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Preface

Cooperative wireless networks have emerged as a promising technology that allows
wireless devices to take advantage of diversity and the broadcast nature of wireless
medium. Nonetheless, some important issues remain to be addressed to enable
practical implementation. In particular, with the fast-growing mobile traffic and
rising energy costs, energy saving needs to be taken into account in the design
of cooperative protocols. In addition, many designs and analyses assume that
the locations of cooperative wireless nodes are deterministic or known a priori.
However, due to user mobility and/or network dynamics, the node locations are
spatially random. Hence, this feature should be properly incorporated into the
protocol design and analysis for cooperative wireless networks.

In this book brief, we focus on the design and analysis of protocols for
cooperative wireless networks, especially, at the medium access control (MAC)
layer and cross-layer design between the MAC layer and the physical layer. It
first provides a comprehensive review of existing studies in the literature and
points out the problems that are worth further investigation. Then, it introduces
several novel solutions for cooperative wireless network protocols, aiming to reduce
energy consumption and address spatial random distribution of wireless nodes.
For each solution, it gives a clear system model and problem formulation, details
of the proposed cooperative schemes, comprehensive performance analysis, and
extensive numerical and simulation results that validate the analysis and examine
the performance under various conditions. At the end of this book brief, we
also highlight several interesting directions on cooperative wireless networks that
deserve future exploration.

Fredericton, Canada Wei Song
Fredericton, Canada Peijian Ju
Waterloo, Canada A-Long Jin
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Chapter 1
Introduction

1.1 Motivations

In the past decade, wireless networks have been widely studied and used. However,
wireless communications face several challenging issues which are not imposed in
wired networks, such as mobility, power consumption, interference and reliability.
Besides, signal fading is often a problem in wireless networks, which is caused
by multipath propagation and shadowing. To deal with these challenges, attractive
techniques, such as multiple input and multiple output (MIMO) and coopera-
tive communications [4, 7], have been developed by exploiting spatial diversity.
Nonetheless, due to the size, cost and energy limitations of mobile devices, it can
be infeasible to deploy multiple antennas in some wireless terminals. In order to
meet the needs of future wireless networks, user cooperation [13] is studied as a
promising low-cost technique to provide spatial diversity. Taking advantage of the
inherent broadcasting nature of the wireless medium, the nodes with good channel
conditions can forward the overheard data to facilitate the transmission between
source (S) and destination (D).

Originally, most of the research works focus on the physical layer cooperation
[4, 7], where the cooperative schemes pay more attention to the various methods
of signal processing at the relay node and signal combination at the destination
node. With physical layer cooperation, either diversity or multiplexing can be
achieved, which improves the quality of communications in the upper layers. Since
multiple cooperative nodes are available during packet transmission, it is vital to
coordinate these nodes to access the channel in a cooperative fashion. To achieve the
cooperation gain at upper layers, considerable research attention has been attracted
to the medium access control (MAC) layer [6, 9]. Different from physical layer
cooperation, MAC layer cooperation needs to figure out when to cooperate and
whom to cooperate with.

While centralized solutions [2, 5, 6] can rely on a central controller to determine
the best relays, distributed solutions also attract considerable research attention

© Springer International Publishing AG 2017
W. Song et al., Protocol Design and Analysis for Cooperative Wireless Networks,
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2 1 Introduction

due to lightweight signaling and good scalability. In the probability-based schemes
[10–12], each relay that successfully overhears the data from the source indepen-
dently determines a forwarding probability by synthesizing a variety of factors. In
the backoff-based schemes [1, 8], each relay makes use of local information to tune
a backoff time so that a best relay with a smallest backoff time wins the contention
to forward the overheard data. Although cooperative MAC has been widely studied,
many practical issues remain to be addressed.

1.2 Challenges

1.2.1 Energy Saving with Spatially Random Relays

With rising energy costs and rigorous environmental standards, green communica-
tions become a new research trend in recent years, especially, to accommodate the
fast-growing multimedia services in wireless networks, since mobile devices are
usually energy-constrained. Hence, how to reduce energy consumption is a critical
issue for MAC layer cooperation. Besides, many existing works assume that the
network topology is known a priori [10] and focus on the throughput perspective [6].
It is vital to relax the assumption of deterministic known topology and take into
account relaying nodes that are randomly distributed in a spatial area.

1.2.2 Cooperative Diversity with Multiple Relays

As motivated by diversity and MIMO, cooperative relay links and the direct link can
be used to transmit the same packet to achieve diversity. A key problem is to choose
a good criterion to start cooperation. Cross-layer techniques can be employed to
dynamically estimate the channel condition. If a transmission failure is very likely
to happen with a poor direct link condition, cooperative diversity transmission is
initiated to satisfy certain QoS requirements [2]. Whether the source should always
enable diversity transmission or only activate it on demand depends on factors such
as the energy consumption and availability of helpers.

