,B,P, 𝜂).

mentioned before, 0.1W is chosen as the basic transmission
power unit and the integer data is needed in the Dynamic
Programming. Therefore, the range of 𝑃 is defined from 1

to 10𝑃
𝑚
or 10𝑃

𝑠
. The equation in Line (5) and Line (16) of

Algorithm 1 mean that the 𝑗th bidder’s transmission power
should be chosen to achieve the largest 𝜂b𝑗 and guarantee the
offloaded user’s throughput threshold 𝜏

𝑟
at the same time,

where 𝜂b𝑗 denotes the energy efficiency of the 𝑗th bidder.
After implementing the Dynamic Programming, the results
of Algorithm 1, P/10 and B, will be the optimal allocation
solution for the proposed reverse auction process.

3.2.2. Pricing. In traditional 𝑃𝑟𝑖𝑐𝑖𝑛𝑔 algorithms, the bidders
are encouraged to set their own bids truthfully, as illustrated
before. So, in this paper, the same energy efficiency that the
corresponding bidder achieves is paid back. With regard to
the offloading user throughput threshold 𝜏

𝑟
, we define 𝜂

1
and

𝜂
2
as (21) and (22) as follows:

𝜂
1
= 𝜂B𝑛\{b𝑖} = max

B𝑗\{B𝑖},P𝑗\{P𝑖}

𝐶system

𝐸 (𝑃
𝑡
)

(21)

𝜂
2
= 𝜂B𝑛 − 𝜂b𝑖 = (max

B𝑗,P𝑗

𝐶system

𝐸 (𝑃
𝑡
)
) −

𝐶b𝑖

𝐸 (P
𝑖
)
, (22)

where 𝜂
1
denotes the system energy efficiency under the

optimal 𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 solution without the presence of the 𝑖th
BS. The 𝜂

2
denotes the system energy efficiency except for

the 𝑖th BS under current optimal𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 results.Then the
opportunity cost of the 𝑖th BS is defined as the difference
between 𝜂

1
and 𝜂
2
, just as illustrated in (23) [19] as follows:

𝑝
𝑖
= 𝜂
1
− 𝜂
2
= 𝜂B𝑛\{b𝑖} − (𝜂B𝑛 − 𝜂b𝑖) . (23)

The 𝑃𝑟𝑖𝑐𝑖𝑛𝑔 algorithm is given as Algorithm 2.

3.2.3. Properties. In this section, the properties of the
proposed reverse auction model are analyzed. According
to the VCG based reverse auction model, the IndividualRa-
tionality and the 𝑇𝑟𝑢𝑡ℎ𝑓𝑢𝑙𝑛𝑒𝑠𝑠 properties need to be proved.

IndividualRationality. When the utility of each participating
bidder in the𝑃𝑟𝑖𝑐𝑖𝑛𝑔 stage is greater than zero, this algorithm
is individual rational for each winning bidder. Namely,

𝑝
𝑖
= 𝜂B𝑛\{b𝑖} − (𝜂B𝑛 − 𝜂b𝑖) ≥ 0. (24)
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𝑇𝑟𝑢𝑡ℎ𝑓𝑢𝑙𝑛𝑒𝑠𝑠. For each bidder, the Truthfulness means that
each bidder’s bid price is equal to its private value. This is
a weakly dominant strategy. If BS’s bidding is untrue, the
energy efficiency will be unlikely the biggest. In order to
get the maximum energy efficiency, the allocation should be
formulated as follows:

𝑝
𝑗
= 𝜂B𝑛\{b𝑗} − (𝜂B𝑛 − 𝜂b𝑗)

𝛿 = 𝑝
𝑗
− 𝑝
𝑖

= 𝜂B𝑛\{b𝑗} − (𝜂B𝑛 − 𝜂b𝑗) − [𝜂B𝑛\{b𝑖} − (𝜂B𝑛 − 𝜂b𝑖)]

= 𝜂B𝑛\{b𝑗} − 𝜂B𝑛 + 𝜂b𝑗 − 𝜂B𝑛\{b𝑖} + 𝜂B𝑛 − 𝜂b𝑖

= 𝜂B𝑛\{b𝑗} + 𝜂b𝑗 − 𝜂B𝑛\{b𝑖} − 𝜂b𝑖

= (𝜂B𝑛\{b𝑗} + 𝜂b𝑗) − (𝜂B𝑛\{b𝑖} + 𝜂b𝑖) .

(25)

Based on the proposed model in this paper, because 𝑝
𝑗
≤

𝑝
𝑖
and𝛿 ≤ 0, thismeans 𝜂B𝑛\{b𝑗}+𝜂b𝑗 ≤ 𝜂B𝑛\{b𝑖}+𝜂b𝑖 . If and only

if 𝑗 = 𝑖, it can take the equal sign.Therefore, each bidder must
be truthful to obtain the maximum system energy efficiency.
The proof is finished.

4. Performance Evaluation

In this section, we built the system-level simulation plat-
form according to the 3GPP LTE-Advanced simulation
methodology [23]. Based on this platform, we validate the
performances of the proposed reverse auction based GO
scheme with comparison algorithms in the small cell HetNet
downlink scenario.

4.1. Simulation Setting, Performance Metrics, and Comparison
Algorithms. Theconsidered simulation scenario in this paper
comprises 19-hexagonal macrocells with 3 sectors per macro-
cell. In each sector, there is one small cell cluster deployed
with shared spectrum manner. The small cell cluster is a
group of densely deployed small cells. We deploy 2/3 users
in the coverage of small cell clusters, while the remaining
users are distributed in the coverage area of macro cells.
The users are uniformly distributed. Moreover, as mentioned
above, the bandwidth resource granularity in the simulation
is one RB. In the initial state, each user is served by the BS
which can provide the highest downlink RSRP. Once a new
traffic offloading requirement is requested, the reverse auc-
tion based GO scheme is triggered. The detailed simulation
parameters are according to 3GPP LTE-Advanced small cell
HetNet evaluation methodology [24]. These parameters are
listed in Table 1.

The performance metrics include the system energy
efficiency, offloading gain, and throughput. In this paper, the
metric of offloading gain (𝛾gain) is defined as

𝛾gain =
𝜏offloading

𝜏total
, (26)

where 𝜏offloading denotes the offloaded throughput and 𝜏total
denotes the total system throughput. The offloading gain is

Table 1: Simulation parameters.

Simulation parameter Value
Carrier frequency 2GHz
System bandwidth 10MHz
Total transmission power of
macrocell 46 dBm

Total transmission power of small cell 30 dBm
Path-loss of macrocell Pl = 28.3 + 22.0log

10
(𝑑)

Path-loss of small cell Pl = 30.5 + 36.7log
10
(𝑑)

Small cell number per cluster 4∼10
Small cell cluster number per
macrocell 3

User number per macrocell 60

Antenna gain of macrocells 17 dBi
Antenna gain of small cells 5 dBi
Traffic model FTP Model 1
Power spectrum density of thermal
noise −174 dBm/Hz

User throughput threshold 5Mbps

a more straightforward notation about howmuch traffic load
could be offloaded to improve the energy efficiency.

In order to evaluate the performances of the proposedGO
scheme, we compare it with the TOFFR algorithm proposed
in [13] and the incentivized scheme proposed in [14], which
have been introduced in the related works. The simulation
results are given as below.

4.2. Impacts of Small Cell Numbers on Energy Efficiency.
According to 3GPP simulation assumptions, there are 2/3
UEs distributed in the coverage of small cell cluster, while
the remainingUEs are uniformly distributed in the remaining
area of macrocells. In this section, the impacts of deployment
density of small cells in a cluster on the system energy
efficiency are investigated. According to 3GPP simulation
methodology, the number of small cells in a cluster varies
from 4 to 10.

As shown in Figure 2, the system energy efficiency of
different algorithms versus small cell numbers per cluster is
demonstrated. We can observe that the system energy effi-
ciency is improved with the increasing of small cell numbers.
The reason lies that small cells usually can provide higher
energy efficiency than macrocells due to lower transmission
power attenuations in hot spot deployment scenarios. When
there exist more small cells inside one macrocell, more user
traffic could be offloaded potentially to small cells.Therefore,
higher system energy efficiency could be further achieved.

But the system energy efficiency increases slightly when
the number of small cells is large. This is because when the
small cells are deployed more densely, the intercell interfer-
enceswill bemore severe, indicating the requirement of larger
transmission power to ensure the same user throughput.
Moreover, from results in Figure 2, we have proved that the
proposedGO scheme outperforms the TOFFR algorithm and
incentivized scheme regardless of small cell density deployed
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Figure 2: System energy efficiency versus small cell numbers per
cluster.

per cluster. In the TOFFR algorithm, the fractional frequency
reuse scheme is adopted to improve UE performances better
in the cell edge. The UE located in the central area cannot
contribute to the energy efficiency improvement. The incen-
tivized scheme focuses on maximizing the offloading utility
that purchases the available unused bandwidth in femtocells.
So, the proposed GO scheme has better energy efficiency
performance than both of them.

We also compare these three offloading algorithms with
the situation of no offloading (denoted as w/o offloading in
simulations) as the baseline. It is obvious thatwhen offloading
schemes are adopted, more user traffic originally served by
macrocell will be actively offloaded to small cells. There-
fore, all of the offloading schemes, including the proposed
GO scheme, TOFFR algorithm, and incentivized algorithm,
achieve higher system energy efficiency.

4.3. Impacts of Small Cell Numbers on Offloading Gain.
As shown in Figure 3, the offloading gain versus different
small cell numbers per cluster is dipicted. We can observe
that the offloading gain increases with small cell numbers,
due to the capacity growth with the increase of small cell
numbers per cluster. Besides, in order to maximize the
system energy efficiency, there is limitation on the amount
of offloaded throughputs, as demonstrated in Figure 3.When
the offloading gain reaches 62%, the rise against the small cell
numbers becomes rather slow.The simulation results further
suggest that the proposed GO scheme outperforms the
TOFFR algorithm and incentivized scheme in terms of not
only energy efficiency, but also the offloading gain, because
in TOFFR algorithm and incentivized scheme the offloading
is mainly focused on the cell edge users, which limits the
performance improvements. Moreover, Figure 3 shows that
the increasing of the small cell numbers of all these three
schemes will reach a plateau. The reason lies that there are
always several specific users out of the coverage of the small
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Figure 3: Offloading gain versus small cell numbers per cluster.
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Figure 4: Small cell throughput versus small cell numbers per
cluster.

cell clusters in the simulations. Just as mentioned before,
2/3 UEs are deployed in the coverage of small cell cluster
and the simulation results also show that the offloading gain
limitation of all three algorithms can only reach to near
2/3, which in turn indicates the offloading limitation will be
decided by the distribution and location of users.

4.4. Impact of Small Cell Numbers on Small Cell Throughput.
In this section, the impacts on the throughput of small cell
cluster versus different small cell numbers are investigated.
From Figure 4, we can see the throughput increases with the
increase of small cell numbers per cluster. The reason is that
more users will be served by the small cells after offloading
processes. Moreover, the throughput increments grow slowly
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when small cell numbers per cluster are relatively large. This
is because of the increase of intercell interferences caused by
denser small cell deployments. Finally, the results in Figure 4
prove that the proposed GO scheme outperforms TOFFR
algorithm and incentivized algorithm also in terms of small
cell cluster throughput.

5. Conclusion

This paper aims to solve the problem regarding how to
performoffloading in the small cell HetNet deployments with
optimization on maximizing the system energy efficiency.
The reverse auction theory has been implemented with the
proposed GO scheme design to decide the offloading target
BS or BSs with coordination transmission enabled technol-
ogy. The reverse auction model is formulated by multiple
sellers (BSs) and a single buyer (offloading user) with the
first price sealed bid mechanism. The BS coordination trans-
missions are also supported for multiple winning bidders
scenarios. According to the proposed reverse auction based
GO scheme, the energy efficiency optimization problem
with constraints of user guaranteed throughput threshold,
bandwidth occupation, and transmission power limitation
is solved by Dynamic Programming method with KKT
conditions. The Individual Rationality and Truthfulness of
the VCG based reverse auction model are also proved in the
paper. System-level simulations have been conducted to ver-
ify the effectiveness of the proposed GO scheme according to
3GPP LTE-Advanced evaluation methodologies. The perfor-
mances when applying theGO scheme, comparison schemes,
and the baseline without offloading situation are evaluated
with performance metrics of energy efficiency, offloading
gain, and throughput. The simulation results prove that the
proposed GO scheme can achieve supreme performances.

Notation Definition

b = {b1, b2, . . . , b𝑖, . . . , b𝑙}: Bids
B = {B

1
,B
2
, . . . ,B

𝑗
, . . . ,B

𝑛
}: Bandwidth allocation results

P = {P
1
,P
2
, . . . ,P

𝑗
, . . . ,P

𝑛
}: Power allocation results

B
𝑗
= {𝐵
1

𝑗
, 𝐵
2

𝑗
, . . . , 𝐵

𝑙𝑗

𝑗
}: 𝑗th BS bandwidth allocation

results
P
𝑗
= {𝑃
1

𝑗
, 𝑃
2

𝑗
, . . . , 𝑃

𝑙𝑗

𝑗
}: 𝑗th BS power allocation

results
𝐵
𝑖

𝑗
: 𝑖th subcarrier in the 𝑗th BS

𝑃
𝑖

𝑗
: Transmission power on 𝐵𝑖

𝑗

b
𝑛
= {b1, b2, . . . , b𝑛}: Bids sent by first 𝑛 BSs

𝜂: Energy efficiency.
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[11] M. Usman, A. Västberg, and T. Edler, “Energy efficient high
capacityHETNETby offloading highQoSusers through femto,”
in Proceedings of the 17th IEEE International Conference on
Networks (ICON ’11), pp. 19–24, Singapore, December 2011.

[12] P. Chandhar and S. S. Das, “Analytical evaluation of offloading
gain in macrocell-femtocell OFDMA networks,” in Proceedings
of the IEEE 77th Vehicular Technology Conference (VTC Spring
’13), pp. 1–6, June 2013.

[13] Q. Liu, G. Feng, and S. Qin, “Energy-efficient traffic offloading
in Macro-Pico networks,” in Proceedings of the 22nd Wireless
and Optical Communications Conference (WOCC ’13), pp. 236–
241, IEEE, Chongqing, China, May 2013.

[14] Y. Jia, M. Zhao, K. Wang, and W. Zhou, “An incentivized
offloading mechanism via truthful auction in heterogeneous
networks,” in Proceedings of the 6th International Conference on
Wireless Communications and Signal Processing (WCSP ’14), pp.
1–6, Hefei, China, October 2014.

[15] L. Gao, G. Iosifidis, J. Huang, L. Tassiulas, and D. Li, “Bargain-
ing-based mobile data offloading,” IEEE Journal on Selected
Areas in Communications, vol. 32, no. 6, pp. 1114–1125, 2014.

[16] F. Zhang, W. Zhang, and Q. Ling, “Non-cooperative game for
capacity offload,” IEEE Transactions on Wireless Communica-
tions, vol. 11, no. 4, pp. 1565–1575, 2012.



10 Mobile Information Systems

[17] X. Xu, H. Zhang, X. Dai, and X. Tao, “Optimal Energy Efficient
Offloading in small cell HetNet with auction,” in Proceedings
of the 9th International Conference on Communications and
Networking in China (CHINACOM ’14), pp. 335–340,Maoming,
China, August 2014.

[18] D. P. Bertsekas, D. A. Castanon, and H. Tsaknakis, “Reverse
auction and the solution of inequality constrained assignment
problems,” SIAM Journal on Optimization, vol. 3, no. 2, pp. 268–
297, 1993.

[19] M. Khaledi and A. A. Abouzeid, “Dynamic spectrum sharing
auction with time-evolving channel qualities,” IEEE Transac-
tions onWireless Communications, vol. 14, no. 11, pp. 5900–5912,
2015.

[20] F. Shen, D. Li, P.-H. Lin, and E. Jorswieck, “Auction based
spectrum sharing for hybrid access in macro-femtocell net-
works under QoS requirements,” in Proceedings of the IEEE
International Conference on Communications (ICC ’15), pp.
3335–3340, IEEE, London, UK, June 2015.

[21] X. Zhuo, W. Gao, G. Cao, and S. Hua, “An incentive framework
for cellular traffic offloading,” IEEE Transactions on Mobile
Computing, vol. 13, no. 3, pp. 541–555, 2014.

[22] W. Vickrey, “Counterspeculation, auctions, and competitive
sealed tenders,” The Journal of Finance, vol. 16, no. 1, pp. 8–37,
1961.

[23] 3GPP-TR36.814 (v11.1.0), “Evolved Universal Terrestrial Radio
Access (E-UTRA); Further advancements for E-UTRA physical
layer aspects,” 2013.

[24] 3GPP, “Small cell enhancements for E-UTRA and EUTRAN;
physical layer aspects, (release 12),” 3GPP TR 36.872, 2013.

[25] 3GPP R1-130744, “WF on evaluation assumptions for SCE
physical layer,” Huawei, HiSilicon, CATR, CMCC, 2013.

[26] 3GPP, “Study on small cell enhancements for EUTRA and E-
UTRAN: higher layer aspects,” 3GPP TR 36.842 (v12.0.0), 2013.

[27] 3GPP TS 36.300, “Technical Specification Group Radio Access
Network; Evolved Universal Terrestrial Radio Access (E-
UTRA) and Evolved Universal Terrestrial Radio Access Net-
work (EUTRAN); Overall description; Stage 2 (Release 12),”
2014.



Research Article
Energy-Saving Management Mechanism Based on
Hybrid Energy Supplies for LTE Heterogeneous Networks

Peng Yu, Lei Feng, Wenjing Li, and Xuesong Qiu

State Key Laboratory of Networking and Switching Technology, Beijing University of Posts and Telecommunications,
Beijing 100876, China

Correspondence should be addressed to Peng Yu; yupeng@bupt.edu.cn

Received 5 February 2016; Accepted 29 June 2016

Academic Editor: Gabriel-Miro Muntean

Copyright © 2016 Peng Yu et al.This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Aiming at the lack of integrated energy-saving (ES) methods based on hybrid energy supplies in LTE heterogeneous networks,
a novel ES management mechanism considering hybrid energy supplies and self-organized network (SON) is proposed. The
mechanism firstly constructs ES optimization model with hybrid energy supplies. And then a SON framework is proposed to
resolve the model under practical networks. According to the framework, we divide the ES problem into four stages, which
are traffic variation prediction, regional Base Station (BS) mode determination, BS-user association, and power supply. And
four corresponding low-complexity algorithms are proposed to resolve them. Simulations are taken on under LTE underlay
heterogeneous networks. Comparedwith other algorithms, results show that ourmechanism can save 47.4% energy consumption of
the network, while keeping coverage, interference, and service quality above acceptable levels, which takes on great green-economy
significance.

1. Introduction

Recently, energy consumption of Information and Com-
munications Technology (ICT) Industry has an explosive
increase, particularly in wireless communication network
whose energy consumption occupies a leading position [1].
Since BSs in wireless cellular network consume roughly 60%–
80% energy [2], saving energy for BS becomes a research
hotspot. With the development of cellular network technolo-
gies, LTEheterogeneous networks are commercially deployed
step by step, and how to manage BS energy is getting more
and more attention as well. Currently, ES approaches for BSs
mainly include five categories, which are improvement on
hardware components, sleep mode technologies, optimiza-
tion in radio transmission process, network planning and
deployment, and adoption of renewable energy resources [3].
As sleep mode techniques and renewable energy supplies
are two research focuses, which do not require equipment
upgrade and benefit from low capital costs, so this paper
mainly concentrates on these two issues.

For sleep mode techniques, several methods mainly
consider energy and throughput tradeoffs [4] or maximizing
ES gains [5], which are just for homogeneous networks with
similar BS deployments.

Many BS sleep technologies have been proposed for LTE
heterogeneous networks as well. And these technologies can
be classified into two categories: one is aiming at decreasing
power at one time point, and the other is going to save
energy during entire time domains. For the first category,
BS sleep control is resolved through characterizing energy-
delay tradeoff [6], dynamic sectorization [7] for cells, or
stochastic analysis of optimal Base Station energy [8], and so
forth. However, these solutions ignore traffic fluctuations and
cannot evaluate temporal ES gains. For the second category,
methods in [9, 10] analyze temporal and regional ES efficiency
of sleep nodes from the point of dynamic traffic reallocation
andpractical cell topology adjustment, respectively.However,
they do not consider coverage and interference control from
user perspectives. Additionally, methods in [11, 12] mainly
discuss BS sleep gains from the point of traffic prediction
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and BS power mode analysis. But coverage compensation
methods and interference control methods for sleep BS are
theoretical.

Beyond sleep mode techniques, renewable energy sup-
plies are another approach for saving energy of power grid.
In [13], dynamic renewable energy allocation methods with
minimal online power are investigated. But BS sleep approach
is ignored. And tradeoff and deployment challenges for
energy harvesting BS are discussed in [14], but power control
is just taking from the streaming perspective, and no detailed
methods are given as well. Further, BS sleep method with
renewable energy supply is analyzed in [15]; however, it
mainly concentrates onmathematicalmodel and solution but
does not refer to any management scheme for such green
controls.

In fact, to avoid frequent adjustments to the network,
ES management (ESM) is defined in self-optimization cases
under SON specifications, and it is considered as a popular
method to switch off several BSs during low traffic period
[16]. Based on our previous work on BS sleep methods
with coverage and interference consideration [17] and hybrid
energy supplies [18], we propose an ES management mecha-
nism based on hybrid energy supplies for LTE heterogeneous
network. This mechanism uses self-organized architecture
and combines BS sleep technology and renewable energy
supply together. The contributions are as follows.

Firstly, by analyzing resource allocation, Quality of Ser-
vice (QoS), and energy consumption in LTE heterogeneous
network, we build an ES optimizationmodel based on hybrid
energy supplies in time domain. The model fully considers
constraints of power, interference, coverage, and resource and
has strong universality.

Then, to make the ES model be resolved under practical
network, we propose a self-organized framework which
defines the management architecture and ES procedures. In
addition, in order to reduce the computational complexity,
the model is divided into four stages, which are traffic
variation monitoring, regional BS mode determination, BS-
user association, and power supply.

To address these four problems, we design S-ARIMA
based traffic prediction algorithm, low-complexity BS coop-
eration algorithm based on geographical topology, dis-
tributed user allocation algorithm, and sustainable power
supply algorithm, respectively. Finally, the simulations are
conducted in LTE underlay heterogeneous network. Results
show that the mechanism can obtain more regional ES
gains compared to other algorithms, while maintaining user
coverage, interference, and QoS above acceptable levels.

The rest of the paper is organized as follows. Section 2
presents ES optimization model in LTE heterogeneous net-
work, which develops resource allocation and BS energy con-
sumptionmodel, and three key points for resolving themodel
are analyzed then. Section 3 gives the self-organized frame-
work for ESM, which includes the management architec-
ture, the management entities, and management procedures.
Based on the framework, Section 4 proposes corresponding
Seasonal Auto-Regressive Integrated Moving Average (S-
ARIMA) based traffic prediction algorithm, BS cooperation
algorithms based on geographical topology, distributed user

allocation algorithm, and sustainable power supply algorithm
with complexity analysis. Section 5 numerically evaluates the
mechanism and algorithm. Conclusions and future work are
given in the last section.

2. ES Optimization Model

For ES optimization model, this paper primary focuses on
resource allocation method and BS energy consumption
model and constructs an optimizationmodel based on hybrid
energy supplies. Moreover, key points to resolve the problem
will be discussed as well.

2.1. Resource Allocation Method. Assuming that there are
𝑁 BSs in underlay LTE heterogeneous network, including
𝑁
1
macro BSs (eNodeB) and 𝑁

2
micro BSs (microcell),

each eNodeB contains three sectors (except for those on the
boundary). B

𝑀
and B

𝑚
denote the set of eNodeB and the set

of microcells, and B = B
𝑀
∪ B
𝑚
= {𝐵
𝑗
}. The network has

𝐾 kinds of services. Supposing that time domain is [0, 𝑇],
for 𝐵
𝑗
and user 𝑢

𝑖
, M
𝑗
(𝑡) is the set of active users of 𝐵

𝑗
at

time 𝑡. Assume that X(𝑡) = {𝑥
𝑖𝑗
(𝑡)} is the BS association

matrix, where 𝑥
𝑖𝑗
(𝑡) = 1, if user 𝑢

𝑖
is served by 𝐵

𝑗
; otherwise

𝑥
𝑖𝑗
(𝑡) = 0. Then Signal to Interference plus Noise Ratio

(SINR) experienced by user 𝑢
𝑖
from 𝐵

𝑗
at time 𝑡 is given by

𝛾
𝑖𝑗
(𝑡) =

{{

{{

{

𝑝
𝑖𝑗
(𝑡) ⋅ 𝑔

𝑖𝑗
(𝑡)

N
0
+I
𝑖
(𝑡) + 𝐼

𝑖𝑗
(𝑡)
, 𝑥
𝑖𝑗
(𝑡) = 1

0, 𝑥
𝑖𝑗
(𝑡) = 0,

(1)

where 𝑝
𝑖𝑗
(𝑡) denotes the power for each resource block (RB)

and P(𝑡) = {𝑝
𝑖𝑗
(𝑡)} is defined as its matrix. 𝑔

𝑖𝑗
(𝑡) denotes

the channel gain between 𝐵
𝑗
and user 𝑢

𝑖
. N
0
denotes the

thermal noise.I
𝑖
(𝑡) and 𝐼

𝑖𝑗
(𝑡) denote interference outside 𝐵

𝑗

and inside 𝐵
𝑗
for user 𝑢

𝑖
, respectively.

Assuming that AMC (Adaptive Modulation and Coding)
is used, then spectral efficiency 𝜑

𝑖𝑗
(𝑡) (bps/Hz) when user 𝑢

𝑖

is served by 𝐵
𝑗
is given by [7]

𝜑
𝑖𝑗
(𝑡) =

{{{{

{{{{

{

0, 𝛾
𝑖𝑗
(𝑡) < 𝛾min,

𝜉 log
2
(1 + 𝛾

𝑖𝑗
(𝑡)) , 𝛾min ≤ 𝛾𝑖𝑗 (𝑡) < 𝛾max,

𝜑max, 𝛾
𝑖𝑗
(𝑡) ≥ 𝛾max,

(2)

where 𝛾min is the minimum SINR and 𝜉 ∈ [0, 1] is the
attenuation factor. 𝛾max and 𝜑max are the maximum of SINR
and spectral efficiency, respectively. Further, we canderive the
number of RBs for user 𝑢

𝑖
required from 𝐵

𝑗
as

𝛽
𝑖𝑗
(𝑡) = ⌈

𝑟
𝑖𝑗
(𝑡)

𝑊RB𝜑𝑖𝑗 (𝑡)
⌉ , (3)

where 𝑟
𝑖𝑗
(𝑡) is the required service rate from serving𝐵

𝑗
to user

𝑢
𝑖
and 𝑊RB is the bandwidth for each RB. Then load factor

𝐿
𝑗
(𝑡) of BS can be defined as

𝐿
𝑗
(𝑡) =

1

𝛽
𝑇

𝑗

|M𝑗(𝑡)|

∑

𝑖=1

𝛽
𝑖𝑗
(𝑡) , (4)
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where 𝛽𝑇
𝑗
represents the total number of RBs of BS 𝑗. Load

factor can be used as one important indicator to compute BS
dynamic power.

2.2. BS Energy Consumption Model. For 𝐵
𝑗
, assume that its

transmit power is 𝑃𝑇
𝑗
(𝑡) at time 𝑡 and maximum operational

power is 𝑃𝑀
𝑗
. And ratio of BS static power to 𝑃𝑀

𝑗
is denoted

as 𝛿
𝑗
. Then the power of BS 𝐵

𝑗
at time 𝑡 can be expressed as

𝑃
𝑗
(𝑡) = (1 − 𝛿

𝑗
) 𝐿
𝑗
(𝑡) 𝑃
𝑀

𝑗
+ 𝜙
𝑗
(𝑡) 𝛿
𝑗
𝑃
𝑀

𝑗
,

𝜙
𝑗
(𝑡) =

{{

{{

{

1, 𝐿
𝑗
(𝑡) > 0,

𝜀

𝛿
𝑗

, 𝐿
𝑗
(𝑡) = 0,

(5)

where 𝜀 denotes energy proportion of sleep BSs to maintain
basic management functions relative to maximal operational
power.With (5), we can evaluate BS power in differentmodes.

For hybrid energy supplies, we assume that each outdoor
eNodeB has a panel powered by renewable energy such as
wind energy and solar energy. Still, primary energy of panel
of 𝐵
𝑗
is 𝐸0
𝑗
(KWH) and power generation rate is V

𝑗
(𝑡). To

ensure system stability, renewable energy is used according
to the power level of eNodeB. Therefore, at time 𝑡, energy
generation rate 𝑒

𝑗
(𝑡) and stored energy 𝐸

𝑗
(𝑡) of each panel

can be expressed as

𝑒
𝑗
(𝑡) = 𝑓 (V

𝑗
(𝑡) ; 𝑃
𝑗
(𝑡)) , (6)

𝐸
𝑗
(𝑡) = 𝐸

0

𝑗
+ ∫

𝑡

0

𝑒
𝑗
(𝑡) 𝑑𝑡. (7)

In (7), function 𝑓(⋅) is determined by the power supply
policy. Assuming that all derived energy of eNodeBs can
be stored into the battery, then required power 𝑎

𝑗
(𝑡) from

power grid and corresponding consumed energy 𝐴
𝑗
(𝑡) can

be written as

𝑎
𝑗
(𝑡) = ℎ (V

𝑗
(𝑡) ; 𝑃
𝑗
(𝑡)) , (8)

𝐴
𝑗
(𝑡) = ∫

𝑡

0

𝑎
𝑗
(𝑡) 𝑑𝑡. (9)

In (8), function ℎ(⋅) is still determined by the power
supply policy. According to (6)–(9), we can obtain accurate
value of energy consumption in power grid and renewable
energy system.

After determining resource allocation method and BS
energy consumption model, we need to select a reasonable
optimization model and solve it with proper algorithms as
shown in the following sections.

2.3. ES Optimization Model. In this paper, our target is
to minimize energy consumption from power grid and
minimize the stored energy in each battery, while ensuring
coverage, interference, and QoS in whole region. Therefore,
for all users 𝑢

𝑖
∈ M
𝑗
(𝑡) and BSs 𝐵

𝑗
∈ B, the optimization

model can be expressed as (10).

As shown in (10), the optimization objects are association
matrix X(𝑡) and allocated power matrix P(𝑡) at time 𝑡. The
first is service quality constraint, where 𝑃𝐵

𝑗𝑘
(𝑡) is the service

blocking probability for service 𝑘 at BS 𝑗 and 𝑃𝐵
𝑇

is the
threshold of service blocking probability for each service.
The second constraint makes sure that one user can only be
served by no more than one BS simultaneously. The third
constraint is used to guarantee that RB number of each BS
can satisfy user demand.The next constraint is the restriction
for transmit power with control factor 𝛼. The fifth constraint
is related to the signal strength, where 𝜎

𝑖𝑗
(𝑡) = 𝑝

𝑖𝑗
(𝑡) ⋅ 𝑔

𝑖𝑗
(𝑡)

denotes the signal strength received by user 𝑢
𝑖
from𝐵

𝑗
at time

𝑡.Here Pr(𝑥)means accumulative probability for condition 𝑥.
It ensures that the accumulative probability of received signal
strength for active users (above threshold 𝜒min) is higher than
𝑃
𝜎
.The sixth constraint is involvedwith regional interference.

That is, the accumulative probability of SINR received by
users from serving BS (above threshold 𝛾min) is limited by the
predefined target 𝑃

𝛾
. Consider

P: min
X(𝑡),P(𝑡)

∑

𝑗∈B𝑀
𝐸
𝑗
(𝑇) + ∑

𝑗∈B𝑀
𝐴
𝑗
(𝑇) ,

s.t. 𝑃𝐵
𝑗𝑘
(𝑡) ≤ 𝑃

𝐵

𝑇
, ∀𝑗, 𝑘, 𝑡,

𝑁

∑

𝑗=1

𝑥
𝑖𝑗
(𝑡) = 1, ∀𝑖, 𝑡,

|M𝑗(𝑡)|

∑

𝑖=1

𝛽
𝑖𝑗
(𝑡) ≤ 𝛽

𝑇
, ∀𝑗, 𝑡,

|M𝑗(𝑡)|

∑

𝑖=1

𝛽
𝑖𝑗
(𝑡) 𝑝
𝑖𝑗
(𝑡) ≤ 𝛼𝑃

𝑇

𝑗
(𝑡) , ∀𝑗, 𝑡,

Pr (𝜎
𝑖𝑗
(𝑡) ≥ 𝜒min𝑥𝑖𝑗 (𝑡)) ≥ 𝑃𝜎, ∀𝑡,

Pr (𝛾
𝑖𝑗
(𝑡) ≥ 𝛾min𝑥𝑖𝑗 (𝑡)) ≥ 𝑃𝛾, ∀𝑡.

(10)

In this optimization model, if we want to minimize
𝐴
𝑗
(𝑇) and 𝐸

𝑗
(𝑇) at the same time, we should consider ES

schemes from two points: one is maximizing power supply
of renewable energy with proper power scheduling, and
the second is minimal BS operational power with BS sleep
strategy.Due to the complexity of the optimizationmodel and
practical limits of cellular networks, we will analyze the key
points for resolving the model.

2.4. Key Points for Resolving the Model. Since the model
contains a lot of constraints, so much information should
be collected from the network to figure out whether these
conditions are satisfied. Still, resolutions with X(𝑡) and P(𝑡)
require network control to change wireless parameter for
BSs and reconnection for users; all these actions require
the help of network management functions. Currently, most
network management work is done manually. However, ES
action always requires frequent adjustments which may put
heavy burdens on network. So traditional manual control
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Figure 1: Illustration of compensation under irregular scenario.

may be high cost. To make ES action be executed more
efficiently, ESM defined by 3GPP in SON use cases [16] and
self-organized BS cooperationmethod [19] will be adopted in
this paper as a suitablemanagement policy and compensation
method. As optimization objects are discrete matrix and con-
tinuous matrix and the constraints are nonlinear, from [7],
we can derive that this problem is a nonconvex optimization
problem and is hard to be resolved. Tomake the optimization
model be executed under practical networks, we should take
the following four points with low-complexity methods into
considerations.

2.4.1. How to Determine When ES Actions Can Be Executed?
ES actions can be carried out through BS sleep and corre-
sponding BS parameter adjustments (such as power, tilt, and
neighbor relationship). ESmodel considers ES problems dur-
ing thewhole time domain, butwe could not execute it at each
time point so as to avoid frequent parameter adjustments.
Therefore, execution frequency should be proper. Still, as ES
actions is always triggered by the traffic variations, accurate
traffic prediction method is profitable as well.

2.4.2. How to Determine the BS Mode When ES Actions Are
Executed? During ES period, several BSswill be slept. On one
hand, we want to sleep as more BSs as possible. On the other
hand, regional coverage and traffic should be accommodated
by the active BSs, so geographic BS deployment and regional
traffic load should be considered as well. Thus we should find
an efficient BS mode determination method.

2.4.3. How to Keep Users’ QoS during ES Period? As BS sleep
will change the network topology and no doubt affect user
QoS such as perceived signal strength, interference level, and
service blocking probability, we should give a method to

adjustment parameters from user QoS perspective thus to
guarantee regional user QoS and network performance above
acceptable level. As parameters are the same to each user, the
method should leverage the parameter effect among BSs and
users.

2.4.4. How to Maximize the Utilization of Renewable Energy
Supplies? As renewable energy supplies come from the solar
energy or wind energy which vary drastically along with
environment, the energy generation rate will change along
with time as well. However, renewable energy takes on the
best green benefits, so a method should be given to maximize
the utilization of renewable energy supplies. Moreover, the
method should guarantee that power supply for each eNodeB
is stable and sustainable.

Aiming at resolving above key points, we propose a self-
organized framework to address them, which will be shown
in Section 3.

3. Self-Organized Framework for ESM

According to the ESM definition and the scenarios of LTE
heterogeneous networks with hybrid supplies, we give the
self-organized framework for ESM in Figure 1.

As shown in Figure 1, to make ESM more practical, we
should consider the management architecture, the manage-
ment entities, and management procedures in SON frame-
work.

3.1. Management Architecture. There are three kinds of
management architecture in SON, which are centralized
SON, distributed SON, and hybrid SON. Considering both
distributed massive BSs and the OAM regional function, we
use hybrid SON here, as shown in Figure 1.
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Thehybridmanagement architecture includes centralized
SON and distributed SON. Here we assume that distributed
SON communicates with SON agents deployed on each
eNodeB. Distributed SON is responsible for guaranteeing
users’ QoS under each eNodeB. Still, distributed SON com-
municate with each other through X2 interface.

Moreover, centralized SON is deployed on Operation,
Administration, and Maintenance (OAM) system to manage
regional information, such as network topology and regional
traffic load. Centralized SON communicates with distributed
SON at each eNodeB and SON agent at each microcell.
Regional control algorithms will be executed by centralized
SON as well.

3.2. Management Entities. As shown in Figure 1, to keep flu-
ent management among different network elements (includ-
ing battery, eNodeB, and microcell), we should set the
following management entities:

(1) SON agent at each eNodeB, which monitors the
basic parameters, power, key performance indicators,
and traffic data, and pushes the ES actions from
distributed SON to eNodeB.

(2) SON agent at microcell, which monitors the basic
parameters, power, key performance indicators, and
traffic data, and pushes the ES actions from central-
ized SON to microcell.

(3) Centralized SON at OAM system, which collects
regional information from the eNodeB andmicrocells
and gives regional ES action suggestions.

(4) Distributed SON at each eNodeB, which collects and
stores the information of the entire eNodeB and
energy controller and gives local ES action suggestion
for users under current eNodeB.

(5) Energy supply, which controls the energy supply for
each eNodeB under hybrid energy sources.

(6) Energy storage, which stores the energy coming from
the renewable energy sources and power lines.

(7) Energy controller, which determines the energy sup-
ply method according to the energy storage, eNodeB
power requirements, and the control information
from the distributed SON.

With above entities, we can obtain effective energy supply
and energy saving with hybrid management architecture.

3.3. Management Procedures. As ESM is a looped control
for the whole network, next we will give the procedures for
how to implement it. With the management architecture and
management entities, the procedures are shown in Figure 2.

As shown in Figure 2, our procedures have four stages
under the management of different SONs:

(1) For distributed SON at each eNodeB and SON agent
at each microcell, they monitor the traffic load of
each eNodeB and each microcell and predicate the
traffic variations for the next period. From [7], we
can assume that traffic per hour is unchanged, which
makes it possible to take the traffic prediction only
from each hour.

(2) According to traffic prediction results and regional
network information, the centralized SON deter-
mines the BS mode and traffic accommodation poli-
cies. The determination should make sure that no
coverage hole exists in the network as well. Here we
set 𝑠
𝑗
(𝑡) as state of 𝐵

𝑗
at time 𝑡 corresponding to the

mode (i.e., 𝑠
𝑗
(𝑡) = 0 as sleep mode and 𝑠

𝑗
(𝑡) = 1 as

active mode).
(3) After BS mode determination, next distributed SON

at eNodeB and SON agent at microcell should find
appropriate way to adjust parameters at each BS thus
to make each user associate with proper BS above
acceptable QoS levels.
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(4) Once the parameter adjustments are determined, we
can obtain the power required for each BS. Then,
distributed SON at each eNodeB determines the
power supply policies to maximize the utilization for
renewable energy.

After the energy supply policies are determined, all
the parameter adjustments and power supply strategies will
be executed by each BS under the control of SON agent.
And then the whole network will return back to the traffic
monitoring stages.

Above procedures just denote what to do for different
SON entities. We should give the proper algorithms for
different stages as well. To resolve the key points in the ESM
procedures, we proposed S-ARIMA based traffic prediction
algorithms, BS cooperation algorithm based on geographic
topology, distribution user allocation algorithm, and sustain-
able power supply algorithm to resolve them.

4. Corresponding Practical Algorithm

4.1. S-ARIMA Based Traffic Prediction Algorithm. To judge
when ES actions can be triggered or rolled back, we should
know how traffic will be changed along with time. Here
traffic is taken as the load factor in (4). There are many
traffic prediction methods which have been used in BS sleep
methods, such as Holt-Winters in [11] and online stochastic
game theoretic algorithm in [20]. But they are not suitable for
traffic with small value and the accuracy can be improved. In
this paper, according to the periodic features of traffic, we use
S-ARIMA traffic prediction algorithm to estimate the future
traffic.

The S-ARIMA model is given by

𝜙
𝑥
(𝐶)Φ

𝑋
(𝐶
𝑦
) (1 − 𝐶)

𝑑
(1 − 𝐶

𝑦
)
𝐷

�̇� (𝑡)

= 𝜃
𝑞
(𝐶)Θ

𝑄
(𝐶
𝑦
) 𝜌 (𝑡) ,

(11)

where

�̇� (𝑡) =
{

{

{

𝐿 (𝑡) − 𝜇, 𝑑 = 𝐷 = 0,

𝐿 (𝑡) , others,
(12)

with

𝜙
𝑥
(𝐶) = 1 − 𝜙

1
𝐶 − 𝜙

2
𝐶
2
− ⋅ ⋅ ⋅ − 𝜙

𝑥
𝐶
𝑥
,

Φ
𝑋
(𝐶
𝑦
) = 1 − Φ

1
𝐶
𝑦
− Φ
2
𝐶
2𝑦
− ⋅ ⋅ ⋅ − Φ

𝑋
𝐶
𝑋𝑦
,

𝜃
𝑞
(𝐶) = 1 − 𝜃

1
𝐶 − 𝜃
2
𝐶
2
− ⋅ ⋅ ⋅ − 𝜃

𝑞
𝐶
𝑞
,

Θ
𝑄
(𝐶
𝑦
) = 1 − Θ

1
𝐶
𝑦
− Θ
2
𝐶
2𝑦
− ⋅ ⋅ ⋅ − Θ

𝑄
𝐶
𝑄𝑦
.

(13)

In (11)∼(13), 𝜙
𝑥
(𝐶) and 𝜃

𝑞
(𝐶) are the conventional autore-

gression operator and moving average operator, respectively.
Correspondingly, Φ

𝑋
(𝐶
𝑦
) and Θ

𝑄
(𝐶
𝑦
) are seasonal autore-

gression operator and moving average operator. 𝜌(𝑡) is the
white noise with zero average and 𝜇 is a constant value. 𝐶
is the backward shift operator as 𝐶𝐿(𝑡) = 𝐿(𝑡 − 1). 𝐿(𝑡) is
the load factor of BS and is taken as the time sequences.

Moreover, 𝑑 and 𝐷 are differential order and seasonal
differential order, respectively. Then we call the model in (11)
S-ARIMA(𝑥, 𝑑, 𝑞) × (𝑋,𝐷,𝑄)

𝑦
model with season 𝑦.

To obtain the proper S-ARIMAmodel for time sequences,
we should execute the following steps.

Step 1. Compute the differences∇ and seasonal differences∇
𝑦

to obtain stationary series for the given time sequences.

Step 2. Compute the Autocorrelation Function (ACF) and
Partial Autocorrelation Function (PACF) for the stationary
sequences, and then match them to known values in S-
ARIMA model. If more than one combination of (𝑥, 𝑑, 𝑞) ×
(𝑋,𝐷,𝑄) is proper, we then adopt the one with minimal
Akaike’s Information Criterion (AIC) as the tentative model.

Step 3. Compute the initial estimation for model parameters
in S-ARIMA(𝑥, 𝑑, 𝑞) × (𝑋,𝐷,𝑄)

𝑦
withMaximum Likelihood

Estimation (MLE) or moment estimation.

Step 4. After fitting, check whether the residual sequences
can be considered as white noise with ACF and PACF
computation. If the checking is not passed, improvement
for the parameters will be given, and fitting and checking
procedures will be executed until the checking is passed.

As traffic variations in each BS take on obvious seasonable
feature, S-ARIMA is an effective prediction algorithm for
cellular traffic.

In fact, as time series prediction models require lots
of computations and iterations, their computational com-
plexities are determined by data volume, the number of
parameters, the estimation method, and time cycle. So, it
is hard to give an accurate mathematical expression for
time complexity. However, many tools such as RStudio have
integrated S-ARIMA model into them, and it is easy to use
this tool to predicate the time sequences.

4.2. BS Cooperation Algorithm Based on Geographic Topol-
ogy (BCAGT). For eNodeB, since static power of each BS
occupiesmore than its 50% energy consumption as described
in [21], so the target of this part is to maximize number of
sleep BSs with global information at the centralized SON. In
addition, three constraints should be taken into account:

(i) After sleeping BSs and reallocating traffic load, no
active node is overloaded.

(ii) To reduce effect of frequent handovers caused by BS
sleeping, number of sleep times per BS during entire
time domain cannot exceed a threshold (e.g., 1 time).

(iii) To ensure satisfactory coverage, each sleep BS has at
least one active neighbor BS.

With above considerations, BCAGTwhichmainly use the
network topology information can be obtained beforehand.

For slept BSs, one, two, or three neighbor BSs can cooper-
ate to compensate coverage and capacity [22], as illustrated in
Figure 3. Micro BS 𝐵

12
is fully compensated by Macro BS 𝐵

11

which is called EP (Entire Pair) of 𝐵
12
. Additionally, macro
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Input: B, L(𝑡), {𝑠
𝑗
(𝑡)} Output: L(𝑡), {𝑠

𝑗
(𝑡)}

(1)B = B,T = ⌀
(2) whileB ̸= ⌀

(3) 𝐵
𝑗
∗ ⇐ argmin

𝐵𝑗∈B
{𝐿
𝑗
(𝑡) | 𝑠

𝑗
(𝑡) = 1 && 𝐿

𝑗
(𝑡) < 1}

(4) if 𝐵
𝑗
∗ is a micro - BS

(5) 𝐵
𝑘
∗ ⇐ argmin

𝐵𝑘∈H𝑗∗ (𝑡)
{𝐿
𝑘
(𝑡) | 𝑠

𝑘
(𝑡) = 1 && 𝐿

𝑘
(𝑡) < 1}

(6) if 𝐵
𝑘
∗ exists && 𝐿

𝑗
∗ (𝑡) + 𝐿

𝑘
∗ (𝑡) ≤ 1

(7) 𝑠
𝑗
∗ (𝑡) = 0, 𝐿

𝑘
∗ (𝑡) ⇐ 𝐿

𝑗
∗ (𝑡) + 𝐿

𝑘
∗ (𝑡)

(8) end if
(9) end if
(10) if 𝐵

𝑗
∗ is a Macro - BS

(11) T⇐ {{OP}
𝑗
∗ ∪ {TP}

𝑗
∗ }

(12) CP∗ ⇐ argmaxCP∈T{∏𝐵𝑘∈CP(1 − 𝐿𝑘(𝑡)) | ∀𝐵𝑘 ∈ CP, 𝐿𝑘(𝑡) < 1 && 𝑠𝑘(𝑡) = 1}
(13) if CP∗ exist && for ∀𝐵

𝑘
∈ CP∗, 𝐿

𝑘
(𝑡) + 𝑤

𝑘
𝐿
𝑗
∗ (𝑡) ≤ 1

(14) 𝐿
𝑘
(𝑡) ⇐ 𝐿

𝑘
(𝑡) + 𝑤

𝑘
𝐿
𝑗
∗ (𝑡), 𝑠

𝑗
∗ (𝑡) = 0

(15) end if
(16) end if
(17) B⇐B \ {𝐵

𝑗
∗ }

(18) end while

Algorithm 1: Description of BS cooperation algorithm.
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Figure 3: Illustration of compensation under irregular scenario.

BS 𝐵
9
can be compensated by macro BS opposite pair (OP)

(𝐵
8
, 𝐵
10
), and macro BS 𝐵

2
can be compensated by macro BS

trigonal pair (TP) (𝐵
1
, 𝐵
4
, and 𝐵

5
). The definitions of OP and

TP can be seen in our previous work in [23, 24].
Based on definitions ofOP andTP, the time domain [0, 𝑇]

can be divided into four phases due to regional traffic states
[17]. In peak andmidnight phase, the states of BSs remain the
same. And in traffic decreasing phase, this algorithm should
be executed at the beginning of each hour. The process is
shown as follows in Algorithm 1. This algorithm shows the
process of sleep BS selection with load decline. Similarly,
based on symmetry of load variation in time domain, the
reverse process of BCAGT is used to recover sleep BSs during
traffic increasing phase. The four phases are determined
according to the fitting for historic traffic load. Moreover, the
traffic load used in this algorithm is the prediction traffic load
as well.

Here L(𝑡) is the traffic prediction vector for regional BSs.
As shown in Algorithm 1, firstly, we find the active 𝐵

𝑗
∗ with

the lowest load. If 𝐵
𝑗
∗ is a micro BS, select the active BS 𝐵

𝑘
∗

with the lowest load from its neighbor macro BS set H
𝑗
∗(𝑡)

which can completely cover 𝐵
𝑗
∗ . If 𝐵

𝑘
∗ exists and is able to

absorb the load of 𝐵
𝑗
∗ , then we can transfer the load to 𝐵

𝑘
∗

and sleep 𝐵
𝑗
∗ . If 𝐵

𝑗
∗ is a macro BS, its OP set {OP}

𝑗
∗ and TP

set {TP}
𝑗
∗ should be selected to form the set of compensation

elements denoted as T. Then select compensation element
CP∗ which satisfies the conditions that ∀𝐵

𝑘
∈ CP∗ is active

and not overloaded, and the product of surplus load of all BSs
in CP∗ is maximum. If CP∗ exists and is able to absorb the
load of 𝐵

𝑗
∗ , its load will be allocated by a ratio of𝑤

𝑘
to BSs in

CP∗, and thenwe can sleep it. According to [20],𝑤
𝑘
is defined

as

𝑤
𝑘
=

ℓ
2

𝑘𝑗
∗

∑
𝑖∈CP∗ ℓ

2

𝑖𝑗
∗

. (14)

Here ℓ
𝑖𝑗
is the distance from BS 𝑖 to BS 𝑗.

