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The concept of cooperative communications for wireless ad
hoc and sensor networks (WAHSNs) has recently attracted
considerable attention. Being different from conventional
point-to-point communications, cooperative communica-
tions allow different users or nodes in a WAHSN to share
resources to create collaboration through distributed trans-
mission. It realizes a new form of spatial diversity to combat
the effects of severe fading; thus, it can be used widely in
WAHSNs for the sake of resource minimization. However,
the impact and challenges of cooperative communication in
WAHSNs are not well understood yet. Some fundamental
aspects requiring immediate studies include theoretical tools
for cooperative networks, effective incentive mechanisms
for cooperation, and new protocol design for cooperative
networks. This issue tries to collect cutting-edge research
achievements in this special area.

The paper entitled “Improved message diffusion model for
node coverage problem of ad hoc network based on node visit
times,” by Z. Yang et al., analyzes the causes of the inaccuracy
problems of random samplingmodel and solves the problems
by specially introducing the factors such as node degree
and visit times. As for the E-R random network topology, it
validates the effectiveness of the model proposed herein in
contrast to the simulation experiment results.

In the paper entitled “Distributed testbed for coded coop-
eration with software-defined radios,” by C. Han and S. Li,
the authors design and implement a distributed hardware
testbed using software-defined radios for cooperative com-
munication, and the performance of two coded cooperation

schemes with turbo codes is evaluated in the physical layer.
Furthermore, a distributed node synchronization scheme is
implemented and the source node and relay node work in the
time division protocol without any centralized controlling.

The paper entitled “Energy efficient power allocation for
bidirectional relaying with imperfect channel estimation,” by
S. Li et al., investigates the power allocation problem to
minimize the total transmit power subject to constraints on
two source nodes’ received signal-to-noise-ratios (SNRs).The
best relay that minimizes the total transmit power is selected
in a multiple relay network.They also present outage analysis
when the proposed power allocation is adopted and a close-
form approximation of outage probability is obtained by
shrinking the integral interval.

The paper entitled “Hierarchical spatial clustering in mul-
tihop wireless sensor networks,” by Z. Liu et al., considers the
problem of spatial clustering for approximate data collection
that is feasible and energy efficient for environment monitor-
ing applications. They propose a clustering algorithm named
HSC to group the most similar sensor nodes in a distributed
way. HSC runs on a prebuilt data collection tree and thus
gets rid of some extra requirements such as global network
topology information and rigorous time synchronization.

The paper entitled “Joint relay ordering and linear finite
field network coding for multiple-source multiple-relay wireless
sensor networks,” by Y. Cheng and L. Yang, proposes a relay
ordering algorithm based on finite field NC (FFNC). In the
scheme, the relays who initially fail to decode from sources
are kept listening and searching for the opportunity to decode
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the signals from other relays, so as to recover the failure links.
Moreover, the scheme is proved to own the merit of diffusion
effect, which makes the diversity improvement more efficient
by simply increasing the relay number in the network.

The paper entitled “Application of baro-altimeter sensor in
emergency positioning and navigation based on compass GEO
satellites,” by J. Zhan et al., presents a low-cost high-resolution
MS5534B barometric (baro-) module which applies to BDS.
Firstly, the principle of emergency positioning based on a
baro-altimeter sensor and its performance such as the accu-
racy are elaborated. Then the effects of baro-altimeter sensor
measurement error on positioning are analyzed. Finally, after
analyzing the limitation of the conventional algorithms, a
new high-accuracy emergency positioning algorithm with
baro-altimeter sensor aiding is proposed, which is not limited
by the integration and user’s altitude.

The paper entitled “Throughput-optimal scheduling for
cooperative communications in wireless ad hoc networks,” by T.
Huynh et al., introduces the relay selection schemes that can
control the interference at the relay to prevent the relay that
may harm other pairs. Then, they propose the throughput-
optimal scheduling that takes into account error probability
in decision andmaximizes throughput, that is, the amount of
packets transmitted without error in network.

The paper entitled “A servicemodel for 6LoWPANwireless
sensor networks,” by X. Wang and H. Huang, proposes
a 6LoWPAN service model based on the IPv6-based k-
Anycast communication model. This model is extended into
6LoWPAN service model so that the data-centric services
of WSN can be achieved efficiently in the address-centric
6LoWPAN.

Yong Sun
Shukui Zhang

Hongli Xu
Shan Lin
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Cognitive Radio (CR) is a dynamic spectrum access approach, in which unlicensed users (or secondary users, SUs) exploit the
underutilized channels (or white spaces) owned by the licensed users (or primary users, PUs). Traditionally, SUs are oblivious to
PUs, and therefore the acquisition of white spaces is not guaranteed. Hence, a SUmust vacate its channel whenever a PU reappears
on it in an unpredictablemanner, whichmay affect the SUs’ network performance. Spectrum leasing has been proposed to tackle the
aforementioned problem through negotiation between the PU and SU networks, which allows the SUs to acquire white spaces for a
guaranteed period of time.Through spectrum leasing, the PUs and SUs enhance their network performances, and additionally PUs
maximize their respective monetary gains. Numerous research efforts have been made to investigate the CR, whereas the research
into spectrum leasing remains at its infancy. In this paper, we present a comprehensive review on spectrum leasing schemes in
CR networks by highlighting some pioneering approaches and discuss the gains, functionalities, characteristics, and challenges of
spectrum leasing schemes along with the performance enhancement in CR networks. Additionally, we discuss various open issues
in order to spark new interests in this research area.

1. Introduction

Cognitive Radio (CR) network, which is the next-generation
wireless network, aims to improve the efficiency of spectrum
utilization through dynamic spectrum access. There are
two categories of users, namely, primary users (PUs) and
secondary users (SUs). Traditionally in CR networks, the
PUs are the licensed users, and they have exclusive right to
use their respective channels, while SUs are the unlicensed
users, and they use the underutilized channels (or white
spaces) opportunistically whenever PUs are not transmitting
any packets. Hence, PUs are oblivious of the presence of SUs.
There are twomain challenges associated with the traditional
CR Networks (CRNs) that adopt the opportunistic channel
access approach. Firstly, the unpredictable PUs’ activities
at any given time can significantly degrade SUs’ network
performance (e.g., throughput and end-to-end delay) [1–4].
Secondly, channel sensing [1], which is one of the main func-
tions in the traditional CRNs, may require SUs to exchange
channel sensing outcomes among themselves, and this incurs

high amount of communication overhead resulting in higher
energy consumption and packet latency [5]. In addition to the
traditional CRNs [2, 3], there have been research activities
in the area of CR sensor networks [4]. CR sensor networks
are the next-generation wireless sensor networks that exploit
white spaces through dynamic spectrum access.

Spectrum leasing is a dynamic spectrum access technique
in which PUs and SUs form a partnership formutual benefits.
In spectrum leasing, the SUs negotiate with PUs and acquire
their white spaces [6], while the PUs lease their channels and
receive rewards in the form ofmonetary gain or network per-
formance enhancement through packet forwarding by SUs
[7].Hence, PUs are fully aware of the presence of SUs. Figure 1
presents a taxonomy of spectrum leasing, which covers its
advantages, functionalities, characteristics, and challenges.
Further descriptions about the taxonomy are found in the rest
of this section, as well as Sections 2, 3, and 4, respectively.
Generally speaking, with the use of spectrum leasing, PUs
and SUs receive the following advantages represented by (A1)
and (A2) (see Figure 1), respectively.
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Figure 1: Taxonomy of spectrum leasing in CRNs.

(A1) PU’s Gain

(A1.1) Monetary Gain. PUsmay lease its licensed chan-
nels during idle periods for financial reward
or revenue. For instance, Jayaweera et al. [6]
propose a PU’s utility function based on its
monetary gain (e.g., the price set by PUs ofwhite
spaces).

(A1.2) Network Performance Enhancement. The PU
links may deteriorate due to shadowing and
interference. Through spectrum leasing, one or
more SUs form an alternative route and relay
PUs’ traffic, and this enhances the PUs’ network
performance, such as successful transmission
rate, throughput, end-to-end delay, and energy
efficiency [8].

(A2.1) Dedicated Channel Access. The SUs access white
spaces allocated by PUs. Subsequently, this
enhances the SUs’ throughput performance.
Since spectrum leasing enhances the through-
put performance of PUs (A1.2), it reduces the
transmission time of PUs, therefore leaving
more white spaces and transmission opportuni-
ties to SUs for dedicated access [9].

The advantages motivate PUs and SUs to participate
in spectrum leasing. For instance, in [5], spectrum leasing
maximizes a weighted sum of PUs’ and SUs’ throughput
performance.

This paper provides an extensive survey on existing
spectrum leasing schemes in CRNs. The purposes are to
establish a foundation and to spark new interests in this
research area covering new kinds of CR networks such as
CR sensor networks [4]. Our contributions are as follows.
Sections 2, 3, and 4 present the functionalities, character-
istics, and challenges, respectively. Section 5 presents vari-
ous spectrum leasing schemes in CRNs. Section 6 presents
performance enhancement achieved by spectrum leasing
schemes. Section 7 presents open issues. Finally, we present
conclusions.

2. Functionalities of Spectrum Leasing in
Cognitive Radio Networks

This section discusses the functionalities of PUs and SUs
for spectrum leasing in CRNs. Generally speaking, spectrum
leasing is comprised of the following functionalities.

(F1) PU’s Function

(F1.1) Determination of the Cost of White Spaces. PUs
determine the cost (e.g., monetary price) of
white spaces to be imposed on SUs.

(F1.2) Determination of PUs’ and SUs’ Channel Access
Time. PUs are the rightful owners of the licensed
spectrum, and so the PU Base Station (BS)
may determine suitable channel access time for
transmission opportunities for both PUs and
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SUs. For instance, in centralized networks, the
PUhosts send their respective information (e.g.,
idle time) to PU BS. Subsequently, the PU BS
allocates transmission opportunities for PU and
SUnetworks. In other words, the PUs determine
the amount of white spaces to be leased to
SUs. The objective is to maximize the network
performance (e.g., throughput) of PUs and SUs
[10, 11].

(F1.3) Relay Selection. PUs select the SUs that provide
the highest gain (e.g., PU-SU linkswith the best-
known signal-to-noise ratio (SNR)) as relays in
order to maximize throughput performance.

(F1.4) PUs’ Packet Transmission. PUs transmit their
own packets to destination in order to enhance
their network performance.

(F2) SU’s Function

(F2.1) Collaborator Selection. SUs select the suitable
PUs to collaborate with. This covers the eval-
uation of the gain (e.g., the amount of white
spaces with sufficient SNR) and cost (resources
required to relay PUs’ traffics, such as energy
consumption).

(F2.2) Determination of SU’s Channel Access Time. SUs
determine the amounts of white spaces, which
increase with channel access time, to request
from PUs based on the cost imposed by the
PUs. For instance, in a Time-Division Multiple
Access (TDMA) system, SUs must determine
the optimal time duration in which they must
involve as relay to transmit PU packets and to
transmit their own packets [8].

(F2.3) SUs’ Packet Transmission. SUs transmit pack-
ets, and this involves two phases. Firstly, the
SUs relay PU packets. To ensure continuous
collaboration with PUs, the SUs must achieve a
certain level of network performance enhance-
ment while relaying the PUs’ packets. Secondly,
the SUs transmit their own packets. Spatial
reuse is possible, and so the SUs must mini-
mize interference among themselves [12]. For
instance, in centralized networks, SU BS and
hostsmay serve as relays to transmit PUpackets,
and subsequently the SU BS allocates the white
spaces offered by PUs to its SU hosts fairly [10,
13].

Spectrum leasing involves several steps and message
handshaking, and we describe a general procedure in
Figure 2. Consider two centralized PU and SU networks,
which are collocated in the same area. Several PUhosts (or SU
hosts) are associated with a PU BS (or SU BS).The procedure
is as follows.

Step 1. ThePUhosts send information on their respective idle
periods (or white spaces) to PU BS.

J PU hosts PU BS SU BS K SU hosts
Step 1

Step 2

Step 5

Step 3

Step 4

Step 6Step 7

Step 8
Step 9

Step 10 Step 10

Figure 2: A general spectrum leasing procedure.

Step 2. The PU BS determines the cost (F1.1) and duration
(F1.2) of white spaces. There are 𝐽 PU hosts to be leased to
SUs.

Step 3. The PU BS sends the cooperation information (e.g.,
the cost and duration, as well as SNR of the white spaces) to
SU BS.

Step 4. The SU BS broadcasts the cooperation information to
its SU hosts.

Step 5. The SU hosts determine the optimum transmission
and relaying strategies (i.e., (F2.2) and (F2.3)) using the
cooperation information. If auction mechanism is applied,
the SU hosts may determine bid values.

Step 6. The SU hosts send their respective decisions (e.g.,
strategies and bid values) to SU BS.

Step 7. The SUBS decides to accept the lease or not and select
the suitable PUs to collaborate with (F2.1).

Step 8. The SU BS sends its decisions to PU BS.

Step 9. The PU BS decides to lease or not and select the
suitable SUs as relays (F1.3).

Step 10. Finally, based on the lease, the PU BS transmits its
packets (F1.4) directly through a single hop, or indirectly
through SU relay nodes, to the PU BS’s destination node.The
SU BSmay divide the white spaces and assign the access time
of each white space to each SU hosts (F2.2).The SUs transmit
packets accordingly (F2.3).

3. Characteristics of Spectrum Leasing in
Cognitive Radio Networks

This section discusses the characteristics of spectrum leasing
in CRNs. There are three characteristics as follows.
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(C1) Network Topology: Centralized (C1.1) and Distributed
(C1.2). In centralized networks (C1.1), a central entity
which is usually referred as Base Station (BS) is
responsible for communications between PU and
SU networks [14], whereas, in distributed networks
(C1.2), BS does not exist, and PUs and SUs share
their information through a common control channel
[14]. For instance, in [5], a centralized network (C1.1)
topology is used, in which PUs are leaders and
responsible to select the most appropriate SU for
cooperative communication and hence the SUs are
followers.

(C2) Intracooperative Mode: Intracooperative (C2.1) and
Nonintracooperative (C2.2). The PUs may cooper-
ate among themselves through an intra-cooperative
approach in order to achieve the advantages (A1.1)-
(A1.2) and (A2.1). Likewise, the SUs may adopt
the same approach. In Figure 3, the intracooperative
(C2.1) mode is shown in (a) and (c) and from
the SU’s perspective, the SUs may cooperate among
themselves and jointly improve network-wide perfor-
mance such as throughput performance, as well as
to reduce the monetary and nonmonetary spectrum
leasing costs imposed by PUs. In other words, a group
of SUs may lease a channel and subsequently share
the channel among themselves in order to reduce
spectrum leasing costs. In Figure 3, the nonintraco-
operative (C2.2) mode is shown in (b) and (d) and
from the PU’s perspective, each PUmay competewith
each other to lease their respective white spaces and
hence each PU may set a competitive price based on
the demand of channel access from SUs. From the
SU’s perspective, the SUs may also compete with each
other to acquire the white spaces through auction-
based mechanisms [15]. For instance, in [5], each SU
optimizes its power allocation in the transmission of
PU packets in order to fulfill the packet transmission
requirements of PUs. This helps each SU to remain
competitive in order to obtain white spaces in the
upcoming auctions and this has been shown to
improve SU throughput performance.

(C3) Intercooperative Mode: Intercooperative (C3.1) and
Nonintercooperative (C3.2). PUs and SUsmay cooper-
ate with each other in order to achieve the advantages
(A1.1)-(A1.2) and (A2.1). In Figure 3, the intercoop-
erative (C3.1) mode is shown in (c) and (d) and
the PUs and SUs cooperate with each other, and so
this improves the overall network-wide performance
such as throughput performance. In Figure 3, the
nonintercooperative (C3.2) mode is shown in (a) and
(b) and the PUs and SUs are referred to as selfish
users, and they do not cooperate with each other. For
instance, in [16], the PUs attempt to maximize their
profit or reward out of the white spaces, while the SUs
attempt to reduce their cost.

4. Challenges of Spectrum Leasing in
Cognitive Radio Networks

This section discusses the challenges associated with spec-
trum leasing in CRNs. There are three challenges as follows.

(H1) Increasing the Monetary Gain of PUs. PUs aim to
increase their monetary gain through spectrum leas-
ing. This encourages the PUs to participate in spec-
trum leasing by increasing the amount of white spaces
available to SUs. Subsequently, this increases PUs’
and SUs’ throughput performance [10]. The PUs may
cooperate or compete with each other to lease their
white spaces. As an example, in [10], PUs cooperate
with each other, and linear programming is applied
to set the optimal price of the white spaces in order to
increase their monetary gain. As another example, in
[16], PUs compete with each other, and game theory
is applied to set the optimal price of the white spaces
in order to increase their monetary gain.

(H2) Selecting an Optimal Channel with White Spaces by
SUs. SUs aim to access the licensed channel or white
spaces in order to increase their network performance
(e.g., throughput). So, this encourages the SUs to
participate in spectrum leasing and subsequently
increases PUs’ and SUs’ network performance [17].
However, the access to white spaces by SUs requires
monetary cost, and so there is a need to find an
optimal channel that provides the best possible net-
work performance while incurring the least possible
cost. For instance, Cao et al. [5] propose a spectrum
sharing policy in which white spaces are being leased
to SUs, in order to increase the network capacity of SU
network.

( H3) Scheduling theChannel Access of PUs and SUs.ThePUs
schedule the time for the transmissions of PUs’ and
SUs’ packets in order to enhance their respective QoS
performance (e.g., throughput). The time allocation
for SUs’ links must be sufficiently higher compared
to that of PUs’ links in order to reap the benefits
of spectrum leasing [9]. Otherwise, the queue size
at SU relay nodes may grow and eventually become
insufficient to accommodate new packets from both
PUs and SUs leading to packet loss. However, the
white spaces being leased to SUsmay not be sufficient
to cater for PUs’ and SUs’ packets. For instance,Huang
et al. [18] propose a coalition game to allocate a
suitable fraction of channel access time among PUs
and SUs, so that SUs transmit PUs’ packets as well as
their own packets.

(H4) Continuous Monitoring of White Spaces Being Leased
to SUs by PUs. Upon negotiation, the PUs and SUs
may need to monitor the white spaces (e.g., amount
and channel quality) and the Quality of Service (QoS)
of packet transmission in order to make sure that
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Figure 3: Mode of cooperation between PU and SU network.

each party follows suit. However, the continuous
monitoring of SUs requires more intelligence to be
incorporated into the PU network. For instance, in
[15], PUs additionally acts as an online auctioneer to
monitor the SUs activities. Likewise, in [19], PUs need
to ensure that the interference caused by SUs is less
than the acceptable interference level. Furthermore,
SUs also need tomonitor the SUs’ signal level in order
to reduce interference with PUs [20].

5. Spectrum Leasing Schemes in
Cognitive Radio Networks

This section presents existing work on spectrum leasing
schemes in CRNs. The schemes are categorized with respect
to the challenges (see Section 4) and on the basis of adopted
approaches (e.g., game theoretic approaches and nongame
theoretic approaches) to address the challenges. The game
theoretic approaches, such as Stackelberg game [21], are used
to achieve the equilibrium state (e.g., Nash equilibrium [22])
and it involves PUs and SUs as players of the game. Examples
of the nongame theoretic approaches are reinforcement
learning [23] and convex optimization [24]. Table 1 presents
the gains, functions, and characteristics of the spectrum
leasing schemes. The performance enhancement achieved by
each scheme is shown in Table 2 (see Section 6).

5.1. Increasing the Monetary Gain of PUs. There are six spec-
trum leasing schemes that focus on addressing the challenge
of increasing the monetary gain of PUs that motivates the
PUs to participate in spectrum leasing. These schemes have
been shown to increase the monetary gain of PUs, as well as
to enhance PUs’ or SUs’ QoS performance (e.g., throughput).

5.1.1. SchemesThat Use GameTheoretic Approaches. Alptekin
and Bener [16] propose one PU F(1) and one SU F(2)
functionalities, namely, determination of the cost of white
spaces (F1.1), as well as collaborator selection (F2.1) in
order to increase PUs’ monetary gain (A1.1) and to provide
dedicated channel access to SUs (A2.1) in centralized (C1.1)
SU networks. The purpose is to maximize the PUs’ profit
as seller in terms of its utility function 𝑈𝑝, which helps to
satisfy theQoS parameters (e.g., jitter) of SUs as buyers, in the
presence of 𝐽 PUs and𝐾 SUs.The functionalities aremodeled
and solved using game theory and the Nash equilibrium in a
nonintracooperative (C2.2) mode and non-intercooperative
(C3.2) mode, respectively. The cumulative utility function of
𝐽 PUs is defined as

𝑈𝑝 =

𝐽

∑

𝑗=1

𝑝𝑗𝑘 ⋅ 𝑑𝑗𝑘 − 𝑐𝑗𝑘 ⋅ 𝑑𝑗𝑘, (1)

where 𝑗 = {1, 2, . . . , 𝐽}, 𝑝𝑗𝑘 is the price that PU 𝑗 imposes on
SU 𝑘, 𝑑𝑗𝑘 is the demand factor (i.e., SU 𝑘’s expectation onQoS
requirement including jitter and throughput from PU 𝑗), and
𝑐𝑗𝑘 is the cost associatedwith the channel leased to SU 𝑘which
must be paid by PU 𝑗 to regulatory authorities (e.g., Federal
Communications Commission (FCC)).The PU 𝑗 determines
the cost of white spaces (F1.1) and on that basis selects SU 𝑘

if the difference between price 𝑝𝑗𝑘 and cost 𝑐𝑗𝑘 in PU utility
function is positive, which indicates a monetary gain for PU
𝑗. The SU 𝑘 selects a PU collaborator (F2.1) to achieve its QoS
level as indicated in the demand factor 𝑑𝑗𝑘 while paying the
PU 𝑗 at the specified price 𝑝𝑗𝑘. It has been shown that PUs are
more likely to fulfill the SUs’ QoS demandwith the increment
of price 𝑝𝑗𝑘 (i.e., monetary gain).

Lin and Fang [25] propose one PU F(1) and one SU F(2)
functionalities, namely, determination of the cost of white
spaces (F1.1), as well as SUs’ packet transmission (F2.3) in
order to increase PUs’ monetary gain (A1.1) and to provide
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dedicated channel access to SUs (A2.1) in distributed (C1.2)
SU networks. The purpose is to maximize the PUs’ and SUs’
utility functions 𝑈𝑝 and 𝑈𝑠, respectively, while taking into
account the mutual benefits of PUs (or sellers) and SUs
(or buyers). The functionalities are modeled in the presence
of 𝐽 PUs and 𝐾 SUs and solved using a two-level game
that is split into PU-level game and SU-level game in a
non-intracooperative (C2.2) mode and non-intercooperative
(C3.2) mode, respectively. In this hierarchy of games, PUs
compete with each other to lease their spectrum to SUs by
adjusting their price of white spaces in order to maximize
their respective utility functions; each SU attempts to lease
a certain amount of white spaces from PU that provides the
optimal quality white spaces. The PUs’ 𝑗 ∈ 𝐽 utility function
is defined as

𝑈𝑝,𝑗 =

𝐾

∑

𝑘=1

𝐵𝑗𝑘 {𝑝𝑗𝑘 − 𝑐𝑗} , (2)

where 𝐵𝑗𝑘 is the bandwidth (or white spaces) that PU 𝑗

allocates to SU 𝑘, 𝑝𝑗𝑘 is the price that PU 𝑗 imposes on SU
𝑘, and 𝑐𝑗 is the cost associated with the channel leased to SU
𝑘 which must be paid by PU 𝑗 to regulatory authorities (e.g.,
FCC). A PU decides to play a game if price 𝑝𝑗𝑘 is greater than
cost 𝑐𝑗 of the leased channel (F1.1).The SUs’ utility function is
defined as

𝑈𝑠 = {
log
2
(1 + 𝑅𝑠,𝑘) Case-I

log
2
(1 + 𝑅

MAX
𝑠,𝑘

) Case-II,
(3)

Where 𝑅𝑠,𝑘 and 𝑅
MAX
𝑠,𝑘

are the transmission rate, as well as its
maximum value, of SU 𝑘. In Case-I, PU allocates lesser white
spaces to SU 𝑘 than it demands, while in Case-II, PU allocates
higher bandwidth to SU 𝑘 than it demands. The higher the
amount of white spaces provided by PU to SU, the higher is
the transmission rate of SU 𝑘 (F2.3). It has been revealed that
the number of SUs increases with the price of white spaces
that PUs impose to SU.

Yi et al. [10] propose three PU F(1) and two SU F(2)
functionalities, namely, determination of the cost of white
spaces (F1.1), relay selection (F1.3) and PUs’ packet trans-
mission (F1.4), as well as determination of SU’s channel
access time (F2.2), and SUs’ packet transmission (F2.3) in
order to increase PUs’ monetary gain (A1.1) and to provide
dedicated channel access to SUs (A2.1) in centralized (C1.1)
SU networks. The purpose is to maximize the PUs’ and SUs’
network utility functions, 𝑈𝑝 and 𝑈𝑠, respectively. The PUs
and SUs are rational and selfish in nature. The functionalities
are modeled and solved using Stackelberg game, in which
the PU is the leader and the SU is the follower in an intra-
cooperative (C2.1) mode and inter-cooperative (C3.1) mode,
respectively. The Nash equilibriummaximizes both PUs’ and
SUs’ utility functions, 𝑈𝑝 and 𝑈𝑠. The PUs’ utility function is
defined as

𝑈𝑝 = 𝑢𝑑 + 𝑢𝑟, (4)

where 𝑢𝑑 and 𝑢𝑟 are revenues. Revenue 𝑢𝑑 is dependent on
the ratio of total PUs’ packet transmissions, which include

successful packet transmissions through direct transmissions
(i.e., fromPUhost to PUBS) and relaying through SUs to total
traffic demand of all PU hosts. Revenue 𝑢𝑟 is derived from the
white spaces being leased to SUs. The SUs’ utility function is
defined as

𝑈𝑠 = 𝑢𝑠 − 𝑢𝑟, (5)

where 𝑢𝑠 is derived from the total SUs’ packet transmissions
from all SU hosts. Both𝑈𝑝 and𝑈𝑠 take into account the SNR
of the channels. There are two main steps in the Stackelberg
game. Firstly, the PU BS (or leader) determines its strategy
comprised of a set of potential SU relaying nodes (F1.3) and
the costs (i.e,. the price of white spaces per unit access time)
to be imposed on SUs (F1.1) and sends the PUs’ strategy to SU
BS. Using the fixed leader’s strategy, the SU BS (or follower)
determines the amount of white spaces to request from PUs
based on the costs (F2.1); hence, higher cost may reduce the
amount of white spaces to request. The SU BS sends the SU
strategy to PU BS. Secondly, using a fixed follower’s strategy,
the PU BS selects relay nodes and finalizes the costs and start
packet transmissions (F1.4). Similarly, the SU BS allocates the
leased white spaces amongst SUs for their respective packet
transmission (F2.3). The spectrum leasing scheme has been
shown to increase PUs’ and SUs’ utility functions,𝑈𝑝 and 𝑈𝑠,
as well as to increase the amount of white spaces being leased.
This scheme also decreases the price of white spaces per unit
access time.

5.1.2. Schemes That Use Nongame Theoretic Approaches. Kim
and Shin [26] propose one PU F(1) function, namely, deter-
mination of the cost of white spaces (F1.1) in order to increase
PUs’ monetary gain (A1.1) in distributed (C1.2) SU networks.
The purpose is to maximize the PUs’ profit by controlling
the SUs’ admission and eviction strategies. The admission
strategy allows the SUs to utilize PUs’ channels on the basis of
the requested amount of white spaces, which basically yields
the PUs’ profit. Hence, if SUs demands a small amount of
white spaces, then PUs may reject their admissions due to
the less monetary gain. This is because the PUs are interested
to allocate white spaces to SUs that request larger amount
of white spaces in order to maximize their monetary gain,
whereas the eviction strategy is set so that SUs evacuate the
channel immediately if PUs’ activities reappear. The function
is modeled and solved using semi-Markov decision process
and linear programming in a non-intracooperative (C2.2)
mode and non-intercooperative (C3.2) mode, respectively.
The PUs allocates their underutilized channels to a group of
𝑘 SUs. The expected revenue of PUs is defined as

𝑟𝑝 = ∑

𝑘∈𝐾

𝑝𝑘𝑄𝑘𝐾, (6)

where 𝑝𝑘 is the price that 𝑘 SUs pay to PU in return of its
QoS demand 𝑄𝑘, while 𝐾 is the number of SUs in the group.
Higher PUs’ revenue, which comes with higher price of white
spaces (F1.1), indicates higher QoS demand from SUs. It has
been shown that PUs’ revenue increases with the amount of
white spaces. However, the PUs’ revenue decreases when the
white spaces become oversupplied.
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Song and Lin [13] propose one PU F(1) and one SU
functionalities, namely, determination of the cost of white
spaces (F1.1), as well as SUs’ packet transmission (F2.3) in
order to increase PUs’ monetary gain (A1.1) and to provide
dedicated channel access to SUs (A2.1) in distributed (C1.2)
SU networks. The purpose is to maximize the profit of
PUs while allocating the white spaces to SUs. The function
is modeled and solved using auction-based property-rights
model mechanism in a nonintracooperative (C2.2) mode
and nonintercooperative (C3.2) mode, respectively. In a
property-rights model, SUs are divided into non-overlapping
groups and a leader is elected from each group. The auction
mechanism is divided into time windows, and each window
is further divided into two phases, namely, auction and
communication. There are four main purposes in regard to
the auctionmechanism. Firstly, it maximizes the overall spec-
trum utilization. Secondly, it maximizes the number of SU
winners (or SU groups that gain a channel). Thirdly, it fulfills
the bandwidth requirement of SUs. Note that the channels
are heterogeneous and each channel has different amount of
bandwidth (or white spaces). Fourthly, it maximizes the PUs’
revenue. In a round of bidding, each SU leader determines a
bid value based on hungry degree, which takes into account
the amount of white spaces required by its group of SUs.
During the auction phase, the PU auctions off 𝑛 channels
with white spaces to 𝑚 SU leaders in two phases. Each SU
leader uses an auction phase, which is based on its bandwidth
requirement, to bid for a leasing channel. Higher value of
hungry degree leads to higher bid value. During the first
phase of auction, in order to meet the first, second, and third
purposes, the PU grants channels to as many groups of SUs
as possible to meet their respective minimum requirement
on the amount of white spaces. During the second phase
of auction, in order to achieve the fourth purpose, the PU
allocates the channels with white spaces to SU leaders that
offer higher bid values (F1.1). During the communication
phase (F2.3), the SUs transmit packets and the PU keeps track
of availablewhite spaces for auctions in the next timewindow.
The spectrum leasing scheme has been shown to increase
throughput performance in regard to vacant channels.

Wu et al. [7] propose one PU F(1) function, namely,
determination of the cost of white spaces (F1.1) in order to
increase PUs’ monetary gain (A1.1) and to provide dedicated
channel access to SUs (A2.1) in centralized (C1.1) SU net-
works. The purpose is to maximize the PU monetary gain
and SUs network utility function 𝑈𝑠, while preventing the
collusive SUs to access the PUs’ white spaces. The collusive
SUs form a coalition and deliberately decrease the price
of white spaces offered by PUs. The function is modeled
and solved using binary linear programming and convex
optimization in an intra-cooperative (C2.1) mode and non-
intercooperative (C3.2) mode, respectively. Binary linear
programming is a mathematical method to determine the
optimal results that comprises binary integers (i.e., 0 and
1). The PU sells white spaces to 𝐾 SUs with the assistance
from a third-party spectrum broker. Upon the reception of
bid values 𝑏𝑘 = {𝑏1, 𝑏2, . . . , 𝑏𝐾} from 𝐾 SU, the spectrum
broker announces the winning SUs by defining the channel
allocation 𝑥𝑘 = {𝑥1, 𝑥2, . . . , 𝑥𝐾} and the associated price

𝑝 = {𝑝1, 𝑝2, . . . , 𝑝𝐾} for 𝐾 SUs. For the winning SUs, the
channel allocation 𝑥𝑘 is set to one (i.e., 𝑥𝑘 = 1), which
indicates that the channel has been allocated to winner SU
𝑘. The gain of each winning SUs is 𝑔𝑘, which lead to an
efficient channel allocation which is used to compute the
utility function of SUs; that is,𝑈𝑠 = ∑

𝐾

𝑘=1
𝑔𝑘 ⋅𝑥𝑘. Higher values

of 𝑈𝑠 indicate higher number of winning SUs in the auction
for white spaces. It has been shown that, as the number of
winning SUs increases, the price of the white spaces imposed
by the PUs as sellers also increases.

5.2. Selecting an Optimal Channel with White Spaces by SUs.
There are six spectrum leasing schemes that focus onmotivat-
ing the SUs to participate in spectrum leasing by increasing
the amount of white spaces for SUs. These schemes have
been shown to enhance PUs’ or SUs’ QoS performance (e.g.,
throughput).

5.2.1. Schemes That Use Game Theoretic Approaches. Chan
et al. [17] propose two PU F(1) and one SU F(2) func-
tionalities, namely, determination of PUs’ and SUs’ channel
access time (F1.2) and relay selection (F1.3), as well as SUs’
packet transmission (F2.3) in order to enhance the network
performance of PUs (A1.2) and to provide dedicated channel
access to SUs (A2.1) in centralized (C1.1) SU networks. The
purpose is to maximize the spectrum utilization of PU
and SU networks by adopting the cooperation strategies
in between of 𝐽 PUs and 𝐾 SUs in the form of PUs and
SUs utility functions, 𝑈𝑝 and 𝑈𝑠, respectively. In separate
cooperation, PU 𝑗 and SU 𝑘 form a one-to-one collaborative
relationship with each other, while in grand cooperation, PUs
and SUs form a coalition that comprises of many one-to-one
and one-to-many collaborative relationships with each other.
The functionalities are modeled and solved using canonical
coalition game theoretic framework and convex optimization
problem in a non-intracooperative (C2.2) mode and inter-
cooperative (C3.1)mode, respectively.ThePUutility function
is defined as

𝑈𝑝 = 𝑢 (𝑅𝑝) + 𝑝𝑠𝑝𝑗
− 𝐿 (𝑐𝑝) , (7)

where 𝑢(⋅) and 𝐿(⋅) are concave function that maps the PU
achievable transmission rate 𝑅𝑝 as utility gain and PU cost 𝑐𝑝
as utility loss, while 𝑝𝑠𝑝𝑗 is the price of white spaces that PU 𝑗

imposes on SUs. The SU utility function is defined as

𝑈𝑠 = 𝑟 (𝑅𝑠) + 𝑃𝑠𝑘𝑝
, (8)

where 𝑟(⋅) is (⋅) concave function that projects SU achievable
rate 𝑅𝑠 as revenue and 𝑃𝑠𝑘𝑝 is the price that PUs imposes on
SU 𝑘 in order to lease its channel. It has been shown that the
grand cooperation strategy produces higher optimal utility
value than individuals’ cooperation.

Vazquez-Vilar et al. [20] propose two PU F(1) and one
SU F(2) functionalities, namely, relay selection (F1.3), and
PUs’ packet transmission (F1.4), as well as SUs’ packet trans-
mission (F2.3) in order to enhance the network performance
of PUs (A1.2) and to provide dedicated channel access to
SUs (A2.1) in centralized (C1.1) SU networks. The purpose
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is to maximize the PUs’ and SUs’ utility functions 𝑈𝑝 and
𝑈𝑠 in the presence of a PU communication node pair in
order to minimize the SUs’ interference to PUs by reducing
their power consumption.The PU determines the maximum
allowable interference that PU can tolerate from SUs 𝐼𝑝max,
while the SUs aim to reduce their transmission power in order
to fulfill the requirement 𝐼𝑝max. The function is modeled and
solved using Stackelberg game in an intracooperative (C2.1)
mode and intercooperative (C3.1) mode, respectively. In this
scheme, the PU is the leader and the SU is the follower. To
foster collaboration with SUs, the PU maximizes its utility
function, and it is defined as

𝑈𝑝 = 𝑢𝑝 (𝐼
𝑠

𝑘
, Δ𝑇
𝑝

𝑝
) , (9)

where 𝑢𝑝 increases with the increment of interference from
SU 𝑘 (or 𝐼𝑠

𝑘
≤ 𝐼
𝑝

max) and decreases with the increment of PUs’
transmission powerΔ𝑇𝑝𝑝 . To foster collaborationwith PU, the
SU maximizes its utility function, and it is defined as

𝑈𝑠 = 𝑢𝑠 (𝑅
𝑠

𝑘
, 𝐼
𝑠

𝑘
) , (10)

where 𝑢𝑠 increases with the increment of the SU transmission
rate𝑅𝑠

𝐾
and decreases with interference fromSU 𝐼

𝑠

𝑘
. Note that,

𝑅
𝑠

𝑘
(𝑝𝑘) and 𝐼

𝑠

𝑘
(𝑝𝑘) increase with the SU transmission power

𝑝𝑘. Maximizing𝑈𝑠 helps tomaximize the SU 𝑘’s power vector
𝑃
𝐼
𝑝
max
𝐾

= argmax
𝑝
{𝑢𝑠(𝑅
𝑠

𝑘
, 𝐼
𝑠

𝑘
)}. This has led to computing the

overall utility function of PUs and SUs on the basis of 𝐼𝑝max.
ThePU selects a SU relay node 𝑘 ∈ 𝐾 (F1.3) that has the lowest
transmission power for transmission of PU packets (F1.4),
as well as SUs’ packets (F2.3) among the other SUs. It has
been shown that the proposed scheme achieves higher utility
function for both PUs and SUs compared to the traditional
scheme.

5.2.2. SchemesThat Uses NongameTheoretic Approaches. Cao
et al. [5] propose twoPUF(1) and one SUF(2) functionalities,
namely, relay selection (F1.3) and PUs’ packet transmission
(F1.4), as well as SUs’ packet transmission (F2.3) in order
to enhance the network performance of PUs (A1.2) in
centralized (C1.1) SU networks. The purpose is to maximize
the spectrum utilization of PU and SU networks, where
the PU and SU BSs operate in an intracooperative (C2.1)
mode and intercooperative (C3.1) mode, respectively.The PU
source node 𝑖 selects the best available SU relay node 𝑘, and
establishes communication with the PU destination node 𝑗.
The SU relay is used to transmit PU and SU packets using
a quadrature modulation scheme, which depends on two
factors, namely, power allocation factor 0 ≤ 𝐹

𝑝

𝑖𝑗,𝑘
≤ 1 and

weight factor 0 ≤ 𝑤
𝑝

𝑖𝑗,𝑘
≤ 1. The power allocation factor

determines the transmission of packets through SU relay
node. Note that the SU relay node transmits PU packets only
if 𝐹𝑝
𝑖𝑗,𝑘

= 1, the SU packets only if 𝐹𝑝
𝑖𝑗,𝑘

= 0, and both PUs’ and
SUs’ packets if 0 < 𝐹𝑝

𝑖𝑗,𝑘
< 1, whereas the weight factor deter-

mines the respective throughputs of PU and SU network,
respectively. The selected SU relay node 𝑘 transmits PU and
SU packets simultaneously using transmission power 𝑃𝑠

𝑖𝑗,𝑘

in two orthogonal channels (i.e., in-phase and quadrature
channels) exploited using a quadraturemodulation approach.
The SU relay node relays PU packets using transmission
power 𝐹𝑝

𝑖𝑗,𝑘
⋅𝑃
𝑠

𝑖𝑗,𝑘
using in-phase channel and sends SU packets

using transmission power (1 − 𝐹
𝑝

𝑖𝑗,𝑘
) ⋅ 𝑃
𝑠

𝑖𝑗,𝑘
in quadrature

channel. The throughput of PUs and SUs is represented by
a weighted sum throughput 𝑇𝑇, which is defined as

𝑇𝑇 = (1 − 𝑤
𝑝

𝑖𝑗,𝑘
) ⋅ 𝑇𝑝 + 𝑤

𝑝

𝑖𝑗,𝑘
⋅ 𝑇𝑠, (11)

where 𝑇𝑝 and 𝑇𝑠 represent PUs’ and SUs’ throughput, respec-
tively. Note that 𝑇𝑇 = 𝑇𝑝 if 𝑤

𝑝

𝑖𝑗,𝑘
= 0 and 𝑇𝑇 = 𝑇𝑠 if 𝑤

𝑝

𝑖𝑗,𝑘
= 1,

while𝑇𝑝 and𝑇𝑠 achieve a balance if𝑤
𝑝

𝑖𝑗,𝑘
= 1/2. A primal-dual

subgradient algorithm, including Lagrange multipliers and
the Karush-Kuhn-Tucker conditions, is used to optimize 𝐹𝑝

𝑖𝑗,𝑘

and 𝑃𝑠
𝑖𝑗,𝑘

in order to optimize the weighted sum throughput
𝑇𝑇. The PU selects a SU only if it improves throughput
performance (F1.3), while the selected SU transmits the PU
and SU packets simultaneously (F1.4), or the SU packets
only (F2.3) when the PU is inactive. Through achieving
balanced throughputs 𝑇𝑝 and 𝑇𝑠, the scheme has been shown
to maximize 𝑇𝑇, and this is due to the dependence of 𝑇𝑝 and
𝑇𝑠 on power allocation factor 𝐹𝑝

𝑖𝑗,𝑘
and weight factor 𝑤𝑝

𝑖𝑗,𝑘
.

Jayaweera et al. [8] propose two PU F(1) and one SU F(2)
functionalities, namely, relay selection (F1.3) and PUs’ packet
transmission (F1.4), as well as SUs’ packet transmission (F2.3)
in order to enhance the network performance of PUs (A1.2)
and to provide dedicated channel access to SUs (A2.1) in
centralized (C1.1) and distributed (C1.2) SU networks. The
purpose is to maximize the PUs’ and SUs’ utility functions𝑈𝑝
and 𝑈𝑠, respectively, in terms of power savings of PUs when
they collaborate with SUs in the presence of 𝐽 PUs and𝐾 SUs.
For centralized CRNs, the functionalities are modeled and
solved using reinforcement learning in an intracooperative
(C2.1) mode, and intercooperative (C3.1) mode, respectively,
whereas for distributed CRNs, the functionalities are mod-
eled and solved using reinforcement learning in a nonintra-
cooperative (C2.2) mode and inter-cooperative (C3.1) mode,
respectively. The PU 𝑗 ∈ 𝐽 utility function is defined as

𝑈𝑝 =
𝑃𝑗,𝑑 − 𝑃𝑗 (𝑃𝑘(𝑗),𝑗)

𝑃𝑗,𝑑
(𝑅𝑗 (𝛼𝑗) − 𝑅𝑗,min) , (12)

where 𝑃𝑗,𝑑 is the maximum transmission power of PU 𝑗

through direct PU-PU transmission without using a SU relay
node, 𝑃𝑗(𝑃𝑘(𝑗),𝑗) is the PU 𝑗 transmission power through PU-
SU-PU transmission using SU 𝑘 as a relay node where 𝑃𝑘(𝑗)
is the transmission power for SU 𝑘 to relay the PUs’ packets
to its destination, and 𝑅𝑗(𝛼𝑗) and 𝑅𝑗,min are the achievable
transmission rate of PU 𝑗 after allocating 𝛼𝑗 of white spaces
to SUs and the minimum transmission rate of PU 𝑗 for direct
transmission, respectively. The SU 𝑘 ∈ 𝐾 utility function is
defined as

𝑈𝑠,𝑘 = 𝛼𝑗𝑊𝑗 log (1 + SNR𝑘,𝑖) (BER𝑘𝑗,min − BER𝑘𝑗,(𝑃𝑘(𝑗))) ,
(13)
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where 𝑊𝑗 is the bandwidth used by SU to transmit its own
signal, SNR𝑘,𝑖 is the signal-to-noise ratio of SU 𝑘, while
BER𝑘𝑗,min and BER𝑘𝑗,(𝑃𝑘(𝑗)) are the minimum and observed
Bit Error Rate (BER) values of SU 𝑘 while relaying PU j’s
packets. It has been shown that the transmission power of PU
decreases with increasing the transmission power of SU.

Murawski and Ekici [27] propose two PU F(1) and
one SU F(2) functionalities, namely, relay selection (F1.3)
and PUs’ packet transmission (F1.4), as well as SUs’ packet
transmission (F2.3) in order to enhance the network per-
formance of PUs (A1.2) and to provide dedicated channel
access to SUs (A2.1) in distributed (C1.2) SU networks. The
purpose is to maximize the throughput of PUs and SUs
in an intra-cooperative (C2.1) mode and inter-cooperative
(C3.1) mode, respectively. The network considers a single
PU source node that communicates with a PU destination
node through direct PU-PU transmission or indirect PU-
SU-PU transmission via SU relay node. The PU destination
node transmits Request to Send (RTS), while the SU replies
with Request to Cooperate (RTC) composed of channel state
information upon receiving RTS from the PU. Subsequently,
the PUdestinationnode selects the suitable SUs as relay nodes
using the channel state information.The criterion adopted by
PU for selecting a suitable SU relaying node is based on the
basis of higher throughput value of a given PU-SU-PU link
with respect to the throughput value of PU-PU direct link.
The PU destination node sends clear to coordinate (CTC)
message to a selected SU relay node, which indicates that a
given PU-SU-PU link offers higher throughput than the PU-
PU direct link; whereas, if the throughput being offered by
the PU-SU-PU link is lower than the PU-PU direct link, then
the PU destination node sends clear to send (CTS) message
to the SU relay node, which indicates that the direct link of
PU-PU communication can take place. For the calculation
of expected throughput value either from PU-SU-PU link or
from PU-PU direct link, abackoff mechanism of distributed
coordination function [38] is used. The expected throughput
value is dependent on the probability of successful packet
transmission 𝑃𝑠, packet transmission time 𝑡packet, collision
detection time 𝑡collide, and the expected size of PU packets
𝐸packet size. Furthermore, for attaining a higher throughput
gain, adaptive modulation schemes (e.g., BPSK, QPSK, and
16-QAM) is used with respect to the SNR of the channels.
It has been shown that, higher throughput can be achieved
by changing the adaptive modulation scheme from BPSK
to QPSK, and from QPSK to 16-QAM. Additionally, higher
throughput of PUs can be achieved by reducing the number
of SUs as relaying nodes which reduces the communication
overheads.

Toroujeni et al. [28] propose two PUF(1) and one SUF(2)
functionalities, namely, relay selection (F1.3) and PUs’ packet,
transmission (F1.4), as well as SUs’ packet transmission (F2.3)
in order to enhance the network performance of PUs (A1.2)
and to provide dedicated channel access to SUs (A2.1) in
distributed (C1.2) SUnetworks.The purpose is to increase the
link reliability by maximizing the transmission rate of a PU
communication node pair and𝐾 SUs.The functionalities are
modeled and solved using Orthogonal Frequency Division

Multiplexing (OFDM) [39] symbols in an intra-cooperative
(C2.1) mode and inter-cooperative (C3.1) mode, respectively.
There are a total of 𝑁𝑠 + 𝑁𝑝𝑝 OFDM symbols, in which 𝑁𝑝𝑝
symbols are dedicated for a PU-PUcommunication node pair
for direct transmission, and the 𝑁𝑠 symbols are dedicated
for PU-SU and SU-SU transmissions, respectively. The PU
selects the maximum transmission link 𝑅𝑝 either from PU-
PU direct link 𝑅𝑝𝑝 or from PU-SU-PU relayed link 𝑅𝑝𝑠𝑝, and
it is defined as

𝑅𝑝 = max {𝑅𝑝𝑝, 𝑅𝑝𝑠𝑝} . (14)

Each SU 𝑘 ∈ 𝐾 chooses the best channel to relay the packets
from PU source node to PU destination node as well as its
own packets to another SU. The SU cooperates with PU if
SU-SU transmission rate 𝑅𝑠𝑠 is equal to the price 𝑝𝑘, which
is charged by the PU, times the SU-PU transmission rate 𝑅𝑠𝑝,
and it is defined as

𝑅𝑠𝑠 =

𝐾

∑

𝑘=1

𝑝𝑘 ⋅ 𝑅𝑠𝑝. (15)

Higher value of 𝑅𝑠𝑠 indicates higher achievable transmission
rate between SU relay node and PU destination node. It
has been shown that as the distance increases between PU
source node and SUs, it decreases the number of selected SUs
as relaying nodes. Furthermore, higher cost being incurred
by SUs reduces the achievable transmission rates of PUs
although it increases the achievable transmission rates of SUs.

5.3. Scheduling the Channel Access of PUs and SUs. There
are ten spectrum leasing schemes that focus on scheduling
of channel access time in between of PUs and SUs for their
respective transmission. These schemes have been shown to
enhance PUs’ and SUs’ QoS performance (e.g., throughput).

5.3.1. Schemes That Use Game Theoretic Approaches. Chen
et al. [29] propose two PU F(1) and one SU F(2) func-
tionalities, namely, determination of PUs’ and SUs’ channel
access time (F1.2) and relay selection (F1.3), as well as SUs’
packet transmission (F2.3) in order to enhance the network
performance of PUs (A1.2) and to provide dedicated channel
access to SUs (A2.1) in distributed (C1.2) SU networks.
The purpose is to maximize the PUs’ and SUs’ network
utility functions 𝑈𝑝 and 𝑈𝑠 in the presence of 𝐽 PUs and
𝐾 SUs. The functionalities are modeled and solved using a
three-tier game in a non-intracooperative (C2.2) mode and
nonintercooperative (C3.2) mode, respectively. The PU and
SU network communicate with each other using a control
channel protocol in order to participate and achieve a game
equilibrium. Both PUs and SUs are rational in nature. The
PU selects the suitable SUs as relay nodes to transmit PU’s
packets in order to increase its transmission rate and the SUs
in return achieve a portion of channel access time set by
the PU to maximize their transmission rate. The PU divides
the transmission period into three phases. The first phase is
for primary transmission (PU-PU and PU-SU) during which
the PUs transmit their packets to other PUs and SUs. The
second phase is for relayed transmission (SU-PU) during
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which the SUs help the PUs to relay PUs’ packets, whereas
the third phase is for secondary transmission (SU-SU) during
which the SUs transmit their own packets. The length of the
primary transmission phase is𝛼, the relay nodes transmission
phase is (1−𝛼)(1−𝛽), and the secondary transmission phase
is (1 − 𝛼)𝛽. Higher value of 𝛼 indicates that PUs is willing to
lease its spectrum to SUs while higher value of 𝛽 encourages
SUs to collaborate and relay PUs’ packets. Thus, the PU must
determine optimal values of 𝛼 and 𝛽 (F1.2) that maximize its
own and SUs’ transmission rate. The PU 𝑗 utility function is
defined as

𝑈𝑝,𝑗 = min {𝛼𝑅𝑝𝑠,𝑘, (1 − 𝛼) (1 − 𝛽) 𝑅𝑠𝑝,𝑘} , (16)

where 𝑅𝑝𝑠 and 𝑅𝑠𝑝 are the maximum transmission rate
through SU relay nodes (F1.3). The SU 𝑘 utility function is
defined as

𝑈𝑠 = 𝛽𝑅𝑠𝑠 − (1 − 𝛼) 𝑝𝑠𝑃𝑠, (17)

where 𝑝𝑠 is the cost of per unit power 𝑃𝑠 consumed by SU
𝑘 as relay node to transmit PU source node packet to PU
destination node. Therefore, the utility function of SU 𝑘 is
the difference between its revenue in terms of achievable rate
𝑅𝑠𝑠 (F2.3) and the cost of power which SU 𝑘 must bear in
order to relay the PU’s packets. It has been shown that as
the distance increase between the PU and SUs, their utility
functions increase until a certain limit which then decrease.

Huang et al. [18] propose three PU F(1) and one SU
F(2) functionalities, namely, determination of the cost of
white spaces (F1.1), determination of PUs’ and SUs’ channel
access time (F1.2), and relay selection (F1.3), as well as SUs’
packet transmission (F2.3) in order to enhance the network
performance of PUs (A1.2) and to provide dedicated channel
access to SUs (A2.1) in centralized (C1.1) SU networks. The
purpose is to maximize the PUs’ and SUs’ utility functions𝑈𝑝
and𝑈𝑠 in the presence of 𝐽PUs and𝐾 SUs.The functionalities
are modeled and solved using canonical coalition game in
an intracooperative (C2.1) mode and intercooperative (C3.1)
mode, respectively. The PU divides a unit time slot into
three subslots for primary transmission (PU-PUandPU-SU),
relayed transmission (SU-PU), and secondary transmission
(SU-SU), respectively.The length of the primary transmission
subslot is 1−𝛼, the relay nodes transmission subslot is 𝛽, and
the secondary transmission subslot is 𝛼 − 𝛽. Higher value of
𝛼 indicates that PUs are willing to lease their spectrum to
SUs while higher value of 𝛽 encourages SUs to collaborate
more and relay PU packets. Thus, the PU must determine
the optimal values of 𝛼 and 𝛽 that maximize its own as well
as SUs’ transmission rate. The PU 𝑗 ∈ 𝐽 utility function is
𝑈𝑝 = 𝐹(𝑅𝑝), where 𝐹(⋅) is an increasing concave function
that represents PUs’ gain and 𝑅𝑝 is the minimum achievable
transmission rate, which can be either from PU-SU or from
SU-PU, and dependent on transmitter power 𝑃𝑡, channel
gain 𝐺, and noise level 𝜎2. The SUs’ utility function is 𝑈𝑠 =
𝐺(𝑅𝑠) − 𝑝𝑠, where G(⋅) is an increasing concave function that
represents SUs’ gain and 𝑝𝑠 is the price that SU needs to pay
in order to lease channels from PUs. It has been shown that
as the SUs’ channel access time increases, the transmission

rate of SUs increases significantly, which increases the PUs
monetary gainwhile decreasing its transmission rate since SU
uses more power to transmits its own packets.

Wang et al. [30] propose three PU F(1) and two SU
F(2) functionalities, namely, determination of the cost of
white spaces (F1.1), determination of PUs’ and SUs’ channel
access time (F1.2), and relay selection (F1.3), as well as
determination of SU’s channel access time (F2.2) and SUs’
packet transmission (F2.3) in order to enhance the network
performance of PUs (A1.2) and to provide dedicated channel
access to SUs (A2.1) in centralized (C1.1) SU networks. The
purpose is to maximize the PUs’ and SUs’ utility functions𝑈𝑝
and 𝑈𝑠, respectively, in the presence of a PU communication
node pair and 𝐾 SUs. The functionalities are modeled and
solved using Stackelberg game in an intra-cooperative (C2.1)
mode and inter-cooperative (C3.1) mode, respectively. The
PU divides the transmission period into three phases. The
first phase is for primary transmission (PU-PU and PU-
SU) during which the PUs transmit their packets to other
PUs and SUs. The second phase is for relayed transmission
(SU-PU) during which the SUs help the PUs to relay PUs’
packets whereas the third phase is for secondary transmission
(SU-SU) during which the SUs transmit their own packets.
The length of the primary transmission phase is (𝑇 − 𝑡𝑠)/2,
the relay nodes transmission phase is (𝑇 − 𝑡𝑠)/2, and the
secondary transmission phase is 𝑡𝑠. The PU utility function
is defined as

𝑈𝑝 = 𝐺SNR (SNR𝑝𝑝 + SNR𝑝𝑠𝑝)
𝑇 − 𝑡𝑠

2𝑇
, (18)

where 𝐺SNR is the channel gain per unit SNR and SNR𝑝𝑝 and
SNR𝑝𝑠𝑝 are the SNR values of PU-PU direct link and PU-SU-
PU relayed link whereas, the SUs’ utility function is defined
as

𝑈𝑠 = 𝐺𝑡𝑠
− 𝑐

𝑇 − 𝑡𝑠

2
{
(SNR𝑝𝑠 + 1) 𝑝⋅𝑡𝑠 ⋅ 𝜎

2

(SNR𝑝𝑠 − 𝑝𝑡𝑠)𝐺𝑝𝑝
} , (19)

where 𝑐 is the cost per unit energy consumption, 𝑝 is the
price that SUs needs to bear in order to buy white spaces from
PUs, and 𝜎2 is the noise variance. It has been shown that as
the distance increase between the PU and SUs, their utility
functions increase until a certain limit which then decrease.