After selecting 𝐵
𝑗
∗ , all BSs in this region should be

traversed until all BSs are analyzed. We can easily find
that complexity of Algorithm 1 is 𝑂(|B

𝑚
| ⋅ max{H

𝑗
∗(𝑡)} +

|B
𝑀
| ⋅ max{|{OP}

𝑗
∗ |, |{TP}

𝑗
∗ |}). Based on analysis from [17],

we know that max{|{OP}
𝑗
∗ |, |{TP}

𝑗
∗ |} ≤ 20. Still, neighbor

macro BS for each micro BS is known from the network
topology (often is no more than 3), so the complexity is less
than 𝑂(3|B

𝑚
| + 20|B

𝑀
|), which means complexity is only

determined by regional BS number.
Since this algorithm analyzes the compensatory method

only from view of BS load and state, we need to consider
regional and BS power constraint, coverage constraint, inter-
ference constraint, QoS constraint, and so forth. Aiming at
solving optimization problem from the perspective of users,
the paper designs distribution user allocation algorithm to
achieve the optimal allocation for users next.
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Input: B, U(𝑡), X(𝑡), P(𝑡) Output: X(𝑡), P(𝑡)
(1)U(𝑡) = U(𝑡)
(2) whileU(𝑡) ̸= ⌀
(3) for ∀𝑖∗ ∈U(𝑡), 𝐵

𝑗
∗ ⇐ arg

𝐵𝑗∈Bmax{𝜎
𝑖
∗
𝑗
(𝑡) | 𝐿

𝑗
(𝑡) < 1}

(4) while 𝜎
𝑖
∗
𝑗
∗ (𝑡) < 𝜒 or 𝜎

𝑖
∗
𝑗
∗ (𝑡)/(N

0
+ ∑
𝑁

𝑘=1,𝑘 ̸=𝑗
∗ 𝑃
𝑇

𝑘
(𝑡)𝑔
𝑖
∗
𝑘
(𝑡)) < 𝛾min

(5) 𝑝
𝑖
∗
𝑗
∗ (𝑡) ⇐ 𝑝

𝑖
∗
𝑗
∗ (𝑡) + Δ𝑝, 𝑥

𝑖
∗
𝑗
∗ (𝑡) = 1

(6) if ∃𝑘, 𝑃𝐵
𝑗
∗
𝑘
(𝑡) > 𝑃

𝐵

𝑇
, break; end if

(7) if ∑
|M𝑗∗ (𝑡)|
𝑖=1

𝛽
𝑖𝑗
∗ (𝑡)𝑝
𝑖𝑗
∗ (𝑡) > 𝛼𝑃

𝑇

𝑗
∗ , break; end if

(8) if 𝐿
𝑗
∗ (𝑡) + 𝛽

𝑖
∗
𝑗
∗ (𝑡) > 1, break; end if

(9) end while
(10) U(𝑡) ⇐U(𝑡) \ {𝑖∗}

(11) end while

Algorithm 2: Description of distribution user allocation algorithm.

Input: 𝑃
𝑗
(𝑡), 𝐴

𝑗
(𝑡), 𝐸
𝑗
(𝑡) Output: 𝐴

𝑗
(𝑡), 𝐸
𝑗
(𝑡)

(1) if 𝐸
𝑗
(𝑡) ≥ ∫

𝑡+1

𝑡
𝑃
𝑗
(𝑡)𝑑𝑡,

𝐸
𝑗
(𝑡) = 𝐸

𝑗
(𝑡) − ∫

𝑡+1

𝑡
𝑃
𝑗
(𝑡)𝑑𝑡 + ∫

𝑡+1

𝑡
V
𝑗
(𝑡)𝑑𝑡 and 𝑎

𝑗
(𝑡) = 0

(2) else
(3) 𝐸
𝑗
(𝑡) = 𝐸

𝑗
(𝑡) + ∫

𝑡+1

𝑡
V
𝑗
(𝑡)𝑑𝑡 and 𝑎

𝑗
(𝑡) = 𝑃

𝑗
(𝑡)

(4) end if

Algorithm 3: Description of sustainable power supply algorithm.

4.3. Distribution User Allocation Algorithm (DUAA). Above
BS cooperation algorithm mainly concentrates on sleep
nodes method and load reallocation. Further, user-BS asso-
ciation needs to consider specific user allocation. In this part,
the regional power is minimized subject to the constraints in
(10). The microscopic problem is a complex combinational
optimization problem aswell.Thus, this paper employs a low-
complexity DUAA to solve it.

We use U(𝑡) to designate the set of users at time 𝑡, where
U(𝑡) = ∪M

𝑗
(𝑡). For arbitrary user 𝑖∗ in U(𝑡), select the

corresponding BS 𝑗∗ with the strongest received signal. If
either 𝛾

𝑖
∗
𝑗
∗(𝑡) or 𝜎

𝑖
∗
𝑗
∗(𝑡) does not meet the requirements, it

can be considered that the serving BS of user 𝑖∗ is slept.
And we can adjust power per RB 𝑝

𝑖
∗
𝑗
∗(𝑡) of 𝑗∗ to satisfy

constraints.
According to [7], in LTE system, 𝐼

𝑖𝑗
(𝑡) is generally set as

0. Based on RB conflict principle,I
𝑖
(𝑡) can be written as

I
𝑖
(𝑡) =

𝑁

∑

𝑗=1,𝑗 ̸=𝑖

𝐿
𝑖
(𝑡) 𝐿
𝑗
(𝑡) 𝑃
𝑇

𝑗
(𝑡) 𝑔
𝑖𝑗
(𝑡) . (15)

Then we have

𝛾
𝑖𝑗
(𝑡) =

𝜎
𝑖𝑗
(𝑡)

N
0
+ ∑
𝑁

𝑘=1,𝑘 ̸=𝑗
𝐿
𝑖
(𝑡) 𝐿
𝑘
(𝑡) 𝑃
𝑇

𝑘
(𝑡) 𝑔
𝑖𝑘
(𝑡)

≥

𝜎
𝑖𝑗
(𝑡)

N
0
+ ∑
𝑁

𝑘=1,𝑘 ̸=𝑗
𝑃
𝑇

𝑘
(𝑡) 𝑔
𝑖𝑘
(𝑡)

.

(16)

Obviously, if the latter term in (16) is not less than 𝛾min,
it can be derived that 𝛾

𝑖𝑗
(𝑡) ≥ 𝛾min. Assuming that the

step to adjust power is Δ𝑝, this algorithm is described in
Algorithm 2. Since adjustable parameter is only power per RB
allocated to each user, which is irrelevant to other users and
BS load, DUAA is a distributed algorithmwithout centralized
control.

Given that the scope of 𝑝
𝑖𝑗

is [𝑝min, 𝑝max] and the
complexity to compute 𝑃𝐵

𝑗
∗
𝑘
(𝑡) is Λ, then the complexity of

DUAA is𝑂((𝑝max−𝑝min)/Δ𝑝⋅Λ⋅𝐾⋅|B|2 ⋅ |U(𝑡)| ⋅max{M
𝑗
(𝑡)}).

As 𝐾 is always a constant and the iteration upper limit is
definite when range and step of 𝑝

𝑖𝑗
are known, computation

complexity is just 𝑂(Λ ⋅ |B|2 ⋅ |U(𝑡)|2), which is an acceptable
quadratic polynomial.

4.4. Sustainable Power Supply Algorithm. With above three
algorithms we can obtain the BS modes, the traffic realloca-
tion methods, and user-BS association strategies. However,
they are all focusing on the power of BS requirement without
considering hybrid energy supplies. Here, sustainable power
supply algorithm is proposed to maximize the green energy
utilization. For each eNodeB, we will execute the algorithm
as Algorithm 3, which determines function 𝑓(⋅) and ℎ(⋅). To
make energy supply more stable, the energy supply method
is consistent with the approach in [13, 18]. Still, assume time
interval during 𝑡 and 𝑡 + 1 is one hour here. Algorithm 3 will
be executed at each time 𝑡 as well.

That is, only when the storage energy of renewable energy
is higher than the eNodeB power required during the next
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Figure 4: Illustration of simulation scenario.

time interval will the renewable energy be used. Otherwise,
the energy will be stored for the next time intervals.

In this algorithm, as 𝐴
𝑗
(𝑡) and 𝐸

𝑗
(𝑡) just need to be

computed at each time point with linear judgment for each
eNodeB, so its complexity is only 𝑂(|B

𝑀
|), which is linear

with eNodeB number.

5. Simulation and Analysis

5.1. Simulation Scenario. The simulation is performed in LTE
underlay heterogeneous network scenario as illustrated in
Figure 4. This part of network covers a 2000m × 2000m
square area which includes 16 eNodeBs and 34 microcells.
In this figure, blue asterisks denote the locations of eNodeB,
blue circles denote the locations of microcell, and red bullets
denote the users at a time point. Still, we assume that users are
uniformly distributed in the network, and we only consider
512 kbps CRB services in the network. The path loss employs
COST-231 HataModel.The BS carrier frequency, penetration
loss, antenna gain, and thermal noise are 2GHz, 10 dB, 10 dB,
and −174 dBm/Hz, respectively.

Moreover, for resource allocation model, the number of
RBs for eNodeB and microcell is 100 and 20. The attenuation
factor 𝜉 is 0.95. And 𝛾min and 𝛾max are −13 dB and 20 dB,
respectively. 𝜑max is 4.8Mbps. Bandwidth of each RB is
180KHz.

In BS energy consumption model and QoS evaluation
model, the maximal transmit power of eNodeB and micro
BS is 20W and 10W, while the maximum operational power
is 500W and 15W, respectively. The ratio of static power
to maximum operational power of eNodeB and microcell
is supposed to be 0.8 and 0.33. And 𝜀 and power amplifier
efficiency are fixed as 0.05 and 0.2 for all BSs. Primary energy
of all eNodeB panels is set to be 0. Using S-ARIMA based
algorithm in Section 4, for normalized traffic which comes
from a city in China, we predict traffic variations for Friday
as shown in Figure 5. We have found that S-ARIMA(1, 1, 1) ×
(0, 1, 1)

24
is the most accurate model with highest correlation

coefficient, 0.996.
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Figure 5: Traffic prediction for Friday with data from Monday to
Thursday.
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Figure 6: Service arrival rate and power generation rate.

Table 1: Simulation parameters.

Parameter Value Unit
𝑃
𝐵

𝑇
1 %

𝛼 0.9 —
𝜒 −105 dBm
𝑃
𝜎

97 %
𝑃
𝛾

98 %
𝑝min 0.1 Watt
𝑝max 1 Watt
Δ𝑝 0.05 Watt

According to the prediction results, here we use a time
period of 29 hours predicated for Friday as the simulation
time. Service arrival rate in the region and energy generation
rate of solar panels are depicted in Figure 6, where the
average service time is 5 minutes and the number of available
resource is the maximum resource number. Here, arrival
rate is consistent with the predicted results and the power
generation rate is the same as [18]. At the beginning of
each hour, user arrives at each BS with the same Poisson
arrival process as shown in Figure 6. S-ARIMA algorithm is
implementedwith RStudio. And the rest of the algorithms are
simulated under MATLAB. The values of other parameters
used in simulations are outlined in Table 1.

According to the models and parameters above-
mentioned, simulation results are given as follows.

5.2. Result Analysis. The simulation is performed in LTE
under heterogeneous network and considers time-variant
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Figure 7: Comparison of ES performance under different mecha-
nisms.

characters, which is less studied yet. Therefore, this paper
emphasizes the analysis of ES BSs numbers, energy efficiency,
and QoS, coverage, and interference parameters.

It is true that executing ES algorithms and schemes always
puts additional computation and management burden of the
management center, and energy consumption may increase
as well. However, in our mechanism, these algorithms and
schemes are mainly executed in centralized SON at OAM
system and distributed SON and SON agents on the BSs.
For distributed SON and SON agents on the BS mainly
responsible for ES action costs, the energy costs have been
taken into consideration in (5) with ratio 𝜀 denoting energy
proportion of sleep BSs to maintaining basic management
functions. With these for active BSs with compensation
actions, we can assume that the control energy costs can
be accommodated by power increase. For centralized SON
located at OAM system, the number of these nodes is fairly
lower than number of BSs, so their energy consumption is
much lesser than BSs. Besides, as we adopt algorithms and
schemes with low computation complexity, their additional
energy consumption is inappreciable compared to energy-
saving gains for BSs. Considering that these additional
energies are minor and hard to be quantified, we just ignore
them here.

In the whole time domain, themaximumnumber of sleep
macro BSs is 7, and sleep time intervals are {2∼9} and {24∼
30}. In addition, all micro BSs can be slept under constraints
between 11 and 34 ones for different hours. In time domain𝑇,
energy consumption of normal state is labeled as 𝐹(𝑇), and
energy consumption of using ES method is labeled as 𝐹(𝑇);
then ES gain in time domain 𝐺

𝐸
(𝑇) can be expressed as

𝐺
𝐸
(𝑇) =

𝐹 (𝑇) − 𝐹

(𝑇)

𝐹 (𝑇)
× 100%. (17)

Figure 7 shows the variation of regional accumulated
energy consumption for three different methods, which are
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Figure 8: ES gain comparison for different methods.

method without ES mechanism, method with ES under
power grid, and method with ES under hybrid power sup-
plies. Here ES under power grid means only S-ARIMA,
BCAGT, andDUAA are adopted, and ES under hybrid power
supplies mean that all the algorithms in this paper are used.
Compared with conventional method, energy consumption
of power grid can be saved more with renewable energy.
During time interval {10∼15}, renewable energy system can
satisfy energy demands individually.

As ESmethods in [23, 24] just take ES actions once during
the period, there is no doubt that ES method proposed in
this paper will take on higher energy efficiency than them.
As shown in Figure 8, compared with OP method in [23],
TP method in [24], and classical GreenBSN in [5] (here we
just assume BS radius for eNodeB uses the value in [17]), we
can find that ES gains of our proposed ES mechanisms are
32.65% and 47.40%, respectively, which are almost twice for
OP (17.32%) and TP (16.51%). However, GreenBSN takes on
little higher ES efficiency (33.86%) than our ES under power
grid as it is a nearly optimal method. But it is theoretical to
some extent as interference control is not preferred.

Since ES mechanism has impact on system performance,
in the following, we analyze coverage, interference, and
QoS indicators, respectively. There is no doubt that our
mechanism is worse than methods in [23, 24] as more BSs
are slept. So here we mainly explore the performance of our
mechanism after execution.

To evaluate performance effect of our algorithm, we
choose the time point with most sleep BSs (which is the 29th
hour) and analyze the RSRP and SINR distributions for the
active eNodeB with highest traffic load at this time point. Fig-
ure 9 shows cumulative probability distribution of coverage
indicator RSRP for the selected BS. As DUAA just considers
power control for users under acceptable levels, coverage and
interference effects for other active users should be evaluated
as well. Here ES (users) means performance for user set
whose power has been adjusted through DUAA, and ES
(regional) means performance for all the active users in this
network. It can be seen that ESmechanism degrades coverage
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Figure 9: Cumulative probability distribution of RSRP.
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Figure 10: Cumulative probability distribution of SINR.

performance to some extent. In the analysis, we consider the
effect on active users as well as effect on overall coverage
performance of selected BS. Because our mechanism mainly
emphasizes power control for active users under sleep BSs,
so RSRP cumulative probability distribution of active users
is generally better than all the users in the network. Further,
cumulative probabilities for active users and regional RSRP
(more than −105 dBm) are both 100%, which proves that
coverage performance conforms to constraints.

Similarly, from the perspective of interference, cumu-
lative probability distribution of interference indicator for
selected BS is illustrated in Figure 10. We can see that ES
mechanism can negatively affect regional interference as well.
Moreover, SINR cumulative probability distribution of active
users also performs better than SINR distribution of overall
coverage.Meanwhile, cumulative probabilities of SINR (more
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Figure 11: Regional ES gain with static power variation per BS.

than−105 dBm) for active users under sleep BSs and for all the
users in the network are 100% and 98.1%, respectively, which
means interference meets constraints as well.

As for QoS, with computationmethod in [25], simulation
results indicate that maximum service blocking probability is
less than the target 1%, which indicates that it satisfies QoS
constraint.

In order to verify scalability, ES efficiency for BSs with
different static powers is further studied under simulation
scenario. As shown in Figure 11, on the premise that sleep
node method is determined, ES efficiency decreases as BS
static power increases, which shows that BS static power is
bottleneck of ES efficiency. In other words, reducing BS static
power can enhance energy efficiency significantly. When
BS static power is lower than 500 Watt, regional energy
consumption is less. Thus, it can be powered by renewable
energy. At this point, the ES mechanism mentioned in this
paper performs much better than conventional sleep node
methods. When BS static power is equal to 100 Watt, both
mechanisms can achieve optimal energy gains, which are
71.66% and 46.88%, respectively. Conversely, when BS static
power is more than or equal to 500 Watt, regional energy
consumption is more than available renewable energy, which
means only power grid can be used. Thus, ES effects of two
methods tend to be the same and reach the peak efficiency
30.93% at 500 Watt. It indicates that renewable energy has
certain limitations because of its low generation rate.

Consequently, the mechanism can reduce energy con-
sumption of LTE heterogeneous network while maintaining
satisfactory coverage, interference, and QoS. In addition, it
can implement efficient ES for BSs with different power,
thereby having strong adaptability.

6. Conclusion

For LTE heterogeneous network, this paper proposes an
ESM mechanism based on hybrid energy supplies. With
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simulations under irregular topology in LTE underlay het-
erogeneous network, this paper verifies that this mechanism
can save 47.4% energy while ensuring the acceptable regional
coverage, interference, and QoS and has strong adaptability.
In our further study, we can take into account new characters
of LTE/LTE-A network. Moreover, new technologies such
as CoMP, Relay, and D2D can be used to achieve regional
compensation, thereby implementing ES, reducing interfer-
ence, and enhancing resource utilization. Additionally, some
innovative indicators, such as power per bit and power per
square, can be set as optimization objectives to construct
ES models. Still, energy pool technologies which can share
the renewable energy among different BS will be studied.
Wireless powering and energy-harvesting technologies for BS
power supply will be considered as well.
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The relay node (RN) in Long-Term Evolution-Advanced (LTE-A) networks is used to enhance the coverage of high data rate and
solve the coverage hole problem. Considering the limited energy nature of User Equipment (UE), connecting to the RN instead
of Evolved Node B (eNB) is a better choice for cell-edge UE items. In this paper, on the premise of compatibility to the LTE-A
resource allocation specification, we discuss an uplink radio resource, uplink path, modulation and coding scheme (MCS), and
transmit power allocation problem for energy conservation in LTE-A relay networks. The objective is to minimize the total energy
consumption of UE items while guaranteeing the constraints of UE items’ quality of service (QoS), bit-error-rate (BER), total
system resource, and maximum transmit power. Since the problem is NP-complete and the scheduling period in LTE-A is short
(the subframe length is only 1ms), we propose an efficient method to solve the problem. The complexity analysis shows the time
complexity of the proposed heuristics is𝑂(𝑛2). Simulation results demonstrate that our algorithm can effectively reduce the energy
consumption of UE items and guarantee users’ service quality.

1. Introduction

In recent years, the third-generation partnership project
(3GPP) has proposed the Long-Term Evolution (LTE) [1] and
LTE-Advanced (LTE-A) [2] to support mobile and broad-
band wireless access in cellular systems. In LTE/LTE-A, the
Orthogonal Frequency Division Multiple Access (OFDMA)
is selected as the downlink access technology, which provides
high spectrum efficiency, while, in the uplink, the Single-
Carrier Frequency Division Multiple Access (SC-FDMA)
technique is employed to reduce the Peak-to-Average Power
Ratio (PAPR). Relay is one of the key features in LTE-A [3],
where relays can enhance the coverage of high data rates,
increase the throughput of cell-edge users, solve the coverage
hole problem, and raise bandwidth utilization by spatial
reuse. Two types of relays are introduced in the LTE-A. Type
I relays act like eNBs to the attached UE items and have
their own physical identities. On the contrary, Type II relays
are transparent to the UE items and do not have physical
identities. Like most wireless networks, energy saving is
always an important issue for UE items due to the battery

capacity restriction. Deploying relays, cell-edge UE items are
able to save more power by connecting to the eNB via relays.

In this paper, we study the fundamental energy con-
servation problem in LTE-A uplink with Type I relays. We
consider an uplink resource, path,MCS, and power allocation
problem. The objective is to minimize the total energy con-
sumption of UE items, while guaranteeing their constraints
of relay network frame structure, maximum transmit power,
BER, and QoS. Low power consumption is particularly
important for UE items’ batteries which can extend their
lifetime. Today’s wireless networks are characterized by a
fixed spectrum assignment policy. Reference [4] shows that
the average around 60% of the spectrum remains unutilized.
This motivates us to exploit the idle spectrum to decrease the
power consumption of UE items and thus increase UE items’
battery lifetime and the spectrum utilization.

In the literature, much work has been done for the uplink
resource allocation in LTE/LTE-A networks. Reference [5]
proposes the optimal SC-FDMA resource allocation algo-
rithm based on a pure binary-integer program to maxi-
mize the total user-weighted system capacity. Reference [6]
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presents a set of resource allocation schemes for LTEuplink to
achieve the proportional fairness of users while maintaining
good system throughput. However, the above studies [5, 6] do
not take relays into consideration. For Type I relay networks,
[7, 8] show how to achieve a good trade-off between system
throughput and global proportional fairness over in-band
and out-band relay networks, respectively. But, both of
them focus on the downlink resource allocation and energy
conservation is not the concern. In IEEE 802.16, [9] defines a
resource allocation problem which aims at the minimization
of energy consumption of UE items. The authors discuss the
relationship between the MCSs and the energy consumption
of UE. The result shows that the UE can decrease (resp.,
increase) its power consumption by choosing a lower (resp.,
higher) level of MCS but spend more (resp., less) physical
resources. Reference [10] continues and extends the energy-
conserved resource allocation problem in IEEE 802.16j.
However, both studies [9, 10] are not valid for LTE/LTE-A.
Reference [11] examines the effect of Physical Resource Block
(PRB) allocation on LTEUE’s uplink transmission power and
energy consumption. Simulation results show that, for each
subframe, to allocate asmany PRBs as possible to a single user
is more energy efficient than sharing PRBs among several
users. In [12], to improve the energy efficiency, user terminals
cooperate with each other in transmitting their data packets
to the base station (BS) by exploiting multitypes of wireless
interfaces. To be specific, when two UE items are close to
each other, they first exchange their data with short range
communication interfaces. Once the negotiation is done, they
share the antennas to transmit their data to BS by employing
distributed space-time coding. Reference [13] proposes two
power-efficient resource schedulers for LTE uplink systems
subject to rate, delay, contiguous allocation, and maximum
transmit power constraints. Reference [14] proposes a green
opportunistic and efficient Resource Block (RB) allocation
algorithm for LTE uplink networks, which maximizes the
system throughput in an energy efficient way subject to users’
QoS requirements and SC-FDMA constraints. Reference [15]
proposes an energy efficient Medium Access Control (MAC)
scheme for multiuser LTE downlink transmission, which
utilizes the multiuser gain of the MIMO channel and the
multiplexing gain of themultibeamopportunistic beamform-
ing technique. Reference [16] discusses the buffer-overflow
and buffer-underflow problems in the LTE-A relay network
and presents adynamic flow control method to minimize
the buffer-overflow and buffer-underflow probabilities. Ref-
erence [17] discusses the relay selection, power allocation,
and subcarrier assignment problem and proposes a two-
level dual decomposition and subgradient method and two
low-complexity suboptimal schemes to maximize the system
throughput. Reference [18] examines the weighted power
minimization problem and jointly optimizes the bandwidth
and power usage under constraints on required rate, band-
width, and transmit power. So far, there is no existing work
studying the LTE-A relay network uplink energy conser-
vation issue by considering the uplink path determination,
radio resource scheduling, and MCS and transmit power
allocation at the same time.

BS

RN RN

MUE
RUE RUE

Backhaul link

Backhaul link

Access link
Access linkDirect link

Figure 1: The architecture of the LTE-A relay network.

In this paper, we propose a novel energy-saving resource
and power allocation scheme in LTE-A relay networks.
Our contributions can be summarized as follows. Firstly, to
the best of our knowledge, this is the first work to study
the energy-conserved uplink resource allocation problem in
LTE-A relay networks. The proposed method schedules and
allocates radio resource, uplink path, MCS, and transmit
power at the same time. Multiple realistic factors are consid-
ered in the paper, such as users’ required data rate and BER,
LTE-A relay network frame structure and system capacity,
and the maximum transmit power constraint. Secondly, we
prove the problem to be NP-complete. This means that it is
impossible to conduct the optimal solution for the problem
in limited time. Thirdly, a theoretical analysis is done to
show that the complexity of the proposed heuristics is𝑂(𝑛2).
Finally, we conduct a series of simulations to evaluate the
performance of the proposed scheme. The simulation results
confirm our motivation and show that the proposed method
can significantly reduce the overall energy consumption
of UE items compared to other schemes, guarantee users’
throughput, and increase only few extra delays (less than
10ms).

The rest of the paper is organized as follows. Section 2
gives the preliminaries. Section 3 presents our energy-
conserved uplink resource allocation heuristics. Theoretical
complexity analysis is given in Section 4. Simulation results
are shown in Section 5. Section 6 concludes the paper.

2. Preliminaries

In this section, we first illustrate and define the systemmodel
of LTE-A relay networks. Then, the energy cost model used
in this paper is described. Finally, we define the energy-
conserved uplink resource allocation problem in LTE-A relay
networks and prove it to be NP-complete [19]. To facilitate
the readability, Notations shown at the end of the paper
summarizes the notations frequently used throughout the
paper.

2.1. System Model. In an LTE-A relay network, there is one
eNB with 𝑀 fixed relay nodes (RNs) and 𝑁 UE items, as
shown in Figure 1. RNs are deployed to help relay data
between cell-edge UE items and eNB to improve the signal
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Figure 2: One TTI is composed of 2 consecutive RBs, where each
RB is a 12 (subcarriers) × 7 (symbols) two-dimensional array.

quality. There is no direct communication between UE items
or RNs. All UE items roam in the eNB’s coverage. We
call the UE items transmitting data by eNB “MUE” and
the UE items transmitting data by RN “RUE.” Backhaul
links, access links, and direct links are the links between the
eNB and RNs, RUEs and RNs, and the eNB and MUEs,
respectively. In the relay network, the resource allocation
unit is 2 consecutive Resource Blocks (RBs) in time domain,
called oneTransmission Time Interval (TTI). One RB is a two-
dimensional array (12 subcarriers × 7 symbols). One TTI
with two consecutive RBs is as shown in Figure 2. There are
two types of radio frame structures: Time Division Duplex
(TDD) mode and Frequency Division Duplex (FDD) mode
[20]. In TDD, the radio resource is divided into frames; each
is of 10ms. One frame is composed of 10 subframes of 1ms
each (as shown in Figure 3), and each subframe is divided
into two slots. The LTE-A allows the resource management
to schedule the resource on a subframe basis. In other
words, the shortest scheduling period in LTE-A is 1ms. LTE-
A supports seven different uplink-downlink configurations
for the TDD mode as shown in Table 1. Table 2 [21] shows
the subframe configurations for eNB-RN (backhaul link)
uplink and downlink in LTE-A relay networks. We call the
subframes configured for eNB-RN communication “back-
haul subframes,” in which both the eNB-RN and eNB-MUE
communications are allowed. On the contrary, the subframes
which are left blank are called “nonbackhaul subframes,” in

Table 1: TDD frame uplink-downlink configuration.

Uplink-downlink
configuration

Subframe number
0 1 2 3 4 5 6 7 8 9

0 D S U U U D S U U U
1 D S U U D D S U U D
2 D S U D D D S U D D
3 D S U U U D D D D D
4 D S U U D D D D D D
5 D S U D D D D D D D
6 D S U U U D S U U D

which the RN-RUE and eNB-MUE communications are
allowed. Note that in this paper, we skip the FDD mode and
focus on the TDD mode. Actually, our method can apply on
both LTE-A TDD and FDD modes.

Figure 4 shows an example which demonstrates how sub-
frames are configured in LTE-A relay networks when TDD
eNB-RN transmission subframe configuration 1 in Table 2 is
used. Since configuration 1 adopts uplink-downlink configu-
ration 1 in Table 1, subframes 2, 3, 7, and 8 are for the uplink
and subframes 0, 4, 5, and 9 are for the downlink. In the above
8 subframes, subframes 3 and 9 are for uplink and downlink
backhaul subframes, respectively, in configuration 1. So,
in relay networks, the other 6 subframes, that is, subframes
0, 2, 4, 5, 7, and 8, are nonbackhaul subframes. In relay net-
works, the RN-RUE transmission (access link) is only allowed
to use the nonbackhaul subframes, while the eNB-RN trans-
mission (backhaul link) can only allocate the resource in
the backhaul subframes. The eNB-MUE transmission (direct
link) is able to use both kinds of subframes.

2.2. EnergyModel. Theenergy cost of eachUE
𝑖
, 𝑖 = 1, . . . , 𝑁,

is 𝐸
𝑖
= 𝑃
𝑖
×𝑇
𝑖
, where 𝑃

𝑖
is the transmit power (in mW) of UE

𝑖

and 𝑇
𝑖
is the amount of allocated resources (in TTI or symbol

time) to UE
𝑖
. In each schedule, the required physical resource

of UE
𝑖
depends on its MCS, MCS

𝑖
, and the data request, 𝛿

𝑖

(in bits). 𝑇
𝑖
can be derived by 𝑇

𝑖
= ⌈𝛿
𝑖
/rate(MCS

𝑖
)⌉. In fact,

LTE-A uses Channel Quality Indicators (CQIs) to report the
current channel condition and each CQI = 𝑘, 𝑘 = 1, . . . , 15,
has its corresponding MCS (denoted by MCS(CQI = 𝑘))
and rate (denoted by rate(CQI = 𝑘); the unit is bits/TTI)
[22]. Furthermore, for different CQI and different BER (𝜉),
it requires different Signal-to-Interference-plus-Noise Ratio
(SINR). Figure 5 shows the required SINR over different 𝜉 for
different CQIs [23]. With Figure 5, we can get each UE

𝑖
’s

required SINR, SINR(CQI
𝑖
, 𝜉
𝑖
), accordingly. For the commu-

nication pair (𝑖, 𝑗), the perceived SINR (in dB) of receiver 𝑗
can be written as

SINR
𝑖,𝑗

= 10 × log
10

𝑃
𝑖,𝑗

𝐵 × 𝑁
0
+ 𝐼
𝑖,𝑗

, (1)

where 𝑃
𝑖,𝑗
is the received power at receiver 𝑗, 𝐵 is the effective

bandwidth (in Hz), 𝑁
0
is the thermal noise level, and 𝐼

𝑖,𝑗
is

the interference from transmitters other than 𝑖, which can
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One radio frame, T = 10ms

Subframe 0 Subframe 2 Subframe 3 Subframe 4 Subframe 5 Subframe 7 Subframe 8

One
subframe
T = 1ms

One
slot

Subframe 9

DwPTS GP UpPTS DwPTS GP UpPTS

Figure 3: Frame structure of LTE-A TDDmode.

1 2 3 4 5 6 8 970Subframe
number

Subframe
configuration

nB-U/D: nonbackhaul uplink/downlink subframe

B-U/D: backhaul uplink/downlink subframe

S nB-U B-U nB-D nB-D S nB-U B-DnB-UnB-D

Figure 4: A subframe configuration example for LTE-A relay networks with TDD eNB-RN transmission subframe configuration 1.

Table 2: Supported configurations for TDD eNB-RN transmission.

Subframe configuration eNB-RN uplink-downlink
configuration

Subframe number
0 1 2 3 4 5 6 7 8 9

0

1

D U
1 U D
2 D U D
3 U D D
4 U D U D
5

2

U D
6 D U
7 U D D
8 D U D
9 U D D D
10 D U D D
11 3 U D D
12 U D D D
13

4

U D
14 U D D
15 U D D
16 U D D D
17 U D D D D
18 5 U D
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Figure 5: Error ratio for different CQIs (the 99% confidence
intervals are depicted in red).

be evaluated by 𝐼
𝑖,𝑗

= ∑
𝑖 ̸=𝑗

𝑃
𝑖,𝑗
. Ignoring shadow and fading

effect, 𝑃
𝑖,𝑗
can be derived by

𝑃
𝑖,𝑗

=

𝐺
𝑖
× 𝐺
𝑗
× 𝑃
𝑖

𝐿
𝑖,𝑗

, (2)

where 𝐺
𝑖
and 𝐺

𝑗
are the antenna gains at UE

𝑖
and RN

𝑗
,

respectively, and 𝐿
𝑖,𝑗
is the path loss from 𝑖 (UE

𝑖
) to 𝑗 (RN

𝑗
or

the eNB). To save UE
𝑖
’s energy, we can minimize its transmit

power subject to the required minimum SINR; that is, using
MCS(CQI

𝑖
= 𝑘), UE

𝑖
’s data can be correctly decoded by

receiver 𝑗 with a guaranteed BER 𝜉
𝑖
only when

SINR
𝑖,𝑗

≥ SINR (CQI
𝑖
= 𝑘, 𝜉
𝑖
) . (3)

Consequently, by integrating (1), (2), and (3), the required
transmit power 𝑃

𝑖
of UE

𝑖
subject to the applied MCS(CQI

𝑖
)

and requested 𝜉
𝑖
for the communication pair (𝑖, 𝑗) is

𝑃
𝑖
≥

10
SINR(CQI𝑖 ,𝜉𝑖)/10 × (𝐵 × 𝑁

0
+ 𝐼
𝑖,𝑗
) × 𝐿
𝑖,𝑗

𝐺
𝑖
× 𝐺
𝑗

. (4)

2.3. Problem Definition. The uplink energy conservation
problem is defined as below. We assume that, in the LTE-
A relay network, there is one eNB with 𝑀 fixed RNs and
𝑁 UE items. For each UE

𝑖
, 𝑖 = 1, . . . , 𝑁, it has an average

uplink traffic demand 𝛿
𝑖
bits/frame granted by the resource

management of the eNB. UE items can uplink data to the
eNB either directly or indirectly through RNs. Suppose that
the relative distances between eNB/RNs and UE items can
be estimated through existing techniques. The objective of
the problem is to minimize the total energy consumption
of UE items, while guaranteeing their required 𝜉

𝑖
and traffic

demands being all delivered to the eNB subject to the total
amount of physical resources and the maximum transmit
power constraints. Without loss of generality, we assume
that the total amounts of physical resources for backhaul

and nonbackhaul subframes are 𝐹B and 𝐹nB TTIs per frame,
respectively. To solve the problem, we have to determine the
uplink path, resource allocation, uplink transmit power 𝑃

𝑖
,

and the used CQI
𝑖
of each UE

𝑖
.

Theorem 1. The energy conservation problem is NP-complete.

Proof. To simplify the proof, we consider the case of no
spatial reuse in the UE-RN transmissions and each UE has
already selected an appropriate RN according to the channel
condition. So, each UE can select an MCS to deliver data
to RN and each MCS costs different energy consumption.
Thus, the energy cost of one UE item using a specific MCS is
uniquely determined.Then, we formulate the uplink resource
allocation problem as a decision problem, energy-conserved
uplink resource allocation decision (EURAD) problem, as
below. Given the network topology𝐺 and the demand of each
UE item, we ask whether or not there exists oneMCS set 𝑆MCS
such that, with the corresponding selectedMCSs, all UE items
can conserve the total amount of energy𝑄 and satisfy each of
their demands and the total amount of required RBs is not
greater than the frame size 𝑈. Then, we will show EURAD
problem to be NP-complete.

We first show that the EURAD problem belongs to NP.
Given a problem instance and a solution containing the MCS
set, it definitely can be verified whether or not the solution is
valid in polynomial time. Thus, this part is proved.

We then reduce the multiple-choice knapsack (MCK)
problem [24], which is known to be NP-complete, to the
EURAD problem. When the reduction is done, the EURAD
problem is proved to be NP-complete.

Before the reduction, let us briefly introduce the MCK
problem first. The MCK problem is a problem in combi-
natorial optimization: Given a set of 𝑛 disjointed classes of
objects, where each class 𝑖 contains𝑁

𝑖
objects, for each object

𝑋
𝑖,𝑗
, 𝑖 = 1, . . . , 𝑛, 𝑗 = 1, . . . , 𝑁

𝑖
, it has a weight 𝑢

𝑖,𝑗
and a

profit 𝑞
𝑖,𝑗
. For each class 𝑖, one and only one object must be

selected, that is, ∑𝑁𝑖
∀𝑗=1

𝐼
𝑖,𝑗

= 1, 𝑖 = 1, . . . , 𝑛, where 𝐼
𝑖,𝑗

= 1

when object𝑋
𝑖,𝑗
is picked and chosen; otherwise, 𝐼

𝑖,𝑗
= 0.The

problem is to determine which 𝑛 objects shall be included in
a knapsack to maximize the total object profit and the total
weight has to be less than or equal to a given limit𝑈 and𝑈 is
also called the capacity constraint. So, the MCK problem can
be formally formulated as below:

max
𝑛

∑

∀𝑖=1

𝑁𝑖

∑

∀𝑗=1

𝑞
𝑖,𝑗
𝐼
𝑖,𝑗

subject to
𝑛

∑

∀𝑖=1

𝑁𝑖

∑

∀𝑗=1

𝑢
𝑖,𝑗
𝐼
𝑖,𝑗

≤ 𝑈,

𝑁𝑖

∑

∀𝑗=1

𝐼
𝑖,𝑗

= 1, 𝑖 = 1, . . . , 𝑛,

𝐼
𝑖,𝑗

= {0, 1} , 𝑖 = 1, . . . , 𝑛, 𝑗 = 1, . . . , 𝑁
𝑖
.

(5)

To reduce the MCK problem to the EURAD problem,
an instance of the MCK problem is constructed as below.
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Consider that there are 𝑛 disjointed classes of objects, where
each class 𝑖 contains 𝑁

𝑖
objects. In each class 𝑖, every object

𝑋
𝑖,𝑗

has a profit 𝑞
𝑖,𝑗

and a weight 𝑢
𝑖,𝑗
. Besides, there is a

knapsack with capacity of 𝑈. The MCK problem is no larger
than 𝑈 and the total object profit is 𝑄.

An instance of the EURAD problem is also constructed
as follows. Let 𝑛 be the number of UE items. Each UE

𝑖
has

𝑁
𝑖
MCSs to its connected eNB/RN. When UE

𝑖
selects one

MCS 𝑥
𝑖,𝑗
, 𝑗 = 1, . . . , 𝑁

𝑖
, it will conserve energy of 𝑞

𝑖,𝑗
(which

is compared to the energy consumption when UE
𝑖
uses its

best level of MCS) and the system should allocate RB(s) of
a total size of 𝑢

𝑖,𝑗
to transmit UE

𝑖
’s data to the connected

eNB/RN. The total frame space is 𝑈. Our goal is to let all UE
items conserve energy of 𝑄 and satisfy their demands. In the
following, we will show that theMCK problem has a solution
if and only if the EURAD problem has a solution.

Suppose that we have a solution to the EURAD problem,
which is one MCS set 𝑆MCS with UE items’ conserved energy
and RB allocations. Each UE item chooses exact one MCS
which is able to satisfy its demand. The total size of required
RBs cannot exceed 𝑈 and the conserved energy of all UE
items is𝑄. By viewing the availableMCSs of one UE item as a
class of objects and the total number of RBs𝑈 as the capacity
of the knapsack, theMCSs in 𝑆MCS constitute a solution to the
MCK problem. This proves the only if part.

Conversely, let {𝑥
1,𝛼1

, 𝑥
2,𝛼2

, . . . , 𝑥
𝑛,𝛼𝑛

} be a solution to the
MCKproblem.Then, for eachUE

𝑖
, 𝑖 = 1, . . . , 𝑛, we select one

MCS such that UE
𝑖
conserves energy of 𝑞

𝑖,𝛼𝑖
and the number

of allocated RB(s) to transmit UE
𝑖
’s data to its connected

eNB/RN is 𝑢
𝑖,𝛼𝑖
. In this way, the conserved energy of all UE

items will be 𝑄 and the overall RB is no larger than 𝑈. This
constitutes a solution to the EURAD problem, thus proving
the only if part.

3. Proposed Method

This section illustrates our proposed heuristics. The method
is composed of two phases. In the first phase, each UE
selects an uplink path according to the channel condition and
adopts the lowest level of MCS, that is, MCS(CQI = 1), for
power saving. If the amount of required radio resources of
UE items exceeds the system capacity, the second phase is
then executed. The second phase exploits spatial reuse (or
concurrent transmission) and high level of MCS to increase
the radio resource usage efficiency. LTE-A relay networks
allow multiple UE items to utilize the same radio resource
and transmit concurrently to each of their serving RNs in
nonbackhaul subframes, called spatial reuse. Both spatial
reuse and high levelMCSs help the reduction of total required
TTIs of the system. In the end, the total amounts of required
TTIsmustmeet the systemcapacity𝐹B and𝐹nB, andUE items’
requirements have to be guaranteed.

3.1. Phase I: Initialization and Uplink Path Selection. There
are 𝑀 + 1 candidate uplink paths for UE items, that is, RN

𝑗
,

𝑗 = 0, . . . ,𝑀. Note that RN
0
is used to represent the central

eNB. Initially, set 𝑆𝑅
𝑗
= 0 for eachRN

𝑗
.Then, for eachUE

𝑖
, 𝑖 =

1, . . . , 𝑁, select the RN
𝑗
∗ , where 𝑗

∗
= argmax

∀𝑗
{SINR

𝑖,𝑗
},

as the uplink path and set 𝑆𝑅
𝑗
∗ = 𝑆

𝑅

𝑗
∗ + UE

𝑖
. To minimize

𝐸total, each UE
𝑖
applies CQI

𝑖
= 1. This leads to eNB/RNs

must allocate more RBs to UE items. But, in phase I, we omit
the total radio resource constraint temporarily. The required
amount of TTIs for UE

𝑖
to deliver data to its connecting RN

𝑗

can be derived by

𝑇
UE RN
𝑖

= ⌈
𝛿
𝑖

rate (CQI
𝑖
= 1)

⌉ ; (6)

subsequently, RN
𝑗
requires radio resource𝑇RN BS

𝑖
in backhaul

subframes to forward the received data to the eNB.𝑇RN BS
𝑖

can
be conducted by

𝑇
RN BS
𝑖

= ∑

𝑗=1,...,𝑀

𝑥
𝑖,𝑗
× ⌈

𝛿
𝑖

rate (CQI = 15)
⌉ , (7)

where 𝑥
𝑖,𝑗

= 1 when RN
𝑗
is UE

𝑖
’s uplink path; otherwise,

𝑥
𝑖,𝑗

= 0. Then check whether ∑
∀𝑖,𝑥𝑖,0 ̸=1

𝑇
UE RN
𝑖

≤ 𝐹nB and
∑
𝑁

𝑖=1
(𝑇

RN BS
𝑖

+𝑇
UE RN
𝑖

) ≤ 𝐹B +𝐹nB or not. If yes, terminate the
algorithm and return each UE

𝑖
’s resource allocation (𝑇UE RN

𝑖

and 𝑇
RN BS
𝑖

), uplink path, MCS, and uplink transmit power
𝑃
𝑖
= (10

SINR(CQI𝑖 ,𝜉𝑖)/10 ×𝐵 ×𝑁
0
× 𝐿
𝑖,𝑗
)/(𝐺
𝑖
×𝐺
𝑗
) (refer to (4)).

Otherwise, go to phase II for further execution.

3.2. Phase II: Energy-Saving Resource Allocation. Phase II is
to satisfy UE items’ requests with the least additional energy
consumption. To reduce the total amount of required RBs,
we first exploit the concurrent transmission. In a concurrent
transmission group, 𝑔

𝑘
, member UE items connect to dif-

ferent eNB/RNs and use the same RBs to deliver data. This
reduces the demand of UE items in 𝑔

𝑘
from ∑

∀𝑖∈𝑔𝑘
𝑇
UE RN
𝑖

to max{𝑇UE RN
𝑖

| ∀𝑖 ∈ 𝑔
𝑘
}. However, the UE items in the

same group will interfere with each other such that the UE
items have to spend extra transmit power to guarantee 𝜉

𝑖
. To

minimize the additional power consumption, we have to find
interference-free UE items to form groups. Hence, a weight
function (𝑊

𝑖
) is defined to evaluate UE items in the network.

𝑊
𝑖
of UE

𝑖
, 𝑖 = 1, . . . , 𝑁, can be expressed by

𝑊
𝑖

= 𝛼 ×

(𝑑
𝑖,𝑗
)
−𝑤

(min
ℓ=1,...,𝑁

{𝑑
ℓ,𝑗

| 𝑥
ℓ,𝑗

̸= 0})
−𝑤

+ 𝛽

×
𝛿
𝑖

max
ℓ=1,...,𝑁

{𝛿
ℓ
| 𝑥
ℓ,𝑗

̸= 0}

+ (−𝛾)

× (1 + Δ × 𝑡
𝑖
)

× ∑

∀𝜐,𝜐 ̸=𝑗,(∑
𝑁

ℓ=1
𝑥ℓ,𝜐) ̸=0

(𝑑
𝑖,𝜐
)
−𝑤

(min
ℓ=1,...,𝑁

{𝑑
ℓ,𝜐

| 𝑥
ℓ,𝜐

̸= 0})
−𝑤

,

(8)

where𝛼,𝛽, and 𝛾 are normalized coefficients and𝛼+𝛽−𝛾 = 1,
𝑤 is the spreading factor, 𝑡

𝑖
denotes the number of times

that UE
𝑖
has been excluded from concurrent transmission
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groups, and Δ is the normalized coefficient. The values of the
three coefficients, 𝛼, 𝛽, and 𝛾, control the relative importance
of three factors, path loss, data quantity, and interference,
respectively. To form 𝑔

𝑘
, for each RN

𝑗
, 𝑗 = 0, . . . ,𝑀, we

choose one ungroupedUE itemwith themaximumweight in
allUE items connecting toRN

𝑗
, that is, 𝑖∗ = argmax

∀𝑖∈𝑆
𝑅

𝑗

{𝑊
𝑖
}.

Then, calculate the required transmission power �̂�
𝑖
of each

UE
𝑖
in 𝑔
𝑘
, where �̂�

𝑖
must be able to guarantee 𝜉

𝑖
. To prevent

𝑔
𝑘
from selecting the UE items which seriously interfere with

others or are interfered with, we will check whether 𝐸
𝑘

=

∑
∀𝑖,𝑖∈𝑔𝑘

(�̂�
𝑖
× 𝑇

UE RN
𝑖

) is greater than the energy threshold
𝐸
th
𝑘
or not. If yes, it means that some communication pairs

suffer great interference from other UE items in 𝑔
𝑘
. The

threshold𝐸th
𝑘
is set to the summation of the required transmit

energy of all UE items in 𝑔
𝑘
as concurrent transmission is

not applied and the same amount of TTIs is consumed as the
case of concurrent transmission. If serious interference exists
in 𝑔
𝑘
, the exclusion algorithm will be triggered to remove

someUE items from 𝑔
𝑘
.The detail of the exclusion algorithm

will be described later. After all UE items are assigned
concurrent transmission groups, if UE items’ requests are still
not satisfied, we consider increasing the MCS level of UE
items.

For each 𝑔
𝑘
, 𝑘 = 1, . . . , 𝐾 (assume there are totally

𝐾 concurrent transmission groups and 𝐾 ≤ 𝑁), we first
calculate the energy consumption and required number of
RBs of all feasible CQI settings.We define the penalty function
𝑃
𝑓
(𝑘, 𝑥, 𝑦) to evaluate 𝑔

𝑘
’s penalty when changing its CQI

setting from a low level 𝑥 to a high level 𝑦, where 𝑥 and 𝑦

are vectors. The penalty function is defined as

𝑃
𝑓
(𝑘, 𝑥, 𝑦) =

Δ𝐸
𝑘

𝑥,𝑦

Δ𝐴
𝑘

𝑥,𝑦

=

𝐸
𝑘

𝑦
− 𝐸
𝑘

𝑥

𝐴
𝑘

𝑥
− 𝐴
𝑘

𝑦

, (9)

where 𝐸
𝑘

𝑦
and 𝐸

𝑘

𝑥
are the amount of energy consumption

of 𝑔
𝑘
using MCS(CQI

𝑔𝑘
= 𝑦) and MCS(CQI

𝑔𝑘
= 𝑥),

respectively, and 𝐴
𝑘

𝑥
and 𝐴

𝑘

𝑦
are the number of required RBs

of 𝑔
𝑘
by adopting MCS(CQI

𝑔𝑘
= 𝑥) and MCS(CQI

𝑔𝑘
= 𝑦),

respectively. The group with the least penalty is preferred to
upgrade its CQIs. Note that uplink resource arrangement has
to follow the resource constraints of backhaul and nonback-
haul subframes. The algorithm of phase II is as below.

(1) For each UE
𝑖
, 𝑖 = 1, . . . , 𝑁, calculate𝑊

𝑖
.

(2) Set 𝑆𝑅


𝑗
= 𝑆
𝑅

𝑗
for 𝑗 = 0, . . . ,𝑀, 𝑆 = {UE

𝑖
, 𝑖 =

1, . . . , 𝑁}, 𝑘 = 1, 𝑇
access
all = ∑

∀𝑖,𝑥𝑖,0 ̸=1
𝑇
UE RN
𝑖

, and
𝑇all = ∑

𝑁

𝑖=1
(𝑇

RN BS
𝑖

+ 𝑇
UE RN
𝑖

).

(3) For each 𝑆
𝑅


𝑗
, choose the UE

𝑖
∗ ∈ 𝑆

𝑅


𝑗
, where 𝑖

∗
=

argmax
∀UE𝑖∈𝑆𝑅



𝑗

{𝑊
𝑖
}, and set 𝑔

𝑘
= 𝑔
𝑘
+ UE
𝑖
∗ .

(4) Calculate �̂�
𝑖
for each UE

𝑖
∈ 𝑔
𝑘
(refer to (4)). If

𝐸
𝑘
≤ 𝐸

th
𝑘
, go to the next step; otherwise, execute the

exclusion algorithm to remove themost infeasible UE
from 𝑔

𝑘
(assume it is UE

ℓ
). Then set 𝑔

𝑘
= 𝑔
𝑘
− {UE

ℓ
}

and update 𝑡
ℓ
= 𝑡
ℓ
+ 1 and𝑊

ℓ
. Repeat step (4).

(5) If |𝑔
𝑘
| > 1, update 𝑇

access
all = 𝑇

access
all −

∑
∀𝑖∈𝑔𝑘,𝑥𝑖,0 ̸=1

𝑇
UE RN
𝑖

+ max{𝑇UE RN
𝑖

| ∀𝑖 ∈ 𝑔
𝑘
} and

𝑇all = 𝑇all − ∑
∀𝑖∈𝑔𝑘

𝑇
UE RN
𝑖

+ max{𝑇UE RN
𝑖

| ∀𝑖 ∈ 𝑔
𝑘
}.

Set 𝑆𝑅


𝑗
= 𝑆
𝑅


𝑗
− 𝑔
𝑘
for 𝑗 = 0, . . . ,𝑀 and 𝑆 = 𝑆 − 𝑔

𝑘
.

If 𝑇access
all ≤ 𝐹nB and 𝑇all ≤ 𝐹B + 𝐹nB, terminate the

algorithm and return the result of resource allocation,
grouping, uplink path, MCS configuration, and
uplink transmit power. If 𝑆 ̸= 0, go back to step (3);
otherwise, go to the next step.