Stanojev et al. [31] propose two PU F(1) and one SU
F(2) functionalities, namely, determination of PUs’ and SUs’
channel access time (F1.2) and relay selection (F1.3), as
well as SUs’ packet transmission (F2.3) in order to enhance
the network performance of PUs (A1.2) and to provide
dedicated channel access to SUs (A2.1) in distributed (C1.2)
SU networks. The purpose is to maximize the PUs’ trans-
mission rate and the SUs’ utility function. The PU divides a
unit time slot into three subslots for primary transmission
(PU-PU and PU-SU), relayed transmission (SU-PU), and
secondary transmission (SU-SU), respectively. The length of
the primary transmission subslot is (1 − 𝛼) ⋅ 𝑡slot, the relay
nodes transmission subslot is 𝛼 ⋅ 𝛽 ⋅ 𝑡slot, and the secondary
transmission subslot is 𝛼 ⋅ (1 − 𝛽) ⋅ 𝑡slot. Higher value of 𝛼 and
lower value of 𝛽 encourage SUs to collaborate, and so the PU
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must determine optimal values of 𝛼 and 𝛽, while maximizing
its own transmission rate. The functionalities are modeled
and solved using Stackelberg game in a nonintracooperative
(C2.2) mode and intercooperative (C3.1) mode, respectively.
In this scheme, PU is the leader and SU is the follower. The
game aims to foster collaboration between PUs and SUs by
maximizing the PUs’ transmission rate and enhancing the
SUs’ utility function. The PU source node 𝑖 chooses a set
of SU relay node 𝑘 that provides an optimum value of PU
transmission rate, which is dependent on the transmission
rate from PU source node 𝑖 to SU relaying node 𝑘, or 𝑅𝑝𝑠

𝑖𝑗,𝑘
,

while SU relaying node 𝑘 calculates the transmission rate
from SU relay node 𝑘 to PU destination node 𝑗, or 𝑅𝑠𝑝

𝑖𝑗,𝑘
, as

well as 𝛽. Hence, the value of 𝛽 must be chosen carefully to
encourage collaboration between PU and SU. The choice of
𝛽 must maximize the SU-PU transmission rate (𝛼 ⋅ 𝛽 ⋅ 𝑡slot) ⋅
𝑅
𝑠𝑝

𝑖𝑗,𝑘
, on the other hand, the choice of 𝛼 must maximize

the SU-SU transmission rate {(𝛼 ⋅ (1 − 𝛽)) ⋅ 𝑡slot} ⋅ 𝑅
𝑠𝑠

𝑘
. The

optimal value of 𝛽 is 𝛽 = argmax
𝛽∈[0,1]

𝛽 ⋅ 𝑅
𝑠𝑝

𝑖𝑗,𝑘
and 𝛽 is

applied in the calculation of �̂� = 𝑓(1/𝛽).The PU source node
selects a suitable SU relay node (F1.3) to transfer its packets
to PU destination node (F1.4) if SU relay node provides
higher transmission rate; otherwise, it chooses PU-PU direct
link. The PU calculates channel access time for PUs and
SUs (F1.2). It has been shown that, as the number of SU
relay nodes increases, the outage probability of PU decreases
and the transmission rate of SUs increases. The SUs aim to
maximize their utility function in order to transmit its own
packets (F2.3). The SUs utility function is 𝑢𝑠𝑠

𝑃𝑘,𝑃−𝑘
, where 𝑃𝑘

is the transmission power of SU relaying node 𝑘, and 𝑃−𝑘 is
a vector of the transmission power of the SU nonrelaying
nodes. The PU adjusts 𝛽 to determine the time distribu-
tion among PUs’ and SUs’ (F1.2) transmissions, and this is
followed by the selection of the best available SUs as relay
nodes (F1.3) for possible communication between a PU node
pair. It has been shown that the PUs’ and SUs’ throughput
performances can be increased by increasing the number of
SU relay nodes 𝑘 and decreasing the distance between PU and
SU.

Wang et al. [32] propose two PU F(1) and one SU F(2)
functionalities, namely, determination of PUs’ and SUs’ chan-
nel access time (F1.2) and relay selection (F1.3), as well as SUs’
packet transmission (F2.3) in order to enhance the network
performance of PUs (A1.2) and to provide dedicated channel
access to SUs (A2.1) in distributed (C1.2) SU networks. The
purpose is to maximize the PUs’ and SUs’ utility functions𝑈𝑝
and𝑈𝑠 in the presence of a PU communication node pair and
𝐾 SUs. The functionalities are modeled and solved using the
game theoretic approach and the Stackelberg equilibrium in
a nonintracooperative (C2.2) mode and nonintercooperative
(C3.2) mode, respectively. In this game theoretic approach,
PUs and SUs are rational in nature, in which the PUs and
SUs attempt to achieve their respective equilibrium point.
The PU selects suitable SUs that transmit PU packets as relay
using their respective transmission power, while the SUs in
return achieve a portion of channel access time set by the PU
to transmit their own packets. The PU divides a unit time

slot into two sub-slots for primary transmission (PU-PU,
PU-SU, and SU-PU) and secondary transmission (SU-SU),
respectively. The length of the primary transmission subslot
is 𝛼, while the secondary transmission subslot is 1−𝛼. Higher
value of 𝛼 indicates that PUs are willing to lease its spectrum
to SUs in order to maximize its packet transmission while
allocating the remaining time to SUs for their own packet
transmission. Thus, PU must determine the optimal value of
𝛼 (F1.2) thatmaximize its own and SUs’ transmission rate.The
PU utility function is defined as

𝑈𝑝 = 𝛼𝑅𝑝 (𝛼) , (20)

where 𝑅𝑝(𝛼) is the achievable transmission rate through SU
relay nodes (F1.3) and it is dependent on transmitter power
𝑃𝑡, channel gain 𝐺, and noise variance 𝜎2. The SUs’ utility
function is defined as

𝑈𝑠 = 𝑟𝑘 (𝑅𝑘) 𝑡𝑘 −
1

2
𝛼𝑃𝑘, (21)

where 𝑟𝑘, 𝑅𝑘, and 𝑡𝑘 are the revenue, achievable transmission
rate, and allocation time of SU 𝑘, and 𝑃𝑘 is the transmission
power used by SU 𝑘 to relay the PUs’ packets to PU
destination and therefore it is considered as a cost by SU
𝑘. Therefore, the utility function of SU 𝑘 is the difference
between its revenue in terms of achievable transmission rate
(F2.3) and the energy cost that SU 𝑘 must bear to relay the
PUs’ packets. It has been shown that PUs’ utility function
increases with the increment of the 𝛼 value. Furthermore,
as the distance between PUs and SUs decreases, it increases
their utility functions significantly because of higher channel
gain.

Zhang et al. [33] propose two PU F(1) and one SU
F(2) functionalities, namely, determination of PUs’ and SUs’
channel access time (F1.2), relay selection (F1.3), and SUs’
packet transmission (F2.3) in order to enhance the network
performance of PUs (A1.2) and to provide dedicated channel
access to SUs (A2.1) in distributed (C1.2) SU networks. The
purpose is to maximize the PUs’ and SUs’ utility functions
𝑈𝑝 and 𝑈𝑠 in order to enhance their transmission rate in the
presence of a PU communication node pair and 𝐾 SUs. The
functionalities are modeled and solved using game theory
and the Nash equilibrium in a non-intracooperative (C2.2)
mode and inter-cooperative (C3.1) mode, respectively. In
this game, the PU selects the suitable SUs as relay nodes
to transmit PUs’ packets using their respective transmission
power and in return, the SUs receive a portion of channel
access time set by the PU to transmit their own packets. The
PU divides a unit time slot into three subslots for primary
transmission (PU-PU and PU-SU), relayed transmission
(SU-PU), and secondary transmission (SU-SU), respectively.
The length of the primary transmission subslot is 1 − 𝛼, the
relay nodes transmission subslot is 𝛼𝛽, and the secondary
transmission subslot is 𝛼(1 − 𝛽). Higher value of 𝛼 indicates
that PUs are willing to lease its white spaces to SUs while
higher value of 𝛽 encourages SUs to collaborate more and
relay PU packets. Thus, the PU must determine optimal
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values of 𝛼 and 𝛽 (F1.2) that maximize its own and SUs’
transmission rate. The PUs’ utility function is defined as

𝑈𝑝 = 𝑅𝑝𝑠𝑝 − 𝑅𝑝𝑝 + 𝛼𝑐𝑝𝑃𝑝, (22)

where 𝑅𝑝𝑠𝑝 and 𝑅𝑝𝑝 are the achievable transmission rate
through SU relay nodes (F1.3) and PU-PU direct transmis-
sion. These rates are dependent on transmission power 𝑃
channel gain 𝐺 and noise power𝑁 whereas 𝑐𝑝 is the cost per
unit of transmission power consumed by PU source node to
transmit its packets to SUs and PU destination node.The SUs’
utility function is defined as

𝑈𝑠 = 𝛼 (1 − 𝛽) log2 (1 +
𝑃𝑠𝐺𝑠

𝑁
) − 𝛼𝑐𝑠𝑃𝑠, (23)

where 𝑐𝑠 is the cost per unit transmission power consumed by
SU relay node 𝑘 to transmit PU source node’s packets to PU
destination node.Therefore, the utility function of SU 𝑘 is the
difference between its revenue in terms of the achievable rate
(F2.3) and the energy cost that SU 𝑘 must bear to relay the
PUs’ packets. It has been shown that, as the distance increases
between the PU and SUs, their utility function increases until
a certain limit which then decreases.

Zhu et al. [34] propose two SU F(2) functions, namely,
collaborative selection (F2.1) and determination of SU’s chan-
nel access time (F2.2) in order to provide dedicated channel
access to SUs (A2.1) in distributed (C1.2) SU networks. There
are two types ofmarkets, namely, primarymarket (comprised
of SU service providers and PUs) and secondary market
(comprised of SU service providers and SU hosts). The func-
tionalities are modeled and solved using a hierarchical game
theoretic framework comprised of upper- and lower-level
games and in a non-intracooperative (C2.2) mode and non-
intercooperative (C3.2) mode, respectively. The purpose is to
maximize the SUs’ service provider and SU network utility
functions, 𝑈𝑝,𝑖(𝑡) and 𝑈𝑠,𝑖(𝑡), respectively. The hierarchical
game theoretic framework is as follows.

(i) Secondary market allows SU hosts to purchase white
spaces from SU service providers on a short-term
basis (e.g., minutes), and it is a lower-level game
modeled by evolutionary game. Each SU service
provider 𝑖 offers white spaces, which are represented
by bandwidth 𝑏𝑖 and price 𝑝𝑖. Note that higher price
𝑝𝑖 for a particular bandwidth 𝑏𝑖 reduces demand
levels, and so it improves network performance.
Subsequently, each SU host competes and selects a SU
service provider. Hence, the secondary market imple-
ments collaborator selection (F2.1). Each SU aims to
maximize its individual utility function defined as

𝑈𝑠,𝑖 (𝑡) = 𝛼 ⋅
𝑏𝑖 (𝑡)

𝑝𝑖
, (24)

where 𝛼 is a constant based on network performance
requirement, in order to maximize its network per-
formance satisfaction.The number of SUs that choose
service provider 𝑖 is represented by 𝑛𝑖(𝑡).

(ii) Primary market allows SU service providers to pur-
chase white spaces from PUs (or spectrum brokers)
on a long-term basis (e.g., weeks or months), and it
is a upper-level game modeled by differential game.
Each SU service provider 𝑖 purchases some amount
of white spaces 𝑐𝑖(𝑡) from PUs based on the selection
of SU service providers 𝑥𝑖(𝑡) in order to maximize
profits. Hence, it implements the determination of
SU’s channel access time (F2.2). Note that higher
amount of the purchased white spaces improves
network performance and so it attracts more SUs;
however, it reduces monetary revenues. Each SU
service provider 𝑖 adjusts the amount of white spaces
𝑐𝑖(𝑡), and maximizes its profit defined as

𝑈𝑝,𝑖 (𝑡) = 𝑝𝑖 ⋅ 𝑛𝑖 (𝑡) − 𝛽𝑖 ⋅ 𝑐
2

𝑖
(𝑡) , (25)

where 𝑝𝑖 ⋅ 𝑛𝑖(𝑡) represents the monetary revenue,
𝛽𝑖 ⋅ 𝑐
2

𝑖
(𝑡) represents the cost paid to the PUs, and 𝛽𝑖

is a constant weight. Note that, with 𝑐2
𝑖
(𝑡), it causes

the cost to increase rapidly, and so it prevents a
SU service provider 𝑖 from being too aggressive. At
Nash equilibrium, each SU service provider obtains
maximized profit. In differential game, the SU service
providers make decision simultaneously; however,
some providers may make decision first, and they
are called the leaders. In this case, a Stackelberg
differential game can be applied to achieve Stack-
elberg equilibrium. In Stackelberg game, the leader
providers make decisions first, followed by follower
providers. So, the leader providers can achieve higher
pay-off, and the follower providers make decision
based on the optimal strategies made by the leader
providers. The spectrum leasing scheme has been
shown to increase SU service providers’ profits.

5.3.2. Schemes That Uses Nongame Theoretic Approaches.
Asaduzzaman et al. [35] propose three PU F(1) and one
SU F(2) functionalities, namely, determination of PUs’ and
SUs’ channel access time (F1.2), relay selection (F1.3), and
PUs’ packet transmission (F1.4), as well as determination
of SU’s channel access time (F2.2) in order to enhance the
network performance of PUs (A1.2) and to provide dedicated
channel access to SUs (A2.1) in centralized (C1.1) SU net-
works. The purpose is to minimize the outage probability of
PUs’ network and to maximize the outage capacity of SUs’
network. The outage probability indicates the halt of PUs’
packet transmission for a certain period of time when the
transmission signal power is less than a certain threshold
value while the outage capacity is the SUs’ transmission rate
during outage. Hence, generally speaking, the functionalities
are based on transmission rate and channel access duration of
PUs and SUs in an intra-cooperative (C2.1) mode and inter-
cooperative (C3.1) mode, respectively.The network considers
a PU communication node pair, and it is separated by a single
centralized SU network comprised of potential SU relaying
nodes 𝐾. The PU source node 𝑖 selects the best available SU
relaying node 𝑘 ∈ 𝐾 and creates a multiple-hop communi-
cation with the PU destination node 𝑗. The PU source node
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makes decision whether to communicate directly or through
SU relaying nodes to the PU destination node. The selection
of SU relaying node 𝑘 is based on the transmission rate
offered by itself in a PU-SU-PU communication, 𝑅𝑝𝑠𝑝

𝑖𝑗,𝑘
. The

𝑅
𝑝𝑠𝑝

𝑖𝑗,𝑘
is computed separately in two steps. Specifically, PU

source node 𝑖 calculates the transmission rate fromPU source
node 𝑖 to SU relaying node 𝑘, or 𝑅𝑝𝑠

𝑖𝑗,𝑘
and SU relaying node

𝑘 calculates the transmission rate from SU relaying node
𝑘 to PU destination node 𝑗, or 𝑅𝑠𝑝

𝑖𝑗,𝑘
. Subsequently, the PU

source node 𝑖 selects the best available SU relaying node 𝑘 ∈
𝐾 based on the transmission rate of the bottleneck link or
𝑅
𝑝𝑠𝑝

𝑖𝑗,𝑘
= min{𝑅𝑝𝑠

𝑖𝑗,𝑘
, 𝑅
𝑠𝑝

𝑖𝑗,𝑘
}. The PU source node 𝑖 communicates

through SU relaying node 𝑘 when 𝑅𝑝𝑠𝑝
𝑖𝑗,𝑘

> 𝑅
𝑝𝑝

𝑖𝑗
; otherwise,

the PU source node 𝑖 chooses to communicate directly with
PU destination node, where 𝑅𝑝𝑝

𝑖𝑗
represents the transmission

rate of PU-PUdirect transmission.Note that the transmission
rates𝑅𝑝𝑠𝑝

𝑖𝑗,𝑘
and𝑅𝑝𝑝

𝑖𝑗
are dependent on SNR.The PU divides the

transmission period into three phases. The first phase is for
primary transmission (PU-PU and PU-SU) during which the
PUs transmit their packets to other PUs and SUs.The second
phase is for relayed transmission (SU-PU) during which the
SUs help the PUs to relay PUs’ packets, whereas the third
phase is for secondary transmission (SU-SU) during which
the SUs transmit their own packets. The first two phases,
namely, 𝐴 and 𝐵, are allocated to the transmission of PU
packets, specifically PU-SU and SU-PU, respectively, while
the third phase 𝐶 is for SU-SU transmission. Hence, the
outage capacity of SU is dependent on the time duration
of phase 𝐶 and the transmission rate of SU-SU. Denote the
requirement on PU’s transmission rate by 𝑅𝑖𝑗; the outage of
PU occurs whenever 𝑅𝑝𝑠𝑝

𝑖𝑗,𝑘
< 𝑅𝑖𝑗 and 𝑅

𝑝𝑝

𝑖𝑗
< 𝑅𝑖𝑗. The PU

source node selects a suitable SU relay node (F1.3) to transfer
its packets to PU destination node (F1.4) if SU relaying node
provides higher transmission rate; otherwise, it chooses PU-
PU direct link.The PU calculates channel access time for PUs
(F1.2) and SUs (F2.2). It has been shown that as the number
of SU relaying nodes increases, the outage probability of PU
decreases and the transmission rate of SUs increases.

Khalil et al. [36] propose three PU F(1) and one SU F(2)
functionalities, namely, determination of PUs’ and SUs’ chan-
nel access time (F1.2), relay selection (F1.3), and PUs’ packet
transmission (F1.4), as well as SUs’ packet transmission (F2.3)
in order to enhance the network performance of PUs (A1.2)
and to provide dedicated channel access to SUs (A2.1) in
centralized (C1.1) SU networks. The purpose is to maximize
the PUs’ and SUs’ utility functions 𝑈𝑝 and 𝑈𝑠, respectively.
The functionalities are modeled and solved using Lyapunov
Optimization [40] in a non-intracooperative (C2.2) mode
and inter-cooperative (C3.1) mode, respectively. The PU
divides a unit time slot into three sub-slots for primary
transmission (PU-PU and PU-SU), relayed transmission
(SU-PU), and secondary transmission (SU-SU), respectively.
The length of the primary transmission sub-slot is 1 − 𝛼, the
relay nodes transmission sub-slot is 𝛼𝛽, and the secondary
transmission sub-slot is 𝛼(1 − 𝛽). The main objective of the
PU 𝑗’s utility function is to improve its transmission rate, and

it can be computed with and without the cooperation from
SUs as relay nodes as follows:

𝑈𝑝 = {
𝑅𝑝,𝑗, PU-PU transmission
(1 − 𝛼) ⋅ 𝑅𝑝,𝑗𝑘, PU-SU-PU transmission,

(26)

where 𝑅𝑝,𝑗 represents the PUs’ achievable direct transmission
rate without any cooperation with SUs and 𝑅𝑝,𝑗𝑘 represents
the achievable PUs’ transmission rate in cooperationwith SUs
as relaying nodes. Higher 𝑈𝑝 = 𝑅𝑝,𝑗 is applied when PUs’
direct transmission rate is greater than the PUs’ transmission
rate in cooperation with SUs; otherwise, 𝑈𝑝 = (1 − 𝛼)𝑅𝑝,𝑗𝑘 is
applied. The PU cooperates with SU when transmission rate
is at least equal to its minimum transmission rate 𝑅𝑝,𝑗 (or
𝑅𝑝,𝑗 ≤ 𝑅𝑝,𝑗𝑘). The main objective of SU 𝑘’s utility function
is to improve its own transmission rate which is defined as

𝑈𝑠 = 𝛼 (1 − 𝛽) 𝑅𝑠,𝑘, (27)

where 𝑅𝑠,𝑘 represents the transmission rate of SU 𝑘. Higher
𝑈𝑠 indicates that the transmission rate of SU 𝑘 increases
due to the higher amount of channel access time being
allocated for its own transmission. It has been shown that,
the proposed scheme achieves higher transmission rate due
to the cooperation between PUs and SUs.

Zhou et al. [11] propose one PU F(1) and two SU F(2)
functionalities, namely, determination of the cost of white
spaces (F1.1), as well as determination of SU’s channel
access time (F2.2) and SUs’ packet transmission (F2.3) in
order to increase PUs’ monetary gain (A1.1) and to provide
dedicated channel access to SUs (A2.1) in distributed (C1.2)
SU networks. The purpose is to enable the SUs to acquire
the white spaces efficiently when PUs intends to lease it in
order tomaximize themonetary gain of PU and transmission
rate SU networks. The functionalities are modeled and
solved by introducing rules for spectrum management and
spectrum leasing in an intra-cooperative (C2.1) mode and
inter-cooperative (C3.1) mode, respectively. The spectrum
management rule is set by the PUBS to regulate the spectrum
leasing process in order to maximize PUs’ revenue F(1.1)
and guarantee a fair spectrum trade market by offering
the discounted spectrum price to SUs in combination with
spectrum and time optimization. The spectrum leasing rule
is set by the SUs, through which SUs takes the decision to
acquire the white spaces from PUs if it fulfills the bandwidth
requirements desired by SUs for a specified period of time
(F2.2), which SUs mentioned to PU BS for its packet trans-
mission (F2.3). It has been shown that as PU allocates more
channel bandwidth to SUs while increasing the number of
transmission slots, it maximizes the SUs transmission rate
and throughput.

5.4. Continuous Monitoring of White Spaces Being Leased to
SUs by PUs. There are four spectrum leasing schemes that
focus on the monitoring of SUs’ channel access activities in
spectrum leasing by PUs’, so that SUs are ensued to follow (or
fulfill) suit according to spectrum leasing contract with PUs.
These schemes have been shown to enhance PUs’ or SUs’ QoS
performance (e.g., throughput).
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5.4.1. Schemes That Use Game Theoretic Approaches. Jay-
aweera et al. [6] propose one PU F(1) and one SU F(2)
functionalities, namely, relay selection (F1.3) and SUs’ packet
transmission (F2.3) in order to enhance the network perfor-
mance of PUs (A1.2) and to provide dedicated channel access
to SUs (A2.1) in centralized (C1.1) SU networks. The purpose
is to maximize the PUs’ and SUs’ utility functions, 𝑈𝑝 and
𝑈𝑠, respectively. Both PUs and SUs are rational and selfish
in nature. The functionalities are modeled and solved using
a game theoretic framework in a nonintracooperative (C2.2)
mode and nonintercooperative (C3.2) mode, respectively.
The Nash equilibrium maximizes both PUs’ and SUs’ utility
functions,𝑈𝑝 and𝑈𝑠. Each PUactively adjusts an interference
cap 𝐼𝐶, which is the maximum level of interference from
SUs 𝐼SU. The PU selects those SUs (F1.3) that do not violate
the interference cap 𝐼𝐶, so that PU achieves its minimal
SNR and QoS level. The PUs’ utility function is defined
as

𝑈𝑝 = (𝐼𝑐,max − (𝐼𝑐 − 𝐼SU)) 𝐼𝑐. (28)

ThePUconstantly broadcasts the 𝐼𝑐 and 𝐼SU to all SUswhereas
each SU adjusts its transmission power to ensure that the
current level of interference from SUs 𝐼SU is lower than 𝐼𝑐,
in order to maximize its own rewards in terms of higher
throughput for packet transmission (F2.3). The SU utility
function is defined as

𝑈𝑠 = (𝐼𝑐 − 𝜆𝑠𝐼SU) 𝑟𝑠, (29)

where 𝜆𝑠 and 𝑟𝑠 are positive coefficient and reward function,
respectively.The spectrum leasing scheme has been shown to
increase PUs’ and SUs’ utility functions𝑈𝑝 and𝑈𝑠, aswell as to
increase the rewards (i.e., transmission rate per user). Similar
schemes have also been applied in [19, 37] as follows.

(i) In [19], the purpose is to examine the power control
mechanism and its effect on the utility function of
PUs. The PUs’ utility function, which aims to achieve
the required QoS performance of PUs and SUs, is
defined as:

𝑈𝑝 = 𝐼𝑐 − (𝐼𝑐 − 𝐼SU)
2
− (𝑒
(𝐼SU−𝐼𝑐) − 1) . (30)

Whereas, the SU utility function, which aims to achieve SUs’
energy efficiency, is defined as

𝑈𝑠 =
𝑅𝑠,𝑘 (1 − 𝑒

[0.5(SNR𝑠)])

𝑝𝑘
, (31)

where 𝑅𝑠,𝑘 and 𝑝𝑘 are the transmission rate and transmission
power of SU 𝑘. The SUs’ utility function defines SUs’ packet
transmission (F2.3), which represents the number of success-
ful transmitted bits per unit of transmission power.

(ii) In [37], the propose is to adjust the PUs’ interfer-
ence level in accordance with the SUs’ transmission
requirements of SNR and QoS levels, so that PUs and
SUs maximize their respective utility functions. The
PUs’ utility function is defined as

𝑈𝑝 = {(𝐼𝑐,max − (𝐼𝑐 − 𝐼SU)) 𝐼𝑐} ⋅ 𝑟𝑝, (32)

where 𝑟𝑝 is a continuous reward function that defines the
PUs’ gain while leasing its spectrum to SUs. The SUs’ utility
function is defined as

𝑈𝑠 =
𝑟𝑠

1 + 𝑒𝜆(𝐼SU−𝐼𝑐)
, (33)

where 𝑟𝑆 is the reward function of SUs, which depends on the
transmitting power of SU 𝑘 ∈ 𝐾.

5.4.2. Scheme That Uses Nongame Theoretic Approaches.
Sodagari et al. [15] propose one PU F(1) and one SU F(2)
functionalities, namely, determination of the cost of white
spaces (F1.1), as well as determination of SU’s channel access
time (F2.2) in order to increase PUs’ monetary gain (A1.1)
and to provide dedicated channel access to SUs (A2.1) in
distributed (C1.2) SUnetworks. Generally speaking, SUs send
private information to PUs regarding their channel access
time (i.e., arrival and departure times) and bid values during
the auction process inwhich the PUs provide suitable channel
allocations to SUs. There are two types of SUs, namely,
truthful SUs and collusive SUs. Truthful SUs provide the
private information to PUswhile the collusive SUs collaborate
among themselves through sharing the private information
and subsequently misreport the information in order to gain
the channel access. There are two approaches to misreport
the information. Firstly, the collusive SUs share the bid values
so that the SUs either set the bid value to the lowest or
slightly higher values. Secondly, the collusive SUs share the
arrival time so that the SUs either set to the arrival time
to the latest or slightly earlier values, and this minimizes
the competitiveness among the SUs for channel access in
auctions and subsequently minimizes the bid values. The
functionalities are modeled and solved using an approach
called Dominant Strategy Incentive Compatible (DSIC) in
which a SU can reduce its payment to the PUs in an auction
process without collusion, in an intracooperative (C2.1)
mode and nonintercooperative (C3.2) mode, respectively.
Specifically, with respect to SU 𝑘, denote the bid value
by 𝑏𝑘(𝜋𝑘) and the price 𝑝𝑗𝑘 set by the PU and 𝑗 the SU
adopts a 𝜋𝑘 policy to determine its bid value that maximizes
gain 𝑏𝑘(𝜋𝑘) − 𝑝𝑗𝑘 such that if SU 𝑘 colludes with other
SUs, it fails to minimize the gain. The 𝜋𝑘 policy is the
decision policy which PUs define for the allocation of white
spaces to a truthful SU 𝑘 in the presence of SUs as bidders.
It has been shown that truthful SUs receive higher gain
and higher occurrence of winning bids for channel access
compared to collusive SUs while the PUs monetary gain
decreases.

6. Performance Enhancement of
Spectrum Leasing Schemes

Table 2 presents the performance enhancement achieved by
the spectrum leasing schemes compared to conventional and
traditional approaches inCRNs.Theperformancemetrics are
as follows.
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( P1) Lower Outage Probability. Lower outage probability
indicates lesser interruptions of packet transmissions
inwhich transmission does not take place for a certain
period of time. For instance, the interruption may be
caused by transmission power which is less than a
certain threshold value [41], as well as lack of white
spaces [42]. Lower outage probability has been shown
to enhance QoS (P3) [32].

(P2) Higher Outage Capacity. Outage capacity is the
maximum achievable transmission rate during any
instances of outage. Higher outage capacity indicates
higher achievable transmission rate in the presence
of outages from time to time, and so it also indicates
lower occurrence of outages [41]. Higher outage
capacity has been shown to enhance QoS (P3) [35].

(P3) Better QoS Level. Through spectrum leasing, the PUs
and SUs achieve QoS enhancement. For instance,
higher throughput indicates higher rate of successful
data transmission over a channel, which provides
better QoS [5]. Higher throughput may also indicate
more white spaces, in terms of time duration, being
offered to SUs by PUs at a specified cost [16].

(P4) Higher Energy Efficiency Indicates Lower Energy Con-
sumption by PUs [8]. This is because the SUs help
the PUs to relay their packets due to the low channel
quality in PUs’ direct transmission to PU destination
node [37]. With reduced unsuccessful transmission
attempts by PUs, the PUs consume lower transmis-
sion power and there are more white spaces available
to be leased to SUs for monetary gain (P5).

(P5) HigherMonetary Gain,Which is the Gain Exclusive for
PUs A(1.1). The PUs receive monetary gain as revenue
based on the price of the white spaces being offered to
SUs through spectrum leasing [10].

(P6) Balanced Trade-off between Cost of White Spaces and
Monetary Gain. Generally speaking, the cost of white
spaces paid by the SUs is set by the PUs. Higher cost
provides higher monetary gain received by PUs at the
expense of SUs. Hence, a balanced trade-off between
the cost of white spaces and monetary gain provides
a win-win solution for both PUs and SUs [16].

(P7) Balanced Trade-off between PUs’ and SUs’ Channel Ac-
cess Time. Generally speaking, higher channel access
time among the PUs may provide better QoS level
(P3) among the PUs at the expense of reduced channel
access time among SUs and vice versa [35]. Hence,
a balanced trade-off between PUs’ and SUs’ channel
access times provides a win-win solution for both PUs
and SUs.

(P8) Better Security Level. Through the detection of mali-
cious SUs that access PUs’ channels in an illegitimate

manner, better security level can be achieved con-
tributing to better QoS level (P3) (e.g., throughput)
and monetary gain (P5). For instance, in [15], the SUs
report their respective channel access time, which is
closely monitored by PUs. Hence, malicious SUs that
mislead PUs with incorrect information (e.g., channel
access time) in order to compete for channel access
can be detected by PUs. Subsequently, the PUs evict
the malicious SUs from their channels, and this has
been shown to achieve higher throughput for PUs and
SUs, as well as an increase in PUs’ monetary gain.

(P9) Lower PUs’ Interference Level. Lower interference level
to PUs in the use of white spaces by SUs provides
better QoS (P3) to PUs. For instance, in [6], a PUs’
interference cap, which is the maximum interference
level that PUs can tolerate in the use of white spaces
by SUs, is set in order to increase PUs’ and SUs’
throughput performance.

7. Open Issues

This section discusses important open issues that can be
pursued in this research area.

7.1. Enhancing Auction and Coordination Mechanisms. Gen-
erally speaking, auction enhances the performance matrices
(i.e., better QoS level (P3) and higher monetary gain among
PUs (P5)), and it requires proper coordination in which the
PUs (or SUs) make decisions on the selection of SUs (or
PUs) participating in spectrum leasing, so that both PUs and
SUs mutually agree to fulfill each others requirements. For
instance, in [8], the PUs choose the SUs that allocate higher
transmission power to relay PUs’ packets based on the bid
values received from SUs through auction.The disadvantages
are that the PUs incur high energy consumption while
exchanging control messages and making decisions on the
outcomes of auctions. Hence, a third-party auctioneer has
been proposed to receive control messages from both PUs
and SUs, as well as tomake decisions on the auction outcomes
[15]. Additionally, the purpose-built third-party auctioneer
may reduce latency associated with auction because of the
auction being its main and only task. Further investigation
can be pursued to investigate a balanced trade-off between
energy consumption and monetary gain in order to enhance
the network performance of both the networks in the pres-
ence of a third-party auctioneer.

7.2. Investigating Distributed Spectrum Leasing Schemes. Cur-
rent research focuses on centralized networks (C1.1) in which
PU BS and SU BS exist; however, this may not be the case
in distributed networks (C1.2), and so further investigation
can be pursued to investigate spectrum leasing in distributed
networks. While there are investigations into distributed SU
networks [8], this is not the case for PU networks in which
most schemes in the literature assume the presence of a
PU BS or a single PU node pair. The major challenge in
distributed SU networks is that SU BS does not exist, and so
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the SUs must coordinate among themselves to determine a
control channel for the purpose of control message exchange
in spectrum leasing. The control channel is important for
the exchange of control messages for spectrum leasing. The
lack of a control channel has been investigated based on
the assumption that the SUs are equipped with learning
capabilities [8], specifically through past experience. Further
investigation can be pursued to relax this assumption.

7.3. Implementation of Security Measures. Generally speak-
ing, the implementation of security measures to prevent
malicious SUs by PUsmay increase the performancematrices
(e.g., better QoS level (P3) and higher monetary gain by
PUs (P5)). Since the PUs can provide continuous monitoring
on SUs’ channel access the PUs can detect malicious SUs.
The challenge is to reduce the additional overheads, such as
energy consumption, incurred by the PUs.This is particularly
important because malicious SUs may access the channel
(white spaces) in an illegitimate manner, and this minimizes
the amount of white spaces for genuine SUs, which subse-
quently degrades the performance of PUs and SUs. Three
examples of security vulnerabilities associated with spectrum
leasing are as follows.

(i) SUs attempt to acquire the white spaces from PUs in
an illegitimate manner through untruthfully raising
their respective bid values (e.g., SU’s transmission
power used to relay PUs’ packets) [15].

(ii) The winning SUs may further sublease their channels
to losing SUs for monetary gain [15].

(iii) The SUs may launch collusion attacks in which SUs
participating in an auction collaboratively reduce
their bid values that may significantly reduce the
monetary gain (P5) of PUs [7].

Further investigations can be pursued to address the afore-
mentioned security vulnerabilities.

7.4. Investigating Energy-Efficient Spectrum Leasing Schemes.
In spectrum leasing, the SUs may serve as relay nodes to
transmit both PUs’ and SUs’ transmission packets; hence,
they incur higher energy consumption. However, current
literature primarily focuses on reducing energy consumption
at PUs [8, 32] and so further investigation can be pursued
to reduce energy consumption at SUs. By reducing the
transmission power at SUs, there are two main advantages as
follows.

(i) Firstly, it reduces the interference to PUs and its
neighboring SUs, and this helps to enhance the PUs’
and SUs’ performance (e.g., better QoS level (P3)).

(ii) Secondly, it reduces SUs’ monetary cost, which may
be related to energy consumption used to relay PUs’
packets [32].

Further investigation can be pursued to achieve a balanced
trade-off in order to utilize the channel and energy in an
efficient manner.

7.5. Investigating Common Assumptions of Spectrum Leasing.
Future investigation can be pursued to relax the following
common assumptions, as well as their effects, applied to the
investigation of spectrum leasing in CRNs.

(i) Each node is equipped with two transceivers, namely,
control transceiver and data transceiver. The control
transceiver is always tuned to a single common con-
trol channel, which is available at all times; however,
the existence of a common channel among nodesmay
not be realistic [13].

(ii) Each SU observes the similar white spaces, and the
transmission from each SU can be observed by all
of the other SUs [13]. This assumption may not be
realistic because each SUmay observe different white
spaces.

(iii) Each SU BS makes decision on spectrum leasing.
For instance, in [8], the SU BS makes decision for
SUs’ participation in spectrum leasing. However, the
presence of a SU BS as a decision maker may not
be feasible in distributed networks. There has been
very limited literature on distributed approaches (see
Section 7.2).

7.6. Defining the Selection and EvictionCriterion of SUs by PUs.
Generally speaking, there has been very limited research on
the selection and eviction criterion of SUs, which are used by
PUs.This helps PUs to enhance the overall QoS performance
(P3) of PUs’ and SUs’ networks. Two types of selection and
eviction criterion are as follows.

(i) PUs may allocate white spaces to SUs that demand
higher amount of white spaces in order to maxi-
mize their respective throughput and the monetary
gain while neglecting other SUs that demand lower
amount of white spaces.

(ii) PUs may monitor the SUs’ activities so that PUs
can evacuate SUs who breach the spectrum leasing
contract upon negotiations [26].

Therefore, further investigation can be pursued to define the
selection and eviction criterion in order to achieve higher
network performance.

7.7. Implementation of Hybrid Model. Generally speaking,
there has been limited research on the enhancement of QoS
performance (P3) along with the monetary gain received by
PUs (P5) in spectrum leasing. In the current literature, the
exclusive-usemodel has been widely used in which PUs share
their white spaces to SUs on lease for a definite period of
time but cannot reclaim these white spaces even if the PUs
encountered the shortage of spectrum, whereas, Kim and
Shin [26] propose a hybrid model comprised of a shared-
use model and an exclusive-use model. In shared-use model,
SUs opportunistically use the spectrum while there is no
advantage for PUs, neither in terms of monetary gain nor as
an improvement of PU network enhancement. The inclusion
of shared-usemodel gives PUs an additional privilege to evict
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the SUs whenever the PUs needs the white spaces for their
own transmission. The challenge that arises in the hybrid
model is the suspension of white spaces to SUs which is
crucial for the PUs to fulfill their spectrum requirement at the
expense of lower PU monetary gain due to deteriorating SU
packet transmission. Further investigation can be pursued to
investigate a balanced tradeoff that fulfills the PUs spectrum
shortage as well as to ensure the minimum transmission
requirements of SUs.

8. Conclusions

This paper presents a comprehensive review on spectrum
leasing schemes along with the advantages, functionalities,
characteristics, and challenges of each scheme in CR net-
works. Spectrum leasing schemes have been shown to address
the concerns poised to the traditional CR networks, so that
PUs can enhance their network performance and maximize
their monetary gain, while the SUs can enhance their net-
work performance through exclusive access to white spaces.
Examples of PU’s gains are monetary gain and network
performance enhancement, while example of SU’s gain is
dedicated channel access. To achieve these gains, PUs need
to determine the cost of the white spaces, the PU’s and SU’s
channel access time, SU’s selection as a relay nodes, and
PU’s own packet transmission, while SUs need to select the
appropriate PUs according to the SUs’ QoS requirements and
the cost of white spaces, as well as to determine channel access
time between SUs. In the literature, the network topology of
PUs and SUs can be either centralized or distributed and the
PUs and SUs operate among themselves using intracoopera-
tive and intercooperative modes, respectively. The challenges
associated with PUs are the selection of the appropriate SUs
to increase the monetary gain, the distribution of channel
access time between PUs and SUs and continuousmonitoring
of SUs’ activities, while the challenge associated with SUs
is the selection of optimal channels in order to reap the
benefits of spectrum leasing. Additionally, we discuss various
performance enhancement achieved by the spectrum leasing
schemes (e.g., lower outage probability and higher outage
capacity). Finally, we recommend some open issues in order
to spark new interests in this research area(e.g., enhancing
auction and coordination mechanism and investigation of
energy-efficient spectrum leasing schemes), as well as new
kinds of CR networks such as CR sensor networks.
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The performance of a dual-hop amplify-and-forward (AF) relay system is studied with the 𝑘th worst partial relay selection (PRS)
protocol under the joint impact of feedback delay and multiple cochannel interference (CCI) at the relay nodes. In our analysis,
the closed-form and asymptotic expressions of the outage probability are derived and the achievable coding gain and diversity gain
of the system are accurately revealed. Further, based on the asymptotic analysis we propose a power allocation scheme, which can
lead to SNR performance gains of more than 1 dB compared to the equal power allocation scheme. Finally, Monte-Carlo simulation
results are presented to verify the validity of our theoretical analysis.

1. Introduction

Deployment ofmultiple relays in thewireless communication
offers a series of significant performance improvements,
including the system’s throughput ability enhancement and
the signal coverage advancement. In such systems, perfor-
mance can be improved by selecting one of the relay nodes
[1–7]. And two popular protocols of relay selection have been
presented, that is, opportunistic relay selection (ORS) [1] and
partial relay selection (PRS) [2]. In the opportunistic relaying,
the source always selects the best relay according to the global
(two-hop) channel state information, which results in the
great increase of system’s complexity and cost in ad hoc and
wireless sensor networks. Such problems have promoted the
development of PRS protocol, which requires only single hop
information and the network lifetime can be prolonged in
resource-constrainedwireless systems such as wireless sensor
networks.

In practical partial relay system, the PRS is implemented
in time-varying channels and the outdated channel state
information (CSI) would be used for relay selection due to
feedback delay. In other words, the selected relay may not be
the best at the instant of actual transmission. In [3], asymp-
totic lower and upper system capacity of a fixed-gain PRS

scheme was investigated with feedback delay. The perfor-
mance of PRS system affected by feedback delay was quan-
tified by obtaining outage probability and average bit error
rate (BER) and further analyzed at high SNR regime in [4].
On the other hand, frequency reuse gives rise to the so-called
cochannel interference (CCI) in the cellular network. The
authors of [5] investigated the performance of PRS scheme
affected by CCI with variable gain relaying and derived the
probability density function (PDF) of the received SNR and
an asymptotic exponential expression. Kim and Heo studied
the performance of PRS system under the impact of CCI and
derived the closed-form expression for the outage probability
[6].However, to our knowledge, theworks that investigate the
joint impact of feedback delay andmultiple CCI at relay node
have not come out yet.

In this paper, we analyze the performance of a dual-
hop amplify-and-forward (AF) relay system under the joint
impact of feedback delay and CCI at the relay node. The
contributions of this paper are summarized as follows.

(i) With the 𝑘th worst PRS protocol [7], the closed-form
expression for outage probability of partial relay selec-
tion system with feedback delay and CCI is derived,
which provides an efficient means to investigate the
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impact of the number and power levels of CCI as well
as the correlation coefficient 𝜌 between the actual and
the outdated CSI on the outage performance.

(ii) We derive the asymptotic expression for outage prob-
ability of the system with feedback delay and CCI
based on the closed-form expression of outage proba-
bility.The results show that the achievable coding gain
has much to do with the number and the power levels
of CCI and the correlation coefficient 𝜌, and these
factors do not affect the diversity gain.

(iii) Based on the asymptotic analysis of the outage prob-
ability, we propose a power allocation scheme to
improve the system’s performance and the proposed
scheme can lead to SNR performance gains of more
than 1 dB compared to the equal power allocation
scheme. Finally, Monte-Carlo simulation results are
presented to verify the validity of our theoretical
analysis.

The rest of the paper is organized as follows. Section 2
describes the system model. Section 3 derives the exact
and asymptotic outage probability of partial relay selection
system with feedback delay and CCI. Section 4 investigates
the power allocation problem and presents an optimum
solution for the system based on the analysis of outage
probability. Section 5 gives the simulation resultswhich verify
our analysis. Section 6 concludes the whole paper.

2. System Model

We consider a dual-hop wireless communication network
with one source 𝑆, one destination 𝐷, and𝑀 relays 𝑅𝑘 (𝑘 =
1, 2, . . . ,𝑀); each relay is, respectively, affected by 𝑁 inter-
ferers as shown in Figure 1. There is no direct link between
𝑆 and 𝐷. 𝑆 periodically monitors and arranges the quality of
𝑆-𝑅𝑘 (𝑘 = 1, 2, . . . ,𝑀) links in an increasing order according
to the CSI, and the source chooses the 𝑘th relay 𝑅𝑘 with the
𝑘th worst relay selection protocol [7]. Particularly, the best
one is chosen when 𝑘 = 𝑀, similar to [4, 7]. Each node is
equipped with a single antenna and works in the half-duplex
mode.

The whole communication of 𝑆 to 𝐷 takes place in two
time slots. In the first time slot, 𝑆 broadcasts the signal 𝑥(𝑡) to
the relay𝑅𝑘. In the second time slot,𝑅𝑘 amplifies the received
signal by a forward factor 𝐺 and transmits it to𝐷.

The received signal at 𝑅𝑘 can be represented as

𝑦𝑅𝑘 (
𝑡) = √𝑃𝑆ℎ𝑆𝑅𝑘 (

𝑡) 𝑥 (𝑡)

+

𝑁

∑

𝑛=1

√𝑃𝑘𝑛ℎ𝑘𝑛 (𝑡) 𝑥𝑘𝑛 (𝑡) + 𝑛𝑅𝑘 (
𝑡) ,

(1)

where 𝑃𝑆 stands for the transmit power of 𝑆 and 𝑃𝑘𝑛 is the
power of the interference source 𝐼𝑘𝑛 (𝑛 = 1, 2, . . . , 𝑁) at
𝑅𝑘 (𝑘 = 1, 2, . . . ,𝑀). ℎ𝑆𝑅𝑘(𝑡) and ℎ𝑘𝑛(𝑡) are the channel coef-
ficient between 𝑆-𝑅𝑘 and 𝑅𝑘-𝐼𝑘𝑛, respectively, which satisfies
𝐸{|ℎ𝑆𝑅𝑘

(𝑡)|
2
} = 𝜎

2

𝑆𝑅𝑘
, 𝐸{|ℎ𝑘𝑛(𝑡)|

2
} = 𝜎

2

𝑘𝑛
, where 𝐸{⋅} denotes

the expectation operation. And 𝜎2
𝑎𝑏
∝ 𝑑
−𝜇

𝑎𝑏
, where 𝑑𝑎𝑏 is the

S D

Interference
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...
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Figure 1: System model.

distance between node 𝑎 and node 𝑏 and 𝜇 is the path loss
factor. 𝑥𝑘𝑛(𝑡) is the signal that 𝐼𝑘𝑛 transmits to𝑅𝑘. 𝑛𝑅𝑘(𝑡) is the
additive white gaussian noise (AWGN) which has zero mean
and variance𝑁0.

The received signal at𝐷 can be written as

𝑦𝐷 (𝑡) = 𝐺ℎ𝑅𝑘𝐷 (
𝑡) 𝑦𝑅𝑘 (

𝑡) + 𝑛𝐷 (𝑡) , (2)

where ℎ𝑅𝑘𝐷(𝑡) is the channel coefficient between 𝑅𝑘 and 𝐷

satisfying𝐸{|ℎ𝑅𝑘𝐷(𝑡)|
2
} = 𝜎
2

𝑅𝑘𝐷
and 𝑛𝐷(𝑡) is the AWGNwhich

has zeromean and variance𝑁0.The forward factor𝐺 is given
by

𝐺 = √
𝑃𝑘

𝑃𝑆

ℎ𝑅𝑘𝐷 (

𝑡)


2

+ ∑
𝑁

𝑛=1
𝑃𝑘𝑛

ℎ𝑘𝑛 (𝑡)

2
+ 𝑁0

, (3)

where 𝑃𝑘 stands for the transmit power of 𝑘th relay 𝑅𝑘.
We assume that the instantaneous SNR of 𝑆-𝑅𝑘 link is

𝛾1(𝑘) = 𝑃𝑆|ℎ𝑆𝑅𝑘
(𝑡 + 𝑇𝑑)|

2
/𝑁0. Arrange 𝛾1(𝑘) in an increasing

order of magnitude; that is, 𝛾1(1) ≤ 𝛾1(2) ≤ ⋅ ⋅ ⋅ ≤ 𝛾1(𝑀). The
acquired actual CSI by 𝑆 is outdated in the next transmission
time slot and the performance of the system is analyzed
according to the outdated CSI with a time delay of 𝑇𝑑. Let
𝛾


1(𝑘)
= 𝑃𝑆|ℎ𝑆𝑅𝑘

(𝑡)|
2
/𝑁0 be the delay version of 𝛾1(𝑘) of which

the mean satisfies 𝛾
1(𝑘)

= 𝑃𝑆𝜎
2

𝑆𝑅𝑘
/𝑁0. We assume that the

correlation coefficient between 𝛾


1(𝑘)
and 𝛾1(𝑘) is 𝜌 which

can be expressed as 𝜌 = 𝐽0(2𝜋𝑓𝑑,𝑆𝑅𝑘
𝑇𝑑) according to Jakes’

autocorrelation model, where 𝐽0(⋅) is the zeroth order Bessel
function of the first kind and 𝑓𝑑,𝑆𝑅𝑘 is the maximumDoppler
frequency on the link 𝑆-𝑅𝑘.

Based on (1), we can obtain the signal-to-interference-
plus-noise ratio (SINR) at 𝑅𝑘 as

𝛾0 =
𝛾


1(𝑘)

∑
𝑁

𝑛=1
𝛾𝐼𝑘

+ 1
=

𝛾


1(𝑘)

∑
𝑁

𝑛=1
𝛾
(𝜏)

𝐼𝑘

, (4)

where 𝛾𝐼𝑘 = 𝑃𝑘𝑛|ℎ𝑘𝑛(𝑡)|
2
/𝑁0 is the interference-to-noise ratio

(INR) at 𝑅𝑘 of which the mean is 𝛾
𝐼𝑘

= 𝑃𝑘𝑛𝜎
2

𝑘𝑛
/𝑁0. And

𝛾
(𝜏)

𝐼𝑘
= 𝛾𝐼𝑘

+1/𝑁means the approximate INR at the relay node
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according to [6, Equation (3)], and it can be seen that the
results between analysis and simulation are perfectlymatched
in Section 5. And the mean of 𝛾(𝜏)

𝐼𝑘
is 𝛾(𝜏)
𝐼𝑘

= 𝛾
𝐼𝑘
+ 1/𝑁.

The SINR from 𝑆 to𝐷 can be represented as

𝛾𝑑 =
𝛾0𝛾2

𝛾0 + 𝛾2 + 1
, (5)

where 𝛾2 = 𝑃𝑘|ℎ𝑅𝑘𝐷(𝑡)|
2
/𝑁0 is the instantaneous SNR of𝑅𝑘-𝐷

link of which the mean is 𝛾
2
= 𝑃𝑘𝜎

2

𝑅𝑘𝐷
/𝑁0.

3. Performance Analysis

3.1. Outage Probability Analysis. Theoutage probability𝑃out is
defined as the probability that the information of the selected
channel falls below the transmission rate R (bits/s/Hz). The
outage probability can be expressed as

𝑃out = Pr (log
2
(1 + 𝛾𝑑) < R) = Pr (𝛾𝑑 < 𝛾th) , (6)

where 𝛾th = 2
R
− 1.

By (5), the outage probability can be expressed as

𝑃out = ∫
∞

0

Pr(
𝜙𝛾2

𝜙 + 𝛾2 + 1
≤ 𝛾th)𝑓𝛾0 (𝜙) 𝑑𝜙. (7)

Denoting 𝑦 = 𝜙 − 𝛾th and after some manipulations, the
expression above can be written as

𝑃out = 1 − ∫
∞

0

Pr(𝛾2 ≥
𝛾th
2
+ 𝛾th + 𝛾th𝑦

𝑦
)𝑓𝛾0

(𝛾th + 𝑦) 𝑑𝑦.

(8)

The cumulative distribution function (CDF) of 𝛾2 is

𝐹𝛾2 (
𝑥) = 1 − 𝑒

−𝑥/𝛾2 . (9)

According to the CDF of 𝛾2 we can derive

Pr(𝛾2 ≥
𝛾th
2
+ 𝛾th + 𝛾th𝑦

𝑦
) = 𝑒
−(𝛾th
2
+𝛾th+𝛾th𝑦)/𝑦𝛾2 . (10)

To calculate (8), we need to further calculate 𝑓𝛾0
(𝑥).

Firstly, we get the probability density function (PDF) of 𝛾
1(𝑘)

by [7, Equation (9)]

𝑓𝛾
1(𝑘)
(𝑥) =

𝑘−1

∑

𝑚=0

𝐴𝑒
−𝐶𝑥

, (11)

where

𝐴 =
(−1)
𝑚
𝑘 (𝑀
𝑘
) ( 𝑘−1
𝑚
)

[(𝑀 − 𝑘 + 𝑚) (1 − 𝜌) + 1] 𝛾


1(𝑘)

,

𝐶 =
𝑀 − 𝑘 + 𝑚 + 1

[(𝑀 − 𝑘 + 𝑚) (1 − 𝜌) + 1] 𝛾


1(𝑘)

.

(12)

After some manipulations, we derive the CDF of 𝛾
1(𝑘)

as

𝐹𝛾
1(𝑘)
(𝑥) =

𝑘−1

∑

𝑚=0

𝐴

𝐶
(1 − 𝑒

−𝐶𝑥
) . (13)

Secondly, with the help of [8], the PDFof∑𝑁
𝑛=1

𝛾
(𝜏)

𝐼𝑘
is given

as

𝑓
∑
𝑁
𝑛=1 𝛾
(𝜏)
𝐼𝑘

(𝑦) =

𝜌(𝐸)

∑

𝑖=1

𝜏𝑖(𝐸)

∑

𝑗=1

𝜒𝑖,𝑗 (𝐸)

Γ (𝑗)
𝛾
−𝑗

𝐼𝑖
𝑦
𝑗−1
𝑒
−𝑦/𝛾𝐼𝑖 , (14)

where 𝐸 = diag(𝛾
𝐼1
, 𝛾
𝐼2
, . . . , 𝛾

𝐼𝑁
), 𝜌(𝐸) is the number of

distinct diagonal elements of 𝐸, 𝛾
𝐼1
> 𝛾
𝐼2
> ⋅ ⋅ ⋅ > 𝛾

𝐼𝜌(𝐸)
are

the distinct diagonal elements in decreasing order, 𝜏𝑖(𝐸) is
the multiplicity of 𝛾

𝐼𝑖
, and 𝜒𝑖,𝑗(𝐸) is the (𝑖, 𝑗)th characteristic

coefficient of 𝐸.
According to (4), the CDF of 𝛾0 is

𝐹𝛾0 (
𝑥) = ∫

∞

0

Ρr (𝛾
1(𝑘)

< 𝑥𝑦)𝑓
∑
𝑁
𝑖=1 𝛾
(𝜏)
𝐼𝑘

(𝑦) 𝑑𝑦. (15)

By [9, Equation (3.351.3)] and after some manipulations
we get

𝐹𝛾0 (
𝑥) =

𝑘−1

∑

𝑚=0

𝐴

𝐶
[

[

1 −

𝜌(𝐸)

∑

𝑖=1

𝜏𝑖(𝐸)

∑

𝑗=1

𝜒𝑖,𝑗 (𝐸) 𝛾
−𝑗

𝐼𝑖
(𝐶𝑥 +

1

𝛾
𝐼𝑖

)

−𝑗

]

]

.

(16)

Then, the PDF of 𝛾0 can be found by taking the derivative
of 𝐹𝛾0(𝑥) with respect to 𝑥. After some manipulations, the
PDF of 𝛾0 can be written as

𝑓𝛾0 (
𝑥) =

𝑘−1

∑

𝑚=0

𝐴

𝜌(𝐸)

∑

𝑖=1

𝜏𝑖(𝐸)

∑

𝑗=1

𝜒𝑖,𝑗 (𝐸) 𝛾
−𝑗

𝐼𝑖
𝑗[𝐶𝑥 +

1

𝛾
𝐼𝑖

]

−𝑗−1

. (17)

Substituting (10) and (17) into (8) and by [9, Equation
(3.471.7)] we get

𝑃out

= 1 −

𝑘−1

∑

𝑚=0

(−1)
𝑚
𝑘 (𝑀
𝑘
) ( 𝑘−1
𝑚
)

[(𝑀 − 𝑘 + 𝑚) (1 − 𝜌) + 1] 𝛾


1(𝑘)

×

𝜌(𝐸)

∑

𝑖=1

𝜏𝑖(𝐸)

∑

𝑗=1

𝜒𝑖,𝑗 (𝐸) 𝛾
−𝑗

𝐼𝑖
𝑗{

[(𝑀 − 𝑘 + 𝑚) (1 − 𝜌) + 1] 𝛾


1(𝑘)

𝑀− 𝑘 + 𝑚 + 1
}

−𝑗−1

× 𝑒
−𝛾th/𝛾2{

[(𝑀 − 𝑘 + 𝑚) (1 − 𝜌) + 1] 𝛾


1(𝑘)

𝑀− 𝑘 + 𝑚 + 1
}

−𝑗−1

× {𝛾th +
[(𝑀 − 𝑘 + 𝑚) (1 − 𝜌) + 1] 𝛾



1(𝑘)

(𝑀 − 𝑘 + 𝑚 + 1) 𝛾
𝐼𝑖

}

−𝑗

Γ (𝑗)
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× exp ((𝛾th
2
+ 𝛾th)

× (2𝛾
2
(𝛾th + ( [(𝑀 − 𝑘 + 𝑚) (1 − 𝜌) + 1] 𝛾



1(𝑘)

/ (𝑀 − 𝑘 + 𝑚 + 1) 𝛾
𝐼𝑖
)))
−1

)

×𝑊−𝑗,−0.5 ( (𝛾th
2
+ 𝛾th)

× (𝛾
2
(𝛾th + ([(𝑀 − 𝑘 + 𝑚) (1 − 𝜌) + 1] 𝛾



1(𝑘)

/ (𝑀 − 𝑘 + 𝑚 + 1) 𝛾
𝐼𝑖
)))
−1

) .

(18)

It shows that the outage probability has much to do with
the number and the power levels of CCI and the correlation
coefficient 𝜌. However, the exact analysis is too complicated
to render an insight on the impact of CCI and the correlation
coefficient 𝜌; the asymptotic outage probability is investigated
at high SNR regime.

3.2. Asymptotic Outage Probability Analysis. In this section,
we derive the asymptotic expression of the outage probability
and further investigate the system’s diversity order at high
SNR regime.

By (5), the system’s tight upper bound of the SINR can be
written as

𝛾up = min (𝛾0, 𝛾2) . (19)

The lower bound of the outage probability is

𝑃low = 𝐹𝛾up (𝛾th) = 𝐹𝛾0 (𝛾th) + 𝐹𝛾2 (𝛾th) − 𝐹𝛾0 (𝛾th) 𝐹𝛾2 (𝛾th) .

(20)

As 𝑃𝑆/𝑁0 → ∞, using lim𝑥→0(1 + 𝑥)
−𝑗

≈ 1 − 𝑗𝑥,

𝐹𝛾0
(𝛾th) can be asymptotically written as

𝐹𝛾0
(𝛾th) =

𝑘−1

∑

𝑚=0

𝐴

𝐶
[

[

1 −

𝜌(𝐸)

∑

𝑖=1

𝜏𝑖(𝐸)

∑

𝑗=1

𝜒𝑖,𝑗 (𝐸) (𝐶𝛾𝐼𝑖
𝛾th + 1)

−𝑗
]

]

≈

𝑘−1

∑

𝑚=0

𝐴

𝜌(𝐸)

∑

𝑖=1

𝜏𝑖(𝐸)

∑

𝑗=1

𝜒𝑖,𝑗 (𝐸) 𝛾th𝑗𝛾𝐼𝑖 .

(21)

As 𝑃𝑘/𝑁0 → ∞, 𝐹𝛾2(𝛾th) can be asymptotically written
as

𝐹𝛾2
(𝛾th) ≈

𝛾th
𝛾
2

. (22)

As 𝑃𝑆/𝑁0 and 𝑃𝑘/𝑁0 approach to infinity, substituting
(21) and (22) into (20), the asymptotic expression of outage
probability can be written as

𝑃
∞

out ≈
𝛾th
𝛾
2

+
𝛾th

𝛾


1(𝑘)

𝑘−1

∑

𝑚=0

(−1)
𝑚
𝑘 (𝑀
𝑘
) ( 𝑘−1
𝑚
)

(𝑀 − 𝑘 + 𝑚) (1 − 𝜌) + 1

×

𝜌(𝐸)

∑

𝑖=1

𝜏𝑖(𝐸)

∑

𝑗=1

𝜒𝑖,𝑗 (𝐸) 𝑗𝛾𝐼𝑖
∝ Ψ ⋅ 𝛾

−Φ
,

(23)

whereΦ = 1 is the diversity gain, which determines the slope
of the asymptotic outage probability curve, and

Ψ =
𝛾th
𝜎2
𝑅𝑘𝐷

+
𝛾th
𝜎2
𝑆𝑅𝑘

𝑘−1

∑

𝑚=0

(−1)
𝑚
𝑘 (𝑀
𝑘
) ( 𝑘−1
𝑚
)

(𝑀 − 𝑘 + 𝑚) (1 − 𝜌) + 1

×

𝜌(𝐸)

∑

𝑖=1

𝜏𝑖(𝐸)

∑

𝑗=1

𝜒𝑖,𝑗 (𝐸) 𝑗𝛾𝐼𝑖

(24)

is the coding gain, which characterizes the SNR advantage
of the asymptotic outage probability relative to the reference
curve 𝛾−Φ, where 𝛾 = 𝑃𝑆/𝑁0. From (23) we can see that
the coding gain has much to do with the number and the
power levels of CCI and the correlation coefficient 𝜌, and
these factors do not affect the diversity gain. This is because
our analysis is based on the 𝑘th worst PRS protocol, which is
low-complexity and unbeneficial to the diversity gain.

4. Optimum Power Allocation

In this section, the problem of power allocation between the
source and the relay is investigated for the improvement of
system performance. The total power of system is set to be
𝑃𝑇 and the power of source and relay is 𝑃𝑆 = 𝛽𝑃𝑇, 𝑃𝑘 =

(1 − 𝛽)𝑃𝑇 (0 < 𝛽 < 1), respectively; thus 𝛾
1(𝑘)

and 𝛾
2
can

be written as

𝛾


1(𝑘)
=
𝑃𝑆𝜎
2

𝑆𝑅𝑘

𝑁0
=
𝛽𝑃𝑇𝜎
2

𝑆𝑅𝑘

𝑁0
,

𝛾
2
=
𝑃𝑘𝜎
2

𝑅𝑘𝐷

𝑁0
=
(1 − 𝛽) 𝑃𝑇𝜎

2

𝑅𝑘𝐷

𝑁0
.

(25)

Substituting (25) into (23) we get

𝑃
∞

out ≈
𝑀2

(1 − 𝛽)
+
𝑀1

𝛽
, (26)

where

𝑀1 =
𝛾th𝑁0
𝑃𝑇𝜎
2
𝑆𝑅𝑘

𝑘−1

∑

𝑚=0

(−1)
𝑚
𝑘 (𝑀
𝑘
) ( 𝑘−1
𝑚
)

(𝑀 − 𝑘 + 𝑚) (1 − 𝜌) + 1

×

𝜌(𝐸)

∑

𝑖=1

𝜏𝑖(𝐸)

∑

𝑗=1

𝜒𝑖,𝑗 (𝐸) 𝑗𝛾𝐼𝑖
,

(27a)

𝑀2 =
𝛾th𝑁0
𝑃𝑇𝜎
2
𝑅𝑘𝐷

. (27b)

The derivation of 𝑃out(𝛾th) with respect to 𝛽 can be
calculated as

𝜕𝑃
∞

out
𝜕𝛽

=
𝜕 ((𝑀2/ (1 − 𝛽)) + (𝑀1/𝛽))

𝜕𝛽
=

𝑀2

(1 − 𝛽)
2
−
𝑀1

𝛽2
.

(28)

Let (28) be zero; then the optimum 𝛽
∗ can be given by

𝛽
∗
=
𝑀1 − √𝑀1𝑀2

𝑀1 −𝑀2
. (29)
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It is easy to note that the optimum power allocation
solution is related to feedback delay and CCI as well as
the channel information. When the power allocation of the
system is set to be 𝑃𝑆 = 𝛽

∗
𝑃𝑇, 𝑃𝑘 = (1 − 𝛽

∗
)𝑃𝑇, the

performance can be improved, which can be verified in
Section 5.

5. Simulation Results and Discussions

In this section, numerical results are carried out to demon-
strate the validity of our theoretical analysis. In all cases, we
assume that𝑀 = 3 and the relay node is, respectively, affected
by𝑁 = 3 interferers and we select the 𝑘th relay 𝑅𝑘 to forward
the information. In our simulation, we set 𝑘 = 𝑀 and all the
interferers have the same transmit power, which is 𝛼 times
the average power of the noise. We assume that the distance
of 𝑆-𝑅𝑘𝑑𝑆𝑅𝑘 = 1 and the distance of 𝑅𝑘-𝐷 𝑑𝑅𝑘𝐷

= 0.9𝑑𝑆𝑅𝑘
.

The distance between interferers and 𝑘th relay node forms
vector d = [3.5, 3.5, 2.5]. The path loss factor 𝜇 is assumed
to be 𝜇 = 3. The transmit rate is set to beR = 2 (bits/s/Hz).

Figures 2–4 present the joint impact of feedback delay and
CCI on the outage probability versus the total SNR (𝑃𝑇/𝑁0)

of the transmission path. As we can see, the simulation is in
exact agreement with theoretical analysis and the asymptotic
curve is very tight at high SNR regime, which verifies the
correctness of our analysis.

In Figure 2, the outage probability versus the average
SNR for different power level of the interference 𝛼 is shown.
We assume that 𝑃𝑆 = 𝑃𝑘 = 0.5𝑃𝑇, 𝜌 = 0.8, and 𝛼 =

0, 10, 100, respectively. It can be seen that the performance of
the system decreases rapidly with the increase of the power
of interference at almost the whole SNR regime. From the
asymptotic results, we can see that the diversity is 1 for
different power level of the interference and the coding gain
decreases with the increase of the power of interference,
which verify the validity of the theoretical analysis in (23).

In Figure 3, the outage probability versus the average SNR
for different correlation coefficient 𝜌 is shown. We assume
that 𝑃𝑆 = 𝑃𝑘 = 0.5𝑃𝑇, 𝛼 = 100, and 𝜌 = 0, 0.8, 1, respectively.
We can see that small𝜌 leads to high outage probability, which
means that high feedback delay will significantly decrease the
performance of system. In addition, with the increase of 𝜌,
the performance gain is not so noticeable at low SNR regime,
whichmeans that at low SNR regime the system performance
becomes less sensitive to the feedback delay. Especially, when
𝜌 = 1 (which means there is no feedback delay) the system
can gain the best outage performance. What is more, from
the asymptotic results we can see that the diversity is 1 for
different 𝜌 and the coding gain increases with the increase of
the correlation coefficient 𝜌, which demonstrate the validity
of the theoretical analysis in (23).

In Figure 4, we compare the system with optimum power
allocation to that with equal power allocation in terms of
outage probability. From (29), we know that the optimum
power allocation has much to do with the number and the
power levels of CCI and the correlation coefficient 𝜌. In our
analysis, we assume that 𝛼 = 100 and 𝜌 = 0.5. And at an out-
age probability level of 10−2, the performance of the system
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Figure 2: Outage probability of the system under different power
level of the interference.
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Figure 3: Outage probability of the system under the different
correlation coefficient 𝜌.

with optimum power allocation leads to SNR gains of more
than 1 dB compared to the equal power allocation. As we
can see, there is noticeable performance gain after power
optimization.
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Figure 4: Outage probability of the system with equal power
allocation and optimum power allocation.

6. Conclusion

In this paper, a dual-hop AF wireless network is studied
with the joint impact of interference and feedback delay. We
derived the closed-formand asymptotic expressions of outage
probability and further discussed the diversity order of the
system at high SNR regime. Monte-Carlo simulation results
were presented for the validity of theoretical analysis. The
findings suggest that the diversity order is one under the
joint impact of interference and feedback delay regardless
of the number of relays. In addition, the performance of
system is affected by both the interference and feedback delay,
but at low SNR regime, the impact of feedback delay is not
very noticeable while the interference functions almost at
the whole SNR regime. Finally, we investigated the power
optimization problem for the system and found that the
optimum solution is related to feedback delay and CCI. The
system performance of our specific optimum solution leads
to SNR gains of more than 1 dB compared to the equal power
allocation, which is a noticeable performance gain, indicating
that our solution is valuable to practical system designing.
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Nowadays, Wireless Ad Hoc Sensor Networks (WAHSNs), specially limited in energy and resources, are subject to development
constraints and difficulties such as the increasing RF spectrum saturation at the unlicensed bands. Cognitive Wireless Sensor
Networks (CWSNs), leaning on a cooperative communication model, develop new strategies to mitigate the inefficient use of the
spectrum that WAHSNs face. However, few and poorly featured platforms allow their study due to their early research stage. This
paper presents a versatile platform that brings together cognitive properties into WAHSNs. It combines hardware and software
modules as an entire instrument to investigate CWSNs. The hardware fits WAHSN requirements in terms of size, cost, features,
and energy. It allows communication over three different RF bands, becoming the only cognitive platform for WAHSNs with this
capability. In addition, its modular and scalable design is widely adaptable to almost any WAHSN application. Significant features
such as radio interface (RI) agility or energy consumption have been proven throughout different performance tests.

1. Introduction

According to the CISCO report [1], ubiquitous computing is
shown as one of the most important trends with a 40-fold
increase between 2010 and 2015. Typical ubiquitous applica-
tions include security and surveillance, automaticmonitoring
of forest fires, avalanches, hurricanes, health or vehicular
networks.WAHSNs provide a technological solution to these
challenges, so their growth is closely linked to these data.

This increasing demand for wireless communication
presents a challenge to efficient spectrum utilization and
spectral coexistence. Regarding spectrum scarcity, most
WAHSN solutions operate on unlicensed frequency bands.
In general, they use the industrial, scientific, and medical
(ISM) bands like the 2.4GHzband also used byWi-Fi or IEEE
802.15.4 devices. For this reason, the unlicensed spectrum
bands are becoming overcrowded [2].

To address this challenge, new techniques arise to be
applied in WAHSNs, such as Cognitive Radio (CR) [3].
CR enables opportunistic access to the spectrum through
cooperation and context awareness. Spectrum sensing capa-
bilities and cooperation between devices allow for better

spectrum use and better data reliability. The concept of CN
was proposed as a wireless network that is aware of its envi-
ronment and adapts its internal values, thanks to cooperation,
to achieve reliable and efficient communication. CN has
three main technical components: cognitive capabilities of
devices, collaboration among terminals, and learning about
the history.

WAHSNs are one of the areas with the highest demand
for cognitive networking due to overcrowded unlicensed
bands [4, 5]. Introducing CR capabilities in sensor networks
structures provides benefits by implementing amore efficient
and dynamic way to use the spectrum. However, there are
also some challenges to face, specifically the study of the
sensing state, collaboration among devices, energy efficiency,
and decision making.

But, despite the potential of CWSNs, they are not yet
deeply explored. Real or simulated scenarios scarcely exist
and realistic platforms are crucial to the improvement and
development of this new field.The shortage of CWSN devices
or test beds contributes to the scarcity of results in this area.

WAHSN is a mature area, and platform devices and test
beds for research and even real applications are common,
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but on the other hand, realistic devices with access to
different spectrum zones for CWSNs do not exist. In order to
enable and promote this new paradigm, an effort to facilitate
the technology with devices and test beds is necessary.
Therefore, in this work, a new platform for CWSN devel-
opment is proposed. It consists of a versatile and modular
WAHSN device which provides access to different spectrum
bands.

When designing CWSN devices, the fact that WAHSN
nodes are very limited in terms of memory, computational
power, or energy consumption is crucial and must be taken
into account in the design process. Hence, the architecture
must be cost saving, meaning that the processing resources of
the microcontroller (MCU) are finite both in raw processing
as well as in memory allocation for data. As a development
platform, the software architecture must provide advantages
when implementing cognitive strategies in order to be a
valuable tool. The design must be modular, so it will not
need to be redone entirely with every particular change, and
scalable, allowing flexibility in the complexity of applica-
tions.

This cognitive architecture is based on the model pro-
posed in collaboration with the Berkeley Wireless Research
Centre and the Telecommunication Networks Group at TU
Berlin [6]. This model, Connectivity Brokerage, describes a
scheme for cognitive networks deployment.

The organization of the paper is as follows. Section 2 is a
general view of the state of the art and it describes the need
for this work. A full hardware description of the platform is
shown in Section 3. Sections 4 and 5 describe the software
modules for hardware and cognitive algorithms control. In
Section 6, results of a set of performance tests are exposed
and the paper ends with some conclusions in Section 7.

2. Related Work

Because of the novel stage of this research field, there are no
many specific devices to build applications and services over
CWSN. It is natural that most works are based on Wireless
Sensor Network (WSN) platforms on one side and Software
Defined Radio (SDR) platforms on the other side.

There are many SDR platforms that have been devel-
oped to support individual research projects. The Japanese
National Institute of Information and Communications
Technology (NICT) constructed a SDR platform [7] to test
next generation mobile networks. The platform has two
embedded processors, four Xilinx Virtex2 FPGAs, and RF
modules that could support 1.9 to 2.4 and 5.0 to 5.3 GHz.
The signal processing was partitioned between the CPU
and the FPGA, with the CPU taking responsibility for the
higher layers. An objective of this platform is to explore
selection algorithms to manage the use of different existing
standards.

Berkeley Cognitive Radio Platform (CRP) [8] is based on
the Berkeley Emulation Engine (BEE2) which is a platform
that contains five high-powered Xilinx Virtex2 FPGAs and
can connect up to eighteen daughter-boards. In this platform,
daughter-boards have been designed to support up to 25MHz

of bandwidth in an 85MHz range in the 2.4GHZ ISM band.
The RF modules have highly sensitive receivers and operate
either concurrently at different frequencies (FDD) or at the
same frequency in a time-division manner to avoid self-
generated noise. This CRP requires only a low-bandwidth
connection to a supporting PC as all signal processing is
performed on the platform.

The Kansas University Agile Radio (KUAR) [9] platform
was designed to be a low-cost experimental platform aimed
at the 5.25 to 5.85GHz frequency range with a tunable
bandwidth of 30MHz. The platform includes an embedded
1.4GHz general purpose processor, a Xilinx Virtex2 FPGA,
and supports gigabit Ethernet and PCI-express connections
back to a host computer.This allows for almost all processing
to be implemented on the platform.

The mobile communications department at EURECOM
proposed an open-source hardware/software development
platform and an open-forum for innovation in the area of
digital radio communications. OpenAirInterface [10] imple-
ments in the software the physical and medium-access
layers for wireless communications as well as providing an
IPv4/IPv6/MPLS network device interface under Linux. The
initiative targets 4th generation wireless systems (UMTS
Longterm-evolution (LTE), 802.16e/j) and rapidly deploy-
able MESH networks using similar RI technologies. The
development can be seen as an open-source test bed for
advanced algorithmic prototyping and performance evalua-
tion.

The Universal Software Radio Peripheral (USRP) [11] is
one of the most popular SDR platforms currently available
and it provides the hardware platform for the GNU radio
project. The second generation platform was released in
September 2008 and utilizes gigabyte Ethernet to allow
support for 25MHz of bandwidth. The system includes
a medium range Xilinx Spartan3 device which allows for
local processing. The radio-frequency performance of the
USRP was limited and is more directed towards experi-
mentation rather than matching any communications stan-
dard.

There are many different kinds of devices for WSN
platforms with similar characteristics: low power, memory
and processing constraints, and ISM bands. Bean, BTnode,
MANTIS Nymph, IMote, MicaZ, SenseNode, XYZ, Sentilla
Mini, EyesIFX, TelosB [12], ANT [13], and Iris [14] are some
of the most important WSN devices. But none of them have
different RIs or radio reconfiguration capabilities.

Focusing on CWSN devices, there are no specific plat-
forms to developWAHSNapplications and services with cog-
nitive capabilities.There is a commercial product, WaspMote
[15], based on an ATMEL microcontroller and an expansion
board that makes it possible to use two different RIs.

Here, a CWSN device is proposed with three different RIs
controlled by aMicrochipMCU, becoming the only cognitive
platform for WAHSNs with these communication capabili-
ties. It is designed fitting WAHSN environment limitations
regarding power consumption, size, cost, and resources. At
the same time, its modular design, based on expansion
boards, and scalability make it adaptable to a wide range of
WAHSN applications.
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Figure 1: A picture of the cNGD.
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Figure 2: cNGD block diagram.

3. Hardware Design

The entire design of the implemented platform hardware
is based on a previous experience working a CWSN node
described in [16]. This node did not satisfy some of the
requirements in terms of low power consumption, cost, size,
and communication capabilities. Therefore, a new platform
was required. The aim is a flexible scheme based on three
different RF bands. As a WAHSN platform, it must have a
downward trend regarding power consumption, cost, size,
and resources.

This new platform, named Cognitive Next Generation
Device (cNGD), is shown in Figure 1.

The objective is to work over different WAHSNs applica-
tions applying cognitive models, covering widely contrasting
concepts and sorts of applications. Hence, the desired device
must be modular and feature-expandable, scalable, and fully
configurable.

The cNGD block diagram is explained in Figure 2.
Together with the design of the node itself, some other ad

hoc devices such as proper size transceivers (Figure 3) and
expansion pluggable boards were developed. These boards,
called shields, aim to expand the possibilities of the main
device through its generic andmodular naturewhilemeeting,
at the same time, the low cost and size constraints.

The node deployed is based on a single core unit. The
control core is a PIC32MX675F256L, and it is replaceable
by its larger flash memory version if needed. This is a low
power and low cost RTCC-including 32-bit microcontroller
able to perform a throughput high enough for test-benching
purposes.

Figure 3: A 3D model of the implemented MRF49XA RF module.

cNGD executes its RF communications over MiWi pro-
tocol, an IEEE 802.15.4 proprietary standard for Wireless
Personal Area Networks (WPAN). It presents great advan-
tages for low transmission rates, short distances, and cost
constrained networks, which makes it perfect for WAHSN.
The physical layer of this communication stack can operate
over three ISM bands: 434MHz, 868MHz, and 2.4GHz.This
is one of the most important features of the device andmakes
it the only CWSN node with these features so far.

In order to transmit in 434MHz and 868MHz bands,
the device includes two transceivers based on the MRF49XA
chip and is implemented following the design guidelines
proffered byMicrochip.On the other hand, anMRF24J40MA
RF module is responsible for the 2.4GHz band. All of
the embedded interfaces allow enabling sleep modes and
they offer quite low power consumption at transmission.
Additionally, they let the applications carry out spectrum
sensing, a key component of CR. There is also the possibility
for the microcontroller to control the power supply of the
different RIs.

The hardware includes access to different peripherals
since it is not designed for a specific kind of application
and must be useful as a development platform, providing the
developer some extra functionalities if necessary. To accom-
plish this requirement, a set of pins were made accessible
through a pair of 20-pin headers. These headers make the
cNGD suitable for expansion with pluggable and stackable
shields or even with other entire nodes.This option supposes
a highly valuable feature of the device, reducing its cost but
expanding its possibilities through modularity. It gives the
developer the freedom to create attachable devices needed
for their WAHSN applications. The list of approachable
peripherals and pins covers battery connection (for charg-
ing purposes), GPIOs, MCLR pin, external interruptions,
analogue inputs, USB, Ethernet module, I2C bus, UARTs,
and SPI. It is important to point out that some of these
functionalities are multiplexed and thus cannot be used
simultaneously.

The device can work using either an external 5 V power
supply, taking advantage of the rated voltage used by USB
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Figure 4: chargerSHIELD (top) and rs232SHIELD (bottom).

standard, or a 3.3 V battery. In case of using an external 5 V
supply, the device lessens it to 3.3 V using a voltage regulator.
This regulator can be deactivated when not needed, cutting
down its power consumption. A switch allows commuting
between batteries or wired supply mode. The battery is,
in practice, essential for portability in research. A battery
charger shield was designed and implemented for Ni-Mh and
Ni-Cd options (Figure 4).

The hardware also provides wired serial communication
using USB 2.0, which provides interoperability and facilitates
data transfer from the running application to any device,
normally a computer. Besides, the developer might design a
custom communication method by using the different buses
at the headers. For this work, a simple serial communication
shield, rs232SHIELD, was designed to bridge one UART
peripheral and a classic rs232 interface (Figure 4).

Apart from the reset push-button, the device contains
two other general purpose buttons. It provides as well three
configurable LEDs that the application might use for its own
purposes. An RJ-11 connector embedded in the main board
is used to program the controller, by taking advantage of the
development framework provided by Microchip.

Therefore, the hardware capabilities include wireless
communication over three different RF bands, the first time
on a CWSN platform, controlled by a single PIC. In addition,
it hosts accessible external interruptions, SPIs, Ethernet
modules, and other peripherals through headers to fit the
developer requirements with modular attachable devices. It
also hostswired communication throughUSB andportability
options including an appended battery.

4. Firmware Design

In this section, features of the node’s firmware, the RF
protocol stack, and the designedHardware Abstraction Layer
(HAL) are explained.

As was mentioned, cNGD is based on a 32-bit microcon-
troller and three RF transceivers, each over an ISM band. As
these elements are all part of Microchip’s catalog, incompat-
ibility issues were avoided and communication among them
was quite straightforward.

4.1. Adapted MiWi Protocol Stack. The chosen transceivers
can work either with Microchip’s proprietary MiWi protocol
stack (free of charge) or with ZigBee stack (under license). It
was decided to use MiWi since this one supposes an easier
and lighter solution. Its features cover firmware-specific
CWSN requirements: reconfiguration of radio parameters,
spectrum sensing capabilities, and enough data rate for
potential applications.

The MiWi protocol stack is structured in layers accord-
ing to the OSI model and the IEEE 802.15.4 standard. Its
implementation ranges from physical to network layer, with
three network protocols available.Theprotocol to be used can
be chosen in regard to network topology, size, and routing
requirements. Microchip also offers a top layer interface as
an API for developing user applications.

Originally, MiWi stack was designed to work only with
one of its compatible transceivers at a time. In order to admit
the three desired devices, an exhaustive MiWi protocol stack
adaptation was carried out. Thanks to the adaptation, the
node firmware can handle all the transceivers’ routines and
protocols’ tasks together as a whole.

Otherwise, the replication of the stack threefold would
have been very inefficient in terms of processing andmemory
usage.The average programmemory savedwith this firmware
is estimated at 31%, with variations regarding configuration
parameters. This improvement would be even more signifi-
cant if the HAL implementation was not taken into account.

During the implementation process, an important effort
was aimed at achieving a more modular and flexible design.
The firmware must be coherent with the hardware design
but also must be highly reconfigurable and admit upgrades.
The design decisions pursue optimal resource utilization and
independence from the hardware design. For instance, if a
simplified node implementation with not all the RF modules
and different peripherals selection were desired, the firmware
will still work after minimal configuration changes.

4.2. Hardware Abstraction Layer. In order to isolate the
developer from the complexity of the adapted protocol stack,
a HAL has been implemented. It offers the upper layer a set of
functions as an API, enabling the development of application
or modules without the need of understanding lots of the
stack details. Despite the fact that the HAL implementation
implies more RAM and flash memory usage, the benefits
make up for this drawback.

All HAL functions are designed for returning an error
code. Thus, the upper layer can be aware of the result of
the last action carried out and, if necessary, it can undertake
countermeasures regarding the identified error cause. This
leads to both a reduction of applications development time
and a more reliable network operation. The HAL implemen-
tation is scalable, as new error codes, functionalities, and
modules can be incorporated in to it.

The HAL deals with network initialization and mainte-
nance, power management, and debugging, among others.
However, as the design is intended to be a node for CWSN,
the emphasis was placed on radio communication and recon-
figuration. It was an objective to keep the HAL functions
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simple and yet covering the most functionalities as possible.
As an example, the node can do an energy scan over all the
frequency bands with a single call to the proper function.

The available configuration choices have been widened
due to the additional versatility provided by the HAL. One
of the most remarkable features of the node’s firmware is the
possibility of tailoring the configuration parameters to fit the
target application requirements.

All in all, the adapted protocol stack and the implemented
HAL provide the cognitive module and the applications
with an easy and intuitive interface for managing the node’s
features.

5. Software Architecture

5.1. Overview. As was previously exposed at the Introduc-
tion, the model is based on the Connectivity Brokerage
scheme. This architecture is composed of six different mod-
ules.

Repository stores information regarding the node, the
network, nodes from inside or outside the network, and the
environment.

Discovery module collects information considered inter-
esting such as Received Signal Strength Indicator (RSSI), Link
Quality Indicator (LQI), and different information regarding
the discovered nodes.

Optimization module executes the desired cognitive
strategy.

Execution module takes actions normally ordered by the
Optimization module.

Access Control module is responsible to control the
actions other nodes are able to take in such node.

Policy module keeps some variables representing differ-
ent policies such as energy consumption, security, and others.
Different weights of these variables will force Optimization
module to take different actions.

Apart from these modules, two more have been added
to the structure: Messenger and Virtual Control Channel
(VCC).

Conceptually, VCC module already existed in Connec-
tivity Brokerage, but not as part of the CRModule. In
this implementation, part of VCC’s functionality has been
included within the CRModule in a module with the same
name. This will be justified in the following points of this
paper.

There are basically two types of messages depending on
whether their destination and source modules belong to the
same node or not.

5.2. Intramessages. These messages are the ones that involve
two modules of the same node.

The Messenger module acts as a bridge for communi-
cating the rest of the modules with each other and with the
VCC module itself. However not all the modules are able
to communicate with the rest, for example, the Repository
module cannot request anything as its purpose is just to store
data.That is the reason why the possible interactions between

Table 1: Relationships between modules.

Origin Destination
Disc. Exec. Opti. Repo. Poli. Accss. VCC

Disc. M
Exec. M M M
Opti. M M M M M
Repo.
Poli. M M
Accss. M
M: Messenger.

modules are presented. The relations describe the requests in
a unidirectional way.

In Table 1, the relation between modules can be seen
marked with Ms to represent that the requests are processed
through the Messenger module.

When implementing cognitive strategies in a node, one of
the problems to be faced is the flowof a relatively high amount
ofmessages betweenmodules. AMessengermodule is helpful
since it relieves and makes easier the communication tasks.

Suppose a strategy that is being executed in routines
allocated in theOptimizermodule.These routineswill poten-
tially need to interact with Repository, Executive, Discovery,
and probably other nodes in the network, which implies
interaction with the VCCmodule.The shortest way to do this
is to directly call the specific functions of each module.

However, as the functionality of the modules increases, it
becomes more and more complex to implement these calls.
Furthermore, if a function is modified, or a new module
is added, it would be a very complex task to reflect those
changes in all the affectedmodules. So, theMessengermodule
provides an interface to communicate each module with any
other in a generic way.

Therefore, the Messenger module reduces complexity
when implementing strategies and increases the scalability of
the software architecture.

5.3. Intermessages. These messages occur when a module
from one node sends a message to a module in a different
node. These types of messages are called control messages.

A simple VCCmodule has been included in the CRMod-
ule due to the need of sending messages among modules
in different nodes. When implementing a cognitive-based
strategy in CWSNs, as a cooperative network, it is common
that multiple nodes will be implied in the strategy. That way
the Optimizer module of a node may need information from
other nodes’ Repository module, execute changes in them
through their Executive module, or just request that their
Optimizer module carries out the same cognitive strategy of
the first one.Therefore, the VCCmodule constitutes a tool for
creating and processing messages received from and sent to
other nodes in the network.

Once at the destination node, the VCC module requests
will arrive to the destination module through Messenger
and also upon Access Control approval. When Messenger is
prompted to process a message that comes from the VCC
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Figure 5: Receiving control message protocol.

module, it automatically knows that it is a control message
coming from a different node. Therefore, prior to sending
the request to the destination module, it will check the
permissions for the origin node, destination module, and
specific function that are requested in the Access Control
module. Figure 5 illustrates this sequence.

5.4. Communications. As has been explained, there will be
two different types of messages depending on their destina-
tion.

Consequently, the Messenger module is composed of
two message processors, one to send the requests to other
modules in the node and the other to send/receive requests
to/from other modules of external nodes.

When making requests to another module in the same
node, apart from the two modules involved in the commu-
nication, only the Messenger module intervenes, as specified
previously in this section. Its aim is to transport the request
from origin to destination. To do that, a primary function is
defined in the Messenger module. This function is generic
so it can be used to send requests between any modules (in
accordance with Table 1). The function also has some generic
parameters that carry any kind of module-specific variables
to the destination.

Within a request targeting a module in a different node
in the network, the communication can be seen as the one
explained above for the transmitting node, as it is a request
sent by the origin module to the VCC module. However,
internally in the Messenger module, it is processed by a
different message processor which also adds the proper
header to the message prior to sending it to the VCCmodule,
so it will be ready for sending it wirelessly.

5.5. Generic Execution Example. A general execution of the
architecture over a node is illustrated in Figure 6, Messenger
module is not represented but its functionality is assumed.
A routine execution might be triggered by several events;
here we consider the reception of a control message through
the VCC. In this case, the message requests a task to be
carried out at the Optimization module. After obtaining the
access approval by the Access Control, Optimization will
achieve the task. This module might be in need of data

VCC

VCCStart End

Accs.

OPT.

EXEC.
If allowed

Disc. Rep. Pol.

Figure 6: Generic execution logic diagram.

Table 2: Information about cNGD current consumption.

Design element and operation mode Supply current (𝐼DC)
434/868MHz RI (RX mode) 11.8mA
2,4GHz RI (RX mode) 16.5mA
Transceivers 434/868MHz (sleep mode) 2.2mA
Transceivers 2.4GHz (sleep mode) 1.1mA
MCU (run mode at 80MHz) 50.9mA
MCU (sleep mode) 0.83mA

within Discovery, Repository or Policy modules, which will
be accessed. Optimization module also might give way to a
posterior action at the Executive module or an intermessage
delivery at the VCC. These last tasks would end the routine
execution.

The CRModule provides a platform for carrying out
cognitive and cooperative strategies not only in one node but
in a network, and makes their implementation less complex
and more efficient in terms of memory.

6. Tests and Results

The platform has been tested in order to prove and charac-
terize valuable features such as RI agility. Carried out tests
measure the MCU and RIs performance and global current
consumption. Results are shown throughout this section.

In Table 2, information about the power consumption of
the platform is shown.

Flash memory needed by the firmware is 88.2 KB,
whereas the required RAM memory is 2.1 KB at its widest
configuration. On the other hand, flash memory required by
the cognitive architecture is 32.6 KB. Table 3 shows the time
costs of the communication protocol stack management.The
results gather separately the measured times for different RIs
and protocol versions. A network coordinator role and no
network activity are considered.

Another test intends to measure the RIs control cost.
Results in Table 4 provide the time cost for different opera-
tions at the three RIs. Results are similar for 434MHz and
868MHz RIs since they both use the same transceiver model.
Spectrum scan task takes longer than others due to needed
software delays introduced at the respective routines.
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Table 3: Time costs on the communication protocol management
tasks.

Management part P2P (𝜇s) Mesh (𝜇s)
Common management 134.1 150.6
434MHz RI 1.3 1.3
868MHz RI 1.2 1.2
2.4GHz RI 1.2 1.2
Total 137.8 154.3

Table 4: Time costs on the radio interfaces control tasks.

Operation 434MHz RI 868MHz RI 2.4GHz RI
Transmission channel
switch 30.45ms 30.4ms 0.151ms

Transmission power
change 55.8 𝜇s 55.8 𝜇s 70.1 𝜇s

Sleep and wake up 15.4ms 15.4ms 0.364ms
Spectrum energy scan 194.48ms 908ms 410.13ms

Table 5: Effective rate at the application level for different TX
modes.

TX mode 434/868MHz RI
(38.4 kbps)

434/868MHz RI
(115.2 kbps)

2.4GHz RI
(250 kbps)

Broadcast 28.94 kbps 31.25 kbps 28.8 kbps
Unicast 20.67 kbps 24.51 kbps 28.47 kbps

Effective rate provided at the application level was mea-
sured for broadcast and unicast TXmodes. 434 and 868MHz
RIs have been tested for two different bit-rate configurations.
P2P protocol is employed and a 90 Bytes packet payload.
Table 5 gives the results. It can be observed how the theo-
retical RI maximum bit-rates shrink at the application level
to around 30Kbps. This decay occurs because of the proto-
col overhead, encryption, and a data processing bottleneck
placed at the reception.

7. Conclusions

CWSNs appear as a new concept that proposes collabora-
tive and learning models focused on improving spectrum
efficiency and communications performance. Because of the
novel state of this research field, there are no many specific
devices to keep investigating this promising concept.

The presented work supposes a versatile platform to
work overCWSNsdevelopment and deployment. Combining
hardware and software modules, it offers a flexible modular
design widely adaptable over the range of WAHSNs appli-
cations. The sort of device shown here features some novel
properties with respect to other current CWSN devices, such
as its capability to communicate over three different ISM RF
bands.

The hardware fits the conditions and requirements of
WAHSN environments. Low power consumption, size, and
cost limitations are taken into account in order to achieve real
test-benching purposes, application development, or even
possible complete implementations.

To keep the downtrend on complexity, consumption,
size, and cost, an expansion system for the platform was
implemented, allowing developers to create ad hoc attachable
functionalities or improvements for the nodes.

cNGD’s firmware was developed with a focus on abstract-
ing the developer and the application from the cognitive
model and the direct hardware management. Furthermore,
a single MiWi stack was adapted to deal with the three
RF transceivers instead of using three different stacks. The
average program memory saved with this firmware is of
31%. The firmware also exhibits scalability and modularity,
being adjustable to diverse applications. To carry out the
cognitive algorithms, the software architecture implements
the Connectivity Brokerage scheme, including some extra
modules to achieve a greater flexibility and reduce complexity
of the cognitive model structure.

Tests carried out over the platform prove some of its
valuable capabilities and features. Current consumption is
under 1mA during sleepmodes. Protocol stack and RIs man-
agement tasks have been measured. Longest time for a full
stackmanagement task is under 155𝜇s and a spectrum energy
scan all over the three frequencies takes place in less than
1.5 s. Effective rate tests reveal similar performance amongst
RIs and maximum communication bit-rates provided at the
application are around 30 kbps.
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It is of great significance to conduct researches on the message diffusion process for the node coverage problem, which can be
generally abstracted as a random samplingmodel in the cooperative communication systems including the ad hoc and unstructured
P2P networks. However, the message diffusion in the ad hoc network is not a completely independent random process. When
forwarding the messages, the nodes will be influenced by such factors as degrees, visit times, and network connectivity. But the
random sampling model does not take these factors into consideration, resulting in the overestimated node coverage degree.
Discussing the message diffusion process of the cooperative communication systems like ad hoc network, this paper analyzes the
causes of the inaccuracy problems of random sampling model and solves the problems by specially introducing the factors such as
node degree and visit times. As for the E-R random network topology, it validates the effectiveness of the model proposed herein in
contrast with the simulation experiment results. Compared with the random samplingmodel, themodel proposed herein coincides
better with the simulation results of the ad hoc network message diffusion process in the condition of network connectivity and its
accuracy can meet the requirements for 3 and 5 visits.

1. Introduction

The nodes of ad hoc and unstructured P2P networks which
are the autonomous, peer-to-peer, multihop systems need
to forward messages from other nodes as well as their own
messages to realize the resource sharing and cooperative
communication.The searching and positioning of nodes and
resources in the ad hoc network are completed by trans-
mitting the search message within the network. Therefore,
the research of message diffusion model plays an important
role in the cooperative communication systems like ad hoc
network [1]. Also in the social network, themessage diffusion
model can be used to analyze the transmission process of gos-
sipmessages bymeans of the social relationships of the crowd.

The main objective of analyzing the message diffusion
model in the cooperative communication systems is generally
to solve the problem of how many messages should be
forwarded to reach the specific number of all the nodes or
the specific number of messages which are given to confirm
the ratio of nodes receiving the messages. In general, it is

desperately expected to cover as many nodes as possible with
fewmessages, which is the typical node coverage problem [2].

There are similar researches on node coverage conducting
the keyword research through message diffusion in the
unstructured P2P network [2, 3]. Although the distances of
nodes in the physical networks are quite long, the specific
overlay network topology can be built to achieve the link in
logics to directly transmit the messages to the remote nodes
to improve the efficiency of message diffusion. Take the small
world network for instance; its topological structure is just
between the regular network and the random network and is
characterized by the small network diameter and high node
aggregation, resulting in the fast speed of message transmis-
sion. Because the message diffusion process of unstructured
P2P network is not limited by the physical distance, it is
significant to analyze the effects of topological features of
the coverage network on the efficiency and costs of message
transmission to study the node coverage problems.

But in ad hoc network, the nodes can dynamically join
and leave, and sometimes they even can be movable, just like
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in the vehicular ad hoc network and mobile sensor network;
therefore, the topological structure of the whole network
is dynamic and random. And the computing and storage
capacity of ad hoc nodes are too weak to receive the whole
topological structure and the distribution of other nodes
and resources [4], let alone building the overlay network. In
addition, the communication capability of ad hoc nodes is
limited and they are incapable of remote communication. In
this condition, the message diffusion process is limited by
the physical distance, so the message can just be transmitted
to as many nodes as possible through the neighbor nodes.
During this process, response time and message overhead
are taken into consideration from the perspective of system
performance. Methods including flooding [5, 6], random
walk [7–13], and multiple random walks [14, 15] can be
adopted. The flooding model is fast but its message overhead
is huge. The major methods, random walk and multiple
randomwalks, show great performance in node coverage and
message overhead, but their response speeds are low.

Generally speaking, when random walk is used in trans-
mitted messages in the ad hoc network, the ultimate state of
node coverage, if the number of nodes in the network is large,
can be analyzed by the random sampling model including
random pick [16, 17] and coupon collector’s problem [18, 19].
But forwarding messages in the method of random walk or
multiple random walks is not completely equal to “indepen-
dent random sampling.” In fact, the forwarding of message is
usually connected with the current node state: the probability
of visiting a new node in the way of message forwarding is
related to the unvisited nodes in the current network as well
as the current state of the forwarding nodes. But the inde-
pendent random sampling process will not take the latter into
consideration; thus, when the node coverage rate at a certain
time point is analyzed, the estimated value may be high.

This paper makes use of node degree and visit times to
solve the problems existing in the random sampling model.
The simulation experiment results show that the message dif-
fusion model proposed herein of ad hoc network is in accor-
dance with the reality in the condition of high node coverage.

Section 2 discusses the current problems of the random
sample model. Focusing on the node coverage in the message
diffusion process, Section 3, based on the normal model,
explores the effects of node degree and visit times to obtain
the model proposed herein. Validating the effectiveness
of that model through simulation experiments, Section 4
studies the identical degrees of the theoretical values and the
simulation experiment results in the networks of different
scales and node degrees. Section 5 makes the conclusion.

2. Random Sampling and Its Shortcomings

At present, the random walk and multiple random walks
are two major methods in the research of the cooperative
communication networks like ad hoc network. Bothmethods
assume that nodes take the paths different from the message
receiving paths to forward messages and messages randomly
picked from all the paths (but for the coming paths) to
leave the nodes. The only difference between them is that
the multiple random walks have multiple paths for messages

to leave. In addition to this, there is no essential difference.
When the number of nodes is large enough in the network,
the limit of node coverage can be analyzed by the random
pick [16, 17] and coupon collector’s problem [18, 19]. Node
coverage herein refers to the rate of nodes reached by the
messages in the network.

2.1. Random Pick Model. Random pick model can be gener-
ally described as follows: there are 𝑛 balls in the box and one
ball will be taken out and then returned to the box at a time.
After𝑥 times, will 𝑢 balls be taken out without repetition?The
general result of this question [16, 17]: in the initial condition
of 𝑥 = 0 and 𝑢 = 0, 𝑢 can be described as the function
equation of 𝑥:

𝑢 (𝑥) = 𝑛 (1 − 𝑒
−𝑥/𝑛

) . (1)

One typical application of analyzing the node coverage with
the random pick model is to estimate the success rates of
the search of nodes and resources: if 𝑟 target resources are
randomly distributed in the ad hoc network, the probability
of finding a target resource after sending 𝑥 messages, that is,
the success rate of resource search 𝑝, can be described as the
function equation of 𝑥:

𝑝 (𝑥) = 1 − (1 −
𝑢

𝑛
)

𝑟

= 1 − (𝑒
−𝑥/𝑛

)
𝑟

. (2)

2.2. Coupon Collector’s Problem. Coupon collector’s problem
is another typical randomsampling process [19], which can be
generally described as follows: if there are 𝑛 kinds of coupon
and each kind of coupon has an equal chance to be taken out,
the 𝑥 times will be needed to collect 𝑢 kinds of coupon on
condition that one coupon will be taken out at a time.

As we all know, 𝑥, number of times to collect 𝑛 kinds of
coupon, is the function equation of 𝑛:

𝑥 (𝑛) = 𝑛

𝑛

∑

𝑘=1

1

𝑘
= 𝑛 ⋅ 𝐻𝑛, (3)

where𝐻𝑛 is the harmonic series of 𝑛, and if 𝑛 → ∞, then

𝐻𝑛 = ln 𝑛 + 𝛾 + 𝑂(
1

𝑛
) . (4)

Here 𝛾 is Euler-Mascheroni constant and 𝛾 ≈ 0.5772156649.
Experiment number to collect 𝑢 kinds of coupon, 𝑥, is the
function equation of 𝑢:

𝑥 (𝑢) = 𝑛(

𝑛

∑

𝑖=1

1

𝑘
−

𝑛−𝑢

∑

𝑖=1

1

𝑘
)

= 𝑛 (𝐻𝑛 − 𝐻𝑛−𝑢)

= 𝑛 (ln 𝑛 − ln (𝑛 − 𝑢) + 𝑂(
1

𝑛
) − 𝑂(

1

𝑛 − 𝑢
)) .

(5)

When 𝑛 → ∞ and𝑢 → ∞, we can neglect the latter 2 items;
then

𝑥 (𝑢) = 𝑛 ln 𝑛

𝑛 − 𝑢
. (6)
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If the question becomes, after taking 𝑥 coupons, about the
number of different coupons 𝑢 that will be taken out, this is
equivalent to the inverse problem of couple collecting model.
Then solve the inverse function of (6) to obtain function
relationship between 𝑢 and 𝑥:

𝑢 (𝑥) = 𝑛 (1 − 𝑒
−𝑥/𝑛

) . (7)

It is obvious that (7) and (1) are just the same, which means
that the random pick model in the initial conditions of 𝑥 = 0

and 𝑢 = 0 and coupon collecting model of the sufficient
sampling space 𝑛 and 𝑢 are a pair of equivalent inverse
problem.

2.3. Problems of Random Sampling Model. This shows that
the limit of node coverage can be quantitatively analyzed by
random sampling models including random pick model and
coupon collector’s problem if there are numerous nodes in
the ad hoc network (𝑛 → ∞) and the messages transmitted
cover most of the nodes (𝑢 → ∞). But neither of these 2
models can exactly describe the node coverage at a time point.

Random sampling model is a limit model instead of a
process descriptionmodel, which is the first problem wemay
encounter in the analysis process of ad hoc network node
coverage. Moreover, the node coverage of ad hoc network
will change in the message diffusion process. This message
diffusion process is not a completely independent random
process, so nodes, when forwarding the messages, will be
influenced by node degree and network connectivity. The
probability of forwarding the messages to the new nodes will
depend on the undiscovered nodes in the network as well as
the current state of the forwarding node. However, random
sampling model just assumes that these two samplings are
independently random,without taking into consideration the
probability that the current nodes may have been visited for
many times. As a result, the estimated value may be high if
the random sampling model is used to estimate the ad hoc
network node coverage at a certain time point.

3. Improved Ad Hoc Message Diffusion Model
Based on Visit Times

When analyzing the node coverage process of cooperative
communication systems like ad hoc network, the random
sampling model does not take the current node state into
consideration; in order to solve this problem, this paper
introduces the factors such as node degree and visit times.
First, presenting a general algebraic model to conduct the
quantitative analysis on the node coverage of ad hoc network
message transmission, this part analyzes the effects of node
degree and visit times on the node coverage to propose the
modified model herein.

3.1. General Algebraic Model. Suppose that ad hoc network
topology is in compliance with E-R random model [20], as
shown in 𝐺(𝑛, 𝑝); there are 𝑛 nodes in the graph and the link
probability between 2 random nodes is 𝑝 (0 < 𝑝 < 1), so the
average degree of the node is 𝑝 ⋅ (𝑛 − 1). To make it simple,
we assume that the node degree, 𝑑, is 𝑝 ⋅ (𝑛 − 1). Imagine that

the graphs are connected and nodes take the paths different
from themessage receiving paths to forwardmessages, which
means the messages randomly picked from all the paths (but
for the coming paths) to leave the nodes. At a time point
of the message diffusion process, 𝑥 refers to the number of
messages forwarded and 𝑢 refers to the number of nodes that
have received the message. As time goes on, 𝑢 will enlarge
with the increase of 𝑥 and gradually tend to approach 𝑛. So 𝑢

can be described as the function 𝑢(𝑥). At this time, if the node
forwards the message to the neighboring nodes, then the
probability that themessage reaches a new node is (𝑛−𝑢)/(𝑛−

2). After themessage is forwarded successfully, the number of
nodes which can be covered by the message is 𝑢+(𝑛−𝑢)/(𝑛−

2). When 𝑛 is large enough, 𝑛 − 2 can be replaced by 𝑛:

𝑢 (𝑥 + 1) = 𝑢 (𝑥) +
𝑛 − 𝑢 (𝑥)

𝑛
. (8)

If 𝑛 → ∞, then

𝑢 (𝑥 + 1) − 𝑢 (𝑥) = 1 −
𝑢 (𝑥)

𝑛

⇒
𝑢 (𝑥 + 1) − 𝑢 (𝑥)

1
= 1 −

𝑢 (𝑥)

𝑛

⇒ 𝑢

(𝑥) = 1 −

𝑢 (𝑥)

𝑛
.

(9)

The solution of the equation is

𝑢 (𝑥) = 𝐶 ⋅ 𝑒
−𝑥/𝑛

+ 𝑛. (10)

𝐶 is a constant dependent on the initial conditions which
also determined its value. Generally, when 𝑥 = 0, 𝑢(𝑥) = 0;
then we can get

𝑢 (𝑥) = 𝑛 ⋅ (1 − 𝑒
−𝑥/𝑛

) . (11)

3.2. Parameter Modification. General algebraic model can
conduct quantitative analysis on the node coverage at a
certain time point in the message forwarding process of
cooperative communication systems like ad hoc network. But
it does not consider the node degree, resulting in the overes-
timated value of node coverage. The general algebraic model
assumes that, with 𝑥 messages having been transmitted to 𝑢

nodes, the probability of message transmitted to new nodes,
according to (8), equals the ratio of the number of unvisited
nodes and the total number of nodes, that is, (𝑛 − 𝑢(𝑥))/𝑛.
The assumption is available when the current node is the first
node that themessage passes by and the node randomly picks
a link to forward the message. In this case, the rest of the
links are new. So the probability of the message reaching a
new node through any link is dependent on the proportion of
new nodes in the network. However, the probability that the
message will forwarded by the current node to a new node
decreases if the message has visited the node. The reason is
that the message may take the former visited link to reach the
visited nodes with repetition.

So the probability of themessage forwarded to new nodes
is related to the current node degree.When themessage visits



4 International Journal of Distributed Sensor Networks

the node again, the higher the node degree, the higher the
probability that the message forwarded through unvisited
links, and finally the probability of reaching new nodes will
be close to the probability of the unvisited nodes in the
network, that is, (𝑛 − 𝑢(𝑥))/𝑛; conversely, the probability of
reaching new nodes is lower. In some extreme cases, the
parameters 𝑝𝑗

𝑖
and 𝑞
𝑗

𝑖
are undetermined, and they, according

to definitions, are all connected with node visit times. The
calculation processes of these two parameters are as follows.

This paper changes (8): if 𝑥 messages are forwarded to 𝑢

nodes, the probability that the messages forwarded to new
nodes through unvisited links will be 𝑝(𝑥), and (8) will be
changed as follows:

𝑢 (𝑥 + 1) = 𝑢 (𝑥) +
𝑛 − 𝑢 (𝑥)

𝑛
𝑝 (𝑥) . (12)

In the network of 𝑛 nodes, if 𝑥 messages are forwarded to 𝑢

nodes, then the number of visit of every node is different from
each other. Just as mentioned before, if the node degree is just
𝑝(𝑛−1), the probability of unvisited links of every node is dif-
ferent.Themore the visit times, the smaller the probability of
unvisited links of the node. 𝑝(𝑥), the probability of unvisited
links in the network, is related to 2 factors: the probability
that any node 𝑖 is visited for 𝑗 times and the probability of
unvisited links of every node in this condition. So 𝑝(𝑥) is
the weighted average of visit times of all the nodes and the
probability of the unvisited links of nodes in the network.

Before presenting the computing method of 𝑝(𝑥), we
firstly give the symbol definitions:

𝑑: node degree;

𝑞
𝑗

𝑖
: probability that the node 𝑖 is visited for the 𝑗 time;

𝑝
𝑗

𝑖
: probability that there is at least one unvisited link

when the node 𝑖 is visited for the 𝑗 time;

𝑘
𝑗

𝑖
: the average number of visited links when the node

𝑖 is visited for the 𝑗 time;

𝑝
𝑗

𝑖
(𝑚): probability that there are 𝑚 (0 ≤ 𝑚 ≤ 𝑑𝑖)

visited links when the node 𝑖 is visited for the 𝑗 time;

𝑝
𝑗

𝑖
(𝑛 | 𝑚): probability that the number of visited links

changes from𝑚 to 𝑛 (0 ≤ 𝑚 ≤ 𝑛 ≤ 𝑑𝑖 and 0 ≤ 𝑛−𝑚 ≤

2) visited linkswhen the node 𝑖 is visited for the 𝑗 time.

As a result, the computing equation of 𝑝(𝑥) is

𝑝 (𝑥) =

𝑛

∑

𝑖=1

𝑥

∑

𝑗=1

𝑝
𝑗

𝑖
⋅ 𝑞
𝑗

𝑖
. (13)

3.3. Effects of Visit Times. From (13), wemay find it is necessa-
ry to define 2 parameters to calculate the value of 𝑝(𝑥) : 𝑝

𝑗

𝑖

and 𝑞
𝑗

𝑖
. According to the definitions, both of them are related

to the visit times of nodes. The calculation processes of these
two parameters are as follows.

(1) Probability of Nodes Visited for Multiple Times. If 𝑢

nodes are covered after 𝑥 messages are forwarded, then the
probability of any node 𝑖 visited for 𝑗 times is

𝑞
𝑗

𝑖
= 𝐶
𝑗−1

𝑥
⋅ (

1

𝑛
)

𝑗−1

⋅ (1 −
1

𝑛
)

𝑥−𝑗+1

. (14)

(2) Probability That There Are Unvisited Links after the Nodes
That Have Been Visited for Multiple Times. It is necessary to
consider multiple conditions of visit times 𝑗 to calculate the
probability of unvisited links after the nodes that have been
visited for multiple times 𝑝𝑗

𝑖
; the following examples give the

specific analysis processes, as shown in Figure 1 (𝑑 = 8).

(i) 𝑗 = 1. The message first visits one node, which means that
the visit time of that node 𝑗 is 1; at that time, the initial state
of the node is stated as shown in Figure 1(𝑎), which satisfies

𝑘
1

𝑖
= 0,

𝑝
1

𝑖
(0) = 1.

(15)

Because all the links are new (𝑘
1

𝑖
= 0), the message can pick

any one link to reach another new neighboring node after the
message reaches the current node; then

𝑝
1

𝑖
=

𝑑 − 𝑘
1

𝑖

𝑑
=

𝑑 − 0

𝑑
= 1. (16)

The node state changes to state 𝑏, shown in Figure 1(𝑏), and
the number of visited links is 2, whichmeans that themessage
takes 2 different links to reach and leave the node. Because of
the only state to transfer the path, after the first visit of the
node, the probability that the number of visited links changes
from 0 to 2 is

𝑝
1

𝑖
(2 | 0) = 1. (17)

(ii) 𝑗 = 2. If the message secondly visits the node (𝑗 = 2),
shown in Figure 1(𝑏), there may only be 2 visited links (𝑘2

𝑖
=

2) for the current node:
𝑘
2

𝑖
= 2,

𝑝
2

𝑖
(2) = 𝑝

1

𝑖
(0) ⋅ 𝑝

1

𝑖
(2 | 0) = 1.

(18)

At this time, the node randomly picks one link to forward the
message which can only take the left 𝑑 − 𝑘

2

𝑖
unvisited links to

reach the new node:

𝑝
2

𝑖
=

𝑑 − 𝑘
2

𝑖

𝑑
=

𝑑 − 2

𝑑
. (19)

After the message leaves the node again, its link state will
change to the third condition in Figure 1(𝑐, (𝑐1–𝑐3)); its
transition condition and probability are as follows.

(a) 𝑏 → 𝑐1 (old in old out). The message visits the node
through the visited link twice and leaves the node through
another visited link; thus, the number of visited link is 2.Then
the conditional probability that the number of visited link is
still 2 after the node has been visited twice is

𝑝
2

𝑖
(2 | 2) =

2

𝑑
⋅

1

𝑑 − 1
. (20)
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(b) 𝑏 → 𝑐2 (old in new out and new in old out). The message
visits the node through the visited link for twice and leaves
the node through an unvisited link, or the message visits the
node through the unvisited link for twice and leaves the node
through a visited link. Then the conditional probability that
the number of visited link changes from 2 to 3 is

𝑝
2

𝑖
(3 | 2) =

2

𝑑
⋅
𝑑 − 2

𝑑 − 1
+

𝑑 − 2

𝑑
⋅

2

𝑑 − 1
= 2 ⋅

2

𝑑
⋅
𝑑 − 2

𝑑 − 1
. (21)

(c) 𝑏 → 𝑐3 (new in new out). The message visits the node
through an unvisited link for twice and leaves the node
through an unvisited link; thus, the number of visited link is
4.Then the conditional probability that the number of visited
link changes from 2 to 4 is

𝑝
2

𝑖
(4 | 2) =

𝑑 − 2

𝑑
⋅
𝑑 − 3

𝑑 − 1
. (22)

(iii) 𝑗 = 3. If the message visits the node thirdly (𝑗 = 3),
the initial state of the node may have 3 conditions, shown
in Figure 1(𝑐, (𝑐1–𝑐3)), and the numbers of visited links are,
respectively, 2, 3, and 4. Because all these states are transferred
from state 𝑏, the probabilities that there are 2, 3 of 4 visited
links are, respectively,

𝑝
3

𝑖
(2) = 𝑝

2

𝑖
(2) ⋅ 𝑝

2

𝑖
(2 | 2) ,

𝑝
3

𝑖
(3) = 𝑝

2

𝑖
(2) ⋅ 𝑝

2

𝑖
(3 | 2) ,

𝑝
3

𝑖
(4) = 𝑝

2

𝑖
(2) ⋅ 𝑝

2

𝑖
(4 | 2) .

(23)

And the mathematical expectation of the visited link number
of the node is

𝑘
3

𝑖
=

4

∑

𝑚=2

𝑚 ⋅ 𝑝
3

𝑖
(𝑚) . (24)

The probability that the node takes an unvisited link to
forward the message is

𝑝
3

𝑖
=

𝑑 − 𝑘
3

𝑖

𝑑
. (25)

After the message leaves the node thirdly, the node state
will change from state 𝑐1–𝑐3 to state (𝑑1–𝑑6), shown in
Figure 1(𝑑); the state transition condition and probability are,
respectively,

(a) 𝑐1 → 𝑑1 : 𝑝
3

𝑖
(2 | 2) =

2

𝑑
⋅

1

𝑑 − 1
,

(b) 𝑐1 → 𝑑2 : 𝑝
3

𝑖
(3 | 2) = 2 ⋅

2

𝑑
⋅
𝑑 − 2

𝑑 − 1
,

(c) 𝑐1 → 𝑑3 : 𝑝
3

𝑖
(4 | 2) =

𝑑 − 2

𝑑
⋅
𝑑 − 3

𝑑 − 1
,

(d) 𝑐2 → 𝑑2 : 𝑝
3

𝑖
(3 | 3) =

3

𝑑
⋅

2

𝑑 − 1
,

(e) 𝑐2 → 𝑑3 : 𝑝
3

𝑖
(4 | 3) = 2 ⋅

3

𝑑
⋅
𝑑 − 3

𝑑 − 1
,

(f) 𝑐2 → 𝑑4 : 𝑝
3

𝑖
(5 | 3) =

𝑑 − 3

𝑑
⋅
𝑑 − 4

𝑑 − 1
,

(g) 𝑐3 → 𝑑3 : 𝑝
3

𝑖
(4 | 4) =

4

𝑑
⋅

3

𝑑 − 1
,

(h) 𝑐3 → 𝑑4 : 𝑝
3

𝑖
(5 | 4) = 2 ⋅

4

𝑑
⋅
𝑑 − 4

𝑑 − 1
,

(i) 𝑐3 → 𝑑5 : 𝑝
3

𝑖
(6 | 4) =

𝑑 − 4

𝑑
⋅
𝑑 − 5

𝑑 − 1
.

(26)

(iv) 𝑗 = 4. If the message visits the node fourthly (𝑗 = 4),
the initial state of the node may have 5 conditions, shown
in Figure 1(𝑑, (𝑑1–𝑑5)) and the numbers of visited links are,
respectively, 2, 3, 4, 5, and 6. Because all these states are
transferred from state 𝑐1–𝑐3, the probabilities that there are
𝑚 (𝑚 = 2, 3, 4, 5, 6) visited links are, respectively,

𝑝
4

𝑖
(2) = 𝑝

3

𝑖
(2) ⋅ 𝑝

3

𝑖
(2 | 2) ,

𝑝
4

𝑖
(3) = 𝑝

3

𝑖
(2) ⋅ 𝑝

3

𝑖
(3 | 2) + 𝑝

3

𝑖
(3) ⋅ 𝑝

3

𝑖
(3 | 3) ,

𝑝
4

𝑖
(4) = 𝑝

3

𝑖
(2) ⋅ 𝑝

3

𝑖
(4 | 2) + 𝑝

3

𝑖
(3) ⋅ 𝑝

3

𝑖
(4 | 3)

+ 𝑝
3

𝑖
(4) ⋅ 𝑝

3

𝑖
(4 | 4) ,

𝑝
4

𝑖
(5) = 𝑝

3

𝑖
(3) ⋅ 𝑝

3

𝑖
(5 | 3) + 𝑝

3

𝑖
(4) ⋅ 𝑝

3

𝑖
(5 | 4) ,

𝑝
4

𝑖
(6) = 𝑝

3

𝑖
(4) ⋅ 𝑝

3

𝑖
(6 | 4) .