(6) For each group 𝑔
𝑘
, 𝑘 = 1, . . . , 𝐾, form the MCS con-

figuration pattern matrix 𝐴
𝑘
= [𝑥
𝑘

1
, . . . , 𝑥

𝑘

I𝑘
], where

𝑥
𝑘

℘
= [𝑥
𝑘

℘,1
, . . . , 𝑥

𝑘

℘,|𝑔𝑘|
]
𝑇 and 𝑥

𝑘

℘
is one of feasible MCS

configuration patterns for 𝑔
𝑘
. Then, calculate the

energy consumption 𝐸
𝑘

℘
and the number of required

RBs 𝑇
UE RN,𝑘
℘

for each 𝑥
𝑘

℘
. Note that, without loss

of generality, we assume that 𝐸𝑘
1

≤ ⋅ ⋅ ⋅ ≤ 𝐸
𝑘

I𝑘
and

𝑇
UE RN,𝑘
1

≥ ⋅ ⋅ ⋅ ≥ 𝑇
UE RN,𝑘
I𝑘

(how to efficiently form
the I

𝑘
feasible MCS configuration patterns for 𝑔

𝑘
is

discussed in Section 3.4).
(7) For each 𝑔

𝑘
, calculate the penalties from 𝑥

𝑘

1
to all

possible MCS configuration 𝑥
𝑘

℘
, ℘ = 2, . . . ,I

𝑘
.

(8) First, consider the set of groups 𝐴 which can only
be assigned resource in 𝐹nB, that is, 𝐴 = {𝑔

𝑘
|

∃𝑖 ∈ 𝑔
𝑘
: 𝑥
𝑖,0

= 0}. For all groups in 𝐴, select the
minimum 𝑃

𝑓
(𝑘
∗
, 𝑥
∗
, 𝑦
∗
) and then change 𝑔

𝑘
∗ ’s MCS

configuration from 𝑥
∗ to 𝑦

∗, update 𝑔
𝑘
∗ ’s required

physical resource and transmit power, and recalculate
its penalties from 𝑦

∗ to 𝑥
𝑘

℘
, ℘ = (𝑦

∗
+ 1), . . . ,I

𝑘
.

Check whether new 𝑇
access
all ≤ 𝐹nB or not. If yes, go

to the next step; otherwise, repeat step (8).
(9) In this step, we consider satisfying the 𝐹B + 𝐹nB

constraint. The operation is the same as the previous
step but we set 𝐴 = {𝑔

𝑘
| ∀𝑘}. Each time after

changing a group’s MCS configuration (assume it is
group 𝑔

𝑘
∗), check whether new 𝑇all ≤ 𝐹B + 𝐹nB or

not. If yes, stop the algorithm and return each UE
𝑖
’s,

𝑖 = 1, . . . , 𝑁, resource allocation, grouping result,
uplink path, MCS, and transmit power; otherwise,
repeat step (9).

3.3. Exclusion Algorithm. When 𝐸
𝑘
> 𝐸

th
𝑘
, it represents that

some UE items in 𝑔
𝑘
cause severe interference with other

concurrent transmission pairs in the group. We use Figure 6
to explain this. Assume that UE

0
, UE
1
, UE
2
, and UE

3
are in

a concurrent transmission group and RN
0
(i.e., eNB), RN

1
,

RN
2
, and RN

3
are their serving base stations, respectively.

Take UE
1
and its serving base station RN

1
, for example;

Figures 6(a) and 6(b) show the received interference and
transmit interference, respectively. As shown in Figure 6(a),
for UE

1
and RN

1
, the received interference 𝐼𝑟

1,1
= 𝑃
0,1

+𝑃
2,1

+

𝑃
3,1
. On the other hand, the transmit interference generated

by the transmission pair (UE
1
,RN
1
) can be calculated by

𝐼
𝑡

1,1
= 𝑃
1,0

+𝑃
1,2

+𝑃
1,3
. Sum up 𝐼𝑟

1,1
and 𝐼𝑡
1,1
; we then derive the

total interference 𝐼sum
1,1

of the transmission pair (UE
1
,RN
1
).
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RN0 (BS)

UE1

UE2

UE3
UE0

RN1

RN2

RN3

(a) Received interference for (UE1,RN1)

RN0 (BS)

UE1

UE2

UE3
UE0

RN1

RN2

RN3

(b) Transmit interference from UE1

Figure 6: An example of the total interference of a transmission pair (UE
1
,RN
1
).

When 𝐸
𝑘
> 𝐸

th
𝑘
occurs, we must exclude the UE, which

causes severe interference, from 𝑔
𝑘
to increase the energy

efficiency. The detail is as follows:

(1) Without loss of generality, for the UE items in 𝑔
𝑘
, we

reindex them asUE
𝑚
, 𝑚 = 1, . . . , |𝑔

𝑘
|, and denote the

set of their uplink eNB/RNs by 𝜖
𝑘
. Next, for each UE

𝑚

and its corresponding RN
𝑛
, calculate the received

interference 𝐼𝑟
𝑚,𝑛

by

𝐼
𝑟

𝑚,𝑛
= ∑

∀UE𝛼∈𝑔𝑘,𝛼 ̸=𝑚
𝑃
𝛼,𝑛
. (10)

Then, for each UE
𝑚
, calculate the transmit interfer-

ence 𝐼𝑡
𝑚,𝑛

as follows:

𝐼
𝑡

𝑚,𝑛
= ∑

∀RN𝛽∈𝜖𝑘,𝛽 ̸=𝑛
𝑃
𝑚,𝛽

. (11)

(2) For eachUE
𝑚
, 𝑚 = 1, . . . , |𝑔

𝑘
|, calculate 𝐼sum

𝑚,𝑛
= 𝐼
𝑟

𝑚,𝑛
+

𝐼
𝑡

𝑚,𝑛
.

(3) From all derived 𝐼
sum
𝑚,𝑛

in the previous step, select the
maximum one 𝐼

sum
𝑚
∗
,𝑛
∗ and exclude the pair (𝑚∗, 𝑛∗)

from 𝑔
𝑘
.

3.4. Listing All I
𝑘
Feasible MCS Configuration Patterns for

𝑔
𝑘
. For each 𝑔

𝑘
, the number of possible MCS configurations

is 15|𝑔𝑘|. Listing and trying all the configurations will have
a tremendous cost. Actually, for a group 𝑔

𝑘
, only 15 × |𝑔

𝑘
|

combinations out of 15|𝑔𝑘| (even less) need to be considered.
Let us discuss this. Consider a group, 𝑔

𝑘
= {UE

1
, . . . ,UE

|𝑔𝑘|
},

and one of its MCS configurations, 𝑥𝑘
℘
= [𝑥
𝑘

℘,1
, . . . , 𝑥

𝑘

℘,|𝑔𝑘|
]
𝑇;

assume that applying 𝑥𝑘
℘
would consume resource 𝑇UE RN,𝑘

℘
=

max{𝑇UE RN
𝑖

(𝑥
𝑘

℘,𝑖
) | ∀𝑖} = 𝑇

UE RN
1

(𝑥
𝑘

℘,1
); that is, UE

1
requires

the largest number of RBs in 𝑔
𝑘
as 𝑥𝑘
℘
is used. In this case,

enhancing any UE’s MCS other than UE
1
in 𝑔
𝑘

does
not reduce the amount of required radio resources but
only increases the energy consumption of 𝑔

𝑘
. This means

that MCS configurations [𝑥
𝑘

℘,1
, (𝑥
𝑘

℘,2
+ 1) ⋅ ⋅ ⋅ 15, (𝑥

𝑘

℘,3
+

1) ⋅ ⋅ ⋅ 15, . . . , (𝑥
𝑘

℘,|𝑔𝑘|
+ 1) ⋅ ⋅ ⋅ 15]

𝑇 do not have to be taken into
account. In other words, each time, only the UE with the

largest amount of required RBs has to be considered. In this
way, we can greatly reduce the computing complexity. The
detailed procedure of listing all feasible MCS configuration
patterns for a concurrent transmission group 𝑔

𝑘
is stated as

below.

(1) For a group 𝑔
𝑘
, initialize all member UE items’ MCS

level to MCS(CQI = 1). Calculate each of their
required amounts of RBs and the total amount of
energy consumption. Set ℘ = 1 and 𝑥

𝑘

℘
= [𝑥
𝑘

℘,1
=

MCS(CQI = 1), . . . , 𝑥
𝑘

℘,|𝑔𝑘|
= MCS(CQI = 1)]

𝑇.

(2) Select the UE with the largest amount of required
RBs in 𝑔

𝑘
. If there is a tie, randomly select one. If

the selected UE’s MCS level is MCS(CQI = 15) or
the required amount of TTIs is one, then go to step
(3); if not, increase its CQI by one, set ℘ = ℘ + 1,
calculate 𝑔

𝑘
’s new total amount of required RBs and

total energy consumption, and record this candidate
MCS configuration pattern 𝑥

𝑘

℘
. Then, repeat step (2).

(3) Check the recorded MCS configuration patterns in
steps (1) and (2). If there is more than 1 pattern
requiring the same amount of RBs, only reserve the
one with the least total energy consumption.

By the above listing method, for each group 𝑔
𝑘
, the total

number of feasible MCS configuration patterns, I
𝑘
, would

be less than 15 × |𝑔
𝑘
| and even less, which is a significant

improvement compared to 15|𝑔𝑘|.

Theorem 2. For each concurrent transmission group 𝑔
𝑘
, the

amount of feasible MCS configuration patternsI
𝑘
≤ 15× |𝑔

𝑘
|.

4. Complexity Analysis

In this section, we analyze the complexity of the proposed
method. Assume there are 𝑀 RNs and 𝑁 UE items and the
worst case analysis will be illustrated. The whole method
can be divided into two parts. The first part includes the
uplink path selection and grouping algorithm, while the
second part deals with MCS level reselection. The two parts
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will be analyzed separately first. In the end, we sum up the
complexities of the two parts.

Part I Analysis. For each UE item, calculate 𝑀 + 1 channel
conditions for 𝑀 RNs and the eNB and then select the best
one from𝑀+ 1 candidate base stations which will cost

𝑂 (2 × 𝑁 (𝑀 + 1)) ∼ 𝑂 (𝑁𝑀) . (12)

For the spatial reuse group formulation, we first calculate the
weight of each UE item and this costs 𝑂(𝑁). Then, select
one UE item with the maximum weight from each RN

𝑗
, 𝑗 =

0, . . . ,𝑀. Assume that for each RN
𝑗
, 𝑗 = 0, . . . ,𝑀, there are

𝑁
𝑗
UE items connecting to it and 𝑁

0
+ ⋅ ⋅ ⋅ + 𝑁

𝑀
= 𝑁. So,

selecting UE items to form group costs

𝑂 (𝑁
1
) + ⋅ ⋅ ⋅ + 𝑂 (𝑁

𝑀+1
) ∼ 𝑂 (𝑁) . (13)

Calculate the transmit powers of UE items in a group cost at
most

𝑂((𝑀 + 1)
2
) ∼ 𝑂 (𝑀

2
) . (14)

Calculate 𝐸
th
𝑘
and determine whether a group shall exclude

UE items or not which needs

𝑂 (𝑀 + 1) ∼ 𝑂 (𝑀) . (15)

If the result is to exclude someUE (UE items) from the group,
execute the exclusion algorithm. In the exclusion algorithm,
we first find out the UE which has to be excluded. Calculate
the transmit interference and received interference of a UE
cost 𝑂(𝑀 + 𝑀). Then, for a group of UE items, the total
complexity is

𝑂 ((𝑀 + 1) × (𝑀 +𝑀)) ∼ 𝑂 (𝑀
2
) . (16)

To find out the UEwith themaximum total interference costs

𝑂 (𝑀 + 1) ∼ 𝑂 (𝑀) . (17)

After exclusion, we have to update the transmit powers of UE
items in the group and check whether the exclusion is needed
or not. Consider the worst case that the exclusion will be
repeatedly executed until there is only oneUE item remaining
in the group. Then, the complexity for finding a spatial reuse
group is

𝑂 (𝑀) × (𝑂 (𝑀
2
) + 𝑂 (𝑀) + 𝑂 (𝑀

2
) + 𝑂 (𝑀))

∼ 𝑂 (𝑀
3
) ,

(18)

where (𝑂(𝑀2)+𝑂(𝑀)+𝑂(𝑀
2
)+𝑂(𝑀)) is the summation of

(14), (15), (16), and (17). In a worst case, we will form at most
𝑁 single member groups and the complexity is

(𝑂 (𝑁) + 𝑂 (𝑁) + 𝑂 (𝑀
3
)) × 𝑂 (𝑁)

∼ 𝑂 (𝑁
2
) + 𝑂 (𝑁𝑀

3
) .

(19)

The first 𝑂(𝑁) is the complexity of updating weights after
each time grouping a group.The second𝑂(𝑁) is the complex-
ity of selecting𝑀 + 1 UE items out of𝑁 UE items to form a
group. The third 𝑂(𝑀

3
) is the complexity of (18).

Therefore, the complexity of Part I is

𝑂 (𝑁𝑀) + 𝑂 (𝑁
2
) + 𝑂 (𝑁𝑀

3
) (20)

by summing (12) and (19) up.

Part II Analysis. For each group 𝑔
𝑘
, 𝑘 = 1, . . . , 𝐾, at most

15 × |𝑔
𝑘
| CQI combinations have to be listed. For each group,

this costs 𝑂(15|𝑔
𝑘
|). Because |𝑔

1
| + |𝑔

2
| + ⋅ ⋅ ⋅ + |𝑔

𝐾
| = 𝑁,

the total complexity of listing all CQI combinations can be
expressed as

𝑂 (15𝑁) ∼ 𝑂 (𝑁) . (21)

Then, calculate the penalty table for each group.This involves
the transmit power and consumed energy calculation. So the
complexity of calculating the penalty table for a group 𝑔

𝑘
is

𝑂 (15
𝑔𝑘

) × 𝑂 (15
𝑔𝑘



2

) ∼ 𝑂 (
𝑔𝑘



3

) . (22)

The upper bound of (22) is𝑂(𝑀3)when the group size |𝑔
𝑘
| =

𝑀+1. For𝐾 groups, the total complexity is𝑂(𝐾) ×𝑂(|𝑔
𝑘
|
3
).

Selecting the minimum penalty costs 𝑂(𝑁). For the selected
group, we enhance the CQI and then update the penalty
table of the selected group. The updating cost is 𝑂(15|𝑔

𝑘
|) ∼

𝑂(|𝑔
𝑘
|).

Above MCS level reselection will be repeated until the
total number of required resources of UE items is less than or
equal to the total systembandwidth. For theworst case, all UE
items have to be upgraded to the highest level of CQI to meet
the requirement. In this case, the preceding steps must be
executed 15𝑁 times. An alternative way to evaluate the
execution time is as below. Assume that the total number of
required resources is ∑

∀𝑖
𝑅
𝑖
, where 𝑅

𝑖
is the largest amount

of required TTIs of group 𝑖 when CQI = 1 is used. For
each time we upgrade the CQI of a group, at least 1 TTI can
be reduced from the number of total required resources. So,
MCS reselectionmust be executed atmost (∑

∀𝑖
𝑅
𝑖
−(𝐹B+𝐹nB))

times. Therefore, the execution time of MCS reselection can
be expressed as

𝐿 = min{𝑂 (15𝑁) , (∑

∀𝑖

𝑅
𝑖
− (𝐹B + 𝐹nB))} . (23)

So the total complexity of Part II is

𝑂 (𝑁) + 𝑂 (𝐾) × 𝑂 (
𝑔𝑘



3

) + 𝐿 × (𝑂 (𝑁) + 𝑂 (
𝑔𝑘

))

≤ 𝑂 (𝑁) + 𝑂 (𝑁𝑀
2
) + 𝐿 × (𝑂 (𝑁))

≤ 𝑂 (𝑁) + 𝑂 (𝑁𝑀
2
) + 𝑂 (15𝑁) × (𝑂 (𝑁))

∼ 𝑂 (𝑁
2
) + 𝑂 (𝑁𝑀

2
) .

(24)

Combining Part I (20) and Part II (24), the total complex-
ity is

𝑂(𝑁
2
) + 𝑂 (𝑁𝑀

3
) . (25)
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Table 3: The parameters in our simulation.

Parameter Value
Channel bandwidth 10MHz
Intersite distance (ISD) 500m (Case 1)

Channel model

𝐿(𝑅) = 𝑃𝐿LOS(𝑅) × Prob(𝑅) + (1 − Prob(𝑅)) × 𝑃𝐿
𝑁LOS(𝑅)

𝑅: distance in kilometers
eNB-UE
𝑃𝐿LOS(𝑅) = 103.4 + 24.2 log 10(𝑅)
𝑃𝐿
𝑁LOS(𝑅) = 131.1 + 42.8 log 10(𝑅)

Prob(𝑅) = min(0.018/𝑅, 1) × (1 − exp(−𝑅/0.063)) + exp(−𝑅/0.063)
RN-UE
𝑃𝐿LOS(𝑅) = 103.8 + 20.9 log 10(𝑅)
𝑃𝐿
𝑁LOS(𝑅) = 145.4 + 37.5 log 10(𝑅)

Prob(𝑅) = 0.5 −min(0.5, 5 exp(−0.156/𝑅)) +min(0.5, 5 exp(−𝑅/0.03))
eNB maximum transmit power 30 dBm
eNB maximum antenna gain 14 dBi
RN maximum transmit power 30 dBm
RNmaximum antenna gain 5 dBi
UE maximum transmit power 23 dBm
UE maximum antenna gain 0 dBi
Thermal noise −174 dBm

Traffic

Case 1:
Audio: 4–25 kbits/s
Video: 32–384 kbits/s
Data: 60–384 kbits/s
Case 2:
Audio: 4–25 kbits/s

Consider that𝑀 is usually a finite constant, so the complexity
of the proposed method is 𝑂(𝑁2).

5. Simulation Results

We develop a simulator in MATLAB to verify the effec-
tiveness of our heuristics. The system parameters in the
simulation are listed in Table 3 [3]. We consider three types
of traffic: audio, video, and data [25]. Two traffic cases are
applied in the simulation. TrafficCase 1 ismixed traffic,where
eachUE item executes an audio, video, or data flowwith equal
probability. On the other hand, Traffic Case 2 only contains
audio traffic. The network contains one eNB and six RNs
(𝑀 = 6). RNs are uniformly deployed inside the 2/3 coverage
range of the eNB to get the best performance gain. In default,
we set the factors 𝛼, 𝛽, and 𝛾 to 1 to get the best performance
and adopt TDDmode uplink-downlink configuration 1; that
is, there are 4 uplink subframes per frame. The ratio of
uplink backhaul subframe and uplink nonbackhaul subframe
is 1 : 3. We compare the performances of four methods: (1)
OEA (Opportunistic and Efficient RB Allocation) [14], (2)
EPAR (Equal Power Allocation with Refinement) [17], (3) our
proposed scheme without relay nodes, and (4) our proposed
scheme.

Figures 7(a) and 7(b) evaluate the total energy con-
sumption of UE items under different number of UE items

(𝑁) when Traffic Cases 1 and 2 are applied, respectively.
Both figures show that as 𝑁 increases, the total amount of
energy consumption of UE items increases for all methods.
OEA consumes the most energy because UE items always
connect to the eNB and select the most efficient MCS for
transmission. EPAR performs better than OEA because cell-
edge UE items can choose to connect with RNs instead of
the eNB and this reduces the energy consumption. With
our energy-saving resource allocation method, the proposed
scheme (w/o relay) performs the second. Results show that
our proposed scheme performs the best in all methods. This
means that spatial reuse and RNs do help the reduction
of total energy consumption of UE items. In Figure 7(b),
our heuristics still performs the best compared to the other
3 methods. Obviously, the spatial reuse and energy-saving
resource allocation do help to conserve UE items’ energy.
One interesting thing is that when 𝑁 is large, EPAR and
the proposed scheme (w/o relay) consume almost the same
energy. This is because relay improves the SINR of cell-edge
users, thus reducing the energy consumption of edge users.

Figures 8(a) and 8(b) evaluate the bandwidth utilization
under different number of UE items for Traffic Cases 1 and 2,
respectively. OEA and EPAR always pursue the most efficient
MCS.When the traffic load is light, the bandwidth utilization
hurts and results inmuch idle bandwidth. On the other hand,
the proposed scheme and proposed scheme w/o relay get the
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Figure 7: The impact of𝑁 on the total energy consumption (𝑀 = 6).
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Figure 8: The impact of𝑁 on the bandwidth utilization (𝑀 = 6).

best bandwidth utilization in all four methods. The results
show that our proposedmethods can improve the bandwidth
utilization and save more energy for UE items.

Figures 9(a) and 9(b) show the impact of 𝑁 on the
throughput for Traffic Cases 1 and 2, respectively. As shown
in the figures, as 𝑁 increases, the throughput of all schemes
increases.We can see that the proposedmethods can guaran-
tee all the traffic demand being served like OEA and EPAR.
This means that when the network load is light, our schemes
can well utilize the idle bandwidth to reduce UE items’ uplink
transmit power. On the contrary, when the network load is
heavy, our schemes will select efficient MCS for UE items
to reduce each of their required physical radio resources
such that the admitted data rates of UE items can still be
satisfied. So, our proposed schemes can not only provide
similar throughput like OEA and EPAR, but also save UE
items’ energy.

Figure 10 shows the average extra data transmission delay
of the proposed schemes and EPAR against OEA. Compared
to OEA, EPAR causes a longer delay because RUEs have
to deliver their data to the eNB via RNs. But in OEA, UE
items directly transmit their data to the eNB. The proposed

schemes have a longer delay compared to both OEA and
EPAR because they utilize more physical resources to deliver
data, thus resulting in more extra data packet buffering delay.
As𝑁 increases, the result shows that the extra delay does not
always increase (when𝑁 ≤ 20) but decreases after𝑁 is more
than 20.This is becauseOEAneedsmore time to deliver users’
data when traffic load is heavy, but the proposed schemes
consume the same time and upgrade UE items’ MCS level
instead. Our proposed methods slightly increase the delay of
data transmission, but the average extra delay is nomore than
5ms as shown in Figure 10. It should be acceptable.

In Figure 11, we discuss the effect of subframe configu-
ration on the total energy consumption of UE items. In the
TDD mode LTE-A relay network, it supports four kinds of
uplink nonbackhaul and backhaul subframe configurations:
(1) 1 uplink nonbackhaul subframe and 1 uplink backhaul
subframe per frame (1a : 1b), (2) 2 uplink nonbackhaul sub-
frames and 1uplink backhaul subframeper frame (2a : 1b), (3)
2 uplink nonbackhaul subframes and 2 uplink backhaul sub-
frames per frame (2a : 2b), and (4) 3 uplink nonbackhaul sub-
frames and 1 uplink backhaul subframe per frame (3a : 1b). As
shown in Figure 11, no matter which subframe configurations
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Figure 9: The impact of𝑁 on the throughput (𝑀 = 6).

EPAR/OEA
Proposed scheme (w/o relay)/OEA
Proposed scheme/OEA

10 20 30 40 50 601
N

0

2

4

6

8

10

Ex
tr

a d
el

ay
 (m

s)

Figure 10: The average extra data transmission delay of all schemes
compared to OEA (𝑀 = 6, Traffic Case 1).
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Figure 11: The impact of subframe configurations on the total
energy consumption (𝑁 = 35 and𝑀 = 6, Traffic Case 1).

are used, our method always gets the best power saving in all
schemes. For OEA and EPAR, the performances are almost
the same for all four kinds of subframe configurations. This
is because they always use the most efficient MCS no matter
whether the uplink radio resources are many or few. The
proposed schemes reduce the energy consumption of UE
items by well utilizing the idle radio resource. Therefore,
the result shows that the total energy consumption of UE
items decreases in the proposed methods as the number of
uplink subframe increases (number of uplink subframes per
frame is increased from 2 (1a : 1b) to 4 (2a : 2b or 3a : 1b)).
When the network has more radio resources, UE items can
choose to use lower level of MCS to transmit data and
save energy. Comparing subframe configurations 2a : 2b and
3a : 1b, Figure 11 shows that the latter can conserve more
energy.The higher number of nonbackhaul subframesmeans
there aremore resources that can be used byMUEs andRUEs,
but the backhaul subframe can only be utilized by MUEs.
Obviously, the former provides more flexibility. This is why
subframe configuration 3a : 1b conducts better energy saving
than that of 2a : 2b.

In Figure 12, Traffic Case 2 is applied to evaluate the effect
of subframe configuration on the total energy consumption
of UE items. The proposed scheme performs the best in all 4
schemes. Compared to the previous experiment as shown in
Figure 11, Figure 12 shows that the performance differences
among all four schemes become smaller. This is because, in
Traffic Case 2, the data size is small compared to the number
of radio resources provided in one single TTI; then in our
implementation, OEA and EPAR will automatically apply a
low level MCS to fill up the whole space of assigned radio
resource. This is why we see a closer performance among the
four schemes.

Then, Figure 13 evaluates the total energy consumption of
UE items over different ratio of 𝛽/𝛼. Figure 13 presents that as
𝛽/𝛼 increases, the total energy consumption decreases when
𝛽/𝛼 ≤ 1.This means that factor 1 (path loss factor) and factor
2 (data size factor) of (8) have equal importance forweight𝑊

𝑖
.

When choosing the reuse group, the distance between a UE
item and the connected RN and the size of the data request
are both significant factors for energy conservation.
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Figure 12: The impact of subframe configurations on the total
energy consumption (𝑁 = 90 and𝑀 = 6, Traffic Case 2).
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Figure 13:The impact of 𝛽/𝛼 on the total energy consumption (𝑁 =

40 and𝑀 = 3).

Figure 14 shows the total energy consumption over
different 𝛾, wherewe set𝛼 = 𝛽 = 1. It can be seen that the total
energy consumption performs the worst when 𝛾 = 0. This
means that 𝛾 does help the selection of spatial reuse groups.
With a nonzero 𝛾, we can filter out unsuitable UE items when
forming reuse groups.

6. Conclusion

In this paper, we investigate the energy conservation issue
of the uplink path, uplink radio resource, MCS, and mobile
device transmit power allocation in LTE-A relay networks.
We have proposed heuristics to conserve UE items’ energy
by exploiting RNs, MCS, BER, transmit power, and spatial
reuse. To save energy, the key factors are how to determine
the most energy-saving MCS of UE items and how to
select interference-free spatial reuse groups. To find the best
settings, we have defined the weight and penalty functions
for evaluation. Simulation results show that our scheme can
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Figure 14: The impact of 𝛾 on the total energy consumption where
𝛽 = 𝛼 = 1 (𝑁 = 50 and𝑀 = 3).

significantly reduce the total energy consumption of UE
items compared to other schemes and has good bandwidth
utilization. Compared with OEA and EPAR schemes, our
proposed energy-saving resource allocation method will
slightly increase the delay of data, but the extra delay is less
than one frame (no more than 10ms). Users’ required QoS,
BER, and throughput can all be guaranteed.

Notations

𝑁: Number of UE items
𝑀: Number of RNs
𝐹B: The total amount of TTIs for uplink

backhaul subframes per frame
𝐹nB: The total amount of TTIs for uplink

nonbackhaul subframes per frame
𝑃
𝑖
: The transmit power of UE

𝑖

𝐸
𝑖
: The energy cost of UE

𝑖

𝛿
𝑖
: The uplink traffic demand of UE

𝑖
per

frame
𝑇
UE RN
𝑖

: The amount of required TTIs for UE
𝑖
to

deliver data to its connected RN
𝑇
RN BS
𝑖

: The amount of required TTIs for UE
𝑖
’s

connected RN to deliver data to the eNB
𝑊
𝑖
: The weight of UE

𝑖

𝑔
𝑘
: The concurrent transmission group 𝑘

𝐸
th
𝑘
: Energy threshold of 𝑔

𝑘

𝐸
𝑘

𝑥
: Total amount of energy consumption of

𝑔
𝑘
when using CQI 𝑥

𝐴
𝑘

𝑥
: Total amount of required uplink TTIs

for 𝑔
𝑘
when using CQI 𝑥

𝐼
𝑡

𝑚,𝑛
: Transmit interference for the

transmission pair (UE
𝑚
,RN
𝑛
)

𝐼
𝑟

𝑚,𝑛
: Received interference for the

transmission pair (UE
𝑚
,RN
𝑛
)

𝑑
𝑖,𝑗
: The distance between UE

𝑖
and RN

𝑗

𝑡
𝑖
: Number of exclusion times of UE

𝑖

rate(CQI = 𝑘): The code rate when using CQI 𝑘 (in
bits/TTI)
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MCS(CQI = 𝑘): The corresponding MCS when using
CQI 𝑘

𝐵: Effective bandwidth (in Hz)
𝑁
0
: Thermal noise

𝐺
𝑖
: Antenna gain of node 𝑖

𝑃
𝑖,𝑗
: The received power from transmitter 𝑖

to receiver 𝑗
𝐼
𝑖,𝑗
: The interference to receiver 𝑗 from

transmitters other than 𝑖

𝐿
𝑖,𝑗
: The path loss from transmitter 𝑖 to

receiver 𝑗.
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Ultradense deployment of small cells is being considered as one of the key flavors of the emerging 5G cellular networks to address the
future data capacity challenges. A large share of these deployments will be indoor, as this is the arena where the majority of the data
traffic is believed to originate from in the future. Indoor small cell solutions (e.g., femtocell orWiFi) arewell positioned for delivering
superior indoor coverage and capacity. However, due to relatively smaller coverage footprint compared to traditional macrocells, a
very dense deployment of small cells will be needed in order to have a ubiquitous indoor coverage. Such dense deployment triggers
cost and energy efficiency concerns for mobile operators. In this paper, we analyze and compare the technoeconomic performance
of two deployment strategies: homogeneous macrocellular densification and heterogeneous macro-femto deployment strategy,
from an indoor service provisioning perspective. Particularly, we analyze and contrast the performance of macro-femto based
deployment, with varying femtocell market penetration rate and under different femtocell backhaul connectivity constraints, with
that of homogeneous macrocellular densification.The results indicate superior performance of indoor femtocell based deployment
as compared tomacrocellular-only densification, due to better indoor coverage, radio channel conditions, and high degree of spatial
reuse.

1. Introduction

Keeping in view the drastic increase in themobile subscribers’
footprint, it is commonly predicted that the amount ofmobile
data traffic will increase by 1000-fold in the near future [1, 2].
According to a recent report by the International Telecommu-
nications Union (ITU), there will be approximately 25 billion
connected devices by year 2020 [3]. New advancements are
being made in the existing network infrastructure to support
the exponential increase in the future capacity demandswhile
seeking to keep the costs and energy consumption feasible.

The fundamental mechanisms to increase the capacity
of a network are (i) improving the spectral efficiency with
advanced modulation and coding techniques, (ii) improving
the interference conditions within a cell by using advanced
antenna technology (e.g., beamforming) or novel radio
resource management methods, (iii) increasing the band-
width of the radio communication channel, (iv) increasing
the number of links between a transmitter and a receiver

through the use of spatial multiplexing technology (e.g.,
MIMO), and (v) adopting aggressive frequency reuse, that is,
reusing the same radio resources several times over a given
area by deploying more base stations. The last technique has
been shown to provide significant network capacity gains
since the dawn of cellular networks [4].

Ultradense network deployment has been identified as
one of the key network evolution strategies to address the
1000x capacity problem. Unfortunately, the network infras-
tructure costs also increase with the number of base stations.
For any mobile operator, the cost of deploying and operating
a network is a key concern that has to be managed in order
to stay competitive in the market. Hence, operators look for
network deployment solutions that offer increased network
capacity with lower costs and energy consumption.

In mobile services industry, it has been long presumed
that 70% to 85% of the overall mobile traffic is generated by
indoor users [5, 6]. However, it has also been reported that
most of the complaints related to poor coverage come from
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the indoor users [5].The reason is attributed to the traditional
approach used by mobile operators in providing coverage
to the indoor users through outdoor deployments, mainly
macrocells. Outdoor signals incur high losses when penetrat-
ing into the indoor environment through the external walls.
Traditionally, the values have been in the range of 5 dB–15 dB.
However, recently increased awareness of global warming
and the resulting requirements to save energy and cut down
CO
2
emissions has led to several initiatives being taken at

the international level. One such initiative by EU Commis-
sion requires “improving the thermal insulation of the new
residential and commercial buildings by 2020” [7]. The use
of new modern building materials to improve the thermal
insulation has consequently negative impact on the radio
signals. In a recently reported study [8, 9], the external wall
penetration loss for modern town houses has been reported
to be up to 35 dB.We believe that these penetration loss values
will continue to increase with further advancement in build-
ing insulation materials. To overcome this issue, operators
may densify their existing network, that is, increasing the
number of outdoor base stations or deploying indoor small
cell solutions (e.g., femtocells or WiFi). In this paper, the
deployment of indoor femtocells partially comes from the
requirement to provide indoor coverage to the town houses
with modern building materials, which otherwise would be
difficult to achieve with outdoor deployment solutions. Due
to being located indoors, femtocells are well positioned to
address the issue of poor indoor coverage. However, due to
their small coverage area, they are needed to be deployed in an
ultradense fashion to provide seamless coverage throughout
the whole indoor environment. Thus, not only coverage is
improved, but also the capacity is enhanced due to extreme
spatial reuse. Nevertheless the ultradense deployment of
indoor femtocells triggers cost and energy usage concerns for
the mobile operators.

Moreover, unlike traditional deployment solutions (e.g.,
macrocell or microcells) that have a dedicated carrier grade
backhaul, femtocells utilize the end users broadband Internet
service, for example, ADSL (Asymmetric Digital Subscriber
Line), cable modem, or FTTH (Fiber to the Home), to connect
to an operator’s core network. As such, the achievable data
throughput is thus limited by the connection speed of the
broadband connection, which in turn impacts the offered
capacity.

A report [10] published by Akamai Technologies in the
second quarter (Q2) of the year 2015 reveals the average data
rates of Internet broadband connections around the world.
Table 1 enlists the top ten average data rates by country,
followed by the average global data rate.

In this paper, we investigate two mobile network evolu-
tion strategies: (a) homogeneous macrocellular densification
and (b) macro-femto based heterogeneous network (Het-
Net) deployment. The deployment strategies are particularly
evaluated from an indoor service provisioning perspective
in a suburban type environment. For the femtocell backhaul
we consider different backhaul connectivity speeds, ranging
from low Internet connection (4Mbps) to ultrahigh speed
broadband connection (100Mbps). For the macrocell sites,
a dedicated carrier grade backhaul connection to each site

Table 1: Global average broadband connection speeds [10].

Number Country/region Q2 ’15
Avg. (Mbps)

1 South Korea 23.1
2 Hong Kong 17.0
3 Japan 16.4
4 Sweden 16.1
5 Switzerland 15.6
6 Netherlands 15.2
7 Latvia 14.3
8 Norway 14.2
9 Finland 14.0
10 Czech Republic 13.9
— Global 5.1

is assumed with no backhaul bottleneck (for simplicity),
although in reality the backhaul connection speed of macro-
cells is also limited. Apart from the backhaul limitation, we
also consider different penetration rates for indoor femto-
cells. We then compare the corresponding network capacity
and energy-efficiency and cost-efficiency of macro-femto
HetNet with different backhaul limitations and deployment
penetration rates to homogeneous macrocellular densifica-
tion strategy. In order to overcome the high wall penetration
losses, we particularly investigate an extreme deployment
scenario, where a dedicated indoor femtocell is deployed in
every suburban town house (100% femtocell penetration),
to provide coverage and capacity. We examine whether
such deployment will be energy-efficient and cost-efficient
as compared to traditional macrocellular deployment. The
main objective of this research work is to provide deep
insight into the technoeconomical aspects of different mobile
network deployment and densification solutions that can
assistmobile operators in deciding the best network evolution
strategy for theirmobile network in the future.We specifically
analyze and address the following questions related tomobile
network evolution:

(i) Which layer (macro or femto) should the mobile
operator densify in order to meet the future capacity
demands?

(ii) Does femtocell backhaul limitation have significant
impacts on the overall capacity and cost- and energy-
efficiency performance of macro-femto network?

(iii) Which network evolution strategy yields the most sig-
nificant network capacity gains and what are the corre-
sponding deployment costs? Is it ultradense deployment
of indoor small cells or increasing the operating band-
width for outdoor legacy (macrocell) infrastructure?

2. Related Work

Several studies have been published in recent years related
to modeling and performance evaluation of heterogeneous
wireless networks (HetNet). The publications deal with dif-
ferent aspects of HetNets ranging from capacity evaluation
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Macrocells

ISD

Femtocell access point

Figure 1: Suburban scenario used in the analysis. The 3-sector macrocell sites are deployed using clover-leaf (modified hexagonal) layout,
with certain intersite distance (ISD). The position and orientation of the macrocell sectors are illustrated by red arrows. Only one tier of
macrocells is shown, whereas the analysis considers two tiers of macrocell interferers. The femtocells are only deployed on the ground floor
level.

to energy-efficiency assessment and cost-benefit analysis.The
area spectral efficiency performance of a two-tier macro-
femto HetNet has been evaluated in [11]. The authors con-
clude that significant capacity gains can be achieved by
introducing low cost and low power femtocells in the existing
macrocellular network. In [12], the capacity-cost comparison
of pure macrocellular and femtocell solutions has been car-
ried out for low and high demand levels. The results revealed
that the deployment of femtocells in existing macrocellular
network is only cost-effective strategy when new macrosites
are required to be deployed. A similar study comparing
the performance of homogeneous macro-only network and
heterogeneousmacro-femto network in terms of capacity and
cost- and energy-efficiency for indoor service provisioning,
considering different backhaul options, has been carried out
in [13]. The authors report that backhaul solutions play a
key role in the total cost of a mobile network, especially
for exponential rising capacity demand of the future. For
high capacity demand, the fiber-optic based backhaul solu-
tion is the most energy- and cost-efficient as compared to
microwave backhaul option. The economic assessment of
introducing femtocells into an existing macrocellular based
LTEnetwork,with open access and closed access femtomode,
is investigated in [14]. In [15], a feasibility study has been
done on themultiradio access technology carrier aggregation
(multi-RAT CA) based on macrocellular and WiFi HetNet.
The paper highlights some open research problems related
to integrated LTE-advanced and WiFi practical deployment.
The impact of femtocell deployment on the energy-efficiency
in a cochannel macro-femto network is investigated in [16].
The findings in the paper indicate that significant savings

in the energy consumption can be achieved in macro-femto
network, compared to macro-only network, when the capac-
ity demand is high. In [17], the technical and economical
aspects of different deployment strategies based on pure
macrocellular deployment, pure microcellular deployment, and
indoor femtocell based ultradense HetNet deployment have
been evaluated from indoor service provisioning perspective.
It was concluded that the dense deployment of indoor
femtocells is a feasible network evolutionary pathway tomeet
the future indoor capacity requirements. The paper assumed
an unlimited backhaul connectivity for the indoor femtocells.

This paper further extends the previous study reported in
[17] and analyzes the impact of varying femtocell market pen-
etration rate and backhaul limitations on the overall perfor-
mance of macro-femto HetNet. Moreover, the performance
of macro-femto HetNet is compared with a homogeneous
macrocellular deployment with different carrier bandwidths
(5MHz, 40MHz, and 100MHz).The analysis is done from an
indoor service provisioning perspective.

3. System Model and Assumptions

3.1. Scenario Description. Thedeployment strategies are eval-
uated in a model suburban type environment comprising
residential blocks. Each block consists of 20 town houses
arranged in a grid pattern, as illustrated in Figure 1. A town
house has dimensions of 10m × 10m, with 5m height, and
comprises 2 floors. The indoor floor plan in each house is
modeled as an open area with no interior walls; that is, the
radio signals inside the house encounter no obstructions
except for the penetration loss due to exterior walls and
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Table 2: Cell densities for different deployment scenarios.

Deployment strategy Femtocell penetration rate (%) Cell density (cells/km2)
ISD 1732m ISD 866m ISD 433m

Homogeneous: macro-only 0 3.5 13.9 55.4

Heterogeneous: macro-femto

5 160 171 212
10 316 327 368
15 472 483 524
20 629 640 680
25 785 796 837
50 1566 1577 1618
75 2347 2358 2399
100 3129 3140 3180

ceiling/floor, as shown in Figure 1. The outdoor-to-indoor
wall penetration loss is set at 30 dB, which is in line with the
recent measurements reported for modern town houses in
IMT (2100MHz) band [9]. The floor/ceiling penetration loss
is selected to be 4 dB. In the considered scenario, there are
approximately 3125 residential houses per km2.

3.2. Deployment Strategies. For the technoeconomical anal-
ysis and comparison, we consider the following two deploy-
ment strategies for indoor service provisioning.

3.2.1. HomogeneousMacro-Only Deployment. In this strategy
the indoor locations in the suburban area are served by out-
door macrocellular layer. For the macrocellular deployment,
a clover-leaf (modified hexagon) layout is used as the basis
[18]. The clover-leaf layout defines the relative site location
and sector orientation, as shown by the red arrows in Figure 1.
The macrocell density depends on the cell dominance area,
which is specified by the intersite distance (ISD). The cell
dominance area is defined as the best server region where a
cell provides the strongest coverage compared to the rest of
the neighboring cells. Assuming a regular hexagon cell, the
dominance area of a macrocell, 𝐴cell, is given by

𝐴cell (km2) =

√3

6

(𝑑site)
2

, (1)

where 𝑑site is the average intersite distance (m). In this paper
we consider three intersite distances: ISD 1732m (baseline),
ISD 866m, and ISD 433m. The corresponding cell densities
for the considered ISDs are given in Table 2.

In order to improve the cell edge coverage and mitigate
the intercell and intracell interference, the macrocell sector
antennas are “electrically” downtilted such that the antenna
boresight points at the cell border region [19, 20]. As such, the
electrical tilt angle depends onmaximum cell range, 𝑟cell (m).
For a three-sector hexagonal cell site, 𝑟cell is approximately
0.67 × 𝑑site. Knowing the macro sector antenna height
(ℎMacro), the user equipment (UE) antenna height (ℎUE),
and the cell range (𝑟cell), the tilt angle can be calculated
geometrically as

𝜙etilt = arctan(

ℎMacro − ℎUE
𝑟cell

) +

𝜙
−3 dB
2

. (2)

In (2), 𝜙
−3 dB is the vertical 3 dB beamwidth of the antenna,

which must be accounted for when calculating the downtilt
angle [21].

3.2.2. Heterogeneous Macro-Femto Deployment. In this strat-
egy, a multilayer network is formed by deploying femtocells
within the coverage area of macrocells. Both macro and
femto layers share the same carrier frequency (cochannel
deployment). Moreover, the femtocell access point (FAP)
density, for each macro ISD, is varied from 5% (nominal
femtocell deployment) to 100% (ultradense deployment; i.e.,
every house has a separate indoor femtocell deployed).
It is pertinent to mention that the maximum number of
femtocells deployed per residential house is set to 1. Further-
more, for simplicity, no intercell and intralayer coordination
is assumed. Table 2 gives the combined macro-femto cell
densities for different femtocell penetration rates.

3.3. Propagation Modeling. The radio propagation channel
is modeled using deterministic Dominant Path Prediction
Model (DPM) [22]. The Dominant Path Prediction Model
is similar to traditional ray-optical models; however, instead
of computing all the ray paths between a transmitter and a
receiver (which is typical in ray tracing models), the DPM
model computes only those paths that contribute 90% of
the total signal energy at the receiver. This method has
been shown to reduce the computation time significantly
compared to traditional ray tracingmodels, while keeping the
accuracy nearly identical [23].

The path loss, 𝐿 (dB), in DPM model is approximated
using the following equation [22]:

𝐿 = 20 log
10

(

4𝜋

𝜆

) + 10𝑝 log
10

(𝑑) +

𝑘

∑

𝑖=0

𝑓 (𝜑, 𝑖) + Ω, (3)

where 𝑑 is the distance between a transmitter and a receiver,
𝑝 is the path loss exponent, 𝜆 is the wave length (depending
upon the carrier frequency), and 𝑓(𝜑, 𝑖) is a function to
compute the interaction loss in (dB) due to change in
direction of wave propagation (the wave changes direction
due to diffraction phenomenon).Thediffraction loss depends
on 𝜑 which is the angle between the former direction and
the new direction of propagation. Ω is the wave-guiding
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Table 3: Path loss exponent values for suburban environment.

Suburban outdoor
Line-of-Sight (LOS) before breakpoint 2.0
Line-of-Sight (LOS) after breakpoint 2.2
Obstructed Line-of-Sight (OLOS) before breakpoint 3.5
Obstructed Line-of-Sight (OLOS) after breakpoint 4.0

Suburban indoor
Line-of-Sight (LOS) 2.0
Obstructed Line-of-Sight (OLOS) 4.0

(tunneling) effect for considering the effect of reflections
along the path. Further details about the propagation model
and its working principle can be found in [22–24]. The path
loss exponent values used in the simulations, for the suburban
outdoor and indoor environment, are listed in Table 3.

3.4. Antenna Model. The 3-sector macrocell sites employ
directional antennas. The sector antenna is modeled using an
extended 3GPP antenna model proposed in [25].

The gain in the 2D azimuth plane, 𝐺az, is calculated as
follows:

𝐺az (𝜑) = −min[12 (

𝜑

HPBWaz
)

2

, FBR] + 𝐺
𝑚

, (4)

where 𝜑, −180
∘

≤ 𝜑 ≤ 180
∘, is the azimuth angle relative

to the antenna boresight, HPBWaz is the azimuth half-power
beamwidth (∘), FBR is the front-to-back ratio (dB), and 𝐺

𝑚

is the maximum gain of the antenna in the antenna boresight
(dBi).

The gain in the 2D zenith plane, 𝐺zen, is calculated as
follows:

𝐺zen (𝜙) = −max[−12 (

𝜙 − 𝜙etilt
HPBWzen

)

2

, SLL] , (5)

where 𝜙, −90
∘

≤ 𝜙 ≤ 90
∘, is the negative zenith angle relative

to azimuth plane (i.e., 𝜙 = −90
∘ is the upward plane relative to

the antenna boresight, 𝜙 = 0
∘ is along the antenna boresight,

and 𝜙 = 90
∘ is the downward plane relative to the boresight),

𝜙etilt is the electrical downtilt angle (
∘), HPBWzen is the zenith

half-power beamwidth (∘), and SLL is the side lobe level (∘)
relative to the maximum gain. The antenna parameter values
for macrocell were adopted from [25]. The femtocell access
points employ omnidirectional antennas. Table 4 lists the
general parameters used in the simulations.

4. Analysis Methodology and
Performance Metrics

4.1. Overview of the Analysis Methodology. In this section,
we highlight the key analysis methodology used for the
performance analysis of the different deployment strategies.

(i) The study is done based on a technology-neutral
approach; that is, the analysis is not bound to any
specific radio access technology. As such, the cell and

Table 4: General simulation parameters.

Parameter Unit Macrocell Femtocell
Operating
frequency GHz 2.1

Carrier
bandwidth(s) MHz 5, 40, 100

Transmit power dBm 43 20
BS antenna type Directional Omnidirectional
BS antenna
beamwidth,
HPBW

ℎ/V

∘ 65∘/6∘ 360∘/90∘

BS antenna gain,
𝐺
𝑚

dBi 18 2.2

UE antenna type Half-wave dipole
UE antenna gain dBi 2.2
BS antenna height,
ℎBS

m 30 2

UE antenna height,
ℎMS

m 2 (relative to floor level)

Receiver noise
figure dB 9

Backhaul
connectivity
constraint

Mbps No constraint 4, 16, and 100

Simulation environment
Propagation
scenario Suburban

Propagation model Dominant Path Prediction
Model [22]

Building
dimensions m 10 × 10

Building height m 5
Indoor floor plan Open space
External wall
penetration loss dB 30

Ceiling/floor
penetration loss dB 4

network level capacities are modeled using Shannon
capacity bound based on the prevailing signal to
interference and noise ratio (SINR) characteristics.

(ii) The network is assumed to operate in a full load
condition in which all the radio elements (both
macrocells and femtocells) are transmitting at their
maximum power setting. This represents a worst
case scenario and also a typical methodology that
is used for network capacity dimensioning. As such
the different deployment solutions are thus pushed to
their ultimate limits in a systematic manner.

(iii) The distribution of receiver points across all the
buildings (floors) is uniform.These receiver points are
adopted to be able to analyze the pointwise network
capacity (i.e., network capacity per receiver point)
within the cell area and hence capture the overall cell
level capacity statistics.
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(iv) For the placement of femtocells, in a heteroge-
neous deployment scenario, we use Monte-Carlo
approach. During each run, the femtocells are ran-
domly deployed in the residential houses (with the
condition maximum one femtocell per house) and
then simulated for received signal strength. The dis-
tribution of femtocells over the given area is uniform.
Furthermore, in order to get statistically reliable
results, we run theMonte-Carlo simulation 100 times.

For clarity, it is to be acknowledged that this analysis approach
does not explicitly consider any radio resource management
(RRM) aspects in a multiuser network but simply seeks to
quantify the maximum available network capacity that the
different considered deployment strategies can offer when
pushed to their limits.

4.2. Cell and Network Area Capacity. The average cell level
capacity, 𝐶cell, under given radio propagation environment
and interference conditions within a cell area, is estimated
using the Shannon capacity bound as

𝐶cell = ⟨𝑊 ⋅ log
2

(1 + Γ)⟩ , (6)

where 𝑊 is the carrier bandwidth (MHz), Γ refers to the
instantaneous signal to interference and noise ratio (SINR),
which defines the radio channel conditions, while ⟨⋅⟩ denotes
averaging across all receiver points. By reusing the same
spectral resources over an area of 1 km2 (i.e., by deploying
multiple base stations per 1 km2), the average network area
capacity, 𝐶net, due to spatial reuse is approximated as

𝐶net = 𝜌cell𝐶cell, (7)

where 𝜌cell is the cell density (number of cells per km2).
From (7), we can see that the average network area capac-

ity depends on the average cell level capacity and the spatial
reuse rate (i.e., cell density per km2). The average cell level
capacity is determined by the distribution of Γ, as evident
from (6), which largely depends upon the deployed network
architecture. Depending on the underlying deployment strat-
egy, a UE may experience interference from only cochannel
macrolayer (in case of homogeneous macrodeployment) or
from both macro- and femtolayers (in case of heterogeneous
macro-femto cochannel deployment), as shown in Figure 2.
This is elaborated more as follows.

4.2.1. Homogeneous Macro-Only Deployment. In homoge-
neous macro-only deployment scenario, a UE within a
macrocell experiences interference from other cochannel
macro cells. The SINR in such a scenario is given by

Γ
𝑖

=

𝑆
𝑖

∑
𝑗

𝐼
𝑗,𝑖

+ 𝑃
𝑜

, (8)

where 𝑆
𝑖
is the received signal power of the serving macrocell

at 𝑖th UE. 𝐼
𝑗,𝑖

is the received power of the 𝑗th cochannel
macrocell interferer at 𝑖th UE, and 𝑃

𝑜
refers to the receiver

noise floor, which depends on the operating bandwidth and
UE receiver noise figure.

FAPFAP Macrocell UE

Interfering signal
Wanted signal

Macrocellular site

FAP UE

Figure 2: Radio channel (interference) conditions experienced by
UEs in a cochannel macro-femto network (other macrocell tiers are
not shown).

4.2.2. Heterogeneous Macro-Femto Deployment. For the
cochannelmacro-femto heterogeneous deployment scenario,
there are two UE cases: (a) a UE connected to a femtocell
access point and (b) a UE connected to the macrocell. The
SINR in both cases is given by

(a) : Γ
Femto
𝑖

=

𝑆
Femto
𝑖

∑
𝑗

𝐼
Macro
𝑗,𝑖

+ ∑
𝑘

𝐼
Femto
𝑘,𝑖

+ 𝑃
𝑜

,

(b) : Γ
Macro
𝑖

=

𝑆
Macro
𝑖

∑
𝑗

𝐼
Macro
𝑗,𝑖

+ ∑
𝑘

𝐼
Femto
𝑘,𝑖

+ 𝑃
𝑜

,

(9)

where Γ
Femto
𝑖

and Γ
Macro
𝑖

denote the instantaneous SINR con-
ditions experienced at the 𝑖th UE connected to the femtocell
access point and macrocell, respectively. In both cases, the
total interference experienced by the 𝑖th UE is the sum-
mation of received signal powers coming from other cochan-
nel macro- and femtocells.

4.3. Energy-Efficiency. For analyzing the energy-efficiency of
both homogeneous macro-only and heterogeneous macro-
femto deployments, we use the same methodology as
described in [17, 26, 27]. In this paper, the energy-efficiency
of a network is defined as the aggregate data rate that is
achievable while consuming a given power, for example, 1 kW.
This methodology is appropriate for assessing the energy-
efficiency of a network operating under full load condition
[28]. As such, the network energy-efficiency, 𝐸eff , is given by:

𝐸eff =

𝐶net
𝑃area

, (10)

where 𝐶net is the average network area capacity and 𝑃area is
the area power consumption of the access network elements
(base stations) within a nominal 1 km2 geographical area.The
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area power consumption, 𝑃area, of a wireless access network
depends on the dominance area of a base station site, 𝐴 site,
and the individual power consumption of a base station site,
𝑃BS, and is given by [28–31]

𝑃area (W/km2) =

𝑃BS
𝐴 site

. (11)

In general, the main power consuming equipment at a
base station site is the base transceiver station (BTS), which
supports transmission and reception to and from the user
equipment (UE). A BTS of a macrocell site and a femtocell
access point vary significantly in the internal architecture.
This difference stems from the clearly different deployment
purpose ofmacrocell (providing outdoor wide area coverage)
and femtocell access points (covering small indoor locations).
This has significant impact on their overall power consump-
tion and hence should be accurately estimated.

4.3.1. Power Consumption Model for Macrocell Base Station.
The power consumption for a macrocellular base station is
estimated using power consumptionmodel proposed in [29].
The model takes into account the impact of base station site
components as well as the impact of hourly network load.
As such the power consumption of a macro base station site,
𝑃
Macro
BS , is given by

𝑃
Macro
BS (W) = 𝑃const + 𝑃load ⋅ 𝐹, (12)

where𝑃const is the total load-independent power contribution
stemming from rectifier, fiber-optic link for backhaul connec-
tivity, and site air conditioning unit. 𝑃load, in turn, is the total
load-dependent power consumption share stemming from
power amplifier, transceiver, and digital signal processing
units. 𝐹 is the load factor, varying between 0 (no load) and
1 (high/peak load). For the analysis, we consider 𝐹 = 1,
that is, full load. Table 5 summarizes the input parameters
for the macro base station power consumption model. The
parameters are approximate values taken from [17, 29]. It is
pertinent to note that the power amplifier (PA) efficiency for
macrocell has been assumed to be 45%, which is in line with
recently reported efficiencies (35% to 65%) for Doherty PA
architectures, with advanced signal conditioning algorithms,
operating at peak load [28, 32, 33]. As a result, the power
consumption of PA during peak load is 44W. Moreover, we
assume an outdoor polemountedmacro BTS, which does not
require air conditioning [34]. Hence, the power consumption
of air conditioning unit is assumed to be 0 watts in this
study. Based on the parameters in Table 5, the total power
consumption of a macro base station site, operating in a full
load condition, is be evaluated to be approximately 1 kW.

4.3.2. Femtocell Access Point (FAP) Power Consumption
Model. The power consumption of a femtocell access point,
𝑃
Femto
BS , is estimated using the power consumption model

proposed in [35]:

𝑃
Femto
BS (W) = 𝑃MP + 𝑃FPGA + 𝑃TRX + 𝑃Amp, (13)

Table 5: Input parameters for the macro BS power consumption
model.

Component/equipment Unit Value
Number of sectors 3
Transmit power at the antenna Watts 20
Power consumption of DSP card Watts 100
Power amplifier efficiency % 45
Power consumption of
transceiver Watts 100

Power consumption of rectifier Watts 100
Power consumption of
fiber-optic link unit Watts 7.5

Table 6: Input parameters for the femtocell BS power consumption
model.

Component/equipment Unit Value
Transmit power at the antenna,
𝑃TX

Watts 0.1

Power amplifier efficiency, 𝜂Amp % 20
Power consumption of
transceiver, 𝑃TRX

Watts 1.7

Power consumption of
microprocessor, 𝑃MP

Watts 3.2

Power consumption of FPGA,
𝑃FPGA

Watts 4.7

where 𝑃MP is the power consumption from the micropro-
cessor unit, 𝑃FPGA is the power consumption contribution
from field programmable gate array, 𝑃TRX is the power
consumption of radio transceiver unit, and 𝑃Amp is the power
consumption of power amplifier. As the femtocell technology
targets the consumer market segment, the internal electronic
components of the access points, especially the PA, are
not necessarily as power efficient as those of macrocellular
base stations to keep the FAP price tag within affordable
range. Thus, the PA efficiency in FAP’s is relatively quite low
compared to macrocell PA efficiency. For the analysis a 20%
power amplifier efficiency has been assumed for the femtocell
AP, which results in power amplifier consumption of 0.5W.
Table 6 lists power consumption of different components of
FAP, taken from [35]. Based on the parameters in Table 6,
the total power consumption of a femtocell base station is
estimated to be approximately 10W.

4.4. Cost-Efficiency. Mobile operators strive to providemaxi-
mum coverage and capacity to their customers while keeping
the deployment and operational costs as minimum as possi-
ble. Cost-benefit analysis, thus, provides a general picture of
the cost structure of an evolutionary pathway for a certain
technology or system and whether or not it is a feasible
option for investment. For assessing the cost viability of
homogeneous and heterogeneous deployment strategies, we
use the cost-analysis methodology described in [17, 26]. As
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Table 7: CAPEX and OPEX costs for different base station types.

CAPEX (initial costs) Macrocell BS Femtocell AP
Base station equipment 10 k€ 0.1 k€
Site deployment cost 5 k€ 0 k€
Total CAPEX 15 k€ 0.1 k€
OPEX (running costs) Macrocell BS Femtocell AP
Site rent (lease) 5 k€/year 0 k€/year
Backhaul cost 5.5 k€/year 0.5 k€/year
Operation and maintenance 3.5 k€/year 0 k€/year
Total OPEX 14 k€/year 0.5 k€/year

such, the cost-efficiency, 𝐶eff , is defined as the amount of bits
transferred per unit cost. Mathematically,

𝐶eff =

𝐶net
𝑇cost/km2

, (14)

where 𝐶net is the average network area capacity given by (7)
and𝑇cost/km2 is the total network deployment cost normalized
to 1 km2 area.The cost of deploying a cellular network can be
broadly divided into two types: (i) CAPEX (capital expendi-
ture) and (ii) OPEX (operational expenditure). The CAPEX
is the investment cost usually considered during the initial
network roll-out phase or when the network is upgraded and
includes costs related to radio BTS, transmission equipment,
antennas, cables, and site build-out and installation cost.
OPEX, on the other hand, constitutes accumulated running
costs of the network and consists of site rental, backhaul lease,
and operation and maintenance (OA&M) of the network.
The total cost structure of a mobile operator is dominated by
OPEX [36], which spans over the life-period of the network.
The “total cost per base station” is estimated in terms of net
present value (NPV), which is simply found by summing
up the discounted annual cash flow expenditures for a given
study period (in years) [36, 37]. Mathematically,

BSNPV =

𝑌

∑

𝑖=0

𝑐
𝑖

(1 + 𝑟)
𝑖
, (15)

where 𝑌 is the study period in years (we assume 8 years
for base stations value depreciation), 𝑐

𝑖
is the total annual

expenditure per base station (which includes running cost
and may include investment cost) in the 𝑖th year, and 𝑟 is
the discount rate set at 10%. Furthermore, we assume that,
for each deployment strategy, the whole network is deployed
in the first year only. Hence, when calculating the NPV of
the base station, the CAPEX is only considered in the first
year while in the following years the accumulated cost from
operating expenditures is only considered. For simplicity we
ignore the additional costs related to radio network planning,
core network, and marketing costs.

Similar to power consumption, the cost structure for
the macro base station site and femtocell access point also
varies significantly because of the internal base station system
architecture as well as the deployment setup. Table 7 gives
the approximate values for various cost items for macrocell

cell site and femtocell access point (AP). The cost items are
divided into CAPEX andOPEX.Moreover, the cost values for
macrocell base station have been adopted from [38].The cost
items for a femtocell access point, which is mainly targeted
towards the residential consumer market, are selected to
be comparable to commercially available WiFi access point.
From operational expenses point of view, the only running
cost incurred in operating a femtocell is the backhaul connec-
tivity, which we assume to be via residential broadband con-
nection (the annual rate is based on the flat rate assumption
of 40 € per month). Using the values in Table 7, the total cost
per base station, in net present value, over the 8-year period
and at discount rate of 10% is calculated to be 104 k€ for a
3-sector macrocell base station and 3.3 k€ for femtocell.

5. Results and Analysis

Based on the analysis methodology described in the previous
section, we now evaluate and analyze the technoeconomical
performance and behavior of the investigated deployment
strategies. For performance benchmarking purposes, we
consider homogeneousmacrodeploymentwith ISD 1732m as
the baseline.The outcome of this section will provide us with
technoeconomical insight into the network evolution strategy
that will be best suited for mobile operators to address the
exponentially rising indoor capacity demand.

5.1. Coverage and Interference Analysis. In general, received
useful signal power and SINR are the most important
performance indicators that provide primary information
on how well a system/network is performing under given
radio channel conditions. From the overall cell site capacity
perspective, the performance at the cell edge is of significance
as these regions, due to being farther away from the serving
base station, experience worse coverage and radio channel
conditions. Hence, we will focus first in this section on the
worst 10th percentile values, which represent the conditions
at the cell edge regions, thus reflecting the system coverage.

Figure 3 shows the indoor 10th-percentile values for
received signal power (i.e., coverage) for macrocellular
deployment with three intersite distances (i.e., ISD 1732m,
ISD 866m, and ISD 433m). For each ISD, the femtocell
penetration is varied from 0% (i.e., no femtocell deploy-
ment) to 100% (ultradense deployment of indoor femtocells,
wherein each house has a femtocell deployed). As shown in
the figure, the indoor coverage improves as the macrocell
sites are densified from ISD 1732m to ISD 433m. At lower
femtocell penetration rate (i.e., from 0% to 25%), difference
in the indoor coverage is almost negligible. However, as we
densify the femtocell penetration beyond 50%, the coverage
improvement starts to become more noticeable. The reason
is due to the fact that as the femtocell penetration rate
increases, the probability of femtocells at the cell edge
houses increases accordingly. Due to being located indoors,
femtocell can provide superior indoor coverage as compared
to outdoor homogeneousmacrocellular deployment. At 100%
penetration rate, the received signal level is constant over
different ISDs, which means that the indoor is fully served
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Figure 3: 10th-percentile (cell edge) values for received signal
strength (dBm), for macro-femto deployment with different femto-
cell penetration rates.
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Figure 4: 10th-percentile (cell edge) values for signal to interference
and noise ratio (SINR) (dB), for macro-femto deployment with
different femtocell penetration rates.

by femtocell deployment (i.e., femtocells are more dominant
than macrocells at the cell edge).

The corresponding radio channel conditions in terms of
SINR for all deployment scenarios are shown in Figure 4.
Intuitively, the SINR performance of homogeneous macro-
cellular deployment at the cell edge is quite poor. Although
densified macro-only network (ISD 433m) should have rela-
tively higher levels of SINR as compared to ISD 1732m, that
does not happen due to the fact that higher macrocell density
in this case causes excessive cochannel interference, which in
turn degrades the radio channel conditions at the cell edge.
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Figure 5: Average network capacity (Gbps/km2) for macro-femto
cochannel deployment with different femtocell penetration rates
(%). The assumed operating bandwidth is 5MHz.

The impact of deploying femtocells is quite negligible for
lower femtocell penetration rate and starts to become more
visible when penetration rate increases to 75%. The reason
is attributed to better coverage at the cell edge. Unlike dense
macrocell configuration, the 100% femtocell penetration does
not increase the interference level significantly. The signals
coming from the cochannel femtocell interferers are attenu-
ated a minimum of 60 dB due to the wall penetration losses.
As such, the indoor femtocells APs, due to being located
inside the residential houses, are well isolated from other
cochannel femtocells, located in neighboring houses, which
results in better radio channel conditions.

5.2. Capacity and Cost- and Energy-Efficiency Analysis. In
this section we analyze the performance of heterogeneous
macro-femto deployment, with varying femtocell penetra-
tion rates, in terms of average network area capacity and cost-
efficiency and energy-efficiency. In the HetNet deployment,
we consider three different backhaul connectivity speed
constraints (i.e., 4Mbps, 16Mbps, and 100Mbps) for the
femtocell access points, whereas for macrocellular sites no
such limitation has been assumed (i.e., the backhaul connec-
tivity speeds is virtually “unlimited”). Moreover, the carrier
bandwidth is assumed to be 5MHz.

Figure 5 shows the average indoor network capacity
trend for macro-femto deployment. For each macrocellular
intersite distance (ISD), femtocell penetration rate varies
from 0% (i.e., no femtocell deployment at all) to 100% (i.e.,
every house has a femtocell deployed). As can be seen from
the figure, the network capacity increases significantly as
we start to deploy indoor femtocell access points. Table 8
compares the homogeneous macro-only deployment perfor-
mance with heterogeneous macro-femto deployment. The
femtocell penetration in this case is only 5%; that is, only
5% of the houses in 1 km2 area have indoor femtocells
deployed. Due to smaller coverage footprint, the 5% femtocell
penetration rate results in cell density of 160 cells/km2. As
we can see from the table, the heterogeneous deployment
even in the worst case condition (i.e., femtocell backhaul
limited to 4Mbps broadband connection) yields a network
capacity of 0.63Gbps/km2, which is 32x greater than the
network capacity offered by the baseline ISD 1732m macro-
only network configuration (with no backhaul connectivity
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Table 8: Average network capacity at 5MHz bandwidth.

Deployment strategy Cell density (cells per km2) Network capacity (Gbps/km2)
Homogeneous (macro-only)

ISD 1732m—no B/H limitation 3.5 0.02
ISD 866m—no B/H limitation 13.9 0.10
ISD 433m—no B/H limitation 55.4 0.43

Heterogeneous (macro-femto)
ISD 1732m (5% femtopenetration):
(i) Femtocell B/H connectivity at 4Mbps 160 0.63
(ii) Femtocell B/H connectivity at 16Mbps 160 1.68
(iii) Femtocell B/H connectivity at 100Mbps 160 1.68

constraint). In contrast, the densest macro-only deployment
with ISD of 433m yields only 22x greater network capacity
than the baseline configuration. Hence, it is concluded that
even in worst case scenario, where the achievable cell level
capacity of femtocell access points is limited by the backhaul,
the indoor network capacity can be significantly increased
by deploying more femtocell access points, as compared to
densifying the outdoor macrolayer. The question, however,
remains that how does the corresponding cost and energy
consumption performance ofmacro-femto deployment com-
pare with the homogeneous macro-only deployment. This is
investigated next.

Starting with the cost-benefit analysis, Figure 6 shows
the cost-efficiency for macro-femto deployment with vary-
ing femtocell penetration rate for each macrointersite dis-
tance (ISD). The cost-efficiency performance of macro-
femto deployment follows the same trend as observed for
average network capacity performance.Due to relatively lower
power consumption per access point and higher value of
network capacity gain, the cost-efficiency of macro-femto
deployment increases with the femtocell penetration rate.
Table 9 lists the total cost per area and cost-efficiency of
homogeneous macro-only deployment and heterogeneous
macro-femto deployment with a nominal penetration rate
of 5%. Although the total cost per area for macro-femto
deployment is greater than that of the baseline configuration,
the huge network capacity gain achieved through dense
indoor femtocell deployment helps in offsetting the incurred
total cost of deployment, thereby resulting in higher cost-
efficiency. For example, in case of 4Mbps femtocell backhaul
limitation, the cost-efficiency of macro-femto deployment is
4.4x greater than the baseline macro-only configuration with
ISD 1732m. Subsequent densification of macrocell from ISD
1732m to ISD433m leads to cell density of only 55.4 cells/km2
but with a total cost of 1924 k€/km2, which is quite significant
as compared to femtocell deployment with 160 cells/km2 (i.e.,
528 k€/km2).

From the energy-efficiency point of view, owing to the
high capacity gains, the amount of bits transferred per kW
is higher for macro-femto deployment. In other words, as
the femtocell penetration increases, the energy consumption
in transferring one bit of data goes down, as shown in
Figure 7. Even for the case of nominal femtocell penetration
of 5%, the macro-femto deployment has lower overall area
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Figure 6: Cost-efficiency (kbps/€) for macro-femto cochannel
deployment with different femtocell penetration rates (%). The
assumed operating bandwidth is 5MHz.
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Figure 7: Energy-efficiency (Mbps/kW) for macro-femto cochan-
nel deployment with different femtocell penetration rates (%). The
assumed operating bandwidth is 5MHz.

power consumption and relatively higher energy-efficiency as
compared to baseline macro-only scenario with ISD 1732m,
as shown by the energy-efficiency comparison in Table 10.

5.3. Impact of Increasing the Operating Bandwidth. In the
previous section, we observed that despite being limited
by backhaul connectivity, femtocell based heterogeneous
network offered significant indoor network capacity with
substantially higher cost- and energy-efficiency, compared
to homogeneous macrocellular densification with virtually
“unlimited” backhaul. In this sectionwe investigate a possible
operator strategy of increasing the operating bandwidth
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Table 9: Cost-efficiency performance at 5MHz bandwidth.

Deployment strategy Cell density (cells per km2) Total cost per area (k€/km2) Cost-efficiency (kbps/€)
Homogeneous (macro-only)

ISD 1732m—no B/H limitation 3.5 121 0.23
ISD 866m—no B/H limitation 13.9 482 0.21
ISD 433m—no B/H limitation 55.4 1924 0.22

Heterogeneous (macro-femto)
ISD 1732m (5% femtopenetration):
(i) Femtocell B/H connectivity at 4Mbps 160 528 1.0
(ii) Femtocell B/H connectivity at 16Mbps 160 528 2.65
(iii) Femtocell B/H connectivity at 100Mbps 160 528 2.65

Table 10: Energy-efficiency performance at 5MHz bandwidth.

Deployment strategy Cell density (cells per km2) Area power (kW/km2) Energy-efficiency (Mbps/kW)
Homogeneous (macro-only)

ISD 1732m—no B/H limitation 3.5 1.2 0.23
ISD 866m—no B/H limitation 13.9 4.8 0.21
ISD 433m—no B/H limitation 55.4 19.2 0.22

Heterogeneous (macro-femto)
ISD 1732m (5% femtopenetration)
(i) Femtocell B/H connectivity at 4Mbps 160 1.16 1.0
(ii) Femtocell B/H connectivity at 16Mbps 160 1.16 2.65
(iii) Femtocell B/H connectivity at 100Mbps 160 1.16 2.65

of homogeneous macrocellular deployment and make a
technoeconomic comparison with the heterogeneous macro-
femto deployment scenario with 5MHz bandwidth. For the
comparison, we again assume that the macrocell sites have
no backhaul limitation, while the femtocell access points are
backhaul limited.

For the homogeneousmacrocellular deployment, we con-
sider two carrier bandwidths: (i) 40MHz and (ii) 100MHz.
As radio spectrum is a scarce as well as priced resource, we
additionally consider the cost of addingmore spectrumband-
width to the system. The spectrum value is usually driven by
fierce competition among the stakeholders (usually mobile
operators). In this paper, we assume the price of purchasing
a unit spectrum bandwidth (in this case 1MHz) in the 2GHz
frequency band at 10 € per km2, that is, 10 €/MHz/km2,
which is in line with spectrum value assumed in [39] for
the spectrum at the 700MHz band. It is pertinent to note,
however, that the value of the spectrumvaries greatly between
different regions and/or markets and also between different
frequency bands.The value assumed here is anyway a realistic
representative number and thus serves the analysis purposes
well. The additional cost of increasing the bandwidth from
5MHz is 350 €/km2 for 40MHz and 950 €/km2 for 100MHz
bandwidth. Table 11 gives the average network capacity and
total cost per area for homogeneous macrocellular deploy-
ment with different operating bandwidths. As evident from
the table, the network capacity increases with the increase
in operating bandwidth. However, the increase in bandwidth
comes with an additional spectrum cost in form of total area
cost, 𝑇cost/km2 . For comparison, Table 12 provides the average

network capacity and total cost per area for heterogeneous
macro-femto deployment with different penetration rates,
operating at nominal bandwidth of 5MHz. By comparing the
tables, it can be concluded that, at lower operating bandwidth
(5MHz), the femtocells can provide relatively higher network
capacity and at lower cost as compared to macrocellular
densification, even though the femtocells are backhaul lim-
ited. However, at the highest operating bandwidth (100MHz)
and densest macrocellular configuration (ISD 433m), the
average network capacity is approximately 9Gbps. Achiev-
ing comparable network capacity gains with heterogeneous
network deployment would require much higher femtocell
deployment, if the femtocell backhaul connectivity is at
4Mbps. This translates into more investment cost by the
mobile operator in deploying thousands of femtocells per
km2. However, with higher femtocell backhaul connectivity
speeds, the same or even greater network capacity can be
achieved with lower investment cost. For example, a network
capacity of 10Gbps/km2 can be achieved with 20% femtocell
penetration and backhaul connectivity speed of 16Mbps.The
cost incurred in this case is 30% less than homogeneous
macrocellular deployment with ISD 433m.

6. Conclusion

In this paper, we have analyzed and compared three differ-
ent network evolution strategies based on (i) densification
of homogeneous macro-only deployment, (ii) heterogeneous
macro-femto network deployment with varying femtocell pen-
etration rates, and (iii) macrocellular capacity enhancement
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Table 11: Capacity and cost performance of macro-only deployment with different bandwidths.

Macro-only
Bandwidth = 5MHz Bandwidth = 40MHz Bandwidth = 100MHz

𝑇cost/km2 𝐶net 𝑇cost/km2 𝐶net 𝑇cost/km2 𝐶net

(k€/km2) (Gbps/km2) (k€/km2) (Gbps/km2) (k€/km2) (Gbps/km2)
ISD 1732m 121 0.02 471 0.22 1071 0.56
ISD 866m 482 0.10 832 0.84 1382 2.10
ISD 433m 1924 0.43 2274 3.50 2874 8.75

Table 12: Capacity and cost performance of macro-femto deployment at 5MHz, with different femtocell penetration rates.

HetNet macro-femto
Macro ISD 1732m

FAP penetration 5% FAP penetration 20% FAP penetration 75%
𝑇cost/km2 𝐶net 𝑇cost/km2 𝐶net 𝑇cost/km2 𝐶net

(k€/km2) (Gbps/km2) (k€/km2) (Gbps/km2) (k€/km2) (Gbps/km2)
(i) B/H at 4Mbps 528 0.63 2076 2.51 7745 9.4
(ii) B/H at 16Mbps 528 1.68 2076 10.1 7745 37.6
(iii) B/H at 100Mbps 528 1.68 2076 11.5 7745 109.6

with larger bandwidth. Both technical and economical aspects
of the considered strategies were analyzed from an indoor
service provisioning perspective. The main objective of this
research work was to provide new insight into the technoe-
conomical aspects of different network capacity enhancing
schemes and thus come up with recommendations and tools
that can assist mobile operators in deciding the best network
evolution strategy for their network in the future.

Three key performance metrics were considered in the
analysis, namely, network capacity, and cost- and energy-
efficiency. In the analysis the femtocells penetration rate was
varied from 0% (no femtocell deployed) to 100% (wherein
every house had its own femtocell deployed). Moreover,
three different broadband connectivity speeds for femtocell
backhaul were considered. It was observed that, owing to
the extremely high spatial reuse coupled with low power
consumption and low cost per femtocell access points, the
femtocell basedHetNet solution offered higher overall indoor
network area capacity and energy- and cost-efficiency for
indoor service provisioning. However, the performance of
femtocells can be largely limited by the backhaul data rates.
As an outcome, the followingmain conclusions can be drawn:

(i) Small cell solutions can offer higher network capacity
in a cost- and energy-efficient manner, given that
they have higher backhaul connectivity to the core
network.

(ii) Moreover, instead of increasing the carrier band-
width, the mobile operators can initially enhance the
capacity of their network by deploying small base
stations and then gradually increase the spectrum
bandwidth for their networks.

For the 5G and beyond mobile networks, we envision
that mobile operators will have to rely on a combination
of capacity enhancing techniques. Ultradense deployment of
small cells together with larger bandwidth, mainly through

carrier aggregation,will forman integral part of their network
evolution strategies.

In general, the cost-efficiency analysis in this paper is
based on simple cost model assuming Greenfield deploy-
ment. In practice, however, the cost modeling can be much
more complex; for example, (i) operators may already have
some site assets, from their existing legacy networks, which
they can capitalize on and (ii) operators might get into an
agreement with other operators over site sharing or even
spectrum sharing in order to enhance their capacity. Further
studies will concentrate on a much more detailed tech-
noeconomic modeling that take into account the different
deployment aspects as found in practice. From spectrum
management point of view, it will also be interesting to ana-
lyze the deployment case of dividing the spectrum between
macro- and femtocells, that is, using adjacent channels for
different layers of HetNet in order to eliminate the interlayer
interference. Furthermore, it is pertinent to note that the
distribution of traffic in this paper was considered to be
homogeneous (i.e., uniformly distributed) in the indoor
locations and it was assumed that all the users are generating
high traffic demand. In real life, however, such an extreme
condition might not be realizable. The traffic across real
networks is nonuniformly distributed and the HetNets are
deployed in only hotspot areas where there is high capacity
demand. This results in lower investments by the operator
as well as lower energy consumption. A sequel to this paper
will focus on nonuniform traffic distribution and will analyze
the performance trends of macro-femtocell deployment,
with varying backhaul constraints, with pure macrocellular
densification. Furthermore, it is to be acknowledged that
the analysis principles adopted in this paper focus solely on
the network level capacity of different deployment solutions
without explicitly considering the radio resource manage-
ment aspects. Hence, in true multiuser networks where
the capacity of a single network element or access point
is divided between the multiple simultaneously scheduled
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devices, the UE level capacity will naturally be smaller. In
any case, the provided analysis results and adopted analysis
methodology provide valuable understanding and insight
of the network level capacity limits of different alternative
deployment solutions when pushed to their ultimate limits.

To summarize, the analysis principles and methodolo-
gies offered in this paper will provide valuable tools for
the network vendors and operators to carry out detailed
technoeconomical planning and optimization for the mobile
network evolution.
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[22] R. Wahl and G. Wölfle, “Combined urban and indoor network
planning using the dominant path propagation model,” in
Proceedings of the 1st European Conference on Antennas and
Propagation (EuCAP ’06), pp. 1–6, Nice, France, November
2006.
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As tremendous mobile devices access to the Internet in the future, the cells which can provide high data rate and more capacity
are expected to be deployed. Specifically, in the next generation of mobile communication 5G, cloud computing is supposed to
be applied to radio access network. In cloud radio access network (Cloud-RAN), the traditional base station is divided into two
parts, that is, remote radio heads (RRHs) and base band units (BBUs). RRHs are geographically distributed and densely deployed,
so as to achieve high data rate and low latency. However, the ultradense deployment inevitably deteriorates spectrum efficiency
due to the severer intercell interference among RRHs. In this paper, the downlink spectrum efficiency can be improved through
the cooperative transmission based on forming the coalitions of RRHs. We formulate the problem as a coalition formation game in
partition form. In the process of coalition formation, each RRH can join or leave one coalition tomaximize its own individual utility
while taking into account the coalition utility at the same time. Moreover, the convergence and stability of the resulting coalition
structure are studied. The numeric simulation result demonstrates that the proposed approach based on coalition formation game
is superior to the noncooperative method in terms of the aggregate coalition utility.

1. Introduction

It is estimated that mobile data traffic will grow 1000 times
from 2010 to 2020, as more and more devices which are
capable of accessing to the Internet emerge with the develop-
ment of mobile Internet and Internet of Things (IoTs) [1, 2].
According to the above researches, future networks should be
able to accommodate enough pieces of user equipment (UEs)
and provide high wireless data rate services while keeping the
quality of service (QoS).

However, the spectrum resource is extremely scarce,
so improving the capacity or data rate by exploiting more
bandwidth is not an efficient or feasiblemethod under the cir-
cumstance of large-scale access. In order to cater the demand
of high capacity and meanwhile guarantee the spectrum
efficiency, the heterogeneous networks (HetNets) appear to
be the key technology to handle the above challenges [3].
In HetNets, a number of different small cells, such as LTE,
WiMax, andWi-Fi, are deployed densely within the area cov-
ered by a macrocell. Due to the characteristics of low power

and small coverage of these small cells, the low latency and
high rate can be guaranteed. On the other hand, because
of the population fluctuating drastically in residential and
business areas over the time, theworkload of the network also
varies following the pattern of the movement of population,
which is called tidal effect. The current scheduling mode
of the traditional base stations (BSs) is not efficient for
solving this problem, since BSs can only accommodate a fixed
amount of connectivity for UEs within their coverage.That is
to say that the BSs meeting the capacity demand during the
day will turn to idle at night, which leads to huge waste of
energy or other resources, and vice versa.

In order to make the scheduling of resource more flexible
and efficient, cloud radio access network (Cloud-RAN) is
proposed as a new paradigm to solve the spectrum scarcity
challenge faced by the network infrastructures of future
mobile communication, which are required to handle an
exponentially increasing demand for data services [4, 5]. The
most attractive feature of Cloud-RAN is that the BS is broken
up into three components: the remote radio heads (RRHs)
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for the basic transmission and reception functionalities for
radio signal, the base band units (BBUs) aimed at processing
computationally intensive task, and the fronthaul link for
connecting RRHs and BBUs. Different from the traditional
hardware management architecture, all BBUs are collected
to form a centralized BBU pool in a cloud data center. By
this way, similar to servers cluster in cloud computing, the
visualization technology and centralized signal processing
can be exploited in the BBU pool for dynamic and flexible
resource allocation.

Although large-scale geographically distributed RRHs
can achieve the elasticity and convenience in resource
scheduling, it drastically reduces spectrum efficiency caused
by the severe intercell interference among RRHs. Orthogonal
Frequency Division Multiple Access (OFDMA) can be an
effective mechanism to decrease the mutual interference
among the UEs within the same RRH, while the interference
of the same carrier frequency generated by other RRHs may
become worse. Therefore, how to mitigate the intercell inter-
ference effectively among the RRHs for higher spectrum
efficiency is a key challenge.

There are great achievements focused on improving
spectrum efficiency in recent years. A graph based clustering
scheme was proposed in [6], in which the femtocells and
macrocell reuse portion of the whole system bandwidth.
Dai et al. [7] proposed a novel OFDM based transmission
scheme calledTFT-OFDM,whereby the training information
exists in both time and frequency domains. In [8], compared
with the proposed known Massive MIMO scheme, a novel
Network-MIMO TDD architecture requiring an order of
magnitude fewer antennas per active use per cell was pro-
posed to achieve high spectral efficiency. A new transmission
system, Cloud Transmission for terrestrial broadcasting, was
proposed in [9], in which the spectrum utilization can be
greatly enhanced by making all terrestrial RF channels in a
city/market available for broadcast service. Although lots of
proposed researches, like the above literatures, have made
great progress in spectrum efficiency. However, they just
focused on the micro details while ignoring the scenarios of
the cooperation and competition among the access points or
UEs in the densely deployed network.

Game theory provides a tool framework for analyzing
optimization problems with multiple conflicting objectives
and has been widely used for improving spectrum efficiency
or managing interference [10]. Due to the selfish character-
istic of the player in the game, every player tries to meet its
communication demand as much as possible. However, the
disordered competition among the players may result in the
decline of performance of the global system. Therefore, the
resource share scheme based on cooperative game can stim-
ulate the collaboration among the players, thus optimizing
resource utilization and network performance [11].

The cooperative methods based on coalition formation
game are regarded as a novel paradigm, which is applied to
wireless communication networks [12]. In [13], game based
cooperative approaches have better performance than the
noncooperative ways which is illustrated by using the inter-
ference channelmodel. In [14], a number of femtocells in user
equipment cooperate tomerge into a group and improve their

uplink spectrum efficiency by sharing spectral resources and
suppressing intratier interference using interference align-
ment. Pantisano et al. [15] presented a novel model where
a number of femtocells cooperate to improve their perfor-
mance by sharing spectral resources, minimizing the number
of collisions and maximizing the spatial reuse. The interfer-
ence management problem in [16] was formulated as a coali-
tion formation game in partition formwith negative external-
ities, and an algorithmnamedRECORDbased on the concept
of recursive core was utilized. In [17], the authors proposed a
distributed algorithmwhere the femtocell access point makes
the decision to cooperate or not according to the trade-off
between the cooperation gains and the energy consumption.
The problem of cooperative interference management in an
OFDMA two-tier small cell network was studied [18], and a
decentralized algorithmwas proposed to allow small cell base
stations to interact and self-organize into a stable overlapping
coalition structure. However, these works just focused on
eliminating the mutual interference without considering
turning the interference into the additional gain in a coalition.
Moreover, in thementionedworks, the information exchange
among access points in the process of coalition formation is
necessary, which consumesmore power for the broadcasting.

In this paper, we consider that the coalition formation
algorithm is performed in the cloud BBU pool. Within the
novel architecture of Cloud-RAN, the RRH is just responsible
for transmitting or receiving the data of the UEs in its
coverage, so the information exchange among the RRHs can
be achieved through the centralized process, which greatly
decreases the latency and power consumption. Moreover, the
interference can be treated as the additional gain in a coalition
by transmitting the same data to the scheduled UE. To show
the difference from the existing works, the main contribution
of our paper is summarized as follows:

(i) We proposed a novel approach based on coalition
formation game to improve the spectrum efficiency
within the framework of Cloud-RAN, so as to effec-
tively suppress the mutual interference in the ultra-
dense network.

(ii) A hybrid multiple access mode is introduced for
the coalition to achieve the cooperative transmission
among the RRHs. TDMA is adopted within a coali-
tion. Each scheduled UE in this coalition is allocated
the duration in a time frame. In each duration, the
remaining RRHs in this coalition can transmit the
same data simultaneously. Hence, for the scheduled
UE in its duration, the mutual interference from
neighboring RRHs in a coalition can be turned into
the additional gain. Furthermore, FDMA is exploited
for each RRH; thus the users served by the same RRH
only suffer from cochannel interference generated by
the RRHs in other coalitions.

(iii) The proposed coalition formation game based algo-
rithm focuses on maximizing the spectrum efficiency
of the individual RRH by cooperating with the others.
Moreover, the proposed algorithm guarantees the
increase of the coalition payoff per iteration at the
same time. The simulation results demonstrate that
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Figure 1: Coalition formation model in cloud radio access network.

proposed method yields a better spectrum efficiency
performance than the noncooperative way. In addi-
tion, a history variable is introduced to solve the
repetitive iteration problems, so the rate of conver-
gence can be improved.

The rest of this paper is organized as follows. Section 2
presents the system model. Section 3 mainly discusses the
approach based on the coalition formation game, and the
convergence and stability of the final coalition structure are
also studied. The numeric simulation and evaluation are
given in Section 4. Finally, we draw a conclusion and discuss
our future work in Section 5.

2. System Model

As shown in Figure 1, we consider the coalition formation
scenario in Cloud-RAN. A large number of RRHs are densely
deployed within the coverage served by the macro base
station (MBS). Each RRH serves just a few UEs within its
much smaller coverage. The data of UEs received by RRHs
is transmitted to the cloud BBU pool through the optical
fiber fronthaul link with low latency [19]. However, if RRHs
work in a noncooperative manner, UEs will suffer from low
spectrum efficiency due to the severer interference generated
by other RRHs. To deal with this problem, a cooperative
approach to reducing the mutual interference based on coali-
tion formation game is proposed as follows.

We consider the downlink transmission scenario in
Cloud-RAN where each RRH works in OFDMA mode. In
this way, the UEs within the same RRH can transmit simul-
taneously on the same subcarriers without suffering from the
interference.However, under the coverage ofMBS, the signals
transmitted on the same frequency subchannel from the
neighboring RRHs interfere with each UE. To reduce the
interference, a cooperative method among several RRHs by
forming a coalition is exploited. Within the coalition of
RRHs, TimeDivisionMultipleAccess (TDMA) is introduced.
So a hybridmultiple accessmode adopting bothOFDMAand
TDMA is considered. As shown in Figure 2, we show the dif-
ference between the noncooperative transmission and the
cooperative transmission in a coalition. Without loss of gen-
erality, we consider a network deployed with two RRHs,
that is, RRH 1 and RRH 2. For simplicity, only one user
end is served by its corresponding RRH. In Figure 2(a), in
noncooperative transmission scheme, we can see that RRH
2 interferes with UE 1 served by the corresponding RRH 1;
meanwhile RRH 1 interferes with UE 2 as well in a time
frame. In Figure 2(b), the cooperative transmission scheme is
depicted. At first, RRH 1 andRRH2 constitute a coalition, and
then a coalition-level scheduler in BBU pool is introduced to
allocate the time slot in the time frame for eachUEwithin this
coalition. Meanwhile, the time guard interval (TGI) is also
introduced to eliminate intersymbol interference between
the two neighboring time slots, and generally they can be
neglected due to the low overhead. As shown in Figure 2(b),
during time slot 1, UE 1 is at the active status where two RRHs
can transmit signal simultaneously. So the interference from
RRH 2 is turned into additional gain, and the interference
can be eliminated and thus the spectrum efficiency can be
increased in time slot 1. Consequently, the same results can
be achieved for UE 2 in time slot 2.

We consider that there are 𝑁 RRHs denoted by N =

{1, 2, . . . , 𝑁}which are deployed within the coverage of MBS.
We assume that each RRH 𝑖 ∈ N serves 𝑀 UEs with 𝑀

orthogonal subcarriers denoted by M = {𝑓
1
, 𝑓
2
, . . . , 𝑓

𝑀
}. In

the noncooperative communication scheme, each UE is just
served by only one RRH on a certain subchannel. Due to
the orthogonality among the subchannels, the interchannel
interference does not exist. However, the severer interference
caused by the neighboring RRHs working on the same
frequency band signals will limit the spectrum efficiency of
the downlink. Therefore, the received signal to interference
plus noise ratio (SINR) of UE served by RRH 𝑖 ∈ N on
subchannel 𝑓

𝑘
∈ M
𝑖
can be defined as

SINR𝑘
𝑖
=

𝑝
𝑘

𝑖
𝑔
𝑘

0,𝑖

𝐼
0
+ 𝐵
𝑘

𝑖
𝑁
0
+ 𝐼
𝑘

𝑖,N

, (1)

where𝑝𝑘
𝑖
denotes the transmit power of RRH 𝑖 on subchannel

𝑓
𝑘
and 𝑔

𝑘

0,𝑖
is the channel gain from RRH 𝑖 to its UE on sub-

channel 𝑓
𝑘
. 𝐼
0
is the interference from the MBS. Let 𝐵

𝑘

𝑖

and 𝑁
0
denote the bandwidth of UE served by RRH 𝑖 over

subchannel 𝑓
𝑘
and noise power spectral density of additive

white Gaussian noise (AWGN), respectively. We denote the
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Figure 2: The difference between the noncooperative transmission and the cooperative transmission in a coalition.

intercell interference which is suffered by the UE served by
RRH 𝑖 on subchannel 𝑓

𝑘
by

𝐼
𝑘

𝑖,N = ∑

𝑗∈N,
𝑗 ̸=𝑖

𝑝
𝑘

𝑗
𝑔
𝑘

𝑖,𝑗
,

(2)

where 𝑝
𝑘

𝑗
is the transmit power of RRH 𝑗 ∈ N over subchan-

nel 𝑓
𝑘
and 𝑔

𝑘

𝑖,𝑗
denotes the channel gain from RRH 𝑗 to the

UE receiver served by RRH 𝑖 over subchannel 𝑓
𝑘
.

According to the Shannon formula, the downlink spec-
trum efficiency of the UE served by RRH 𝑖 over subchannel
𝑓
𝑘
can be defined as

𝑅
𝑘

𝑖
= log
2
(1 +

𝑝
𝑘

𝑖
𝑔
𝑘

0,𝑖

𝐼
0
+ 𝐵
𝑘

𝑖
𝑁
0
+ 𝐼
𝑘

𝑖,N

) . (3)

In such noncooperative scenario, we can find that, from
the formula (3), each UE on subchannel 𝑓

𝑘
suffers severe

intercell cochannel interference from remaining𝑁−1 RRHs,
since the limited spectrum resource is shared among them,
and the white noise and the interference from the MBS are
also taken into account.

3. Coalition Formation

In order to minimize the mutual interference for high spec-
trum efficiency, it is necessary for a set of RRHs to transmit
signals cooperatively to improve their performance. There-
fore, we formulate the problem of cooperation among RRHs
as a coalition formation game in partition form. Given a
number of RRHs, the various different coalitions can be
formed in terms of the coalition size and profit or utility of
the RRHs within the coalition. Hence, it is necessary to setup
some criterions for each RRH to decide whether to join or
to split from a coalition. There are two main criterions: (i)
stability, only when every RRH in the coalition has no incen-
tive to leave the federation for more individual profit can the
coalition keep stable and (ii) fairness, each RRH is selfish and
expected to obtain asmore profits as possible when it chooses
to join or leave a coalition. So the fair profit allocation scheme
is essential to maintain the coalition stability.

3.1. The Concept of Coalition Formation. The problem of
RRHs cooperation is mathematically modeled as a coalition
formation game with transferable utility [20]. The proposed
algorithm is based on the hedonic game [21], where each
player (referred to as RRH in this paper) is selfish and its
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payoff is completely determined by the identity of other
members within the coalition.

As defined in Section 2, the set of RRHsN = {1, 2, . . . , 𝑁}

is given. Let S ⊆ N denote the coalition of RRHs. We
define 𝜋N as the coalition structure or partition where 𝜋N =

{S
1
,S
2
, . . . ,S

𝑙
}. For any one coalition structure, 𝜋N, we have

∪S∈𝜋N = N and S
𝑖
∩ S
𝑗
= 𝜙 for 𝑖 ̸= 𝑗. Once a coalition is

formed, a coalition-level scheduler will work according to the
hybrid multiple access mode which is depicted in Figure 2.
For any RRH in a coalition, the corresponding UE served by
this RRH on some subcarrier is scheduled according to the
TDMA rule. In Figure 2(b), one time slot is allocated to one
UE. And, in this time slot, the remaining RRHs in the same
coalition can simultaneously serve this UE. Therefore, for
one UE in its time slot, the received power can be improved
and thus the mutual interference among RRHs in a coalition
can be eliminated. In this way, the UEs just suffer from the
interference caused by the RRHs in other coalitions.

For any RRH 𝑖 in coalition S
𝑙
∈ 𝜋N, the received power

and interference of the UE over subchannel 𝑓
𝑘

∈ M can be
expressed, respectively, as follows:

𝑃
𝑘

𝑖
= 𝑝
𝑘

𝑖
𝑔
𝑘

0,𝑖
+ ∑

𝑛∈𝑆𝑙 ,

𝑛 ̸=𝑖

𝑝
𝑘

𝑛
𝑔
𝑘

𝑖,𝑛
, (4)

𝐼
𝑘

𝑖,N\S𝑙
= ∑

𝑗∈N\S𝑙

𝑝
𝑘

𝑗
𝑔
𝑘

𝑖,𝑗
. (5)

According to the explanation of Figure 2(b), during the
time slot of the UE served by RRH 𝑖, ∑

𝑛∈𝑆𝑙 , 𝑛 ̸=𝑖
𝑝
𝑘

𝑛
𝑔
𝑘

𝑖,𝑛
denotes

the additional gain from the remaining RRHs in coalition
S
𝑙
. 𝐼𝑘
𝑖,N\S𝑙

is the interference from the remaining coalitions in
coalition structure 𝜋N.

Consequently, for one coalition of RRHs S
𝑙
∈ 𝜋N, the

total sum-rate achieved can be given by function 𝑅(S
𝑙
, 𝜋N)

defined as follows:

𝑅 (S
𝑙
, 𝜋N)

= ∑

𝑖∈S𝑙

∑

𝑘∈M

𝛼
𝑘

𝑖
log
2
(1 +

𝑃
𝑘

𝑖

𝐼
0
+ 𝐵
𝑘

𝑖
𝑁
0
+ 𝐼
𝑘

𝑖,N\S𝑙

) ,

(6)

where 𝛼
𝑘

𝑖
denotes the fraction of the time frame duration

during which RRH 𝑖 transmits signal over subchannel 𝑓
𝑘
.

What is more, for any RRH 𝑖 in coalition S
𝑙
∈ 𝜋N and given

a subchannel 𝑓
𝑘
∈ M, we have∑

𝑖∈S𝑙
𝛼
𝑘

𝑖
= 1 and 𝛼

𝑘

𝑖
≥ 0. If the

RRH is in singleton, 𝛼𝑘
𝑖
is equal to 1, whichmeans that the UE

occupies subchannel 𝑓
𝑘
for all its duration.

Accordingly, we define coalition value V(S
𝑙
, 𝜋N) based on

(6) as follows:

V (S
𝑙
, 𝜋N) =

𝑅 (S
𝑙
, 𝜋N)

|M|
, (7)

where |M| is the cardinality of the orthogonal subcarriers set
M, that is, the number of the subcarriers within each RRH.
For reducing the complexity, we assumed that each RRH
provides the same number of subcarries in Section 2. In (7),

we consider the average performance of eachRRH. For empty
set 𝜙, we have V(𝜙, 𝜋N) = 0.

Each RRH makes its own decision to join or leave a
coalition based on its payoff. During the coalition formation,
each RRH is selfish and expected to get more payoff as much
as possible while keeping the stability and fairness criterions.
Therefore, based on the coalition value acquired from (7), a
fair payoff allocationmechanism for individual player should
be considered.

The egalitarian fair method is the most common way
where each player shares the equal extra value generated by
the cooperation among the members in the formed coalition.
The value of RRH 𝑖 among coalition S

𝑙
is defined as

𝑥
𝑖
(S
𝑙
, 𝜋N) =

1

S𝑙


(V (S
𝑙
, 𝜋N) − ∑

𝑗∈S𝑙

V ({𝑗} , 𝜋N))

+ V ({𝑖} , 𝜋N) .

(8)

However, such method is not fair enough, since the
channel gain from the RRH to its UEs differs from each other.
The RRH with better channel gain is reluctant to cooperate
with the RRH with bad channel condition. In the process of
coalition formation, the player who creates more extra value
should be allocated more payoff. Consequently, based on the
egalitarian criterions, the weight according to the player’s
noncooperative utility is taken into consideration. Finally, the
payoff of RRH 𝑖 in coalition S

𝑙
can be calculated by the fol-

lowing equation:

𝑥
𝑖
(S
𝑙
, 𝜋N) = 𝜔

𝑖
(V (S

𝑙
, 𝜋N) − ∑

𝑗∈S𝑙

V ({𝑗} , 𝜋N))

+ V ({𝑖} , 𝜋N) ,

(9)

where∑
𝑖∈S 𝜔
𝑖
= 1 and within coalition 𝜔

𝑖
/𝜔
𝑗
= V({𝑖})/V({𝑗}).

3.2. The Condition to Form Coalition. In the procedure of
coalition formation, atomic step is that the individual RRH
splits from one coalition to another one for the higher payoff.
In order to express this action specifically in mathematical
method, some definitions for comparing two different coali-
tions are presented at first.

Definition 1. Consider two different coalitions S
1
, S
2

⊆ N
and S

1
̸= S
2
, which both include RRH 𝑖 ∈ N. A preference

relation ≻
𝑖
is defined as a complete, reflexive, and transitive

binary relation over the set of all coalitions that RRH 𝑖 can
form [22].Therefore,S

1
≻
𝑖
S
2
indicates that RRH 𝑖 prefers to

stay at coalition S
1
rather than coalition S

2
.

In our RRHs, for cooperation problem which is modeled
as the coalition formation game, we aimed at increasing
the coalition value while considering allocating fairly higher
payoff to the members of the coalition at the same time. For
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any RRH 𝑖 ∈ N, the above preference relation is equivalent to
the following inequation:

𝑆
1
≻
𝑖
𝑆
2
⇐⇒

𝑥
𝑖
(S
1
, 𝜋
∗

N) > 𝑥
𝑖
(S
2
, 𝜋N) ,

(10)

where (10) denotes that RRH 𝑖 splits from coalitionS
2
to join

coalition S
1
for more individual payoff, which results in the

change of the coalition structure from 𝜋N to 𝜋
∗

N.
Based on the concept of preference relation given above,

the three conditions for changing the current coalition
structure are studied. Briefly speaking, (i) the value of the
newly formed coalition should be greater than the sum of
the individual utility of all the members who belong to the
newly formed coalition, working in noncooperative manner.
(ii)The value of the newly formed coalition should be greater
than the value of the coalition in last state which does not
incorporate the player desired to join. (iii) The payoff allo-
cated to the every member within the newly formed coalition
is supposed to be higher than the payoff allocated in old
coalition. Then, the more specific mathematical expressions
are presented in subsequent parts.

Condition 1. Themotivation for each RRH to cooperate with
others whereby forming a coalition is to mitigate the mutual
interference and increase the spectrum efficiency further.
Therefore, the total value produced by forming a coalition
is expected to exceed the summation of the value created by
each RRH within the coalition without cooperation among
them. Specifically, for any RRH 𝑖 ∈ N that tends to join some
coalition S

𝑙
∈ 𝜋N excluding 𝑖, hence, Condition 1 should be

satisfied firstly, and it can be written as

V (S
𝑙
∪ {𝑖} , 𝜋

∗

N) > ∑

𝑗∈S𝑙∪{𝑖}

V ({𝑗} , 𝜋
∗

N) , (11)

where 𝜋
∗

N denotes the changed coalition structure after RRH
𝑖 is incorporated into coalitionS

𝑙
.