(27)

The mathematical expectation of visited link number of the
node is

𝑘
4

𝑖
=

6

∑

𝑚=2

𝑚 ⋅ 𝑝
4

𝑖
(𝑚) . (28)

The probability that the node forwards the message through
an unvisited link is

𝑝
4

𝑖
=

𝑑 − 𝑘
4

𝑖

𝑑
. (29)

After the message leaves the node fourthly, the conditional
probability of the message state transition (𝑚 = 2, 3, 4, 5, 6) is

𝑝
4

𝑖
(𝑚 | 𝑚) =

𝑚

𝑑
⋅
𝑚 − 1

𝑑 − 1
,

𝑝
4

𝑖
(𝑚 + 1 | 𝑚) = 2 ⋅

𝑚

𝑑
⋅
𝑑 − 𝑚

𝑑 − 1
,

𝑝
4

𝑖
(𝑚 + 2 | 𝑚) =

𝑑 − 𝑚

𝑑
⋅
𝑑 − 𝑚 − 1

𝑑 − 1
,

(30)
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Figure 1: Effects of visit times on the old and new states of node link.
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(31)

(iv) 𝑗 > 4. Generally, if the message visits the node for the
𝑗 times (𝑗 > 4), the value range of 𝑚, the number of old
node link, is 𝑚 ∈ [2, 2𝑗 − 2]. The probability that there are𝑚

visited links for the node is shown in (31). The mathematical
expectation of visited link number of the node is shown in

𝑘
𝑗

𝑖
=

2𝑗−2

∑

𝑚=2

𝑚 ⋅ 𝑝
𝑗

𝑖
(𝑚) . (32)

The probability that the node takes an unvisited link to
forward the message is shown in

𝑝
𝑗

𝑖
=

𝑑 − 𝑘
𝑗

𝑖

𝑑
. (33)

After themessage leaves the node, the conditional probability
of the transition of its old and new states is shown in

𝑝
𝑗

𝑖
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𝑑
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.

(34)

3.4.MessageDiffusionModel Based onVisit Times. According
to Sections 3.2 and 3.3, integrate (12), (13), (14), and (33) to
obtain the improved model herein:

𝑢 (𝑥 + 1) = 𝑢 (𝑥) +
𝑛 − 𝑢 (𝑥)
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(35)

Detailed computing processes of 𝑘𝑗
𝑖
, 𝑝𝑗
𝑖
(𝑚), and 𝑝

𝑗

𝑖
(𝑛 | 𝑚) are

shown in Section 3.3 which will not be mentioned here.
Different from the general algebraic model shown in (8),

this modified model, when forwarding messages, considers
the effects of the current state of node, namely, the visit times
of the nodes, on the forwarding probability in the next step. In
some extreme conditions, all the links of the current node are
visited, so no unvisited link will be reached in the next step.
However, in the random pick or coupon collector’s problem,
every pick of link is independent, not considering the node
state. So this modified model will more accurately describe
ad hoc network message diffusion process, especially when
the node coverage is high.

4. Experiment and Analysis

4.1. Experimental Environment and Parameter Setting. To
validate the ability of this model proposed herein to describe
the message diffusion process of ad hoc network, this paper
compares the theoretical value of quantitative analysis and the
results of simulation experiments to test the deviation. Before
presenting the specific experimental results and analyses, it
defines the determination processes of simulation experi-
ment environment and parameters.

(1) Experimental Environment. Focusing on the problems of
random sampling model in the process of describing the
message transmission of ad hoc network, this paper proposes
the factors like node degree and visit times for improvement.
In order to verify the improved results, it calculates the
quantitative analysis results of random sampling model and
the model proposed herein in different parameters in Matlab
7.12. Coupon collector’s problem of the sufficient sampling
space 𝑛 and 𝑢 is equal to the random pick model; therefore,
this paper takes the theoretical value of coupon collector’s
problem for analysis.

Both coupon collector’s problem and random pick model
present the theoretical calculation results, so this paper, based
on NS-2 V2.29 network simulation platform, simulates the
message diffusion process of ad hoc network. To simulate the
ad hoc network of different scales, 𝑛, the node number in
the network, is set as 1000, 2000, and 3000 and the network
topology is in compliance with E-R random graph model
[20]. This paper emphasizes the message diffusion process,
so the simulation does not consider the delay and packet loss
and each message data packet is 1 Byte. When the experiment
starts, one node is randomly selected from 𝑛 nodes as the
message source and transmits themessage to other nodes. All
the nodes that receive the message will forward the message
again at the same time slot and the experiment ends when
the message has been forwarded for 3𝑛 times. Calculate the
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Figure 2: Relationship between node visit times 𝑗 and node
coverage 𝑢/𝑛.

current node coverage 𝑢/𝑛 at each time slot and take the
average value of 10 experimental results as the final result.

(2) Node Visit Times—𝑗. As shown in (35), this modified
model proposes 2 key parameters 𝑝𝑗

𝑖
and 𝑞
𝑗

𝑖
, which are related

to 𝑗, the node visit times. So it is necessary to figure out the
visit times of node in the process of ad hoc network message
diffusion.

According to (14), in the network of 𝑛nodes, if𝑥messages
are forwarded and cover 𝑢 nodes, which means the node
coverage is 𝑢/𝑛, then 𝑞

𝑗

𝑖
, the probability that any node 𝑖 has

been visited for 𝑗 times, will change with the node coverage,
just as Figure 2 shows (𝑛 = 2000).

We can see that most nodes have been visited for only 1-
2 times in the condition of low node coverage (𝑢/𝑛 < 0.5).
When the coverage is 0.5, the probability that the nodes are
visited for once (𝑗 = 1) or twice (𝑗 = 2) is 50.0% or
34.7%. With the node coverage’s (0.5 < 𝑢/𝑛 < 0.9) increase,
the nodes will be multiply visited. When the node coverage
reaches 0.9, the probability that the nodes have been visited
for multiple times (2 ⩽ 𝑗 ⩽ 5) is, respectively, 23.0% (𝑗 = 2),
26.5% (𝑗 = 3), 20.4% (𝑗 = 4), and 11.7% (𝑗 = 5). But from
the curve change of “𝑗 ⩽ 5” in Figure 2, the probability that
the nodes have been visited for more than 5 times is low
in the node coverage conditions (𝑢/𝑛 < 0.9). Even when
the coverage is 0.9, the probability that the nodes have been
visited for no more than 5 times still reaches 91.6%. Only
when the coverage is higher than 0.9, the probability that the
nodes have been visited for more than 5 times increases. But
there are still 51.2% nodes of less than 5 visit times even when
the node coverage reaches 0.99. So the simulation experiment
does not consider the condition ofmore than 5 visit times and
the visit times are, respectively, set as 1, 3, and 5.

(3) Node Degree—𝑑. As mentioned in Section 3.1, this paper
assumes that the ad hoc network topology is in compliance
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with E-R random model; as 𝐺(𝑛, 𝑝) shows, 𝑛 is the number
of nodes and 𝑝 (0 < 𝑝 < 1) is the probability that there
is a link between any 2 nodes, so the average degree of the
node is 𝑑 = 𝑝 ⋅ (𝑛 − 1). To make it simple, we assume that the
average degree of node is 𝑝 ⋅ (𝑛 − 1). To research the message
diffusion process of the network, we need to make sure that
the network topology shall be connected; otherwise, some
nodes will never be reached.

According to the nature of E-R random model [20],

(i) if 𝑝 ⋅ 𝑛 < ln 𝑛, then 𝐺(𝑛, 𝑝)must be unconnected;
(ii) if 𝑝 ⋅ 𝑛 > ln 𝑛, then 𝐺(𝑛, 𝑝)must be connected;
(iii) if 𝑝 ⋅ 𝑛 = ln 𝑛, then 𝐺(𝑛, 𝑝)may be connected or not.

In consequence, the node number 𝑛 and node link
probability𝑝 of the ad hoc networkmust satisfy the condition
𝑝 ⋅ 𝑛 > ln 𝑛 in the simulation experiment. Then

𝑝 ⋅ 𝑛 > ln 𝑛

⇒ 𝑝 ⋅ 𝑛 − 𝑝 > ln 𝑛 − 𝑝

⇒ 𝑝 ⋅ (𝑛 − 1) > ln 𝑛 − 𝑝

⇒ 𝑑 > ln 𝑛 − 𝑝.

(36)

As (36) shows, in order to make all the value of 𝑑 meet the
requirements in different combinations of 𝑛 and𝑝, we assume
𝑑 > ln 𝑛 and 𝑑 > ln 𝑛 − 𝑝 are applicable in any condition.
According to the curve of ln 𝑛 in Figure 3, onlywhen the value
of 𝑑 falls in the dark side, 𝑑 > ln 𝑛. In fact, if 𝑛 < 3000, then
ln 𝑛 < 8.01 and 𝑑 equals 8 to satisfy the requirements. Only if
3000 < 𝑛 < 5000, then 8.01 < ln 𝑛 < 8.52 and 𝑑 is more than
8. Although the number of node is 3000–5000 in the network,
𝑑 is set as 8 and 10 in this simulation experiment to illustrate
the effects of this proposed model.

4.2. Results and Comparison. Figures 4(a)–4(c) show the
message diffusion simulation experiment results in the con-
ditions of 𝑑 = 8, 𝑛 = 1000, 2000, and 3000, which are
compared with the theoretical analysis results of coupon
collector’s problem and the model (𝑗 = 1, 𝑗 = 3, and 𝑗 = 5)
proposed herein.

𝑥-axis represents 𝑥: the total number of messages for-
warded as the simulation experiment continues, and 𝑦-
axis represents 𝑢/𝑛: the node coverage. As mentioned, the
experiment ends after the number of messages forwarded
in the network reaches 3𝑛. Take the average value of ten
simulation results as the final result.

From Figures 4(a)–4(c), we may find that, random sam-
plingmodel taking coupon collector’s problem as representa-
tive will overestimate the node coverage in any conditions.
When node visit number equals 1 (𝑗 = 1), this model
will underestimate the node coverage. When 𝑗 equals 1, we
just need to consider the condition that the message first
visits the node. In fact, with messages being forwarded, the
nodes will be visited by the messages for multiple times. So
the parameter setting of 𝑗 = 1 does not comply with the
actual condition. From the figure, we can see that, as the
experiment continues, the deviation between the curve 𝑗 = 1

and the simulation result curve tend to be larger and larger.
In contrast, the curves of 𝑗 = 3 and 𝑗 = 5 are closer to the
simulation result curve, especially in Figure 4(a) (𝑛 = 1000).

In addition, in Figures 4(a)–4(c), the deviations of the
simulation experiment results and the theoretical results of
𝑗 = 3 and 𝑗 = 5 become increasingly large. The deviation
is the smallest and the simulation results and theoretical
values are closet in Figure 4(a). In Figure 4(c), the deviation
is the largest, which means that the simulation result cannot
validate the analytical result of thismodel.The parameter vale
of node degree 𝑑 causes the problem.

According to the analysis of Section 4.1, to ensure the
link of the experimental network topology, 𝑑, the average
node degree, must satisfy the requirement of 𝑑 > ln 𝑛. In
the experiment of Figure 4, 𝑑 is 8. In Figure 4(c), 𝑛 = 3000

and ln 𝑛 = 8.01. According to the parameter setting of 𝑑,
the network topology may be connected or unconnected.
The simulation experiment result is the average value of ten
experiment results; while the topologies are not connected in
some experiments; some nodes cannot be connected and the
node coverage is comparatively low; thus, the large deviation
arises. So we repeat the abovementioned experiments under
the parameter conditions of 𝑑 = 10 and 𝑛 = 1000, 2000 and
3000, and the results are shown in Figures 5(a)–5(c).

Also from Figures 5(a)–5(c), we may see that the random
sampling model overestimates the node coverage in any case.
If 𝑗 equals 1, the proposedmodel will underestimate the node
coverage. Compared with Figure 4, Figure 5 shows a small
deviation with no problems of Figure 4(c). This means that,
in the research process of ad hoc network message diffusion,
our model, taking the node visit times and node degree into
consideration, is more modified than the random sampling
model in the condition of network connectivity; compared
with the random sampling model, the result is closer to the
real result with sufficient accuracy.

5. Conclusion

In the cooperative communication systems like ad hoc net-
work or the unstructured P2P network, themessage diffusion
process can be abstracted as the random samplingmodel. But
message diffusion process is not a completely independent
random process; nodes, when forwarding the messages, will
be influenced by node degree and network connectivity.
However, the random sampling model does not take into
consideration the condition that the current node may have
been visited for times. So the estimated value may be high
if the random sampling model is used to estimate the ad
hoc network node coverage at a certain time point. With the
increase of node coverage and message number, the random
sampling is no longer an accurate model.

Exploring the message diffusion process of cooperative
communication systems like ad hoc, this paper analyzes the
causes of the inaccuracy of random sampling model and
specifically introduces factors like node degree and visit times
to solve the problem. It validates the effectiveness of the
model proposed herein by comparing its results with the
simulation experiment results. Our results are just from ran-
domgraphnetworkmodel, while, in the practical application,
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Figure 5: Comparison between the theoretical values and simulation results of message transmission of ad hoc network of different scales
(𝑑 = 10).

the general network structure is similar to the “small world”
network and power law network. The quantitative analysis of
message diffusion in this network topology is still a challenge,
which will be the focus of our research in the future.
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Evaluating the performance of the cooperative communications using the hardware testbed in the real environment is critical for
system design and promoting the potential practical applications in the future, considering the disadvantages of the theoretical
analysis and simulation methods. In this paper, a distributed hardware testbed using software-defined radios is designed and
implemented for cooperative communications, and the performance of two coded cooperation schemes with Turbo codes is
evaluated in the physical layer. For the testbed, the fundamental point-to-point link uses the differential binary phase shift keying
(DBPSK) constellations, and the physical (PHY)/media access (MAC) layer frames for the performance evaluation are devised.
Furthermore, a distributed node synchronization scheme is implemented and the source node and relay node work in the time
division protocol without any centralized controlling. Finally, two popular coded cooperation schemes with Turbo codes for the
three-nodemodel and the four-nodemodel are tested in the real indoor environment.The experiment results verify the effectiveness
of the testbed for system performance evaluation in the PHY layer.

1. Introduction

Cooperative communications [1, 2] involving resource shar-
ing among different nodes can save the resources for wireless
ad hoc and sensor networks and have promising practical
applications. In cooperative wireless networks, various relay
protocols including amplify-and-forward (AF), decode-and-
forward (DF), and coded cooperation have been investigated
in the literature [3–5]. For coded cooperation, channel coding
is flexibly combined with cooperative transmission protocols
to improve the system performance and a variety of schemes
have been designed with different channel codes such as
Turbo codes, low-density parity-check (LDPC) codes, and
generalized low-density (GLD) codes [4–12]. For the cooper-
ative communicationswithTurbo codes, one strategy is based
on rate compatible punctured codes (RCPC) and the other,
called the distributedTurbo code, employs distributed encod-
ing of Turbo codes at the different nodes [7, 8].

For most of the cooperative schemes above, the design
and the performance evaluation mainly rely on theoretical
analysis or computer simulations. However, the theoretical
analysis and the computer simulations are usually based on

some simplified physical factors, which may fail to form the
accurate models of the real signal propagation environments.
For the potential applications in the future systems, the
performance evaluation of different cooperative transmission
schemes has attracted great interest. Therefore, the hardware
testbed should be developed to evaluate the performance of
the cooperative communication systems in real environment
[13–15].

Recently, several types of existing platforms with various
complexity and flexibility are developed to evaluate the coop-
erative communications in the community. These testbeds
are usually constructed by employing the simple commodity
hardware, commodity wireless cards, digital signal proces-
sors (DSPs), field programmable gate arrays (FPGAs), or
software-defined radios (SDRs), and each type has its
own advantages and disadvantages [16–24]. Considering the
design flexibility and the development cost, SDR is an attrac-
tive way for the development and configuration attributed to
its general purpose processor [24].

For the testbeds with SDR, Universal Software Radio
Peripheral (USRP) and GNU Radio are widely used, and
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several cooperative communication testbeds have been devel-
oped with such platforms. The typical examples are summa-
rized as follows. In [15], an evaluation platform is developed
based on USRPs and GNU radios to implement selective
cooperation by comparing the quality of signals from the
sender and the relay. In [24], the authors introduced a recon-
figurable testbed to evaluate the performance of cooperative
communications. More specifically, they focus on the single-
relay cooperation with signal combination and the synchro-
nized multirelay cooperation. In the testbed, in order to
achieve strict time synchronization which is the prerequisite
for the synchronizedmultirelay cooperation, a single external
Global Positioning System (GPS) signal to the USRP2 board
at each relay node is employed in [24].

However, the more complex and effective relay protocols
such as the coded cooperation are not completely investigated
in theworkmentioned above, for the limitation of the existing
testbeds. In this paper, a cooperative communication evalua-
tion platform based on software-defined radios is developed
to support the two popular coded cooperation schemes, the
distributed Turbo codes and the rate compatible Turbo codes.
The experiment results verify the effectiveness of the platform
and the performance of the two schemes are also compared
carefully in a real indoor environment.

Moreover, the hardware testbed developed in this paper
has its own superiority. For example, the distributed time syn-
chronization is implemented for different nodes in coopera-
tive wireless networks. For the testbed in [13], the centralized
control scheme is utilized, where a single computer controls
all the three different nodes in the network and performs all
the baseband processing. This scheme brings some conve-
nience for the performance evaluation and is easy for imple-
mentation. However, it could not support the network with
nodes distributed in a relatively large range. Also, it brings
the limitation of the sending data rate due to the computer’s
resource bottleneck. Indeed, the centralized control is a pop-
ular strategy in the design of cooperative platforms based on
other devices [18].Meanwhile, in [24], a time synchronization
method based on the hardware timestamp is employed to
guarantee the synchronization of all the relay nodes, where a
GPS clock serves as a centralized clock to control all the relay
nodes. In contrast, in our platform, the synchronization of the
different nodes does not work in a centralized way but works
in a completely distributed way. It is implemented based on
the Flooding Time Synchronization Protocol (FTSP) usually
used in the wireless sensor networks [25–27]. In this scheme,
each node independently calculates the skew and offset
parameters of its own clock using linear regression. In the
distributed scheme with FTSP, the nodes participating in the
cooperative scheme can locate in a relatively large area in the
real environment. Moreover, the simplified FTSP has the
superiority of low communication payload, high timing
precision, and good scalability to different number of nodes,
compared with the traditional node synchronization pro-
tocols, such as Reference Broadcast Synchronization (RBS)
protocol [28] and Timing-sync Protocol for Sensor Net-
work (TPSN) [29]. Therefore, the FTSP is very suitable for
developing an extendable evaluation platform for cooperative
communications.
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Figure 1: The three-node cooperation model.

The rest of the paper is organized as follows. Section 2
presents the fundamentals of coded cooperation and the
overall architecture of the evaluation platform. In Section 3,
the design details such as the design consideration for the
point-to-point link, the physical (PHY)/media access (MAC)
layer frames, and the node synchronization schemes are illus-
trated in detail. In Section 4, the implementation parameters
and simulation/experiment results are given. Conclusions are
drawn in Section 5.

2. The Testbed Architecture for
Coded Cooperation

2.1. Coded Cooperation with Turbo Codes. In this paper,
we first address the three-node model; that is, the system
includes a source 𝑆, a relay 𝑅, and a destination 𝐷, as shown
in Figure 1. Here, the source and the relay can represent the
neighbor sensor nodes, while the destination may be a sink
node in the wireless sensor networks, which is relatively far
from the source and relay nodes. Coded cooperation was
proposed in [4, 5] and the rate compatible convolutional
codes are first used for coded cooperations. Then, the Turbo
codes have been integrated in this cooperation scheme. The
two promising methods are the coded cooperation using rate
compatible Turbo codes and the distributed Turbo codes [7,
8].ThedistributedTurbo codes can also be viewed as a special
case of the rate compatible codes. In this paper, we will inves-
tigate the two methods using practical hardware platform. In
this part, the fundamentals will be briefly introduced.

For the coded cooperation scheme using rate compatible
Turbo codes, the relay node is assumed to only act as a coop-
erative agent for the source node, which is a little different
from that in [4]. The work procedure is depicted as shown in
Figure 2. Specifically, the source node encodes the source data
using a Turbo code with a relatively low code-rate (e.g., 𝑟 =
1/3) mother code, and then the mother code is punctured to
form a higher code-rate Turbo code (e.g., 𝑟 = 1/2). Then, the
punctured codewords are transmitted by the source node. In
this way, the destination node and the relay node receive the
punctured codewords. If the destination node is fortunate to
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Figure 3: Coded cooperation scheme using distributed Turbo codes.

decode the data successfully, the relay keeps silent.Otherwise,
when the relay node successfully receives the source data, the
relay nodewill help the destination node in the followingway.
It reencodes the decoded source data with the same encoder
as the source, discards the data sent by the source, and only
transmits the data punctured by the source in the first phase.

For the scheme using distributed Turbo codes, the work
process is illustrated in Figure 3. The source node encodes
and sends the source data using a Recursive Systematic
Convolutional (RSC) code, which is the component code of a
certain Turbo code. Then, the destination node and the relay
node receive the transmitted RSC codewords. If the destina-
tion decodes the source data unsuccessfully but the relay node
successfully decodes the source data, the relay node helps the
source node in a way different from the scheme using rate
compatible codes described above. Here, it reencodes the
decoded source data with the other RSC encoder, and only
transmits the newly encoded parity-check bits. Indeed, this
scheme can be viewed as a special puncturing case of rate
compatible Turbo codes. However, it lowers the encoding and
decoding complexity of the relay node.

In the following, we also extend the three-node model to
general models, includingmultiple relay model. In the exper-
iments, we present the results in the three-node and four-
node scenarios. For the three-node scenario, we compare the
two schemes above carefully. In the four-node scenario, we
explain the performance improvement using more relays. All
the tests are performed on the developed testbed.

2.2. The Testbed Architecture. In this paper, we design hard-
ware evaluation platform for the two coded cooperation
schemes described above. Usually for such coded coopera-
tion, the whole transmission procedure is divided into two
phases.The sender sends the packet in the first phase and then
the relay forwards it in the second phase. After receiving the
two sequences from the different paths, the receiver combines
them together to decode the packet. One of the main chal-
lenges in this configuration is how to combine the two copies
of the signals transmitted from different paths at the desti-
nation. The schemes using rate compatible Turbo codes and
distributed Turbo codes are among the most promising
schemes. Therefore, in this paper, we investigate these
two strategies. In the evaluation using the hardware-based
testbed, the main problems are how to choose the hardware
platform, how to simulate the real transmission link under
fading, and how to acquire the global synchronization for all
the nodes which work in the time division mode. The three
aspects will be addressed in the following.

In our hardware platform, all the three types of nodes
are implemented using a USRP plus a personal computer
(PC). The USRP hardware, including the motherboard and
the radio frequency (RF) daughter board, acts as an analog
front end. A motherboard has analog-to-digital converters
and digital-to-analog converters. It is implemented using the
AD9862 chips. The chip includes two analog-to-digital con-
verters (ADCs)with the precision of 12 bits and 64Mega sam-
ples per second and two digital-to-analog converters (DACs)
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Figure 4: The point-to-point link implementation using DBPSK constellations.

with the precision of 14 bits and 128Mega samples per second.
In this paper, the RFX2400 daughter board is used, which
acts as a transceiver with a peak output power of 100mW and
operates from 2.3GHz to 2.9GHz. The other two problems,
how to simulate the real transmission link and how to acquire
the global synchronization, will be investigated in the follow-
ing section.

3. Implementation Aspects

The testbed implementation is decomposed into two parts.
First, the point-to-point link and the PHY/MAC layer frame
structure are described. Then, the distributed synchroniza-
tion scheme of multiple nodes is addressed, which is dif-
ferent from the synchronization methods for other testbeds
mentioned above. In the following, we only address the
time synchronization of the source node and relay node to
destination node. Indeed, this scheme can be extended to the
configuration with multiple source/relay nodes in a straight-
forward way.

For point-to-point link, all the parameters are designed by
the user. In this paper, we choose the differential binary phase
shift keying (DBPSK) constellation. Although the joint trans-
mission of the source and relay promises large theoretical
gains in the form of coded cooperation, the distributed syn-
chronization of the nodes is a large implementation hurdle.
For the links between nodes, time division scheme is adopted
and the source/relay nodes are synchronized to the destina-
tion node with a time synchronization scheme first designed
for wireless sensor networks in [26, 27], which will be imple-
mented with USRP hardware in our contribution.

3.1. Point-to-Point Link Implementation. First, the basic link
implementation for point-to-point transmission is presented.
In this paper, the DBPSK constellations are used and the
detailed procedure of the DBPSK transmission is presented
in Figure 4.

As shown in Figure 4(a), at the transmit node, the packet
from the upper layer is processed by the DBPSK modulator
into themodulated baseband complex signals, which are then
processed by USRP board before sending to the antenna.
Specifically, at the transmitter, the binary data after channel
coding are first differentially encoded and thenmapped using
BPSK constellations. Here, the bit “0” is mapped to “+1” and
the bit “1” to “−1.” Finally, the modulated symbols are fed into
the shaped filter and then are sent to the USRP equipment.

Table 1: Parameter configuration.

System Value Carrier/timing recovery Value
Modulation DBPSK Costas 𝛼 0.02
Bit rate 500Kbps Costas 𝛽 10

−4

Sampling rate 2M 𝜇 0.5
Interpolation 64 𝜇 gain 0.1
Decimation 32 𝜔 4
Pulse shape RRC 𝜔 gain 0.0025
Roll-off factor 0.35 𝜔 relative 0.005
Bandwidth 675KHz 𝑓min −0.025
Sync bit length 192 bits 𝑓max 0.025

In the receiving side, the RF signal is transformed to
digital baseband signal inUSRPhardware and then processed
by DBPSK demodulator implemented with software until
they are fed into the decoder as the input. At the receiver,
the receive procedure is described as shown in Figure 4(b).
The received sequences from the USRP are first compensated
using theAutomaticGainControl (AGC)module andfiltered
using the matched filter. Then, a carrier and timing recovery
procedure is designed. After the differential demodulation,
the frame synchronization is acquired according to the syn-
chronization sequence. Finally, differential modulation can
be detected according to the difference between the two suc-
cessive symbols.

In summary, the system parameters are listed in Table 1,
which are similar as the configuration in [13]. However, the
data rate is much higher.

Then, in order to realize the point-to-point data trans-
mission, the physical layer protocol data unit is formed as
shown in Figure 5. The preamble has the length of 8 bits and
occupies a period of time to make the AGC module to reach
the steady state. The synchronization sequence is a pseudo-
random sequence, which is used to implement the data frame
synchronization. In this testbed, we use the synchronization
sequence with the length of 192 bits, which is defined for
the telemetry applications by the Consultative Committee for
Space Data Systems (CCSDS). The length field denotes the
length ofMAC layer frame, used in the receiving end after the
frame synchronization. Then, 9 bits are used to represent the
length of the MAC layer data unit, and thus the length range
is from 0 to 511 in byte. In order to guarantee the reliability of
the length field, the 9 bits are first encoded using the BCH (24,
9, 7) code, and then the 24 encoded bits are repeated 5 times
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to form 120 bits. In this way, we can verify the performance of
the systems without considering the problems caused by the
length field error. The MAC layer frame is comprised of the
control field and theMAC layer payload.The padding bits are
used to form the fixed-length PHY layer frame.

3.2. Time Synchronization Implementation for the Distributed
Nodes. In this paper, we implement a completely distributed
time synchronization scheme for the testbed. First, the supe-
riority of the distributed schemes falls into supporting the
emulations when the nodes locate in a relatively wide range.
The distributed schemes avoid the bondage of the wire con-
nection usually with cables between the slave node and the
central node. The wire connection may limit the range of
the node locations when they are verified using the testbed
in the real wireless environment. In contrast, the distributed
schemes can support the nodes which are located in a quite
wide area. Then, among all the distributed node synchro-
nization protocols, we choose the simplified FTSP [26, 27] to
implement the synchronization of all the nodes based on the
USRP hardware. In the cooperative communication verifica-
tion, the node number is limited and we can easily choose
one to serve as the central node. Further more, the simplified
FTSP is quite suitable for this case due to its low communica-
tion payload and relatively high timing precision. In addition,
this synchronization scheme can adapt to the different num-
ber of slave nodes, which is quite suitable for our evaluation
testbed.Therefore, we choose the simplified FTSP rather than
the RBS, TPSN, and so forth.

The fundamental process of the simplified FTSP is sum-
marized into the three steps as described in the following
three parts.

3.2.1. Broadcasting the Time Synchronization Message. In our
testbed, the destination node serves as the master node
and broadcasts a time synchronization message periodically.
Assume that the master is sending the 𝑖th time synchro-
nization message. The master node broadcasts the synchro-
nizationmessage frame and the synchronization information
field structure is shown in Figure 6.The time synchronization
message includes its sequence number 𝑖, the global timestamp
𝐺𝑇(𝑖 − 1), and the Cyclic Redundancy Check (CRC) field
[26]. The sequence number is used to detect the loss of the
time synchronization messages. Considering the important
influence of time synchronizationmessage to the cooperative
communication systems, the sequence number and the global
timestamps are both encoded using the repetition codes with
the code rate of 1/8 to guarantee the transmission reliability.
This is different from the design in [26] due to the relatively

i CRC

8 bytes 32 bytes 2 bytes

GT (i − 1)

Figure 6: The 𝑖th synchronization message, with the sequence
number and the global timestamp both encoded using repetition
codes with the rate of 1/8.

large data rate adopted in this paper. The time synchroniza-
tion message frame will be transferred to the PHY layer after
adding the control field.

Specifically, in the testbed, a timer using the 10 KHz clock
as the driver is designed and 32 bits are used to represent
the current global time. The timer is implemented using
software in the PC, and thus the current time can be easily
included in the synchronization frame. However, this also
brings the low accuracy, for the global time is based on the
timer implemented in the software. In thisway, the timestamp
is generated according to the software timer. Considering the
various processing delay of software, the timing accuracymay
be degraded, and in this paper we only guarantee the timing
accuracy in millisecond level. We use a little large guard
interval to guarantee the verification of different cooperation
schemes sacrificing the utilization rate of the time slot.

3.2.2. Time Synchronization Table. All the slave nodes need
to maintain a time synchronization table in the implemented
synchronization scheme as described in [26]. In this paper,
the slave nodes include the source node and the relay node.
The table includes 𝑛 entries and each entry in the table
includes a local timestamp 𝐿𝑇(𝑖), a global timestamp, and a
valid flag. It should be stressed that the time synchronization
table needs to be filled with valid (local time, global time)
entries before the offset and skew parameters can be accu-
rately calculated. Specifically, in this paper, in order to reduce
the processing time jitter of the software and hardware, the
synchronization table has the length of 16 and the linear
regression uses the 16 groups of data to keep the time synchro-
nization accurate. In this platform, the table is implemented
using the first-in, first-out queue of length 16 to store the
global timestamp and the local timestamp.

Further more, the overall time synchronization process is
divided into two processes, the fast synchronization process
and the synchronizationmaintaining process. In the fast syn-
chronization process, the master node sends 16 consecutive
time synchronization message frames and thus rapidly fills
the time synchronization table, improving the synchroniza-
tion convergence speed. This process is only used when the
platform starts to work. In the synchronization maintaining
process, themaster node broadcasts the time synchronization
message once in a super cycle. The slave node receives the
message and adjusts the local time to keep the node synchro-
nization with the master node.

3.2.3. Time Synchronization Method. Finally, the program
calculates the offset and the skew as shown in (1) to (3) using
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Figure 7: Time slot allocation for synchronization and data trans-
mission.

a classical linear regression [26]. Then, based on the two
parameters, the slave node can compute a global timestamp
𝐺𝑇𝑥 using the local timestamp 𝐿𝑇𝑥 with (4) [26].Therefore, a
node judges whether its time slot begins or not according to
the calculated time with (4).

offset = 1
𝑛
∑

𝑖

Diff (𝑖) = 1
𝑛
∑

𝑖

[𝐺𝑇 (𝑖) − 𝐿𝑇 (𝑖)] , (1)

𝐿𝑇 =
1

𝑛
∑

𝑖

𝐿𝑇 (𝑖) , (2)

skew =
∑𝑖 [𝐿𝑇 (𝑖) − 𝐿𝑇] [Diff (𝑖) − offset]

∑𝑖 [𝐿𝑇 (𝑖) − 𝐿𝑇]
2

, (3)

𝐺𝑇𝑥 = 𝐿𝑇𝑥 + offset + skew ⋅ (𝐿𝑇𝑥 − 𝐿𝑇) . (4)

Further more, based on the implemented synchroniza-
tion method, we design the slot allocation method shown
in Figure 7. The whole time is divided into three slots, the
synchronization slot, the slot 1 for the source transmission,
and the slot 2 for the relay transmission. The three slots form
a super cycle with the period of total 50ms.The synchroniza-
tion slot occupies 10ms and the source slot occupies 10ms.
The relay slot occupies 30ms, and during this period, the des-
tination node simultaneously receives and combines the data.
With our designed data rate and the slot period, the active
transmit period only occupies a small part of the slot period
in order to avoid the collisions caused by the low timing
accuracy due to the time-variant software processing delay. In
the future, wewill use the hardware timestamp to improve the
timing accuracy and thus can improve the utilization rate of
the time slot.

4. Simulation and Experiment Results

In this section, the testbed is first verified using the two coded
cooperation schemes with Turbo codes in the real indoor
environment. Then, experiments with three nodes and four
nodes are also compared to show the scalability and flexibility
of the testbed for different cooperation schemes including
various number of nodes.

4.1. Experiments with Three Nodes. In this experiment, the
parameters of the Turbo code for the two coded cooperation
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Figure 8: Simulation results for the two schemes using rate
compatible Turbo codes and distributed Turbo codes.

schemes are described as follows. The whole code length
without puncturing is 1500 bits and the code rate is 1/3. In the
rate compatible case, the code rate after puncturing is 1/2 and
the relay forwards the other 500 parity-check bits punctured
by the source node. In the distributed Turbo code, the source
and the relay generate 500 parity-check bits, respectively.The
source transmits the information bits and the 500 parity-
check bits, while the relay forwards the other 500 parity-check
bits. The generating polynomial for the RSC code is

𝐺 (𝐷) = (1,
1 + 𝐷 + 𝐷

3

1 + 𝐷2 + 𝐷3
) . (5)

The interleaver can be represented as the permutation with

𝑖 = Π (𝑗) = (𝑃0𝑗 + 𝑖0) mod 𝑃, (6)

where𝑃 = 500, the interleaver depth𝑃0 = 31, the initial offset
𝑖0 = 17, and 𝑖 and 𝑗 are the addresses after andbefore the inter-
leaving, 𝑖, 𝑗 ∈ [0, 𝑃 − 1].

First, the bit error rate (BER) and frame error rate (FER)
of the two coded cooperation schemes over flat rayleigh
fading are given by computer simulations. The simulation is
performed under the assumption that the relay always suc-
cessfully decodes the source data and all transmission blocks
suffer flat fading with independent identical distributions.
The simulation results are presented in Figure 8. From this
figure, it can be observed that the two cooperative schemes
both can achieve performance gains comparedwith the direct
transmission where the source independently transmits its
data encoded by Turbo code with the code rate of 1/3. Further
more, for the two coded cooperation schemes, the perfor-
mance of the distributed Turbo code is better than the rate
compatible case.
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Then, with our testbed, the rate compatible Turbo codes
and the distributed Turbo codes are investigated and com-
pared in a real indoor environment. The schemes are eval-
uated in a real scenario as shown in Figure 9, which is an
office for students located in Tianjin University. The room
for real experiments is filledwith computers, computer tables,
metal bookcase, whiteboard, and so forth, and in Figure 9, we
only sketch themain objects.We perform all the experiments
in the night when there are no people moving in the room.
The distance between the source node and the destination
node 𝑑𝑆𝐷 is about 5.0 meters and that between the relay and
the destination 𝑑𝑅𝐷 is also about 5.0 meters. The distance
between the source and the relay 𝑑𝑆𝑅 is about 1.5 meters. In
order to depict the significant performance of the distributed
codes, the relay is located near the source. In both cases, if the
relay fails to decode the data, it will keep silent.

The experiment results are shown in Figure 10, in which
the FER at the destination and the FER at the relay are given,
respectively. In the experiments, we do not calibrate the trans-
mit power, and the transmit power in the figure is only used
for relative comparison. First, it can be observed that if the
transmission power of the source node or the relay node is less
than −21 dBm, the rate compatible Turbo code exhibits better
performance than that of the distributed Turbo code. When
the transmission power is greater than −21 dBm, the FER
curve of the distributedTurbo code fallsmore steeply than the
rate compatible counterpart. It shows that the scheme using
the distributed Turbo code achieves higher diversity gain.

Then, Figure 10 gives further observation on the FER at
the relay node. The relay node achieves lower FER perfor-
mance in the rate compatible Turbo code than the distributed
Turbo code. It is because that Turbo codewith the code rate of
1/2 is decoded at the relay node in the rate compatible Turbo
code scheme, while RSC code is decoded for the distributed
Turbo code scheme. It can also be observed that the slopes
of the curves for relay decoding are steeper than that of the
direct transmission from the source to the destination and
even parallel to the cooperation schemes. It may be because
the channel statistics of the source-relay channel and source-
destination channel are different. For the source-relay chan-
nel, the distance is quite limited and there is a strong light-of-
sight transmission.
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Figure 10: Experiment results in real environment for the two
schemes using rate compatible Turbo codes and distributed Turbo
codes with three nodes.

Moreover, the relay and source node cooperation proba-
bility 𝑃𝑐 is presented in Figure 11. The cooperative probability
is related to the frame error rate at the relay; that is, 𝑃𝑐 =
1 − FER. Under the relatively high transmission power, 𝑃𝑐 at
the relay node of the two schemes is both high. For example,
when the transmission power of the source node is −21 dBm,
𝑃𝑐 is as high as 0.968when using the distributed Turbo coding
scheme, while 𝑃𝑐 is almost 1 when the rate compatible codes
are used.

In summary, the two cooperative schemes have their own
advantages and disadvantages. If the transmission quality of
the source-relay link is poorer, the rate compatible Turbo
code shows more proper applications, and we can further
adjust the puncturing rate according to actual relay channel
conditions. If the source-relay link transmission quality is
better, the distributed Turbo code scheme exhibits higher
diversity gain. The experiment results are in accordance with
the simulation results with perfect source-relay channel in
Figure 8. Moreover, the relay only needs to decode the RSC
code and has lower complexity when the distributed Turbo
codes are used.

4.2. Experiments with Four Nodes. In this experiment, we
compare two schemes using rate compatible Turbo codes
with different number of relays. This experiment is only used
to illustrate the supporting capability for different number
of nodes. The same mother Turbo code is used as described
above. In the first rate compatible case, three nodes are
involved in the cooperation, which is identical to the scheme
above. In the second rate compatible case with four nodes, the
code rate after puncturing is 2/3 and two relays forward the
other 750 parity-check bits punctured by the source node.
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Figure 11: The relay and source node cooperative probability in the
two schemes with three nodes.
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Figure 12: Measurement scenario for the coded cooperation using
rate compatible Turbo codes with one or two relays.

The source transmits the information bits and the generated
250 parity-check bits, while the two relays share equally to
forward the other 750 parity-check bits. In this example, we
only present the practical measurement results.Themeasure-
ment scenario is shown as in Figure 12. It is a little different
with the prior scenario. For the first rate compatible case, only
relay node 𝑅1 works, while for the second case, both 𝑅1 and
𝑅2 participate in the cooperation.

Figure 13 illustrates the experiment results. In can be
observed that the scheme with two relays obtains significant
performance gain due to the different diversity order com-
pared with that using only one relay. In this experiment, we
extend the testbed for four nodes in the cooperative scenario,
and it can also be extended flexibly to other cases. For exam-
ple, this testbed can be easily modified to support multiple
source nodes ormultiple sink nodes.This experiment verifies
the extendable capability of the testbed.
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Figure 13: Experiment results in real environment for the coded
cooperation using rate compatible Turbo codes with one or two
relays.

5. Conclusion

A hardware testbed using USRPs is developed for coded
cooperation schemes based on Turbo codes in the PHY
layer of cooperative communications. First, the fundamental
point-to-point link based on DBPSK constellations is imple-
mented and the PHY/MAC layer frames are designed. Then,
a distributed node synchronization scheme is provided to
synchronize all the nodes including the source node and relay
node without any centralized controlling, which is different
from the previous work in the literature. With this testbed,
two popular coded cooperation schemes with Turbo codes
are investigated in the real indoor environment and the
experiment results prove the feasibility of the testbed.

However, in this paper, we do not implement the explicit
MAC layer protocols, and thus other metrics for end-to-end
Quality-of-Service (QoS), such as the throughput and the
delay, could not be reasonably compared. In this paper, we
only design the functions for code cooperation emulation in
theMAC layer and only compare the performance of the PHY
layer, that is, the FER curve. In the future, we will devise the
full and explicit functions for theMAC layer and compare the
throughput/delay of different schemes.
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A wireless network scenario of bidirectional relaying with imperfect channel side information (CSI) is considered, in which two
source nodes intend to exchange information with the help of one relay. The power allocation problem is investigated to minimize
the total transmit power subject to constraints on two source nodes’ received signal-to-noise-ratios (SNRs). The best relay that
minimizes the total transmit power is selected in a multiple relay network. We also present outage analysis when the proposed
power allocation is adopted, and a close-form approximation of outage probability is obtained by shrinking the integral interval.
Simulation results show that the total transmit power can be substantially decreased and the outage probability is significantly
decreased by the proposed power allocation scheme when two source nodes have different QoS requirement.

1. Introduction

Bidirectional or two-way relaying is a spectral efficient
protocol when two terminals need to exchange information
with the help of one or multiple relays [1]. The spectral
efficiency can be significantly improved by accomplishing
data exchange in two time slots [2]. Bidirectional relay com-
munications have recently attracted considerable interest,
and transmission schemes in bidirectional relay networks
have been analyzed wildly [3]. Based on complexity crite-
rion, the amplify-and-forward (AF) protocol is the simplest
strategy because only an amplification processing at the
relay is required. The transmission in amplify-and-forward
bidirectional relay network takes place in two time slots.
Two source nodes first transmit at the same time to one or
multiple relays.The relay receives a superimposed signal, then
amplifies the received signal, and forwards it back to both
source nodes [4].

In bidirectional relay networks with multiple relays,
the performance of wireless relay networks can further be
enhanced by selecting the relay for transmission properly
[5–7]. In [6], the authors presented a max–min SNR-based

relay selection algorithm for bidirectional relay networks. In
[7], the author presented a relay selection to minimize the
system symbol error rate (SER). Consequently, it is beneficial
to design an effective relay selection scheme for the coherent
bidirectional transmission scheme with multiple relays and
to achieve spatial diversity. Unlikely [5–7], a max–min relay
selection method was presented in bidirectional cooperative
networks with the imperfect channel state information in [8].
The impact of imperfect channel estimation on the outage
probability is investigated. But the power allocation is not
considered during outage probability analysis.

In bidirectional relay network with one relay or multiple
relays, power allocation can improve the system performance
significantly, by allocating the power on each node properly.
Most work on power allocation for two-way relaying, for
example, [9], was proposed to maximize the sum rate of
the user pair. In [10], the authors consider power allocation
with wireless network coding in a multiple-relay, multiple-
user networks using convex optimization. In [11], power
allocation strategies are proposed to maximize the sum rate
and the diversity order, respectively. In [12], two power
allocation algorithms were proposed to maximize the upper
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bound of the average sum rate and to achieve the tradeoff of
outage probability between two source nodes, respectively.
The power allocation algorithm proposed in [13] aims to
maximize the smaller of the two source nodes’ received
SNRs. But the algorithm in [13] did not consider the scenario
that two source nodes have different QoS requirement,
for example, different transmit data rate requirement and
different SER requirement. Also they assume perfect channel
state information (CSI) at each node.

Outage analysis for bidirectional relay network was
investigated in [14, 15]. In [14], the author proved that the
bidirectional opportunistic relay network is outage-optimal
among single relay selection schemes. The exact outage
probability expression of two-way opportunistic relaying
systems is presented in [15]. However, during the outage
analysis in [14, 15], all the nodes are assumed to transmit at
the same power and the power allocation is not adopted.

In this paper, we focus on the power allocation problem
in bidirectional relay networks in the presence of imperfect
channel state information. In particular, we investigate power
allocation algorithm in order to minimize the total transmit
power subject to constraints on two source nodes’ received
SNRs, when each node only knows the channel estimation.
We obtain the closed-form solution of optimal power value
allocated for each node. Then the relay with the minimum
total transmit power is selected. The relay selection can be
operated either by centralizedmanner or distributedmanner.
At last, the outage probability is analyzed for bidirectional
relaying with power allocation algorithm proposed. The
performance of the proposed scheme is verified through
simulations.

2. System Model and Problem Formulation

2.1. System Model. We consider a general bidirectional relay
network, which consists of two source nodes, denoted by
𝑆1 and 𝑆2, and 𝑁 relay nodes, denoted by 𝑅1, 𝑅2, . . . , 𝑅𝑁,
as illustrated in Figure 1. All nodes are equipped with a
single antenna. We assume that the two source nodes cannot
communicate with each other because of the poor channel
quality between them. The data exchange can be accom-
plished in two time slots. In the first time slot, both source
nodes simultaneously send the information to all relays.Thus,
each relay receives the superimposed signal. In the second
time slot, an optimal single relay is selected to forward the
received signals to two source nodes, and all other relays keep
idle. Assuming a flat-fading scenario, denote the complex
reciprocal channel coefficients from the ith relay 𝑅𝑖 to 𝑆𝑗 as
ℎ𝑖𝑗, ℎ𝑖𝑗 ∼ 𝐶𝑁(0, 𝜎

2

𝑖𝑗
), 𝑗 = 1, 2.

Considering the imperfect CSI at every terminal, we can
model the relation between the channel ℎ𝑖𝑗 and its estimate
ℎ̂𝑖𝑗 by [8]

ℎ𝑖𝑗 = 𝜌𝑗ℎ̂𝑖𝑗 + 𝛿𝑗, (1)

where 𝜌𝑗 is the correlation coefficient between the channel
gain ℎ𝑖𝑗 and its estimate ℎ̂𝑖𝑗 and 𝛿𝑗 is a zero-mean complex
Gaussian randomvariable with variance (1−𝜌𝑗)𝜎

2

𝑖𝑗
,Therefore,

First time slot
Second time slot
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R1

R2

RN
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·
·
·

Figure 1: Bidirectional relay networks.

ℎ̂𝑖𝑗 has the distribution 𝐶𝑁(0, 𝜎
2

𝑖𝑗
/𝜌𝑗). We assume that both

source nodes know all channel coefficients estimate and relay
𝑅𝑖 knows its own local channel coefficients estimate.

Consider a two-step bidirectional relay AF protocol with
relay selection. As a result, one of the relays, without loss of
generality, is selected to serve as themeans of communication
between the two source nodes. Let 𝑠𝑖, 𝑖 = 1, 2 denote the
symbol that will be transmitted by the source 𝑆𝑖. We assume
that 𝑠𝑖 is chosen from a constellation of unity power. The
signal received in the relay 𝑅𝑖 at time 𝑡 can be express as

𝑥𝑖 = √𝑃1ℎ𝑖1𝑠1 + √𝑃2ℎ𝑖2𝑠2 + ]𝑖, (2)

where 𝑃1 and 𝑃2 are the transmit powers of source nodes 𝑆1
and 𝑆2, respectively, and ]𝑖 is the complex noise at the ith relay.
In the second step, the relay 𝑅𝑖 multiplies its received signal
by a complex weight factor 𝜔𝑖 and transmits the so-obtained
signal.The signal transmitted by the ith relay is thus 𝑡𝑖 = 𝜔𝑖𝑥𝑖.
Let 𝑃𝑖
𝑅
denote the transmit power of the ith relay; assuming

that the information symbols and noises are independent, we
have

𝑃
𝑖

𝑅
= (𝑃1


ℎ̂𝑖1



2

+ 𝑃2

ℎ̂𝑖2



2

+ 𝜎
2
)
𝜔𝑖


2
. (3)

Then the weight factor 𝜔𝑖 is given by

𝜔𝑖 = √
𝑃
𝑖

𝑅

𝑃1

ℎ̂𝑖1



2

+ 𝑃2

ℎ̂𝑖2



2

+ 𝜎2
. (4)

The signals 𝑦1 and 𝑦2 received at source nodes 𝑆1 and 𝑆2
can be represented, respectively, as

𝑦1 = √𝑃1𝜔𝑖ℎ
2

𝑖1
𝑠1 + √𝑃2𝜔𝑖ℎ𝑖1ℎ𝑖2𝑠2 + 𝜔𝑖ℎ𝑖1]𝑖 + 𝑛1, (5)

𝑦2 = √𝑃2𝜔𝑖ℎ
2

𝑖2
𝑠2 + √𝑃1𝜔𝑖ℎ𝑖1ℎ𝑖2𝑠1 + 𝜔𝑖ℎ𝑖2]𝑖 + 𝑛2, (6)

where 𝑛𝑘 is the noise at the kth source node, for 𝑘 =

1, 2. All noises are assumed to be i.i.d. Gaussian with zero-
mean and have the same variance 𝜎

2. The first term on
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the right hand side of (5) and that of (6) are, respectively,
the self-interferences of 𝑆1 and 𝑆2, which can be cancelled
by subtracting them from the received symbols at each node.
Thus, after cancelling the self-interference of the node 𝑆1 and
𝑆2, √𝑃𝑗𝜔𝑖ℎ̂

2

𝑖𝑗
𝑠𝑗 for 𝑆𝑗, 𝑗 = 1, 2, the signal can be written as

𝑦1 = √𝑃2𝜔𝑖ℎ𝑖1ℎ𝑖2𝑠2 + 𝜔𝑖ℎ𝑖1]𝑖

+ 𝑛1 + √𝑃1𝜔𝑖 (2𝜌1ℎ̂𝑖1𝛿1 − 𝛿
2

1
) 𝑠1,

𝑦2 = √𝑃1𝜔𝑖ℎ𝑖1ℎ𝑖2𝑠1 + 𝜔𝑖ℎ𝑖2]𝑖

+ 𝑛2 + √𝑃2𝜔𝑖 (2𝜌2ℎ̂𝑖2𝛿2 − 𝛿
2

2
) 𝑠2.

(7)

The signals 𝑦1 and 𝑦2 can be used to decode the information
symbols 𝑠2 and 𝑠1 at source nodes 𝑆1 and 𝑆2, respectively.

We note that each source node knows its own data signal
𝑠𝑗, 𝑗 = 1, 2. However, they should estimate the channel
coefficients to cancel the self-interference terms. Therefore,
because of the estimation error, the terms √𝑃1𝜔𝑖(2𝜌1ℎ̂𝑖1𝛿1 −

𝛿
2

1
)𝑠1 and √𝑃2𝜔𝑖(2𝜌2ℎ̂𝑖2𝛿2 − 𝛿

2

2
)𝑠2 remain as self-interference

in the received signals 𝑦1 and 𝑦2, respectively. It can be
noticed that if each source node has full CSI, the self-
interference could be fully eliminated.

Using (7), the received SNRs can be estimated as

SNR1 =
𝑃2


𝜔𝑖ℎ̂𝑖1ℎ̂𝑖2



2

(

𝜔𝑖ℎ̂𝑖1



2

+ 1) 𝜎2 + 𝑃1
𝜔𝑖


2
𝑑2
1

, (8)

SNR1 =
𝑃1


𝜔𝑖ℎ̂𝑖1ℎ̂𝑖2



2

(

𝜔𝑖ℎ̂𝑖2



2

+ 1) 𝜎2 + 𝑃2
𝜔𝑖


2
𝑑2
2

, (9)

where 𝑑1 = 4𝜌
2

1
|ℎ̂𝑖1|
2

𝜎
2

𝛿1
and 𝑑2 = 4𝜌

2

2
|ℎ̂𝑖2|
2

𝜎
2

𝛿2
, representing

the interference caused by the channel estimation error.
Assuming that each source node has perfect CSI, that is,

𝜌𝑗 = 1, 𝜎2
𝛿𝑗

= 0 and ℎ̂𝑖𝑗 = ℎ𝑖𝑗 and for the unit-variance noise
signal, SNR reduces to

SNR1 =
𝑃2


𝜔𝑖ℎ̂𝑖1ℎ̂𝑖2



2

(
𝜔𝑖


2 

ℎ̂𝑖1

+ 1) 𝜎2

,

SNR1 =
𝑃1


𝜔𝑖ℎ̂𝑖1ℎ̂𝑖2



2

(
𝜔𝑖


2 

ℎ̂𝑖2

+ 1) 𝜎2

.

(10)

Considering the definition of amplifier factor 𝜔𝑖, (10) can be
rewritten as

SNR1 =
𝑃2𝑃
𝑖

𝑅


ℎ̂𝑖1ℎ̂𝑖2



2

(𝑃1 + 𝑃𝑖
𝑅
)

ℎ̂𝑖1



2

+ 𝑃2

ℎ̂𝑖2



2

+ 𝜎2]𝑖

,

SNR2 =
𝑃1𝑃
𝑖

𝑅


ℎ̂𝑖1ℎ̂𝑖2



2

𝑃1

ℎ̂𝑖1



2

+ (𝑃2 + 𝑃𝑖
𝑅
)

ℎ̂𝑖2



2

+ 𝜎2]𝑖

,

(11)

which has a similar form to the result reported earlier in [12].

3. Asymmetric Bidirectional Relaying Network

Power allocation and relay selection can improve the system
performance in bidirectional relaying network. The criterion
in symmetric bidirectional relaying network is to maximize
the minimum SNR between two source nodes. But the crite-
rion cannot be adopted in asymmetric bidirectional relaying
networks. In asymmetric bidirectional relaying network, two
source nodes have different transmit rate requirement. Thus,
the objective of power allocation and relay selection is to
minimize the total power when each source node meets QoS
requirement.

3.1. ProblemFormulation. Weconsider the joint optimal relay
selection and power allocation for the bidirectional relay
network thatminimizes the total outage probability with total
transmit power constraint.

The main problem can thus be represented as

min
𝑃1 ,𝑃2,𝜔𝑖,𝑖

𝑃
𝑖

𝑇
subject to: SNR1 ≥ 𝛾1, SNR2 ≥ 𝛾2, (12)

where 𝑃
𝑖

𝑇
denotes the total transmit power consumed by

two source nodes and one relay node; when the ith relay is
selected, 𝛾1 and 𝛾2 denote the SNR requirement of each node,
respectively. 𝑃𝑖

𝑇
can be written as

𝑃
𝑖

𝑇
= 𝑃1 + 𝑃2 + 𝑃

𝑖

𝑅
, (13)

where 𝑃1, 𝑃2, and 𝑃
𝑖

𝑅
denote the power consumed by source

nodes 𝑆1, 𝑆2 and relay node 𝑅𝑖 respectively.
The variables in problem (12) include the power allocated

on each source node, the amplify factor, and the relay index.
To optimize the amplify factor on relay node is equivalent to
optimizing the transmit power on relay node. So the objective
of the problem (12) is to choose the best relay node and
to determine the transmit power on two source nodes and
one relay nodes. During the relay selection step, the relay is
chosen considering the total transmit power consumed by
the link 𝑆1 ↔ 𝑅𝑖 ↔ 𝑆2. And the total transmit power is
determined by the power allocated on each node. So in the
power allocation and relay selection algorithm, we deal with
power allocation part firstly.

3.2. Power Allocation and Relay Selection. A joint power
allocation and relay selection algorithm is proposed in this
section to solve the problem (12). The optimization problem
in (12) involves continuous variables and binary variables.
This is equivalent to optimizing over 𝑃1, 𝑃2, 𝜔𝑖, which is the
optimal power allocation problem and then optimizing over
i, which is the optimal relay selection problem.

To reduce the computational complexity the power allo-
cation and relay selection is operated separately, so that
the number of variable can be reduced. During the power
allocation step, the power allocation on each source node and
one dedicated relay node is calculated to improve the received
SNR. During the relay selection step, the best relay is selected
according to the allocated power obtained in the former step.
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3.2.1. Power Allocation. Firstly, we consider the power allo-
cation problem among two source nodes and the selected
relay 𝑅𝑖. Considering (9), the power allocation problem is
represented as

min
𝑃1,𝑃2,𝜔𝑖

𝑃1 + 𝑃2 + 𝑃
𝑖

𝑅
subject to : SNR1 > 𝛾1, SNR2 > 𝛾2.