Condition 2. Condition 1 is only the prerequisite to form
a new coalition, and two sufficient conditions are given
in Conditions 2 and 3, respectively. Condition 2 is a new
coalition that can be formed only when the coalition value
gets increased after incorporating the new RRH, which is
designed for higher system efficiency. Thus, based on (11),
Condition 2 can be expressed mathematically as follows:

V (S
𝑙
∪ {𝑖} , 𝜋

∗

N) > V (S
𝑙
, 𝜋N) . (12)

Condition 3. Based on the two conditions above, after allocat-
ing coalition value to all members within it, the last condition
is that each player’s payoff in newly formed coalition should
be greater than its payoff in its old coalition. Consequently,
for any RRH 𝑗 ∈ S

𝑙
∪ {𝑖} and 𝑗 ̸= 𝑖, Condition 3 is written as

follows:

𝑥
𝑗
(S
𝑙
∪ {𝑖} , 𝜋

∗

N) > 𝑥
𝑗
(S
𝑙
, 𝜋N) , (13)

where for case 𝑗 = 𝑖, Condition 3 meets inequation constrain
(10).

3.3. The Algorithm of Coalition Formation. According to the
definition elaborated in Algorithm 1, to solve the cooperation
problem for RRHs, we propose a novel and efficient algorithm
which is based on the hedonic shift rule [14]: given coalition
structure 𝜋N = {S

1
,S
2
, . . . ,S

𝑙
} defined on RRHs setN and

preference relation≻
𝑖
, for anyRRH 𝑖 ∈ N that decides to leave

its current coalitionS
𝑐
to join another oneS ∈ 𝜋N ∪𝜙 if and

only ifS∪{𝑖} ≻
𝑖
S
𝑐
, that is, RRH 𝑖 can benefitmore frombeing

one of the members of coalition S than staying at coalition
S
𝑐
. Based on the characteristic of the hedonic game described

in Section 3.1, we can conclude that, on one hand, every player
is selfish enough, since it just tries to join the coalition where
it can obtain more payoff without considering the decrease
at the value of the coalition to which it ever belonged. On
the other hand, the coalition only incorporates the potential
player which can improve the coalition value.

With the three conditions defined above, the cloud BBU
pool can perform the proposed algorithm where RRHs are
partitioned into different coalitions, considering both the
individual value and coalition value.The corresponding algo-
rithm is proposed in Algorithm 1.

In proposed Algorithm 1, we define a history variable ℎ(𝑖)

which is designed for RRH 𝑖 recording the coalitions that it
ever joined when the algorithm is performing the transfer
from one coalition to another. By introducing ℎ(𝑖), the coali-
tion formation algorithmmust converge to a stable structure.
The advantage of our algorithm is that both the payoff of the
individual RRH and the aggregate coalition value are con-
sidered simultaneously when an external RRH is desired to
merge into the coalition, which is achieved by the three con-
ditions expressedmathematically in (11), (12), and (13). Due to
the superiority of parallel and centralized computing in cloud
BBU pool, the proposed algorithm can be implementedmore
easily, comparing with the traditional distributed algorithm
where one FAP negotiates with the others to form the coali-
tion by broadcasting their information.

Proposition 2. From the initial coalition structure 𝜋N =

{{1}, {2}, . . . , {𝑁}}, the proposed algorithm always converges to
final structure 𝜋

𝑓

N
.

Proof. The evolution process of coalition structure can be
described as a discrete sequence. Specifically, for any RRH
𝑖 ∈ N, each hedonic shift action can turn current coalition
structure 𝜋

𝑐

N into next stage 𝜋
𝑐+1

N .

According to the proposed algorithm, for RRH 𝑖 ∈ 𝑁,
after traversing all the current coalitions, there are two cases;
that is, one is that no feasible coalition is recorded and another
is that at least one coalition is recorded as the chosen optimal
coalition to join. For the first case, the coalition structure
maintains the current status; thus, the number of revisited
structures is limited. For the second case, the number of the
coalition structures is also finite, and according to [23], it is
no more than the Bell number, that is, the number of the
set partitions. Consequently, in both of the two cases, the
proposed algorithm always terminates and converges to final
coalition structure 𝜋

𝑓

N
.
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Stage 1: Initialization
The network is partitioned by 𝜋N = {{1}, {2}, . . . , {𝑁}} at the
beginning time. For each 𝑖 ∈ N, to initialize the variable ℎ(𝑖) as
the empty set.

Stage 2: Coalition Formation
do

for each RRH 𝑖 in N

for each S in 𝜋N

if S ∪ {𝑖} ≻
𝑖
S
𝑐
then

(a) If the (11) in Condition 1, (12) in Condition 2,
(13) in Condition 3and S ∉ ℎ(𝑖) are satisfied
at the same time, then record the coalition S.

end if
if all recorded S is not a empty set then
(a) After traversing all the possible coalitions in 𝜋N,

the optimum S
𝑜
is found.

(b) RRH 𝑖 decides to perform the hedonic shift rule
from current coalition S

𝑐
to the optimal one S

𝑜
.

(1) RRH 𝑖 updates the history variable ℎ(𝑖) by
adding the old coalition S

𝑐
to the ℎ(𝑖).

(2) RRH 𝑖 leaves its current coalition S
𝑐
and

joins the new coalition S
𝑜
.

(3) 𝜋N is updated,
𝜋N = (𝜋N \ {S

𝑜
,S
𝑐
}) ∪ {S

𝑐
\ {𝑖},S

𝑜
∪ {𝑖}}.

end if
end for

end for
until the coalition structure is stable.

Stage 3: Cooperative Transmission
All the RRHs transmit signals cooperatively, which is
controlled by a coalition-level scheduler in a hybrid multiple
access mode.

Algorithm 1: The proposed RRHs cooperation algorithm.

Proposition3. Any stable coalition structure𝜋𝑓
N
formed in the

end is Nash-stable.

Proof. This proposition can be proved by the contradiction.
We assume that the final coalition structure 𝜋

𝑓

N
is not Nash-

stable. Hence, there exist RRH 𝑖 ∈ N and coalition S ∈ 𝜋
𝑓

N

so thatS ∪ {𝑖} ≻
𝑖
S
𝑐
forS
𝑐
∈ 𝜋
𝑓

N
. Then, RRH 𝑖 will perform a

hedonic shift action and therefore 𝜋
𝑓

N
will also change. Con-

sequently, this contradicts the assumption that 𝜋𝑓
N
is the final

structure of the proposed algorithm.

4. Simulation and Analysis

For coalition formation simulation, we consider a single
circular area covered by MBS with radius 𝑅. There are 𝑁

RRHs randomly distributed within the coverage of the MBS,
and the radius of each RRH is set as 20m. We assume that
each RRH serves |M|UEs at the same time on the orthogonal
subcarriers and each UE occupies 10MHz bandwidth. Fur-
thermore, it is assumed that each RRH in the same coalition
occupies the same duration in a time frame; that is, for any
coalition S ∈ 𝜋N and every RRH 𝑖 ∈ S, 𝛼

𝑘

𝑖
= 1/|S|.

Table 1: Simulation parameters.

Parameter Value
MBS radius 𝑅 50m
Number of RRHs N 8
RRH radius 20m
Number of UEs |M| 2
Duration in a time frame 𝛼

𝑘

𝑖 1/|S|

RRH transmit power 𝑝𝑘
𝑖 30 dBm

Simulation rounds 2000
Path loss model PL (dB): 18.7 × log

10
(𝑑) + 46.8 + 20 × log

10
(2.7/5)

The transmission power of each RRH to its served UE 𝑝
𝑘

𝑖
is

30 dBm and the interference from MBS is set as −30 dBm.
The transmissions are affected by distance dependent path
loss shadowing according to the 3GPP specifications [24], and
the path loss is based on the BeFemto model. To lower the
variations of the random variables, 2000 rounds simulations
are conducted for different numbers of RRHs.

To improve the clarity, the values of key simulation
parameters are summarized in Table 1.
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Figure 3: A snapshot example of the final coalition structure.

In Figure 3, we show a snapshot of Cloud-RAN partition
resulting from the coalition formation algorithm with 𝑁 =

8 RRHs which are randomly deployed within the MBS
coverage. With the convergence of the proposed algorithm,
all RRHs organize into the resulting coalition structure, as
shown in Figure 3. At first, all RRHs work without cooper-
ating with others. Hence, the initial coalition structure can
be described as 𝜋

0

N = {{1}, {2}, . . . , {8}}, where each element
in 𝜋
0

N denotes one RRH at the beginning time. Then, in the
process of iteration, each individual RRH is looking for other
RRHs or coalitions to join for higher payoff. As discussed
previously, ultradense network inevitably results inmore seri-
ous cochannel interference. However, the closer distance also
increases the probability of cooperative transmission. There-
fore, the proposed coalition formation algorithm is aimed
at figuring out that whether the additional gain benefiting
from the cooperation is greater than the total noise. Due to
the remote distance from others, RRH 4 exists as a singleton
coalition. On the other hand, RRH 5 and RRH 6 (or RRH 7
and RRH 8) prefer to form a coalition for higher spectrum
efficiency rather than be a singleton, since the severe mutual
interference can be suppressed by transmitting cooperatively.
In the end, after a finite iteration, as shown in Figure 3, the
final coalition structure consisting of two coalitions with two
RRHs and four singleton coalitions is acquired, so the final
partition can be described as 𝜋𝑓

N
= {{1}, . . . , {4}, {5, 6}, {7, 8}}.

Figure 4 shows that no matter which method is adopted,
the system utility gets higher with the number of the RRHs
increasing. Obviously, the coalition formation game based
algorithm significantly achieves more payoff than the non-
cooperative approach because the intercell interference can
be suppressed in the same coalition and the higher spectrum
efficiency can be obtained due to the additional power via
cooperative transmission.Moreover, we can see that themore
the number of RRHs is, the better the performance of the pro-
posed algorithm can be, comparing with the noncooperative
method. Since it is urgent for RRHs to form a coalition under
the circumstance of the ultradensely deployed network. The
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Number of RRHs

0

2

4

6

8

10

12

14

16

18

20

Sy
ste

m
 u

til
ity

 (b
it/

s/
H

z)

Figure 4: System utility versus number of RRHs 𝑁.

curves in Figure 4 have similar trend to logarithmic function.
With the deployed RRHs increasing, the performance of
the whole system can get improved. If the system utility is
invariant or decreased, the ultradense deployment network
shall not be proposed as one of the potential technologies for
future wireless communication. Furthermore, the calculation
of the system utility correlates with formula (6) and the path
loss model in Table 1. We can see that both two formulas
are in the form of logarithm, and all the operations in the
proposed algorithm follow the logarithmic characteristics.
Consequently, the performance curves in Figure 4 have the
similar increasing trend with the logarithm function. Specif-
ically, when the number of RRHs is 20, the system utility in
terms of spectrum efficiency can be improved by 11.7% due to
the coalitional game based cooperative transmission.

In Figure 5, we can see that the average payoff of RRH
decreases with the increase of the RRH numbers, which can
be easily obtained from Figure 4 according to the character-
istic of the logarithmic function. Even though increasing the
number of RRHs can improve the system utility as shown
in Figure 4, the total mutual interference among RRHs can
be also severer. Specifically, the newly deployed RRH will
generate the cochannel interference which deteriorates the
utility of all the UEs served by other RRHs.Then, comparing
with the noncooperative approach, the coalition game based
cooperative approach shows indistinctive superiority when
the network is sparse. However, with the densification of the
deployment for RRHs, the proposed algorithm shows that
each RRH can acquire more payoff than the noncooperative
method, which indicates that the spectrum efficiency can
be improved through the cooperative transmission among
RRHs.

From Figure 6, we can see that both average coalition
size and average maximum coalition size get larger with the
increase of RRHs numbers 𝑁. When the network is sparse,
theRRHhas no incentive to cooperatewith other RRHs, since
the path loss is large enough and mutual interference can be
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neglected. As the number of RRH increases, the probability
of coalition formation is increased. The reason is that the
network densification makes the distance among the RRHs
closer, which improves the opportunity for several RRHs
to transmit cooperatively. Moreover, the average maximum
coalition size increases much faster, while the average coali-
tion size keeps growing slowly. With the densification of
the network, the bigger coalition is formed to eliminate the
severer interference. Specifically, for the number of RRHs
𝑁 = 20, the average coalition size and average maximum
coalition size reach to 1.3 and 3.1, respectively. Therefore, the
final coalition structure ismainly composed ofmedium-sized
coalitions with the occasional emergence of large coalitions
between the RRHs.

In Figure 7, for both the proposed algorithm and the non-
cooperative method, the system utility gets increased when
the MBS coverage radius becomes larger, since the intercell
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Figure 7: System utility versus MBS coverage radius (𝑁 = 10).

Table 2: Comparison of the number of iterations.

Algorithms RRHs
5 10 15 20

The proposed CFA 28 166 431 779
Exhaustive search 52 115975 1.38 × 109 5.17 × 1013

interference power can be much less due to the path loss
resulting from the larger distance among the RRHs within a
largerMBS coverage.We can see that the proposed algorithm
always creates more system utility than the noncooperative
method. However, with the increase of the MBS coverage
radius, the performance of the noncooperative approach is
gradually close to that of coalitional game based method.
Because the total interference power is low enough and the
RRHs prefer to work in noncooperative way rather than form
a coalition in the case of low dense deployment. Specifically,
the proposed coalition formation game based algorithm can
show better advantage in dense network. Furthermore, for
a given number of RRHs 𝑁, the system utility will not
increase infinitely when the coverage radius is very large. So
the mutual interference can be neglected in a sparse enough
network.

Then, the comparison between the proposed coalition
formation algorithm (CFA) and the exhaustive searchmethod
in terms of the number of iterations is presented in Table 2.
According to the Bell number [23], we can see that the
exhaustive search method is impractical since the number of
the possible coalition structures increases exponentially with
the total number of RRHs 𝑁. Hence, it is computationally
complex for the ultradense network. As for the proposed
CFA, the history variable is introduced to avoid joining the
same coalition for RRHs. Furthermore, both player’s payoff
and coalition’s utility are taken into account, which extremely
decreases the iteration time and greatly improves the spec-
trum efficiency.
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Finally, we give the theoretical analysis in terms of the
overhead for information exchange when coalition formation
algorithm is performed. In existing work [15], the authors
proposed a recursive core approach, where each cooperating
FAP needs to broadcast its data to all the other members in
the coalition. In such a case, the total cost to form a coalition
is the sum of power required by each FAP; that is,

𝑃
𝑆

𝑐
= ∑

𝑖∈𝑆

𝑃
𝑗,𝑖
, (14)

where 𝑃
𝑗,𝑖
denotes the power spent by FAP 𝑖 to reach farthest

FAP 𝑗 in coalition 𝑆.
Different from the recursive core approach, the proposed

algorithm in this paper is achieved by the iterative method.
So, the total consumption is determined by the number of the
iterations. In conventional network, where the computational
ability of FAPs is distributed, the power consumption spent
by FAPs to exchange information should be considered.
According to the proposed algorithm, at the beginning, there
are𝑁 atomic coalitions randomly distributed in the network.
Hence, it is necessary for given FAPs to exchange information
with remaining 𝑁 − 1 coalitions. We use 𝑃

𝑥
to denote the

power consumption of each information exchange. Conse-
quently, for the first iteration, the cost can be written as
(𝑁 − 1)𝑃

𝑥
. It is easy to deduce that, for a network deployed

with 𝑁 FAPs without any coalition formed, the total power
consumption is 𝑁(𝑁 − 1)𝑃

𝑥
. In practice, from Table 2, we

can see that the average number of iterations in simulation is
greater than𝑁(𝑁−1), whichmeansmore power is consumed
to converge to a stable coalition structure.

In this paper, within the novel architecture of Cloud-
RAN, the proposed algorithm is running in the centralized
BBU pool where all data of RRHs is stored, and the necessary
information for forming a coalition can be exchanged and
calculated in the cloud.Therefore, the substantial power con-
sumption in terms of broadcasting at information exchange
can be saved according to the above theoretical analysis.

5. Conclusion and Future Work

Although the Cloud-RAN with densely deployed RRHs is
regarded as an effective way to increase the capacity and
to achieve high data rate, the severer mutual interference is
introduced. In this paper, we propose a novel and efficient
cooperation method based on coalition formation game
where RRHs can be self-organized to negotiate with each
other for reducing the mutual interference and thus improve
the spectrum efficiency. Once a coalition is formed, the
hybrid multiple access mode can be implemented by a coali-
tion-level scheduler within it. The proposed algorithm
shows a great performance compared to the noncooperative
method, since the coalition utility and individual payoff are
both considered. Based on the achievement in this paper,
more further research such as the search for global optimum
coalition structure while considering the algorithm efficiency
will be conducted in the future.
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The rapid growth of wireless application results in an increase in demand for spectrum resource and communication energy.
In this paper, we firstly introduce a novel energy saving strategy in cognitive radio networks (CRNs) and then propose an
appropriate pricing policy for secondary user (SU) packets. We analyze the behavior of data packets in a discrete-time single-
server priority queue under multiple-vacation discipline. With the help of a Quasi-Birth-Death (QBD) process model, we obtain
the joint distribution for the number of SU packets and the state of base station (BS) via the Matrix-Geometric Solution method.
We assess the average latency of SU packets and the energy saving ratio of system. According to a natural reward-cost structure,
we study the individually optimal behavior and the socially optimal behavior of the energy saving strategy and use an optimization
algorithm based on standard particle swarm optimization (SPSO) method to search the socially optimal arrival rate of SU packets.
By comparing the individually optimal behavior and the socially optimal behavior, we impose an appropriate admission fee to SU
packets. Finally, we present numerical results to show the impacts of system parameters on the system performance and the pricing
policy.

1. Introduction

With the explosive growth of wireless application, one of
the hot topics of research is how to improve the spectrum
efficiency as well as reduce the communication consumption.
Cognitive radio is a recent and promising development
in wireless communications technology [1]. Green energy
powered cognitive radio networks (CRNs) are capable of
liberating wireless communications from spectral and energy
constraints [2].

One of the key challenges in wireless networks is how
to control the base station (BS) in order to decrease the
energy consumption. In addition, we should also focus on
how to ensure the Quality of Service (QoS) of end users and
spectrum efficiency. From the related literature, we find that
the main method to release the energy constraint is sleep
mode, by which communication power can be reduced when
the BS is at the sleep state [3, 4].We also find that the cognitive

radio technology has been studied as an effective solution
to alleviate the limitation of the spectrum resource [5]. In
addition, in order to achieve the maximum value of social
profit of the system, people pay more and more attention to
the behaviors of the data packets, including the individually
optimal behavior and the socially optimal behavior [6, 7].

In this context, we firstly introduce an energy saving
strategy with sleep mode in CRNs. The proposed strategy
highlights how the BS is switched between the sleep state and
the awake state to achieve the trade-off between the energy
saving effect and the response performance. In addition,
we assess the system performance by constructing a Quasi-
Birth-Death (QBD) process model and validate the analytical
results with simulations. According to a natural reward-cost
structure, we analyze the individually optimal behavior and
the socially optimal behavior of the energy saving strategy
and use an optimization algorithmbased on standard particle
swarm optimization (SPSO) method to search the socially
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optimal arrival rate of secondary user (SU) packets. By
comparing the individually optimal behavior and the socially
optimal behavior, we impose an appropriate admission fee to
SU packets.

The remainder of this paper is organized as follows. In
Section 3, we describe an energy saving strategy with sleep
mode and system model, and then we carry out the stability
condition of the system. In Section 4, we analyze the model
and derive the formulas for the performance measures. In
Section 5, we demonstrate the influence of system param-
eters on the system performance with numerical results.
In Section 6, through theoretical analysis and numerical
comparison of the individually optimal behavior and the
socially optimal behavior of the energy saving strategy, we
impose an appropriate pricing policy. Finally, we summarize
the conclusions in Section 7.

2. Related Works

In wireless networks, sleep mode is one of key techniques to
reduce energy consumption. One important way to address
the energy saving problem is to introduce sleep mode to the
BS. Dini et al. studied the sleep mode as an approach to
decrease the energy consumption in BS of long term evolu-
tion (LTE) heterogeneous networks (HetNets). Furthermore,
they introduced two sleep algorithms, namely, single-sleep
and multiple-sleep, to determine the time instant to enable
micro- or pico-BSs to employ sleep mode [3]. Rengarajan
et al. characterized the maximum energy saving that can be
achieved in a cellular wireless access networkwith sleepmode
under a given performance constraint. By taking into account
the QoS perceived by end users, their approach allows the
derivation of more realistic estimates that can be used to
evaluate the efficacy of schemes utilizing sleep modes to
save energy [4]. Li et al. proposed a new sleep mechanism
called sleep-transmitmode (STM) that provides a solution by
adding a transmit state to the currently employedmechanism
in passive optical network (PON) standards.When compared
to interrupted sleep mode, STM achieves up to 29% power
reduction while providing comparable delay performance for
upstream packets [8]. Some authors used a Markov chain
technique to evaluate the energy savings with the sleep mode
mechanism in a single user terminal [9, 10]. In contrast
to [9, 10], we are more concerned with the sleep mode
on the BS (rather than that on the user terminal). In [11],
Premalatha et al. took a survey on energy saving methods for
green communication networks and found that sleepmode is
adapted for reducing the energy consumption of BS.

Recently, the opportunistic spectrum access mechanism
in CRNs has been paid more attention to make the spectrum
scarcity less severe that wireless communications face now.
Cognitive radio is a formofwireless communication inwhich
a transceiver can intelligently detect the communication
channels which are in use and which are not and instantly
move into unused channels while avoiding occupied ones
[12]. Cognitive radio is widely considered to resolve the
scarcity of spectrum bands and to meet the burgeoning
requirements of wireless services by employing opportunistic
spectrum sharing [13]. In [14], Anwar et al. proposed a new

optimization-based access strategy of multipacket reception
(MPR) channel for multiple SUs accessing the primary user
(PU) spectrum. The concept of CRNs is regarded as a
prosperous technology duo to high spectrum efficiency [12–
14]. In addition to efficient spectrum usage, how to reduce
energy consumption is the current problem to be solved.
An energy harvesting CRN design will not only ease the
spectrum shortage problem, but also result in a green design
[15]. Most of the existing dynamic spectrum access (DSA)
schemes only consider the SUs’ transmission in licensed
spectrumwithout considering the unlicensed bands. In order
to reduce dropping and blocking probabilities of SUs, the
researchers extended classical schemes, including random
access scheme and reservation based channel access scheme
[16].

The application of game theory in performance optimiza-
tion is becoming more and more widespread and important.
Cuong et al. studied a noncooperative game problem for
M/M/1 queueing control in the cognitive radio system. In
queueing gamewith server breakdowns, each customerwants
to optimize its benefit in a selfish distributed manner [17].
Zheng et al. proposed a distributed cooperative framework
to improve the energy efficiency of green cellular networks.
Based on the traffic load, neighboring BSs cooperate to
optimize the BS switching (sleeping) strategies so as to max-
imize the energy saving while guaranteeing users’ minimal
service requirements [18]. Li andHan studied the individually
and socially optimal strategies based on queueing control
in cognitive radio systems. The study result reveals that
the individually optimal strategy does not yield the socially
optimal one. To bridge the gap between the individually and
socially optimal strategies, a pricing mechanism is proposed
to toll the service of each SU [7]. In CRNs, Tran et al. studied
price-based spectrum access control, which characterized
network operators’ service provisions to delay-sensitive SUs
via pricing strategies [19].

3. Energy Saving Strategy with Sleep Mode and
Model Description

3.1. Energy Saving Strategy with SleepMode. In CRNs, the PU
has high priority to occupy the spectrum. If the spectrum
sensing results are perfect, the transmission of a PU packet
will not be influenced by SU packets, while interrupting the
transmission of an SU packet by PU packets is possible. The
SU packet will queue at the head of the buffer for future
transmission.

The BS in conventional CRNs is always awake even
though there are not any packets, either PU packet or SU
packet, to be transmitted or received. In this paper, we
describe an energy saving strategy. In order to reduce the
energy consumption, the BS will be switched into the sleep
state from the awake state when the spectrum is idle and the
buffer of SU packets is empty.

In the proposed energy saving strategy, the BS will be
switched between two states, namely, sleep state and awake
state, respectively.

(1) During the sleep state, the BS will wake up for a
short time at every boundary of the time slot to
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listen whether there is a packet arrival or not. If there
is no packet arrival before the sleep timer expires,
the BS will start another sleep period once the sleep
timer is over. If a PU packet arrives at the system
during the sleep state, the sleep timer will be stopped
immediately, and the BS will be switched to the awake
state. If there is no PU packet arrival but at least one
SU packet arrival during the sleep state, the BS will
be switched to the awake state once the sleep timer
expires.

(2) If the BS is in the awake state, all the packets
will be transmitted continuously. PU packets will
be transmitted with high priority, while SU packets
will be transmitted opportunistically. When all the
packets are transmitted completely, a sleep timer will
be started and the BS will be switched to the sleep
state.

We note that the energy consumption is lower when
the BS is in the sleep state than that in the awake state. By
this way, communication energy will be saved in CRNs with
the sleep mode. As a cost of energy conservation, the SU
packets will be delayed for longer time before transmission.
It is necessary for us to evaluate and optimize the system
performance mathematically.

3.2. Model Description. We consider a CRN with a single
licensed channel. The energy saving strategy proposed above
is adopted by this system.

We consider a systemmodel in discrete-timefield. Time is
assumed to be divided into fixed-length intervals, referred to
as slots. The slots are marked as 𝑛 (𝑛 = 1, 2, . . .). We consider
an early arrival system (EAS). In otherwords, we suppose that
the arrival of data packets occurs at the beginning instant of
a slot, marked as (𝑛, 𝑛+), while the departure of data packets
occurs at the end of instant of a slot, marked as (𝑛−, 𝑛). We
also assume that the data packets are transmitted within the
slots, and the state transition of the BS occurs at the instant
𝑛
+.
We assume that the arriving intervals of PU and SU pack-

ets follow geometric distributions with parameters 𝜆pu (0 <
𝜆pu < 1, 𝜆pu = 1−𝜆pu) and 𝜆su (0 < 𝜆su < 1, 𝜆su = 1−𝜆su),
respectively. In other words, the arrival rates of PU and SU
packets are 𝜆pu and 𝜆su, respectively. We assume that the
transmission times of a PU packet and an SU packet follow
geometric distributions with parameters 𝜇pu (0 < 𝜇pu <

1, 𝜇pu = 1 − 𝜇pu) and 𝜇su (0 < 𝜇su < 1, 𝜇su = 1 − 𝜇su),
respectively. Without loss of generality, we did not assume
𝜇su = 𝜇pu when describing the system model. PU packets
are transmitted with pure loss and preemptive priority, while
SU packets are transmitted with opportunity and interrupt
retrial. In addition, we assume that the sleep timer length
follows a geometric distribution with sleeping parameter 𝜃.

Let 𝑋
𝑛
= 𝑖 (𝑖 = 0, 1, 2, . . .) be the total number of SU

packets at the instant 𝑛+ and let 𝑌
𝑛
= 𝑗 (𝑗 = 0, 1, 2) be

the state of the BS at the instant 𝑛+ (𝑗 = 0 means the BS
is in the sleep state, 𝑗 = 1 means the BS is awake and a
PU packet is being transmitted, and 𝑗 = 2 means the BS is

awake and an SU packet is being transmitted). According to
the above descriptions, a two-dimensional process composed
of the total number 𝑋

𝑛
of SU packets and the state 𝑌

𝑛
of the

BS is established. The state space of {(𝑋
𝑛
, 𝑌
𝑛
), 𝑛 ≥ 1} is given

as follows:

Ω = {(𝑖, 𝑗) : 𝑖 ≥ 0, 𝑗 = 0, 1, 2} . (1)

Let 𝜋
𝑖,𝑗
be the probability that the number of SU packets

is 𝑖 and the state of the BS is 𝑗 at the steady state. 𝜋
𝑖,𝑗
is given

as follows:

𝜋
𝑖,𝑗
= lim
𝑛→∞

𝑃 {𝑋
𝑛
= 𝑖, 𝑌

𝑛
= 𝑗} ,

𝑖 = 0, 1, 2, . . . , 𝑗 = 0, 1, 2.

(2)

Let 𝜋k be steady-state probability vector that the number
of SU packets is 𝑘. 𝜋k is given by

𝜋k = (𝜋𝑘,0, 𝜋𝑘,1, 𝜋𝑘,2) , 𝑘 ≥ 0. (3)

Let Π be the probability distribution of the system in
steady state. Π is then given by

Π = (𝜋0,𝜋1,𝜋2, . . .) . (4)

3.3. Stability Condition. In the system considered in this
paper, there are two types of packets, namely, PU packets and
SU packets. When the total traffic load 𝜌 for both the PU
packets and SU packets is less than 1, the system will reach
a stable state.

We firstly address the traffic load 𝜌pu of PUpackets, which
is defined as the probability that the BS is occupied by PU
packets.

In CRNs, PU packets are transmitted with preemptive
priority. Under the assumption that the spectrum sensing is
perfect, the transmission of PU packets is independent of
that of SU packets. Recall that once a PU packet arrives at
the system, no matter the BS is in sleep state or not, the PU
packet will be transmitted immediately. That is to say, the
transmission of PU packets is also independent of the sleep
mode. For this reason, the activities of PU packets can be
modeled as a simple two-state Markov chain.

From the perspective of PU packets, the BS has two states,
namely, idle state and busy state. The idle state means that
the BS is not occupied by PU packets, while the busy state
means that the BS is occupied by PU packets. Let 𝜋idle be
the probability that the BS is in idle state and let 𝜋busy be
the probability that the BS is in busy state. The BS changes
to busy state from idle state with probability 𝜆pu; that is,
there is an arrival of PU packet. The probability that the
BS changes to idle state from busy state is 𝜇pu𝜆pu; that is,
the PU packet is successfully transmitted, and no PU packet
arrives at the system.We can get the balance equation and the
normalization condition as

𝜋idle𝜆pu = 𝜋busy𝜇pu𝜆pu,

𝜋idle + 𝜋busy = 1.
(5)
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It is straight forward to derive 𝜋idle and 𝜋busy as follows:

𝜋idle =
𝜇pu𝜆pu

𝜆pu + 𝜇pu𝜆pu
,

𝜋busy =
𝜆pu

𝜆pu + 𝜇pu𝜆pu
.

(6)

From the definition of the traffic load 𝜌pu of PU packets,
we know that the traffic load 𝜌pu of PU packets is the
probability that the BS is in busy state. So

𝜌pu = 𝜋busy. (7)

We define the traffic load 𝜌su of SU packet as the
probability that the BS is occupied by SU packets. Since there
is a buffer with infinite capacity for SU packets, no SU packets
can be blocked. From the perspective of SU packets, once an
SU packet enters the system, this SU packet will not leave the
system until it is successfully transmitted. So the traffic load
𝜌su of SU packets is given as follows:

𝜌su =
𝜆su
𝜇su

. (8)

Combining (7) and (8), we can derive the total traffic load
𝜌 as follows:

𝜌 = 𝜌pu + 𝜌su =
𝜆pu

𝜆pu + 𝜇pu𝜆pu
+

𝜆su
𝜇su

.

(9)

The stability condition of the system is shown as follows:

𝜌 < 1; (10)

that is,

𝜆pu

𝜆pu + 𝜇pu𝜆pu
+

𝜆su
𝜇su

< 1. (11)

We assume this stability condition to be fulfilled in the
remainder of the paper.

4. Model Analysis and Performance Measures

4.1. Model Analysis. We define P as the one step state
transition probability matrix of the two-dimensional process
{(𝑋
𝑛
, 𝑌
𝑛
), 𝑛 ≥ 1}. According to the number of SU packets,

we give the one step state transition probability matrix P in a
block structure as follows:

P =((

(

B
00

B
01

B
10

A
1

A
0

A
2

A
1
A
0

A
2
A
1
A
0

d d d

)

)

)

, (12)

where

B
00
= 𝜆su(

𝜆pu 𝜆pu 0

𝜇pu𝜆pu 𝜇pu + 𝜇pu𝜆pu 0

0 0 0

) ,

B
01
= 𝜆su(

𝜆pu𝜃 𝜆pu 𝜆pu𝜃

0 𝜇pu + 𝜇pu𝜆pu 𝜇pu𝜆pu

0 0 0

) ,

B
10
= 𝜇su𝜆su(

0 0 0

0 0 0

𝜆pu 𝜆pu 0

) ,

A
0
= B
𝑟𝑐
= 𝜆su(

𝜆pu𝜃 𝜆pu 𝜆pu𝜃

0 𝜇pu + 𝜇pu𝜆pu 𝜇pu𝜆pu

0 𝜇su𝜆pu 𝜇su𝜆pu

),

1 ≤ 𝑟 < 𝑐,

A
1
= B
𝑟𝑐

= (

𝜆su 0 0

0 𝜆su 0

0 0 𝜇su𝜆su + 𝜇su𝜆su

)

×(

𝜆pu𝜃 𝜆pu 𝜆pu𝜃

0 𝜇pu + 𝜇pu𝜆pu 𝜇pu𝜆pu

0 𝜆pu 𝜆pu

),

𝑟 = 𝑐 ≥ 1,

A
2
= B
𝑟𝑐
= 𝜇su𝜆su(

0 0 0

0 0 0

0 𝜆pu 𝜆pu

), 𝑟 > 𝑐 ≥ 1.

(13)

The component matrix B
𝑟𝑐
(𝑟, 𝑐 ≥ 0) represents the case that

the number of SU packets in the system changes to 𝑐 from 𝑟.
Particularly, we redefine three special cases that if 𝑟 = 𝑐 ≥ 1,
B
𝑟𝑐
is denoted by A

1
, if 1 ≤ 𝑟 < 𝑐, B

𝑟𝑐
is denoted by A

0
, and if

𝑟 > 𝑐 ≥ 1, B
𝑟𝑐
is denoted by A

2
.

The structure ofP shows that the system transition occurs
only in adjacent levels.Moreover, it is clear that the rows of the
transition probability matrix P are repeating after the third
row. From the book written by Neuts [20], we know that the
matrix P has a block-tridiagonal structure which indicates
that {(𝑋

𝑛
, 𝑌
𝑛
), 𝑛 ≥ 1} is a QBD process.

For the QBD process of the transition probability matrix
P, the necessary and sufficient condition of {(𝑋

𝑛
, 𝑌
𝑛
), 𝑛 ≥ 1}

to be positive recurrence is that thematrix quadratic equation

R2A
2
+ RA
1
+ A
0
= R (14)
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has a minimal nonnegative solutionR and the spectral radius
SP(R) < 1 and the six-dimensional stochastic matrix

𝐵 [R] = (
B
00

B
01

B
10

A
1
+ RA
2

) (15)

has left invariant vector. When {(𝑋
𝑛
, 𝑌
𝑛
), 𝑛 ≥ 1} is positive

recurrent, its stationary distribution satisfies

𝜋
𝑘
= 𝜋
1
R𝑘−1, 𝑘 ≥ 1,

(𝜋
0
,𝜋
1
) = (𝜋

0
,𝜋
1
) 𝐵 [R] ,

𝜋
0
e + 𝜋
1
(I − R)−1 e = 1,

(16)

where e is a three-dimensional column vector with all
elements being equal to one.

For analyzing this model, we need to find the minimal
nonnegative solution R of matrix (14). In fact, it is difficult
to find an analytical solution for this system and therefore a
numerical solution is required. In this case, we usually need
to derive the recursion expression of the rate matrix R.

Firstly, from (14), we derive the iterative expressions as
follows:

R
𝑛+1

= (R2
𝑛
A
2
+ A
0
) (I − A

1
)
−1

, 𝑛 = 0, 1, . . . , (17)

where R
𝑛
is the 𝑛th order approximation of R and R

0
is

the initial value of R. Then, we can obtain R by a recursive
algorithm in Algorithm 1.

Algorithm 1 (algorithm to obtain the minimal nonnegative
solution R).

Step 1. Set the initial number of iterations by 𝑛 = 0, the initial
value R by R

0
= 0, the error precision 𝜀, where 𝜀 is greater

than 0, but infinitely close to 0.

Step 2. Calculate the expression of R
𝑛+1

by matrix (17).

Step 3. Update R∗ by R∗ = R
𝑛+1

− R
𝑛
.

If max{|R∗|} > 𝜀, then 𝑛 = 𝑛 + 1, goto Step 2.
else R = R

𝑛+1
.

Step 4. Output R.

With the help of the Matrix-Geometric Solution method
and the recursive algorithm in Algorithm 1, we can get the
steady-state probability 𝜋

𝑖,𝑗
defined in (2).

4.2. Performance Measures. In this subsection, we derive two
system performancemeasures in terms of the average latency
and the energy saving ratio.

We first consider the average latency of SU packets,
denoted by𝑊su, which is defined as the time duration from
the instant at which an SU packet joins the system to the
instant that the SU packet is successfully transmitted. With

Table 1: System parameters in numerical results.

Parameter Value
Carrier frequency 2.4GHz
Data transmission rate 39Mbps
Unit time slot 1ms
Energy consumption per slot in sleep state 1mJ
Energy consumption per slot in awake state 6mJ
Energy consumption for each listening procedure 2mJ
Service rate of SU packets 𝜇su 0.75
Service rate of PU packets 𝜇pu 0.65

Little’s formula, the average latency𝑊su of SUpackets is given
as follows:

𝑊su =
1

𝜆 su

∞

∑

𝑖=0

2

∑

𝑗=0

𝑖𝜋
𝑖,𝑗
. (18)

Next, we derive the energy saving ratio 𝛿, which is defined
as the reduction of the energy consumption per slot due
to the introduction of the sleep mode. Energy is consumed
normally in the awake state and is saved in the sleep state.
Furthermore, additional energy will be consumed for each
listening procedure in the proposed energy saving strategy.
Therefore, the energy saving ratio 𝛿 is given as follows:

𝛿 = (𝐶
𝐴
− 𝐶
𝑆
− 𝐶
𝐿
)

∞

∑

𝑖=0

𝜋
𝑖,0
− 𝐶
𝐿
𝜃

∞

∑

𝑖=0

𝜋
𝑖,0

= (𝐶
𝐴
− 𝐶
𝑆
− 𝐶
𝐿
(1 + 𝜃))

× (1 − (

𝜆pu

𝜆pu + 𝜇pu𝜆pu
+

𝜆su
𝜇su

)) ,

(19)

where ∑∞
𝑖=0
𝜋
𝑖,0

means the probability that the BS is not
occupied, 𝐶

𝐴
and 𝐶

𝑆
are the energy consumptions per slot

when the BS is in the awake state and the sleep state,
respectively, and 𝐶

𝐿
is the energy consumption for each

listening procedure.

5. Numerical Results and Discussions

In this section, we first describe our experiment environment
and then discuss the numerical results. To investigate the
system performance of CRNs with sleep mode for different
sleeping parameters as well as the arrival rates of PU and SU
packets, we take the parameters specified of the IEEE 802.11n
in [21].

We assume that every IEEE 802.11n user independently
generates its data packet. Referencing to [21], we set the
parameters in Table 1.

Figure 1 shows how the average latency𝑊su of SU packets
changes versus the sleeping parameter 𝜃 for given arrival rates
𝜆su of SU packets and 𝜆pu of PU packets.

By observing Figure 1, we find that, for the same arrival
rates 𝜆pu of PU packets and 𝜆su of SU packets, the average
latency 𝑊su of SU packets will decrease as the sleeping
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Figure 1: Average latency 𝑊su of SU packets versus sleeping
parameter 𝜃.

parameter 𝜃 increases. The reason is that the larger the
sleeping parameter is, the shorter the average sleep timer
length is and the earlier a newly arriving SU packet starts to
occupy the spectrum, so the average latency of SU packets
will decrease.

In addition, when fixing the arrival rate 𝜆su of SU packets,
we find that the arrival rate 𝜆pu of PU packets has twofold
influence on the average latency 𝑊su of SU packets. For a
smaller sleeping parameter 𝜃, the average latency𝑊su of SU
packets will decrease as the arrival rate 𝜆pu of PU packets
increases. The reason is that when the sleeping parameter
is smaller, the sleep period is more likely to be terminated
due to the arrival of a PU packet; that is, the dominate factor
influencing the state transition from sleep state to awake state
is the arrival rate of PU packets. The bigger the arrival rate
of PU packets is, the smaller the average time length of the
sleep period is and the shorter the SU packets will be delayed
at the sleep period, so the average latency of SU packets
will decrease. However, for a larger sleeping parameter 𝜃,
the average latency 𝑊su of SU packets will increase as the
arrival rate 𝜆pu of PU packets increases. It is because when
the sleeping parameter is larger, the sleep period ismore likely
to be over with the expiration of the sleep timer; that is, the
main factor influencing the state transition from sleep state
to awake state is the sleeping parameter.The larger the arrival
rate of PU packets is, the longer the SU packets will wait at
the buffer, so the average latency of SU packets will increase.

From another point of view, we find that for the same
arrival rate 𝜆pu of PU packets and the same sleeping parame-
ter 𝜃, the larger the arrival rate 𝜆su of SU packets is, the greater
the average latency 𝑊su of SU packets will be. Obviously,
this is because the larger the arrival rate of SU packets is, the
more the SU packets join the system for a certain time, so the
number of the SU packets waiting in the buffer is greater, and
then the average latency of SU packets will increase.
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Figure 2: Energy saving ratio 𝛿 versus sleeping parameter 𝜃.

Figure 2 illustrates how the energy saving ratio 𝛿 changes
versus the sleeping parameter 𝜃 for different arrival rates 𝜆su
of SU packets and 𝜆pu of PU packets.

From Figure 2, we find that, for the same arrival rates
𝜆pu of PU packets and 𝜆su of SU packets, the energy saving
ratio 𝛿 will decrease as the sleeping parameter 𝜃 increases. It
is because the larger the sleeping parameter is, the shorter the
average time length of a sleep period is and the less the energy
is saved. On the other hand, we also find that for the same
sleeping parameter 𝜃, the energy saving ratio 𝛿 will increase
as the arrival rates 𝜆pu of PU packets and 𝜆su of SU packets
decrease.The reason is that the smaller the arrival rates of PU
and SU packets are, the more possible the fact that the sleep
period is over with the expiration of the sleep timer is and so
the longer the PU and SU packets will be delayed at the sleep
period, and then the energy saving ratio will increase.

Comparing the results shown in Figures 1 and 2,we get the
conclusion that a greater sleeping parameter will result in not
only a smaller average latency of SU packets but also a smaller
energy saving ratio; a smaller sleeping parameter will result
in not only a greater average latency of SU packets but also a
larger energy saving ratio. That is to say, when designing the
sleeping timer length in the proposed energy saving strategy,
we should balance the average latency of SUs and the energy
saving ratio of the system.

6. Performance Optimization and
Pricing Policy

All the SUpackets have their own interests and independently
make their decisions to access the spectrum; in other words,
they are selfish. Each packet has a goal to maximize its net
benefit. In this section, we firstly investigate the individually
optimal behavior and the socially optimal behavior of SU
packets, respectively. Then, in order to maximize the social
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profit, we impose an appropriate admission fee to SU packets
with a pricing policy.

In order to analyze the individually optimal behavior
and socially optimal behavior of SU packets in the proposed
strategy, some assumptions are given as follows:

(1) Before an SU packet decides to join the buffer, it does
not have any information about the system, such as
the number of SU packets already in the buffer and
the spectrum state.

(2) The reward for an SU packet to be transmitted
successfully is 𝐺.

(3) The cost for an SU packet staying in the system is 𝐶
per unit of time.

(4) Net-benefit functions of individual SU packets are
identical and additive.

(5) The service discipline of SU packets is First Come
First Served (FCFS).

6.1. Performance Optimization

6.1.1. Individually Optimal Behavior. Once an SU packet
joins the buffer, the SU packet will be not able to leave
the system until it is transmitted successfully. The SUs are
risk neutral; that is to say, they will maximize the expected
net benefit. The individually optimal behavior based on the
systemmodel built in Section 3.2 is straight forward.The net-
benefit function 𝑈

𝑖
(𝜆su) of an SU packet is given as follows:

𝑈
𝑖
(𝜆su) = 𝐺 − 𝐶𝑊su. (20)

In order to guarantee the system to be in steady state, we
set the lowest arrival rate as 𝜆min (𝜆min ≥ 0) and the highest
arrival rate as 𝜆max. Under this constraint, as the arrival rate
𝜆su of SU packets increases, the average latency 𝑊su of SU
packets grows and the net benefit of an SU packet decreases.
Because all the SUs are risk neutral, they all try their best to
access the spectrum. Under the condition of 𝑈

𝑖
(𝜆su) ≥ 0,

the arrival rate of SU packets will be as large as possible.
With the individually optimal arrival rate 𝜆𝑒su, SUs will reach
an equilibrium state. For this case, no SU packet has any
incentive to deviate unilaterally from the current equilibrium
state.

We discuss the individually optimal behavior of SU
packets in the proposed strategy within the closed interval
[𝜆min, 𝜆max] as follows:

(1) If 𝑈
𝑖
(𝜆min) ≤ 0, the net-benefit function 𝑈

𝑖
(𝜆su) of

an SU packet is negative. For this case, the net-benefit
function 𝑈

𝑖
(𝜆su) of an SU packet is always less than

zero. Therefore, 𝜆𝑒su = 𝜆min is an individually optimal
arrival rate of SU packets.

(2) If 𝑈
𝑖
(𝜆max) ≥ 0, the net-benefit function 𝑈

𝑖
(𝜆su) of

an SU packet is positive. For this case, the net-benefit
function 𝑈

𝑖
(𝜆su) of an SU packet is always more than

zero. Therefore, 𝜆𝑒su = 𝜆max is an individually optimal
arrival rate of SU packets.
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Figure 3: Social profit𝑈so(𝜆su) versus arrival rate 𝜆su of SU packets.

(3) For the case of 𝑈
𝑖
(𝜆min) > 𝑈

𝑖
(𝜆su) > 𝑈

𝑖
(𝜆max),

if 𝜆𝑒su = 𝜆max, then an SU packet which joins the
bufferwill suffer a negative benefit.Hence, this cannot
be an individually optimal arrival rate. Likewise, if
𝜆
𝑒

su = 𝜆min, an SU packet which joins the buffer will
get a positive benefit, more than by balking. Hence,
this cannot be an individually optimal arrival rate too.
Therefore, there exists a unique individually optimal
arrival rate where 𝜆𝑒su is subject to 𝑈𝑖(𝜆

𝑒

su) = 0.

6.1.2. Socially Optimal Behavior. Now, we turn our attention
to social optimization. The system performance should also
be considered from a social point of view. In the case that
SU packets are free to occupy the spectrum, by aggregating
the net benefits of all the SU packets in the system, the social
profit 𝑈so(𝜆su) can be given as follows:

𝑈so (𝜆su) = 𝜆su (𝑈𝑖 (𝜆su)) = 𝜆su (𝐺 − 𝐶𝑊su) . (21)

By maximizing the social profit 𝑈so(𝜆su) in (21), we can get
the socially optimal arrival rate 𝜆∗su as follows:

𝜆
∗

su = argmax
𝜆min≤𝜆su≤𝜆max

{𝜆su (𝐺 − 𝐶𝑊su)} , (22)

where “argmax” stands for the argument of themaximum, in
other words, the set of points from which the given function
𝑈so(𝜆su) gets maximum.

Employing the parameters used in Table 1 and setting
𝐺 = 5 and 𝐶 = 1 as an example, we show how the social
profit 𝑈so(𝜆su) changes with respect to the arrival rate 𝜆su of
SU packets in Figure 3.

In Figure 3, we observe that when the arrival rate 𝜆su of
SU packets is smaller, with the increase in the arrival rate 𝜆su
of SU packets, the social profit 𝑈so(𝜆su) shows a rising trend;
when the arrival rate 𝜆su of SU packets is greater, with the
increase in the arrival rate 𝜆su of SU packets, the social profit
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𝑈so(𝜆su) shows a downward trend. Therefore, there exist a
socially optimal arrival rate 𝜆∗su and a maximum social profit.

We note that the social profit 𝑈so(𝜆su) = 0 means that
the net benefit of an SU packet is also equal to zero; that
is, 𝑈
𝑖
(𝜆su) = 0. For this case, by setting the social profit

𝑈so(𝜆su) = 0, we can also obtain the individually optimal
arrival rate 𝜆𝑒su.

In Figure 3, the socially optimal arrival rates 𝜆∗su are
marked with “◻” and the individually optimal arrival rates
𝜆
𝑒

su are marked with “◼”. Obviously, 𝜆∗su ≤ 𝜆
𝑒

su. This
means that there are more SU packets to join the buffer
under individually optimal behavior. In order to restrain the
individually optimal arrival rate 𝜆𝑒su and make it equal to the
socially optimal arrival rate 𝜆∗su, we impose an appropriate
admission fee to SU packets.

6.2. Pricing Policy. In order to present a reasonable pricing
policy, we should firstly search the socially optimal arrival rate
𝜆
∗

su of SU packets.

6.2.1. OptimizationAlgorithm. Since the social profit𝑈so(𝜆su)
in (21) is nonlinear and continuous, it is difficult to give
the optimally arrival rate 𝜆∗su of SU packets mathematically.
We turn to an intelligent optimization method named SPSO
[22]. In the SPSO process, the velocity of each particle is
iteratively adjusted so that the particle stochastically oscillates
around the local optimum and global optimum locations.
Based on the idea of SPSO, we put forward an algorithm to
obtain the socially optimal arrival rate 𝜆∗su of SU packets in
Algorithm 2.

Algorithm 2 (algorithm to obtain the socially optimal arrival
rate 𝜆∗su).

Step 1. Initialize SU packets number𝑁, upper bound 𝜆upsu for
the arrival rate of SU packets, lower bound 𝜆lowsu for the arrival
rate of SU packets, acceleration constants 𝑐

1
and 𝑐
2
within

(0, 2), minimum value 𝜔min and maximum value 𝜔max of the
inertia weight, maximum number itermax of iterations, and
maximum value 𝑉max

su of the velocity.

Step 2. Randomly set initial arrival rate (𝜆𝑖su) ∈ [𝜆
low
su , 𝜆

up
su ]

and initial velocity (V𝑖su) ∈ [0, 1] for 𝑖th (𝑖 = 1, 2, . . . , 𝑁) SU
packet. Set the initial number of iterations by iter = 0.

Step 3. For each SU packet with arrival rate 𝜆𝑖su (𝑖 = 1, 2, . . . ,
𝑁), calculate the social profit by

𝑈
𝑖

so = 𝜆
𝑖

su (𝐺 − 𝐶𝑊
𝑖

su) , (23)

where 𝑊𝑖su is the average latency of SU packets with the
arrival rate 𝜆𝑖su.

Step 4. Search the previous maximum social profit max𝑖so and
the previous socially optimal arrival rate 𝑝𝑖su for the 𝑖th (𝑖 =
1, 2, . . . , 𝑁) SU packet.

Step 5. Identify the SU packet in the search space with
maximum social profit and assign its arrival rate to the
variable 𝑝𝑔su by

𝑝
𝑔

su = argmax
𝑖=1,2,...,𝑁

{max𝑖so} . (24)

Step 6. Calculate the inertia weight 𝜔 by

𝜔 = 𝜔max −
𝜔max − 𝜔min

itermax
∗ iter. (25)

Step 7. Update the velocity and the arrival rate of the 𝑖th (𝑖 =
1, 2, . . . , 𝑁) SU packet by

V𝑖su = 𝜔V
𝑖

su + 𝑐1𝑟1 (𝑝
𝑖

su − 𝜆
𝑖

su) + 𝑐2𝑟2 (𝑝
𝑔

su − 𝜆
𝑖

su) ,

𝜆
𝑖

su = 𝜆
𝑖

su + V𝑖su,
(26)

where 𝑟
1
, 𝑟
2
∈ 𝑈(0, 1). 𝑟

1
and 𝑟

2
are uniform random

variables. V𝑖su is kept within the range [−𝑉max
su , +𝑉

max
su ].

Step 8. Update the number of iterations by iter = iter + 1.

If {iter ≤ itermax}, then goto Step 3.
Else 𝜆∗su = 𝑝

𝑔

su.

Step 9. Output 𝜆∗su.

6.2.2. Admission Fee. When an admission fee 𝑝 is imposed,
the modified net-benefit function 𝑈

𝑖
(𝜆su) of an SU packet is

given as follows:

𝑈


𝑖
(𝜆su) = 𝐺 − 𝑝 − 𝐶𝑊su, (27)

while the modified social profit 𝑈so(𝜆su) is given as follows:

𝑈


so (𝜆su) = 𝜆su (𝐺 − 𝑝 − 𝐶𝑊su) + 𝜆su𝑝

= 𝜆su (𝐺 − 𝐶𝑊su) .
(28)

Comparing (21) and (28), we find that the admission fee
has no effect on the social profit. That is to say, with the
admission fee 𝑝, the socially optimal arrival rate 𝜆∗su and the
maximum social profit will not be changed.

Substituting 𝜆∗su obtained in theAlgorithm 2 into (27) and
letting 𝑈

𝑖
(𝜆
∗

su) = 0, we can obtain the admission fee 𝑝 to SU
packets as follows:

𝑝 = 𝐺 − 𝐶𝑊

∗

su, (29)

where 𝑊∗su is the average latency of SU packets with the
socially optimal arrival rate 𝜆∗su.

For different arrival rates 𝜆pu of PU packets and sleeping
parameters 𝜃, we summarize the numerical results for socially
optimal arrival rate 𝜆∗su of SU packets and the admission fee
𝑝 to SU packets in Table 2.
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Table 2: Numerical results of the pricing policy.

Arrival rate
𝜆pu of PU
packets

Sleeping
parameter 𝜃

Socially
optimal

arrival rate
𝜆
∗

su of SU
packets

Admission
fee 𝑝 to SU
packets

0.20
0.30 0.2144 1.0792
0.40 0.2335 1.3267
0.50 0.2453 1.5135

0.25
0.30 0.1766 1.0313
0.40 0.1913 1.2284
0.50 0.2012 1.3810

0.30
0.30 0.1423 0.9574
0.40 0.1537 1.1145
0.50 0.1618 1.2398

FromTable 2, we observe that when the arrival rate 𝜆pu of
PU packets is given, as the sleeping parameter 𝜃 increases, the
admission fee 𝑝 to SU packets will increase. This is because
the greater the sleeping parameter is, the shorter the average
time length of a sleep period is, the shorter the average latency
of SU packets is, and the more SU packets will try to join
the system. So, in order to control the number of SU packets
waiting in the buffer and guarantee the maximum social
profit, the admission fee to SU packets should be set higher.
On the other hand, we find that when the sleeping parameter
𝜃 is given, as the arrival rate 𝜆pu of PU packets increases, the
admission fee𝑝 to SU packets will decrease.The reason is that
the greater the arrival rate of PU packets is, the longer the SU
packets will wait at the buffer, the larger the average latency of
SU packets is, and the less the SU packets will try to join the
system. For this case, in order to encourage more SU packets
to join the system and obtain the maximum social profit, the
admission fee to SU packets should be set lower.

7. Conclusions

In this paper, we firstly introduced an energy saving strategy
in CRNs. By building a QBD process model and using the
Matrix-Geometric Solution method, we presented the stabil-
ity condition of the system and analyzed the performance
measures, such as the average latency of SU packets and the
energy saving ratio of the system in steady state.With the help
of the natural reward-cost structure, we studied the individ-
ually optimal behavior and the socially optimal behavior of
SU packets in the proposed energy saving strategy. Moreover,
we searched the unique socially optimal arrival rate of SU
packets by using an optimization algorithm based on SPSO
method. By comparing the individually optimal behavior and
the socially optimal behavior, we imposed an appropriate
admission fee to SU packets. With the numerical results, we
illustrated the impacts of system parameters on the system
performance and the pricing policy.

In this paper, we considered a CRN with one BS and
homogeneous SU packets. In future work, we will construct

a new system model to capture the energy saving strategy
concerning multihop CRNs and heterogenous SU packets.
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The increase in the demand of content quality and the number of mobile users brings new challenges for the multimedia streaming
services in wireless mobile networks. The virtual community technologies are promising by grouping the users with common
characteristics to get the gains in the performance of resource lookup and system scalability. In this paper, we propose a novel
interaction-aware video community-based content delivery (IVCCD) in wireless mobile networks. IVCCD collects and analyzes
the interaction information between users to construct user interaction model and further capture the common characteristics in
the request and delivery of video content. IVCCD employs a partition-based community discovery scheme to group the mobile
users in terms of the common characteristics and uses a community member management mechanism and a resource sharing
scheme to achieve low-cost community maintenance and high searching performance. Extensive tests show how IVCCD achieves
much better performance results in comparison with other state-of-the-art solutions.

1. Introduction

The increase of communication capacities in wireless mobile
networks supports the ubiquitous Internet access of mobile
users via smart devices (e.g., smart phones and tablet PC)
to obtain multimedia services which require high bandwidth
[1–7]. As Figure 1 shows, the mobile users make use of
multiple network interfaces equipped in smart devices to
fetch multimedia content in heterogeneous wireless mobile
networks. Video streaming is a popular application, which
promotes fast increase of mobile data traffic in the whole
world [8]. Provisioning video content to the mobile uses
in wireless mobile networks can improve experience of
mobile users (e.g., the mobile video can enrich travel of pas-
sengers in train or taxi) [9–11]. The multimedia streaming
systems mainly employ peer-to-peer (P2P) technologies to
address the problems of large-scale deployment [12–15]. In
particular, the emerging mobile P2P (MP2P) technologies
provide feasible solutions to support the deployment of
mobile video streaming system in wireless mobile networks

[16–18]. However, the increase in the number of viewers leads
to high cost in the management and scheduling of resources,
which brings negative effects for the scalability and quality of
service (QoS) of mobile video streaming systems.

The performance of P2P-based resource sharing and peer
management determine the QoS and scalability of multi-
media streaming systems, so numerous solutions focus on
the design of resource sharing and overlay network mainte-
nance. For instance, COME-P2P in [19] groups the mobile
nodes into a Chord structure to obtain high performance of
resource searching and delivery by making use of the routing
information in overlay networks. However, the dynamic
peer state causes frequent reconstruction of Chord structure,
which increases the maintenance cost of systems. With
increasing number of peers, the huge maintenance cost
becomes the bottleneck of system scalability. Bethanabhotla
et al. proposed a video resource scheduling scheme in
wireless networks [20], which supports the dynamic selection
of suppliers and adaptively regulates the data transmission
rate according to the video quality demand of requesters.

Hindawi Publishing Corporation
Mobile Information Systems
Volume 2016, Article ID 4047213, 13 pages
http://dx.doi.org/10.1155/2016/4047213

http://dx.doi.org/10.1155/2016/4047213


2 Mobile Information Systems

V2I

V2V

RSU

WLAN

WLAN

VANETs

4G/5G node

Cellular network

MANETs

Media server

Internet

N

Figure 1: Multimedia streaming services in wireless mobile networks.

However, the adaptive supplier selection leads to high startup
delay due to the dynamic distribution of resources. Except for
a mass of network bandwidth requirement from high-quality
video delivery, the resource redundancy, fragile logical con-
nection, and frequent resource lookup failure in overlay
networks also consume the large number of bandwidths.The
high-efficiency video content delivery solutions should have
optimal distribution and quick lookup for the video resources
in overlay networks to support green communications for
mobile video streaming services.

The virtual community technologies group the users with
similar characteristics and define the user behaviors such as
search and sharing of resources. The autonomous manage-
ment of resources in the communities can make the balance
between maintenance cost and searching performance of
resources to improve the system scalability. For instance,
SocialTube captures the common interests between source
node and users according to the number of watched videos
and groups the users with similar interests into the tree-based
communities [21]. However, SocialTube only uses the similar-
ity in the number of requested and stored contents to evaluate
the closeness of user relationship, so that the fragile link
between users leads to frequent reconstruction of community
structure. SAVE in [22] uses two users with common charac-
teristics in watched video content and time period to define
the relationship between communitymembers. Although the
similar content implies the probability of requesting the same
content in the future, the users with common interests still
need to use the communicationwith each other to achieve the
resource sharing inmultimedia streaming systems.Therefore,

an efficient solution which makes use of the interaction be-
haviors between users to tighten up the relationship between
community members and improve searching performance
and system scalability should be considered for video sharing
in wireless mobile networks.

In this paper, we propose a novel interaction-aware
video community-based content delivery (IVCCD) in wireless
mobile networks. By the investigation of interaction behaviors
between mobile users, IVCCD builds a novel interaction
model to find the common characteristics between mobile
users. IVCCD employs a partition-based community discov-
ery scheme to group themobile users with similar interaction
behaviors by the iterative refinement for the prepartitioned
results according to the serving capacities and contact close-
ness ofmobile users. In order to improve video resource shar-
ing performance, IVCCD formulates a community member
management mechanism and a resource sharing scheme that
defines member role to achieve the autonomous community
maintenance, which optimizes resource distribution and
balances searching performance and community mainte-
nance cost. Simulation results based on the two mobility
models: random and Gauss-Markov mobility model show
how IVCCD achieves much better performance results in
comparison with other state-of-the-art solutions.

2. Related Work

The existing P2P-based multimedia streaming systems make
use of the optimization of resource searching and schedul-
ing to improve video sharing performance in recent years.
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QHWC makes use of caching of video content based on the
vehicle disconnectivity andmobility to optimize the resource
distribution. QHWC proposed two metrics, LUR and QCR,
to ensure high QoS in Internet-based VANETs [23]. Zhou et
al. analyze two classes of delayed control information distri-
butions: the class with finite mean and variance and a general
class that does not employ any parametric representation in
order to understand how the DCI effects the performance
of wireless video transmission [24]. The designed distributed
video-scheduling scheme realizes the theoretical analysis.
COME-P2P in [19] groups the nodes into a DHT structure
to obtain the gains of fast resource searching. COME-P2P
further makes use of the routing information and multicast
path to refine the finger table and routing table by the cross-
layer technologies in order to enable smooth video playback.
However, COME-P2P relies on the large number of message
exchanges to support the update of node state and DHT
reconstruction including joining and leaving of nodes. With
the increase in the number of nodes, the message overhead
brings negative effects for system scalability and wastes mass
network bandwidth. Moreover, the dynamic routing and
round trip time (RTT) can accurately describe the node
mobility, so that it is difficult to achieve the delivery of
video resources in near geographical distance. The variation
of routing and RTT leads to frequent update of finger
table, which further increases the maintenance cost of DHT
structure. Bethanabhotla et al. make use of Lyapunov drift
plus penalty approach to solve the formulated network utility
maximization problem, which achieves the self-adaption in
the supplier selection and transmission rate between users
and helpers in terms of the user demand for video quality
[20]. However, the resource delivery capacities of nodes are
dynamic with the change of network topologies in wireless
networks. This leads to frequent switchover of link between
users and helpers, which increases startup delay of users and
influences the playback smoothness. BOSA in [25] assigns
the servers in mobile clouds according to the last timeslot
information of resource requests and makes use of the first-
come-first-served rule to schedulemultimedia flows, in order
to the impartial use of free time among the servers. However,
BOSA neglects the dynamic user demand for the multimedia
content, so that it is difficult to achieve impartial scheduling
for the server resources.

Recently, the numerous researchers focus on the design
of virtual community-based resource sharing solutions. For
instance, SAVE in [22] investigates the user switchover
behavior between video content and groups the nodes which
request the same content into the communities. SAVE builds
the connection between communities according to the video
content contact in order to obtain high gains of video search-
ing performance. However, the nodes which watch similar
video content during the same time period form the com-
munities, which results in the low robustness and scalability
of community structure. Doulkeridis et al. make use of
hierarchical and partitioning clustering method to group the
nodes. The ordinary nodes and super nodes with strong
capacities which store the same resources form a community
[26]. The super nodes make use of the stored resource
index list to speed up the resource lookup process. However,

the proposed community discovery method relies on the
stored same resources, which leads to fragile relationship
between community members. The static community struc-
ture is difficult to adapt to the dynamic user demand;
namely, the variation of resources stored by the nodes causes
frequent reconstruction of community structure, reducing
the performance of resource sharing and system scalability.
SANE in [27] maps various interest characteristics of users
into an interest space where the characteristics of each user
are corresponding to an interest vector in the space. The
cosine value of two vectors is considered as the closeness
level of social relationship. However, the estimation methods
based on common interests lead to fragile and changeful
user relationship, so that the community structure also is
subjected to frequent reconstruction. AMCV in [28] clusters
the nodes which store the same video chunk into the
community and builds two kinds of connections (static and
dynamic connection) to bridge communities according to
the common interests of users for the video content, which
supports fast resource lookup. However, although the static
and dynamic connection can adapt to the change of user
interest and help the user to fast fetch desired resources, the
increase in the number of communities results in the overload
of community broker nodes, reducing the system scalability.

The above community-based solutions have some defects
such as fragile member relationship, low scalability, and high
maintenance cost of community. In order to address the
above problems, an efficient solution should accurately esti-
mate user relationship and build the flexible and scalable
community structure to support fast lookup and high-
efficiency delivery. We investigate the interaction behaviors
among the mobile users to discover the common interests
for the video content and obtain the preference of fetching
content, which can accurately evaluate the closeness of user
relationship and ensure stable community structure and
high-efficiency sharing.

3. IVCCD Overview

Figure 2 illustrates the design of IVCCD architecture which
includes the interaction awareness, community construction,
and content delivery. The mobile nodes join the multimedia
streaming system by sending request message to the server
or overlay networks. The server or the nodes which stores
requested video resources in overlay networks return a
response message and transmit video data to the request
nodes. The request nodes preferentially search and fetch
video content from the suppliers in overlay networks in order
to reduce the server load. If there are no requested resources
in overlay networks, the server provides the initial video
content for the request nodes.The built connections between
requesters and suppliers are considered as the interaction
behaviors between nodes. By the collection and analysis
of node interaction behaviors, the system can be aware of
interaction range and frequentness of each node to discover
the node set with close contact. Based on the results of
collection and analysis, IVCCD uses a contact graph to build
the interaction model which defines some important param-
eters used in the community discovery algorithm such as
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Figure 2: IVCCD architecture.

the serving capacities of nodes and closeness between nodes.
The community discovery algorithm uses the partitionmethod
to obtain initial node sets in terms of node degree andmerges
and refines these initial sets according to closeness between
nodes, where these refined sets are considered as node
communities.Themember role management defines the roles
and task for the community members and formulates the
member maintenance scheme. The distribution and sharing
of community resource require the members to cooperatively
store video resources and formulate the intracommunity and
intercommunity resource search algorithms.

4. IVCCD Detailed Design

The interests for the video content drive the nodes to search
the resources in P2P networks. Because the suppliers are
watching or have stored the requested video, they can provide
corresponding video services for the requesters; namely, the
suppliers also are interested in the video content. In fact, the
requesters and the suppliers have common interest for cur-
rent video content and the request-response process between
requesters and suppliers is considered as an interaction.
The traditional common interest discovery methods rely on
the analysis for historical records of watched video content,
which difficultly in ensuring accuracy of common interest
estimation.The interest-driven interaction not only describes
the accurate results of similarity in demand for the video
content, but also denotes the close relationship in contact. For
instance, if the two nodes have close geographical location,
similar demand, and good communication quality, they
always keep frequent interaction.The nodes receive the video
data from the suppliers and record the information of suppli-
ers. When the nodes quit the system, they send the messages
containing the collected information of suppliers anddelivery
(e.g., transmission delay and packet loss rate (PLR)) to the
server. The server uses two tuples 𝑅 = (requester, supplier)
to denote the interaction between nodes. An interaction set
𝑆
𝑅
= (𝑅
1
, 𝑅
2
, . . . , 𝑅

𝑛
) is stored at the server side.

4.1. Interaction Awareness. The servermakes use of a directed
contact graph 𝐺 = (𝑉, 𝐸) to model the node interaction
behaviors.𝑉 = (V

1
, V
2
, . . . , V

𝑘
) is a vertex set, where any vertex

V
𝑖
denotes a node 𝑛

𝑖
in the system. Any edge 𝑒

𝑖𝑗
in the edge

set 𝐸 denotes the interaction between 𝑛
𝑖
and 𝑛

𝑗
. The two

nodes which have the edges such as 𝑛
𝑖
and 𝑛

𝑗
are neighbor

relationship. Any node 𝑛
𝑖
in the system may repeatedly fetch

the video from a supplier; namely, there is the difference for
the closeness of contact between nodes. We define the edge
weight value 𝑤

𝑒𝑖𝑗
to denote the closeness of contact between

nodes in terms of the interaction time. The interaction time
indicates the transmission time of video data from suppliers
to requesters. The connection between nodes is fragile due
to the interest change; namely, when the nodes switch the
playback content to another video, the data transmission
of both communication sides is discontinued. The long
interaction time means that the nodes have strong interest
for the same video. The estimation value of interaction time
between 𝑛

𝑖
and 𝑛
𝑗
is defined as

𝑤
𝑒𝑖𝑗
= arctan(

𝑁𝑖𝑗

∑

𝑐=1

𝑙
𝑐
) , 𝑙 ≤ 𝐿, 𝑤

𝑒𝑖𝑗
∈ (0,

𝜋

2
) , (1)

where 𝑙
𝑐
is an interaction time and 𝑁

𝑖𝑗
is the number of

interaction between 𝑛
𝑖
and 𝑛
𝑗
.𝑤
𝑒𝑖𝑗
also implies the preference

of supplier selection of the requester 𝑛
𝑖
except the contact

closeness. For instance, the mobile users preferentially fetch
video content from other colleagues in workplace.The degree
of each node in 𝐺 is the total number of in-degree and
out-degree due to the directed edge, which represents the
interaction range of nodes.The higher the node degree is, the
stronger the capacities of resource sharing are.

The requesters always want to build the connection with
the suppliers which have high-quality delivery capacities,
which ensures the watched quality of users.We define serving
capacities of each node in terms of the delivery quality of
content by the investigation of transmission delay and PLR.
Let 𝑑
𝑗𝑖
and 𝑟
𝑗𝑖
denote the average delay and average PLR in

the process of data transmission from 𝑛
𝑗
to 𝑛
𝑖
, respectively.

The serving capacities of 𝑛
𝑗
are defined as

𝑆𝐶
𝑗
=

∑
𝑁𝑗

𝑐=1
𝑟
𝑗𝑐

𝑁
𝑗

× log
2
(1 +

∑
𝑁𝑗

𝑐=1
𝑑
𝑗𝑐

𝑁
𝑗

) , (2)

where 𝑁
𝑗
is the number of nodes which receive the data

transmission from 𝑛
𝑗
. The high transmission delay with

severe jitter breaks the playback smoothness and the high
PLR cause the strong distortion of video screen, reducing the
watched quality of users. Further, the low watched quality
also results in the fragile connection between nodes; namely,
the requesters break current connection and re-search new
suppliers. The nodes with strong serving capacities can
attract more requesters to fetch the content in order to the
better watched quality; namely, they have strong capacities of
resource sharing.

4.2. Community Construction. The robust and scalable com-
munities not only require close relationship between mem-
bers, but also need the distinct boundaries to express
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the difference of intercommunity nodes. We employ a par-
tition method for 𝐺 to construct the node communities,
which includes two steps: firstly, the initial subgraphs are
extracted from 𝐺 according to the node degree; secondly,
these subgraphs are combined or partitioned to construct
new subgraphs. By the iteration of combination and partition,
the refined subgraphs are considered as the node commu-
nities. Although there is the probability of interaction for
the nodes which do not have edges in 𝐺, the frequency of
interaction between them is less than that of nodes which
have edges. Therefore, the graph partition-based community
structure can obtain accurate clustering results.

Firstly, the node 𝑛
𝑖
which has the maximum value of

degree in 𝑉 is selected as the center node of a new subgraph
𝑆𝐺(𝑛
𝑖
). The neighbor nodes of 𝑛

𝑖
(the nodes have the edges

with 𝑛
𝑖
) are extracted from 𝑉 and become the members

of 𝑆𝐺(𝑛
𝑖
). In a similar way, we continue to extract a new

subgraph 𝑆𝐺(𝑛
𝑘
) from the difference set 𝑉 − 𝑆𝐺(𝑛

𝑖
). The

condition of convergence of the above iteration is that all
items in𝑉 are partitioned into subgraphs.The nodes with the
larger degree have high dissemination capacities, so that the
initial subgraphs have better resource sharing performance.
However, the partitioned results are limited to the selection of
initial subgraph centers. For instance, the degree of noncenter
members in 𝑆𝐺(𝑛

𝑖
) may be larger than that of center node

𝑛
𝑘
in 𝑆𝐺(𝑛

𝑘
). Therefore, the partitioned results need to be

refined; namely; the initial subgraphs are further partitioned
or combined.

Because the subgraphs are adjacent to each other, the
combination mainly is to search the incorporable nodes in
adjacent subgraphs. For instance, amember 𝑛

𝑎
in 𝑆𝐺(𝑛

𝑖
) finds

a neighbor node 𝑛
ℎ
in 𝑆𝐺(𝑛

𝑘
). If the weight value𝑤

𝑒𝑎ℎ
of 𝑒
𝑎ℎ
is

larger than 𝑤
𝑒ℎ𝑘

of edge 𝑒
ℎ𝑘

between 𝑛
ℎ
and 𝑛
𝑘
, 𝑛
ℎ
quits from

𝑆𝐺(𝑛
𝑘
) and becomes new member in 𝑆𝐺(𝑛

𝑖
). When 𝑛

𝑎
and

𝑛
ℎ
have two edges 𝑒

𝑎ℎ
and 𝑒
ℎ𝑎

and 𝑛
ℎ
and 𝑛

𝑘
also have two

edges 𝑒
𝑘ℎ

and 𝑒
ℎ𝑘
, we compare the total of 𝑤

𝑒𝑎ℎ
and 𝑤

𝑒ℎ𝑎
with

that of 𝑤
𝑒𝑘ℎ

and 𝑤
𝑒ℎ𝑘

to make the decision of combination.
If (𝑤
𝑒𝑎ℎ

+ 𝑤
𝑒ℎ𝑎
) > (𝑤

𝑒𝑘ℎ
+ 𝑤
𝑒ℎ𝑘
), 𝑛
ℎ
leaves 𝑆𝐺(𝑛

𝑘
) and joins

𝑆𝐺(𝑛
𝑖
). Otherwise, if (𝑤

𝑒𝑎ℎ
+ 𝑤
𝑒ℎ𝑎
) < (𝑤

𝑒𝑘ℎ
+ 𝑤
𝑒ℎ𝑘
), 𝑛
ℎ
stays

in 𝑆𝐺(𝑛
𝑘
). With the subgraph combination, if all members

in some subgraphs are merged into other subgraphs, namely,
these subgraphs only include center nodes, the center nodes
are marked as ordinary nodes and wait for the combination
by other subgraphs.However, the unlimited combination also
leads to the inaccurate results. For instance, after themember
𝑛
𝑎
in 𝑆𝐺(𝑛

𝑖
) merges 𝑛

ℎ
, 𝑛
ℎ
continues to search new nodes in

other subgraphs. If this combination process continues, the
longest path and member scale in 𝑆𝐺(𝑛

𝑖
) keep increasing so

that the partitioned results become local optimum.
In order to ensure the accuracy of partitioned results and

achieve the global optimum, we define the merging node
rule to make the decision of merging searched nodes by the
comparison of the state of subgraphs before and aftermerging
the nodes. For instance, let 𝑊(𝑆𝐺(𝑛

𝑖
)) and 𝐶(𝑆𝐺(𝑛

𝑖
)) be the

initial total of edgeweight value andnode capacities in 𝑆𝐺(𝑛
𝑖
),

respectively, where 𝑊(⋅) and 𝐶(⋅) are the functions of calcu-
lating the total of edge weight value and node capacities. Any
member 𝑛

𝑎
in 𝑆𝐺(𝑛

𝑖
) wants to merge a member 𝑛

ℎ
in other

subgraphs. If 𝑊(𝑆𝐺(𝑛
𝑖
))/𝑁𝐸(𝑆𝐺(𝑛

𝑖
)) ≤ 𝑊(𝑆𝐺

(new)
(𝑛
𝑖
))/

𝑁𝐸(𝑆𝐺
(new)

(𝑛
𝑖
)) and 𝐶(𝑆𝐺(𝑛

𝑖
))/𝑁𝑉(𝑆𝐺(𝑛

𝑖
)) ≤

𝐶(𝑆𝐺
(new)

(𝑛
𝑖
))/𝑁𝑉(𝑆𝐺

(new)
(𝑛
𝑖
)), 𝑛
ℎ
is successfully merged

into 𝑆𝐺(𝑛
𝑖
), where 𝑆𝐺

(new)
(𝑛
𝑖
) is new subgraph after the

combination and 𝑁𝐸(⋅) and 𝑁𝑉(⋅) return the number of
edges and nodes in graph, respectively. Otherwise, 𝑛

ℎ
does

not become the new member in 𝑆𝐺(𝑛
𝑖
) and is marked as the

node which is unable to merge by 𝑛
𝑎
. In the next process

of searching nodes, 𝑛
𝑎
ignores 𝑛

ℎ
. 𝑊(𝑆𝐺(𝑛

𝑖
))/𝑁𝐸(𝑆𝐺(𝑛

𝑖
))

and 𝐶(𝑆𝐺(𝑛
𝑖
))/𝑁𝑉(𝑆𝐺(𝑛

𝑖
)) denote the mean value of edge

weight and node capacities in 𝑆𝐺(𝑛
𝑖
), respectively. The

defined rule indicates that the new members cannot lead
to the decrease in contact closeness and serving capacities
for current subgraphs, which ensures the tight relationship
and high-quality service provision between members. The
convergence condition of combination and partition process
for the subgraphs is that all nodes in 𝐺 are grouped into the
subgraphs and the nodes in subgraphs stop to search new
nodes in other subgraphs. After the process of combination
and partition, the existing subgraphs are considered as
the node communities. The pseudocode of the process of
community discovery is detailed in Algorithm 1.

4.3. Content Delivery. The community management mainly
includes the role assignment and cache control of members,
which reduces the maintenance cost of members and opti-
mize the distribution of community resources. We define
three roles for the community members: ordinary member,
broker member, and bridged member.

(1) The ordinary members are responsible for the pro-
vision of requested content delivery for the requesters and
make the replacement of cached content in terms of the
requirement of broker members. When a mobile node joins
the system and becomes new community member, the
node maintains a connection with any member in current
community at least. If the ordinary members quit current
communities, they send a message to the neighbor members
in current communities.

(2)The center nodes in subgraphs act as the broker mem-
bers in communities and are responsible for the mainte-
nance of cached resources of members and dissemination
of resource request message. The broker members with high
degree can achieve the fast and low-cost dissemination of
information including resource request and member state in
communities, which reduces startup delay and deals with the
variation of resource demand of members in real time.When
the brokermembers receive the requestmessages, they spread
the messages to their neighbor members and require these
neighbor members to assist the resource searching. When
the broker members quit communities, the intracommunity
members which have the high node degree become new
broker members.The exited broker members require that the
neighbor nodeswith themaximumdegree valuemaintain the
information of their neighbor nodes.

(3) The nodes located in boundary of subgraphs are con-
sidered as the bridged members which are responsible for
maintaining connections with the neighbor nodes in other
communities and forwarding the request messages to other
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(1) 𝑇𝐺 = 𝐺; 𝑖 = 0; 𝑗 = 0;
(2) /∗ 𝑉 is node set in 𝐺; |𝑉| returns number of nodes in 𝑉;𝐷(⋅) returns node’s degree (in-degree and out-degree). ∗/
(3) while(𝑇𝐺 is not NULL && 𝑖 < 𝑁𝑉(𝐺))
(4) if 𝐷(𝑉[𝑖]) is maximum value of degree of nodes in 𝑇𝐺

(5) 𝑉[𝑖] and 𝑉[𝑖]’s neighbor nodes form a sub-graph 𝑆𝐺(𝑉[𝑖]);
(6) 𝑇𝐺 = 𝐺 − 𝑆𝐺(𝑉[𝑖]);
(7) end if
(8) 𝑖++;
(9) end while
(10) /∗ 𝑁𝐵

𝑉[𝑗]
is set of 𝑉[𝑗]’s neighbor nodes in other sub-graphs; |𝑁𝐵

𝑉[𝑗]
| returns number of items in𝑁𝐵

𝑉[𝑗]
. ∗/

(11) while(all nodes join into sub-graphs and all nodes stop to search new nodes)
(12) if (𝑉[𝑗] is not center node)
(13) for (𝑘 = 0; 𝑘 < |𝑁𝐵

𝑉[𝑗]
|; 𝑘++)

(14) if (𝑁𝐵
𝑉[𝑗]

[𝑘] is not marked by 𝑉[𝑗] && 𝑁𝐵
𝑉[𝑗]

[𝑘]meets requirement of becoming new member);
(15) 𝑁𝐵

𝑉[𝑗]
[𝑘] joins sub-graph of 𝑉[𝑗];

(16) else𝑁𝐵
𝑉[𝑗]

[𝑘] is marked as unavailable node by 𝑉[𝑗];
(17) end if
(18) end for
(19) end if
(20) 𝑗++;
(21) if (𝑗 ≥ |𝑉|)
(22) 𝑗 = 0;
(23) end if
(24) end while

Algorithm 1: Process of community discovery.

communities. Because the bridged members have the con-
nectionswith the intercommunitymembers, they are suitable
for becoming the interfaces between communities to achieve
the resource sharing. When the bridged members leave
current communities, they send the information of their
neighbor nodes to any neighbor node in current communi-
ties.

When amember 𝑛
𝑖
in any community wants to download

a video content, it firstly sends the request messages to the
intracommunity neighbor members. If the intracommunity
neighbor members of 𝑛

𝑖
store the requested resource, they

return the response messages and 𝑛
𝑖
selects the member with

the maximum value of serving capacities as the supplier.
Otherwise, if the neighbor members of 𝑛

𝑖
do not provide

desired resource, 𝑛
𝑖
requests the broker member to assist

searching resource by sending a request message containing
the information of requested resource and members which
have been consulted by 𝑛

𝑖
. The broker member disseminates

the request message to the neighbor members and require
that these neighbor members continue to spread the request
message when they also do not store requested resource. If
the broker member finds that there is no resource in current
community, it requires that the bridged members assist
searching.The bridgedmembers directly forward the request
message to the broker members in adjacent communities.
If the adjacent communities do not include the requested
resource, 𝑛

𝑖
directly requests the server to fetch the resource

because the lookup resource in the whole overlay network
brings high startup delay. The pseudocode of the process of
content delivery is detailed in Algorithm 2.

With increasing storage capacities of mobile devices, the
mobile nodes may carry one or multiple video resources. A
key issue is how to make use of storage resource of mobile
nodes to support high-efficiency resource sharing.The intra-
community resource lookup can reduce the lookup delay due
to the relatively few forwarding nodes. IVCCD employs the
local resource lookup strategy in order to avoid the high
lookup delay, which reduces the lookup success rate. There-
fore, we use a dissemination-aware resource distribution
approach to dynamically regulate community resource. After
𝐺 is divided into multiple communities, the server collects
the information of dissemination process of resources. For
instance, a member 𝑛

𝑖
in any community requests a video

content from the server because there are no available
resources in all communities. The other requester connects
with 𝑛

𝑖
and fetches resource; namely, the following members

search and select the suppliers in overlay networks. The
requesters and suppliers form a tree structure in terms of
the video streaming direction; namely, 𝑛

𝑖
is the root node of

tree and 𝑛
𝑖
’s receivers which obtain the video data from 𝑛

𝑖

become child nodes of 𝑛
𝑖
. The server collects the information

of nodes in the above dissemination process and selects the
node 𝑛

𝑘
with the maximum receivers as the dissemination

relay node which is defined as two-tuple 𝑅𝑁 = (𝑛
𝑘
,VID
𝑐
),

where VID
𝑐
denotes the ID of video 𝑐. We group these relay

nodes according to the similarity of watched videos. The
similarity between two videos VID

𝑎
and VID

𝑏
is defined as

𝑆
𝑎𝑏

=

𝑛𝑠𝑎 ∩ 𝑛𝑠
𝑏



max [𝑛𝑠𝑎
 ,
𝑛𝑠𝑏

]
, (3)
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(1) /∗ 𝑛
𝑖
is request node in a community 𝐶

ℎ
; 𝑛
𝑗
is broker member in 𝐶

ℎ
; 𝑛
𝑘
is bridged member in 𝐶

ℎ
. ∗/

(2) 𝑛
𝑖
sends request messages to neighbor members maintained by 𝑛

𝑖

(3) if(𝑛
𝑖
receives response messages)

(4) for(𝑘 = 0; 𝑘 < 𝑚; 𝑘++)
(5) estimates serving capacities of member

𝑘
by (2);

(6) end for
(7) selects member with maximum value of serving capacities as supplier;
(8) else 𝑛

𝑖
sends request message to 𝑛

𝑗
;

(9) 𝑛
𝑗
forwards message to other members;

(10) if(𝑛
𝑗
receives response messages)

(11) 𝑛
𝑗
returns member list to 𝑛

𝑖
;

(12) else 𝑛
𝑗
forward request message to 𝑛

𝑘
;

(13) if (𝑛
𝑘
successfully receives response from other communities)

(14) 𝑛
𝑘
returns list of candidate suppliers to 𝑛

𝑖
;

(15) 𝑛
𝑖
estimates serving capacities by (2) and select supplier;

(16) else 𝑛
𝑘
forward request message to server;

(17) end if
(18) end if
(19) end if
(20) 𝑛

𝑘
receives video data from supplier (server);

Algorithm 2: Process of content delivery.

where 𝑛𝑠
𝑎
and 𝑛𝑠

𝑏
are the sets of nodes which watch VID

𝑎

and VID
𝑏
, respectively, and |𝑛𝑠

𝑎
∩ 𝑛𝑠
𝑏
| returns the number

of intersection between 𝑛𝑠
𝑎
and 𝑛𝑠

𝑏
. If 𝑆
𝑎𝑏

> 𝑆, where 𝑆 is
the mean value of similarity of all videos, VID

𝑎
and VID

𝑏

are similar in content. Because each video is corresponding
to a relay node, there is a relationship between the similar
video set and the relay node set. When a member fetches a
video from the server, the server requires that the nodes in the
corresponding relay node set buffer and spread the requested
video, which is beneficial to speeding up the resource dissem-
ination with the help of multiple relay nodes.The relay nodes
send the messages containing current resources to the broker
members and require the broker members to spread the
resource information in communities. If there are members
which are interested in pushed resource, these members
connect with the intracommunity relay nodes to obtain the
resource. Although the resource disseminationmessages lead
to the increase in the message overhead, the small number of
bandwidth consumptions reduces the lookup delay.

5. Testing and Test Results Analysis

5.1. Testing Topology and Scenarios. We compare the perfor-
mance of the proposed IVCCD with a state-of-the-art P2P-
based video sharing solution AMCV [28]. The number of
video files is 20 and the length of each file is 100 s. IVCCD
and AMCV were modeled and implemented in NS-2 where
some simulation parameters of the wireless mobile network
are listed in Table 1 for the two solutions.

Before the simulation, in terms of created 6,000 playback
logs for 30 video files, IVCCD analyzes these logs to group
100 mobile nodes into the communities and group the videos
with similar content, and 100 mobile users in AMCV ran-
domly request 20 videos and join into the communities cor-
responding to 20 videos which are same as those of IVCCD.

Table 1: Simulation parameter setting for wireless mobile network.

Parameters Values
Area 1000 × 1000m2

Channel Channel/WirelessChannel
Network interface Phy/WirelessPhyExt
MAC interface Mac/802 11
Number of mobile nodes 500
Mobile speed range of nodes [1, 20]m/s
Simulation time 500 s
Signal range of mobile nodes 200m
Default distance between server and
nodes 6 hops

Transmission protocol UDP
Wireless routing protocol DSR
Bandwidth of server 20Mb/s
Bandwidth of mobile nodes 10Mb/s
Transmission rate of video data 128 kb/s

In the process of simulation, we generate 100 playback
logs for the 100 community members; namely, they watch
diverse video content according to the playback logs where
the watched time is 10 random. Moreover, we also create
100 playback logs for the 100 mobile nodes; namely, they
randomly request and play video content (join corresponding
communities) according to the created playback logs, where
the viewing time also is random. 100 mobile nodes join the
system following the Poisson distribution from 0 s to 450 s.
In IVCCD and AMCV, all community member only store a
video file and the mobile nodes delete the local resource and
rebuffer new resources when they play new videos.
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Figure 3: ASD with RMM against simulation time.

On the other hand, we use two mobility models. (1) The
first is randommobility model (RMM). Initially, the location,
speed, and moving target of mobile nodes are randomly
assigned. When the mobile nodes arrive at the assigned
target, they keep themovement state following the r-assigned
random moving target and speed. (2) The second is Gauss-
Markov mobility model (GMM) [29]. Initially, the location
and moving target of mobile nodes are randomly assigned.
The mobile nodes experience the state of acceleration, stable,
turn, and deceleration in the process of movement. When
the mobile nodes arrive at the assigned target location, they
continue to move according to the reassigned target. Because
the movement with high speed influences the performance
of content delivery such as delay and PLR, the mobile speed
range of nodes is set to [1, 20]m/s. The default distance
between server and nodes is set to 6 hops in order to ensure
the equitable cost of fetching resources and differentiate the
access cost for the server and the mobile nodes. In AMCV,
𝑃𝑇
𝑏
and 𝑃𝑇

𝑟
are set to 0.2 and 0.12, respectively.

5.2. Performance Evaluation. The performance of IVCCD is
compared with that of AMCV in terms of average startup
delay (ASD), packet loss rate (PLR), throughput, video qual-
ity, and overlay maintenance cost, respectively.

ASD. Let 𝑡
𝑖
(𝑠) and 𝑡

𝑖
(𝑟) be the time of sending requestmessage

and receiving first video data of a node 𝑛
𝑖
, respectively. 𝑡

𝑖
(𝑟) −

𝑡
𝑖
(𝑠) is considered as the startup delay of 𝑛

𝑖
. The mean value

of startup delay of all nodes during a time interval 𝑇 denotes
ASD.

Figures 3 and 4 show the performance of ASD of two
solutions AMCV and IVCCD in terms of two mobility
models: RMM and GMMwith the increase in the simulation
time, where the time interval 𝑇 is set to 20 s. As Figure 3
shows, AMCV’s ASD results firstly experience a fall after rise
from 𝑡 = 0 s to 𝑡 = 140 s. AMCV’s curve also fast increases
from 𝑡 = 160 s to 𝑡 = 280 s and fast decreases from 𝑡 = 300 s to
𝑡 = 500 s. AMCV’s ASD results are in the delay range between
1.2 s and 2.75 s and reach the peak value 2.748 at 𝑡 = 280 s.
IVCCD’s curve fast increases from 𝑡 = 0 s to 𝑡 = 100 s and
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Figure 4: ASD with GMM against simulation time.
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Figure 5: ASD with RMM against number of request nodes.

relatively slowly falls with slight fluctuation from 𝑡 = 100 s
to 𝑡 = 200 s. The red curve also fast rises from 𝑡 = 220 s to
𝑡 = 280 s and slowly decreases to roughly 1 s at 𝑡 = 500 s with
slight fluctuation. In Figure 4, the two curves corresponding
to the delay results of AMCV and IVCCD experience the two
processes of rise and fall. The blue curve has a fall after rise
with the fluctuation from 𝑡 = 0 s to 𝑡 = 180 s, starts to increase
from 𝑡 = 200 s, and decreases from 𝑡 = 340 s to 𝑡 = 500 s after
reaching the peak value (2.571 s) at 𝑡 = 340 s. The red curve
firstly experiences a fall after rise with the fluctuation from
𝑡 = 0 s to 𝑡 = 200 s and keeps the fluctuation at high levels.
IVCCD’s results also have a fall after rise from 𝑡 = 220 s to 𝑡 =
500 s and reach the peak value (2.718 s) at 𝑡 = 360 s. Although
IVCCD’s results are higher than those ofAMCVduring initial
simulation time, IVCCD’s curve maintains lower level than
that of AMCV.

Figures 5 and 6 show the performance of ASD of AMCV
and IVCCD in terms of RMM and GMM with increasing
number of nodes. As Figure 5 shows, AMCV’s blue curve
has two processes of rise and fall with increasing number
of request nodes and AMCV’s results are in the range (1.55,
2.50). IVCCD’s red curve also experiences the two variation
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Figure 6: ASD with GMM against number of request nodes.

process of rise and fall with the fluctuation and IVCCD’s
results are in the range (1.25, 2.20). In Figure 6, AMCV’s
blue curve shows a process of rise and fall with the frequent
fluctuation and AMCV’s results are in the range (1.45, 2.55).
IVCCD’s results are kept in a stable interval (1.3, 2.2) with the
fluctuation. IVCCD’s results have both lower values and less
fluctuation than those of AMCV.

The delay of searching and transmission determines
the performance of startup delay. After the construction of
communities, AMCV relies on the static and dynamic con-
nections between communities to forward the request mes-
sage where the dynamic connections are built by the prob-
ability of requesting resources of community members. The
low accuracy of prediction results leads to the fact that the
dynamic connections cannot be built, so that the requestmes-
sages cannot fast arrive at the suppliers. Moreover, AMCV
does not consider the performance of resource delivery
between nodes, so that the low delay of data transmission
cannot be ensured. On the other hand, if there are no
available suppliers in overlay network, the request nodes need
to connect with the server to obtain the initial resources.
Because the default distance between server and nodes is
set to 6 hops, the high data transmission delay also brings
negative effects for the startup delay. For instance, AMCV’s
ASD value reaches 2.29 s at 𝑡 = 80 s and IVCCD’s ASD values
keep high level from 𝑡 = 80 s to 𝑡 = 140 s. In IVCCD, the
request nodes only search the suppliers in current and
adjacent communities, which reduces the searching delay.
IVCCD makes use of the buffering and dissemination of
resources of relay nodes to enlarge the coverage range of
requested resources in overlay network, which further
reduces the searching delay of resources. Moreover, IVCCD
investigates the serving capacities of community members
and the requested nodes can select the optimal suppliers to
improve the delivery performance. Therefore, IVCCD’s ASD
results are better than those of AMCV.

Packet Loss Rate (PLR). Let𝑁
𝑠
and𝑁

𝑟
be the number of sent

and received packets, respectively. The mean value of ratio
between 𝑁

𝑠
− 𝑁
𝑟
and 𝑁

𝑠
during a time interval 𝑇 is defined

as PLR.
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Figure 7: PLR with RMM against simulation time.
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Figure 8: PLR with GMM against simulation time.

Figures 7 and 8 show the PLR performance of AMCV
and IVCCD in terms of RMM and GMM with increasing
simulation time, where the time interval 𝑇 is set to 50 s. As
Figure 7 shows, the curves ofAMCVand IVCCDhave similar
changing process; namely, they experience fall after fast rise
with the increase in the simulation time, where 𝑇 is set to
50 s. Although IVCCD’s curve keeps higher level than that of
AMCV from 𝑡 = 150 s to 𝑡 = 200 s, AMCV’s results have
both larger PLR values and higher increment than those of
IVCCD where the curves of AMCV and IVCCD reach the
peak value 0.44 and 0.38 at 𝑡 = 350 s, respectively. In Figure 8,
the results of AMCV and IVCCD show the trend of fall after
rise during the whole simulation time. The curve of IVCCD
is higher than that of AMCV from 𝑡 = 0 s to 𝑡 = 200 s, but
it has lower increment and peak value than those of AMCV
from 𝑡 = 250 s to 𝑡 = 500 s.

Figures 9 and 10 show the PLR performance of AMCV
and IVCCD in terms of RMM andGMMwith the increase in
the number of nodes. As Figure 9 shows, the curves of AMCV
and IVCCD also have a rise trend with the increase in the
number of request nodes, where𝑇 is defined as the timewhen
every 20 request nodes start to search resources. The AMCV
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Figure 9: PLR with RMM against number of request nodes.
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Figure 10: PLR with GMM against number of request nodes.

results are between [0.03, 0.41] and reach the peak value 0.41
when the number of request nodes is 200. The red curve
corresponding to the IVCCD results is between 0.04 and 0.37
and keeps lower levels than that of AMCV.The IVCCD results
are roughly 10% lower than those of AMCV. In Figure 10,
AMCV’s curve experiences the three processes: slow rise and
fast and stable increase. IVCCD’s results have slow increase
and keep uniform rise. Although the IVCCD’s curve is higher
than that of AMCV during initial stage, IVCCD’s results are
lower than those of AMCVduring the later period of increase
in the number of nodes.

Initially, because the small number of nodes request
videos, the relatively enough network bandwidth can support
the high-efficiency delivery; namely, the PLR results of two
solutions keep low levels. When the number of request nodes
increases, the available network bandwidth is consumed fast
so that the PLR results of AMCV and IVCCD fast increase
due to the network congestion. Because the request nodes
stop the resource searching from 𝑡 = 450 s to 𝑡 = 500 s
and some of them have finished video playback, the fast
decrease of congestion levels and network traffic lead to fast
fall of two curves. On the other hand, AMCV only focus on
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Figure 11: Throughput with RMM against simulation time.

the efficiency of resource searching and neglect the perfor-
mance of content delivery.The nodes in AMCV cannot select
the optimal suppliers, which leads to the fact that the delivery
process of content is subjected to the severe negative influence
in wireless mobile network. The high mobility of mobile
nodes results in the fast change of geographical distance
between two communication parties, which introduces the
jitter of delivery performance and increases the probabilities
of packet loss. IVCCD investigates the interaction between
nodes and the serving capacities of nodes to build the
communities. Moreover, the relay nodes can assist spreading
resources tomultiple communities, which enhances the prob-
abilities of intracommunity delivery. Therefore, the request
nodes select optimal suppliers, which ensures high-efficiency
data transmission.

Average Throughput. Let 𝑁
𝑝
𝑟 and size

𝑝
be the number and

size of packets received in the overlay during a certain time
period 𝑇, respectively.The ratio between𝑁

𝑝
𝑟× size

𝑝
and 𝑇 is

defined as the average throughput, where 𝑇 is set to 20 s.
Figures 11 and 12 show the average throughput perfor-

mance of AMCV and IVCCD in terms of RMM and GMM
with increasing simulation time, where the time interval 𝑇 is
set to 20 s. As Figure 11 shows, the curves of average through-
put of AMCV and IVCCD have similar changing trend with
increasing simulation time. The blue curve corresponding to
AMCV’s results fast increases from 𝑡 = 0 s to 𝑡 = 300 s and
keeps a slight rise from 𝑡 = 320 s to 𝑡 = 440 s. AMCV’s results
decrease to 4465 kb/s from 𝑡 = 460 s to 𝑡 = 500 s. IVCCD’s
red curve keeps a fast rise from 𝑡 = 0 s to 𝑡 = 100 s and slowly
increases from 𝑡 = 120 s to 𝑡 = 140 s. This red curve also fast
increases from 𝑡 = 160 s to 𝑡 = 440 s and finally decreases to
4842 kb/s at 𝑡 = 500 s. Although IVCCD’s curve is lower than
that of AMCV from 𝑡 = 120 s to 𝑡 = 240 s, the increment and
peak value of IVCCD results are larger than those of AMCV.
In Figure 12, the two curves of AMCV and IVCCD also have
similar variation process during the whole simulation time.
The blue curve fast increases from 𝑡 = 0 s to 𝑡 = 200 s, keeps
slow rise from 𝑡 = 220 s to 𝑡 = 420 s, and fast decreases after
reaching the peak value at 𝑡 = 420 s. The red curve also has
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Figure 12: Throughput with GMM against simulation time.

a fast rise from 𝑡 = 0 s to 𝑡 = 280 s, keeps slow increase from
𝑡 = 300 s to 𝑡 = 440 s, and starts to fall from 𝑡 = 460 s to 𝑡 =

500 s. Although IVCCD’s results are less than those of AMCV
from 𝑡 = 0 s to 𝑡 = 200 s, IVCCD’s curve is higher than that
of AMCV and has larger peak value than that of AMCV.

The mobile nodes for two solutions AMCV and IVCCD
request and fetch the video content following a Poisson distri-
bution from 𝑡 = 0 s to 𝑡 = 450 s. The increase in the number
of request nodes causes fast rise of network traffic. The two
curves corresponding to AMCV and IVCCD fast increase
from 𝑡 = 0 s to 𝑡 = 440 s and rapidly fall from 𝑡 = 460 s to 𝑡 =
500 s due to the decrease in the amount of video streaming.
Because the high traffic is greater than the available network
bandwidth, the generated network congestion leads to high
PLR so that the throughput of AMCV and IVCCD keeps
slow increase from 𝑡 = 300 s to 𝑡 = 440 s. In AMCV, the
request nodes randomly select the suppliers, so the delivery
performance of video content is subjected to severe influence
by the network congestion and mobility of nodes. In IVCCD,
the request nodes select the suppliers with maximum serving
capacities, which reduce the negative effects by the network
congestion and mobility of nodes. Therefore, the delivery
performance of IVCCD including average throughput and
PLR is better than that of AMCV.

Video Quality. Let EXP Thr and CRT Thr be the average
throughput expected from the video delivery and actual
throughput measured, respectively. MAX Bit denotes the
average bitrate of the video stream and MAX Bit and EXP
Thr are set to 128 kb/s according to the simulation settings.
We make use of the Peak Signal-to-Noise Ratio (PSNR) to
measure the video quality of two solutions in decibels (dB)
[30]. The PSNR value is calculated according to

PSNR = 20 ⋅ log
10
(

MAX Bit

√(EXP Thr − CRT Thr)2
). (4)

Figures 13 and 14 show the PSNR performance of AMCV
and IVCCD in terms of RMM and GMM with increasing
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Figure 13: PSNR with RMM against number of request nodes.
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Figure 14: PSNR with GMM against number of request nodes.

number of request nodes. Figure 13 shows PSNR values of
AMCV and IVCCD for the single video streaming corre-
sponding to every request node with the increase in the
number of request nodes. The two curves of AMCV and
IVCCD have a fast fall trend, where AMCV’s results are in
the range [7, 30] and IVCCD’s results are between 8 dB and
28 dB. In Figure 14, AMCV’s results fast decrease with the
increase in the number of request nodes. However, IVCCD’s
results keep a stable decrease. Although the IVCCD’s results
are lower than those of AMCV in the initial phase, IVCCD’s
bars are higher than those of AMCV in the later stage.