(14)

Obviously, the minimum total transmit power can be
achieved when SNR1 = 𝛾1, SNR2 = 𝛾2. Otherwise, if, for
example, the first constraint in (14) is satisfied with inequality
at the optimal solution, then the optimal𝑃2 can be scale down
to satisfy this constraint with equality. This, however, further
reduces the total transmit power in (8), thereby contradicting
the optimality. Considering (8) and (9), the transmit power of
each source node can be represented as

𝑃1 =

(

𝜔𝑖ℎ̂𝑖1



2

+ 1) 𝜎
2
𝜎
2

𝛿2
+ (


𝜔𝑖ℎ̂𝑖2



2

+ 1)

ℎ̂𝑖1ℎ̂𝑖2



2

𝜎
2
/𝛾1

Δ
𝜔𝑖


2

,

(15)

𝑃2 =

(

𝜔𝑖ℎ̂𝑖2



2

+ 1) 𝜎
2
𝜎
2

𝛿1
+ (


𝜔𝑖ℎ̂𝑖1



2

+ 1)

ℎ̂𝑖1ℎ̂𝑖2



2

𝜎
2
/𝛾2

Δ
𝜔𝑖


2

,

(16)

where Δ = |𝜎
2

𝛿1
𝜎
2

𝛿2
− (1/𝛾1𝛾2)|ℎ̂𝑖1ℎ̂𝑖2|

2

|.
Substituting (15), (16) to (14), (14) can be rewritten as

min
𝜔𝑖

(((

𝜔𝑖ℎ̂𝑖1



2

+ 1) 𝜎
2
𝜎
2

𝛿2

+

(

𝜔𝑖ℎ̂𝑖2



2

+ 1)

ℎ̂𝑖1ℎ̂𝑖2



2

𝜎
2

𝛾1
)

×(

𝜔𝑖ℎ̂𝑖1



2

+ 1) (Δ
𝜔𝑖


2
)
−1

)

+ (((

𝜔𝑖ℎ̂𝑖2



2

+ 1) 𝜎
2
𝜎
2

𝛿1

+

(

𝜔𝑖ℎ̂𝑖1



2

+ 1)

ℎ̂𝑖1ℎ̂𝑖2



2

𝜎
2

𝛾2
)

×(

𝜔𝑖ℎ̂𝑖2



2

+ 1) (Δ
𝜔𝑖


2
)
−1

).

(17)

As can be seen from (17), the objective function does not
depend on the phase of 𝜔𝑖. Therefore, no phase adjustment
is required at the relay. By solving (17), the optimal factor 𝜔𝑖

of relay 𝑖 can be obtained. The equation (17) can be solved
by Lagrangemethod.Differentiating the objective function in
(17) and equating it to zero lead us to the following equation:

(𝑎 (

ℎ̂𝑖1



4

+

ℎ̂𝑖2



4

) + 𝑏

ℎ̂𝑖1



2
ℎ̂𝑖2



2

)𝜔
4

𝑖
= 2𝑎 + 𝑏, (18)

where 𝑎 = 2𝜎
2
𝜎
2

𝛿
, 𝑏 = ((1/𝛾1) + (1/𝛾2))|ℎ̂𝑖1ℎ̂𝑖2|

2

.
The positive solution to (17) is given by

𝜔
𝑜

𝑖
= 4√

2𝑎 + 𝑏

𝑎 (

ℎ̂𝑖1



4

+

ℎ̂𝑖2



4

) + 𝑏

ℎ̂𝑖1



2
ℎ̂𝑖2



2
. (19)

Using the optimal amplify factor, the optimal power
allocation on each node can be derived according to (15) and
(16). By substituting (19) in (15) and (16), the transmit power
of source nodes 𝑆1 and 𝑆2 can be calculated. Substituting (19)
into (13), we obtain the minimum total transmit power 𝑃

𝑖

𝑇
.

Also the power allocation on the ith relay can be calculated
by substituting (19) into (3). Consider

𝑃
𝑜

1

=
𝜎
2

Δ

[
[
[

[

(

ℎ̂𝑖1
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4
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4
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4
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×
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,

(20)

𝑃
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2

Δ

[
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4
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×
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.

(21)
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When the full CSI is known at each source node, the
power allocated on each node has a simplified expression:

𝑃
𝑖

𝑇
=

2
ℎ𝑖



√(𝛾1 + 𝛾2) (𝛾1 + 𝛾2 + 1) + (
1

𝑑𝑖1
+

1

𝑑𝑖2
) (𝛾1 + 𝛾2) ,

(22)

𝑃1 = 𝛾2(
1

ℎ𝑖


√
𝛾1 + 𝛾2 + 1

𝛾1 + 𝛾2
+

1

𝑑𝑖1
) , (23)

𝑃2 = 𝛾1(
1

ℎ𝑖


√
𝛾1 + 𝛾2 + 1

𝛾1 + 𝛾2
+

1

𝑑𝑖2
) . (24)

For symmetric QoS constraints where 𝛾1 = 𝛾2 = 𝛾, the
optimum power allocated on the relay equals the transmit
power allocated on the two source nodes.

In high SNR regime, when 𝛾1 ≫ 1 and 𝛾2 ≫ 1, (22), (23),
and (24) can be rewritten as

𝑃
𝑖

𝑇
= (𝛾1 + 𝛾2) (

1
ℎ𝑖1



+
1

ℎ𝑖2


)

2

, (25)

𝑃1 =
𝛾2

ℎ𝑖1


(
1

ℎ𝑖1


+
1

ℎ𝑖2


) , (26)

𝑃2 =
𝛾1

ℎ𝑖2


(
1

ℎ𝑖1


+
1

ℎ𝑖2


) . (27)

From (21) and (22), the transmit power of one node
is proportional to the SNR requirement of the other node.
When the SNR requirement of one source node is larger,more
power should be allocated on the other source node.The SNR
requirement of each node can determine the power allocated
on the selected relay and each source node.

3.2.2. Relay Selection. With the optimal power allocation
solution obtained, the problem in (12) reduces to the follow-
ing relay selection problem:

min
𝑖∈{1,2,...,𝑁}

𝑃
𝑖

𝑇
. (28)

The “best” relay can be selected either by centralized relay
selection or by distributed relay selection. Both relay selection
methods are described as follows.

Centralized Relay Selection.When both source nodes know all
the channels, centralized relay selection is adopted.The “best”
relay can be selected by two source nodes, by calculating
𝑃
𝑖

𝑇
, for 𝑖 = 1, 2, . . . , 𝑁, as in (22). Then one source node

broadcasts the index of the best relay to all relays over a
control channel. Those relays which do not hear their own
indices, will not participate in relaying. The “best” relay will
use its local channel state information to calculate its own
optimal transmit power 𝑃𝑖

𝑅
.

Distributed Relay Selection. When each source node only
knows its own channel coefficient, for example, 𝑆1 only knows
channel ℎ𝑖1, relay selection can be operated in a distributed
manner. The two SNR thresholds 𝛾1, 𝛾2 are known by two

source nodes and all relay nodes. Relay𝑅𝑖 knows its own local
channel coefficients ℎ𝑖1 and ℎ𝑖2 by listening pilot signal from
the two source nodes. Then it can calculate the minimum
total transmit power 𝑃

𝑖

𝑇
with its local channel coefficients

and SNR thresholds using (22). Then each relay 𝑅𝑖 starts a
timer 𝑇𝑖 whose duration is inversely proportional to 𝑃

𝑖

𝑇
syn-

chronously.The time timer𝑇𝑏 of the “best” relay 𝑏 expires first
and then broadcasts its index to the rest nodes in the network.
After hearing the index of the “best” relay, each source node
sends its symbol with the power calculated by (26) and (27).

According to (25), the relay selection result is dependent
on the channel state information between each relay and
two source nodes and is irrelevant to the signal to noise
ratio requirement of each node, 𝛾1 and 𝛾2. Only the channel
amplitude information is required during the relay selection
step instead of full channel state information.

4. Outage Probability Analysis

We consider the outage probability of two-way opportunistic
relay networks with our proposed power allocation. Assume
that the two source nodes have different data rate thresholds,
𝑅1 and 𝑅2. The outage occurs when either source node falls
below its threshold rate; that is, 𝑃out = 𝑃{𝑅21 < 𝑅1 ∪ 𝑅12 <

𝑅2}. Considering the Shannon’s capacity theory, the outage
probability can be expressed as

𝑃out = 𝑃 {SNR1 < 𝛾1 ∪ SNR2 < 𝛾2} , (29)

where 𝛾1 = 2
2𝑅1 − 1, 𝛾2 = 2

2𝑅2 − 1, and 𝑅21 and 𝑅12 represent
the data rate of link 𝑆2 → 𝑅𝑖 → 𝑆1, and 𝑆2 → 𝑅𝑖 → 𝑆1
respectively.

With optimal power allocation, the minimum transmit
power required to achieve each transceiver’s SNR threshold
can be obtained by (25). When the total transmit power 𝑃max
is lower than 𝑃𝑇, the outage occurs, which is 𝑃out = 𝑃{𝑃𝑇 >

𝑃max}. Because the relay which cost least power is selected in
the relay selection, we have

𝑃out =
𝑁

∏

𝑖=1

𝑃 {𝑃
𝑖

𝑇
> 𝑃max} , (30)

where 𝑃𝑇 is the minimum transmit power needed to achieve
each source node’s SNR threshold, 𝑃

𝑖

𝑇
is the minimum

transmit power needed if relay 𝑅𝑖 is selected, and 𝑃max is total
transmit power.When the relays know the exact channel side
information without estimate error, the outage probability
can be expressed as follows by substituting (25) into (31):

𝑃 {𝑃
𝑖

𝑇
> 𝑃max} = 𝑃{

1
ℎ𝑖1



+
1

ℎ𝑖2


> √
𝑃max

𝛾1 + 𝛾2
} . (31)

Considering the pdf of ℎ𝑖1 and ℎ𝑖2, we can get

𝑃 {𝑃
𝑖

𝑇
> 𝑃max}

= 1 − ∫

+∞

1/𝑘

𝑥

𝜎2
𝑥

exp[−
𝑥
2

2𝜎2
𝑥

−
𝑥
2

2𝜎2
𝑦
(𝑎𝑥 − 1)

2
]𝑑𝑥,

(32)

where 𝑘 = √𝑃max/(𝛾1 + 𝛾2).
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By substituting (32) into (21), the outage probability of
bidirectional relay systemwith differentQoS requirement can
be represented as

𝑃out

=

𝑁

∏

𝑖=1

{1 − ∫

+∞

1/𝑘

𝑥

𝜎2
𝑖1

exp[−
𝑥
2

2𝜎2
𝑖1

−
𝑥
2

2𝜎2
𝑖2
(𝑎𝑥 − 1)

2
] 𝑑𝑥} ,

(33)

where 𝑘 = √𝑃max/(𝛾1 + 𝛾2).
The integral part in (33) is nonintegrable and cannot be

further simplified. Considering (31), we can get the approx-
imation of outage probability by shrinking the integral
interval

𝑃 {𝑃
𝑖

𝑇
> 𝑃max} > 𝑃{

ℎ𝑖1
 < √

𝛾1 + 𝛾2

𝑃max
∪

ℎ𝑖2
 < √

𝛾1 + 𝛾2

𝑃max
} .

(34)

The channel state information ℎ𝑖1 and ℎ𝑖2 are independent,
and thus the equation can be rewritten as

𝑃 {𝑃
𝑖

𝑇
> 𝑃max}

> 1 − 𝑃{
ℎ𝑖1

 > √
𝛾1 + 𝛾2

𝑃max
} ⋅ 𝑃{

ℎ𝑖2
 > √

𝛾1 + 𝛾2

𝑃max
} .

(35)

Considering the p.d.f. of ℎ𝑖1 and ℎ𝑖2, we can get

𝑃 {𝑃
𝑖

𝑇
> 𝑃max} > 1 − exp{−

1

2𝜎2
𝑖1
𝑘2

−
1

2𝜎2
𝑖2
𝑘2

} . (36)

Also, we can get the approximation of the outage probability

𝑃out >
𝑁

∏

𝑖=1

1 − exp{−
1

2𝜎2
𝑖1
𝑘2

−
1

2𝜎2
𝑖2
𝑘2

} . (37)

5. Simulation Results

In this section, we study the performance of power allocation
scheme in bidirectional relay networks which have 6 relays,
compared with the power allocation according to SNR-
balancing criterion in [13]. The channels coefficients ℎ𝑖1 and
ℎ𝑖2 are generated as zero-mean normal complex random
variables. The noise power at the relays and at the two source
nodes is assumed to be 0 dBW. We explore the total transmit
power with different SNR thresholds of two source nodes.

We illustrate the transmit power required with increasing
SNR threshold of source node 𝑆2𝛾2, when the SNR threshold
of source node 𝑆1𝛾1 equals 10 dB in Figure 2. The total trans-
mit power 𝑃𝑇 and the power allocated on the selected relay
𝑃𝑅 are increasing with 𝛾2 increasing. The power allocated
on sourse 𝑆1 is increasing linearly with 𝛾2 increasing. We
can also see that when the SNR thresholds of two sources
are not equal, 𝛾1 ̸=𝛾2, the proposed power allocation scheme
outperforms SNR-balancing criterion based power allocation
scheme in [13].
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Figure 3 shows the minimum power required with 𝛾1 =

10 dB, 𝛾2 = 5 dB, with different number of relays in the
two-way relay network. Power allocated on 𝑆2 is much larger
than that on 𝑆1, because the required SNR threshold of 𝑆1
is 5 dB larger than that of 𝑆2. The power allocated on the
selected relay is larger than that on both sources, which is
the samewith Figure 2.With increasing number of relays, the
minimum power required is decreased. Exploiting multiple
relays obtains higher diversity order and lower transmit
power.

In Figure 4, we compare the outage probability as a
function of 𝑃max for a two-way opportunistic relay system.
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Figure 4: Outage probability versus total transmit power, for relay
number 𝑁 = 6.

We have set 𝑁 = 6, 𝛾1 = 𝛾2 = 1 dB for symmetric traffics
and 𝛾1 = 1 dB, 𝛾2 = 5 dB for asymmetric traffics. The outage
probability of two-way relay networks without power alloca-
tion is also shown. Figure 6 shows that the proposed power
allocation can decrease the outage probability significantly.
For symmetric traffics, the outage probability of two-way
relaying with our proposed power allocation scheme equals
that with the power allocation according to SNR-balancing
criterion in [13]. But in asymmetric condition, the system
with our proposed power allocation scheme has lower outage
probability.

Figure 5 shows the exact outage probability and the
approximation of outage probability with different number
of relays, when each node knows the exact channel state
information. The approximation is lower than the exact
outage probability because the integrating interval is reduced
in the approximation operation. Also, we can observe that the
approximation is more accurate in high SNR regime.

In Figure 6, the outage probability is shownwith different
correlation coefficient of the estimated channel gain and the
exact channel gain. When 𝜌 = 1, each node knows the
exact channel state information. When 𝜌 < 1, the outage
probability is increased because of the estimation error.

6. Conclusions

We developed an energy efficient power allocation scheme to
minimize total transmit power of bidirectional relay networks
with imperfect channel state information.Weobtain a closed-
form expression of power allocated on each node. Then one
single relay which can minimize the total transmit power is
selected to forward the amplified signal. We also obtained
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Figure 5: The exact outage probability and the approximation.

0 5 10 15 20 25
Total transmit power (dB)

O
ut

ag
e p

ro
ba

bi
lit

y

10
−12

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

𝜌 = 1

𝜌 = 0.95

𝜌 = 0.8

Figure 6:Outage probabilitywith different channel state estimation.

the expression of the outage probability after power loca-
tion and an approximation expression of outage probability.
Simulation result shows that the outage probability is slightly
increased when there is channel estimation error.
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Wireless sensor networks have been widely deployed for environment monitoring. The resource-limited sensor nodes usually
transmit the sensing readings to Sink node collaboratively in a multihop manner to conserve energy. In this paper, we consider
the problem of spatial clustering for approximate data collection that is feasible and energy-efficient for environment monitoring
applications. Spatial clustering aims to group the highly correlated sensor nodes into the same cluster for rotatively reporting
representative data later. Through a thorough investigation of a real-world environmental data set, we observe strong temporal-
spatial correlation and define a novel similarity measure metric to inspect the similarity between any two sensor nodes, which
take both magnitude and trend of their sensing readings into consideration. With such metric, we propose a clustering algorithm
named as HSC to group the most similar sensor nodes in a distributed way. HSC runs on a prebuilt data collection tree, and thus
gets rid of some extra requirements such as global network topology information and rigorous time synchronization. Extensive
simulations based on realworld and synthetic data sets demonstrate that HSC performs superiorly in clustering quality when
compared with the alternative algorithms. Furthermore, approximate data collection scheme combined withHSC can reducemuch
more communication overhead while incurring modest data error than with other algorithms.

1. Introduction

In the recent years, wireless sensor networks (WSNs) have
witnessed the wide utilization in environmental monitor-
ing [1], for example, forest monitoring [2, 3], urban city
monitoring [4], and office monitoring [5]. These WSNs
typically consist of a huge number of tiny sensor nodes that
are significantly short of available resources, especially the
energy budget. These sensor nodes are usually organized
as a multihop communication network and cooperatively
transmit the sensing readings to the Sink node via a prebuilt
data collection tree for the energy conservation purpose.

Longer network lifetimes of WSNs are always expected
by the environmental monitoring applications. Reducing the
communication overhead has been the uppermost principle
for various algorithms in WSNs to prolong the network
lifetime as wireless communication consumes the most
energy among all the activities of a sensor node [6]. By
exploiting the tradeoff between data quality and energy
consumption, approximate data collection can be a rational

choice for long term data-driven applications. It is argued
that approximate data can still be precise enough for some
applications, which can tolerate certain accuracy loss of sens-
ing readings to perform data analysis or decision making [7].
Due to ubiquitous spatial correlation among nearby sensor
nodes, some representative sensor nodes can be scheduled
to transmit their readings to approximate the readings of
their spatial correlated sensor nodes accordingly [8]. Spatial
clustering, which combines the clustering technique and
spatial correlation, becomes an effective approach to find
these similar node sets, sensor nodes which can represent
each other during data collection. Generally speaking, two
core questions about spatial clustering are how to evaluate
the similarity between data distributions of any two sensor
nodes, and then how to group these similar sensor nodes
into the same cluster in an energy-efficient manner. Previous
works mainly measure the magnitude similarity with raw
readings, but overlook the importance of trend similarity [8–
11]. Yet, some work does exactly the opposite [12]. We argue
that both magnitude similarity and trend similarity hold the
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equivalent importance. Due to the ad hoc nature and resource
constraints of WSNs, distributed spatial clustering would be
a better choice.

Through an investigation of a real-world environmental
data set, we observe strong temporal and spatial correlation
among sensor data. The spatial correlation makes spatial
clustering feasible and necessary, while the strong temporal
correlation implies the predictability of environmental data.
We employ a time series analysis method, that is, Autore-
gressive (AR) model, to describe the predictable sensor data.
An appropriate AR model can capture the reading trend of
a sensor node in an easy way, and meanwhile two sensor
nodes with similar reading trend tend to have the similar
AR models. In this paper, we thus define a novel similarity
measure metric which combines both magnitude similarity
and trend similarity of sensor data by exploiting the AR
models. With such metric, we propose the Hierarchical
Spatial Clustering (HSC) algorithm to group themost similar
sensor nodes. Based on the pre-built data collection tree,
HSC can complete the clustering task gracefully without
extra requirements, such as the global network topology
information or rigorous time synchronization.

The contributions of this paper are summarized as fol-
lows.

(i) We have designed a novel sensor nodes similarity
measure metric, which jointly takes magnitude sim-
ilarity and trend similarity of sensor readings into
considerations.

(ii) With our similarity measure metric, we propose a
hierarchical spatial clustering algorithm, that is, HSC,
which effectively exploits the existing structure of
multihop WSNs.

(iii) We conduct extensive simulations based on both
real-world and synthetic environmental data sets.
The simulation results demonstrate the advantages of
HSC on both clustering quality and clustering effi-
ciency. Additional simulations on approximate data
collection also prove the powerful approximation
performance of HSC.

The rest of this paper is organized as follows. Section 2
discusses the related works. Section 3 presents the similarity
measure metric. System model is described in Section 4,
and the details of HSC are elaborated in Section 5. Section 6
presents the performance evaluation results, and Section 7
concludes this paper.

2. Related Work

In this section, we present and discuss the most related works
on spatial clustering in WSNs. A well-reviewed survey of
clustering algorithms in WSNs is referred to in [13]. As HSC
relies on the ARmodel, we will also briefly review the related
work of AR model in WSNs.

2.1. Spatial Clustering. Taking spatial and data correlation
into account, spatial clustering aims to group sensor nodes
with similar readings into the same cluster to capture

the underlying spatial-temporal pattern in WSNs. Two key
questions about spatial clustering are how to measure the
similarity between readings of any two sensor nodes and how
to group the sensor nodes with similar readings in an energy-
efficientmanner. Some previousworksmeasure the similarity
with raw readings based on Manhattan distance metric,
mostly only on the magnitude similarity, such as DCglobal
[9], DClocal [10], IADSC [14], DACA [15], and DSCC [16].
Similarity solely measured onmagnitude similarity, however,
cannot adapt to the dynamic of sensor readings caused by
the dynamical environment [8]. Magnitude similarity only
captures the temporal characteristic of sensor readings, but
overlooks the possible changes in near future. Besides the
magnitude similarity of raw readings, EEDC [8] also takes
the trend similarity of sensor nodes into account. EEDC
models the spatial clustering problem as a clique-covering
problem which is proved NP-hard, and solves it with a
greedy algorithm in a centralized fashion. In the scenario
of centralized clustering, the Sink node needs to accumulate
enough readings for each sensor node to perform similarity
measure between any two sensor nodes. Obviously, the
data accumulation procedure leads to huge communication
overhead, and thus energy consumption. Even worse, spatial
clustering may form “unsteady” spatial clusters if we measure
the similarity of sensor nodes only on their raw readings.

ELink [12] emphasizes that spatial clustering should be
performed on the underlying trend rather than on the raw
time series sensor readings. According to ELink algorithm,
each sensor node constructs an AR model to capture the
structure of time series readings and computes its feature
in the metric space of weighted Euclidean distance with the
coefficients of AR model. Based on these features, ELink
models the clustering problem as 𝛿-clustering, where feature
distance between any two sensor nodes in the same cluster
is less than 𝛿. Recursively, some well-distributed sensor
nodes are chosen as sentinel nodes to expand their clusters
until they are 𝛿-compact in a distributed manner. Though
taking the underlying trend of time series sensor readings
into consideration, ELink overlooks the baseline value of
each sensor node. In other words, sensor nodes in the
same cluster could have the similar variation tendency, but
their real sensing readings may differ greatly. Furthermore,
the selection of the well-distributed sentinel nodes requires
a priori global network topology information, meanwhile
each sentinel node starts the clustering process relying on
strict time synchronization. Both requirements on network
topology information and time synchronization weaken the
applicability of ELink in practice. SAF [11] also exploits
the AR model when clustering. With the new concept of
model clustering, SAF performs centralized clustering based
on values predicted by AR models. SAF still only depends
on the magnitude similarity of sensor nodes but leaves out
the trend similarity. The centralized clustering manner also
incurs amounts of communication overhead.

Different from the previous works, our algorithm, that
is, HSC, takes both magnitude similarity and trend sim-
ilarity of sensor readings into consideration, and groups
the similar sensor nodes in a distributed and hierarchical
manner based on a pre-built data collection tree with no
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other extra requirements on network topology information
and time synchronization. Compared to the earlier version
of HSC in [17], the new contributions of this paper includes
the following. (i) Through an investigation of a real-world
environmental data set in Section 3.1, we verify the feasibility
of modeling sensor readings as AR model as well as the
rationality and necessity of spatial clustering for approximate
data collection. (ii) In Section 5.1, we formally define the
spatial clustering problem in WSNs and prove the NP-hard
of such problem. As an enhancement, we propose the cluster
maintenance strategy for the spatial clusters to adapt to the
dynamical environment in Section 5.3. We also analyze the
message complexity and compatibility with other existing
algorithms or protocols in WSNs of HSC in Section 5.4.
(iii) More simulations are conducted to evaluate HSC in
Section 6.The limitations and future works are also discussed
in the conclusion section.

2.2. Autoregressive Model. AR model is a linear regression,
and is used to capture the dependency of current value
and the latest historical values in time series data analysis.
Readings of sensor nodes are obviously typical time series
data, and the ARmodel can be adopted for data forecasting in
WSNs. Though simple and light-weight, the AR model offers
excellent accuracy in WSNs for monitoring applications [18,
19]. AnARmodel with order𝑝, which is the number of lagged
values in a linear regression, is usually denoted as AR(p), and
expressed as

𝑥𝑡 = 𝑐 +

𝑝

∑

𝑖=1

𝛼𝑖𝑥𝑡−𝑖 + 𝜖, (1)

where ⃗𝛼 = [𝛼1, . . . , 𝛼𝑝] are the coefficients, 𝑐 is a constant
but always omitted for simplicity, and 𝜖 is the White Noise.
The parameter estimation of AR model is quite simple, and
various methods can be used. More details of AR model and
time series data analysis are referred to in [20].

Due to low computation overhead and memory require-
ments yet outstanding performance in data forecasting, AR
model has been widely used for approximate data collection
in WSNs. PAQ [18] adopts AR model to approximate the
values of sensor nodes. With AR model built locally, each
sensor node transmits its model to Sink, which uses these
models to predict values of sensor nodes without direct com-
munication. PAQproposes a dynamicARmodelmaintaining
strategy to cope with the changing environment. With the
dual-prediction based data collection idea in mind, quite a
few similar works [7, 19] building on AR model have been
presented, all of which adopt similar method to prolong the
network lifetime of WSNs by keeping sensor nodes from
transmitting redundant data. Besides exploiting AR model
to model the temporal correlated sensor readings, HSC also
takes advantages of spatial correlation among neighboring
sensor nodes to group the similar nodes together, which
would further reduce the energy consumption during data
collection.
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Figure 1: Temporal correlation in environmental data.

3. The Similarity Measure Metric

In this section, wewill first investigate the environmental data
features based on a real-world environmental data set, and
then present our similarity measure metric which exploits
such features.

3.1. Environmental Data Features. Wemine the environmen-
tal data features with a real-world data set gathered by the
Intel Berkeley Research Lab between February 28 and April
5, 2004. We refer to this data set as Intel data set. The Intel
data set consists environmental data such as temperature,
humidity, and light strength, which are collected by 54
Mica2Dot sensor nodes deployed in a 40m × 30m office.
Specifically, we exploit the data of March 2004 to investigate
the hidden characteristics of environmental data. The layout
of the wireless sensor network and the data set can be found
in [5].

In physical world, most types of environmental data, for
example, temperature, humidity, and light strength, usually
changes stably. It is considered that the difference between
sensing readings of any sensor node in two consecutive time
slots can be very small. Such feature of environmental data
is normally referred as temporal correlation. To reveal this
feature, we compute the absolute difference between readings
of any two consecutive time slots for each sensor node
across the entire month and plot the CCDF (Complementary
Cumulative Distribution Function) results in Figure 1. Note
that reading differences are processed with the min-max
normalization method. From Figure 1, we observe strong
temporal correlation existing in temperature, humidity, and
light data. For any kind of environmental data, far less than
5% reading differences are greater than 0.1. This feature
demonstrates that the environmental data indeed evolve
stably and thus are predictable. Some probabilisticmodels are
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Figure 2: Spatial correlation in environmental data.

employed to capture the temporal correlation of environmen-
tal data for approximate data collection [18, 21, 22], among
of which the AR model could be the most suitable one as
mentioned in Section 2.2.

Another interesting feature about environmental data
is that a small area in physical world generally shares a
similar environmental condition. As a result, sensor nodes
deployed closely would have similar sensing readings, and
such phenomenon is referred as spatial correlation. To explore
the spatial feature of environmental data, we compute the
absolute reading difference between any two 1-hop neigh-
boring sensor nodes, and plot the CCDF results in Figure 2.
We simply set the transmission range to be 6m to ensure
good network connectivity by investigating the connectivity
among sensor nodes. Each sensor node searches its 1-hop
neighboring sensor nodes within such range. The data in
Figure 2 are also the results processed with the min-max
normalization method, and they show the strong spatial cor-
relation of environmental data. In summary, only around 10%
temperature and light reading differences are greater than
0.1, and less than 15% humidity reading differences is greater
than 0.2. The spatial correlation feature of environmental
data makes another form of approximate data collection
possible that nearby sensor nodes can be represented by each
other during data collection as their reading differences are
negligible. Some approximate data collection methods have
been proposed based on this feature, for example, [8–10].
Besides, the strong spatial correlation in WSNs is also the
motivation for the spatial clustering algorithms.

3.2. Similarity Measure. In the context of approximate data
collection, grouping sensor nodes with themost similar read-
ings is of great importance. How to measure and distinguish
such similarity between sensor nodes, however, is the first
question we will face. As a concrete example, we have plotted

2000 temperature data of four sensor nodes, that is, sensor
nodes 24, 25, 29, and 31 in the layout figure in [5], on March
9, 2004 in Figure 3. The humidity and light data have similar
situations and are omitted here. From the figure, it is very
intuitive for us to group nodes 24 and 25 together, and group
nodes 29 and 31 together. We make such a decision mainly
based on the observations from the magnitude and trend of
the four data series. On the whole, nodes 24 and 25 have
the most similar magnitude and varying trend. Same for the
pair of nodes 29 and 31. However, relying on the first 500
data points, wemay group the four nodes together when only
considering their magnitude similarity. This simple example
suggests that similarity measure on sensing readings of any
two sensor nodes should take both the magnitude and trend
into consideration.

As mentioned, we can adopt an AR model to capture
the reading trend of a sensor node and measure the trend
similarity of any two sensor nodes with their AR models. We
would like to employ the average value 𝜇 of sensing readings
of a sensor node in the past several time epochs to represent
its correspondingmagnitude situation.Thus, we canmeasure
the magnitude similarity of two sensor nodes based on
their average values rather than their raw readings to avoid
amount of data exchanges during clustering. Consequently,
it is feasible and reasonable to use the AR models and
average values 𝜇 of any two sensor nodes to measure their
similarity. On one hand, correlation between two ARmodels
can be well measured with Pearson Correlation Coefficient.
Formally, assuming two sensor nodes 𝑠𝑖 and 𝑠𝑗 with their
AR(p) model coefficients 𝑋 = [𝑥1, 𝑥2, . . . , 𝑥𝑝] and ⃗𝑌 =

[𝑦1, 𝑦2, . . . , 𝑦𝑝], respectively, trend similarity between 𝑠𝑖 and
𝑠𝑗 can be calculated as

𝜌𝑠𝑖 ,𝑠𝑗
=
cov (𝑋, ⃗𝑌)

𝜎
𝑋
𝜎 ⃗𝑌

=
𝐸 ((𝑋 − 𝜇

𝑋
) ( ⃗𝑌 − 𝜇 ⃗𝑌))

𝜎
𝑋
𝜎
𝑌

. (2)

The greater 𝜌𝑠𝑖 ,𝑠𝑗
, is the more the similarity between reading

trends of 𝑠𝑖 and 𝑠𝑗 is. On the other hand, we adoptManhattan
distance to measure the magnitude similarity between their
average values. If their magnitude similarity 𝑀𝑠𝑖 ,𝑠𝑗

= |𝜇𝑠𝑖
−

𝜇𝑠𝑗
| ≤ 𝜀/2, then these two sensor nodes are considered

magnitude similar, where 𝜀 is a user-defined parameter to
bound the maximum difference between sensing readings
of any two similar sensor nodes. Hence, we finally have
the following metric to judge whether two sensor nodes are
similar.

Definition 1 (similar nodes). Two sensor nodes, 𝑠𝑖 and 𝑠𝑗, are
similar nodes (and thus can be grouped into the same cluster
during spatial clustering) if their trend similarity 𝜌𝑠𝑖 ,𝑠𝑗

≥ 𝑐𝑡ℎ

and magnitude similarity 𝑀𝑠𝑖 ,𝑠𝑗
≤ 𝜀/2, where both 𝑐𝑡ℎ and 𝜀

are user-defined application-dependent parameters.

4. System Model

In this paper, we consider a WSN consisting of a collection
𝑆 = {𝑠1, 𝑠2, . . . , 𝑠𝑁} of 𝑁 sensor nodes and one Sink node.
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Figure 3: The evolution of temperature readings measured by four
sensor nodes, that is, nodes 24, 25, 29, and 31 in the layout figure in
[5].

All sensor nodes are uniformly and randomly distributed in
a sensing field. A powerful Sink node is deployed to gather
sensing readings from the whole network. All sensor nodes
have the identical communication radius𝑅 and communicate
with distant nodes hop by hop. Periodically, sensor nodes
generate environmental readings which evolve over time, and
transmit these readings to Sink node via a data collection tree
(DCT). In the multihop scenario, a DCT is requisite and can
be built in a distributedmanner. For instance, by circulating a
tree formationmessage originated by Sink andmaking use of
a min-hop parent selection strategy or other algorithms used
for constructing maximum-lifetime data gathering tree [23].
After building the DCT each sensor node learns its unique
𝑑𝑐𝑡 𝑝𝑎𝑟𝑒𝑛𝑡 node in the DCT, and maintains a list of its direct
children nodes in DCT, 𝑑𝑐𝑡 𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛.

Furthermore, each sensor nodemaintains a queue to store
the most recent 𝑊 sensing readings and keeps tracking of
the average value 𝜇 of those 𝑊 data. The size of data queue
would not be very great so that no extra storage space is
needed to add for current sensor node platform. By exploiting
the readings in queue, each sensor node can learn an AR
model using least-square method. Similar to PAQ [18], we
also adopt a narrow prediction window, that is, 𝑝 = 3, to
neglect the impact of non-stationary physical environment.
This setting alsomakes theARmodel simple and light-weight
enough for resource-limited sensor nodes. To cope with
dynamical environment, for example, the rapid temperature
change around the 800th epoch in Figure 3, we adopt the
model monitoring algorithm of PAQ to maintain an accurate
and dynamic local AR model for each sensor node. A sensor
node generally relearns its AR model using the latest 𝑊 data
in queue if the times of the prediction error beyond error
threshold 𝜃within consecutiveΛ epochs exceeds a predefined
threshold ].

5. The Spatial Clustering Algorithm

5.1. The Spatial Clustering Problem. So far, we have presented
an effective similarity measure metric to examine whether
two sensor nodes are similar on the sensing reading distribu-
tion. In this subsection, we formally define the spatial clus-
tering problem in the context of approximate data collection
and propose a solution for the second core question, that is,
how to energy-efficiently group the similar sensor nodes.

Definition 2 (spatial clustering problem). For a multihop
WSN with a collection 𝑆 = {𝑠1, 𝑠2, . . . , 𝑠𝑁} of𝑁 sensor nodes,
the whole network can be partitioned into definite node sets
𝐶 = {𝐶1, 𝐶2, . . . , 𝐶𝑦}, where⋃

𝑦

𝑎=1
𝐶𝑎 = 𝑆. For all 𝑠𝑖, 𝑠𝑗 ∈ 𝐶𝑎, 𝑠𝑖

and 𝑠𝑗 are similar nodes; that is, 𝜌𝑠𝑖 ,𝑠𝑗 ≥ 𝑐𝑡ℎ and 𝑀𝑠𝑖 ,𝑠𝑗
≤ 𝜀/2.

Spatial clustering aims to group the similar nodes into the
same cluster and meanwhile obtain min𝑦.

There are actually two objectives for any spatial clustering
algorithm. One is to ensure all sensor nodes in the same
cluster are remarkably similar, and the other one is to min-
imize the number of such kind of clusters.The two objectives
together guarantee the data accuracy and energy efficiency of
approximate data collection. Unlike some algorithms which
perform clustering first and then build the DCT, we argue
that spatial clustering should not break the pre-built DCT
structure as it may be built by some optimal algorithms, for
example, [23]. Due to above considerations, spatial clustering
is quite a challenging task. Interestingly, the spatial clustering
problem can be modeled as a set-covering problem. We
construct a graph 𝐺 with sensor nodes as vertices. There is
an edge (𝑠𝑖, 𝑠𝑗), if 𝑠𝑖 and 𝑠𝑗 are similar nodes. Note that in the
spatial clustering problem, an “edge” exists between two sim-
ilar nodes directly or indirectly through several intermediate
similar nodes. Finally, spatial clustering problem shares the
same objective with the set-covering problem, that is, using
the minimum clusters to cover all vertices in the graph 𝐺.
The set-covering problem is known as an NP-hard problem
[24], thus the spatial clustering problem could be proved as an
NP-hard problem. For such tough task, we propose a spatial
clustering algorithm called HSC based on the existing DCT.

5.2. The HSC Algorithm. The HSC algorithm includes two
phases: the local AR model learning phase and the hierarchi-
cal spatial clustering phase, which are introduced in details as
follows.

5.2.1.The Local ARModel Learning Phase. To avoid transmit-
ting abundant raw readings to Sink node for model building,
we prefer to learn and maintain the AR model locally at
each sensor node. After accumulating enough data, that is,
𝑊 data to feed the queue full, each sensor node will estimate
the coefficients of AR(3) model by calculating the minimum
square error between the real readings contained in the queue
of that sensor node and the predicted values via least-square
regression method. Note that other parameter estimation
methods for AR model, for example, maximum likelihood,
could be used, but least-square regression could be a more
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proper method as it is simple enough to avoid complex
computation.

5.2.2. The Hierarchical Spatial Clustering Phase. Once a
sensor node completes the AR model learning phase, it then
transmits the coefficient vector ⃗𝛼 and the average value 𝜇 to
the Sink node via DCT. During the parameters transmission,
each intermediate node backups the average values of its
direct children nodes in DCT and stores these values in
buffer Γ. With all model coefficients transmitted to the Sink
node, it facilitates the combination of HSC and the dual-
prediction based approximate data collection schemes, which
will be illustrated in Section 6. In principle, HSC is initiated
by the Sink node and extended top down along with theDCT.
During the execution of HSC, there are three primary roles
for sensor nodes: trigger node, sentinel node, and expanding
node.

Trigger Node. A trigger node selects the minimum number
of sentinel nodes from its 𝑑𝑐𝑡 𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛 to cover all of its
children nodes based on their average values stored in buffer
Γ. Formally, a node 𝑠𝑖 is considered to be covered by another
node 𝑠𝑗 if they are magnitude similar; that is,𝑀𝑠𝑖 ,𝑠𝑗 ≤ 𝜀/2. To
select as few sentinel nodes as possible, we adopt a median-
value-first strategy. First, the node whose average value is
the median value among all data in buffer Γ is chosen,
and then those nodes whose average values are covered by
the median value are sought out. If there are still some
uncovered values, we repeat this strategy at the separated
upper part and lower part uncovered values of the median
value independently until all values can be covered by at
least one sentinel node. This operation is performed among
average values of nearby sensor nodes that share similar
observations, thus the median-value-first strategy is feasible
and can terminate quickly. At last, trigger node will transmit
the complete selection result to all of its 𝑑𝑐𝑡 𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛 nodes.

Sentinel Node. A sentinel node will be the clusterhead of
a spatial cluster. After being chosen as sentinel node by
a trigger node, this sensor node broadcasts an Invitation
message to its 1-hop neighbors. The message is encoded as
⟨ ⃗𝛼, 𝜇, ℎ𝑜𝑝𝑠⟩ including the model coefficients ⃗𝛼, average value
𝜇, and hop distance ℎ𝑜𝑝𝑠 from this sensor node to the Sink
node; however, only the 𝑑𝑐𝑡 𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛 and sibling nodes of
this sentinel nodewill respond to this Invitationmessage with
feedback as either Joinmessage or Rejectmessage, depending
on whether that sensor node is similar or dissimilar with
current sentinel node. Sibling nodes are those nearby sensor
nodes that have the same hop distance to the Sink.

ExpandingNode. After receiving an Invitationmessage from a
sentinel node, any sensor node 𝑠𝑖 will first check whether it is
similar with that sentinel node on both aspects of magnitude
and trend based on their ⃗𝛼 and 𝜇. If similar, 𝑠𝑖 becomes an
expending node, and then forwards the Invitation message
only to its children nodes in DCT to expand current spatial
cluster. Otherwise, 𝑠𝑖 replies Reject message to that sentinel
node immediately.

Cluster member
Clusterhead

DCT path
Cluster tree path
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Figure 4: A sample execution of HSC clustering algorithm.

When the Sink node has received model coefficients and
average values from all sensor nodes, it becomes the first
trigger node and selects several sentinel nodes from its 1-hop
neighboring sensor nodes. With no guarantee of strict time
synchronization, HSC adopts the Request-ACK mechanism
to ensure that every communication during clustering is
complete. Spatial clustering iterates among sensor nodes top
down along with DCT, and each sensor node replies to its
𝑑𝑐𝑡 𝑝𝑎𝑟𝑒𝑛𝑡 node with Reject message immediately or ACK
message after it has received feedback messages, either Reject
orACK, from all of its 𝑑𝑐𝑡 𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛. A sensor node, nomatter
sentinel node or expanding node, will switch to be trigger
node when it finds that some of its 𝑑𝑐𝑡 𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛 are not
similar with current sentinel nodes; namely, that node should
select several new sentinel nodes from the unclustered nodes
to continue the spatial clustering. A trigger node do not finish
its duty until all of its 𝑑𝑐𝑡 𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛 are either sentinel nodes
or clustered by a sentinel node.

Figure 4 shows a sample execution ofHSC clusteringwith
user-defined parameters 𝜀 = 0.5 and 𝑐𝑡ℎ = 0.9. Box attached
with each node describes the average value 𝜇 and correlation
𝜌with neighboring nodes of current node. Node 𝑠1 is selected
as a sentinel node by its 𝑑𝑐𝑡 𝑝𝑎𝑟𝑒𝑛𝑡 and prepares to expand
its cluster with Invitationmessages disseminated down along
DCT. Node 𝑠2 is similar to clusterhead 𝑠1 and becomes an
expanding node to forward the Invitation to its 𝑑𝑐𝑡 𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛.
However, both 𝑠4 and 𝑠5 are dissimilar with current sentinel
node, that is, 𝑠1. After receiving the Reject messages from its
𝑑𝑐𝑡 𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛, node 𝑠2 turns to be trigger node and selects
𝑠5 as the sentinel node from the unclustered set {𝑠4, 𝑠5}

with median-value-first strategy. Meanwhile, 𝑠2 sends ACK
to 𝑠1 to affirm the cluster relation. With the assignment,
𝑠5 broadcasts Invitation messages to its 1-hop neighbors. As
sibling node, 𝑠4 checks the message and finally accepts the
invitation to expand this cluster. On the other hand, 𝑠3 rejects
the invitation from 𝑠1 once it finds that it does not meet the
conditions of similar nodes with 𝑠1. As the only unclustered
𝑑𝑐𝑡 𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛 node, node 𝑠3 is acknowledged as sentinel node
by node 𝑠1 to form another cluster. Similarly, spatial clustering
is hierarchically performed among the remaining nodes.



International Journal of Distributed Sensor Networks 7

Finally, there are four clusters and nodes in each cluster form
a cluster tree.

5.3. Cluster Maintenance. Due to dynamic of the monitored
environment, it is possible that the similarity conditions
among cluster members cannot hold any more. Generally, it
is preferable to perform dynamic cluster maintenance rather
than repetitively clustering the whole network. In fact, both
update of AR(3) and variation of 𝜇 may lead to a procedure
of cluster maintenance. During cluster maintaining, the
similarity between the variational node and the clusterhead
should be verified using the conditions of similar nodes.
Regarding nonclusterhead 𝑠𝑖, it propagates message up the
cluster tree to obtain the updated ⃗𝛼 and 𝜇 of the clusterhead.
With the new information, 𝑠𝑖 examines whether it is still
similar the clusterhead. If not, node 𝑠𝑖 broadcasts amessage to
get information of nearby clusters and merges into a suitable
one. At its worst, 𝑠𝑖 becomes a singleton cluster. When a
clusterhead 𝑠ch has significant change on data distribution,
𝑠ch propagates an updatingmessage, which contains the latest
⃗𝛼 and 𝜇 values, down the cluster tree to all of its cluster

members. With the new parameters, each cluster member
decides whether to stay in or depart from this cluster, both
depending on the similarity measure result with 𝑠ch. As time
goes, it is foreseeable that there will be more and more
clusters. To keep the cluster number small, the whole network
needs reclustering when the number of clusters exceeds a
threshold Maxclusters.

To reduce the verification frequency of changing 𝜇, the
variation is considered significant only when it meets certain
conditions. Let the average value 𝜇𝑖 at 𝑠𝑖 update to 𝜇



𝑖
, and the

average value of its clusterhead when clustering is 𝜇ch. Then,
when 𝜇 of nonclusterhead node meets |𝜇



𝑖
− (|𝜇


𝑖
− 𝜇𝑖|/𝜇𝑖) ×

𝜇ch| > 𝜀 and 𝜇 of clusterhead meets |𝜇
𝑖
− 𝜇𝑖| > 𝜀, similarity

verification between sensor nodes is necessary.

5.4. Discussion. Now we will discuss the communication
overhead of our spatial clustering algorithm. Assume 𝐻

clusterheads are finally selected. Specifically, ℎ1 clusterheads
are selected within the first round, and the others ℎ2 =

𝐻 − ℎ1 are selected among 𝑚ℎ2 sensor nodes within extra
rounds, where 𝑚 is the average number of dissimilar sensor
nodes during clusters expanding, far less than (𝜋𝑅

2
/𝐿
2
)𝑁.

Therefore, 𝐻 selection result messages, 𝐻 ACK messages,
and 𝑚ℎ2 Reject messages are generated during clusterheads
selection with 1 hop distance. In addition, 𝐻 Invitation
messages are sent out, following with (𝑁 −𝐻) Joinmessages.
If we assume the average size of cluster trees is 𝑑 hops, then
there are totally 2𝐻 + 𝑚ℎ2 + 𝑑𝐻 + 𝑑(𝑁 − 𝐻) < (𝑚 + 2)𝐻 +

𝑑𝑁 data communication.With typical setting like Section 6.1
and the general clusterhead ratio of HSC (less than 5% as
shown in Figure 7 with appropriate parameters), the total
communication will be no more than (𝑑 + 1)𝑁; that is, the
message complexity of HSC is 𝑂(𝑁).

Compared with previous works, for example, ELink [12],
the DCT structure liberates HSC from the requirements
of global network topology information and strict time
synchronization. HSC takes advantage of the DCT built by

someoptimal algorithms, but does not try to build the routing
tree itself. Therefore, these features make HSC coexist well
with other existing algorithms or protocols, such as data
gathering tree constructing algorithms, for example, [23], or
approximate data collection schemes, for example, [18].

6. Performance Evaluation

In this section, we evaluate the clustering quality of HSC
with extensive simulations. We further explore the efficiency
of HSC for approximate data collection on aspects of both
energy efficiency and accuracy of collected data. Three
alternative algorithms are implemented as contrasts, and the
simulations are conducted on both real-world and synthetic
environmental data sets.

6.1. Simulation Setup

6.1.1. Compared Algorithms. As emphasized in Section 2, two
critical factors of spatial clustering are the similarity measure
on data distribution of sensor nodes and the fashion to group
similar sensor nodes. Accordingly, we select two noteworthy
previous works, that is, EEDC and ELink, as the alternative
algorithms. EEDCmeasures the similarity of sensor nodes on
both magnitude and trend of raw sensor readings and groups
similar nodes in centralized manner. ELink measures the
sensor node similarity only on reading trend by exploiting the
AR model coefficients and performs distributed clustering to
group similar nodes. For fairness, we design a new compared
algorithm named as 𝜇ELink, which is modified based on
ELink to consider themagnitude situation 𝜇whenmeasuring
similarity of sensor nodes. In short, 𝜇ELink measures the
similarity of sensor nodes using ourmetric, while performing
clustering following the way of ELink.

6.1.2. Evaluation Metrics. The quality of spatial clustering
is measured by the number of generated clusters and the
total number of communication messages used for spatial
clustering. To examine the approximation performance of
one spatial clustering, we evaluate the energy consumption
and average absolute error (AAE) of collected data when the
spatial clustering is combined with certain data collection
scheme to conduct approximate data collection. In this
paper, we substitute messages for energy consumption as
data communication is the dominating energy consumer [6].
The AAE is calculated using (3), where 𝑟

𝑡

𝑖
and 𝑐

𝑡

𝑖
are the

real value and the collected value through the approximate
data collection scheme of sensor node 𝑠𝑖 at the 𝑡th epoch
respectively, 𝑁 is the total number of sensor nodes, and 𝑇 is
the total epochs of data collection. Consider the following:

AAE =
∑
𝑁

𝑖=1
∑
𝑇

𝑡=1

𝑟
𝑡

𝑖
− 𝑐
𝑡

𝑖



𝑁 × 𝑇
. (3)

6.1.3. Environmental Data sets. We have prepared two data
sets (and thus different network models) for the simulations.
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Figure 5: Impact of 𝜀 on clustering quality with real-world data set.

Real-World Data Set. We adopt the temperature data on
March 9, 2004 of Intel data set mentioned in Section 3 as the
real-world data set. Besides, the network model is designed
following the layout shown in [5]. Fifty-foure sensor nodes
are deployed in an office to persistently collect temperature
readings with communication range 𝑅 as 6m. A Sink node is
located at the center of the office to gather readings from all
sensor nodes.

Synthetic Data Set. To evaluate the performance of HSC
in larger scale scenarios, we design a hypothetical network
model and the corresponding synthetic data set. 𝑁 sensor
nodes are deployed in a 100m × 100m field with identical
communication radius 𝑅 = 30m. The Sink node is located
at (120m, 50m). We generate synthetic data set with similar
method as DClocal [10]. Twenty-five event sources are fixed
in the field in uniform distribution, and readings of sensor
node are the comprehensive influencing results of all event
sources. The influence of an event source to a sensor node
is inversely proportional to the geographic distance between
them. We employ the temperature data of Intel data set
on March 9, 2004 to simulate the evolutive values of event
sources. At the beginning of each simulation, we randomly
select 25 data series from the 54 sensor nodes to map to the
25 event sources.

6.1.4. Parameters Setting. The size of the queue in each sensor
node is set to be 𝑊 = 60, an appropriate value to produce
a preferable AR model for environment monitoring [18]. For
themonitoring algorithmof localARmodel, we adopt similar
parameters setting as PAQ [18]; that is, 𝜃 = 0.03, Λ = 15, and
] = 8. We also adopt the optimum parameters setting for the
compared algorithms. Specifically, trend similarity threshold
𝑡 = 80% and 𝑔𝑚𝑎𝑥 𝑑𝑠𝑡 = 3 ℎ𝑜𝑝𝑠 for EEDC. Regarding to
ELink and 𝜇ELink, we set weight vector ⃗𝑤 = (0.5, 0.3, 0.2) for
the coefficients of AR(3) model and fix the feature distance

threshold 𝛿 = 0.5. All results in this section are the average
values of 10 simulations.

6.2. Quality of Spatial Clustering. In this subsection, we study
the impacts of system parameters, that is, user-defined error
bound 𝜀, correlation threshold 𝑐𝑡ℎ, and the network size 𝑁,
on the clustering quality of HSC with comparisons to the
three alternative algorithms. Fixing other parameters and
setting 𝑐𝑡ℎ = 0.9 for HSC, we first perform simulation
with the real-world data set. Figure 5 shows the number of
formed clusters of each algorithm when we vary 𝜀 from
0.1 to 1.0. Generally, the more stringent requirement on
the data accuracy is (smaller 𝜀), the more clusters will be
generated. With a small 𝜀, the number of clusters is more
than 40 for most algorithms except ELink. As a complicated
environment, an office may contain various heat sources,
and thus many clusters are needed for approximate data
collection.On the contrary, ELink produces the samenumber
of clusters regardless of 𝜀, which is unreasonable in real
world. This is mainly because of the only consideration of
reading trend when ELink measures the node similarity. Our
algorithm offers reasonable results with respect to different
application requirement on 𝜀.

We also perform simulations on synthetic data set to
evaluate the scalability of HSC. Figure 6 shows the number
of total formed spatial clusters by each algorithm versus 𝜀

with a fixed network size 𝑁 = 100. When 𝜀 increases,
the total cluster numbers of other three algorithms decrease
except ELink. In most cases, HSC performs much better
than the other algorithms. As ELink only takes the features
calculated on ARmodel coefficients as the metric to measure
similarity, the cluster number of ELink retains around 5.
Moreover, we study the clustering quality in various network
sizes by varying 𝑁. With other parameters fixed as 𝜀 =

0.5 and 𝑐𝑡ℎ = 0.9 for HSC, we present the results in
Figure 7. It is easy to understand that with the increase of
𝑁, the whole network will be partitioned into more clusters.
HSC still generates much fewer clusters than EEDC and
𝜇ELink and comparable quantity to ELink. As a matter of
fact, merely considering the similarity on feature space but
ignoring the magnitude similarity between sensor nodes,
ELink has the loosest similarity requirements among all the
four algorithms. Particularly, we perform experiments to
study the impact of 𝑐𝑡ℎ on the clustering quality ofHSCwith 𝜀

fixed as 0.5. Figure 8 shows that 𝑐𝑡ℎ does affect the clustering
quality. Explicitly, with more rigorous correlation between
sensor nodes during similaritymeasure inHSC,more clusters
will be generated, and more communication messages are
needed accordingly. Obviously, when 𝑐𝑡ℎ becomes greater, it
will be more difficult for sensor nodes to be similar with each
other, thusmore clusters are needed to cover all sensor nodes.

Regarding the communication messages for spatial clus-
tering, Table 1 presents several brief results which are
obtainedwith the synthetic data set.Undoubtedly, EEDC, due
to transmitting all raw readings to the Sink node to perform
centralized clustering, generates the most communication
messages. Both ELink and 𝜇ELink clustering are initiated
by some well-distributed sentinel nodes, thus they need
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Table 1: Communication messages for spatial clustering.

HSCa EEDC ELink 𝜇ELink
𝜀 = 0.1,𝑁 = 100 681 20515 2380 2544
𝜀 = 0.5,𝑁 = 100 552 20643 2421 2470
𝜀 = 0.5,𝑁 = 500 2649 95941 55291 55284
aFor these simulation results, we set 𝑐𝑡ℎ = 0.9 for HSC.

Table 2: Average Absolute Error.

HSC EEDC ELink 𝜇ELink
AAE 0.082 0.081 0.132 0.103

vast of messages to ensure communicating correctly in an
asynchronous network. Note that it would also be quite
difficult to find such kind of sentinel nodes in practice.
Relying on the DCT, our algorithm starts from the Sink
node and extends spatial clustering top down. It is illustrated
as the results in Table 1 that HSC generates the minimum
communication messages in various cases. The messages
numbers also meet our approximate estimation (𝑑 + 1)𝑁 in
Section 5.4, with different 𝑑 in each case.

6.3. Efficiency of Spatial Clustering. To examine the efficiency
of spatial clustering, we have performed simulative approx-
imate data collection via combining the four spatial clus-
tering algorithms with certain approximate data collection
schemes. In following simulations, we set parameters 𝜀 =

0.5, 𝑐𝑡ℎ = 0.9 for HSC and perform 1000 epochs data
collection for all algorithms based on the synthetic data set.
For EEDC, we adopt the randomized intracluster scheduling
and data restoration method [8] to perform approximate
data collection. For the other three algorithms, we adopt
the centralized model of PAQ [18] that is, the Sink predicts
reading for each sensor node with values of its corresponding
clusterhead, which sends periodic readings to Sink node. As
shown in Figure 9, HSC and ELink consume much fewer
communication messages for approximate data collection
than the other two algorithms. Specifically, EEDC needs the
most messages for data collection terms as the centralized
algorithmEEDCneeds all sensor nodes in the same cluster to
transmit data to the Sink when it detects dissimilarity in that
cluster. 𝜇ELink consumes the most messages for clustering
term, which includes messages for spatial clustering and
cluster maintaining. Because of the introduction of average
value and the distinctive distribution of clusters, 𝜇ELink
needs more messages to track the similarity between sensor
nodes.

We plot a sample approximation result with HSC at a
randomly selected sensor node in Figure 10. From this figure,
we find that the real value and the approximated value are
matched well. From the particular zooming-in results, we
observe that the difference between the real value and the
approximated value is negligible, which also demonstrates
the excellent approximation performance of HSC. We also
present the statistical results about collected data error of
each algorithm in Table 2. EEDC has the smallest AAE
due to its abundant data collection messages, and HSC
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Figure 7: Impact of𝑁 on clustering quality with synthetic data set.

takes the second place with a comparable result. Taking the
average value 𝜇 into account, 𝜇ELink surpasses ELink on this
metric at the cost of huge cluster maintaining messages. In
summary, HSC hasmuch better comprehensive performance
on the efficiency of data approximation than the other three
algorithms.

7. Conclusion and Future Work

Taking the AR model coefficients as an important clustering
parameter, we design a novel similaritymeasuremetric which
gives coequal consideration to both magnitude similarity
and trend similarity. With such metric, the proposed HSC
algorithm groups the most similar sensor nodes based on
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DCT in a distributed manner. Extensive simulations are
conducted with typical data sets, and the results shows the
superior clustering quality of HSC when compared with
three alternative algorithms. Furthermore, simulations based
on an approximate data collection scheme demonstrate the
efficiency and accuracy of our algorithm in data collection.

Currently, we only consider the environmental data, for
example, temperature, humidity, and light strength, which
are quite stable. WSNs have been used in various application
domains and in each domain the sensing readings have
different features; for example, the seismic signal data in
volcano monitoring applications are high rate and can be
sparsely represented in the wavelet domain [25]. As a matter
of fact, HSC ismore suitable in the scenario of environmental

24.5

24.0

23.5

23.0

22.5

22.0

21.5

21.0
0 300 500400 600 700 800 900

87
0

86
0

85
0

84
0

22.5
22.6
22.7
22.8

200100 1000
Epoch

Real value
Approximated value

Te
m

pe
ra

tu
re

 (∘
C)

Figure 10: A sample approximation result of a randomly selected
sensor node using HSC.

data collection, and some adaptive modifications should be
done when migrating for other applications. In this paper,
we consider both similarity measure metric and spatial
clustering for the purpose of approximate data collection. In
the future, we actually can extend such ideas to other research
directions, and here are some possible future works. Firstly,
we can borrow the idea of similarity measure of nodes for the
sensor placement problem. In this problem, the deployment
points correspond to the positions of clusterheads which are
the most informative. Secondly, based on the formed spatial
clusters, we could design some data aggregation algorithms to
obtain the approximate reply for a statistic query, for example,
MAX, MIN, and MEAN. Thirdly, some distributed decision
making schemes could also be designed for event detection
in WSNs based on the formed spatial clusters.
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Network coding (NC) is significant for the spectral efficiency promotion of the multiple-source multiple-relay wireless sensor
networks (WSNs). However, the existing scheme ignored further exploitation of the communications between relays. To address
this issue, a relay ordering algorithmbased on finite fieldNC (FFNC) is proposed in this paper. In the scheme, the relayswho initially
fail to decode from sources are kept listening and searching for the opportunity to decode the signals from other relays, so as to
recover the failure links.The outage probability of the scheme and the corresponding lower bound are theoretically deduced under
two-source two-relay assumption. Moreover, the scheme is proved to own the merit of diffusion effect, which makes the diversity
improvement more efficient by simply increasing the relay number in the network. Simulation results correspond well with the
analysis and demonstrate that the proposed scheme always outperforms FFNC in outage behavior and attains more opportunities
to supply full diversity for the network. Moreover, it shows that the diffusion effect enables this scheme to be very suitable for the
multiple-relay WSN.