PSNR represents the watched quality of users and
includes some key impact factors such as throughput and
stream bitrate. With the increase in the number of request
nodes, the huge traffic triggers the network congestion, which
seriously limits the increase of throughput due to high PLR.
In other words, PSNR values keep low level with decreasing
throughput. In AMCV, the performance of content delivery
between request nodes and suppliers is subjected to the
influence by the node mobility and network congestion. In
IVCCD, the high-efficiency data transmission benefit from
the strong serving capacities of suppliers. Therefore, the
congestion period time is longer than that of IVCCD and
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Figure 15: Maintenance overhead against simulation time.

the decrement of AMCV’s PSNR values is larger than that of
IVCCD.

Maintenance Overhead. The maintenance cost of overlay
topology mainly includes the management of member state,
forwarded request message, and interaction between com-
munities. We use the average bandwidth used by the sent
messages for maintaining the overlay topology to denote the
maintenance overhead.

As Figure 15 shows, the two curves of AMCV and IVCCD
have fast rise trajectory with the increase in the simulation
time. AMCV’s blue curve keeps fast rise from 𝑡 = 50 s to
𝑡 = 450 s and slightly decreases at 𝑡 = 500 s. IVCCD’s red
curve maintains a slow increase from 𝑡 = 50 s to 𝑡 = 450 s
and finally decreases at 𝑡 = 500 s. The increment and peak
value of AMCV’s results are larger than those of IVCCD.

In AMCV, the broker members need to forward and
handle the messages of requesting resources and member
state and maintain the static and dynamic connections with
other communities. The increase in the number of request
nodes and dynamic connections leads to high load of broker
members, which limits the system scalability. Moreover, the
frequent change of requested content of communitymembers
causes the continuous movement of nodes between com-
munities. The fragile community structure further increases
the maintenance cost. However, IVCCD has stable commu-
nity structure and the dynamic change of requested videos
of members cannot cause the community reconstruction.
Although the broker members assist spreading resource
information in communities and the bridgedmembersmain-
tain the connections with other communities, the range
of message dissemination is relatively limited and is low
frequency. Therefore, IVCCD’s maintenance overhead keeps
lower levels than that of AMCV.

6. Conclusion

In this paper, we propose a novel interaction-aware com-
munity-based video sharing solution (IVCCD) in wireless
mobile networks. IVCCD constructs a directed graph-based

interaction model according to the analysis of interaction
behaviors between the mobile users. In order to obtain
scalable and robust community structure, IVCCD partitions
nodes in graph in terms of the node degree and uses
the weight values of edges and serving capacities of nodes
as refined rules to generate the node community. IVCCD
employs a multiple role-based community member manage-
ment mechanism to balance the community maintenance
cost and optimize resource distribution. IVCCD analyzes the
resource dissemination process in overlay networks and uses
the resource push and prebuffering approach to improve the
performance of resource searching. The simulation results
based on the two mobility models, random and Gauss-
Markovmobility model, show how IVCCDhas lower average
startup delay, less packet loss rate, higher throughput, higher
video quality, and lower maintenance overhead than AMCV.
The simulation results also show that the mobility is an
important influence factor for the performance of multime-
dia streaming systems. In the future work, we focus on the
modeling of mobility of mobile nodes and the evaluation
of mobility influence for the performance of multimedia
streaming systems.
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The video sharing performance is a key factor for scalability and quality of service of P2P VoD systems in wireless mobile networks.
There are some impact factors for the video sharing performance, such as available upload bandwidth, resource distribution in
overlay networks, and mobility of mobile nodes. In this paper, we firstly model user behaviors: joining, playback, and departure
for the content-oriented community-based VoD systems in wireless mobile networks and construct a resource assignment model
by the analysis of transition of node state: suspend, wait, and playback. We analyze the influence of the above three factors: upload
bandwidth, startup delay, and resource distribution for the sharing performance and QoS of systems. We further propose the
improved resource sharing strategies from the perspectives of community architecture, resource distribution, and data transmission
for the systems. Extensive tests show how the improved strategies achieve much better performance results in comparison with
original strategies.

1. Introduction

The development of mobile networking technologies and the
increase of wireless bandwidth provide great convenience for
the ubiquitous Internet access of mobile devices to obtain
multimedia services [1, 2]. As Figure 1 shows, the mobile
users use the smart devices equipped with multiple network
interfaces (e.g., smart phones and tablet PC) to watch video
content in wireless mobile networks. Video streaming is the
most popular multimedia service due to the provision of rich
visual content and the contribution of two-thirds of mobile
data traffic in the whole world [3–8]. Video-on-Demand
(VoD) supports the interaction between viewers and content;
namely, the viewers change the playback point to accessing
desired video content. Peer-to-Peer (P2P) technologies are
well known for supporting the large-scale deployment of
multimedia streaming (e.g., VoD) systems by the compen-
sation of upload bandwidth for the multimedia server with
the help of the clients. In particular, Mobile Peer-to-Peer

(MP2P) technologies provide the feasible solutions for the
deployment in wireless mobile networks, which improves
travel of passengers in train or taxi.

The P2P VoD systems in wireless mobile networks focus
on quality of service (QoS) and viewers’ quality of experience
(QoE) [9]. VCR-like interactive operations lead to the fre-
quent change of playback content, which drives the nodes to
seek andmatch suppliers carrying requested video resources.
Due to the delay-sensitivity requirement, the systems need
to increase control cost of scheduling resources to minimize
the startup delay, which influences system scalability. On
the other hand, the variation of played content results in
the frequent replacement of cached resources. The dynamic
resource distribution not only increases resourcemanagement
cost in overlay networks but also changes supply capacities
of resources. For instance, the total upload bandwidth of a
video segment changes with the variation of number of nodes
stored the segment. The sufficient/scarce upload bandwidth
decreases/increases the startup delay. Moreover, the mobility
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Figure 1: Multimedia streaming services in wireless mobile networks.

of mobile nodes also is an important factor for the video
delivery performance in wireless mobile networks [10]. The
dynamic distance between suppliers and requesters leads to
the increase in the risk of link disconnection and packet loss
[11]. Obviously, the three factors are very important for the
resource sharing performance of systems and viewers’ QoE.

It is difficult to address the problems of the above three
factors to ensure system’s QoS and viewers’ QoE for the tradi-
tional P2P VoD solutions. The mesh overlay-based solutions
employ the “flooding” resource lookup approach to achieve
high resource lookup success rate and system scalability,
but the large seeking range also results in long startup
delay. The tree-based and DHT-based solutions group nodes
and manage resources according to predefined relationship
between nodes. The systems obtain the gains of resource
lookup performance, but the increase in the scale of nodes
results in high maintenance cost and low system scalability.

Unlike the traditional solutions, the community-based
solutions rely on the discovery of common interest to group
nodes into multiple communities with different scale [12].
Because the common interest stabilizes the relationship of
supply and demand of resources between members and
reduces the lookup distance between requesters and suppli-
ers, the communities have autonomous and flexible structure,
high-efficiency content sharing, and low lookup delay. The
difference between interests of members enables the com-
munities to have distinct boundary of resource search and
management. In terms of community construction methods,
the existing community-based VoD systems mainly include
two categories: the content-oriented and user behavior-
oriented community VoD systems. The former groups nodes

into communities based on the consideration that the nodes
which request or store the same or similar content may
have common interest, such as SURFNet [13] and AMCV
[14], which has simply community construction method and
complex video sharing algorithms. The latter constructs the
communities in terms of the similarity of user behaviors
by the investigation of watched, prefetched, and concerned
content, such as SocialTube [15] and PMCV [16], which has
complex community construction method and simple video
sharing strategies.

The content-oriented community VoD systems have con-
venient and flexible deployment in wireless mobile networks
and achieve high scalability and QoS of systems with a
low price by improving sharing strategies. In this paper, we
focus on the performance evaluation of content-oriented
community-based VoD systems. We construct a model for
the user behaviors in terms of the process: entering system,
playing video, and quitting system and model the resource
assignment process in terms of node state variation: suspend,
wait, and playback for the resource assignment. By the
analysis of the sharing performance influenced by the three
factors: available upload bandwidth, resource distribution in
overlay networks, and mobility of mobile nodes, we improve
the community architecture, which enables the community
members to participate in handling request messages and
assigning available resources. Moreover, we design a priority-
based service strategy of the request nodes to promote
the resource distribution optimization by the estimation of
contributed upload bandwidth. Extensive tests show how the
improved strategies achieve much better performance results
in comparison with original strategies.
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2. Related Work

Thetraditional P2PVoD solutions inwired networks focus on
improving QoS and scalability of systems and supporting the
VCR-like operations. For instance, in VMesh [17], the nodes
and video resources are mapped into a one-dimensional
structure in terms of Distributed Hash Tables (DHT), which
achieves fast resource lookup. RINDY in [18] also constructs
a ring-assisted overlay network to group nodes and manage
resources. The nodes not only maintain the state of near
neighbors where the distance between them is less than the
power-law radii but also obtain real-time state of remote
neighbors which have the more distance than the radii.
However, VMesh and RINDY do not address the problems
of scalability; namely, the increasing number of nodes in
structured overlay networks leads to the high maintenance
cost of P2P network.

Some P2P VoD solutions in wireless mobile networks
employ the traditional architecture to group nodes and dis-
tribute the resources in order to provide the VoD service
for the mobile users. For instance, in QUVoD [19], the
mobile nodes are grouped into a Chord structure where the
nodes which store similar video segments form a node set
in order to uniformly distribute resources and reduce the
lookup in Chord. However, QUVoD also does not address the
problem of system scalability due to the high maintenance
cost caused by the increase in the number of nodes. By the
estimation of access probabilities between videos in terms of
the similarity of video content and user playback behaviors,
ESVS clusters videos into a chain-based tree structure and
groups mobile nodes into node sets corresponding to the
videos in the chain-based tree [20]. ESVS designs a hybrid
resource lookup algorithm to fast respond to the user request
and push the interested content for the requesters. Although
ESVS can improve the sharing efficiency and reduce the
consumption of network bandwidth, the increase in the
number of video content results in frequent reconstruction of
tree.

The user behavior-oriented community-based VoD solu-
tions have complex community construction method and
high-efficiency content sharing. For instance, SocialTube
built the communities composed of the nodes with similar
interests according to the intersection of watched videos
between source nodes and followers [15]. The community
members employ push and pull to the video content to
promote the resource sharing. However, the similarity esti-
mation method based on the number of watched videos
difficultly ensures the evaluation accuracy of common inter-
ests. This leads to low efficiency of resource push and fragile
community structure. PMCV extracts and refines playback
patterns from historical playback traces and model mobility
to estimate the similarity of movement behaviors of mobile
nodes [16]. PMCV groups the mobile nodes into mobile
communities in terms of the similarity levels of behaviors
of playback and movement, which achieves high stability
of community structure and efficient video delivery. The
construction methods of communities determine the QoS
and scalability of user behavior-oriented community-based
VoD systems.

The content-oriented community-based VoD solutions
have simple community construction method and low-cost
and convenient deployment. For instance, SURFNet in [13]
makes use of a hybrid tree structure to reduce the reconstruc-
tion of tree-based overlay network, where the nodes in AVL
tree have long online time and contact a node community
(chain) composed of the nodes which have relatively short
online time and similar video segments with the stable nodes.
The nodes with similar segments form a holder-chain and
are attached to a node in the AVL tree corresponding to the
stored content. Although the chain attached in the AVL tree
supports the lookup for the near video segments and reduces
the maintenance cost of AVL tree, the churn of node state
results in the severe influence for the performance of resource
lookup and the cost of tree maintenance. In other words, the
changes of stable node state (e.g., quitting system or decrease
in the online time) lead to the reconstruction of AVL tree,
and the nodes in attached chain lose the contact with the
AVL tree, which cannot reduce the negative effects caused by
the node churn for the tree structure. AMCV in [14] groups
the nodes which have the same requested video segments
into a community and uses an ant colony optimization-
based community communication strategy which dynami-
cally builds the connections between communities in terms of
the variation of node interest in order to support fast resource
lookup.Making use of the prediction for the resource demand
of users to build the connections between communities can
reduce the start delay for the resource lookup. The broker
nodes in the communities are responsible for maintaining
community member state and handling the request messages
from internal or external members. The increase in the
number of community members leads to the overload of
broker nodes, which limits system’s scalability. Although
the content-oriented communities have explicit boundary to
manage and share resource, the node churn still results in
the high maintenance cost for the community structure due
to the frequent reconstruction. Moreover, the size of video
segments determines the corresponding community scale, so
the division of video segments introduces the severe influence
for the maintenance cost and content sharing performance.

The performance estimation for the multimedia stream-
ing services is very important in order to improve the system
QoS and content sharing performance. Chen et al. build
a model and estimate the performance for the P2P living
streaming systems under flash crowd [21]. By making use of
a fluid model to model the P2P living streaming systems,
the authors study the system capacity, peer startup latency,
and system recovery time of systems for the control and
noncontrol modes and demonstrate that a living stream-
ing system difficultly handles flash crowds due to limited
capacity. The authors use the shock level handled by the
system to quantify the system capacity, describe that the
capacity is independent of system initial state in a power-
law relationship, and construct themathematical relationship
of flash crowd size to the worst-case startup latency and
system recovery time. The authors prove that the control-
based system can recover stability under flash crowds and
the worst-case peer startup latency and system recovery time
increase logarithmically. The proposed strategies of handling
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flash crowd reduce startup. Because there are many reasons
which lead to the interaction between users and content and
the P2P VoD systems have complex architecture, the above
method is unsuitable for the performance modelling and
evaluation of P2P VoD systems (e.g., the content-oriented
community-based VoD systems).

3. Background

3.1. Node State Ring. This paper mainly focuses on the
performance evaluation of the content-oriented community-
based VoD system, so we consider a state of the art solution
AMCV as the object of analysis and estimation of perfor-
mance.This is becauseAMCVhas similar systemarchitecture
and content sharing strategies with other classical content-
oriented community-based VoD solutions such as SPOON
[22].

3.1.1. Joining System. In AMCV, the mobile nodes need to
send the messages containing the information of requested
video to the server in order to watch video content. After
the server receives the request messages, it assigns the
upload bandwidth for the request nodes.The server seeks the
appropriate suppliers in overlay networks according to a node
list which is stored in the server and includes the information
of nodes in overlay networks. The selected suppliers need
to have the close playback point with that of request nodes.
At the moment, the request nodes wait for receiving the
video data. When the new system members receive the
video data from the suppliers, their state changes from wait
state to playback state and they become system members. If
the server cannot find the appropriate candidate suppliers,
it directly transmits video data to the request nodes. The
detailed process of joining system is described in [14].

3.1.2. Playback. When the system members change the play-
back point in order to watch new content, they search new
suppliers which store requested video by sending the request
messages and change state from playback to wait. When
these system members receive the requested video data,
they also enter to playback state from wait state. When the
nodes perform the pause operation, they are the pause state
and return the playback state by the execution of playback
operation. At the moment, the nodes with pause state break
the connection with their suppliers and search for new
suppliers when they continue to watch video. Moreover, the
iteration in the playback state and the change from playback
to quitting system are random in terms of user interests for
the watched content, which is themain reason of node churn.

3.1.3. Quitting System. When the system members have
watched the whole video or lose interest for the content,
they quit current system; namely, their state changes from
playback to quitting system. In fact, the members which
have quit the system not only stop to receive video data and
disconnect with the suppliers but also empty the playback
and static buffer and remove the registered information in the
system (e.g., node list at the server side and connection with
other nodes in overlay networks).

3.2. Influence Factor. There are some influence factors for
the performance of P2P VoD systems in wireless mobile
networks, as follows.

3.2.1. Resource Distribution in Overlay Networks. The supply
of video segments in overlay networks is an important factor
for improving system scalability. In the other words, the
request nodes search the desired resources from overlay
networks, which reduces the load of the server. If there
are no available resources in overlay networks, the server
has to provide the initial streaming data for the request
nodes, which brings severely negative influence for the system
scalability and the startup delay. On the other hand, the
popular content always attracts the large number of users,
so that there is much redundancy cached content in overlay
networks, which leads to unbalanced distribution of video
segments and wastes storage space of mobile nodes. For
instance, a popular video segment is stored in the buffer
of many nodes, which results in the supply shortness of
other segments due to the limited storage capacity of mobile
nodes. The request nodes need to wait for the video data
from the server, which brings long startup delay.The uniform
distribution of video segments in overlay networks is a very
important factor for the system scalability [23]. Further, the
appropriate redundancy content in overlay networks helps
the systems to address the problems caused by the large-scale
access for the same video segment. For instance, the large
number of nodes requests the same content during a certain
period of time, which requires more available resources to
meet the demand of access. Once the access demand is not
met, the request nodes need to bear the long startup delay.
The redundancy content relieve the burden for the large-scale
resource demand.

3.2.2. Available Upload Bandwidth. Making use of residual
upload bandwidth of clients to deliver the video segments for
other request nodes is the most important factor for support-
ing the large-scale scalable deployment of P2P VoD systems.
The abundant system upload bandwidth can reduce the
waiting delay of the request nodes. However, there are some
influence factors for the provision of system upload band-
width. For instance, the limited bandwidth resource ofmobile
nodes difficultly meets the demand of huge bandwidth. The
mobile nodes have lower capacity than that of fixed nodes
(e.g., access point, server, and PC), so the limited capacity
of mobile nodes cannot support the large-scale resource
supply. The high QoE of users such as high-definition
video requires more bandwidth to meet the demand for
the visual effect, which further increases the load for the
provision of system upload bandwidth. In order to improve
resource sharing efficiency, the community members need
to maintain each other’s state. Although the autonomous
maintenance strategies may reduce the maintenance cost,
the increase in the number of community members still
consumes the large number of upload bandwidths at the
mobile node side. Moreover, the change of playback point
of community members brings a mass of request messages.
The resource search also consumes the bandwidth of relay
nodes. The efficient utilization of bandwidth of mobile nodes
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is an important issue for the system scalability and user
QoE.

3.2.3.Mobility ofMobile Nodes. Themobility ofmobile nodes
is an important factor for the QoS of systems and QoE
of users [24]. In fact, the involvement of mobility mainly
brings negative influence for the delivery performance of
video content [25]. For instance, the streaming data can be
offloaded between nodes with near geographical location in
wired networks. However, even if the request nodes connect
with the assigned suppliers which have near location in
wireless mobile networks, the mobility of nodes results in
the changes of geographical distance between requesters and
suppliers. The variation of communication distance from
one-hop tomultihops not only brings long transmission delay
but also increases the probability of connection break and
packet loss and consumes more network bandwidth. More-
over, the fragile connection between requesters and suppliers
introduces the new request messages; namely, the request
nodes again search new suppliers in order to ensure the
playback continuity. The community members preferentially
share the content because they cache and request the same
or similar content. Although the communities make use of
the built logical connection between members to support
fast search suppliers, the construction of logical connection
in overlay networks does not ensure near geographical
location. In other words, the delivery performance of video
content between members relies on the real-time awareness
of mobility between nodes and the switchover of suppliers,
which also consume the large number of bandwidths of
mobile nodes due to the exchange of messages containing
location information.The low-cost location-aware method is
a key issue for the efficiency of bandwidth utilization andQoE
of users.

4. System Model

4.1. Model for Playback Behaviors of Node. For convenience,
Notations section defines several notations which are used
in this section and the following ones. The nodes which
want to watch video content need to experience the three
states in terms of node state ring. Figure 2(a) illustrates the
node state variation in community-basedmultimedia system;
Figure 2(b) shows the variation process of node state based
on the playback behaviors. For instance, A member moves
to target community from current community with playback
state after it experiences the wait state and receives the video
data. According to the playback behaviors, the mobile nodes
do not request any video content, so they are the suspend
state. The desire for the video content drives the mobile users
to fetch streaming data from the systems by the exchange
of the request/respond messages between requesters and
suppliers (e.g., the media server and resource carriers in P2P
networks).Themobile nodes firstly send the requestmessages
to the media server in terms of the above analysis of node
state. The latter selects the appropriate candidate suppliers
from local node list for the former. At the moment, the
mobile nodes become new system members and their state
changes from suspend state to wait state. When the new

system members receive the data and start to watch video
content, they have joined the corresponding community and
become new community members, and their state changes
from wait state to playback state. The old community mem-
bers have similar state transition process. If the community
members want to watch other video segments, they need to
send the request messages to the broker nodes in current
communities. The latter forwards the request messages to
the broker nodes in target communities according to static
and dynamic connections between communities. The com-
munity members also need to wait for video data, so their
state changes from playback to wait. When the community
members obtain the video data, their state changes from wait
to playback. If the community members perform the pause
operation, they enter into the suspend state; if the community
members with suspend state continue to play video, they
return the playback state from suspend state. Moreover, if the
community members lose the interests for the played content
and quit system, they become the suspend state.

The nodes with suspend state do not introduce new traffic
to increase the load of networks, but they may request video
content at any time.Thenodeswith suspend state formanode
set 𝑆 and 𝑆(𝑡) denotes the number of items in 𝑆 at time 𝑡. The
number of nodes with wait state is an important factor for
the measurement of QoS and handling capacity of systems.
The more the number of nodes with wait state is, the longer
the startup delay of nodes is. This is because the nodes with
wait state need to wait for the assignment of suppliers and the
reception of video data.𝑊 is the set of nodes with wait state,
namely, the number of nodes which have joined the system
and are waiting for the assignment of upload bandwidth to
play video. Let 𝑊(𝑡) be the number of items in 𝑊 at time 𝑡.
𝑊 is the set of nodes with playback state, namely, the number
of nodes which have joined the system and are playing video.
𝑃(𝑡) denotes the number of items in 𝑃 at time 𝑡. The nodes
which are interested in videos or have quit system or perform
pause operation are the items in 𝑆, so 𝑆(𝑡) can be defined as

𝑆 (𝑡) = 𝑊
𝑠
(𝑡) + 𝑃

𝑠
(𝑡) + 𝑁

𝑠
(𝑡) , (1)

where 𝑊
𝑠
(𝑡) denotes the number of nodes whose state

changes from wait to suspend at time 𝑡; 𝑃
𝑠
(𝑡) denotes the

number of nodes whose state changes from playback to
suspend at time 𝑡;𝑁

𝑠
(𝑡) denotes the number of mobile nodes

which do not join the system and are interested in videos
at time 𝑡. Even if the nodes which perform pause operation
still are system members, they disconnect with the broker
members and suppliers, so that the resources carried by them
are unavailable. The increase in the number of nodes which
are interested in videos or have quit system reduces the traffic
load in networks and also results in the decrease in the
number of available resources. We use (2) to describe the
process of state change from playback and wait to suspend
state:

𝑑𝑆

𝑑𝑡
= 𝜇
𝑤
+ 𝜇
𝑝
, (2)

where𝑑𝑆/𝑑𝑡 denotes the departure rate of system; namely, the
value of 𝑑𝑆/𝑑𝑡 denotes loss rate of available resources (e.g.,
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available video content and upload bandwidth) in system. 𝜇
𝑤

and 𝜇
𝑝
are the rate of quitting system for the nodes in𝑊 and

𝑃, respectively. The nodes which are interested in videos and
the community members which request new video segments
are the main source of items in 𝑊. The number of nodes
which change suspend state to wait state in 𝑆 and 𝑃 during
a time span denotes the node arrival rate. The higher the
arrival rate is, the larger the load of resource request handled
by system is. The process of state change from playback and
suspend to wait state is described by

𝑑𝑊

𝑑𝑡
= 𝜆
𝑠
+ 𝜆
𝑝
− 𝜇
𝑤
, (3)

where 𝜆
𝑠
and 𝜆

𝑝
are the arrival rate, namely, the rate that the

nodes move from 𝑆 and 𝑃 to 𝑊. Equation (4) describes the
process of state change from wait to playback state:

𝑑𝑃

𝑑𝑡
= 𝜏
𝑤
− 𝜇
𝑝
, (4)

where 𝜏
𝑤
denotes the startup rate of nodes, namely, the rate

that the nodes in 𝑊 move to 𝑃. Equations (3) and (4) form
a model 𝑀

𝑡
for the P2P VoD system, which describes the

variation process of node state among suspend, wait, and
playback in the whole system. By the investigation for the
model 𝑀

𝑡
, we observe the evolutionary process of 𝑊 and 𝑃

and analyze the systemperformance such as startup delay and
handling capacity. In fact, 𝜆

𝑠
, 𝜆
𝑝
, and 𝜏 are themain influence

factors for the system performance.The high values of 𝜆
𝑠
and

𝜆
𝑝
mean that the system needs to handle the large number

of request messages and assign enough resources to meet the
demand of resource access. If the values of 𝜆

𝑠
and 𝜆

𝑝
keep

always high levels, the system needs to increase the value of
𝜏 to improve the provision of upload bandwidth by speeding
up the transformation rate from wait to playback.

4.2. Model for Community Resource Assignment. In order to
further analyze the influence factors for the performance and
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QoS of system, we construct the second model to describe
the variation process of resource assignment. In AMCV, the
community construction relies on the integration for the
nodes which request and play the same video segments. The
broker member 𝑛

𝑘
in any community 𝐶

𝑖
corresponding to

video segment V
𝑖
is responsible for the management and

assignment of resources and handling the request messages.
The mobile nodes and the members in other communities
may request V

𝑖
. The arrival rate 𝜆

𝑖
of V
𝑖
is defined as

𝜆
𝑖
= 𝜆
𝑚𝑖
+ 𝜆V𝑖 − 𝜇

𝑤𝑖
, (5)

where 𝜆
𝑖
is the arrival rate of V

𝑖
for 𝐶
𝑖
; 𝜆
𝑚𝑖

and 𝜆V𝑖 are the
arrival rate from the mobile nodes and the members in other
communities, respectively; 𝜇

𝑤𝑖
is the departure rate for the

new members with wait state in 𝐶
𝑖
. There are some influence

factors for 𝜆
𝑖
. For instance, the higher the popularity of V

𝑖
is,

the larger the number of requested nodes is (e.g., highlight of
video); if the content corresponding to V

𝑖
is very important

for the comprehension of story of the whole video content, V
𝑖

also attracts the large-scale access (e.g., beginning and ending
of video). The values of 𝜆

𝑚𝑖
, 𝜆V𝑖, and 𝜇

𝑤𝑖
can be obtained by

the statistical information, namely, the ratio between number
of nodes and time span. On the other hand, the supply rate 𝜑

𝑖

of V
𝑖
is defined as

𝜑
𝑖
= 𝜒
𝑖
− 𝜂
𝑖
, (6)

where 𝜂
𝑖
is considered as the lose rate for available resource

of V
𝑖
and is further defined as

𝜂
𝑖
= 𝛿
𝑖
+ 𝜇
𝑝𝑖
, (7)

where 𝛿
𝑖
denotes the rate of removing V

𝑖
for the nodes which

store V
𝑖
. The mobile nodes need to replace the content stored

in buffer due to limited storage space, which results in the
condition that the nodes which stay in the system remove V

𝑖

and stop the supply of resources for the nodes with wait state.
𝜇
𝑝𝑖
is the departure rate for the nodes which store V

𝑖
, which

denotes that the nodes which quit the system or perform
pause operation change state from playback to suspend. The
nodes which quit the system cannot provide the streaming
service for the nodes with wait state. 𝜒

𝑖
is the increase in rate

of nodes which store V
𝑖
and is further defined as

𝜒
𝑖
= 𝜏
𝑤𝑖
+ 𝛾
𝑖
, (8)

where 𝜏
𝑤𝑖

is the startup rate, namely, the conversion rate
of node state from wait to playback for V

𝑖
; 𝛾
𝑖
is supply rate

of resources for the nodes which store V
𝑖
. The higher the

values of 𝜏
𝑤𝑖

are, the more the number of available resources
is. When the nodes which only finish startup download V

𝑖
,

they become supply nodes. The scale of available resource
of V
𝑖
influences the value of 𝜏

𝑤𝑖
; namely, the system needs

to provide enough resources to improve the startup rate.
Equation (6) can be redefined as

𝜑
𝑖
= 𝜏
𝑤𝑖
+ 𝛾
𝑖
− 𝛿
𝑖
− 𝜇
𝑝𝑖
. (9)

Equations (5) and (9) form a model 𝑀
𝑎
for commu-

nity resource assignment, which describes the variation

process of node state for supply and demand of commu-
nity resources. 𝑀

𝑎
describes the relationship and evolution

between requesters and suppliers and shows the key influ-
ence factors for the resource assignment, QoS, and sharing
performance.We further analyze some important parameters
in 𝑀
𝑠
. The high QoS of system requires the minimization

of startup delay. The startup delay is defined as 𝑇
𝑠
= 𝑇
𝑙
+

𝑇
𝑤
+ 𝑇
𝑑
where 𝑇

𝑙
is the resource lookup delay, 𝑇

𝑤
is the

delay of waiting for the assignment of upload bandwidth and
𝑇
𝑑
is the delay of downloading data to meet the demand of

watching video. The topology structure of overlay networks
and the resource lookup strategies determine the value of
𝑇
𝑙
. The communities make use of the connections between

brokermembers to achieve low lookup delay.The total upload
bandwidth in communities and the demand of request nodes
for the download bandwidth determine the value of 𝑇

𝑤
. Let

𝐵
𝐶𝑖
and 𝐵

𝑟
be the total upload bandwidth in a community 𝐶

𝑖

and the bandwidth demand of request nodes, respectively. If
𝐵
𝐶𝑖
≥ 𝐵
𝑟
, 𝑇
𝑤
= 0. Otherwise, if 𝐵

𝐶𝑖
< 𝐵
𝑟
, 𝑇
𝑤
> 0; namely, the

request nodes need to wait for the enough upload bandwidth
to receive data and play video. If a part of request nodes
with wait state quickly change to the playback state, they
contribute their own upload bandwidth to serve other nodes
with wait state. The low startup delay requires the supply rate
and arrival rate needed tomeet (10) in the condition of limited
upload bandwidth:

𝜏
𝑤𝑖
+ 𝛾
𝑖
− 𝛿
𝑖
− 𝜇
𝑝𝑖
≥ 𝜆
𝑖
. (10)

In fact, the arrival and startup rate denote the increase
in rate of demand and supply for the upload bandwidth
during a period time. If the arrival rate is lower than the
startup delay, the high startup rate can speed up the increase
in the provision of upload bandwidth and reduce the wait
delay of request nodes. Because the request nodes have been
aware of the information of suppliers, the video delivery
performance determines the value of 𝜏

𝑤𝑖
. In order to achieve

the minimization of startup delay, the transmission delay and
packet loss rate (PLR) in the process of delivery should be
kept at low levels [26]. Moreover, the performance of video
delivery determines the value of𝑇

𝑑
and influences the system

QoS. The low efficiency of video delivery such as high PLR
and long transmission delay increases the startup delay, so the
nodes with wait state occupy upload bandwidth of connected
suppliers for a long time.The transmission strategies based on
the awareness of path quality can efficiently reduce PLR and
transmission delay. On the other hand, the mobility leads to
the dynamic change of transmission path between suppliers
and requesters with the dynamic change of geographical
distance between mobile nodes. The dynamic change of
transmission path leads to high PLR and link break, which
increases the startup delay and reduces the startup rate [27].
We use the following equation to describe the relationship
among assigned upload bandwidth, PLR, and startup time:

∫

𝑡

𝜔(𝑡)

𝐵 (𝜉) (1 − 𝑃) 𝑑𝜉 = 𝑠
𝑖
, (11)

where 𝑠
𝑖
is the size of V

𝑖
; 𝑃 denotes PLR; 𝐵(𝜉) is the assigned

bandwidth; 𝜔(𝑡) is the start time of downloading V
𝑖
. If 𝐵(𝜉) is
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Figure 3: Number of nodes with wait state in AMCV.

a constant and is equal to the playback rate, the minimization
of PLR can ensure high startup rate. The provision of suffi-
cient bandwidth also reduce the startup delay, in particular,
the concurrent multipath transmission makes use of the
aggregation of bandwidth to achieve fast startup of request
nodes. We analyze the influence of parameters in 𝑀

𝑎
for

the system QoS. If the arrival and departure rate meet the
Poisson distribution (there is no flash crowd), the delivery
performance of video becomes the key factor for decreasing
startup delay and increasing upload bandwidth. Moreover,
the optimization of resource distribution in overlay networks
by cooperative resource caching in other communities also
improves the provision of upload bandwidth. The model𝑀

𝑡

shows the influence of arrival and startup rate in the system
for the system QoS except for the variation of node state.𝑀

𝑎

not only analyzes the influence of arrival and startup rate in a
community for the system QoS but also shows the influence
of resource distribution, upload bandwidth, and mobility for
the relationship between arrival and startup rate from the
two aspects: the relationship between supply and demand of
resources and the system QoS. In fact, in terms of the above
analysis results,𝑀

𝑎
and𝑀

𝑡
demonstrate that the distribution

and delivery of resources are key factors for the performance
and QoS of system.

According to the original simulation settings of AMCV,
wemake use of the simulation results of AMCV to analyze the
influence factors in 𝑀

𝑡
and𝑀

𝑎
for the system performance.

In Figure 3, theAMCVcurve corresponding to the number of
nodes with wait state fast rises from 𝑡 = 60 s to 𝑡 = 360 s and
quickly decreases from 𝑡 = 420 s to 𝑡 = 600 s. In Figure 4, the
AMCV curve corresponding to the startup delay decreases
from 𝑡 = 60 s to 𝑡 = 180 s, increases from 𝑡 = 240 s to
𝑡 = 360 s, and keeps the fall trend from 𝑡 = 420 s to 𝑡 = 600 s.
Initially, after the mobile nodes join the system, they rely
on the provision of video data from the server, so that the
number of nodes with wait state keeps at low level. However,
with increasing number of nodes in P2P networks request,
the new system members and community members which
change current playback point fetch the video content from
the P2P networks. If the startup delay which is defined as the
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Figure 4: Average startup delay in AMCV.

sum of the time of message exchange between requester and
supplier and the transmission time of initial video data keeps
at high level, the nodes with wait state stay in wait queue for a
long time, which leads to the increase in the number of nodes
in wait queue. The community members mainly make use
of the prefetched content to reduce startup delay. However,
the community members only share the resources stored in
prefetched and played buffer; namely, the limited resource
provision leads to the high startup delay (the out-streaming
number at the server side denotes constrained resources).
Obviously, the resource sharing performance of AMCV does
not achieve the high handling capacity of system for the nodes
in wait queue.

4.3. Improved Resource Sharing Strategies. In order to pro-
mote the resource sharing performance, we improve the
resource sharing strategies in terms of the analysis of 𝑀

𝑡

and 𝑀
𝑎
. Figure 5 shows the improved resource sharing

modes from the perspectives of both multiple community
connections and service priority.

AMCV makes use of the static and dynamic connections
to support the fast resource lookup. The broker members in
communities bridge the requesters and suppliers. However,
the limited capacities (e.g., computation, storage, bandwidth,
and energy) of broker members difficultly handle the large-
scale request. The high load of handling messages not only
influences the system scalability, but also results in long
handling delay. In fact, the prefetching is also a special lookup;
namely, the nodes with playback state searchwatched content
in the future, in order to ensure smooth playback. The nodes
which perform prefetching are aware of the information of
suppliers in communities corresponding to prefetched video
segments; namely, they help the broker members in current
communities to handle the request messages. For instance,
𝑛
𝑎
is a member in community 𝐶

𝑖
and connects with the

supplier 𝑛
𝑏
in community 𝐶

𝑗
, with the help of the broker

member 𝑛
𝑘
in 𝐶
𝑖
. 𝑛
𝑘
records the information of content

prefetched by 𝑛
𝑎
. If the members in 𝐶

𝑖
or other communities

and the mobile nodes need to contact with the suppliers
in 𝐶
𝑗
, 𝑛
𝑘
forwards the request messages to 𝑛

𝑎
. The latter
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Figure 5: Resource sharing based on multiple community connections and service priority.

(1) /∗ 𝑛
𝑘
is broker member in community 𝐶

𝑖
; RL
𝑖
is available resource list in 𝐶

𝑖
∗/

(2) 𝑛
𝑘
receives request message sent by any node or broker members in other communities for video segment V

𝑗
;

(3) if RL
𝑖
includes V

𝑗

(4) 𝑛
𝑘
forwards the request to a member caching V

𝑗
;

(5) else 𝑛
𝑘
forwards request to maintained broker member having shortest distance with target community

(6) end if
(7) if requester is member in 𝐶

𝑖

(8) 𝑛
𝑘
record information of requester into RL

𝑖
;

(9) end if

Algorithm 1: Process of resource lookup.

directly provides the video data for the requesters and helps
the requesters to register in𝐶

𝑗
by forwarding the information

of requesters to 𝑛
𝑏
. In the other words, a community has

multiple interfaces with other communities, which improves
the resource lookup efficiency. This is because the broker
members do not maintain the connections with all com-
munities, and the connections maintained by the members
cover the shortage for the awareness of available resources
in other communities. Moreover, the members which act as
community interfaces and make use of prefetched content
participate in the assignment of resources, which improves
the resource utilization (e.g., unoccupied upload bandwidth
and prefetched video content).Thepseudocode of the process
of improved resource lookup is detailed in Algorithm 1.

On the other hand, the utilization efficiency of upload
bandwidth of community members is a key factor for the
reduction of number of nodes with wait state. The member
selfishness is an important influence factor for the available
upload bandwidth except for the resource assignment strate-
gies. Each member has a service priority function 𝐹

𝑠
() and

the request message adds a field which contains the total
amount of contributed upload bandwidth of requesters. The
broker members determine the priority of handling request
message according to the upload bandwidth of nodes in the
request message queue; namely, 𝐹

𝑠
(𝑛
𝑎
) = 𝐵

𝑎
/∑
𝑚

𝑐=1
𝐵
𝑐
. 𝑚

is the number of items in the message queue and 𝐵
𝑎

=

∑
𝑘

𝑐=1
𝑤
𝑐
𝐵
𝑐
is the weighted upload bandwidth of 𝑛

𝑎
where 𝑤

𝑐

is a weight value corresponding to video segment V
𝑐
and 𝐵

𝑐

is the real total amount of contributed upload bandwidth
corresponding to V

𝑐
. In fact, 𝑤

𝑐
is a variable and is defined

as 𝑤
𝑐
(𝑡) = arccot(𝑆𝐵

𝑐
(𝑡) − 𝐷𝐵

𝑐
(𝑡))/∑

𝑛

𝑒=1
arccot(𝑆𝐵

𝑒
(𝑡) −

𝐷𝐵
𝑒
(𝑡)), 𝑤

𝑐
(𝑡) ∈ (0, 1) where 𝑆𝐵

𝑐
(𝑡) and 𝐷𝐵

𝑐
(𝑡) denote

the total amount of available and needed upload bandwidth

for V
𝑐
at time 𝑡, respectively, and 𝑛 is the number of video

segments. 𝑆𝐵
𝑐
(𝑡)−𝐷𝐵

𝑐
(𝑡) > 0 denotes that V

𝑐
has redundancy

upload bandwidth; 𝑆𝐵
𝑐
(𝑡) − 𝐷𝐵

𝑐
(𝑡) < 0 indicates that V

𝑐

is a scarce resource. Obviously, The weight values of scarce
resources are more than those of redundancy resources. The
definition of contributed upload bandwidth can encourage
the members to cache scarce resource, in order to balance
supply and demand for the whole resource distribution. The
suppliers also make use of 𝐹

𝑠
() to determine the priority of

nodes in the wait queue of data transmission. Although the
priority-based serving rule leads to the high wait delay for the
new members, it promotes the balance between supply and
demand for the available upload bandwidth in the whole P2P
networks, which improves the handling capacities of system
and reduces the average startup delay of all nodes. Further,
we use a periodical estimation method of transmission path
quality to improve the delivery capacities according to our
previous work [20], which also reduces the startup delay and
improves the resource sharing performance.

5. Testing and Test Results Analysis

5.1. Testing Topology and Scenarios. We compare the perfor-
mance of the improved solution (IAMCV) with the original
AMCV [14]. Table 1 shows some simulation parameters of the
wirelessmobile network for IAMCVandAMCV.Thenumber
of video segments is 20 and the length of each segment is 30 s.
The number of mobile nodes is 400 in the wireless mobile
network. We created 200 user viewing logs in terms of the
interactive behaviors. The 200 mobile nodes join the system
following the Poisson distribution from 0 s to 420 s and play
video content following created 200 logs. The mobile nodes
move according to randomly assigned location, speed, and
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Table 1: Simulation parameter setting for wireless mobile network.

Parameters Values
Area 1000 × 1000m2

Channel Channel/Wireless Channel
Network interface Phy/WirelessPhyExt
MAC interface Mac/802 11
Number of mobile nodes 500
Mobile speed range of nodes [1, 30]m/s
Simulation time 600 s
Signal range of mobile nodes 200m
Default distance between server and
nodes 6 hops

Transmission protocol TCP
Wireless routing protocol DSR
Bandwidth of server 20Mb/s
Bandwidth of mobile nodes 2Mb/s
Transmission rate of video data 128 kb/s
Pause time of mobile nodes 0 s
UT 60 s
𝑃𝑇
𝑏

0.2
𝑃𝑇
𝑟

0.12
𝛼 0.5
𝛽 0.5

moving target.Themobile nodes continue tomove according
to reassigned target location and speed after they arrive at
the originally assigned target. The default distance between
server and nodes is set to 6 hops.

5.2. Performance Evaluation. The performance of IAMCV is
compared with that of AMCV in terms of average startup
delay, number of nodes with wait state, and conversion rate
of node state from wait to playback, respectively.

5.2.1. Average Startup Delay. The difference between time
of sending request message and receiving first video data is
defined as the startup delay.The average value of startup delay
of all nodes during a time interval𝑇 = 60 s and in the process
of node joining system denotes the average startup delay.

As Figure 6 shows, the blue curve corresponding to
AMCV results fast falls from 𝑡 = 60 s to 𝑡 = 120 s, keeps
increasing trend from 𝑡 = 180 s to 𝑡 = 300 s, and continues to
decrease from 𝑡 = 360 s to 𝑡 = 600 s with a slight fluctuation.
The red curve of IAMCV has similar variation process with
AMCV; namely, it fast decreases from 𝑡 = 60 s to 𝑡 = 120 s,
increases from 𝑡 = 180 s to 𝑡 = 300 s, and keeps falling from
𝑡 = 360 s to 𝑡 = 600 s. Although the curve of IAMCV is higher
than that of AMCV from 𝑡 = 60 s to 𝑡 = 120 s, the results of
IAMCV are better than those of AMCV from 𝑡 = 180 s to
𝑡 = 600 s.

Figure 7 shows the variation process of AMCV and
IAMCV with increasing number of nodes. AMCV’s blue
curve fast decreases with the increase in the number of
nodes from 20 to 60 and also experiences a fall trend after
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Figure 6: Average startup delay against simulation time.
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Figure 7: Average startup delay against number of nodes.

rising from 80 to 200. IAMCV’s results have two fluctuations,
namely, a rise after fall with the increase in the number
of nodes from 20 to 140 and a fall trend from 140 to 200.
IAMCV’s curve is lower than that of AMCV.

The startup delay includes the resource lookup delay
and the transmission delay of first video data. Initially, the
request nodes fetch the video content from the server. The
long communication distance between nodes and server
leads to high transmission delay of request message and
video data. After the construction of communities, the broker
members rely on the static connections between communities
to forward the request messages, which also brings high
lookup delay. Therefore, the curves of AMCV and IAMCV
keep high levels in the initial simulation process. With the
construction of dynamic connections between communities,
the broker members can fast forward the request messages,
which reduces the lookup delay. However, the increase in
the number of request nodes not only causes high load of
handling request messages for the broker members but also
leads to high traffic in the network.Thehigh delay of handling
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Figure 8: Number of nodes with wait state against simulation time.

messages and network congestion also results in the high
levels for the startup delay. Therefore, the curves of AMCV
and IAMCV keep a rise trend after fall. With the departure of
nodes, the remission of network congestion and the decrease
in the number of request messages enable the startup delay
of the two solutions to fast decrease. AMCVmainly relies on
the static and dynamic connections to achieve fast resource
lookup. However, the number of dynamic connections and
the capacity of broker members become the bottleneck of
performance of resource lookup. Therefore, the increase in
the number of request messages and video streaming leads to
high startup delay for AMCV. IAMCV allows the community
members to act as the interfaces between communities to
relieve the load of broker members. In the other words,
the broker members make use of the prefetched resources
and the awareness results of resource information in other
communities to enable the request messages to offload in the
local communities. This leads to the reduction of times of
forwarding request messages and load of broker members.
Therefore, the performance of startup delay of IAMCV is
better than that of AMCV.

5.2.2. Number of Nodes with Wait State. We investigate the
number of nodes with wait state according to time 𝑡 and
number of nodes joining system.

As Figure 8 shows, the curves of AMCV and IAMCV
experience the similar variation process, namely, a fall after
fast rise from 𝑡 = 60 s to 𝑡 = 600 s. IAMCV’s curve is
lower than that of AMCV during the whole simulation
time. Figure 9 shows the variation process of curves of two
solutions with increasing number of nodes. Although the
curves of AMCV and IAMCV also have similar variation,
the curve of IAMCV has low levels than that of AMCV and
IAMCV has less peak value (the number of nodes with wait
state 28 at 𝑡 = 160 s) than that of AMCV.

The efficiency of resource assignment and handling
request messages determines the number of nodes with wait
state. Initially, the small number of nodes join the system
and the server provides the video data. The number of nodes
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Figure 9: Number of nodes with wait state against number of nodes.

with wait state keeps at low level. The increase in the number
of nodes joining system leads to the rise of node arrival
rate, so the increase in the load of handling messages and
the requirement of upload bandwidth and video resources
causes the rise of startup delay. Therefore, the number of
nodes with wait state keeps increase trend. The departure
of nodes reduces the load of handling message and the
requirement for the upload bandwidth and video resources,
so the number of nodes with wait state also fast decreases.
AMCV makes use of the static and dynamic connections
between communities to support efficient resource lookup,
but the unbalanced distribution of video resources results in
the shortage of available resources. IAMCV not only makes
use of the prefetched content to make up for the shortage
of available resources but also employs the priority-based
resource assignment in terms of the contribution of nodes
to achieve the uniform distribution of video resources in the
overlay network. Therefore, the performance of IAMCV for
the number of nodes with wait state surpasses that of AMCV.

Conversion Rate of Node State from Wait to Playback. The
number of nodes which change state from wait to playback
during a period time 𝑇 = 60 s is defined as the conversion
rate of node state, which indicates the handling capacities of
system for the resource request.

As Figure 10 shows, the curves of AMCV and IAMCV
for the conversion rate of node state have similar variation
process during the whole simulation time, namely, a slow fall
after a fast rise. The blue curve corresponding to AMCV’s
results fast increases from 𝑡 = 60 s to 𝑡 = 420 s, reaches the
peak value (160) at 𝑡 = 420 s, and falls from 𝑡 = 480 s to
𝑡 = 600 s. IAMCV’s curve also experiences the similar change
and has higher level and larger peak value (164 at 𝑡 = 420 s)
than those of AMCV.

Except for the startup delay, the serving capacity is a
key factor for the estimation of system performance. The
former mainly reflects the user QoE and the latter denotes
the service scale. The main purpose of system is to enable
the request nodes to quickly watch video and keep playback
continuity by scheduling available resources. Initially, the
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Figure 10: Conversion rate of node state from wait to playback
against simulation time.

small number of mobile nodes joins the system and requests
video content, which does not bring high load of handling
messages and scheduling resources.This is because the server
provides the initial video data and the number of request
nodes is, respectively, less. The increase in the scale of
request nodes brings high load of handling messages and
scheduling resources, so that the rise of conversion rate of
node state keeps slow process. According to the analysis
of 𝑀
𝑡
and 𝑚

𝑎
, the conversion of node state from wait to

playback relies onmultiple factors: resource lookup delay and
video transmission delay. The former denotes the time of
resource location and is mainly influenced by P2P network
architecture and resource distribution. For P2P network
architecture, IAMCV allows the community members to
participate in handling requestmessages to enable the request
messages to be offloaded in local communities, which reduces
the resource lookup delay. For resource distribution, IAMCV
encourages the community members to cache the scarce
resources by the definition of service priority levels in terms
of contributed upload bandwidth, which achieves optimal
resource distribution to reduce the wait delay. The latter not
only is the time of playback startup but also denotes the time
that the request nodes become available resource suppliers,
which is influenced by the condition in the transmission
path of video data. The geographical location and mobility
of requesters and suppliers can result in the change of
transmission path, so they are the important influence factors
for the transmission performance. AMCV and IAMCV do
not consider the mobility of mobile nodes and the awareness
of path and regulation of transmission strategies, so IAMCV
mainly makes use of the optimization of architecture and
resource distribution to obtain better performance than that
of AMCV for the conversion rate of node state.

6. Conclusion

In this paper, we construct the two models for the node
state variation from the perspectives of both joining and

quitting system and resource assignment. Based on the built
models, we analyze the influence degree of the three factors:
available upload bandwidth, resource distribution in overlay
networks, andmobility of mobile nodes for the video sharing
performance.We find that the balanced resource distribution
can reduce the resource lookup delay; the mobility of mobile
nodes can influence the transmission delay of video data; the
available upload bandwidth brings severe influence for the
delay of video transmission and resource lookup. According
to the analysis for the influence factors, we improve the
communication between communities by the permission
of participation of available resource assignment for the
community members and design an incentive mechanism
based on the service priority in terms of the contributed
upload bandwidth to achieve optimal resource distribution.
The simulation results show how the improved method
IAMCVhas lower average startup delay, less number of nodes
with wait state, and higher conversion rate of node state from
wait to playback than AMCV.