1. Introduction

The concept of cooperative communication [1] is investigated
quite intensively in recent years, because it can achieve the
diversity gain of multiple-antenna with low complexity. In
a large network such as WSN, the neighbouring users can
potentially behave as the distributed antennas for a source
node by relaying signals to the destination, thus enhancing
the transmission reliability. However, this leads to the loss
of spectral efficiency, since the relays have to consume time
to receive and forward the signals from the sources. To
overcome such shortcoming, network coding (NC) [2, 3] has
been actively extended to the cooperation systems [4, 5]. In
NC cooperation, instead of forwarding data separately, the
relay nodes combine all the received messages to the whole
one, so as to save the channel use.

Researches regarding NC cooperation have been carried
out focusing on two typical scenarios, one is in the context
of cooperative multiple access channels [6–9], while the
other one is in that of two-way (TW) relay channels [10–12].

Since the NC operation introduces correlation between
coded signals, the error propagation caused by relay will
seriously degenerate the diversity performance. To account
for this issue, [6] proposes adaptive NC, in which only
“good” packets are coded. In [7], the authors proposed a
power-efficient scaling scheme to reduce the impacts of error
bits. Alternatively, [8] employs LDPC to supply noiseless bit
pipes in order to achieve full diversity gain. In [10], Nguyen
et al. make a tradeoff between spectral efficiency and outage
behaviour, by exploiting log likelihood ratio threshold to
identify the quality of signals.

In all these literatures, the source number 𝑀 = 2 and
NC are operated in binary fields. To further enhance the
total spectral efficiency, [9] enables multiple users to share
a common relay equipped with multiple antenna. However,
in single antenna set, when 𝑀 > 2, the scheme suffers
diversity loss, because the binary field cannot supply enough
codeword for all the sources. To overcome this drawback, in
[13], the authors propose the linear finite field network coding
(FFNC), which can achieve full diversity with arbitrary
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𝑀 (𝑀 ≥ 2) sources. More generally, [14] extends this scheme
to the multiple-source multiple-relay scenario, that is, for
arbitrary𝑀 sources and𝑁 relays; each one of the sources can
achieve the diversity order of𝑁 + 1.

However, [13, 14] only considered the so-called two-
hop cooperation, where the signals sent by a relay were
only received by the destination. In fact, by the broadcast
nature of wireless channels, the signals transmitted from a
relay may be received by the other relays as well as the
destination. Reference [15] has found that the order in which
the multiple relays forward the signals significantly affects
the end-to-end performance and proposed the relay ordering
(RO) algorithms to improve the outage behaviour in amplify-
and-forward (AF) cooperation systems, while [16] proposes
a similar one for the decode-and-forward (DF) mode. To
the best of our knowledge, however, such RO has not been
studied for multiple-source multiple-relay network, and it
motivates the work of this paper.

In this paper, we introduce RO into FFNC for the WSN
with arbitrary 𝑀 (𝑀 ≥ 2) sources and 𝑁 (𝑁 ≥ 2) relays.
The main contribution of the new scheme is to exploit the
signals received by other relays when a relay transmits, so
as to improve the full diversity probability, which denote the
probability when each one of𝑀 sources achieves a diversity
of𝑁+1. It is generally known that through NC, a relay is able
to supply the diversity onlywhen it can successfully decode all
the signals from the sources. In [14], if the relay fails to decode
all the received signals, it will keep silent, thus supplying no
diversity. Different from that, in the proposed scheme, the
transmission order is scheduled according to the outage link
number, and those who have decode successfully transmit
firstly, while thosewho fail to decode keep listening to recover
and update the outage link instantaneously. Through this
scheduling, even when partial relays fail to decode initially,
the whole system can still access to the 𝑁 + 1 diversity
at some extent. We deduce the outage probability and the
corresponding lower bound for the proposed scheme in the
network when 𝑀 = 2, 𝑁 = 2. Further, the scheme is
extended to the scenario when𝑀 ≥ 2 and𝑁 ≥ 2. Simulation
results verify the derived theoretical outage expressions and
demonstrate that the proposed scheme always outperforms
FFNC and offers more opportunities to supply the full
diversity.

The remainder of this paper is organized as follows:
Section 2 briefly reviews the related work. Section 3 describes
the system model and the proposed scheme. Outage analysis
and discussion are presented in Section 4. Simulation results
are provided in Section 5. Finally, Section 6 concludes the
paper.

2. Related Work

Multiple-source multiple-relay networks have recently
attracted substantial research efforts with the goal of improv-
ing performance in terms of diversity order or throughput.
In [17], Zhang et al. addressed the relay assignment problem
in the network of 𝑀 source pairs and 𝑁 relays, and the
proposed optimal and suboptimal schemes can, respectively,
achieve the diversity of𝑁+1 and𝑁. However, these schemes

are only efficient when 𝑁 ≥ 𝑀. In [18], Jeon et al. proposed
the user pair selection to increase the throughput of the
multiple-pair TW system. Through the channel norm-based
and minimum distance-based criterions, multiple-pair TW
transmission can adapt to the state of wireless channel well.
But for each transmission, only the selected pair other than
all the sources can access the diversity gain. Zhang et al.
in [19] proposed a relay assignment for the multiple-pair
multiple-relay network.The scheme is based on themax-min
criterion and aims at attaining full diversity for all the pairs.
This solution also owns the constraint that 𝑁 ≥ 𝑀. Besides,
2𝑀 channel uses are consumed for the whole transmission.

In all the mentioned literatures, the full diversity is
achieved through specific selection and assignment schemes,
which require complex synchronization and signalling.
Moreover, since NCs are all operated in binary field, one relay
can only support two sources simultaneously, which limit the
spectral efficiency promotion.

To overcome the constraint of coding field size, in [13],
the authors proposed a multiple-source NC (𝑀 ≥ 2) by
coding in the linear finite field. Since the field size is larger
than 𝑀 + 𝑁 − 1, each relay can serve for all sources, thus
reducing the channel use. Furthermore, in [14], Xiao et al.
extended this scheme into the network with arbitrary 𝑀

sources and 𝑁 relays. The scheme is based on maximum
distance separable (MDS) codes and is able to attain 𝑁 + 1

diversity order. Nevertheless, this solution ignores the com-
munications between relays, which have been proved to be
helpful for system performance in [15, 16].Motivated by these
as presented above, this paper focuses on the performance
promotion of FFNC through specific RO scheduling.

3. System Model and Scheme Description

In this section, we first introduce the system model of
multiple-source multiple-relay NC. Based on it, the proposed
scheme is described in detail.

3.1. System Model. Consider a wireless network where arbi-
trary sources 𝑆𝑖, 𝑖 = 1, . . . ,𝑀, communicate to a common
base station (BS), with the aid of arbitrary relays 𝑟𝑗, 𝑗 =

1, . . . , 𝑁, as shown in Figure 1. It is assumed that from each
𝑆𝑖, there exists a direct path to BS, while there are in addition
𝑁 paths via the relays. The whole transmission consists
of multiple access (MA) and broadcast (BC) phases, as is
depicted, respectively, in Figures 1(a) and 1(b). During MA
phase, each 𝑆𝑖 transmits information I𝑖 at rate 𝑅 on half-
duplex time-division orthogonal channel, while all the relays
keep listening. It is assumed that the transmitted signals suffer
the effects of path loss, independent quasistatic block fading
and additive white Gaussian noise (AWGN), so the received
signals at 𝑟𝑖 and BS can be expressed as

Y𝑆𝑖,𝑟𝑗 = √𝐸𝑠ℎ𝑆𝑖,𝑟𝑗X𝑆𝑖 + n𝑟𝑗,

Y𝑆𝑖,𝐷 = √𝐸𝑠ℎ𝑆𝑖,𝐷X𝑆𝑖 + n𝐷,
(1)

where 𝐸𝑠 is the transmitting power and Y and X are the
received and transmitted channel codeword respectively.
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ℎ𝑆𝑖,𝑟𝑗 and ℎ𝑆𝑖,𝐷 capture the effects of frequency nonselective
block fading from 𝑆𝑖 to 𝑟𝑗 and BS, respectively, which are
modelled as zero-mean, independent, circular-symmetric
complex Gaussian random variables with variances 𝜎

2

𝑆𝑖,𝑟𝑗

and 𝜎
2

𝑆𝑖,𝐷
. n𝑟𝑗 and n𝐷 capture the effect of AWGN and are

modelled as zero-mean complex Gaussian random variables
with variance 𝑁0. Suppose the channel state information is
available only at the receivers for all the links. Similar to
[14], the perfect channel coding is assumed and FFNC is
implemented on top of it. In BC phase, if 𝑟𝑗 successfully
extracts I𝑖 from Y𝑆𝑖,𝑟𝑗, it will code them as C𝑗 and convert it
into X𝑟𝑗 for the transmission. Thus there are in total𝑀 + 𝑁

time slots (TSs) consumed by all sources and relays. Due
to the broadcast property of the wireless medium, when 𝑟𝑗

transmits, all the other relays also receive the corresponding
codeword, so the received signals at BS and 𝑟𝑖 can be written
as

Y𝑟𝑗,𝐷 = √𝐸𝑠ℎ𝑟𝑗,𝐷X𝑟𝑗 + n𝐷

Y𝑟𝑗,𝑖 = √𝐸𝑠ℎ𝑟𝑗,𝑖X𝑟𝑗 + n𝐷, 𝑖 ̸= 𝑗.

(2)

The core of FFNC in [14] is the transfer matrix K, which is
expressed as

K = (U,G1,G2, . . . ,G𝑁)

= (

1 0 ⋅ ⋅ ⋅ 0 𝛾1,1 𝛾1,2 ⋅ ⋅ ⋅ 𝛾1,𝑁
0 1 ⋅ ⋅ ⋅ 0 𝛾2,1 𝛾2,2 ⋅ ⋅ ⋅ 𝛾2,𝑁
... ⋅ ⋅ ⋅

... ⋅ ⋅ ⋅
...

0 0 ⋅ ⋅ ⋅ 1 𝛾𝑀,1 𝛾𝑀,2 ⋅ ⋅ ⋅ 𝛾𝑀,𝑁

)
(3)

U is the global encoding kernels (GEKs) of direct
transmission corresponding to 𝑆1, 𝑆2, . . . , 𝑆𝑀. G𝑖 =

[𝛾1,𝑖, 𝛾2,𝑖, . . . , 𝛾𝑀,𝑖]
𝑇 is the GEK of 𝑟𝑖, which reflects the

linear relation between the outgoing codeword and input
information by C𝑖 = I ⋅ G𝑖, where I = [I1, I2, . . . , I𝑀]
represents the source messages originating at 𝑆1, 𝑆2, . . . , 𝑆𝑀.
Note that 𝛾𝑖,𝑗 is normally in a finite field (Galois field)
GF(|𝐴|), where |𝐴| ≥ 𝑀 + 𝑁 + 1 is the alphabet size. Thus,
BS will receive𝑀 + 𝑁 signals from𝑀 sources and 𝑁 relays
in total. By exploiting the generator matrix of MDS codes as
K, any𝑀 out of𝑀+𝑁 columns is nonsingular [14], so I can
be recovered by any𝑀 simultaneous equations.

3.2. Scheme Description. We name the proposed scheme as
RO-FFNC. Denote 𝐿 𝑖 as the number of outage links at 𝑟𝑖.
Define the index sets of the available and unavailable relays
asΦ𝑎 andΦ𝑢, respectively, whereΦ𝑎 = {𝑖 | 𝐿 𝑖 = 0}, Φ𝑢 = Φ𝑎.
The scheme consists of the following steps.

(1) InMA phase, 𝑆𝑖 broadcasts the codewordX𝑖 at the 𝑖th
TS, 𝑖 = 1, . . . ,𝑀.

(2) Each relay decodes the received Y𝑖 and counts 𝐿𝑗, 𝑗 =
1, . . . , 𝑁. If𝐿𝑗 = 0, then 𝑗 is included inΦ𝑎, otherwise,
it is included intoΦ𝑢.

(3) For each 𝑗 ∈ Φ𝑎, 𝑟𝑗 codes converts C𝑗 into X𝑗 for
transmission. After that, 𝑗 is deleted from Φ𝑎.

BS

S1

S2

SM

r1

r2

rN

... ...

(a) Multiple access phase

BS

S1

S2

SM

r1

r2

rN

... ...

(b) Broadcast phase

Figure 1: System model of multiple-source multiple-relay NC
network.

(4) When 𝑟𝑗 is transmitting, for each 𝑖 ∈ Φ𝑢, 𝑟𝑖
keeps listening and trying to decode Y𝑟𝑗,𝑖; if C𝑗 is
successfully extracted, then 𝐿 𝑖 = 𝐿 𝑖 − 1.

(5) If 𝐿 𝑖 = 0, then 𝑖 is removed from Φ𝑢 to Φ𝑎. 𝑟𝑖 can
recover I by the following𝑀 simultaneous equations:

I𝑏 = I𝑏
...

𝛾1,𝑗I1 + 𝛾2,𝑗I2 + ⋅ ⋅ ⋅ + 𝛾𝑀,𝑗I𝑀 = C𝑗, 𝑗 ∈ Φ𝑎,

(4)

where 𝑏 is the index number of the sources whose
information is successfully received by 𝑟𝑖 at MA
phase.

(6) If Φ𝑎 ̸= 𝜙, go to Step (2). Otherwise, for each 𝑖 ∈

Φ𝑢, 𝑟𝑖 keeps silent in BC phase and the algorithm
terminates.

4. Performance Analysis

The outage probability of the link between 𝑆𝑖 and 𝑟𝑗 can be
expressed as

𝑃𝑆𝑖,𝑟𝑗 = Pr (𝐼𝑆𝑖,𝑟𝑗 < 𝑅) = 1 − exp (−𝜆𝑆𝑖,𝑟𝑗𝛽) , (5)

where 𝐼𝑆𝑖,𝑟𝑗 = log(1+|ℎ𝑆𝑖,𝑟𝑗|
2
𝜌)/2(𝑀+𝑁) is the instantaneous

mutual information between Y𝑆𝑖,𝑟𝑗 and X𝑆𝑖,𝑟𝑗 and 𝜌 = 𝐸𝑠/𝑁0
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is the signal-to-noise ratio (SNR). The factor 1/(𝑀 + 𝑁) is
caused by the fact that the total transmission time is shared
by 𝑀 + 𝑁 TS. 𝛽 = (2

2(𝑀+𝑁)𝑅
− 1)/𝜌, 𝜆𝑆𝑖,𝑟𝑗 = 1/𝜎

2

𝑆𝑖,𝑟𝑗
is

the parameter of |ℎ𝑆𝑖,𝑟𝑗|
2, which is exponentially distributed.

For simplicity, we examine the outage performance of the
proposed RO-FFNC in the symmetric network of𝑀 = 𝑁 =

2. The closed form of outage probability as well as the full
diversity probability is derived and compared with the ones
of FFNC.

The outage probability of RO-FFNC can be expressed as

𝑃
RO-FFNC
𝑜

=

2

∑

𝑖=0

𝑃o|𝑤Pr (𝑤 = 𝑖) , (6)

where 𝑤 represents the number of the relays who transmit
signals and 𝑃𝑜|𝑤 denotes the conditional outage probability
of the system. 𝑤 = 0 means no relay transmission, so the
probability is

Pr (𝑤 = 0) =

2

∏

𝑖=1

Pr (𝐿 𝑖 ̸= 0)

=

2

∏

𝑖=1

(1 − Pr (𝐼𝑆1,𝑟𝑖 > 𝑅)Pr (𝐼𝑆2,𝑟𝑖 > 𝑅))

=

2

∏

𝑖=1

(1 − exp(−
2

∑

𝑗=1

𝜆𝑆𝑗,𝑟𝑖𝛽)) .

(7)

For 𝑤 = 1, let 𝑖, 𝑗 ∈ {1, 2}, 𝑖 ̸= 𝑗, so the set can be expressed
as {𝑤 = 1} = {𝑖 ∈ Φ𝑎, 𝐿𝑗 = 2} ∪ {𝑖 ∈ Φ𝑎, 𝐿𝑗 = 1, 𝐼𝑟𝑖,𝑗 < 𝑅}.
{𝑖 ∈ Φ𝑎, 𝐿𝑗 = 2} denotes the events when 𝑟𝑖 is available for
transmission, but it is not sufficient to recover 𝑟𝑗, where both
two source-relay links are in outage. {𝑖 ∈ Φ𝑎, 𝐿𝑗 = 1, 𝐼𝑟𝑖,𝑗 <

𝑅} denotes the event when 𝑟𝑗 failed to be recovered because
of the link outage between it and 𝑟𝑖. These two probabilities
can be expressed as

Pr (𝑖 ∈ Φ𝑎, 𝐿𝑗 = 2)

= Pr (𝐼𝑆1,𝑟𝑖 > 𝑅)Pr (𝐼𝑆2,𝑟𝑖 > 𝑅)

× Pr (𝐼𝑆1,𝑟𝑗 < 𝑅)Pr (𝐼𝑆2,𝑟𝑗 < 𝑅)

= exp(−
2

∑

𝑘=1

𝜆𝑆𝑘,𝑟𝑖𝛽)

×

2

∏

𝑘=1

(1 − exp(−
2

∑

𝑘=1

𝜆𝑆𝑘,𝑟𝑗𝛽))

(8)

Pr (𝑖 ∈ Φ𝑎, 𝐿𝑗 = 1, 𝐼𝑟𝑖,𝑗 < 𝑅)

= 𝐶
1

2
Pr (𝐼𝑆1,𝑟𝑖 > 𝑅)Pr (𝐼𝑆2,𝑟𝑖 > 𝑅)

⋅ Pr (𝐼𝑆1,𝑟𝑗 < 𝑅)Pr (𝐼𝑆2,𝑟𝑗 > 𝑅)Pr (𝐼𝑟𝑖,𝑗 < 𝑅)

= 2 exp(−(
2

∑

𝑘=1

𝜆𝑆𝑘,𝑟𝑖 +𝜆𝑆2,𝑟𝑗)𝛽)

× (1 − exp (−𝜆𝑆1,𝑟𝑗𝛽)) (1 − exp (−𝜆𝑟𝑖,𝑗𝛽)) .

(9)

The factor 𝐶1
2
is due to the reciprocity of 𝐼𝑆1,𝑟𝑗 and 𝐼𝑆2,𝑟𝑗. With

(8)-(9), Pr(𝑤 = 1) can be written as

Pr (𝑤 = 1) = 𝐶
1

2
(Pr (𝑖 ∈ Φ𝑎, 𝐿𝑗 = 2)

+Pr (𝑖 ∈ Φ𝑎, 𝐿𝑗 = 1, 𝐼𝑟𝑖,𝑗 < 𝑅)) ,
(10)

where𝐶1
2
is due to the reciprocity of 𝑖 and 𝑗. Similarly, for𝑤 =

2, there is {𝑤 = 2} = {𝑖, 𝑗 ∈ Φ𝑎} ∪ {𝑖 ∈ Φ𝑎, 𝐿𝑗 = 1, 𝐼𝑟𝑖,𝑗 > 𝑅}.
{𝑖, 𝑗 ∈ Φ𝑎} denotes the events when there is no source-relay
link in outage at both 𝑟𝑖 and 𝑟𝑗, and {𝑖 ∈ Φ𝑎, 𝐿𝑗 = 1, 𝐼𝑟𝑖,𝑗 >

𝑅} denotes the events when one link experiences outage at
𝑟𝑗 but is recovered by exploiting the transmission of 𝑟𝑖. The
probabilities can be expressed, respectively, as

Pr (𝑖, 𝑗 ∈ Φ𝑎) =
2

∏

𝑖=1

2

∏

𝑗=1

Pr (𝐼𝑆𝑖,𝑟𝑗 > 𝑅)

= exp(−
2

∑

𝑖=1

2

∑

𝑗=1

𝜆𝑆𝑖,𝑟𝑗𝛽) ,

(11)

Pr (𝑖 ∈ Φ𝑎, 𝐿𝑗 = 1, 𝐼𝑟𝑖,𝑗 > 𝑅)

= 𝐶
1

2
Pr (𝐼𝑆1,𝑟𝑖 > 𝑅)

× Pr (𝐼𝑆2,𝑟𝑖 > 𝑅) ⋅ Pr (𝐼𝑆1,𝑟𝑗 < 𝑅)

× Pr (𝐼𝑆2,𝑟𝑗 > 𝑅)Pr (𝐼𝑟𝑖,𝑗 > 𝑅)

= 2 exp(−(
2

∑

𝑘=1

𝜆𝑆𝑘,𝑟𝑖 + 𝜆𝑆2,𝑟𝑗 + 𝜆𝑟𝑖,𝑗)𝛽)

⋅ (1 − exp (−𝜆𝑆1,𝑟𝑗𝛽)) ,
(12)

Pr (𝑤 = 2) = 𝐶
1

2
Pr (𝑖 ∈ Φ𝑎, 𝐿𝑗 = 1, 𝐼𝑟𝑖,𝑗 > 𝑅)

+ Pr (𝑖, 𝑗 ∈ Φ𝑎) .
(13)

Substitute (11)-(12) into (13) and Pr(𝑤 = 2) can be calculated.
At BS, there are 2 + 𝑤 received signals in total if at least

two of them are successfully decoded, I can be recovered;
otherwise, the system experiences outage. With different
values of 𝑤 analyzed above, the corresponding conditional
outage probabilities are given as

𝑃𝑜|𝑤=0 = 1 −

2

∏

𝑖=1

Pr (𝐼𝑆𝑖,𝐷 > 𝑅)

= 1 − exp(−
2

∑

𝑖=1

𝜆𝑆𝑖,𝐷𝛽)
𝜌→∞

≈ 𝜌
−1
2

∑

𝑖=1

𝜆𝑆𝑖,𝐷 (2
2𝑅
− 1) ,

(14)

𝑃𝑜|𝑤=1 =

2

∏

𝑖=1

Pr (𝐼𝑆𝑖,𝐷 < 𝑅) + Pr (𝐼𝑆1,𝐷 < 𝑅)

× Pr (𝐼𝑟𝑘,𝐷 < 𝑅) + Pr (𝐼𝑆2,𝐷 < 𝑅)Pr (𝐼𝑟𝑘,𝐷 < 𝑅)

− 2

2

∏

𝑖=1

Pr (𝐼𝑆𝑖,𝐷 < 𝑅)Pr (𝐼𝑟𝑘,𝐷 < 𝑅)
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=

2

∏

𝑖=1

(1 − exp (−𝜆𝑆𝑖,𝐷𝛽)) + (1 − exp (−𝜆𝑆1,𝐷𝛽))

× (1 − exp (−𝜆𝑟𝑘,𝐷𝛽)) + (1 − exp (−𝜆𝑆2,𝐷𝛽))
× (1 − exp (−𝜆𝑟𝑘,𝐷𝛽))

− 2

2

∏

𝑖=1

(1 − exp (−𝜆𝑆𝑖,𝐷𝛽)) ⋅ (1 − exp (−𝜆𝑆1,𝐷𝛽))

× (1 − exp (−𝜆𝑟𝑘,𝐷𝛽)) (1 − exp (−𝜆𝑆2,𝐷𝛽))

𝜌→∞

≈ 𝜌
−2
2(

2

∑

𝑖=1

𝜆𝑆𝑖,𝐷 + 𝜆𝑟𝑘,𝐷)(2
2𝑅
− 1) ,

(15)

𝑃𝑜|𝑤=2 =

2

∏

𝑖=1

Pr (𝐼𝑆𝑖,𝐷 < 𝑅)
2

∏

𝑗=1

Pr (𝐼𝑟𝑗,𝐷 < 𝑅)

+ Pr (𝐼𝑆1,𝐷 > 𝑅) ⋅ Pr (𝐼𝑆2,𝐷 < 𝑅)
2

∏

𝑗=1

Pr (𝐼𝑟𝑗,𝐷 < 𝑅)

+ Pr (𝐼𝑆1,𝐷 < 𝑅)Pr (𝐼𝑆2,𝐷 > 𝑅) ⋅
2

∏

𝑗=1

Pr (𝐼𝑟𝑗,𝐷 < 𝑅)

+

2

∏

𝑖=1

Pr (𝐼S𝑖,𝐷 < 𝑅)

× Pr (𝐼𝑟1,𝐷 > 𝑅) ⋅ Pr (𝐼𝑟2,𝐷 < 𝑅)

+

2

∏

𝑖=1

Pr (𝐼𝑆𝑖,𝐷 < 𝑅)Pr (𝐼𝑟1,𝐷 < 𝑅)Pr (𝐼𝑟2,𝐷 > 𝑅)

=

2

∏

𝑖=1

(1 − exp (−𝜆𝑆𝑖,𝐷𝛽))
2

∏

𝑗=1

(1 − exp (−𝜆𝑟𝑗,𝐷𝛽))

+ exp (−𝜆𝑆1,𝐷𝛽) ⋅ (1 − exp (−𝜆𝑆2,𝐷𝛽))

×

2

∏

𝑗=1

(1 − exp (−𝜆𝑟𝑗,𝐷𝛽))

+ exp (−𝜆𝑆2,𝐷𝛽) ⋅ (1 − exp (−𝜆𝑆1,𝐷𝛽))

×

2

∏

𝑗=1

(1 − exp (−𝜆𝑟𝑗,𝐷𝛽))

+ exp (−𝜆𝑟1,𝐷𝛽) ⋅ (1 − exp (−𝜆𝑟2,𝐷𝛽))

×

2

∏

𝑖=1

(1 − exp (−𝜆𝑠𝑖,𝐷𝛽))

+ exp (−𝜆𝑟2,𝐷𝛽) ⋅ (1 − exp (−𝜆𝑟1,𝐷𝛽))

×

2

∏

𝑖=1

(1 − exp (−𝜆𝑠𝑖,𝐷𝛽))

𝜌→∞

≈ 𝜌
−3
(

2

∑

𝑖=1

𝜆𝑆𝑖,𝐷

2

∏

𝑗=1

𝜆𝑟𝑗,𝐷

+

2

∑

𝑗=1

𝜆𝑟𝑗,𝐷

2

∏

𝑗=1

𝜆𝑆𝑖,𝐷)(2
2𝑅
− 1) .

(16)

Substituting (7), (10), and (13)–(16) into (6), 𝑃RO-FFNC
𝑜

can be
calculated. According to (14)–(16), it is clear that in high SNR
region, 𝑖+1 diversity order is achieved when𝑤 = 𝑖, 𝑖 = 0, 1, 2.
The full diversity probability in [14] can be expressed as

𝑃full =
𝑁

∏

𝑖=1

Pr (𝐿 𝑖 = 0) =
𝑁

∏

𝑖=1

𝑀

∏

𝑗=1

(1 − 𝑃𝑆𝑖,𝑟𝑗) . (17)

Following this definition, it can be deduced that 𝑃RO-FFNC
full =

Pr(𝑤 = 2) because only when 𝑤 = 2 can the system achieve
the full diversity. Thus, the lower bound of 𝑃RO-FFNC

𝑜
can be

expressed as

𝑃
RO-FFNC
𝐿

= 𝑃
RO-FFNC
full 𝑃𝑜|𝑤=2 (18)

This lower bound tends to be tight as 𝜌 → ∞, because in
high SNR region Pr(𝑤 = 0) and Pr(𝑤 = 1) approximate to 0
and 𝑃RO-FFNC
𝑜

is dominated by 𝑃RO-FFNC
full . For comparison, the

outage probability of FFNC in [14] is also given as:

𝑃
FFNC
𝑜

=

2

∑

𝑖=0

𝑃𝑜|𝑤Pr (𝑤

= 𝑖) , (19)

where 𝑃𝑜|𝑤 = 𝑃𝑜|𝑤, Pr(𝑤

= 0) = Pr(𝑤 = 0),

Pr (𝑤 = 1) = Pr (𝑖 ∈ Φ𝑎, 𝐿𝑗 ̸= 0)

= exp(−
2

∑

𝑖=1

𝜆𝑆𝑖,𝑟1𝛽)(1 − exp(−
2

∑

𝑖=1

𝜆𝑆𝑖,𝑟2𝛽))

+ exp(−
2

∑

𝑖=1

𝜆𝑆𝑖,𝑟2𝛽)(1 − exp(−
2

∑

𝑖=1

𝜆𝑆𝑖,𝑟1𝛽))

(20)

Pr (𝑤 = 2) = Pr (𝑖, 𝑗 ∈ Φ𝑎)

= exp(−
2

∑

𝑖=1

2

∑

𝑗=1

𝜆𝑆𝑖,𝑟𝑗𝛽) .

(21)

Substituting these equations into (19), 𝑃FFNC
𝑜

can be calcu-
lated. Similarly, there is 𝑃FFNC

full = Pr(𝑤 = 2) and the
corresponding lower bound can be also written as 𝑃FFNC

𝐿
=

𝑃
FFNC
full 𝑃𝑜|𝑤=2. Comparing 𝑃

FFNC
𝐿

and 𝑃
RO-FFNC
𝐿

, it can be
deduced that

𝑃
RO-FFNC
full = 𝑃

FFNC
full + 𝐶

1

2
(Pr (𝑖 ∈ Φ𝑎, 𝐿𝑗 = 1, 𝐼𝑟𝑖,𝑗 > 𝑅)

> 𝑃
FFNC
full

(22)

This result indicates that RO-FFNC has more opportunities
to access full diversity compared with FFNC. With this
inequality, it is easy to conclude that 𝑃RO-FFNC

𝑜
< 𝑃

FFNC
𝑜

by
comparing (6) and (19).

5. Numerical Results

In this section, the proposed RO-FFNC is compared with
FFNC in terms of outage probability by theMonte-Carlo sim-
ulations. The results are also compared with the theoretical
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Figure 2: Full diversity probability comparisons when𝑀 = 2, 4, 6,
𝑁 = 2.
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Figure 3: Full diversity probability comparisons when𝑁 = 2, 4, 6,
𝑀 = 2.

results deduced in Section 4. The simulation parameters are
as follows: simulation length is set as 100 million times per
point. The channel is nonfrequency-selective Rayleigh block
fading model. Assuming the reference distance is 𝑑ref = 5m,
𝜆ref = 0.25. Large-scale loss model is established as 𝜎2/𝜎2ref =
(𝑑ref/𝑑)

𝜑
= 𝜆ref/𝜆, where 𝜑 = 3.5 (typical urban) is the

path loss factor. All the nodes are located in a symmetric
network with 𝑑𝑆𝑗,𝐷 = 30m, 𝑑𝑆𝑖,𝑟𝑗 = 𝑑𝑟𝑗,𝐷 = 15m, and
𝑑𝑟𝑖,𝑗 = 5m. Each node transmits at identical rate 𝑅 = 0.1

with the same transmission power and 1/(𝑀 + 𝑁) channel
degree of freedom.

Figure 2 depicts the full diversity probability comparisons
of RO-FFNC and FFNC when 𝑀 = 2, 4, 6 and 𝑁 = 2.
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Figure 4: Impact of the source number on the full diversity
probability when SNR = 16 dB.

As is shown, for both compared algorithms, 𝑃full decreases
when the source number𝑀 grows.This is reasonable because
more signals are required to be successfully decoded simul-
taneously at relay. Obviously, there are always 𝑃RO-FFNC

full >

𝑃
FFNC
full under the same 𝑀. Besides, all the 𝑃full tend to 1

with the increase of SNR, while 𝑃RO-FFNC
full grows more rapidly

than 𝑃FFNC
full . This result corresponds well with the analysis in

Section 4 and indicates that RO-FFNC outperforms FFNC in
the chance to attain full diversity.

Figure 3 shows the full diversity probability comparisons
when𝑁 = 2, 4, 6 and𝑀 = 2 is alternately fixed. For FFNC,
the growth of relay number𝑁 leads to the decrease of 𝑃FFNC

full ,
because more relays are required to decode successfully.
However, for RO-FFNC, it is interesting that 𝑃RO-FFNC

full do not
drop similarly; on the contrary, when SNR > 4 dB, it shows
that 𝑃RO-FFNC

full increases with the growth of relay number 𝑁,
which is caused by the diffusion effect, because the more
relays exist, the more interrelay links can be exploited to
recover the outage ones. This merit indicates that for the
network with RO-FFNC, it is an efficient method to improve
the diversity order by simply increasing the relay number,
while for FFNC, this will lead to the decrease of 𝑃FFNC

full , so
the efficiency suffers loss.

Figure 4 is the impact of the source number on the full
diversity probability when SNR = 16 dB. For both compared
algorithms, although the increase of source number leads to
the drop of 𝑃full, it is obvious that 𝑃

FFNC
full suffers more loss.

For example, when 𝑃full = 0.5 and 𝑁 = 2, FFNC only
support 6 sources, while for RO-FFNC, 9 sources can be
served. Another observation is that when 𝑁 increases from
2 to 4 and 6, 𝑃FFNC

full decreases greatly, while on the contrary,
𝑃
RO-FFNC
full achieves some improvement. This result is also due

to the diffusion effect, so it also verifies the superior of RO-
FFNC in the multiple-source multiple-relay network.
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Figure 5: Outage probability comparisons for𝑀 = 𝑁 = 2.
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Figure 6: Outage probability comparisons for𝑀 = 2,𝑁 = 4.

Figures 5–7 depict the outage probability comparisons
for 𝑀 = 2, 𝑁 = 2, 4, and 6, respectively. The outage of
conventional binary NC is also shown as the baseline. In
Figure 5, the closed-form outage probabilities of RO-FFNC
and FFNC are also presented, as well as the corresponding
lower bounds. It demonstrates that the theoretical curves
essentially overlap the simulation results, and RO-FFNC
outperforms FFNC by about 1.5 dB. Besides, the lower bound
of RO-FFNC tends to be tight as SNR increases, and is always
beyond the one of FFNC, which verifies that 𝑃RO-FFNC

full >

𝑃
FFNC
full .
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Figure 7: Outage probability comparisons for𝑀 = 2,𝑁 = 6.
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Figure 8: Outage probability comparisons for𝑀 = 4,𝑁 = 2.

Figures 5–7 also show the achieved diversity order by the
compared schemes. It can be observed from the curve slope
that binary NC always achieves a constant diversity order of 2
when𝑁 > 1, which had been proved in [14]. Compared with
it, RO-FFNC and FFNC both attain the full diversity order
of 𝑁 + 1. Besides, the relative gain of RO-FFNC over FFNC
grows to 2.5 dB and 3.5 dB, respectively, in Figures 6 and 7.
This improvement is achieved simply by the growth of𝑁, and
correspondswell with the analysis in Section 4 and the results
in Figures 2–4.

Figure 8, Figure 9, and Figure 10 show the simulations
of outage probability comparisons for 𝑀 = 4, 𝑁 = 2, 4,
and 6, respectively. The situations are similar to the ones
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Figure 9: Outage probability comparisons for𝑀 = 4,𝑁 = 4.
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Figure 10: Outage probability comparisons for𝑀 = 4,𝑁 = 6.

in Figures 5–7. Although the growth of 𝑀 deteriorates the
outage performance, RO-FFNC is still able to supply full
diversity. Moreover, the relative gain over FFNC becomes
more considerable.

6. Conclusion

In this paper, we have proposed an RO algorithm based on
the FFNC to improve the system outage performance for the
multiple-source multiple-relay WSN. We have demonstrated
that the proposed scheme can supply more opportunities
for all the sources to access full diversity order. Besides,
the outage probability and the corresponding full diversity
probability of the proposed scheme have been deduced and

compared with the ones of FFNC when 𝑀 = 𝑁 = 2.
Simulations corresponded well with the theoretical result,
and demonstrated that the proposed scheme is superior
to FFNC with a variety of numbers of sources and relays.
Besides, we also have verified that the diffusion effect of the
RO-FFNC indeed improves the full diversity probability by
simply increasing the relay number.This advantagemakes the
scheme very suitable for the multiple-relay WSN.
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Frame synchronization time of geostationary Earth orbit (GEO) satellites is faster than that of incline geosynchronous satellite orbit
and medium Earth orbit satellites in Beidou navigation satellite system (BDS). So time to first fix can be reduced greatly with GEO
satellites (GEOs) to provide emergency positioning service during the cold start process. Meanwhile, GEOs can also be utilized to
provide radio determination satellite services. Therefore, it is meaningful to research the emergency positioning algorithm based
on GEOs. However, due to the poor geometry of the GEOs, the availability and accuracy degrade distinctly. To solve this problem,
a low-cost high resolution MS5534B barometric (baro-) module is applied to BDS. Firstly, the principle of emergency positioning
based on a baro-altimeter sensor and its performance such as the accuracy are elaborated.Then the effects of baro-altimeter sensor
measurement error on positioning are analyzed. Finally, after analyzing the limitation of the conventional algorithms, a new high-
accuracy emergency positioning algorithm with baro-altimeter sensor aiding is proposed, which is not limited by the integration
and user’s altitude. In comparison to the conventional algorithms, the stimulant and experimental results validate the effectiveness,
robustness, and higher performance of the proposed algorithms incorporated with sensors.

1. Introduction

Beidou-2 regional satellite navigation system (BDS) has been
providing accurate and continuous three-dimensional (3-
D) position, communication, and time services since 27th,
December, 2012. However, in the typical urban environment,
the signal blockage caused by the tall buildings reduces the
satellite availability and deteriorates the observation geome-
try, with the extreme case being solution unavailability [1].
Even if the number of visible satellites is more than four, the
geometry is poor; it is still unable to obtain the correct posi-
tioning result. To overcome the system weakness, a method
that combines BDS with sensors or pseudolites can be
adopted to provide emergency positioning service [2]. For
BDS, the emergency positioning is of great significance for
increasing the availability of radio navigation satellite system
(RNSS) and radio determination satellite system (RDSS).

Among the three types of satellite in RNSS navigation
subsystem, the geostationary Earth orbit (GEO) satellite has
two conspicuous features compared to inclined geosynchro-
nous satellite orbit (IGSO) and medium Earth orbit (MEO)

satellites. The first is that the coverage region is fixed and
the satellites are always visible in most of the Asian Pacific
region. The second is that the broadcasted D2 navigation
message rate is 10 times of the rate of D2 navigation message
broadcasted by MEO/IGSO, and its rate can reach up to
500 bps [3]. That is, in the same condition, the frame syn-
chronization time of the navigation message is 10.8 seconds
shorter than that of MEO/IGSO. Therefore, for the user in
Asian Pacific region, when in the cold start situation, the
acquisition strategy which takes GEO satellite as the first
acquisition satellites can reduce the time to first fix time
(TTFF) by about 10 seconds. Here, the precondition is that
the emergency positioning must be used so as to overcome
the influences of the poor geometry of the GEO constellation
on the positioning accuracy result.

RDSS navigation subsystem is the inheritance and devel-
opment of the Beidou-1 positioning system, and it is an active
positioning system consisting of five GEO satellites which
are shared by RNSS. Nonetheless, due to the disadvantages
of poor disguising, limited service area, and large error
geometric coefficient, the application scope of the system
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are strongly limited. To overcome the defect of the active
positioning system, many kinds of emergency positioning
methods have been proposed in recent years. In literatures
[4, 5], a positioning method is proposed by combining
the Beidou three satellites with other navigation system.
Compared to a single system, the dilution of precision (DOP)
and positioning accuracy are both improved. In literature
[6], a new scheme is proposed by applying two pseudo-
lites to augment RDSS, and an optimum distribution in
the augmentation condition with two pseudolites is given.
However, due to the sight distance, its operational domain
is limited in order to guarantee the positioning accuracy.
In literature [7], a hyperbola positioning system solution
was proposed by adding intersatellite signal transmission
links to realize intersatellite differential. Since the positioning
error is amplified, the modification of the system and the
receiver is large. Further, based on the method of GPS baro-
altimeter altitude aiding [8], an improved passive positioning
algorithm is proposed by combining Beidou three satellites
and barometric altitude observation equation [9, 10]. The
coverage area of this scheme is wider than that of pseudolites,
and it has the advantage to overcome the problem that the
visible satellites are not enough due to high mask angle.

Even now, previous research still has some shortcomings
as follows. (1) The pseudorange error and altitude error are
always not complying with the same distributions, which will
influence the reliability of positioning accuracy evaluation.
(2) There is some linear error between the initial model and
the altitude observation model obtained by Taylor expansion
about the approximate position. (3)The emergency position-
ing algorithm based on the conventional observation models
has limitation of being unable to compute the position fix
when the user’s altitude exceeds over about 3.6𝑒7m and there
are more than 3 GEO satellites in the integration. (4) The
lack of GEO satellite number is not the essential reason of
unavailability, and the emergency positioning is also needed
even if the number of visible GEO satellites is more than
three in BDS. However, the literatures above only considers
the situation of three satellites in the integration. In terms of
the integration of GEO satellites with 4 or 5 GEO satellites,
the performance of the conventional aiding algorithm will
change, even reduce, which will be discussed below.

It is of significant practical interest, therefore, to enhance
the accuracy and availability of GEO-based RDSS and RNSS
subsystem using an external source of baro-altimeter sensor’s
altitude information in emergency environment. The objec-
tive of the work presented here is to introduce a novel station-
centric-intersection emergency positioning algorithm by
incorporating a proposed error-free altitude observation
model into the basic GEO measurement equation set and
weighting of pseudorange and baro-altimeter measurements,
instead of the conventional algorithms. We show that
improvements of the accuracy, availability, and robustness
can be achieved with the proposed algorithm proposed. This
paper is organized as follows. In Section 2, GEO satellites
and baro-altimeter sensor integration principle is elaborated,
along with the sensor accuracy budget. Section 3 analyzes the
modeling error of the three conventional altitude observation

models and proposes an accurate altitude observationmodel.
Section 4 introduces how the altitude observation constraint
can be incorporated into the basic equation for the set of BDS
GEO measurements and demonstrates its contribution to
emergency positioning accuracy. Section 5 presents the per-
formance (as measured by coverage characteristic, accuracy,
and robustness) of the algorithm proposed with simulation
and observation data, in comparison to the conventional
algorithm, along with the estimation of GEO user equivalent
range error (UERE). Finally, Section 6 presents the conclu-
sions and future work.

2. GEO Satellites and Baro-Altimeter Sensor
Integration Principle and Accuracy Budget

2.1. GEO Satellites and Baro-Altimeter Sensor Integration Prin-
ciple. RDSS navigation subsystem is a transmitting navi-
gation system consisting of ground measuring and con-
trol center (MCC), calibration system, GEO satellites, and
user receiver. The GEO satellite retransmits the outbound
signal generated from MCC to the coverage area, and the
user receiver measures the pseudorange by calculating the
propagation delay of the signal transmitted from MCC to
the receiver to computer the position fix in the passive
locationmode.Therefore, the receivermustmake at least four
pseudorange measurements to satellites.

Consider

𝜌𝑖 =
√(𝑥𝑖 − 𝑥𝑢)

2
+ (𝑦𝑖 − 𝑥𝑢)

2
+ (𝑧𝑖 − 𝑧𝑢)

2
+ 𝑐𝑡𝑢 + 𝜀𝑖,

(1)

where 𝜌𝑖 is the pseudorange measurement from the receiver
to the 𝑖th (𝑖 ≥ 4) satellite; (𝑥𝑖, 𝑦𝑖, 𝑧𝑖) is the unknown 3D
position in ECEF coordinates when the pseudorange mea-
surement was taken; 𝑐 is the speed of light; 𝑡𝑢 is the receiver
clock offset; and 𝜀𝑖 is the pseudorange measurement error.

In the canyon or high-rise building environment, due
to the signal blockage or the limitation of beam coverage,
the phenomenons that less than four satellites are available
and the current geometry of satellites is poor often occur.
As a result, the direction cosine matrix is rank deficient or
singular, which leads to a failure of computing the position
fix. A method using additional information from an external
source can be adopted to obtain one or two unknown
components of the user’s position. In principle, it is equivalent
to adding one or two available satellites in the constellation,
and therefore, the emergency position fix can be realized.
Generally, eliminating the unknown local clock error or the
unknown altitude in geodetic coordinate reference frame is
the twomethods that could be used.However, eliminating the
local clock error needs strict time synchronization between
the user receiver and BDT, which is very difficult in engineer-
ing. In addition, if the 3Dunknownposition could be reduced
to 2D, the problem can be solved. In terms of the 3D position
components, the vertical one could be obtained relatively
easy, which can be obtained from a baro-altimeter sensor.
Since a baro-altimeter sensor is not limited by the region
and geographic position, the availability is complemented
and improved, and the application scope is wide. Figure 1
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Figure 1: Emergency positioning principle based on 5GEO satellites
and baro-altimeter sensor in BDS.

illustrates the emergency positioning principle, and (2) gives
the measured baro-altimeter altitude equation in BDS.

Consider

ℎ = 𝑓 (𝑥𝑢, 𝑦𝑢, 𝑧𝑢) + 𝜀ℎ, (2)

where ℎ is the geodetic height in China geodetic coordinate
system 2000 (CGCS2000) from the measured baro-altimeter
altitude [11], 𝑓(𝑥𝑢, 𝑦𝑢, 𝑧𝑢) is the altitude observation model,
𝜀ℎ is the error in measured baro-altimeter altitude after it has
been calibrated. To simplify the analysis, here, ℎ is assumed
to have calibrated all the modeling error sources, such as the
height difference between the mean sea level and the geoid
[12].

2.2. Accuracy Budget of Baro-Altimeter Sensor. Similar to the
pseudorange measurement, the baro-altimeter altitude mea-
surement is also corrupted by errors. From user’s point of
view, what they are concerned with is that in the emergency
positioning, which kind of effect the baro-altimeter altitude
error will bring to the positioning accuracy. That is, it is
necessary to consider whether the specification of the baro-
altimeter can meet the system accuracy requirement.

Thus, according to the model provided in [12], the effects
of the error 𝜀ℎ on the positioning error is figured out with
the integration of three GEO satellites with a baro-altimeter
sensor, as shown in Figure 2.

Given the user geodetic coordinates (𝜑, 𝜆, ℎ), Figure 2(a)
shows the variation of the horizontal positioning error and
vertical positioning error with the baro-altimeter altitude
error 𝜀ℎ, at 𝜑 = 15

∘N, 𝜑 = 35
∘N, and 𝜑 = 55

∘N, respectively,
while the longitude 𝜆 and the altitude ℎ keep constant,
𝜆 = 110

∘E, ℎ = 10m. It can be seen that the horizontal
positioning error ismonotonously increasingwith𝜎ℎ, and the
larger the latitude, the bigger the horizontal positioning error.
Nonetheless, the vertical positioning error is proportional
to 𝜎ℎ, with the slope 𝑘slope = 1 and is independent on 𝜆.
Therefore, in the emergency positioning, the error of the

baro-altimeter altitude sensor will directly affect the user
positioning accuracy. For example, assuming that the user is
located at (35∘N, 110∘E, and 100m), to meet the requirement
of the horizontal positioning error of 100m and the vertical
positioning error of 10m, the measured altitude error must
be smaller than 54.9m.

There are various types of baro-altimeter altitude sensor
products, and the series products based on MEMS technol-
ogy are widely used in personal navigation devices, such
as the MS5534B and MS5607-02BA03. As the temperature
compensation algorithm and filtering algorithm are used, the
effects of the temperature variation and barometric turbu-
lence are reduced, and the measurement accuracy is remark-
ably increased. Further, test result shows that under nomi-
nal standard atmospheric conditions, the average standard
deviation of relative altitude measurement with MS5534B is
0.2m [13], which completely fulfils the accuracy requirement
in emergency positioning [14]. Figure 2(b) shows a product
picture of MS5607-02BA [15].

3. Altitude Observation Model

3.1. Error Analysis and Limitation of Conventional Altitude
Observation Model. When less than four pseudorange mea-
surements are available, (1) cannot be solved to accom-
plish position fix. According to the aided principle, if the
baro-altimeter altitude observation equation (2) is added
to the basic GEO measurement equation; theoretically, the
unknown user position and clock error can be solved. How-
ever, the geodetic height ℎ is an independent parameter in
geodetic coordinate reference frame, and the unknowns 𝑥𝑢,
𝑦𝑢, and 𝑧𝑢 in (1) are three independent parameters in ECEF.
Obviously, the two coordinate systems are not orthogonal
to each other. Thus, ℎ is dependent on 𝑥𝑢, 𝑦𝑢, and 𝑧𝑢,
simultaneously. In other words, the effects of the error of ℎ are
not only on vertical accuracy itself, but also are on the hori-
zontal accuracy.Therefore, how tomodel the measured baro-
altimeter altitude accurately is the key point. Conventional
observation models have been proposed for the measured
baro-altimeter altitude, but due to using approximations for
various reasons, the modeling error is induced, which would
affect the performance of the algorithm. For simplification,
this paper focuses on three models adopted in many papers,
which are described as follows.

3.1.1. Approximate Ellipsoid Model. Figure 3(a) depicts the
first conventional model called approximate ellipsoid model,
which is adopted in many papers. In the figure, 𝑎 and 𝑏 are,
respectively, the semimajor axis and the semiminor axis of
the Earth ellipsoid, while Δ𝑎 and Δ𝑏 are, respectively, the
semimajor axis variation and the semiminor axis variation of
the approximate ellipsoid compared to the reference ellipsoid.
Assume that 𝑃1(𝑥1, 𝑦1, 𝑧1) is one point in reference ellipsoid,
and 𝑃2(𝑥𝑢, 𝑦𝑢, 𝑧𝑢) is the user position point of which the
geodetic height is ℎ. The relationship between 𝑃1 and 𝑃2 is
that 𝑃2 lies above the reference ellipsoid at an altitude ℎ in
the direction of the ellipsoid normal at the user’s receiver that
passes𝑃1 point.Nonetheless, the approximate ellipsoidmodel
considers the user position point𝑃2 is located on the ellipsoid
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that meets the condition Δ𝑎 = Δ𝑏 = ℎ, which can be
expressed as

1 =
(𝑥𝑢)
2

(𝑎 + ℎ)
2
+

(𝑦𝑢)
2

(𝑎 + ℎ)
2
+

(𝑧𝑢)
2

(𝑏 + ℎ)
2
, (3)

where ℎ is an unknown parameter; (𝑥𝑢, 𝑦𝑢, 𝑧𝑢) is an unknown
position vector; However, 𝑃2 is truly located on the curved
surface which is formed by all the points that have the
same height ℎ above the reference ellipsoid, denoted as 𝑆1.
Therefore, the coordinates solved by (3) is the approximation
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Figure 4: (a) Earth-centered fictitious satellite model. (b) 𝜃 of the Earth-centered fictitious satellite model at different latitude 𝜑 and longitude
𝜆 when ℎ = 100m.

for 𝑃2. That is to say, the model in (3) includes modeling
errors. Furthermore, to evaluate the effect of the error, assume
that there is ℎ

 that meets the ellipsoid equation in (4).
Consider the geometric constraint relationship of 𝑃2 and
𝑃1, given (𝑥𝑢, 𝑦𝑢, 𝑧𝑢), and the following equations can be
obtained:

1 =
𝑥
2

𝑢

(𝑎 + ℎ)
2
+

𝑦
2

𝑢

(𝑎 + ℎ)
2
+

𝑧
2

𝑢

(𝑏 + ℎ)
2
, (4)

X𝑢 = [

[

𝑥𝑢
𝑦𝑢
𝑧𝑢

]

]

= FX1 =
[
[
[
[
[

[

1 +
ℎ

𝑢𝑎2
0 0

0 1 +
ℎ

𝑢𝑎2
0

0 0 1 +
ℎ

𝑢𝑏2

]
]
]
]
]

]

[

[

𝑥1
𝑦1
𝑧1

]

]

,

(5)

Δℎ = ℎ

− ℎ = 𝑓𝑒 (𝑥1, 𝑦1, 𝑧1) , (6)

where ℎ
 is an unknown parameter, and (𝑥𝑢, 𝑦𝑢, 𝑧𝑢) is a

known position vector. X1 and X𝑢 in (5) are the column
vectors of 𝑃1 and 𝑃2, respectively. F depicts the relationship
between 𝑃1 and 𝑃2, which is a diagonal matrix, and 𝜇 is the
norm of vector (𝑥1/𝑎

2
, 𝑦1/𝑎
2
, 𝑧1/𝑎
2). Given (𝑥𝑢, 𝑦𝑢, 𝑧𝑢) in (4),

by combining (4) and (5), the characteristic ofmodeling error
Δℎ can be obtained, as shown in Figure 4.

Figure 3(b) depicts Δℎ at different geodetic height ℎ. To
obtain the maximummagnitude of the error Δℎ, 𝜃 is defined,
to go through all position points of 𝑃1 on the reference
ellipsoid, by using the parametrizations 𝑥2 + 𝑦

2
= 𝑎
2cos2(𝜃)

and 𝑧
2
= 𝑏
2sin2(𝜃). Figure 3(c) shows the variation of the

modeling error Δℎ with geodetic height ℎ. Here, at each ℎ,
Δℎ is the maximum modeling error value over all the 𝜃. It
can be seen that Δℎ is proportional to ℎ. Thus, when the
geodetic height is 2000m, the maximum induced modeling
error is 0.028m, which cannot be ignored in high-accuracy
positioning applications.

3.1.2. Earth-Centered Fictitious Satellite Model. Figure 4(a)
depicts the second conventional model called Earth-centered
fictitious satellite model [12, 16]. The model views the baro-
altimeter altitude as a fictitious satellite at the center of
the Earth, which, in principle, is equivalent to adding one
pseudorange measurement between the user and the fic-
titious satellite. Equation (7) is the corresponding altitude
observation equation. According to the altitude definition
in CGCS2000, the geodetic height is strictly defined in the
ellipsoid normal at the user’s receiver passing 𝑃2. However,
since the reference ellipsoid is not a sphere, obviously, the
angle 𝑤 between the ellipsoid normal and the line-of-sight
pseudorange is not zero. It has been shown that when the
receiver position is (45∘N, 0∘E, and 100m), within the range
of ±100m at the fictitious sphere surface, the maximum
distance error between the fictitious sphere and the reference
ellipsoid is 0.4m [12]. Furthermore, this error is approxi-
mately proportional to sin𝑤, and 𝑤 is dependent only upon
the receiver position, which is shown in Figure 5.

Consider

𝜌V =
√(𝑥V − 𝑥𝑢)

2
+ (𝑦V − 𝑦𝑢)

2
+ (𝑧V − 𝑧𝑢)

2
+ 𝜀ℎ,

(7)

where 𝜌V is the fictitious pseudorange between the fictitious
satellite and the user after the altitude is converted, (𝑥V, 𝑦V, 𝑧V)
is the 3D position coordinates of the fictitious satellite.

It can be seen from Figure 4(b) that 𝑤 is dependent on 𝜑,
which is almost not affected by 𝜆. Within the system coverage
range (𝜑: 5∼55∘, 𝜆: 75∘ ∼ −155∘), when 𝜑 = 45

∘, 𝑤 reaches its
maximum, 𝑤max = 0.1924

∘.

3.1.3. Normal Fictitious Satellite Model. Figure 5 depicts the
third conventional model called normal fictitious satellite
model. In the model, the fictitious satellite is located at the
intersection of the ellipsoid normal at the user’s receiver
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Figure 5: Normal fictitious model.

line and 𝑧-axis, of which the 3D coordinate is (0, 0, and
− 𝑁𝑒
2 sin𝜑). Thus, the following altitude observation equa-

tion is required:

ℎ = √𝑥2
𝑢
+ 𝑦2
𝑢
+ (𝑧𝑢 + 𝑁𝑒2 sin𝜑)2 − 𝑁 + 𝜀ℎ,

(8)

where𝑁 is the prime vertical radius.
In terms of themodel definition, theoretically, the normal

fictitious satellite model completely conforms to the def-
inition of the reference ellipsoid coordinates. Therefore,
the model itself is error-free. However, when it is lin-
early expanded in a Taylor series at the approximate posi-
tion (𝑥𝑢0, 𝑦𝑢0, 𝑧𝑢0), the unknown fictitious satellite position
(0, 0, −𝑁𝑒

2 sin𝜑) used in the direction cosine matrix is
dependent on the unknown 𝑥𝑢, 𝑦𝑢, 𝑧𝑢. Strictly, for Taylor
expansion, the parameters 𝑁 and 𝜑 cannot be treated as
constants in the linearization process. Thus, the accurate
expansion formula is defined as follows:

Δℎ =
𝑥𝑢 + ((𝜕𝑓𝑧 (𝑁, 𝜑)) /𝜕𝑥)

𝑟ℎ
Δ𝑥

+
𝑦𝑢 + ((𝜕𝑓𝑧 (𝑁, 𝜑)) /𝜕𝑦)

𝑟ℎ
Δ𝑦 +

(𝜕𝑓𝑧 (𝑁, 𝜑)) /𝜕𝑧

𝑟ℎ
Δ𝑧,

(9)

where
𝑓𝑧 (𝑁, 𝜑) = 𝑧 + 𝑁𝑒

2 sin𝜑,

𝑟ℎ =
√𝑥2
𝑢
+ 𝑦2
𝑢
+ (𝑧𝑢 + 𝑁𝑒2 sin𝜑)2.

(10)

It can be seen from (10) that a closed-form Taylor
expansion is hard to achieve. Therefore, to reduce the com-
putational burden of computing the position solution, the
approximations are usually adopted in the linearization, as
shown in (10) [17]. Obviously, some linear modeling error is
induced, which may impact the final positioning result.

Consider
𝜕𝑓𝑧 (𝑁, 𝜑)

𝜕𝑥
=
𝜕𝑓𝑧 (𝑁, 𝜑)

𝜕𝑦
=
𝜕𝑓𝑧 (𝑁, 𝜑)

𝜕𝑧
= 0. (11)

3.2. Improved Altitude ObservationModel. Through the anal-
ysis of the conventional observation modeling error, it can
be seen that the three models are all modeled in ECEF
coordinates. However, the geodetic altitude does not directly
correspond to any component of 𝑥, 𝑦, 𝑧 in ECEF coordinates.
Thus, when we try to establish an error-free model by
choosing Δu = (Δ𝑥, Δ𝑦, Δ𝑧) in ECEF as the observation
vector, corresponding to the altitude observation equation
in the direction cosine matrix H will be extremely complex,
which may even result in no closed-form expression.

Therefore, to generate an error-free altitude observation
model to accurately evaluate the positioning performance,
the key point is to choose a proper coordinate system.
Considering the user geodetic height is simply the minimum
distance between the user and the reference ellipsoid, which is
an independent parameter in local tangent plane coordinates
(east, north, and up), this paper proposes an improved alti-
tude observation model suitable for RDSS and RNSS passive
positioning. In the improved mode, the parameter definition
and Newton iterative calculation process are both realized in
ENU coordinates. Since the ENU coordinates define the user
position point as the origin of the coordinate, in comparison
to conventional model, the observation equation and the
altitude observation vector by linear Taylor expansion have
more simple and intuitive format, as shown in (12).

Consider

ℎ = 𝑧𝑢 + 𝜀ℎ, (12)

where subscript IM indicates the observation model used,
and 𝑍IM is the component of the receiver 3D position vector
at the 𝑧-axis in ENU coordinates. It should be noted that as
the altitude observation does not involve with time informa-
tion, if the receiver displacement in the ENU coordinates is
chosen as the state vector of the positioning equation, then
the additional altitude observation vector of the direction
cosine matrixH can be expressed as

H4,: = [0 0 1 0] . (13)

It can be seen that in the improved altitude observation
model, only 𝑧𝑢 component is dependent on the state vector.
Even more importantly, the corresponding parameters in the
row vector H4,: of the direction cosine matrix H is constant;
therefore, the first order Taylor expansion is strict, avoiding
the linear error and modeling error. Thus, it can be expected
that performance would be enhanced by applying the error-
free proposed improved power observationmodel, compared
to conventional models, as will be discussed next.

4. Emergency Positioning Algorithm with
Altitude Observation and Contribution

4.1. Altitude-Aided Station-Centric-Intersection Emergency
Positioning Algorithm. The positioning accuracy is deter-
mined by range errors and user-satellite geometry. Dilution
of precision (DOP) reflects the user-satellite geometry and
represents the amplification of the standard deviation of the
measurement errors onto the solution. Smaller DOP often



International Journal of Distributed Sensor Networks 7

represents good satellite geometry. Therefore, DOP is one
of the most important measures to evaluate the satellite
navigation system performance.

Generally, when evaluating the positioning accuracy with
DOP, it is always assumed that range errors are zero mean
with a Gaussian distribution, and that range errors are inde-
pendent from satellite to satellite [18, 19]. But this assumption
is not always effective. In the passive positioning system
with baro-altimeter aiding, the statistics property of the GEO
satellite pseudorange and the statistics property of the altitude
measurements are not completely the same, which is reflected
in the inequality of the satellite standard deviation 𝜎geo and
the altitude measurement error standard deviation 𝜎ℎ. If
still evaluating positioning accuracy under the assumption
in [7, 10, 17], the obtained position solution will not be the
optimum. To solve the evaluation problem of unequal mea-
surement variance, weighted dilution of precision (WDOP)
is introduced to replace the conventional DOP. Weighting
factor is used to weight each pseudorange measurement
according to their relative noise level and the relative impor-
tance of each estimation. Thus, the positioning accuracy is
more precisely evaluated [16, 20]. In general, this paper refers
to a widely used WDOP definition [16, 21], as shown in (14).

Consider

WDOP = √tr (H𝑇W−1H)−1, (14)

where H is the direction cosine matrix, W is the weighting
matrix, and 𝑤𝑖 (𝑖 = 1, . . . , 𝑛) is the weighting factors of the
𝑖th range error. Assuming that the pseudorangemeasurement
error is 𝜎2

𝑖
, and has an independent Gaussian distribution,

𝜎UERE is the pseudorange error factor. We define weighting
factor as shown in (15), which is the ratio of 𝜎2

𝑖
/𝜎
2

UERE.
Consider

W = diag [𝑤1 𝑤2 ⋅ ⋅ ⋅ 𝑤𝑛]

= diag[
𝜎
2

1

𝜎2UERE

𝜎
2

2

𝜎2UERE
⋅ ⋅ ⋅

𝜎
2

𝑛

𝜎2UERE
]

(15)

when computing the position fix using a WLS algorithm
based on WDOP, since the pseudorange with the larger
error contributes less to the positioning solution, the cor-
responding weighted DOP can reflect the positioning error
more precisely. Furthermore, it is noted that DOP can be
categorized into the concept system of WDOP, which is the
special form of WDOP whenW = diag [1 1 ⋅ ⋅ ⋅ 1].

Taking RDSS 2-D passive positioningwith baro-altimeter
altitude sensor aiding as an example, according to the analysis
above, the set of observation equations in ENU coordinates
can be obtained as follows:

𝜌1 = √𝑥2
1𝐸
+ 𝑦2
1𝑁

+ 𝑧2
1𝑈

+ 𝑐𝑡𝑢 + 𝜀𝑖,

𝜌2 = √𝑥2
2𝐸
+ 𝑦2
2𝑁

+ 𝑧2
2𝑈

+ 𝑐𝑡𝑢 + 𝜀𝑖,

𝜌3 = √𝑥2
3𝐸
+ 𝑦2
3𝑁

+ 𝑧2
3𝑈

+ 𝑐𝑡𝑢 + 𝜀𝑖,

ℎ = 𝑧ℎ𝑈 + 𝜀ℎ,

(16)

where 𝜌𝑖 is the pseudorange measurement between a user
and the 𝑖th GEO satellite; (𝑥𝑖𝐸, 𝑦𝑖𝑁, 𝑧𝑖𝑈) is the 3D position
coordinate in ENU coordinates, and the definition of ℎ𝑖 and
𝑧ℎ𝑈 is the same as that in (12). After first-order Taylor linear
expansion, a direction cosine matrix H can be obtained as
follows:

H =

[
[
[
[
[
[
[
[
[

[

𝑥1𝐸

𝑟1

𝑦1𝑁

𝑟

𝑧1𝑈

𝑟1
1

𝑥2𝐸

𝑟2

𝑦2𝑁

𝑟2

𝑧2𝑈

𝑟2
1

𝑥3𝐸

𝑟3

𝑦3𝑁

𝑟3

𝑧3𝑈

𝑟3
1

0 0 1 0

]
]
]
]
]
]
]
]
]

]

=
[
[
[

[

− cos 𝜃1 sin𝛼1 − cos 𝜃1 cos𝛼1 − sin 𝜃1 1

− cos 𝜃2 sin𝛼2 − cos 𝜃2 cos𝛼2 − sin 𝜃2 1

− cos 𝜃2 sin𝛼2 − cos 𝜃2 cos𝛼2 − sin 𝜃3 1

0 0 1 0

]
]
]

]

,

(17)

where 𝑟𝑖 = (𝑥
2

1𝐸
+ 𝑦
2

𝑖𝑁
+ 𝑧
2

𝑖𝑈
)
0.5, 𝜃𝑖 and 𝛼𝑖 are, respectively, the

elevation and azimuth angle of the 𝑖th satellite. Since three
satellites are in the same synchronization orbit, it is reason-
able to assume that each satellite has the same pseudorange
measurement error; namely, 𝜎geo = 𝜎1 = 𝜎2 = 𝜎3. Defining
𝑤ℎ = 𝜎ℎ/𝜎UERE, thenW and the positioning accuracy 𝜎𝑝 are,
respectively, obtained as

W = diag [1 1 1 𝑤
2

ℎ
] ,

𝜎𝑝 = WGDOP𝜎UERE = √tr (H𝑇W−1H)−1𝜎UERE.
(18)

4.2. Performance Analysis of Emergency Positioning Algorithm
with Altitude Observation. In terms of the integration of BDS
with a baro-altimeter sensor aiding, differentmodeling errors
are induced by applying different observation models to
model the same altitude observation. Thus, the contribution
to the positioning performance is also different.Therefore, in
this section, we will focus on the contribution of the added
altitude observation to positioning performance.

As the satellite pseudorange and aided observation have
different measurement errors, it should be considered to ana-
lyze the contribution through weighting of the pseudorange
and altitude measurements. In general, the position error can
be expressed as

R𝑥 = (H𝑇
𝑁
W−1H𝑁)

−1

H𝑇
𝑁
W−1R𝜌W

−1

×H𝑁((H
𝑇

𝑁
W−1H𝑁)

−1

)
𝑇

= (H𝑇
𝑁
W−1H𝑁)

−1

H𝑇
𝑁
W−1 [I𝑁−1𝜎

2

geo 0
0 𝜎

2

ℎ

]

×W−1H𝑁((H
𝑇

𝑁
W−1H𝑁)

−1

)
𝑇
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= (H𝑇
𝑁
W−1H𝑁)

−1

H𝑇
𝑁
W−1 (W𝜎

2

UERE )W
−1H𝑁

× ((H𝑇
𝑁
W−1H𝑁)

−1

)
𝑇

= 𝜎
2

UERE(H
𝑇

𝑁
W−1H𝑁)

−1

,

(19)

where 𝑁 is the number of the observations for positioning.
By substituting (18) into (19), this yields

P𝑁 = P𝑇
𝑁
= (H𝑇
𝑁
W−1H𝑁)

−1

,

P𝑁−1 = P𝑇
𝑁−1

= (H𝑇
𝑁−1

W−1
𝑁−1

H𝑁−1)
−1

,

h𝑁 = [𝑎𝑥𝑁 𝑎𝑦𝑁 𝑎𝑧𝑁 𝑎𝑡] , where 𝑎𝑡 = 1 or 𝑎𝑡 = 0.

(20)

Since P𝑁−1 is not singular, we simplify (19) by using the
Sherman-Morrison formula, and we now have

R𝑥 = 𝜎
2

UEREP𝑁

= 𝜎
2

UERE(H
𝑇

𝑁−1
H𝑁−1

𝜎
2

UERE
𝜎2
𝜌

+ h𝑇
𝑁
h𝑁

𝜎
2

UERE
𝜎2
ℎ

)

−1

= 𝜎
2

UEREP𝑁−1 − 𝜎
2

UERE
P𝑁−1h𝑇𝑁h𝑁P𝑁−1

(𝜎2
ℎ
/𝜎2UERE) + h𝑁P𝑁−1h𝑇𝑁

.

(21)

According to (21), baro-altimeter observation’s contribu-
tion Δ𝐶 [22] can be defined as

Δ𝐶 = 𝜎
2

UEREtrace([
P𝑁−1h𝑇𝑁h𝑁P𝑁−1

𝜎2
ℎ
/𝜎2UERE + h𝑁P𝑁−1h𝑇𝑁

]

3,3

) . (22)

As the elements in h𝑁 are not all 0, when 𝑁 > 4, Δ𝐶 >

0 [20], the larger the value, the more contribution to the
positioning accuracy it has.

5. Experiment and Analysis

Through comparison and analysis, an improved altitude-
aided station-centric-intersection emergency positioning
algorithm ismodeled.The below sections will further analyze
and verify the conclusion above based on both simulation
data and observation data. For convenience, the analysis
assumes that the pseudorange and baro-altimeter altitude
measurement errors are identically Gaussian distributed with
zero-mean and variance 𝜎

2

geo, 𝜎
2

ℎ
[i.e., 𝑁(0, 𝜎

2

geo)], respec-
tively. Furthermore different measurements are statistically
independent of each other. Meanwhile, to simplify the
description below, three integrations are defined based on
the five GEO satellites: 3GEOS-BAR, 4GEOS-BAR, and
5GEOS-BAR. Here, the 3GEOS-BAR is composed of G1,
G3, G5, and baro-altimeter altitude sensor; 4GEOS-BAR is
composed of G1, G3, G4, G5, and baro-altimeter altitude
sensor; and 5GEOS-BAR is composed of five GEO satellites
and baro-altimeter altitude sensor. The coordinate system is
CGCS2000.

The BDS GEO observation data and baro-altimeter mea-
surement data based onMS5607-02BA senor are collected by
the ground station ST-A in China during 00:00 to 24:00 on
August 7th, 2012, with a sampling rate of 1Hz.Thus, there are
86400 epoch data to support analysis.

5.1. Raw Pseudorange Measurement Variance and Weighting
Factor Selection. UERE is a measure of error in the range
measurement to each satellite as seen by the receiver, which
mainly contains control segment error, thermal noise, atmo-
spheric error, and orbit mismatch error. As the difference
of the satellite orbit determination error and extrapolation
error of satellites in different orbit results in the unequal
broadcast ephemeris accuracy, the UERE of GEO and IGSO
will be unequal. To roughly estimate the satellite UERE, the
observation data collected by ST-A is used forUERE statistics,
the statistical formula can be expressed as [23]

UERE = 𝜌cor −
X𝑠 − X𝑢

 , (23)

where 𝜌cor is the pseudorange corrected with satellite clock
error, satellite relative group delay, ionospheric delay, tropo-
sphere delay, receiver clock error, and frequency deviation;X𝑠
and X𝑢 are the satellite and the receiver position vectors.

The statistics result based on regression cycle observation
data are shown in Figure 6. It can be seen that the RMS of
rough UERE (1𝜎) estimation for GEO and IGSO satellite are
6.5m and 4.5m, respectively. It should be noted that the
UERE of IGSO satellite has ten-meter-level at 17:00, which
is caused by broadcast ephemeris updating or satellite’s entry
into the service coverage area.

The principle of the baro-altimeter altitude measuring is
to sense the atmospheric pressure so as to indirectly obtain
the altitude. As the pressure and temperature vary with
time, the altitude measurement error is deeply dependent
on height, atmospheric pressure, and temperature, simulta-
neously. Statistic data shows that under the assumption that
there is no temperature compensation and that the geodetic
height is smaller than 1828.8m, the relationship between the
altitude ℎ and the standard deviation 𝜎ℎ of the measured
baro-altimeter error 𝜀ℎ is as follows [21]:

𝜎ℎ (ℎ) = 0.107 (ℎ − ℎ0) + 𝜎ℎ0 (ℎ < 1828.8m) ,

𝜎ℎ (49) = 457.2.
(24)

Generally, the user altitude is below 100m, thus, 𝜎ℎ will
be smaller than 10.8m, which can be obtained by substituting
ℎ = 100m into (24).

5.2. Positioning Algorithms Performance Analysis and Com-
parison Based on Different Altitude-Observation Models. In
this section, in order to compare the performance of position-
ing algorithms using different altitude observation models,
we will discuss the convergence characteristic and user
positioning accuracy. For convenience, we will denote the
positioning algorithms using the four altitude observation
models above: approximate ellipsoid model, earth-centered
fictitious satellitemodel, normal fictitious satellitemodel, and
improved altitude observation model, as TM-1, TM-2, TM-3,
and IM, respectively.
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Figure 6: (a) The UERE based on raw observation data: GEO satellites. (b) The UERE based on raw observation data: IGSO satellites.

Table 1: GEO satellite positions provided by broadcast ephemeris at
the first epoch.

Longitude (∘) Latitude (∘) 𝐻 (m)
G1 139.99 1.59 35777978.92
G3 83.95 0.68 35788018.19
G4 159.99 0.26 35752467.17
G5 58.75 1.49 35789936.34

5.2.1. Analysis and Comparison of Convergence Characteris-
tic. When Newton’s iteration method is used to solve the
equation set combined by altitude observation equation and
pseudorange measurement equations, the initial position is
required to be in close proximity to the user’s true position,
but this requirement is difficult to fulfill in practice.Therefore,
reducing the requirement on the initial position is much
more important. Under the condition of not changing the
method, the requirement on the initial position can be
reduced to some extent by using proper model. Thus, this
section analyzes the effects of the initial position accuracy
and the visible GEO satellite number on the convergence
characteristic of the algorithm under the receiver cold’s start
condition.

Considering that the GEO satellite position deviates from
the nominal equator orbit with some obliquity due to the
various orbital perturbations during motion, the assumption
that the simulation parameters, for example the number of
visible satellite, the satellite position, and the user position
are chosen based on that the first observation epoch data
is more reasonable. And as noted in Section 5.1, the range
errors, 𝜎geo = 6.5, 𝜎ℎ = 10.8, would be used. The detail
parameters are shown in Table 1.

Two factors will be considered next. One is with a priori
knowledge. The other is without altitude knowledge.

(1) The Convergence Characteristic of Each Algorithm without
AnyAPriori Information. If no a priori knowledge is available,
the initial position deviation Δx needs to be searched in the
3-D space. Nonetheless, the region is limited in northern
hemisphere to avoid converging to the mirror solution.
Here, we use (25) to simulate the different deviation Δx by

changing 𝑘 values. For simplification, Figure 7 illustrates each
algorithm’s convergence characteristic at 𝑘 = 0.001 and 𝑘 =

0.9.
Consider

x0 = 𝑘x𝑢,

‖Δx‖ = x𝑐 − x𝑢
 ,

(25)

where x0, x𝑢, and x𝑐 represent the initial position, the user’s
true position and the convergence result of the receiver posi-
tion, respectively. Δx represents the position deviation and 𝑘
represents the deviation degree.

The convergence curve in Figure 7 shows that the con-
vergence characteristic of different integrations is the same,
independent to the integration. Generally, after 2 to 4 itera-
tion, the algorithm has converged. When the initial position
accuracy is high, all the algorithms can rapidly converge to a
reasonable solutionwith the same accuracy.More specifically,
when 𝑘 = 0.001, although the deviation between the initial
position and user’s true position increases, all the algorithms
successfully converge. However, only the convergence values
of IM and TM-2 are the same as those of the situation 𝑘 = 0.9,
while TM-2 and TM-3 converge to unreasonable value. In
terms of the convergence speed, there is no clear difference
between these algorithms, all within 2–4 iteration. Table 2
shows the percentage of converging to reasonable solution
when deviation degree 𝑘 ranges from 0.001 to 100, with the
variation step 0.001.

Whenwithout any a priori knowledge, the initial position
deviation Δx needs to be searched in the 3D space. Here, 𝑘
is used to simulate the deviation distance in 3D direction. So
the larger the 𝑘, the stronger the ability to resist the deviation.
As shown in Figure 8(a) and Table 2, with the 3GEOS-BAR,
the reasonable convergence range of IM, TM-2, and TM3
is more than 1.68 times of that of TM-1. More specifically,
the reasonable range of TM-1 is only 0.15 ≦ 𝑘 ≦ 6.303,
corresponding to 0 ≦ ‖Δx‖ < 3.37𝑒7m. while the range of
other algorithms’ convergence region is 0.08 < 𝑘 < 10.5,
corresponding to 0 ≦ ‖Δx‖ < 6.05𝑒7m. In terms of inte-
grations, by adding one GEO satellite into the integration,
slightly negative effects would be caused on IM and TM-3.
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Figure 7: (a) Convergence performance comparison of different algorithms versus different initial positions: 3GEOS-BAR integration when
𝑘 = 0.9. (b) Convergence performance comparison of different algorithms versus different initial positions: 3GEOS-BAR integration when
𝑘 = 0.001. (c) Convergence performance comparison of different algorithms versus different initial positions: 4GEOS-BAR integration when
𝑘 = 0.9. (d) Convergence performance comparison of different algorithms versus different initial positions: 4GEOS-BAR integration when
𝑘 = 0.001.

Table 2: Comparison of reasonable convergence area distribution without and with a priori knowledge, for different integration.

Algorithm
Sample size: 3.6𝑒5 sample points

3GEOS-BAR 4GEOS-BAR
Without a priori knowledge With a priori known altitude Without a priori knowledge With a priori known altitude

IM 10.362% 49.154% 10.227% 49.154%
TM-1 6.169% 52.461% 6.457% 52.461%
TM-2 9.977% 48.122% 10.060% 48.122%
TM-3 10.358% 48.122% 10.222% 48.122%

(2) The Convergence Characteristic of Each Algorithm with
Altitude A Priori Information. When with a priori knowledge,
obtained from an external sensor, the search range would be
limited in the horizontal plane by using ENU coordinates to
analyze the convergence characteristic accordingly. Thus, the
initial position deviation Δx can be defined as (26)

𝑥0 = 𝑅 cos (𝜃) , 0 ≤ 𝜃 ≤ 2𝜋,

𝑦0 = 𝑅 sin (𝜃) ,

𝑧0 = 0,

(26)

where 𝑥0, 𝑦0, and 𝑧0 are the 3D components of the initial
position vector x0. 𝜃 is the angle between the 3D vector

direction and the east direction in ENU coordinates, and 𝑅 =

‖Δx‖. In order to compare with the result in Section 5.2.1(1),
the upper limit of𝑅 is adjusted to be larger than themaximum
convergence range ‖Δx‖max = 6.05𝑒7m in Section 5.2.1(1).
Thus, the following parameters are used: 0 < 𝑅 ≦ 1𝑒8m,
Δ𝑅 = 1𝑒4m, 0 < 𝜃 ≦ 360

∘, and Δ𝜃 = 1
∘.

After comparing the ability to resist the initial position
deviation between the conventional algorithms and the
improved algorithm under the same condition, it can be seen
that the larger the reasonable convergence region area, the
stronger the ability to resist the deviation. The detailed result
is shown in Table 2. More specifically, with the integration
of 3GEOS-BAR, in comparison to the three conventional
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Figure 8: (a) Reasonable convergence area distribution with the 3GEO-BAR integration: without any a priori knowledge. (b) Reasonable
convergence area distribution with the 3GEO-BAR integration: with a priori known altitude using IM. (c) Reasonable convergence area
distribution with the 3GEO-BAR integration: with a priori known altitude using TM-2.

algorithms, the convergence region of IM is, respectively,
increased by−3.307%, 1.03%, 1.03%, andwhich is weaker than
that of TM-1. However, when adding a GEO satellite into
the 3GEOS-BAR integration, it will result in the convergence
area of TM-1 decreasing by 44.26%, while the convergence

region of the other three algorithms respectively increasing by
5.82%, 6.68%, 6.73%. Therefore, in comparison to TM-2 and
TM-3, IM has some advantages, but this advantage weakens
with the satellite number increasing, which complies with the
conclusion in Section 5.2.1(1). Nonetheless, the antideviation
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ability of TM-1 rapidly decreases with the satellite number
increasing. In other words, the robustness of TM-1 is very
poor, which may limit its application scope.

Thenwewould like to analyze the reasonable convergence
region distribution within a plane, which is shown in Fig-
ures 8(b) and 8(c). For simplification, only the analysis of
Figure 8(b) would be performed next. And the analysis of
Figure 8(c) is similar.

Referring to Figure 8(b). The reasonable convergence
region is not coordinate system symmetrical, while it is
impacted by 𝑅 and 𝜃 simultaneously and has obvious direc-
tivity. Under the same condition, the North direction is
more sensitive to the 𝑅 and 𝜃 variation, which results in
the area ratio of the two reaching to 1 : 6.44; and with 𝑅

gradually approaching to its limit, the ratio will continu-
ously increase. Further simulation shows that only when 𝑅

reaches 9.06𝑒12m, it will converge to unreasonable value.
In comparison to the situation without a priori knowledge
in Section 5.2.1(1), the ability to resist the initial position
deviation of each algorithm is evidently increased.

5.2.2. Analysis and Comparison of Positioning Accuracy. To
analyze the effects of the modeling error of different altitude
observation models on the positioning accuracy, the two
related factors of the user receiver altitude and integration
would be considered in the simulations. Here, the orbit data is
generated by BDS GEO standard constellation, pseudorange
is the value of geometrical distance from the receiver to each
satellite adding with the pseudorange measurement error,
and altitude observation value is the value of true altitude
adding with the baro-altimeter altitude measurement error;
Meanwhile, to avoid the initial position deviation Δx being
too large to result in the positioning solution converging to
an unreasonable value, the ‖Δx‖ ≦ 100m is chosen.

(1) EachAlgorithm’s PositioningAccuracy atDifferent Altitude.
As an example of the positioning accuracy at different
altitude, consider the 3GEOS-BAR. In the simulation, the
altitude of the user (46∘N, 105∘E) ranges from zero to 1.2 times
of the GEO satellite altitude, and the variation step is 1𝑒4m.
At each altitude value, 1𝑒5 sample points are generated for
statistical analysis. Here, the mean and standard deviation of
positioning error are obtained. To demonstrate the accuracy
difference of different algorithms within the entire altitude
range more accurately, the simulated positioning result data
is divided into two groups according to the altitude at the rate
of 1𝑒6m: the first groupwith 25 sample points, corresponding
to 0 ≦ ℎ ≦ 2.5𝑒7; and the second group with 18 sample points,
corresponding to 2.5𝑒7 < ℎ ≦ 4.2𝑒7. The simulation result is
shown in Figure 9.

Figures 9(a) and 9(b) show that IM can always compute
the normal position fix, and the mean error is close to zero,
which is not affected by the altitude variation. While the
mean error of TM-1 is seriously affected by the user altitude.
When the altitude reaches 3.58𝑒7m, the direction cosine
matrixH of the algorithm becomes singular to cause failures
of computing the position fix (marked with light green
boxes in the bottom of Figure 9(b)). And the performance
of TM-2 and TM-3 is the same, but different from IM.

Specifically, when the altitude reaches 1.9𝑒7m, deviation
appears simultaneously at the East-West direction andNorth-
South direction, particularly, and the deviation at North-
South direction increases more quickly, leading to the wrong
positioning result.

Further, Figures 9(c) and 9(d) depict the standard devi-
ation variation of the positioning error. The error in the
altitude direction of IM is the same as the chosen value 𝜎ℎ,
and it is independent of the altitude variation, while the errors
in East-West direction and North-South direction decrease
and then increase with the altitude varying. Note that the
error at North-South direction is larger than that at East-West
direction. Nonetheless, the standard deviation variation of
TM-1 is not the same as that of mean error, only the vertical
error is caused. The difference of TM-2, TM-3, and IM is
similar to that of the mean positioning error. The reason is
that the geometry between the satellites and the user varies
with the altitude continuously increasing, which results in the
positioning error also varying accordingly. And the reason for
the standard deviation in the North-South direction being
much larger than that in East-West direction is mainly that
the GEO satellites in BDS are all located at the equator with
the same latitude, which makes North dilution of precision
(NDOP)much larger than East dilution of precision (EDOP).

Further, the performance of different algorithm is shown
in Table 3. In addition, the availability within the entire alti-
tude range is also provided, which is obtained under the
assumption that the horizontal positioning error threshold is
65m based on the analysis and statistics of HDOP and 𝜎UERE
in other sections.

It can be seen from data in Table 3 that, in comparison to
conventional TM-1, TM-2, and TM-3, the improvements in
3D positioning accuracy is 79.0%, 10.4%, and 10.4%, respec-
tively, and improvements in the availability is 16.2%, 15.7%,
and 15.7%, respectively. Thus, the performance advantage is
obvious. It should be noted that the performance of TM-2 and
TM-3 is very close in each, with the maximum difference of
the error below 1𝑒 − 6m.

(2) Positioning Error Contribution of Each Algorithm with
Different Integration. In the simulations, the visible GEO
satellite number for different integrations would range from
3 to 5, corresponding to 3GEOS-BAR, 4GEOS-BAR, and
5GEOS-BAR integrations, respectively, and user’s position is
chosen at (46∘N, 105∘E, and 100m). For each integration,
1𝑒5 sample points of simulation data are generated, and each
sample point includes the pseudorange and altitude data
whose quantity is the same as that of visible satellites. The
root-mean-squared (RMS) error statistics in each direction
is shown in Figure 10.

Figure 10 shows that for 3GEOS-BAR integration, the
errors of all algorithms are very close, and the difference
is only at 1𝑒5m level. When adding G4 satellite into the
3GEOS-BAR integration, the positioning accuracy of IM,
TM-1, TM-2, and TM-3 is improved by different extents
which are 82.20%, 56.09%, 82.19%, and 82.20%, respectively.
Furthermore, if G2 is further added into the integration, the
four values are, respectively, 48.85%, 31.302%, 48.85%, and
48.85%. More specifically, the errors of IM and TM-3 are



International Journal of Distributed Sensor Networks 13

0 0.5 1 1.5 2 2.5

0 0.5 1 1.5 2 2.5

0 0.5 1 1.5 2 2.5

−0.5
0

0.5

−10
0

10
20

−40
−20

0
20

7m)H (10

M
E E

(m
)

M
E N

(m
)

M
E V

(m
)

(a)

7m)H (10

−5
0
5

10

−500
0

500
1000

−1000
−500

0
500

2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

M
E E

(m
)

M
E N

(m
)

M
E V

(m
)

(b)

30
40
50
60
70

0 0.5 1 1.5 2 2.5

0 0.5 1 1.5 2 2.5

0 0.5

IM
TM-1

TM-2
TM-3

1 1.5 2 2.5
7m)H (10

8
8.5

9
9.5
10

10
15
20
25
30

E
N

(m
)

E
U

(m
)

E
W

(m
)

(c)

8
9

10
11
12

0
200
400
600
800

0
200
400
600
800

7m)H (10

2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

IM
TM-1

TM-2
TM-3

E
N

(m
)

E
U

(m
)

E
W

(m
)

(d)

Figure 9: (a) Comparison of the mean and standard deviation of the positioning error, for different altitude observation models: mean value
when 0 ≦ ℎ ≦ 2.5𝑒7. (b) Comparison of the mean and standard deviation of the positioning error, for different altitude observation models:
mean value when 2.5𝑒7 < ℎ ≦ 4.2𝑒7. (c) Comparison of the mean and standard deviation of the positioning error, for different altitude
observation models: standard deviation when 0 ≦ ℎ ≦ 2.5𝑒7. (d) Comparison of the mean and standard deviation of the positioning error,
for different altitude observation models: standard deviation when 2.5𝑒7 < ℎ ≦ 4.2𝑒7.

Table 3: Performance comparison of different positioning algorithms.

Algorithm RMS error (m) Availability
East North UP 3D

IM 8.479 43.335 10.858 45.472 93.3%
TM-1 8.440 45.024 211.883 216.787 77.1%
TM-2 8.478 48.863 10.859 50.768 61.4%
TM-3 8.478 48.863 10.859 50.768 61.4%

always the smallest, and the error of TM-2 is slightly larger
than that of two, which is only about 1𝑒 − 2meter. However,
the errors in all directions of TM-1 are the largest, and only
the error in the East-West direction is basically close to that
of the other two algorithms.

Furthermore, according to (22) in Section 4.2, the theo-
retical 3D position error contribution can be obtained. With
the simulation result above, the comparison results are shown
in Table 4, where the subscript 𝑖 represents the integration
with the 𝑖 GEO satellite. Δ𝐶𝑇

𝑖,𝑗
or Δ𝐶rms

𝑖,𝑗
(3 ⩽ 𝑖 ⩽ 5, 3 ⩽

𝑗 ⩽ 5, 𝑗 < 𝑖) represents the 3D position error contribution of

integration 𝑖 relative to the integration 𝑗, and the superscript
rms and 𝑇 represent the statistics value and theoretical value,
respectively.

FromTable 4, it can be seen that the position error contri-
bution obtained from statistics complies with the theoretical
value, thus, verifying the correctness of the theory analysis in
this paper. It also states that under the same condition, the
positioning error contribution of TM-1 is the least.

5.3. Analysis of Satellite Visibility with Baro-Altimeter Sensor
Aiding. At present, the provided RNSS and RDSS service
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Figure 10: (a) Comparison of the RMS error for different altitude observation models: East. (b) Comparison of the RMS error for different
altitude observation models: North. (c) Comparison of the RMS error for different altitude observation models: Vertical. (d) Comparison of
the RMS error for different altitude observation models: 3D.
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Figure 11: (a)The average number of visible satellites with 5 GEO satellites. (b) Cumulative distribution of HDOP with and without altitude-
aiding.

coverage range based on GEO satellites is for China and
the surrounding area [19], specifically, between 5∘N∼55∘N
and 70∘E∼140∘E [23]. For the 3D passive positioning, four
satellite coverage is at least required. While, in principle,
the baro-altimeter sensor aiding is equivalent to adding a
fictitious satellite at the Earth center, and then the visibility
will change.Therefore, to determine the variation of visibility,
we ran a simulation with different observation locations in
a 0.5∘ grid from 90∘N to 90∘S and 180E∘–180∘W and in 1
minute increments over a day, with 5∘ and 15∘ mask angle,

respectively. Take 5∘ mask elevation angle as an example,
Figure 11(a) and Table 5, show the 5GEOS-BAR visibility and
the statistics result, respectively.

It can be seen that the percentage of three, four, and
five satellite coverages is, respectively, 32.4%, 18.3%, and
9.2%. Thus, five satellite coverages for the China region can
be realized. However, the latitude range for three satellite
coverage is only 76∘S∼76∘N, which leads to a low-coverage
for high latitude area. Figure 11(b) illustrates HDOP cumula-
tive distribution of HDOP with and without baro-altimeter
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Table 4: Comparison of different altitude observationmodel contri-
butions to position error obtained from simulation and theoretical
results, for different algorithms, for different integration.

Algorithm Δ𝐶
rms
4,3

Δ𝐶
𝑇

4,3
Δ𝐶

rms
5,4

Δ𝐶
𝑇

5,4

IM 236.958 221.835 25.063 31.326
TM-1 161.692 161.174 39.621 40.287
TM-2 236.940 227.713 25.073 31.534
TM-3 236.958 222.193 25.063 30.967

Table 5: Visibility of 5GEOS-BAR integration with 5∘ and 15∘ mask
angles.

Integration Mask angle (∘)
Percentage of at least𝑁 visible

satellite
≥3 ≥4 ≥5

5GEOS-BAR 5 32.4% 18.3% 9.2%
15 23.3% 11.4% 4.1%

sensor aiding. The global availability in the three cases is
all very low. If the HDOP threshold 10 is chosen, with the
baro-altimeter sensor aiding, the availability at 5∘ and 15∘
mask angle is 9.81% and 6.3%, respectively. If baro-altimeter
sensor aiding is removed, the availability is reduced to 4.42%.
Therefore, obvious availability improvement of the GEO
satellite emergence service through baro-altimeter sensor
aiding is realized.

5.4. Performance Comparison betweenAltitude-Aided Station-
Centric-Intersection Emergency Positioning Algorithm and
Conventional Algorithm. In comparison to the conven-
tional positioning algorithm, the difference of the improved
altitude-aided station-centric-intersection emergency posi-
tioning algorithm is through weighting of the baro-altimeter
measurement in ENU coordinates to improve user’s posi-
tioning accuracy. Here, to verify the performance of the
improved algorithm, the method of changing the weighting
factor 𝑤ℎ is applied for different integrations. At each 𝑤ℎ,
1𝑒5 sample points of simulation data are generated, the other
simulation parameters are the same as those in Section 5.2.2.
According to the navigation environment and baro-altimeter
accuracy specification, the variation range of 𝑤ℎ is from 0.1
to 20, and the step is 0.1. Then, comparison of the posi-
tioning RMS error between the improved algorithm and
the conventional algorithms is performed, which is shown
in Figure 12, where 𝐸𝑊 and 𝐸𝑇 represent the RMS error
of the improved algorithm and the conventional algorithm,
respectively. More specifically, it can be seen that when the
number of visibleGEOsatellites ismore than 3, theRMSerror
difference 𝐸𝑊 − 𝐸𝑇 increases with 𝑤ℎ. In other words, the
improvement of positioning accuracy is remarkable when the
baro-altimeter sensormeasurement error greatly differs from
the GEO pseudorange measurement error. However, when
the number of visible GEO satellites is only 3, there is no
obvious difference of the two algorithms.

Therefore, in various applications, the improved algo-
rithm should be adopted when a higher reliability is required

on the positioning accuracy, such as aircraft landing, which
enhances accuracy through weighting of pseudorange and
baro-altimeter measurements based on their relative noise
levels and relative importance for each estimated quantity.

5.5. Experimental Results. In order to confirm the con-
clusions above, which are obtained based on simulation
pseudorange data, experimental analysis is performed, based
on 24 hours of BDS observation data collected by ST-A.
Here, limited by the length of the paper, we will focus on
the effects of different altitude observation models on posi-
tioning accuracy and performance comparison between the
altitude-aided station-centric-intersection emergency posi-
tioning algorithm and the conventional algorithm.

(1) Effects of Different Altitude ObservationModel on Position-
ing Accuracy. To avoid the initial position deviation Δx being
too large to result in the positioning solution converging to an
unreasonable value, the 𝑘 = 0.9 in (25) is chosen. Figure 13
shows the 3D RMS error of different algorithms with the
4GEOS-BAR integration, where the 𝑥-axis represents the
Beidou navigation satellite system Time (BDT) seconds of
week. Figure 13(a) shows the 3D RMS errors of IM are on the
order of 5.909 to 74.727m, and the points representing the
error of TM-2 and TM-3 almost overlap with those of IM.
In other words, the difference among IM, TM-2, and TM-3
is very small. However, for TM-1, many positioning failure
occurs, as shown in Figure 13(b). In order to evaluate the
performance of TM-2 completely, the error threshold 𝑉𝑡 =

200m is applied to IM-2 result, and any 3-D RMS error that
is at or above the 𝑉𝑡 is removed; hence, the statistics result
based on the left data is obtained, as shown in Table 6.

Table 6 shows that when the position fix is based on
4GEOS-BAR integration, RMS errors in East, North, vertical,
and 3Ddirection of IM, TM-2, andTM-3 are almost the same.
However, only the East RMS error of IM-1 is the same as those
of the three algorithms, and the errors in other directions
remarkably increase to about 5 times. This result complies
with the one in Section 5.2.2; hence, the correctness of the
simulation conclusion is verified.

(2) Performance Comparison between the Altitude-Aided
Station-Centric-Intersection Emergency Positioning Algorithm
and the Conventional Algorithm. According to the simulation
method in Section 5.4, Figures 14(a) and 14(b) demonstrate
the positioning error of the altitude-aided station-centric-
intersection emergency positioning algorithm (denoted as
improved algorithm in Figure 14) and the conventional algo-
rithm with the two integrations of 3GEOS-BAR and 4GEOS-
BAR, based on BDS observation data, respectively. For sim-
plification, only the 3D direction performance comparison is
illustrated.

As shown in Figure 14, with the integration of 3GEOS-
BAR, the 3D position error difference of the two algorithm
positioning errors is not obvious. However, when a GEO
satellite is added into the integration, in comparison to
the conventional algorithm, the new altitude-aided station-
centric-intersection emergency positioning algorithm can
greatly improve the positioning accuracy of the solution, and
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Table 6: Comparison of the positioning errors and failure rate of positioning for different algorithms with the 4GEOS-BAR integration.

Algorithm RMS error (m) Failure rate of positioning
East North UP 3-D

IM 6.343 14.863 10.826 19.451 0
TM-1 6.843 69.900 63.201 94.484 18.62%
TM-2 6.343 14.864 10.826 19.452 0
TM-3 6.343 14.864 10.826 19.452 0
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Figure 12: (a) Comparison of positioning error difference between the improved algorithm and conventional algorithms of different
integration with simulation data: East. (b) Comparison of positioning error difference between the improved algorithm and conventional
algorithms of different integration with simulation data: North. (c) Comparison of positioning error difference between the improved
algorithm and conventional algorithms of different integration with simulation data: Vertical. (d) Comparison of positioning error difference
between the improved algorithm and conventional algorithms of different integration with simulation data: 3D.
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Figure 13: (a) Comparison of the 3D RMS error for different algorithms with the 4GEOS-BAR integration: IM, TM-2, and TM-3.
(b) Comparison of the 3D RMS error for different algorithms with the 4GEOS-BAR integration: TM-1.
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Figure 14: (a) Comparison of the 3D position errors between the improved algorithm and the conventional algorithms with two integrations,
based on with observation data: 3GEOS-BAR integration. (b) Comparison of the 3D position errors between the improved algorithm and
the conventional algorithms with two integrations, based on with observation data: 4GEOS-BAR integration.

the greater the difference between the satellite pseudorange
and baro-altimeter altitude measurement, the more signif-
icant the effect. Taking the 𝑤ℎ = 15 with the 4GEOS-
BAR integration as an example, the positioning error of
the conventional algorithm is 164.897m while the one of
the improved algorithm is only 93.205m, and 43.477%
improvement is achieved. Hence, the reliability of evaluating
the positioning accuracy is also greatly improved. This result
complies with the simulation result in Section 5.2.2, so the
correctness of the simulation result is verified.

6. Conclusion

BDS uses five GEO satellites to provide RNSS and RDSS
service simultaneously, so as to take the advantages of fixed
coverage area and high navigation message speed of GEO
satellites. In practice, the poor user/GEOs relative geometry
results in severe user position error, even unavailability. If
an external sensor can provide altitude information, 2D BDS
positioning can be a remedy for some application, providing
an improvement in system performance. However, due to the
modeling error of the conventional baro-altimeter observa-
tion models, the positioning accuracy and availability cannot
completely meet the requirement in some cases, such as the
user’s altitude exceeding over 1𝑒7meter andmore than 3GEO
satellites in the integration. This paper analyzes the principle
of GEO satellites and baro-altimeter sensor integration and
the effects of the standard deviation of the baro-altimeter
measurement error on positioning errors, and proposes an
altitude-aided station-centric-intersection emergency posi-
tioning algorithm through weighting of pseudorange and
altitude measurements. The algorithm is accurate, without
modeling error, and is not limited by user’s altitude and
the integrations. By simulation and experiment, it is shown
that the proposed algorithm can effectively enhance the
positioning accuracy, availability, and robustness.

Considering the launch time of GEO-5 and the observa-
tion data collected time in this paper, there is no GEO-5’s
observation data for analysis in this paper. So future work is

being carried out to validate the performance of the proposed
algorithm with the 5GEOS-BAR integration, based on BDS
observation data. Also the advantages that IGSO satellites
carry RDSS payload are being analyzed.
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Cooperative communications that take advantage of the broadcasting nature of wireless environments can help to increase system
throughput in wireless ad hoc networks. However, the promised throughput might be lost in presence of the error transmission
and the interference caused by relay transmission in cooperative communication. In this paper, we introduced the relay selection
schemes that can control the interference at the relay to prevent the relay that may harm other pairs. Then, we proposed the
throughput-optimal scheduling that takes into account error probability in decision and maximizes throughput, that is, the
amount of packets transmitted without error in network. In addition, we derive a simple and lightweight framework to implement
the proposed policy in distributed manner. The simulation results show that the proposed scheduling policy outperforms the
noncooperative policy and multihop relay policy.

1. Introduction

Cooperative communications that can take advantage of the
broadcasting nature of wireless environments have shown
excellent performance in both theoretical aspects and imple-
mentations; for example, per-node throughput of the cooper-
ative network is a constant factor, while per-node throughput
of the conventional wireless network decreases when node
density increases [1]. The basic concept of the cooperative
communication comes from the design of multiple-input
multiple-output (MIMO) system. In MIMO system, by using
the multiple antennas at the transmitter and receiver, the
system throughput and reliabilitywere improved significantly
[2]. However, in wireless networks, for example, sensor
networks and ad hoc networks, due to the space limitation
and the implementation cost, it is not reasonable to equip
each wireless device with multiple antennas. To overcome
this restriction, cooperative communication is proposed as a
solution to implement the MIMO technique in the form of
single antenna node in wireless networks. Many cooperative
communication schemes have been proposed in the general
framework of wireless ad hoc network [3, 4] in order to
improve the performance of the system.

Scheduling policies are employed to determine a set
of active users at a given time regarding the interference
constraints between links. Throughput-optimal scheduling
policy that provides the highest data rate transmission is
desirable in wireless networks. It has been shown that
cooperative communication at the network layer can help
to increase the throughput of the network [5]. However, in
wireless ad hoc networks, the throughput gained by coop-
erative communication might be lost in the presence of the
interference caused by relay transmission. Furthermore, since
the wireless links are unreliable and the transmission states
are only known by the acknowledgments from receivers,
the scheduling decision must consider random packet loss
and packet retransmission. Hence, this necessitates a new
design for throughput-optimal scheduling for the cooperative
communication in ad hoc networks.

In this paper, we focus on designing a throughput-
optimal scheduling for the cooperative communication at
the network layer. We consider the cooperation between
the number of source-destination pairs and relay nodes in
wireless ad hoc networks. Each pair can communicate either
through direct transmission or cooperative transmission
which uses other relay to forward its data to destination.



2 International Journal of Distributed Sensor Networks

These relays are selected under the constraint of the inter-
ference of relay below a certain threshold to prevent the
relays thatmay harmother pairs. Otherwise, in our scenarios,
each source node has a single queue, where packets are
backlogged before transmitting to destination. Due to the
network stability constraint, the scheduling policy also needs
to minimize the sum square of the queue lengths so as to
equalize and keep the queue bounded.

The primary contributions of this study are as follows.
(i) We first introduce the relay selection scheme which

considers interference from relay node by keeping
the interference level below a certain threshold. The
effect of the interference is controlled by an interfer-
ence threshold 𝜀. The simulation results show that
the effectively selected relay can help to mitigate
interference at the relay and improve the network
throughput.

(ii) We propose a scheduling policy to determine which
pair is allowed to transmit and which transmission
mode is used to transmit data at each time. This
scheduling is derived from the suboptimal control
principles. At each time slot, the scheduling policy
takes an action that maximizes a weighted cost func-
tion. This cost function is defined regarding parallel
objective of the control strategies: maximization of
the throughput, and stabilization of network queues.

(iii) We analyze the sufficient condition for throughput-
optimal policy and stability in cooperative commu-
nication. A theoretical analysis using the Lyapunov
function shows that this scheduling policy obtains the
throughput to be near optimal while the simulation
results show that it outperforms the noncooperative
policy and multihop relay policy.

2. Related Work

There are several works concerning the optimal use of the
cooperative communication in wireless ad hoc networks.
These works mostly focus on information theory study [6,
7] or design and analysis for cooperation at physical layers
with amplify-and-forward, decode-and-forward, selection
relaying, and incremental relaying [8]. In [9, 10], the authors
focus on the design of optimal algorithms and solve the
optimal power allocation between the source and relay nodes
to maximize capacity [9] and minimize outage probability
[10]. In particular, the research in [11] studied the dynamic
resource allocation for delay limited cooperative communica-
tion networks and developed dynamic cooperation strategies
to achieve a target outage probability. They first consider the
optimization problemwith objectiveminimizing the number
of packet errors.Then by using the Lyapunov technique, they
present a framework to achieve the optimal solution of this
problem at each time slot. This approach is similar to that of
our study except that our work is performed at network layer.
However, the objects of this work are different from the goal
of our research, for example, throughput-optimal.

Research on throughput-optimal scheduling for single-
hop and multihop wireless networks is addressed in [12, 13].

These results have shown that a scheduling policy based
on the current queue length and link rate can achieve the
maximum throughput region and stability region. In [12],
the backpressure scheduling policy, which is based on the
difference of queue length between source and destination
nodes of links, can achieve the maximum throughput region
and guarantee the stability of the network. The works in
[13] extend the scheduling policy to a general framework for
scheduling and flow control in multihop wireless networks.
Recently, these results have been extended to cooperative
networks. In [14], the authors provide an analysis of the
throughput region and delay of cooperation in a line-like
topology. They focus on characterizing the stability region
and the delay of network-level cooperation. However, they
assume a line-like topology and TDMA scheduling, whereas
our research finds a throughput-optimal scheduling oncoop-
erative ad hoc networks.

3. Problem Formulation

3.1. System Model. We consider a wireless ad hoc network
with 𝑁 source destination pairs and 𝐾 other nodes which
have no own data to transmit. These nodes are installed
to increase throughput and reliability of the network. They
receive and forward packet to the destination. We assumed a
slotted time frame structure that is widely used in implemen-
tation of practical system, for example, WiMax, and theoretic
analyses [9, 11]. The time is divided into equal units 𝑡 =

{0, 1, 2, . . .} called time slot.
The exogenous traffic stream arrives to each source node

at each time slot 𝑡 according to independent stochastic
process. Then, it is stored in separate queues to await
transmission. Let 𝑎(𝑡) = {𝑎𝑘(𝑡)}𝑘∈𝑁 represent the exogenous
traffic arriving at the time slot 𝑡 with the mean 𝜆𝑐 = 𝐸{𝑎𝑘(𝑡)}
and 𝑎𝑘(𝑡) ≤ 𝐴max.The arrival processes are i.i.d over slots, and
the secondmoment𝐸{𝑎2

𝑘
(𝑡)} of the arrival process is finite. Let

𝑄𝑘(𝑡) be the number of packets waiting at queue of source
node 𝑘 at time 𝑡.

The wireless channel is considered to be flat fading and
all noise components are modeled as additive white Gaussian
noise (AWGN) with zero means and variance 𝑁0. We focus
on the slow fading channel, where the channel states of all
links remain constant during one time slot and might be
changed in the next time slot. Moreover, the channel gain
between node 𝑖 and node 𝑗 is denoted by ℎ𝑖,𝑗. Assume that
the transmission power at each node is fixed with 𝑃. Let 𝛾𝑖,𝑗
be the instantaneous signal-to-noise ratio (SNR) when node
𝑖 transmits packet to node 𝑗. Thus, the instantaneous SNR 𝛾𝑖,𝑗
is 𝛾𝑖,𝑗 = (𝑃/𝑁0)|ℎ𝑖,𝑗|

2, which is modeled as an exponential
distribution with means 𝛿2

𝑖,𝑟
= (𝑃/𝑁0)𝐸[|ℎ𝑖,𝑗|

2
] [15].

In our model, each pair in the network has freedom
in selecting the transmission mode at each time slot. They
can communicate either through direct transmission or
cooperative transmission. In the first case, we say that the pair
is in the direct mode, and in the latter case we say that the
pair is in the cooperative mode. If the pair is in direct mode,
the packet is transmitted directly to the destination by the
source node. If the pair is in cooperative mode, the packet
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is forwarded to the destination by employing another relay
node.

3.2. Relay Selection Scheme with Interference Control. In
cooperative mode, the transmission of the selected relay may
create unacceptable interference for other pairs. To prevent
this problem, we proposed that each selected relay must
maintain interference constraint, where the interference at
each relaymust be below a predetermined value 𝛾𝑡ℎ. However,
since the channel gain at each relay node is changed per
time slot in time-varying channel, it is not reasonable to
guarantee this constraint in every time slot. Thus, we require
the probability of satisfying the interference constraint for
selected relay of each pair 𝑖 above a certain value 𝑝𝑡ℎ:

Pr(
𝛾𝑖,𝑟

𝛾int,𝑟 + 1
< 𝛾𝑡ℎ) > 𝑝𝑡ℎ, (1)

where 𝛾𝑖,𝑟 is the received SNR of the link between source node
𝑖 and its relay 𝑟 and 𝛾int,𝑟 is the interference at the relay node
which is caused by multiple transmission of other pairs. Note
that, if other pairs keep silent, 𝛾int,𝑟 = 0. In this case, the
interference constraint is given by

Pr (𝛾𝑖,𝑟 < 𝛾𝑡ℎ) = 1 − exp(−
𝛾𝑡ℎ

𝛿2
𝑖,𝑟

) > 𝑝𝑡ℎ. (2)

Thus, if 1 − exp(−𝛾𝑡ℎ/𝛿
2

𝑖,𝑟
) < 𝑝𝑡ℎ, the constraint is not

satisfied and the relay is prohibited. Otherwise, the relay
will be opportunistically selected. In this case, it is hard
to calculate the value of 𝛾int,𝑟 directly. To overcome this
problem, instead of studying the constraint in (1), we study
the approximation to the constraint given by

(1 − 𝜀)Pr (𝛾𝑖,𝑟 < 𝛾𝑡ℎ) > 𝑝𝑡ℎ. (3)

Here, parameter 𝜀 indicates the interference control level:
if 𝜀 → 1, the threshold is tight that only few relays are
selected to forward the data; otherwise, if 𝜀 → 0, the
threshold is rather loose; most of the relays are selected
to forward without restriction. Finally, we obtained the
straightforward expression of a set of relays satisfying the
interference constraint for each pair 𝑖:

Re𝑖 = {𝑟 | (1 − 𝜀)Pr (𝛾𝑖,𝑟 < 𝛾𝑡ℎ) > 𝑝𝑡ℎ} , (4)

or

Re𝑖 = {𝑟 | 𝛿
2

𝑖,𝑟
≥

1

𝛾𝑡ℎ
ln( 1 − 𝜀

1 − 𝜀 − 𝑝𝑡ℎ
)} . (5)

The average channel gain between relay and source node
is determined by 𝐸[|ℎ𝑖,𝑟|

2
] = (𝑑𝑖,𝑟/𝑑0)

−3 [16], in which 𝑑𝑖,𝑟 is
the distance between source node 𝑖 and relay 𝑟 and 𝑑0 is the
unit distance.Therefore, the relay set for each pair 𝑖 is circular
with radius Re𝑖 as follows: Re𝑖 = {𝑟 | 𝑑𝑖,𝑟 ≤ Re𝑖}, where Re𝑖 =
𝑑0(𝑁0𝛾𝑡ℎ/𝑃 ln((1 − 𝜀)/(1 − 𝜀 − 𝑝𝑡ℎ)))

1/3.
After the set of relays is determined, the source node can

opportunistically select from this set one relay to forward the
message without considering the effect on other pairs.

3.3. Network Objective and Control Variables. Whenever a
pair is communicated, it will receive a certain throughput,
which is defined by the number of the successful transmitted
packets in one time slot. Let 𝑝𝑑

𝑘
(𝑡), 𝑝
𝑐

𝑘
(𝑡) be the success

transmission probabilities over direct link and cooperative
link at time 𝑡. We use the superscripts 𝑑, 𝑐 to indicate the
direct transmission and cooperative transmission in this
paper. The success probabilities depend on the channel
conditions, modulation, coding type, and power level, as
shown in [17]. Using the pilot signal, these probabilities can
be estimated at the beginning of each time slot. We assume
that these probabilities evolve over slots according to a finite-
state Markov chain, and thus the steady state is measurable
and is denoted by 𝑝𝑑, 𝑝𝑐. Let 𝑤𝑑

𝑘
(𝑡), 𝑤
𝑐

𝑘
(𝑡) be the number of

transmitted packets of pair 𝑘 in direct mode and cooperative
mode at time 𝑡. These values can be calculated based on the
transmission rate and packet length. Notice that, since dif-
ferent transmission modes have different success probability
and number of transmitted packets, the throughput attained
by using a different mode will be different. Let 𝑅𝑘(𝑡) =

[𝑅
𝑑

𝑘
(𝑡), 𝑅
𝑐

𝑘
(𝑡)] represent the throughput of pair 𝑘:

𝑅
𝑑

𝑘
(𝑡) = 𝑤

𝑑

𝑘
(𝑡) 𝑝
𝑑

𝑘
(𝑡) , 𝑅

𝑐

𝑘
(𝑡) = 𝑤

𝑐

𝑘
(𝑡) 𝑝
𝑐

𝑘
(𝑡) . (6)

At any time slot 𝑡, the source node 𝑘 can use one of
the following transmissionmodes: direct transmission, coop-
erative transmission, and no transmission. Define 𝐼𝑘(𝑡) =

[𝐼
𝑑

𝑘
(𝑡), 𝐼
𝑐

𝑘
(𝑡)] as the control variable indicating the trans-

mission mode of source node 𝑘 at time slot 𝑡. That is,
𝐼𝑘(𝑡) = [1, 0] if node 𝑘 activated the direct mode, 𝐼𝑘(𝑡) =

[0, 1] if node 𝑘 activated the cooperative mode to transmit
data, and 𝐼𝑘(𝑡) = [0, 0] in other cases. Notice that 𝐼𝑘(𝑡)
represents a virtual transmission packet because it describes
the possibility of choosing transmission mode independent
of the current queue length. In the case when 𝐼𝑘(𝑡) = [1, 0]

or [0, 1] but there is no packet available at the pair 𝑘’s queue,
then no packet is actually transmitted. The vector ⃗𝐼(𝑡) =

[𝐼1(𝑡), 𝐼2(𝑡), . . . , 𝐼𝑁(𝑡)] denotes the control vector at time slot
𝑡. Let Γ = { ⃗𝐼

1
(𝑡), ⃗𝐼
2
(𝑡), . . . , ⃗𝐼

𝑚
(𝑡)} denote the set of all valid

control vectors of the network. Clearly,𝑚 ≤ 2
2𝑁. In each slot

𝑡 > 1, the scheduling policyΔ decides the control vector ⃗𝐼
Δ
(𝑡)

such that ⃗𝐼
Δ
(𝑡) ∈ Γ. Now, we present some definitions.

Definition 1 (network stability). Queue 𝑄 is stable if the time
average of the queue length lim𝑇−>∞(1/𝑇)∑

𝑇−1

𝑡=0
𝐸{𝑄(𝑡)} <

∞. The network is stable if all queues are stable.

Definition 2 (stability region). The stability region of a
scheduling policy is the set of arrival rates {𝜆𝑚}𝑚∈{1,...,𝑁} that
stabilize the system under the policy. The stability region of
the systemΩ is the union of stability region of all scheduling
policies.

Definition 3 (throughput). For the arrival rate 𝜆, the through-
put under the scheduling policy Δ at time slot 𝑡, 𝐺Δ(𝜆), is the
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total successful transmitted packet that is received by all users
in the network. Mathematically,

𝐺
Δ
(𝜆) = lim

𝑡→∞

1

𝑇

𝑇

∑

𝑡=1

𝑁

∑

𝑘=1

𝑅𝑘 (𝑡) 𝐼
Δ

𝑘
(𝑡) . (7)

Definition 4 (throughput-optimal). The scheduling policy is
called throughput-optimal for the arrival rate vector ⃗𝜆 ∈

Ω if it can obtain the maximum throughput among all
scheduling policies that stabilizes the network. We represent
the throughput obtained by such policies for arrival rate
vector ⃗𝜆 by 𝐺max(

⃗𝜆).