Notations Used by Models

𝑆(𝑡): Number of nodes with suspend state at time 𝑡
𝑊(𝑡): Number of nodes with wait state at time 𝑡
𝑃(𝑡): Number of nodes with playback state at time 𝑡
𝜇
𝑤
: Quitting rate of nodes with wait state

𝜇
𝑝
: Quitting rate of nodes with playback state

𝜆
𝑠
: Arrival rate of nodes from suspend state to wait

rate
𝜆
𝑝
: Arrival rate of nodes from playback state to

wait rate
𝜏
𝑤
: Startup rate of nodes with wait state

𝐶
𝑖
: Community corresponding to V

𝑖

𝜆
𝑖
: Arrival rate of nodes requesting V

𝑖

𝜆
𝑚𝑖
: Arrival rate of mobile nodes requesting V

𝑖

𝜆V𝑖: Arrival rate of nodes in other communities
requesting V

𝑖

𝜇
𝑤𝑖
: Departure rate of members with wait state in 𝐶

𝑖

𝜑
𝑖
: Resource supply rate of V

𝑖

𝜒
𝑖
: Increase rate of nodes caching V

𝑖

𝜂
𝑖
: Resource lose rate of V

𝑖

𝛿
𝑖
: Rate of nodes removing V

𝑖

𝜇
𝑝𝑖
: Departure rate of nodes caching V

𝑖

𝜏
𝑤𝑖
: Increase rate of nodes whose state changes

from wait to playback in 𝐶
𝑖

𝛾
𝑖
: Rate of nodes caching V

𝑖
.
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Recently there has been a new emerging trend in integratingNamedDataNetworking (NDN) andwireless sensor networks (WSNs)
together to implement real data-centric Internet of Things (IoT). However, the main solutions in current literature lack energy
efficient design to meet the severely limited energy resources in WSNs. In this paper, we propose a dual mode Interest forwarding
scheme (called DMIF in short) for NDN-based WSNs. The DMIF consists of two combined forwarding modes, in which several
energy efficient mechanisms including flexible mode shift, flooding scope control, broadcast storm avoidance, packet suppression,
and energy weight factors are designed to save and balance the energy consumption. We extend the ndnSIM to support wireless
multihop communication to validate the proposed scheme. Simulation experiments show that the DMIF outperforms the baseline
schemes in terms of total energy consumption, energy equilibrium rate, and network lifetime.

1. Introduction

Starting as a futuristic concept, the idea of wireless sensor
networks (WSNs) has come a long way in past decades.
Meantime, routing design is always one of themost important
research topics in WSNs community [1, 2]. In earlier stage of
WSNs research, data-centric routing protocols play impor-
tant roles, in which the sink sends Interests to the network
and waits for data from the sensors without awareness of
the identity of the sensors in advance. The basic idea of the
data-centric routing is decoupling the sensed content from
the sensor identity. However, such data-centric schemes are
based on stand-alone solutions for routing [3], rather than a
comprehensive solution for thewhole Internet and Internet of
Things (IoT). In addition, there are no detailed and standard
naming schemes for various and complex applications in the
literature [1]. All these factors limit the deployment of the
data-centric approaches in practice for WSNs.

Fortunately, as an emerging future Internet architecture,
Named Data Networking (NDN) [4] has been proposed
and developed based on information centric networking in
recent years.TheNDN adopts a receiver-based service model
and changes the communication paradigm from traditional

host-centric communication to named data-centric com-
munication. In the NDN, forwarding of Interest and Data
packets is performed based on a distributed way, rather than
centralized name resolution and content discovery, which
naturally meets the requirements of WSNs and IoT well.
The emergence of the NDN provides a good opportunity to
rethink how to design real data-centricWSNs. Recently, some
research works have been investigated on how to apply the
NDN to WSNs [3, 5–9] and how the WSNs fit much more
naturally into the emerging NDN architecture compared to
conventional TCP/IP based technologies.

Nevertheless, there are still some open issues left for
research [10], including naming, routing and forwarding,
security, caching, transport control, and deployment mode,
since original NDN is designed aiming at a whole Internet
architecture, rather than WSNs.

In this paper, we focus on Interest forwarding and
routing issues for NDN-based WSNs. Regarding routing and
forwarding, there have been few works in this area. In the
literature [3], a routing scheme inspired by the directed diffu-
sion (DD) [11] and coupled with several anticollision timers is
proposed to meet the requirements of periodical monitoring
applications. In [5], the authors design a one-hop forwarding
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and routing protocol for multisource data retrieval in NDN-
based IoT. A vanilla Interest flooding scheme and a reactive
optimistic name-based routing scheme are proposed in [6].
However, these proposed routing schemes work without con-
sideration about controlled flooding scope and energy aware-
ness, so that they are not suitable for WSNs with severely
limited energy and computation resources.

In addition, some research works [10] have dealt with for-
warding and routing schemes in NDN-based wireless ad-hoc
networks. Due to the challenges on the mobility and resource
limitation in ad hoc networks, reactive flooding is usually
adopted to discover potential content providers, rather than
proactive routing, which needs toomuch cost tomaintain the
routing reachability for wireless ad hoc networks.

According to the survey in [10], the reactive forwarding
in named data wireless ad hoc networks can be classified into
two categories: blind forwarding and aware forwarding. In
the blind forwarding, each node broadcasts Interest packets
to discover the content sources. To avoid broadcast storm
and improve source discovery efficiency, some timer-based
packet suppression schemes [12, 13] are proposed to control
the blind broadcast of Interest forwarding. On the other
hand, the basic idea of the aware forwarding is selecting the
next-forwarders [14–16] or content providers [12, 17, 18] in
the Interest forwarding based on awareness of related net-
work information, such as transmission distance, message
redundancy, geographical location, and data retrieval rate.
However, all the previous solutions about the Interest for-
warding are based on wireless ad hoc networks and lack of
considerations about severely limited energy resources and
more challenging environment in WSNs.

In this paper, based on previous works in the literature,
we propose an energy efficient dual mode Interest forward-
ing approach (named DMIF in short) for NDN-basedWSNs.
The DMIF consists of two forwarding modes: flooding mode
and directive mode. In the flooding mode, three schemes
including scope control, packet suppression, and broadcast
storm avoidance based on an energy weight factor are
designed to support controlled flooding and reduce the net-
work overhead. In the directive mode, the Interest forward-
ing is guided in an energy awareness way based on the
lookup results at the Forwarding Information Base (FIB)
maintained by the passing Data packets along the reverse
paths, thus improving the Interest forwarding and content
transfer efficiency. The two modes in the DMIF work in a
combined way and mode shift is allowed at any relay nodes
if necessary. In addition, we extend ndnSIM [19, 20] to
support wireless multihop communication and conduct sim-
ulation experiments, the results of which validate the pro-
posed scheme and show that the DMIF scheme can reduce
and balance total energy consumption and prolong network
lifetime significantly in contrast with the baseline schemes.

The remainder of this paper is organized as follows.
Section 2 reviews the related work. Section 3 describes the
concerned application scenarios and a three-dimensional
naming scheme. Section 4 is devoted to a detailed design
of the energy efficient Interest forwarding based on two
combined modes. Section 5 presents our simulation results
and Section 6 concludes the paper.

2. Related Work

2.1. NDN: An Overview. As one promising ICN architecture,
NDN [4] replaces the IP addresses with content chunks
at the narrow waist of current Internet’s hourglass model.
A receiver-driven and content centric communication para-
digm is defined in the NDN-based on the exchange of two
types of packets: Interest and Data, which carries hierarchi-
cally structured names. Each NDN router maintains three
data structures: (i) a FIB indexed by the content name prefixes
and used to guide the Interest packets to the content sources;
(ii) a Pending Interest Table (PIT) storing all Interests that
are not yet satisfied and guiding the Data packets along the
reverse path; (iii) a content store (CS) which temporarily
caches the incoming Data packets to satisfy future Interests.

To retrieve a content, a consumer sends an Interest packet
carrying the name of the desired content into the network.
When a NDN router receives an Interest from a downstream
neighbor, it makes a lookup in local CS by matching the
content name at first. If thematch hits, the router will send the
Data back towards the consumer. If the match in the CS fails
and amatch in the PIT is found, the Interest will be discarded.
Otherwise, a new PIT entry will be created and the Interest
will be further forwarded to the upstream neighbor(s) based
on the FIB information.When aNDN router receives Data, it
forwards the Data along the reverse path taken by the Interest
based on the PIT. Meanwhile, the router caches the content
carried in the Data packet and the related PIT entries are
removed. Thus, the Data packet returns to the requesting
consumer finally.

In general, the NDN uses different interfaces at a node to
discriminate the upstreamneighbors and downstreamneigh-
bors. In the NDN, a node can forward the incoming Interest
to the upstream neighbors by sending out the packet over all
the network interfaces except the one fromwhich the Interest
arrives. In wireless multihop communication environment
considered in this paper, there is only single wireless network
interface at a node, which poses a challenge in the design of
the Interest forwarding strategy for wireless NDN.

2.2. NDN-Based Wireless Sensor Networks. The receiver-
based service model in the NDN fits naturally into data-
centric WSNs. Recently, some research works [3, 5–9] have
shown that WSNs can benefit from basic idea of the NDN
design.

In [7], a wireless recharging system for WSNs is pro-
posed based on the NDN to validate that the hierarchical
naming structure fits in naturally with energy aggregation
requirements and its inherent mobility supporting ability is
very attractive for mobile recharging system. In order to
meet the memory and computational constraints of WSNs,
a light-weight content centric networking protocol [8] with
simplified message format and flexible naming strategy is
proposed for WSNs. In [9], the authors analyze the benefits
(e.g., security, data aggregation, andmobility) by applying the
NDN into IoT applications and provide a high-level NDN
architecture that specially meets the IoT challenges. How-
ever, there are no Interest forwarding strategies for WSNs
discussed in the above literature [7–9].
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In [5], a comprehensive framework for reliable retrieval
from multiple wireless sources is proposed based on Data
suppression, collision avoidance, and Exclude field carried
in the Interest packets. However, the proposed framework
is only suitable for one-hop wireless scenarios. Interest
forwarding based onmultihopmesh networks is discussed in
[3, 6]. A blind flooding based on a deferred timer is designed
to discover potential content providers in [3]. In addition,
inspired by the DD protocol [11], each NDN node maintains
a direction state during the Data packet forwarding in the
blind flooding phase to facilitate future Interest forwarding.
Similarly, a vanilla Interest forwarding (VIF) and a reactive
optimistic name-based routing (RONR) are proposed in [6]
to support basic blind and stateful forwarding, respectively.
In our paper, the proposed DMIF combines two Interest
forwarding modes together and supports flexible mode shift
when needed, which is different from the related two Interest
forwarding schemes in [3, 6] working in a parallel way.
In addition, energy consumption and controlled scope are
integrated into the blind forwarding phase to improve the
energy efficiency of the system in this paper. In [21], the
authors extended the deferred timer calculation in [3] to
let the nodes with higher energy level forward Interest
packets with higher priority. However, there is no weight
factor between residual energy and transmission distance
considered in the timer calculation. Moreover, the energy
efficient stateful forwarding is not supported in [21].

2.3. Interest Forwarding in NDN-Based Wireless Ad Hoc
Networks. Compared withWSNs, more research works have
been investigated in NDN-based wireless ad hoc networks,
mostly focusing on vehicular communications. According to
the survey in [10], the reactive forwarding in named data
wireless ad hoc networks can be classified into two categories:
blind forwarding and aware forwarding.

In the blind forwarding, some timer-based packet sup-
pression schemes [12, 13] are proposed to control the blind
broadcast of the Interest forwarding and avoid the broadcast
storm. In [13], the authors develop a collision prevention
solution based on a uniform random timer to support NDN-
based V2V traffic information dissemination. In addition, a
proactive data pushing scheme through active overhearing
is proposed in [13] to speed up the Data propagation, which
is different from the receiver-based service model in original
NDNdesign. Similarly, a set of timers and packet suppression
solutions are proposed in [12, 17, 18] to avoid packet collision
inNDN-based vehicular environment.The deferred timer for
Interest is longer than the one for Data, which gives higher
access priority to Data over Interest packets. The above blind
forwarding schemes are based on uniform random timers,
whereas the deferred timer in this paper is based on trans-
mission distance and residual energy at intermediate nodes
and makes the flooding-based forwarding not too blind.

On the other hand, the basic idea of the aware forwarding
is selecting the next-forwarders [14–16] or content providers
[12, 17, 18] in the Interest forwarding based on the aware-
ness of related network information, such as transmission
distance, message redundancy, geographical location, and
data retrieval rate. In [14], a direction-selective forwarding

scheme is proposed to choose the farthest node in each
quadrant as the forwarder by information exchanging among
Interest senders and receivers with two extended types of
messages. The dedicated information exchanging for choice
of the relay nodes may increase the system complexity. In the
proposed DMIF, the deferred timer based on transmission
distance gives the farther nodes with higher priority in the
Interest forwardingwithout extra information exchanging. In
the neighborhood-aware Interest forwarding (NAIF) scheme
[15], the relay nodes are chosen in a probabilistic way based
on two important historical factors, data retrieval rate and
forwarding rate. The former is the ratio of the number
of Data packets successfully retrieved to the number of
Interest packets sent, and the latter reflects the fraction of
the incoming Interest packets that a given node will forward.
In [16], a gossip algorithm named BlooGo is developed to
disseminate messages throughout the wireless NDN net-
work with a minimum number of transmissions. The basic
idea is that a relay node forwards the message only if its
neighborhood is not strictly included into the one of the
sender. The comparison of the neighboring relationship is
performed based on a bloomfilter. In a word, the above aware
forwarding schemes need extra algorithms to obtain the
related information for choice of the relay nodes, whereas the
aware forwarding in the DMIF is based on the information
left by the passing Data packets without extra overhead.

In the literature [12, 17, 18], the authors design a provider-
aware forwarding (PAF) scheme to guide the Interest for-
warding after the blind flooding. Each node maintains a
distance table recording the distance information between
local node and potential content providers. After receiv-
ing multiple Data packets replied from potential content
providers, the consumers choose the nearest one among them
and carry the provider ID and distance information in future
Interest packets. The relay nodes forward the Interests to
the direction of the selected provider based on the distance
table. The basic idea in [12, 17, 18] is similar to the proposed
DMIF. In our paper, we are concerned about energy efficient
forwarding for Interest packets. Specifically, the hop and
residual energy metrics are carried in Data packets along
the reverse paths to maintain the FIB and assist in future
Interest forwarding in order to balance energy consumption
and prolong network lifetime. In addition, the provider-
aware forwarding and blind forwarding are two parallel
modes in [12, 17, 18], which means the content consumer
needs to restart the blind forwarding after the provider-aware
forwarding fails in the relay nodes. In the DMIF, the two
modes work in a combined way and mode shift is allowed
at any relay nodes when needed.

3. Scenario Description and Naming Scheme

In this paper, we are concerned about a NDN-based WSN
application in which multiple sinks are acting as content
consumers that send periodic Interests to query the related
information (e.g., temperature, humidity) sensed by the static
sensors acting as content providers in specific areas. The
sinks are powerful devices, but the sensor nodes are resource
limited devices, including energy, computing, and memory,
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Figure 1: Dual mode Interest forwarding for NDN-based WSNs.

requiring that the process of the content query and retrieval
should be energy efficient.

Data naming is one of the most important technologies
in the NDN architecture, which may affect the design of
the Interest forwarding and routing. In the concerned appli-
cation, there are three-dimensional attributes to describe a
content name: time dimension, space dimension, and type
dimension.Therefore, based on the readable and hierarchical
rules of NDN naming, we propose the following three-
dimensional naming for the raw data in this application, in
which “WSNs” is a dedicated prefix to identify the proposed
naming scheme.

/𝑊𝑆𝑁𝑠/𝑡𝑦𝑝𝑒/ . . . /𝑠𝑝𝑎𝑐𝑒/ . . . /𝑡𝑖𝑚𝑒/ . . .

(i) Type: type of the information sensed by the deployed
sensor nodes, for example, “/type/temperature”,
“/type/humidity.”

(ii) Space: the location attribute of the sensed content.
It can be expressed as natural granularity, like a
building ID or a room number. Another way is using
a granularity configured manually for more general
purpose. For example, we can divide the monitored
area into several subareas based on the requirements
of the application. And we use the subarea ID to
describe the attribute of space, like “/space/areaA.”We
assume that each node knows where it locates and the
content name of the raw data generated locally.

(iii) Time: the granularity in the time dimension is 1
minute in this paper. In other words, the raw data is
generated every minute. Therefore, the format of the
time dimension is expressed as “/time/date/minute
index.”

(a) Date: we use the format “/year/month/day/,” for
example, “/2015/12/04.”

(b) Minute index: 1, 2, . . . , 𝑛, . . . , 1440; here, 𝑛 de-
notes the time period {𝑛 − 1, 𝑛} minute within
one day. For example, “/2015/12/04/1000” de-
notes the time period from 16:39 to 16:40 on
December 4, 2015.

The above naming format consists of three components
{space, time, type} that describe the content from three par-
allel dimensions. For each component, a hierarchical name
is used to support flexible granularity and can be aggregated
freely. The naming scheme here provides a recommended
format.The order and the granularity of the three dimensions
can be adjusted based on system requirements in practice.

4. Dual Mode Interest Forwarding (DMIF)

In this paper, we propose a dual mode Interest forwarding
strategy based on the following considerations.

(1) Reactive routing is more efficient than proactive rout
ing in resource limited WSNs based on NDN [22].
Therefore, flooding mode is the simplest way to dis-
cover the potential content providers.

(2) TheflowofData packets along the reverse paths leaves
a trail of “breadcrumbs” [23], which can help find
the content sources more quickly at less cost. Based
on this, another Interest forwarding mode, directive
mode, may be adopted to guide the Interest forward-
ing more efficiently.

The above two modes are not two parallel modes, which
can be integrated together into the NDN forwarding plane
and shifted to each other according to the FIB lookup results.

In the proposed DMIF, a content consumer checks the
FIB at first before sending out an Interest packet. If the
FIB lookup hits successfully, the Interest will be sent in the
directive mode (DM). Otherwise, the Interest will be sent in
the flooding mode (FM). In the DMmode, an extended field
(named as ForwarderID) about the unique ID of the next-
hop forwarder is carried in the Interest packet to designate
a neighbor node as the forwarder of the Interest. A node
receiving the Interest packet will check local content store as
specified in original NDN design. If the content store lookup
fails, the node will perform Interest forwarding based on
the proposed DMIF illustrated in Figure 1. If the incoming
Interest is in the FM mode, the node should continue
the Interest forwarding if there are no duplicated Interests
received before. If the incoming Interest is in the DM mode



Mobile Information Systems 5

FIB lookup miss FIB lookup hit

Flooding mode
(FM)

Directive mode
(DM)

FIB lookup miss

FIB lookup hit

Figure 2: Interest forwarding mode shift in the DMIF scheme.

and the node is the same as the one designated by the
ForwarderID field, the node will perform the forwarding.
Regarding the forwarding, a node needs to check local FIB
and choose suitable forwardingmode shown in Figure 1 based
on the results of the FIB lookup.

Note that it is not guaranteed that singlemode like the FM
or the DM can be performed for Interest forwarding in an
end-to-end path. During the forwarding in the DM mode,
the FIB lookup at an intermediate node may fail due to some
uncertain reasons, like node failure or entry timeout. If so, the
DMmode can shift to the FMmode directly. In the literature
[12, 17, 18], if there is a lookup miss in an intermediate
node, the content consumer needs to choose another content
provider or choose to flood Interest after the Interest times
out. In the DMIF, the two Interest forwarding modes can
be combined together and mode shifts are allowed at any
intermediate nodes when needed based on the FIB lookup
results shown in Figure 2.

4.1. Flooding Mode (FM). In case of FIB lookup miss, the
flooding mode (FM) is used to disseminate the Interest
packets. In the FMmode, the content consumer or the inter-
mediate forwarders broadcast the Interest packets through
the wireless link to discover potential content provider(s).
The key point of the FMmode is how to implement controlled
flooding to reduce energy consumption and improve discover
efficiency. Here, three schemes are adopted to support con-
trolled flooding: scope control, broadcast storm avoidance,
and packet suppression.

4.1.1. Scope Control. Interest flooding without controlled
scope will continue until it goes throughout the network
arriving at the network edge, even if the content providers
have already been discovered. Uncontrolled flooding will
cause severe waste of bandwidth and energy resources.

To address this issue, a new field about TTL (Time To
Live) is added into the Interest packet to control the dis-
semination scope of an Interest. Firstly, the Interest is
flooded with the TTL values set to TTL START. The TTL
value is reduced by 1 at each forwarding node in the FM
mode. If the Interest times out, the content consumer will
increase the TTL value by TTL INCREMENT to restart
the content discovery process. The choice of TTL START
and TTL INCREMENT is dependent on the network scale
and performance requirements on energy consumption or
discover delay.

4.1.2. Broadcast Storm Avoidance. In related literature, a
deferred timer is often adopted in the Interest flooding to
avoid or alleviate the effects of broadcast storm.The deferred
timer is generally based on a random counter, which lacks
enough control on the path selection. In wireless sensor
networks, unbalanced energy consumption may lead to
energy depletion too early and shorten the network lifetime.
Here, we design an energy efficient Interest flooding scheme
with a deferred timer based on transmission distance and
residual energy.

Upon receiving an Interest packet with a content name 𝑐𝑘
from node 𝑛𝑗, a node 𝑛𝑖 needs to wait for a deferred timer
𝑇
𝑐𝑘

𝑖
before broadcasting the Interest packet. The deferred

timer 𝑇𝑐𝑘
𝑖

is a parameter per Interest rather than per node.
Each Interest packet has a different deferred timer. We use 𝑒𝑟
and 𝑒max to denote the residual energy and initial maximum
energy at node 𝑛𝑖. Given the relative transmission distance
between 𝑛𝑖 and 𝑛𝑗, 𝑑𝑖𝑗, and the maximum transmission range
𝑑max, the deferred timer for the Interest forwarding 𝑇𝑐𝑘

𝑖
can

be calculated as follows:

𝑇
𝑐𝑘

𝑖
= 𝑇basic ⋅ (1 + 𝛼 ⋅

𝑒max − 𝑒𝑟
𝑒max

+ (1 − 𝛼) ⋅
𝑑max − 𝑑𝑖𝑗

𝑑max
) , (1)

where 𝑇basic is a basic constant time slot for the calculation
and 𝛼 is a weight factor to trade off the effects of residual
energy and communication distance in the timer calculation.
We have 0 ≤ 𝛼 ≤ 1. When the weight factor 𝛼 = 0, further
neighbor has a higher probability to be chosen to forward
Interest packets. With the increase of the 𝛼 value, residual
energy plays more important role in the deferred timer
calculation, which helps balance the energy consumption.

In (1), the calculation of the deferred timer 𝑇𝑐𝑘
𝑖
is depen-

dent on the relative distance and the residual energy. Here,
it is assumed that the relative distance can be obtained by
some traditional methods. One light-weight solution is based
on the RSSI (Received Signal Strength Indication) parameter
to estimate the relative distance. Another more accurate but
costly solution is using GPS information to calculate the
relative distance. However, the detailed distance calculation
is out of scope of this paper.

Regarding the Data packet, the deferred timer 𝑇𝑐𝑘
𝑑
for the

Data forwarding with a content name 𝑐𝑘 can be calculated as
follows:

𝑇
𝑐𝑘

𝑑
= rand [0, 𝑇basic] . (2)

Similarly, the deferred timer 𝑇𝑐𝑘
𝑑
is also a parameter per

packet rather than per node. Each Data packet has a different
deferred timer. The key idea in (2) is that Data packets have
higher priority in the forwarding than the Interest packets.
Based on this, we give the Data packets shorter deferred
timers than the Interest packets. Thus, some Interest packets
in the deferred queue may be matched by incoming Data
packet with a shorter deferred timer, whichmay avoid redun-
dant packet forwarding and reduce energy consumption.

4.1.3. Packet Suppression. The deferred timer for the Interest
and Data forwarding is a new conception in the NDN
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Table 1: Actions when an incoming packet matches a deferred packet.

Timer type Incoming packet
type Actions

Interest Data Cancel 𝑇𝑐𝑘
𝑖
and Interest forwarding and then forward the Data based on local PIT table

Interest Cancel 𝑇𝑐𝑘
𝑖
and Interest forwarding after the number of the same incoming Interests reaches a threshold

Data Data Cancel 𝑇𝑐𝑘
𝑑
and Data forwarding after the number of the same incoming Data packets reaches a threshold

Interest Keep the 𝑇𝑐𝑘
𝑑
and discard the incoming Interest even though its cache lookup hits successfully

n1
n1

n4

n4

n3
n3

n2

n2

n2: cancel Interest transmission

n2: cancel Interest transmission

Interest path
Data path

Figure 3: Interest suppression in flooding mode.

forwarding paradigm. How a NDN router should act after
receiving Interest or Data before the deferred timer of the
corresponding Interest or Data expires is not defined in the
NDN architecture [4] and the NDN forwarding pipeline
[24]. In [3, 12], the authors propose an Interest suppression
scheme to avoid the waste of bandwidth resources. However,
Data suppression is not considered in the literature. Table 1
presents several packet suppression rules to deal with the
incoming packet matching with a packet in the deferred
waiting queue.

As presented in Table 1, during the waiting time of the
Interest deferred timer 𝑇𝑐𝑘

𝑖
, if a NDN router overhears the

requested Data packet, the timer and the Interest in the
waiting queue will be canceled. In the left picture of Figure 3,
a content consumer 𝑛1 is requesting a content located at node
𝑛4. Node 𝑛2 and node 𝑛3 are two neighbor nodes of node 𝑛1
and node 𝑛4. It is assumed that node 𝑛3 has a shorter deferred
timer than node 𝑛2 for the Interest flooding. And the Data
deferred timer is always shorter than the Interest deferred
timer. Therefore, the Interest packet may be still deferred in
the waiting queue at node 𝑛2 when the Data packet returns
to node 𝑛2 from node 𝑛4 in the left picture of Figure 3. In
this way, node 𝑛2 will cancel the Interest transmission in the
waiting queue and forward the incoming Data based on local
PIT incoming records according to the packet suppression
scheme proposed in Table 1. Thus, the Data from the content
provider 𝑛4 will return to the content consumer 𝑛1 along two
reverse paths in Figure 3. In addition, during the 𝑇𝑐𝑘

𝑖
waiting

time, if a NDN router overhears the same Interest for specific
number of times, 𝜃, the Interest in the waiting queue will be
canceled. The threshold of 𝜃 is set to 1 in dense networks
according to the literature [3, 12]. In the right picture of
Figure 3, we have the similar application assumption with
the left picture. The difference is that the distance between

Interest path
Data path

n2: cancel Data transmission
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Figure 4: Data suppression in flooding mode.

node 𝑛2 and node 𝑛3 is closer so that node 𝑛2 can receive the
Interest packet forwarded by node 𝑛3. In this way, node 𝑛2 will
receive the same Interest query twice from node 𝑛1 and node
𝑛3. Therefore, node 𝑛2 will cancel the Interest transmission
in the waiting queue after receiving duplicate Interests from
node 𝑛3 according to Table 1.

Regarding the Data deferred timer 𝑇𝑐𝑘
𝑑
, if a NDN router

overhears the same Data for specific number of times, 𝜃, the
deferredData in the waiting queuewill be canceled. Similarly,
the threshold of 𝜃 can be set to 1 in dense networks. The
application assumption in the left picture of Figure 4 is the
same as the one in the right picture of Figure 3. After node 𝑛4
returns the Data packet, node 𝑛2 and node 𝑛3 will receive the
Data packet at the same time. It is assumed that node 𝑛3 has
a shorter deferred timer than node 𝑛2 for the Data flooding.
Thus, node 𝑛2 will receive duplicate Data packets from node
𝑛3. Then node 𝑛2 will cancel the deferred Data packet in the
waiting queue. In addition, during the 𝑇𝑐𝑘

𝑑
waiting time, the

incoming Interest may match the deferred Data packet. In
this case, the broadcasting Data packet after the timer expires
will meet the request of the incoming Interest. Therefore, the
NDN router will discard the newly incoming Interest and
will not forward it further. In the right picture of Figure 4,
a content consumer 𝑛1 requested a content located at node 𝑛4
at first. During the deferred timer of the Data packet at node
𝑛2, another content consumer 𝑛3 starts to request the same
content matching with the deferred Data at node 𝑛2. In this
case, the incoming Interest from the content consumer 𝑛3 will
be dropped. And the Data packet broadcasted by node 𝑛2 will
reach node 𝑛3 automatically later.

4.2. FIB Maintenance. The flooding mode of Interest packets
is costly in energy consumption, even with the help of the
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controlled flooding proposed in Section 4.1. Actually, the
purpose of the Interest flooding is discovering potential
content providers to assist in future Interest forwarding at a
lower cost.The key point here is how to dynamicallymaintain
the FIB to guide the Interest forwarding in the DM mode.
Inspired by the “breadcrumbs routing” in the literature [23],
we propose tomaintain the FIBwith the passingData packets
in a passive way.The FIB status left by the Data packets along
the reverse paths is helpful to speedup the subsequent content
discovery in the DM mode at less cost. To support energy
efficient Interest forwarding in the DM mode, each entry
in the FIB has a format of the following five-tuple ⟨Prefix,
ForwarderID, Hop, Energy, Timer⟩, indexed by the content
name prefix and the ForwarderID.

(i) Prefix: name prefix of the content.
(ii) ForworderID: ID of the node from which the Data

comes.
(iii) Hop: hop factor of the path from local node to the

content source.
(iv) Energy: residual energy factor of the path from local

node to the content source.
(v) Timer: lifetime of this forwarder entry.
In an ad hocmesh topology, it is possible that broadcasted

Interests arrive at the content providers along multiple paths.
Original NDN design adopts “one Interest-one Data” mode
in which only oneData packet arriving firstly will be accepted
finally even if there are more returned Data packets. In order
to provide the capability of the selection among more paths
in the DM mode, we let the FIB maintain multiple entries
for each name prefix to support multipath selection, which is
not contradictory with “one Interest-one Data” mode. In the
multipath scheme, theData packets arriving later will be used
to update the status of the corresponding FIB entries, even
though they cannot be forwarded further due to the missing
of the PIT entries.

Therefore, the FIB may maintain multiple entries with
different ForwarderIDs for each name prefix. Each entry in
the FIB has a timer denoting the lifetime that is reset while
receiving corresponding Data packet or Interest packet. A
FIB entry will be deleted once the timer expires, which is
helpful in deleting the obsolete forwarding information and
improving the scalability. In theDMmode, the TTL valuewill
not be reduced in the Interest forwarding in order to improve
the efficiency of the content retrieval.

In this paper, each content source replies Data packets
carrying initial hop and residual energy information as fol-
lows:

ℎsource = 1;

𝑒source =
𝑒max
𝑒𝑟
.

(3)

Figure 5 illustrates the extended NDN data forwarding
process with FIB maintenance. When a content router 𝑖
receives a Data packet from an upstream node 𝑗, it will firstly
check whether there has been an entry with the same name
prefix and ForwarderID stored in local FIB. If not, the content
router 𝑖 will add a new entry with metrics (denoted as ℎ(𝑖, 𝑗)
and 𝑒(𝑖, 𝑗)) carried in the incoming Data packet. If yes, the
content router will update the metrics of the related entry.
Then, the content router will perform normal NDN process.
If the PIT lookup hits, the Data packet will be forwarded
towards the downstream node(s). Because there may exist
multiple entries for the same content prefix in local FIB,
Algorithm 1will be performed to calculate the aggregated hop
metric ℎ(𝑖) and energy metric 𝑒(𝑖) carried in the Data packet
in a probabilistic way.

4.3. Directive Mode (DM). Thanks to the FIB maintenance
in Section 4.2, the directive mode can be used to guide the
Interests towards the discovered content providers at less cost.
As illustrated in Figure 1, the DMmode will be activated once
the FIB lookup hits successfully.

Since theremay existmultiple entries for the same content
prefix in local FIB, the content consumer or intermediate
content routers have multiple choices for the neighbor
forwarder selection. To balance energy consumption and
prolong network lifetime, we propose a least cost forwarding
based on the tradeoff between the hop and the energymetrics
shown in Algorithm 2.

In Algorithm 2, 𝛽 is a weight factor to balance the tradeoff
between total energy consumption and network lifetime. In
Section 5, we will observe the impacts of different weight
factors on energy efficiency.

Note that the proposed DMIF is only applicable for the
Interest forwarding. The Data forwarding process is always
the same regardless the selection of Interest forwardingmode.
Even the DMmode is chosen, the Data forwarding process is
performed in the same way defined in Section 4.2.
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Input:𝑚 entries for the same content prefix in the FIB; the hop and the
energy metrics of the entry 𝑗 are denoted as ℎ(𝑖, 𝑗) and 𝑒(𝑖, 𝑗);
(1) Calculate the proportion about the hop and the energy information of
each entry;

𝑝 hop(𝑖, 𝑗) =
1/ℎ(𝑖, 𝑗)

∑
𝑚

𝑘=1
1/ℎ(𝑖, 𝑘)

; 𝑝 energy(𝑖, 𝑗) =
1/𝑒(𝑖, 𝑗)

∑
𝑚

𝑘=1
1/𝑒(𝑖, 𝑘)

(2) Calculate the aggregated metrics ℎ(𝑖) and 𝑒(𝑖) for hop and energy;

ℎ(𝑖) =

𝑚

∑
𝑘=1

𝑝 hop(𝑖, 𝑘) ⋅ ℎ(𝑖, 𝑘);

𝑒(𝑖) =

𝑚

∑
𝑘=1

𝑝 energy(𝑖, 𝑘) ⋅ 𝑒(𝑖, 𝑘)

Algorithm 1: Aggregated metric calculation at node 𝑖.

Input:𝑚 entries for the same content prefix in the FIB; the hop and the
energy metrics of the entry 𝑗 are denoted as ℎ(𝑖, 𝑗) and 𝑒(𝑖, 𝑗);
(1) Calculate the aggregated metric𝑚(𝑖, 𝑗) for each entry;

𝑚(𝑖, 𝑗) = 𝛽 ⋅ 𝑒(𝑖, 𝑗) + (1 − 𝛽) ⋅ ℎ(𝑖, 𝑗), 0 ≤ 𝛽 ≤ 1
(2) The ForwarderID of the entry 𝑗 with the least aggregated metric is
chosen as the neighbor forwarder:

𝑚(𝑖, 𝑗) = min𝑚(𝑖, 𝑘), 𝑘 ∈ [1, 𝑘]

Algorithm 2: Least cost Interest forwarding at node 𝑖.

4.4. Routing Loop Consideration. Thanks to the Nonce field
carried in the Interest packet of the NDN, the Interest for-
warding is naturally routing loop free. In detail, every Interest
carries a random Nonce and each node receiving the Interest
can remember the seenNonces at the PIT table.The incoming
Interest with a duplicate Nonce field will be dropped to avoid
the routing loop during the Interest forwarding.

According to original design of the NDN, the Data for-
warding will not loop since it is performed along the reverse
paths of the Interest from upstream nodes to downstream
nodes. However, something new needs to be considered in
wireless environment with multipath capability. First, each
node has only single wireless interface to send and receive the
NDN packets. Therefore, there is no way to discriminate the
conceptions about upstream nodes or downstream nodes in
wireless environment. Second, multipath capability requires
a node to receive and process multiple Data packets from
different neighbors to remember multiple path information,
even though only the firstly arriving Data is forwarded. In
addition, there is no any information about the sender ID
carried in the Data packet in original NDN design. In this
case, the sender of a Data packet may receive the same Data
and store the information from its neighbors, thus causing
routing loop problem.

For example, in Figure 6, node 𝑛3 receives a Data packet
from node 𝑛5. It is assumed that the PIT lookup hits locally
at node 𝑛3 and it will forward the Data packet through the
wireless broadcast link. In this case, not only the downstream
node 𝑛2 but also the upstream node 𝑛5 can receive the Data

Interest path
Data path

IDList

n1 n2

n3

n5
n4

{n5, n3, n4, n2}

IDList{n5, n3}

IDList{n5, n4}

IDList{n5}

Figure 6: Routing loop avoidance in the Data forwarding.

packet from node 𝑛3. In other words, node 𝑛5 receives the
same Data packet sent by itself before and routing loop
happens.

To address the routing loop problem of the Data forward-
ing, we add a new field named IDList in the Data packet.
The IDList contains the IDs of all nodes along the forwarding
path of the Data packet. Upon receiving a Data packet, the
node will firstly check whether its ID has been listed in the
IDList. If yes, routing loop happens and the incoming Data
will be dropped. If no, the path information carried in the
incoming Data will be used to update local FIB as described
in Section 4.2. Figure 6 presents an example to illustrate how
the IDList works. In Figure 6, node 𝑛5 will discard the Data
packet fromnode 𝑛3 since its ID is listed in the IDList. Similar
routing loop detection is performed at the rest nodes to avoid
routing loop in the Data forwarding. The IDList scheme may
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Figure 7: An example for mode shift between the FM and the DM.

not scale well in large scale networks. More efficient routing
loop detection schemes may be investigated as future work.

4.5. Example for Mode Shift in the DMIF. Figure 7 provides
an example to illustrate how the mode shift works between
the FM mode and the DM mode to improve the Interest
forwarding. In Figure 7, it is assumed that node 𝑛1 queried the
content located at node 𝑛5 previously along the path 𝑛1-𝑛3-
𝑛5. According to the FIB maintenance rules, a trail of
“breadcrumbs” is left along the reverse path. Now, node 𝑛8
is querying the same content. Based on the proposed DMIF
scheme, the Interest is firstly forwarded in the FMmode until
it arrives at node 𝑛1. After the FIB lookup hits successfully
at node 𝑛1, the Interest is broadcasted in the DM mode with
the ForwarderID set as node 𝑛3. Let us assume that the FIB
entry at node 𝑛3 was deleted due to some reasons. Thus, the
forwarding mode will shift back to the FM mode at node 𝑛3,
which broadcasts the Interest to the final destination. With
the shift between the FM mode and the DM mode, nodes
𝑛2 and 𝑛4 will not be involved in the Interest forwarding
originated by node 𝑛8, which helps reduce the resource
consumption and improve the network efficiency.

5. Performance Evaluation

5.1. Simulation Settings. This section evaluates the perfor-
mance of the Interest forwarding schemeDMIF implemented
in ndnSIM 2.0 [19, 20], which is extended to support wireless
multihop communication and the forwarding strategies pro-
posed in this paper.

In the simulation experiments, there are 100 sensor nodes
deployed in a 400m × 400m area in Figure 8 in which all
the black nodes on the border are chosen as the content
producers that generate the raw data about temperature
within its subarea every minute. For example, the raw data
name generated by node 𝑛0 at 16:40 on December 4, 2015,
is “/type/temperature/space/area0/time/2015/06/04/1000,” ac-
cording to the naming scheme in Section 3. The white nodes
in Figure 8 are chosen as the sink nodes (content consumers)
that send periodic Interests to query the interested content
about several subareas every five minutes. Every time, 12
interested areas are randomly chosen among the 36 content
producers. The grey nodes are NDN routers that can relay
packet and cache contents as specified in the NDN. The

Table 2: Simulation parameters.

Parameter Value
Interest size 50 bytes
Data size 100 bytes
𝑇basic 7ms
Wireless interface IEEE 802.15.4
Radio coverage range 100m
Grid topology size 400 × 400

Grid topology step 45m
Number of nodes 100
Number of content producers 12 out of 36
Number of content consumers 1–5
Initial energy 5 Joule
Energy consumption per bit 𝑒 0.5 𝜇J/bit
Simulation time 3600 s

number of the sinks is changed from 1 to 5 in the experiments.
For example, at 16:40 on December 4, 2015, a sink sends the
following Interests to query the temperature about subarea0
in the past five minutes:

𝑊𝑆𝑁𝑠/𝑡𝑦𝑝𝑒/𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒/𝑠𝑝𝑎𝑐𝑒/𝑎𝑟𝑒𝑎0/𝑡𝑖𝑚𝑒/2015/12/04/996
𝑊𝑆𝑁𝑠/𝑡𝑦𝑝𝑒/𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒/𝑠𝑝𝑎𝑐𝑒/𝑎𝑟𝑒𝑎0/𝑡𝑖𝑚𝑒/2015/12/04/997
𝑊𝑆𝑁𝑠/𝑡𝑦𝑝𝑒/𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒/𝑠𝑝𝑎𝑐𝑒/𝑎𝑟𝑒𝑎0/𝑡𝑖𝑚𝑒/2015/12/04/998
𝑊𝑆𝑁𝑠/𝑡𝑦𝑝𝑒/𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒/𝑠𝑝𝑎𝑐𝑒/𝑎𝑟𝑒𝑎0/𝑡𝑖𝑚𝑒/2015/12/04/999
𝑊𝑆𝑁𝑠/𝑡𝑦𝑝𝑒/𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒/𝑠𝑝𝑎𝑐𝑒/𝑎𝑟𝑒𝑎0/𝑡𝑖𝑚𝑒/2015/12/04/1000

In the experiments, it is assumed that each node sends
and receives packets with fixed transmission and reception
power. Therefore, the energy consumption is independent of
the transmission distance through a wireless link. Based on
this, we adopt the following energymodel [25, 26] to evaluate
the power consumption in the simulation experiments:

𝑐 ≈ 𝑒 ⋅ (𝑏𝑟 + 𝑏𝑡) , (4)

where 𝑐 denotes the total energy consumption of one node
for receiving 𝑏𝑟 bits and transmitting 𝑏𝑡 bits and 𝑒 is a factor
indicating the energy consumption per bit at the receiver
circuit.

In order to support more efficient forwarding, we let
the FIB maintain multiple entries and update the metrics
dynamically, which may bring more cost in the FIB memory
and energy consumption. The ndnSIM platform used in
this paper can simulate almost real experiment environment
because it adoptsNFD (NamedDataNetworking Forwarding
Daemon) as the forwarding kernel. In other words, the extra
overhead caused by supporting multipath capability can be
included in the energy consumption automatically.

The simulation parameters are listed in Table 2.

5.2. Simulation Methodology. As analyzed in Section 2, the
literature [3, 12] proposes two Interest forwarding strategies
including blind forwarding (BF-RD) and provider-aware for-
warding (PAF), which are chosen as the baseline schemes for
comparison in the simulation experiments.

(i) BF-RD: the Interest is always forwarded in the flood-
ing mode based on a randomly deferred timer.
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Figure 8: Simulation scenario: grid topology.

(ii) PAF: the content consumer includes the information
about the nearest provider into the Interest so that it
can be forwarded to specific direction after the BF-RD
is performed.

In this paper, we propose an energy efficient strategy
named DMIF, which consists of a flooding mode and a
directive mode for Interest forwarding. For more intuitive
comparison with the baseline schemes, we name the flooding
mode in the DMIF as BF-ED correspondingly due to its
energy efficient deferred timer calculation. In the BF-ED, the
Interest is always forwarded in the flooding mode based on a
deferred timer proposed in (1). In addition, the other energy
efficient schemes including scope control and packet suppres-
sion presented in Section 4.1 are also used in the BF-ED. In
other words, the BF-ED is a subset of the DMIF scheme.

We observe the following metrics to evaluate the perfor-
mance of the DMIF scheme.

(i) Total energy consumption is total energy consumed by
all sensor nodes.

(ii) Energy equilibrium rate (EER) is defined as the vari-
ance of the energy consumption of each node. The
EER denotes the balance of the energy consumption
of thewhole network and reflects the network lifetime
indirectly.

(iii) Hop count is the average hop count of the content
retrieval for each Interest request.

(iv) Network lifetime is defined as the time length from the
beginning of the simulation to the first node’s energy
exhaustion.

5.3. Simulation Results

5.3.1. Performance of BF-ED. First, we evaluate the impacts of
the weight factor 𝛼 in (1) on the performance of the BF-ED.

In Figures 9 and 10, when the weight factor 𝛼 = 0, only
the distance value between adjacent nodes is considered in
the deferred timer calculation. In this way, further neighbor
has a higher probability to be chosen to forward Interest
packets during the blind flooding, which will help reduce the
hop count and the energy consumption. With the increase
of the 𝛼 value, the distance between adjacent nodes plays less
important role in calculating the Interest deferred timer and
then the total energy consumption and average hop count
rises gradually. What is more important is the impacts of the
𝛼 on energy equilibrium rate shown in Figure 11, in which
the energy equilibrium rate decreases with the increase
of the 𝛼 value. The key idea of (1) is trying to balance the
energy consumption by adjusting the weight factor 𝛼. In the
proposed BF-ED, bigger 𝛼 value denotes that residual energy
plays more important role in the deferred timer calculation.
In other words, choosing the node with more residual
energy to forward Interests will help balance the energy con-
sumption, which is consistent with the results in Figure 11.

In Figures 12, 13, and 14, we compare the performance of
the proposed BF-ED with the baseline scheme BF-RD [3, 12]
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Figure 9: BF-ED: impact of weight factor 𝛼 on total energy con-
sumption.
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Figure 10: BF-ED: impact of weight factor 𝛼 on average hop count.

by changing the number of the content consumers from 1
to 5. More content consumers means more Interest requests
consuming more energy in Figure 12 and then causing bigger
variance of the energy consumption in Figure 14. Note
that the experiments with more consumers exhibit better
performance than the ones with less consumers in terms of
average hop count in Figure 10, thanks to in-network caching
adopted in the NDN architecture. It can be observed that
the BF-RD exhibitsmediumperformance comparedwith two
border conditions under the BF-ED with 𝛼 = 0 and 𝛼 = 1.
In a summary, the weight factor 𝛼 has important impacts
on the performance of the BF-ED scheme. In practice, a
suitable 𝛼 value needs to be chosen to trade off the energy

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

En
er

gy
 eq

ui
lib

riu
m

 ra
te

1 consumer
2 consumers
3 consumers

4 consumers
5 consumers

Weight factor 𝛼

Figure 11: BF-ED: impact of weight factor 𝛼 on energy equilibrium
rate.

1 1.5 2 2.5 3 3.5 4 4.5 5
100

150

200

250

300

350

400

Number of consumers

To
ta

l e
ne

rg
y 

co
ns

um
pt

io
n 

(Jo
ul

e)

BF-RD
BF-ED (𝛼 = 0)
BF-ED (𝛼 = 0.5)

BF-ED (𝛼 = 1)

Figure 12: Comparison between BF-ED and BF-RD: total energy
consumption.

consumption and the energy equilibrium rate according to
actual application requirements. For simplicity, the 𝛼 value is
chosen as 0.5 in the following experiments.

5.3.2. Performance of DMIF. Figures 15 and 16 show the
impacts of the weigh factor 𝛽 in Algorithm 2 on total energy
consumption and average hop count. It can be observed that
the weigh factor 𝛽 exhibits similar impacts with the weight
factor 𝛼 as presented in Section 5.3.1. With the rise of the 𝛽
value, the hop count plays less important roles in choosing
the Interest forwarder, which results in the increase of total
energy consumption and average hop count for content
retrieval. On the other hand, with the change of the 𝛽 value
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Figure 14: Comparison between BF-ED and BF-RD: energy equi-
librium rate.

from 0 to 1, the content consumers and the intermediate
nodes would rather choose the neighbor with higher residual
energy as the Interest forwarder. In other words, the residual
energy outperforms the hop count in Algorithm 2 with the
increase of the 𝛽 value, which helps balance the energy
consumption from the viewpoint of the whole network and
leads to the descending trend of the energy equilibrium rate
in Figure 17.

Next, we compare the performance of the proposed
DMIF and the PAF by changing the number of the content
consumers from 1 to 5. In Figure 18, the total energy
consumption in both the DMIF and the PAF increases when
more content consumers send more Interests to request the
contents. In contrast with the PAF, the DMIF has better
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Figure 15: DMIF: impact of weight factor 𝛽 on total energy con-
sumption (𝛼 = 0.5).
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Figure 16: DMIF: impact of weight factor 𝛽 on average hop count
(𝛼 = 0.5).

performance in terms of total energy consumption, since the
DMIF supports flexiblemode shift for the Interest forwarding
according to the results of the FIB lookups. In the PAF
scheme, the blind flooding phase and the provider awareness
phase are two parallel phases. The information about the
content provider carried in the Interest is only added by
the content consumer after the blind flooding phase. In this
case, the blind flooding mode will continue till the content
providers even though an intermediate node has already
FIB information for the requested content. When the PAF
forwarding fails due to themiss of the FIB lookup, the content
consumer needs to restart the flooding phase throughout the
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Figure 17: DMIF: impact of weight factor 𝛽 on energy equilibrium
rate (𝛼 = 0.5).
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Figure 18: Comparison between DMIF and PAF: total energy con-
sumption (𝛼 = 0.5).

whole network after the Interest times out. In the proposed
DMIF, the directive mode can shift to the flooding mode
locally, which helps reduce the energy consumption greatly
in Figure 18.

As analyzed in Section 5.3.1, the requested Interests may
be satisfied by the intermediate nodes rather than the content
providers, thanks to the in-network cache technology in the
NDN architecture. Therefore, the average hop count for the
content retrieval drops with the increase of the number of the
content consumers in Figure 19. It also can be observed that
the average hop count in the PAF is shorter than the proposed
DMIF, since the content consumers always choose the nearest
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Figure 19: Comparison between DMIF and PAF: average hop count
(𝛼 = 0.5).
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Figure 20: Comparison between DMIF and PAF: energy equilib-
rium rate (𝛼 = 0.5).

provider as its destination in the PAF. In theDMIF, the weight
factor 𝛽 = 0means only hop count is considered in choosing
the Interest forwarder. However, the DMIF with 𝛽 = 0 still
has a little more average hop count than the PAF, because the
hop count calculation in Algorithm 1 is based on the weights
of all hop metrics.

In Figure 20, the proposed DMIF gains better energy
equilibrium rate and more balanced energy consumption
than the PAF due to the following three reasons: (1) the
average energy consumption in the DMIF is lower than the
one in the PAF; (2) the metric aggregation in Algorithm 1
is based on weights of the metrics from each neighbor; (3)
the weight factor 𝛽 helps avoid choosing the nodes with little
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Figure 21: Comparison between DMIF and BF-ED: total energy
consumption (𝛼 = 0.5; 𝛽 = 0.5).
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Figure 22: Comparison between DMIF and BF-ED: network life-
time (𝛼 = 0.5; 𝛽 = 0.5).

residual energy for the Interest forwarding. On the other
hand, there is no consideration about flexible mode shift
and energy consumption balance in the PAF, thus leading to
higher energy equilibrium rate than the DMIF.

5.3.3. Comparison between DMIF and BF-ED. Finally, we
compare the DMIF and the BF-ED proposed in this paper
in terms of total energy consumption and network lifetime in
Figures 21 and 22, inwhich theweight factors𝛼 and𝛽 are both
set as 0.5. Here, the network lifetime is defined as the time
length from the beginning of the simulation to the first node’s

energy exhaustion. Actually, the information about Figure 21
has been presented in Figures 12 and 18. In this section, we
make an intuitive figure to illustrate the advantage of the
DMIF about total energy consumption. It can be observed
that the BF-ED with only flooding mode has the most energy
consumption and the shortest network lifetime. With the
help of the flexible mode shift and energy aware neighbor
selection, the DMIF scheme can reduce the total energy con-
sumption and prolong the network lifetime significantly
compared with the BF-ED and the PAF in Figures 21 and 22.

6. Conclusion

In this paper, we propose an energy efficient Interest for-
warding scheme called DMIF for NDN-based WSNs. In the
DMIF, two combined forwarding modes (flooding mode and
directive mode) can be shifted flexibly based on the FIB
lookup results so that the network overhead can be reduced
greatly. In addition, several energy efficient mechanisms
including flooding scope control, broadcast storm avoidance,
packet suppression, and energy weight factors are proposed
to save and balance the energy consumption. Simulation
experiments under the ndnSIM show that the DMIF scheme
outperforms the baseline schemes in terms of total energy
consumption, energy equilibrium rate, and network lifetime.

As future work, we plan to conduct theoretical analysis
and real experiments to evaluate the proposed schemes.
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