Definition 5 (𝜖-throughput-optimal). The scheduling policy is
called 𝜖-throughput optimal for 𝜖 > 0 if under this policy the
network is stable and𝐺Δ( ⃗𝜆) > 𝐺max(

⃗𝜆)−𝜖.The 𝜖-throughput-
optimal policy attains a throughput which is at most 𝜖 less
than the throughput of any scheduling.

In this paper, we aim to design the optimal policy that
selects the control vector ⃗𝐼

𝑖
(𝑡) ∈ Γ in each time slot to

maximize the average throughput, while the stability of the
network is guaranteed

max
⃗𝐼𝑖(𝑡)∈Γ

𝑁

∑

𝑘=1

𝑅𝑘 (𝑡) 𝐼
𝑖

𝑘
(𝑡) (8)

subject to

lim
𝑡→∞

1

𝑡

𝑡

∑

𝑘=1

𝑁

∑

𝑖=1

𝑄𝑖 (𝑘) < ∞, (9)

where 𝐸(⋅) denote an expectation and 𝐼
𝑖

𝑘
denote the 𝑘th

component of control vector ⃗𝐼𝑖. The constraint in (9) ensures
the stability of the network.

4. Throughput-Optimal for Cooperative
Communication (TOCC)

4.1. TOCC Policy. We consider a discrete-time linear time-
invariant system with dynamics queues, where Φ(𝑡) =

{𝑄𝑘(𝑡)}𝑐∈𝑁 ≥ 0 are the states and ⃗𝐼
𝑘
(𝑡) ∈ Γ is the

control input. Note that only ⃗𝐼
𝑘
(𝑡) is variable here since the

scheduling decision is considered in this design. We define a
cost function that is comprised of objectives in policy design:
maximizing the throughput and stabilizing the queuing. The
cost function is defined as follows:

𝐽 = lim
𝑇→∞

1

𝑇

𝑇

∑

𝑡=0

𝐸{

𝑁

∑

𝑘=1

𝑄
2

𝑘
(𝑡) − 𝑉

𝑁

∑

𝑘=1

𝑅𝑘 (𝑡) 𝐼
𝑖

𝑘
(𝑡)} . (10)

The first term in function 𝐽 is the average expectation sum
quadratic of the queue length. This quadratic form gives
higher cost values to the larger queue length; thus, it tends
to equalize the queue length of every pair and reduces
queue length of larger queues. The second term of 𝐽 is the
average expectation of total throughput. The minimization

of 𝐽 assures that the queue at each pair is minimized and
total throughput is maximized. 𝑉 is a control parameter that
provides tradeoff between the stability of queue and attained
throughput.

In general, linear stochastic optimal control problem can
be solved effectively with optimal policy in only few special
cases [18, 19]. However, there exist different methods to
find suboptimal control policy [18]. Regarding computational
complexity and its compliance to our objective function,
we consider control-Lyapunov feedback method. Subopti-
mal control policy following the control-Lyapunov feedback
method is given as

the TOCC policy:

⃗𝐼(𝑡) = argmax
⃗𝐼∈Γ

(

𝑁

∑

𝑘=1

(𝑄𝑘 (𝑡) 𝐼𝑘 (𝑡) + 𝑉𝑅𝑘 (𝑡) 𝐼𝑘 (𝑡))) . (11)

The TOCC has a similar form to that of the SNO algo-
rithms [13]; however, the throughput is calculated differently.
In TOCC, the throughput takes into account the success
probability on each transmission mode and the number of
transmitted packets in each mode.The solution of the TOCC
uses the value of the current channel states, the queue length
𝑄(𝑡), the success probability, and the achievable rate (or
number of transmitted packets) of each mode and does not
need a memory of historical states or a required knowledge
of the arrival rate.

4.2. Operation of TOCC Policy. In this section, we describe
the operation of the TOCC policy: how this policy can
stabilize the network while maximizing the throughput, by
comparing it with the well-known backpressure policy [12].
We first denote

𝑊TOCC ( ⃗𝐼
𝑖
) =

𝑁

∑

𝑘=1

𝑄𝑘 (𝑡) 𝐼
𝑖

𝑘
(𝑡) + 𝑉𝑅𝑘 (𝑡) 𝐼

𝑖

𝑘
(𝑡) , (12)

𝑊BP ( ⃗𝐼
𝑖
) =

𝑁

∑

𝑘=1

𝑄𝑘 (𝑡) ⋅ 𝐼
𝑖

𝑘
(𝑡) , (13)

where 𝐼𝑖
𝑘
(𝑡) denote the 𝑘th element of vector ⃗𝐼

𝑖
(𝑡). In each

time slot 𝑡, the TOCC and backpressure policies select the
control vector that maximizes𝑊TOCC( ⃗𝐼

𝑖
) and𝑊BP( ⃗𝐼

𝑖
). It has

been shown in [12] that the backpressure policy stabilizes
the network for every arrival rate vector within the stability
region. This is because, under this policy, the queue length
process ∑𝑁

𝑘=1
𝑄
2

𝑘
has a negative drift when the total queue

length ∑𝑁
𝑘=1

𝑄𝑘 is significantly large.
We consider the two cases: large queue length and small

queue length. In the first case, when the queue lengths are
significantly large, we have ∑𝑁

𝑘=1
𝑄𝑘(𝑡) ≫ 𝑉∑

𝑁

𝑘=1
|𝑅𝑘(𝑡)𝐼𝑘|;

then, from (12) and (13) for every ⃗𝐼(𝑡), we have𝑊TOCC( ⃗𝐼
𝑖
) ≈

𝑊BP( ⃗𝐼
𝑖
). Thus, TOCC policy and Backpressure policy select

similar control vector. It is clear that the queue length process
under TOCC policy also has a negative drift when the total
queue length is sufficiently large. Therefore, TOCC policy
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stabilizes network for every arrival rate vector strictly inside
the stability region.

In case the queue lengths are small, 𝑊TOCC( ⃗𝐼
𝑖
) and

𝑊BP( ⃗𝐼
𝑖
) differ, and the control vectors which are selected

under TOCC policy and backpressure policy are not similar.
In this case, we have 𝑄𝑘(𝑡) ≪ |𝑅𝑘(𝑡)𝐼𝑘|. The TOCC policy
prefers to select pair 𝑘 and control vectors which have
high throughput to maximize 𝑊TOCC( ⃗𝐼

𝑖
). Therefore, TOCC

policy can guarantee the maximum throughput for every
transmission pair.

The following theorem summarizes our discussion above.
It is shown that the TOCC is 𝜖-throughput-optimal. The
TOCC attains a throughput with a gap 𝜖 to the optimal
solution. By controlling parameter 𝑉, we can achieve total
throughput arbitrary close to the optimal point.

Theorem 6. Given any arrival rate vector, 𝜆, strictly inside the
stability region, the TOCCpolicy stochastically stabilized all the
queue. And then, for every 𝜖 > 0, there exits 𝑉∗ such that, for
every 𝑉 > 𝑉

∗, TOCC policy is 𝜖-throughput-optimal policy.

Proof. The proof of Theorem 6 is given in Appendix A.

4.3. Distributed Implementation Issues. Implementation of
the TOCC policy requires two steps: gathering network states
information which includes the queue length, success prob-
ability, and transmission rate, and computing the optimal
control vector. In the first step, it requires centralized imple-
mentation and thus leads to increasing delay and bandwidth.
In the second step, the control policy TOCC needs to find
optimal vector ⃗𝐼 ∈ Γ by solving (11). In the worst case, since
the cardinality of Γ can be 22𝑁, the complexity to compute
the optimal control vector ⃗𝐼

∗ is also 𝑂(22𝑁). Thus, finding
the optimal control policy is challenging since it requires
the centralized implementation and the complexity of the
problem is high.

To address the above challenges, we apply the Randomize
Pick and Compare (RPC) framework [20] in order to imple-
ment TOCC policy in distributed manner with polynomial
computation.The key feature of the RPC framework is that it
does not seek to find an optimal control vector in every slot,
and hence, it can significantly reduce the computation time.
In every time slot, it determines the set 𝐼(𝑡) in two steps.

Step 1 (pick). At each time slot, it generates a new control
vector ⃗

𝐼(𝑡) such that

Pr(𝑊TOCC( ⃗𝐼
∗
(𝑡)) = 𝑊TOCC(

⃗
𝐼(𝑡))) > 𝜎, for constant

𝜎 > 0 and ⃗𝐼
∗
(𝑡) is the optimal control vector selected

by TOCC policy.

Step 2 (compare). Determine the control vector at time slot
𝑡 by comparing the previous control vector 𝐼(𝑡 − 1) and the
new one 𝐼(𝑡):

⃗𝐼(𝑡) = argmax
𝐼(𝑡)

(𝑊TOCC (
⃗
𝐼 (𝑡)) ,𝑊TOCC ( ⃗𝐼 (𝑡 − 1))) . (14)

Based on [20, 21], the compare operation can be performed
in a distributed fashion with 𝑂(𝑁

3
) computations. The

following theorem shows that RPC framework has the same
performance with the TOCC policy.

Theorem 7. Given any arrival rate vector, 𝜆, strictly inside the
stability region, the RPC framework stabilized all the queue.
And then, for every 𝜖 > 0 and ⃗𝜆 ∈ Ω, there exits 𝑉 such that,
for every 𝑉 > 𝑉

,

𝐺
Π∗ ( ⃗𝜆) > 𝐺max (

⃗𝜆) − 𝜖, (15)

where 𝐺Π∗ is the throughput of the system under RPC frame-
work.

Proof. The proof of Theorem 7 is given in Appendix B.

5. Performance Evaluation

In this section, we present our simulation to illustrate the
theoretical results and to compare the performance of TOCC
policy and its implementation with the aforementioned well-
known policy.

In our simulation, we generate a random topology with
100 nodes which are uniformly distributed in a rectangular
area.We select 20 nodes as the source nodes, and each source
node picks one of its neighbor nodes as a destination. A relay
node is also picked from the relay set of each pair. In order
to determine the relay set of each pair, we let 𝛾𝑡ℎ = 1 and
𝑝𝑡ℎ = 0.8. We set up a dynamic wireless environment where
the link qualities and the arrival rate are stationary processes.
A 2-hop interference model is used to determine the set of
all valid control vectors, Γ. The extended packets arrival to
each pair 𝑘 is assumed to follow the exponential distribution
with mean 𝜆𝑘. These pairs can transmit either directly or
cooperatively with a relay node inside their relay set Re𝑖. At
each time slot, our simulation runs the following steps. At
the first step, the success probabilities are generated using a
random process with given mean quality. At the second step,
we find control vector ⃗𝐼 according to the TOCC policy. At the
last step, queuing evolution is updated.

5.1. Throughput Comparison. In the first experiment, we
compare our performance with two other policies called
noncooperative policy (NCP) and multihop relay policy
(MHR) which always uses relay node to forward its data. We
evaluate the performance of these policies in the term of the
throughput.The control parameter𝑉 is set to 10.The relay set
for each pair is calculated with the interference control level
𝜀 = 0.8. The number of source nodes is 20 nodes. Figure 1(a)
shows the throughput under the scenario where the direct
links between source and destination have very poor quality,
𝑝
𝑑
= 0.4. We can see that the throughput of these policies is

decreased in order: TOCC, RPC, MHR, and NCP. Although
the multihop relay policy provides better performance than
the noncooperative policy in this case, since it does not
use the direct link, its performance is far below that of the
TOCC and RPC. Similar results are shown in Figure 1(b)
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Figure 1: Throughput and arrival rate under different direct link quality.
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Figure 2: Impact of control parameter V on throughput.

on the contrary case where the direct links between source
and destination have good quality, 𝑝𝑑 = 0.8. These results
have two interesting features. First, when the quality of the
direct link is good, the noncooperative policy performs better
than multihop relay. When the quality of the direct link
is low, the two-hop relay performs better. This reflects the
nature of the wireless network: the performance of the direct
transmission and multihop relay transmission depends on
the link qualities. Second, in all cases, TOCC and RPC
provide throughput better than what the noncooperative
and multihop relays do. The reason behind this result is
that the TOCC and RPC have wider degrees of freedom in
choosing transmission mode of each pair at every time slot
than others. Notice that, contrary to throughput of NCP and
MHRpolicies, the throughput of the TOCC andRPC policies
is almost the same in the two cases and its performance does
not depend on the link quality of network.
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Figure 3: Evolution of the queues under the TOCC and RPC
policies.

Next, we consider the effect of the parameter 𝑉 to the
performance of throughput. Given an input rate 𝜆𝑛 = 0.6

and the number of users 𝑘 = 20, simulations were conducted
by using control parameters 𝑉 in the range from 0 to 50,
and the results are given in Figure 2. From Figure 2, it is
seen that the throughput converges to the optimal throughput
level, as the control parameter 𝑉 is increased. This result has
been predicted in Theorems 6 and 7: when 𝑉 > 𝑉

∗, the
throughputs obtained by TOCC and RPC are near optimal.

5.2. Convergence and Network Stability. We verify the sta-
bility of the network under TOCC and RPC policies by
investigating the queue length over 500 time slots. Figure 3
shows the evolution of the average queue lengths at source
nodes. This result shows the queue length property of TOCC
and RPC policies, which is specified inTheorems 6 and 7.The
queue length fluctuates and coverages at the predefined queue
length. Hence, the network is stable under TOCC and RPC
policies. Notice that the RPC selects the control vector in an
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Figure 4: The impact of interference control parameter.

opportunistic way; thus, the convergence of the queue length
under TOCC is faster than that of RPC.

5.3. Impact of the Interference Control. We consider the
impact of the interference to the selection of the relay. The
number of the relays under variation of the parameter 𝜀 and
the average SNR on the link between source and relay nodes
𝛿
2

𝑖,𝑟
are shown in Figure 4(a). The number of the relays is

increased with the increase of 𝛿2
𝑖,𝑟
. Similarly, the parameter

𝜀 also impacts on the permitted number of the relays. This is
because small 𝜀 means that the interference control is rather
loose. Consequently, more relays are permitted to forward
message.

The throughput of the TOCC under variance of param-
eter 𝜀 is illustrated in Figure 4(b). The throughput decreases
drastically when 𝜀 goes to 0. From the interference control
effect, it is clear that the throughput is lowered by nearly one
and a half times with 𝜀 = 0 (control-free case) in contrast
to 𝜀 = 0.7 case. Furthermore, the parameter 𝜀 more than 0.4
is recommended since TOCC can maintain its competitive
performance in throughput in comparison with no-relay
case.

6. Conclusion

Wireless ad hoc networks with cooperative transmission and
direct transmission have been considered in this paper. Aim-
ing at maximizing network throughput, we have investigated
the scheduling policy which can guarantee the stability of
network and obtain the throughput to be near optimal. In
addition, the relay selection has been introduced to deal
with interference caused by relay and other pairs. The relay
selection scheme considers interference caused by relay trans-
mission, since it required that each relay must maintain an
interference constraint.Through simulation, we demonstrate
the effectiveness of the proposed TOCC algorithm. The

throughput that was obtained by our TOCC policy is very
close to the optimum. It is also observed that effectively
selecting relay can help to mitigate interference at the relay
and improve the network throughput.

Appendices

A. Proof of Theorem 6

First, we prove the supporting lemma.

Supporting Lemmas. Consider the following randomized
policy (RD) that finds the probability 𝑝𝑖, with the policy
that selects ⃗𝐼

𝑖
∈ Γ in every time slot by solving the linear

programming problem:

𝐿𝑃 ( ⃗𝜆, 𝛿) :

𝐿 ( ⃗𝜆, 𝛿) = max
⃗𝑝

𝑚

∑

𝑖=1

𝑁

∑

𝑘=1

𝑝𝑖𝑅𝑘 (𝑡) 𝐼
𝑖

𝑘

(A.1)

subject to

𝑚

∑

𝑖=1

𝑝𝑖 = 1, (A.2)

𝑚

∑

𝑖=1

𝑝𝑖𝐼𝑖𝑘
 = 𝜆𝑘 + 𝛿, (A.3)

where 𝛿 > 0 is a parameter to ensure the stability of the
network, while each queue is served at the rate higher than
the arrival rate. Given any arrival rate vector ⃗𝜆 ∈ Ω, the RD
policy is 𝜖-throughput-optimal.
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Proof. The constraint (A.3) ensures the stability of the net-
work, while each queue is served at the rate higher than the
arrival rate. Then we need to show that

𝐺
RD
( ⃗𝜆) > 𝐺max (

⃗𝜆) − 𝜖 (A.4)

for every ⃗𝜆 ∈ Ω, 𝜖 > 0. Let 𝛼𝑖(𝑡) = 1 if ⃗𝐼
𝑖 is a control vector

at time slot 𝑡, and 𝛼𝑖(𝑡) = 0 otherwise. Then, from (A.1) and
(A.3), we have

lim
𝑇→∞

1

𝑇

𝑇

∑

𝑡=1

𝛼𝑖 (𝑡) = 𝑝𝑖, (A.5)

lim
𝑇→∞

1

𝑇

𝑇

∑

𝑡=1

𝑚

∑

𝑖=1

𝛼𝑖 (𝑡) 𝐼
𝑖

𝑘
(𝑡) 1{𝑄𝑘>0}

= 𝜆𝑘, (A.6)

lim
𝑇→∞

1

𝑇

𝑇

∑

𝑡=1

𝑚

∑

𝑖=1

𝛼𝑖 (𝑡) 𝐼
𝑖

𝑘
(𝑡) = 𝜆𝑘 + 𝛿. (A.7)

Equation (A.6) comes from the fact that the network is stable;
then, the number of data departing the queue is equal to the
data arriving at the queue. Now, we have

𝐺
RD
( ⃗𝜆)

= lim
𝑇→∞

∑
𝑇

𝑡=1
∑
𝑁

𝑘=1
∑
𝑚

𝑖=1
𝛼𝑖 (𝑡) 𝑅𝑘 (𝑡) 𝐼

𝑖

𝑘
(𝑡){𝑄𝑘(𝑡)>0}

𝑇

= lim
𝑇→∞

∑
𝑇

𝑡=1
∑
𝑁

𝑘=1
∑
𝑚

𝑖=1
𝛼𝑖 (𝑡) 𝑅𝑘 (𝑡) 𝐼

𝑖

𝑘
(𝑡)

𝑇

− lim
𝑇→∞

∑
𝑇

𝑡=1
∑
𝑁

𝑘=1
∑
𝑚

𝑖=1
𝛼𝑖 (𝑡) 𝑅𝑘 (𝑡) 𝐼

𝑖

𝑘
(𝑡){𝑄𝑘(𝑡)=0}

𝑇

≥ 𝐿 ( ⃗𝜆, ⃗𝛿) −
𝐶∑
𝑇

𝑡=1
∑
𝑚

𝑖=1
𝛼𝑖 (𝑡) 𝐼

𝑖

𝑘{𝑄𝑘=0}

𝑇
,

(A.8)

where𝐶 is themaximumcapacity that a network can support,
𝐶 ≥ ∑

𝑁

𝑘=1
𝑅𝑘. From (A.6), (A.7), and (A.8), it follows that

𝐺
RD
( ⃗𝜆) ≥ 𝐿 ( ⃗𝜆, 𝛿) − 𝐶𝛿. (A.9)

Consider an arbitrary policyΠ that stabilizes the network for
⃗𝜆 ∈ Ω. We denote by 𝛽𝑖(𝑡) the cumulative slots that control
vector ⃗𝐼

𝑖 is selected under Π until 𝑡. Then, we have

1

𝑡

𝑚

∑

𝑖=1

𝛽𝑖 (𝑡) = 1,

lim
𝑡→∞

1

𝑡

𝑚

∑

𝑖=1

𝛽𝑖 (𝑡) 𝐼
𝑖

𝑘
= 𝜆𝑘.

(A.10)

Let 𝜇𝑘 = ∑
𝑚

𝑖=1
(𝛽𝑖(𝑡)/𝑡) − 𝜆𝑘 for each 𝑘. Then from (A.10),

𝛽𝑖(𝑡)/𝑡 is in the feasible set of 𝐿𝑃( ⃗𝜆, ⃗𝜇). Then,

1

𝑡

𝑚

∑

𝑖=1

𝑁

∑

𝑘=1

𝛽𝑖𝑅𝑘 (𝑡) 𝐼
𝑖

𝑘
≤ 𝐿 ( ⃗𝜆, ⃗𝜇) . (A.11)

From (A.11) and the continuity of 𝐿( ⃗𝜆, 𝛿), there exits 𝑡∗ such
that for every 𝑡 > 𝑡

∗ and ⃗𝛿
∗
> 0, we have −𝛿∗

𝑘
≤ 𝜇𝑘 ≤ 𝛿

∗

𝑘
.

Thus

1

𝑡

𝑚

∑

𝑖=1

𝑁

∑

𝑘=1

𝛽𝑖𝑅𝑘 (𝑡) 𝐼
𝑖

𝑘
≤ 𝐿 ( ⃗𝜆, ⃗𝜇) ≤ sup

{−𝛿∗≤𝛿≤𝛿∗}

𝐿 ( ⃗𝜆, 𝛿) . (A.12)

Taking the limit of two sides of inequality the previous:

𝐺
Π
( ⃗𝜆) = lim

𝑡→∞

1

𝑡

𝑚

∑

𝑖=1

𝑁

∑

𝑘=1

𝛽𝑖𝑅𝑘 (𝑡) 𝐼
𝑖

𝑘
≤ 𝐿 ( ⃗𝜆, 0) , (A.13)

where𝐺Π( ⃗𝜆) is the throughput obtained by theΠ policy.Now,
we notice that lim𝛿→0 (𝐿( ⃗𝜆, 𝛿) − 𝛿𝐶) = 𝐿( ⃗𝜆, 0). Thus, from
(A.9), (A.13), and the definition of the previous limitation,
there exits 𝛿 such that for every 𝜖 > 0 and 0 < 𝛿 < 𝛿

, it
follows that

𝐺
RD

≥ 𝐿 ( ⃗𝜆, 𝛿) − 𝛿𝐶 ≥ 𝐺
Π
( ⃗𝜆) − 𝜖. (A.14)

Because Π is an arbitrary policy, the result is followed from
the previous inequality and Definition 5.

Proof of Theorem 6. Now, one begins to prove Theorem 6.
Let ⃗𝐼

RD
(𝑡) and ⃗𝐼

∗
(𝑡) be the control vectors at time slot 𝑡

under RD policy and TOCCpolicy.Then,𝐺RD
, 𝐺
∗ denote the

throughput obtained under these policies. Our proof is based
on applying the Lyapunov stability techniques. We define the
corresponding Lyapunov function as follows:

𝐿 (𝑄 (𝑡)) =

𝑁

∑

𝑖=1

𝑄
2

𝑛
(𝑡) . (A.15)

This represents a scalar measure of queue congestion in the
network and implies the large queue size. The Lyapunov drift
can be represented by Δ(𝑄(𝑡)):

Δ (𝑄 (𝑡)) = 𝐿 (𝑄 (𝑡 + 1)) − 𝐿 (𝑄 (𝑡)) . (A.16)

Let 𝐵 = 𝑁(𝐴2max + 1) and using the queue length dynamics,

𝑄𝑘 (𝑡 + 1) = 𝑄𝑘 (𝑡) + 𝐴𝑘 (𝑡) − 𝐼
∗

𝑘
(𝑡) . (A.17)

The Lyapunov drift can be written as follows:

𝐸 [Δ (𝑄 (𝑡))] =

𝑁

∑

𝑘=1

𝑄
2

𝑘
(𝑡 + 1) −

𝑁

∑

𝑘=1

𝑄
2

k (𝑡)

≤ 𝐵 + 2

𝑁

∑

𝑘=1

𝑄𝑘 (𝑡) 𝜆𝑘

− 𝐸(

𝑁

∑

𝑘=1

2𝑄𝑘 (𝑡) (𝑡) 𝐼
∗

𝑘
(𝑡))

= 𝐵 + 2

𝑁

∑

𝑘=1

𝑄𝑘 (𝑡) 𝜆𝑘

− 2𝐸 [𝑊TOCC ( ⃗𝐼
∗
(𝑡))]

+ 2𝑉𝐸[

𝑁

∑

𝑘=1

𝑅𝑘 (𝑡) 𝐼
∗

𝑘
(𝑡)] .

(A.18)
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Now, for every ⃗𝜆, there exits 𝛿 > 0 such that RD is
𝜖/2-throughput optimal policy (Supporting Lemma). Hence,
from (11), (A.18),

𝐸 (Δ (𝑄 (𝑡))) ≤ 𝐵 + 2

𝑁

∑

𝑘=1

𝑄𝑘 (𝑡) 𝜆𝑘

− 2𝐸 [𝑊𝑇𝑂𝐶𝐶 (
⃗𝐼
RD
(𝑡))]

+ 2𝑉𝐸[

𝑁

∑

𝑘=1

𝑅𝑘 (𝑡) 𝐼
∗

𝑘
(𝑡)] .

(A.19)

Because RD policy selects the control vector ⃗𝐼
RD with proba-

bility ⃗𝑝 independent with queue lengths, thus,

𝐸 (𝐼
RD
𝑘
) =

𝑚

∑

𝑖=1

𝑝𝑖𝐼
RD
𝑘

= 𝜆𝑘 + 𝛿. (A.20)

From (A.19) and (A.20), it follows that

𝐸 (Δ (𝑄 (𝑡))) ≤ 𝐵 − 2𝛿

𝑁

∑

𝑘=1

𝑄𝑘 (𝑡)

− 2𝑉𝐸[

𝑁

∑

𝑘=1

𝑅𝑘 (𝑡) 𝐼
RD
𝑘

(𝑡)]

+ 2𝑉𝐸[

𝑁

∑

𝑘=1

𝑅𝑘 (𝑡) 𝐼
∗

k (𝑡)] .

(A.21)

(i) Stability of Π0: from (A.1), (A.21), we have

𝐸 (Δ (𝑄 (𝑡))) ≤ 𝐵 − 2𝛿

𝑁

∑

𝑘=1

𝑄𝑘 (𝑡) . (A.22)

Summing the previous inequalities over 𝑡 ∈

{1, 2, . . . 𝑇} and noting that 𝐿(𝑄(0)) = 0 and
𝐿(𝑄(𝑇)) > 0, we have

1

𝑇

𝑇

∑

𝑡=1

𝑁

∑

𝑘=1

𝑄𝑘 (𝑡) ≤
𝐵

𝛿
. (A.23)

Hence, the network is stable under TOCC policy.
(ii) Π0 is 𝜖-throughput-optimal: when all queues con-

verge, we have

𝐸 (𝐿 (𝑄 (𝑡 + 1))) = 𝐸 (𝐿 (𝑄 (𝑡))) , (A.24)

𝐸 (𝐼
RD
𝑘
) = 𝜆𝑘. (A.25)

Equation (A.24) comes from the fact that when all
queues converge, the arrival rate is equal to the service
rate. From the definition of the throughput, it follows
that

𝐸[

𝑁

∑

𝑘=1

𝑅𝑘 (𝑡) 𝐼
RD
𝑘

(𝑡)] = 𝐺
RD
(𝜆) ,

𝐸 [

𝑁

∑

𝑘=1

𝑅𝑘 (𝑡) 𝐼
∗

𝑘
(𝑡)] = 𝐺

∗
(𝜆) .

(A.26)

Thus, from (A.24), (A.25), and (A.26), (A.21) can be
written as

0 ≤ 𝐵 − 2𝑉𝐺
RD
( ⃗𝜆) + 2𝑉𝐺

∗
( ⃗𝜆) . (A.27)

Because RD policy is 𝜖/2-throughput-optimal policy,
thus,

𝐺
∗
( ⃗𝜆) ≥ 𝐺

RD
( ⃗𝜆) −

𝐵

2𝑉

≥ 𝐺max (
⃗𝜆) −

𝜖

2
−

𝐵

2𝑉

≥ 𝐺max (
⃗𝜆) − 𝜖,

(A.28)

where 𝐵/𝑉 ≤ 𝜖. The result follows if 𝑉 > 𝑉
∗
= 𝐵/𝜖.

B. Proof of Theorem 7

Let ⃗𝐼
Π∗(𝑡) be the control vector at time slot 𝑡 under RPC

framework. Denote {𝑡𝑘}𝑘=1,2,... as the sequence of time slot
at which 𝑊TOCC( ⃗𝐼

∗
(𝑡)) = 𝑊TOCC( ⃗𝐼

Π∗(𝑡)). Thus, we have
𝐸[𝑡𝑖+1 − 𝑡𝑖] = 1/𝜎. Now, with arbitrary 𝑡 ∈ (𝑡𝑖, 𝑡𝑖+1), we have:

𝑁

∑

𝑘=1

𝑄𝑘 (𝑡) ≤

𝑁

∑

𝑘=1

𝑄𝑘 (𝑡 − 1) +

𝑁

∑

𝑘=1

𝐴𝑘 (𝑡 − 1)

≤

𝑁

∑

𝑘=1

𝑄𝑘 (𝑡𝑖) + 𝑁𝐴max (𝑡𝑖+1 − 𝑡𝑖) .

(B.1)

From Step 2 of the RPC framework,

𝑊TOCC ( ⃗𝐼
Π∗ (𝑡)) ≥ 𝑊TOCC ( ⃗𝐼

∗
(𝑡𝑖)) . (B.2)

Now, from (B.1) and (B.2), by rearranging (12), we obtain

𝑊TOCC ( ⃗𝐼
Π∗ (𝑡)) ≥ 𝑊TOCC ( ⃗𝐼

∗
(𝑡)) − 𝑁𝐴max

1

𝜎
. (B.3)

Now, given arrival rate vector ⃗𝜆, we use the analysis similar to
the proof of Theorem 6 for obtaining (A.18):

𝐸 (Δ (𝑄 (𝑡))) ≤ 𝐵 + 2

𝑁

∑

𝑘=1

𝑄𝑘𝜆𝑘

− 2𝐸 [𝑊TOCC ( ⃗𝐼
Π∗ (𝑡))]

− 2𝑉𝐸[

𝑁

∑

𝑘=1

𝑅𝑘 (
⃗𝐼
Π∗ (𝑡)) 𝐼

Π∗

𝑘
(𝑡)] .

(B.4)

Hence, from (B.3) and (B.4),

𝐸 (Δ (𝑄 (𝑡))) ≤ 𝐵

+ 2

𝑁

∑

𝑘=1

𝑄𝑘 (𝑡) 𝜆𝑘

− 2𝐸 [𝑊TOCC ( ⃗𝐼
∗
(𝑡))]

− 2𝑉𝐸[

𝑁

∑

𝑘=1

𝑅𝑘 (𝑡) 𝐼
Π∗

𝑘
(𝑡)] ,

(B.5)

where 𝐵 = 𝐵 + (𝑁𝐴max/𝜎).
The remaining of the proof is similar to those in the proof

of Theorem 6. We omit it here.
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This paper proposes a 6LoWPAN servicemodel based on the IPv6-based 𝑘-Anycast communicationmodel.Thismodel is extended
into 6LoWPAN servicemodel so that the data-centric services ofWSN can be achieved efficiently in the address-centric 6LoWPAN.
In the proposed service model, an IPv6 node can obtainmultiple network services through one request-response interaction where
multiple sensor nodes cooperate to complete all requested network services and they provide their respective network services at
the same time. As a result, the delay time is shortened. In addition, the proposed service model avoids the service failure caused by
dormant sensor nodes. Since users can only request the network services they are interested in, the redundant data transmission is
avoided. The performance parameters of the proposed service model are analyzed, and the data results show that the performance
of the proposed service model is better.

1. Introduction

With the rapid development of the IPv6 Internet and the
extensive application of wireless sensor networks (WSN), all-
IP communication between WSN and the IPv6 Internet has
become an inevitable future trend [1–3]. In this situation,
IETF proposes 6LoWPAN [1] where each sensor node has a
unique IPv6 address.

The IPv6 network adopts the address-centric working
mechanism, while WSN utilizes the data-centric working
mechanism. Therefore, achieving the data-centric network
services in the address-centric 6LoWPAN gives rise to some
issues, such as work inefficiency. For example, in general,
a sensor node only collects a particular type of data (e.g.,
temperature). When an IPv6 node requests several types of
data (e.g., temperature, humidity, luminous intensity, etc.)
collected by several sensor nodes at the same time, in a
traditional way it has to repeatedly send the service-request
packet to obtain the required data. Therefore, the traditional
service model not only increases service response time but
also reduces the network service performance. Hence, the
issue of how to integrate the data-centric mechanism and
the address-centric mechanism to increase network service
performance in 6LoWPAN needs urgently a solution.

In this situation, this paper proposes a service model in
6LoWPAN, and it has the following contributions.

(1) We extend the IPv6-based 𝑘-Anycast communication
model into 6LoWPAN servicemodel so that the data-
centric services can be achieved in address-centric
6LoWPAN efficiently. According to the character-
istics of the IPv6-based 𝑘-Anycast communication
model, we propose the 6LoWPAN network archi-
tecture and implement the IPv6-based 𝑘-Anycast
communication model based on this architecture.

(2) In the proposed service model, an IPv6 node
can obtain multiple network services through one
request-response interaction where multiple sensor
nodes cooperate to complete all requested network
services and they provide their respective network
services at the same time.

(3) The proposed service model avoids the service failure
caused by dormant sensor nodes.

(4) In the proposed service model, users can request the
only network services they are interested in, so the
redundant data transmission is avoided.
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The remainder of the paper is organized as follows. In
Section 2, we discuss the related work on the service models
in 6LoWPAN. We describe and discuss the 6LoWPAN
network service in Section 3 and the performance of the
proposed service model in Section 4. We conclude the paper
with a summary in Section 5.

2. Related Work

References [4–6] proposed a discovery scheme of WSN
network service based on the directory proxy agent (DPA).
In the scheme, a sensor node registered the network services
provided by it with the DPA in the local region. If a user
wanted to acquire network services, then the user had to
search the DPA in the local region for the information on
the sensor nodes which could provide the required network
services and then communicated with the sensor nodes in
a unicast way to acquire the required network services.
However, a DPA in the scheme needed to maintain a great
deal of registration information on sensor nodes and to
communicate frequently with the sensor nodes in order
to ensure the accuracy and correctness of the registration
information, which consumed a lot of storage and computing
resources. If a DPA failed, then the network services in
the corresponding local region would fall into collapse. In
addition, the scheme was built on the data-centric working
mechanism and did not take into account the integration of
the address-centric working mechanism and the data-centric
working mechanism.

Reference [7] proposed a location-based service discov-
ery scheme for WSN based on the WSN point-to-point rout-
ing scheme [8]. Since the routing scheme [8] was not based
on IPv6 address, it was not suitable for 6LoWPAN service
model. In [9, 10], network service types were embedded
into IPv6 addresses in order to quickly achieve network
service discovery and inquiry, but one IPv6 address including
network service types could not be compressed. In addition,
network service types being embedded in IPv6 addresses are
not in line with IPv6 layer design principles.

Reference [11] adopted the 6LoWPAN network archi-
tecture [3] to achieve WSN service, but the experimental
data showed that network services achieved through the
traditional Internet network service model consumed a lot of
power and their performance was neither good nor efficient.
Reference [12] proposed three kinds of service discovery
mechanisms: YouCatchMe, ICatchYou, and Some1CatchMe
and analyzed their energy consumption, and the performance
of Some1CatchMewas the best.However, Some1CatchMewas
based on RFID tags so its application was limited.

Reference [13] proposed a service discovery scheme
where the electronic number mapping was employed to
perform the service discovery in 6LoWPAN. In the scheme,
a sensor node was associated with a master node which was
assigned a unique E.164 number. The gateway of the network
performed the task of converting attribute-value pair-based
human readable queries into E.164 numbers so that services
destined for sensor nodes first reached the master node with
which they were associated by using the E.164 number of the

master node. In the scheme, translating attribute-value pair-
based human readable queries into E.164 numbers increased
the service discovery delay and also made a gateway become
a bottleneck. If a gateway or a master node failed, then the
corresponding service discovery process also collapsed. In
addition, the more the number of service requests was, the
worse the performance of the scheme was.

References [14–19] introduced the (m) anycast commu-
nication model into the data-centric WSN to improve the
network service performance. The research results showed
that the introduction of the (m) anycast communication
model enhanced the cooperation ability of sensor nodes,
shortened the delay time of data transmission, and effec-
tively saved network resources. However, the (m) anycast
communication models in [14–19] were only for the data-
centric WSN, and they were implemented based on the data-
centric routing mechanism of WSN, so it was difficult to
apply the research results into the address-centric 6LoWPAN.
Therefore, it needs to introduce an (m) anycast model based
on the address-centric mechanism into 6LoWPAN so that
the data-centric tasks can be implemented efficiently in
6LoWPAN. For this purpose, we have studied the concept
of the 𝑘-Anycast communication model in ad hoc networks
in [20–22] and have proposed the IPv6-based 𝑘-Anycast
communication model [23] for the first time. In the model,
multiple resource-limited sensor nodes, which are called 𝑘-
Anycast members, can cooperate to complete data-centric
tasks. From the perspectives of theory and practice, we have
proven that the IPv6-based 𝑘-Anycast communicationmodel
can achieve the data-centric tasks in the address-centric
networks efficiently [23].

Therefore, the paper proposes to utilize the IPv6-based
𝑘-Anycast communication model to achieve the data-centric
services in the address-centric 6LoWPAN.

3. 6LoWPAN Service Model

3.1. Network Architecture. 6LoWPAN includes 3 types of
nodes: 6LoWPAN ingress node, cluster head, and cluster
member. A 6LoWPAN ingress node connects 6LoWPAN
to the IPv6 networks. 6LoWPAN is divided into multiple
clusters, and each cluster has only one cluster head, as
shown in Figure 1. Cluster heads are responsible for routing
and forwarding, while cluster members provide 6LoWPAN
services.

3.2. IPv6-Based 𝑘-Anycast Communication Model. The IPv6-
based 𝑘-Anycast communication model is between anycast
and multicast, and it allows 𝑛 servers to cooperate with each
another to accomplish a task. Anycast and multicast are two
special examples of 𝑘-Anycast. If 𝑘is equivalent to 1, then 𝑘-
nycast becomes anycast. If 𝑘 is equivalent to the total number
of 𝑘-Anycast members, then 𝑘-Anycast becomes multicast.

In the 𝑘-Anycast model, each 𝑘-Anycast address repre-
sents one kind of 𝑘-Anycast service which can be divided into
multiple 𝑘-Anycast subservices, and one kind of 𝑘-Anycast
service is performed by one 𝑘-Anycast group. The definition
of a 𝑘-Anycast group is described as follows.
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Figure 1: Network architecture.

(1) Each 𝑘-Anycast group is uniquely identified by a one
𝑘-Anycast address.

(2) Eachmember of one 𝑘-Anycast group canprovide one
𝑘-Anycast subservice at least.

(3) All members of one 𝑘-Anycast group form a tree
which is called the 𝑘-Anycast tree and whose root
node is called the 𝑘-Anycast center node. Multiple
members of one 𝑘-Anycast group can cooperate to
perform one 𝑘-Anycast service.

(4) The unicast address space of the 𝑘-Anycast center
node is the same as the 𝑘-Anycast address space of
the 𝑘-Anycast group. One packet whose destination
address is one 𝑘-Anycast address can be routed to
the 𝑘-Anycast center node of the 𝑘-Anycast group
identified by the 𝑘-Anycast address.

In the 𝑘-Anycastmodel, one 𝑘-Anycast address represents
one 𝑘-Anycast service which corresponds to one 𝑘-Anycast
group and one 𝑘-Anycast tree. The 𝑘-Anycast address of one
𝑘-Anycast group is the same as the unicast address of the
corresponding 𝑘-Anycast center node.

In the 𝑘-Anycast model, the process of an IPv6 node
acquiring one 𝑘-Anycast service is described as follows.

(1) An IPv6 node sends a 𝑘-Anycast service-request
packet whose destination address is the correspond-
ing 𝑘-Anycast address.

(2) The packet is routed to the 𝑘-Anycast center node.
(3) The 𝑘-Anycast center node forwards the 𝑘-Anycast

service-request packet to each 𝑘-Anycast member.
(4) After one 𝑘-Anycast member receives the 𝑘-Anycast

service-request packet, it returns its 𝑘-Anycast subser-
vice response data to the 𝑘-Anycast center node.

(5) The 𝑘-Anycast center node deals with all received 𝑘-
Anycast subservice response data, encapsulates the
complete 𝑘-Anycast service response data into one
service-response packet, and returns the packet to the
IPv6 node.

3.3. Extension of IPv6-Based 𝑘-Anycast Model into 6LoWPAN
Service Model. The paper extends the IPv6-based 𝑘-Anycast
model into the 6LoWPAN servicemodel. In 6LoWPAN, a set
of network services are considered as one 𝑘-Anycast service,
one network service is one 𝑘-Anycast subservice, one cluster

is one 𝑘-Anycast group, the cluster head and cluster members
are the 𝑘-Anycastmembers of the 𝑘-Anycast group, the cluster
head is the 𝑘-Anycast center node, the IPv6 address (unicast
address) of the cluster head is the 𝑘-Anycast address of the
𝑘-Anycast group, and each cluster member can provide one
network service at least. In this way, a set of network services
can be achieved by one cluster.

In the proposed service model, the type of one 𝑘-Anycast
service is uniquely identified by one fixed port, which is
similar to awell-known port in IPv6. For example, in IPv6 the
port 80 refers to theweb service, and similarly in the proposed
service model the port 1200 represents the environmental 𝑘-
Anycast service which provides 4 kinds of environmental 𝑘-
Anycast subservices (network services): temperature network
service, humidity network service, carbon dioxide concen-
tration network service, and luminous intensity network
service. Due to resource constraint, it is difficult for a sensor
node to independently provide a complete 𝑘-Anycast service.
Therefore, a 𝑘-Anycast service is divided into multiple 𝑘-
Anycast subservices each of which is achieved by one 𝑘-
Anycast member (one cluster member). In this way all cluster
members (𝑘-Anycast members) can work together to provide
one 𝑘-Anycast service. The proposed 6LoWPAN service
model defines that the type of one 𝑘-Anycast subservice is
identified by an identifier in the application layer which is
called sub-service ID. Therefore, the type of one 𝑘-Anycast
subservice is uniquely identified by a port and a subservice
ID; for example, the 𝑘-Anycast sub-service of providing the
temperature is identified by port 1200 and sub-service ID
1. Subservice ID is described by one subservice field in the
application layer which is 𝑚-byte long. The value of 𝑚 is a
positive integer which is greater than or equivalent to 1 and
can be adjusted according to the quantity of the 𝑘-Anycast
subservices. In the subservice field, each bit corresponds to
the state of a type of 𝑘-Anycast subservice which records
the state of whether the 𝑘-Anycast subservice is achieved or
not. The bit value 1 (achieved) means that the correspond-
ing 𝑘-Anycast subservice is achieved, and the bit value 0
(nonachieved) means that the corresponding 𝑘-Anycast sub-
service is not achieved. In the service model, the value of𝑚 is
set to 1 that is, one 𝑘-Anycast service can contain a maximum
of 8 𝑘-Anycast sub-services (network services).

Through the sub-service field, users can request the only
network services which they are interested in.

3.4. Generation of One Cluster (One 𝑘-Anycast Group). In the
initial state, all sensor nodes except 6LoWPAN ingress nodes
in WSN are in the isolated state and have one connectivity
parameter with the same initial value which defines the
threshold connectivity with which one isolated sensor node
can be marked as a cluster head. In the service model, one
isolated sensor node periodically broadcasts an Adv packet
within one-hop communication area.

During the generation of one cluster (one 𝑘-Anycast
group), the following data structures are defined:

Adv packet: the packet which an isolated node broadcasts
to its neighbor nodes within one-hop scope in order to show
its existence;
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Join 𝐶 packet: the packet which a cluster head sends to
its neighbor isolated nodes within one-hop scope in order to
invite the isolated nodes to join the cluster identified by the
cluster head;

Res 𝐶 packet: the packet which one isolated node returns
to one cluster head and which is one response packet to the
Join 𝐶 packet sent by the cluster head;

Ack 𝐶 packet: the packet which one cluster head returns
to one cluster member to confirm that the cluster member
joins the cluster identified by the cluster head and which is
one response packet to the Res 𝐶 packet sent by the isolated
node.

One isolated sensor node becomes a cluster head or a
cluster member through the following steps.

(1) One sensor node 𝑌 within one-hop communication
area of one isolated node 𝑋 receives one Adv packet
sent by 𝑋. If 𝑌 is marked as a cluster member, then it
abandons to process the packet and goes to step (6);
otherwise, 𝑌 adds 𝑋 into its neighbor node list. If 𝑌
is an isolated node, then it decreases its connectivity
parameter by 1; otherwise if 𝑌 is marked as a cluster
head, then it sends a Join 𝐶 packet to 𝑋 and goes to
step (3).

(2) If𝑌 is an isolated node and its connectivity parameter
is equivalent to zero, then it sends a Join 𝐶 packet to
the isolated nodes in its neighbor node list; otherwise
𝑌 still keeps the isolated state and goes to step (6).

(3) After𝑋 (or one isolated node 𝑍 in 𝑌’s neighbor node
list) receives the Join 𝐶 packet, if it is in the isolated
state and does not return one Res 𝐶 packet to other
nodes, then it returns to 𝑌 one Res 𝐶 packet.

(4) If 𝑌 is a cluster head and receives one Res 𝐶 packet
returned by𝑋, then it adds𝑋 into its neighbor list and
its cluster member list and at the same time sends one
Ack 𝐶 packet to 𝑋. If 𝑌 is an isolated node, then, in
the predetermined time, 𝑌 checks if the total number
of the isolated nodes returning one Res 𝐶 packet is
equivalent to the threshold connectivity. If it is, then
𝑌marks itself as a cluster head, sets its clustermember
list to its neighbor node list, and sends one Ack 𝐶
packet to each cluster member in the cluster member
list. Otherwise, 𝑌 deletes from its neighbor node list
the nodes which do not return one Res 𝐶, sets its
connectivity parameter to the difference between the
threshold connectivity and the total number of the
nodes returning oneRes 𝐶, and still keeps the isolated
state and goes to step (6). If one isolated node receives
the Res 𝐶 packet sent by one isolated node which is
in its neighbor node list, then it deletes the isolated
node from its neighbor node list and at the same time
increases its connectivity parameter by 1.

(5) After𝑋 (or𝑍) receives one Ack 𝐶 packet sent by 𝑌, it
marks itself as a cluster member.

(6) A cluster’s generation process ends.

From the above process, it can be inferred that only
the isolated node whose connectivity is not less than the

Cluster:

Cluster head:

Cluster member:

k-Anycast group

k-Anycast center node

k-Anycast member

Figure 2: Generation of one cluster (one 𝑘-Anycast group).

threshold connectivity can be marked as a cluster head. The
goal of the generation algorithm of a cluster is to ensure that
the total number of cluster members in one cluster is not
less than the threshold connectivity so that one cluster can
provide a complete 𝑘-Anycast service even if some cluster
members are in the dormant state.

In this way, one 𝑘-Anycast group (one cluster) is gener-
ated, and it is uniquely identified by the unicast address of the
cluster head, and the cluster members and the cluster head
form a 𝑘-Anycast tree whose 𝑘-Anycast center node is the
cluster head, as shown in Figure 2.

3.5. Implementation of 6LoWPAN Network Services. The
process of one IPv6 node acquiring one 𝑘-Anycast service (a
set of network services) is as follows.

(1) One IPv6 node sends a 𝑘-Anycast service-request
packet, the destination address of the packet is the
𝑘-Anycast address of the corresponding 𝑘-Anycast
group, namely, the Unicast address of the cluster head
𝐻 of the corresponding cluster, and the payload of
the packet is the sub-service IDs of the requested 𝑘-
Anycast sub-services.

(2) The 𝑘-Anycast service-request packet is routed to
the cluster head 𝐻 which broadcasts the 𝑘-Anycast
service-request packet in the cluster.

(3) One cluster member 𝑋 in the cluster receives the 𝑘-
Anycast service-request packet. If 𝑋 can provide the
𝑘-Anycast sub-services identified by the sub-service
IDs in the packet, then it returns one 𝑘-Anycast sub-
service response packet to𝐻; otherwise,𝑋 abandons
the packet.

(4) Within the predetermined time which is set to one
dormant period of one sensor node, if the 𝑘-Anycast
sub-service response packets returned by the cluster
members can provide one complete 𝑘-Anycast ser-
vice, then 𝐻 encapsulates the complete 𝑘-Anycast
service response data into one 𝑘-Anycast service-
response packet and then returns it to the IPv6 node
and goes to step (6); otherwise 𝐻 waits for another
predetermined time.
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(5) In the secondpredetermined time,𝐻 encapsulates the
received 𝑘-Anycast sub-service response data into one
𝑘-Anycast service-response packet and returns it to
the IPv6 node.

(6) The process ends.

4. Performance Analysis

4.1. Cost and Delay Analysis. In order to evaluate the per-
formance of the proposed service model, we compare the
proposed service model with the existing service model. As
we know, not much work has been done in the field of service
discovery for 6LoWPAN, so few existing service models were
available for comparison. Reference [13] has proved that the
performance of the service model in [13] has been better
than that of the service models proposed in [4–6]. Therefore,
we compare the proposed service model with the existing
service model in [13]. Reference [13] proposed a service
discovery scheme where the electronic number mapping was
employed to perform the service discovery in 6LoWPAN.
In the scheme, each sensor node was associated with a
master node which was assigned a unique E.164 number.
The gateway of the network performed the task of converting
attribute-value pair-based human readable queries into E.164
numbers so that services destined for sensor nodes first
reached the master node with which they were associated by
using the E.164 number of the master node [13].

We adopt the analytical method in [13] to compare the
performance of the proposed service model and the existing
service model [13].

The paper analyzes the performance parameters of the
proposed service model and the existing service model [13].
The performance parameters include the network service
costs and the network service delay time.The network service
costs include the transmission cost of the packets in IPv6
networks and WSN, the cost of the gateway (or 6LoW-
PAN ingress node which connects WSN to IPv6 networks)
processing packets, and the cost of the destination node
processing the packets. In the proposed service model, the
sub-service field is 1-byte long.

The costs 𝐶 of the proposed service model can be
calculated from formula (1), and the costs 𝐶 of the existing
service models [13] can be done from formula (2):

𝐶 = 2 ⋅ 𝐷SR-GW ⋅ 𝜏 + 2 ⋅ 𝐶GW + 2 ⋅ 𝐷GW-DES ⋅ 𝜅 + 2𝐶DES

+ 𝑛 ⋅ 𝐶GM + 2 ⋅ 𝑛 ⋅ 𝐷DES-GM ⋅ 𝜅,
(1)

𝐶

= 𝑛 ⋅ (2 ⋅ 𝐷SR-GW ⋅ 𝜏 + 2 ⋅ 𝐶GW

+2 ⋅ 𝐷GW-MA-GM ⋅ 𝜅 + 𝐶GM) ,
(2)

In formulas (1) and (2), 𝐷SR-GW is the distance (hop)
from the source IPv6 node, which sends a service-request
packet, to the gateway (or 6LoWPAN ingress node) which
connects the destinationWSN to the IPv6 network;𝐷GW-DES
is the distance (hop) from the 6LoWPAN ingress node to the
cluster head of the destination cluster (the 𝑘-Anycast center
node); 𝐷GW-MA-GM is the distance (hop) from the gateway to
the destination sensor node through the master node which

the destination sensor node is associated with; 𝐷DES-GM is
the distance from the cluster head of the destination cluster
(the 𝑘-Anycast center node) to the cluster members in the
same cluster (the 𝑘-Anycastmembers), and its value is 1;𝐶GW,
𝐶DES, and 𝐶GM are, respectively, the cost of the gateway (or
6LoWPAN ingress node) processing one packet, the cost of
the 𝑘-Anycast center node processing one packet, and the
cost of one 𝑘-Anycast member (or the destination sensor
node) processing one packet; 𝑛 is the number of the network
services contained in one 𝑘-Anycast service; 𝜅 and 𝜏 are,
respectively, the transmission cost of a unit of data in WSN
and the transmission cost of a unit of data in IPv6 networks.
Since the cost consumed by data transmission between sensor
nodes is larger than the one consumed by data processing
by several orders of magnitude [24], 𝐶GW, 𝐶DES, and 𝐶GM
in formula (1) and formula (2) are negligible. According to
[25, 26], when the parameters are set to the following values:
𝜏 = 1, 𝜅 = 2, 𝐷SR-GW = 6, 𝐷GW-MA-GM = 4, 𝐷GW-DES = 3 and
𝐷DES-GM = 1, the network service costs is obtained, as shown
in Figure 3.

The network service delay time includes the delay time of
transmitting packets and the delay time of processing packets.
The network service delay time 𝐷 in the proposed service
model can be calculated from formula (3), and the network
service delay time 𝐷 in the existing service model [13] can
be done from formula (4):

𝐷 = 2𝑡GW + ∑
𝐷SR−GW

(
𝑃request + 𝑃response

BWwired
+ 2𝑡𝑟 + 2𝐿wired)

+ 2𝑡DES + 𝐷 ∑
𝐷GW−DES

(
𝑃request + 𝑃response

BWwireless

+2𝑡𝑟 + 2𝐿wireless) + 𝑡GM

+ ∑

𝐷DES−GM

(
𝑃request + 𝑃sub response

BWwireless
+ 2𝐿wireless) ,

(3)

𝐷

= 2𝑛 ⋅ 𝑡GW + ∑

𝐷SR−GW

𝑛 ⋅ (
𝑃request + 𝑃response

BWwired
+ 2𝑡𝑟 + 2𝐿wired)

+ 𝑛 ⋅ 𝑡DES + 𝑛 ⋅ 𝑡GM + ∑
𝐷GW−MA−GM

𝑛 ⋅ (
𝑃request + 𝑃response

BWwireless

+2𝑡𝑟 + 2𝐿wireless) .

(4)

In formula (3) and (4), 𝑡GW, 𝑡DES, and 𝑡GM are, respectively,
the delay time of the gateway (or 6LoWPAN ingress node)
processing one packet, the delay time of the 𝑘-Anycast
center node (or master node) processing one packet, and
the delay time of one 𝑘-Anycast member (or destination
sensor node) processing one packet, and their values are set
to 1ms [27, 28]; 𝑡𝑟 is the delay time of one intermediate
node processing one packet’s routing, and its value is set
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Figure 3: Network service costs.

to 0.001ms; 𝐿wireless(𝐿wired) is the delay time of one packet’s
transmission on the wireless (wired) network plus the link
delay time on the wireless (wired) network, and its value is
set to 2ms (0.5ms); 𝑃request is the length of one (𝑘-Anycast)
service-request packet, 𝑃response is the length of one (𝑘-
Anycast) service-response packet, (𝑃sub response) is the length
of one 𝑘-Anycast sub-service packet, and their values are
set to (127 × 8) bits; BWwireless(BWwired) is the bandwidth
of WSN (IPv6 networks), and its value is set to 250Kbps
(100Mbps). The network service delay time is obtained, as
shown in Figure 4.

In the proposed service model, the 𝑘-Anycast members
(the cluster members) deal with the 𝑘-Anycast service-
request packet at the same time so the network service delay
time is not associated with 𝑛 if one 𝑘-Anycast service can
provide 𝑛 networks services through one request-response
interaction, as shown in Figure 4.

4.2. Simulation Analysis. In ns-2 simulation environment,
the simulation region is 100 × 100m2 and includes one
6LoWPAN ingress node and 200 sensor nodes including
40 temperature sensor nodes, 40 humidity sensor nodes, 40
carbon-dioxide-concentration sensor nodes, 40 luminous-
intensity sensor nodes, and 40 soil-moisture sensor nodes.
The sensor nodes form multiple clusters according to the
proposed algorithm of one cluster generation. When one
sensor node is in the idle state, it switches into the dor-
mant state. In one dormant period, the sensor node is
awakened automatically to check if there are the network-
service requests, and one dormant period is set to 1ms. The
communication range of one sensor node can range from
10m to 100m. The bandwidth in IPv6 networks is 100Mbps,
and the one in 6LoWPAN is 250Kbps. The link protocol is
IEEE 802.15.4. In the proposed service model, the fixed port
1200 refers to the environmental 𝑘-Anycast service which
includes 5 networks services (𝑘-Anycast sub-services): the
temperature network service whose sub-service ID is 1, the
humidity network service whose sub-service ID is 2, the
carbon-dioxide-concentration network service whose sub-
service ID is 3, the luminous-intensity network service whose
sub-service ID is 4, and the soil-moisture network service
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Figure 4: Network service delay time.

whose sub-service ID is 5. The sub-service field is 1-byte
long. When the above 5 network services are requested in
sequence, the consumed power comparison and the delay
time comparison of the proposed service model and the
existing service model [13] are shown in Figures 5 and 6.

Figures 5 and 6 show that the performance of the
proposed service model is better than the one of the existing
service model [13], and the analytical reasons are as follows.

(1) In the proposed service model, an IPv6 node
can obtain multiple network services through one
request-response interaction based on the IPv6-based
𝑘-Anycast communication model, which reduces the
consumed power and shortens the delay time.

(2) In the proposed service model, the 𝑘-Anycast mem-
bers (the cluster members) can provide their respec-
tive network services at the same time, which shortens
the delay time.

(3) The proposed service model avoids the service failure
caused by dormant sensor nodes.

5. Conclusion

The paper proposes a 6LoWPAN service model based on
the IPv6-based 𝑘-Anycast communication model. In the
proposed service model, an IPv6 node can obtain multiple
network services through one request-response interaction
where multiple sensor nodes cooperate to complete all
requested network services and provide their respective
network services at the same time. In addition, the proposed
service model also avoids the service failure caused by
dormant sensor nodes. The paper analyzes the performance
of the proposed service model and the existing service
models, and the analytical results show that the proposed
service model can greatly improve the service performance
in 6LoWPAN.
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