Another essential question to exploit diversity gain is the selection of a single
optimal helper or multiple uncorrelated helpers with limited interference and power
consumption. From the physical-layer standpoint, multiple helpers can improve
diversity to achieve a higher signal-to-noise ratio (SNR) and better performance.
However, from the link layer’s point of view, multiple relays may not perform
better than a single best relay, because of the overhead to coordinate multiple
relays and manage transmissions. Intuitively, the more helpers, the more complex
the coordination. Besides, multiple helpers may increase energy consumption and
possibilities of collisions (e.g., due to the hidden terminal and exposed terminal
problems).
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On the other hand, a single best relay requires less complex coordination and
can achieve the full diversity order (selection diversity) [3]. Nonetheless, it is
challenging to identify a single best relay in real time since the information available
to the source may be out-of-date quickly when nodes are moving fast. As a result,
it is necessary to balance a tradeoff between the performance gain and coordination
overhead when we decide to choose multiple helpers or a single best helper [9, 13].
This is a slightly different view from that of the physical layer, where more relays
can provide better performance.

1.3 Outline

In this book brief, Chap. 2 first reviews the background and related works on the
physical layer and the MAC layer of cooperative wireless networks. After that,
we present several state-of-the-art solutions which can well address the above
challenges.

In Chaps. 3 and 4, we focus on energy saving for cooperative MAC with
spatially random relays. In Chap. 3, we first introduce an algorithm to estimate
the unknown intensity of relay distribution, which is critical to properly engage
cooperating nodes. The convergence and accuracy of the estimation algorithm are
theoretically justified. Considering a backoff-based distributed relay scheme, we
further incorporate an energy saving scheme to minimize energy consumption while
maintaining satisfactory transmission success probability. The performance of the
proposed cooperative scheme, particularly the collision probability, is analytically
evaluated, since it determines the transmission success probability and thus the
average energy consumption. The simulation results validate the analysis and
demonstrate that the proposed cooperative scheme outperforms the uncoordinated
reference scheme with respect to transmission performance and energy saving.

In Chap. 4, extending the single S-D pair cooperation scenario, we consider a
new framework where multiple S-D pairs share a group of relays with energy
constraint. To satisfy the QoS requirements of multimedia services in a green
manner, we introduce an energy-aware distributed cooperation scheme based on
the backoff timer. Also, its performance is evaluated analytically with respect to
the theoretical bounds of the collision probability and the transmission success
probability. Extensive simulations are conducted to compare the performance
of different distributed schemes and the analytical bounds. The theoretical and
simulation results demonstrate that the proposed scheme is preferable for the delay-
sensitive multimedia services and achieves significant energy saving.

In Chap. 5, we focus on an opportunistic relaying scenario and develop two
distributed cooperation strategies. Both adopt a backoff-based inter-group coordina-
tion, while the intra-group contention is based on either the forwarding probability
or the backoff timer. In particular, we employ stochastic geometry to address the
impact of spatial distribution of relays. Considering a Poisson point process for
random relays, we derive the probability distributions of the average received
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SNR and transmission success probability of potential relays. Making use of such
statistics and location information, each relay can independently determine its
contention parameters such as a backoff time and/or a forwarding probability.
We analytically evaluate the relaying performance and validate the accuracy with
simulations. The results demonstrate the improvement over a pure probabilistic
scheme and the gap to the upper bound of a centralized scheme with the pre-selected
best relay.

In Chap. 6, we investigate a wireless diversity system with distributed coop-
eration and spatially random helpers subject to random direction (RD) mobility.
To enable opportunistic relaying with multiple helpers, we consider an ALOHA-
like MAC scheme and a timer-based random backoff scheme for multi-helper
coordination. Particularly, we analyze the upper bound of combined SNR and
unconditional success probability with multi-helper cooperation. We also provide
numerical approximations for the delay of the two MAC schemes. To characterize
the tradeoff between the success probability and delay, we further define a suc-
cess/delay ratio, which can be maximized by adapting the intensity of selected
helpers. The numerical and simulation results validate the analysis accuracy and
demonstrate insightful observations. Finally, in Chap. 7, we conclude the discus-
sions on cooperative wireless networks and point out future directions to explore.
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Chapter 2
Related Works on Cooperative Wireless
Networks

2.1 Cooperative Communications

Given the broadcast nature of the wireless medium, data transmission from a source
terminal can be overheard by other terminals. As a result, it is possible for the
source to cooperate with these overhearing terminals to form a virtual MIMO system
[49, 50]. Cooperation at the physical layer is often considered as the foundation of
cooperative MAC protocols because of the following reasons:

• The main purpose of a cooperative MAC protocol is to fulfill the cooperation
agreement. After the agreement, cooperative protocols at the physical layer are
often used to implement the actual non-diversity or diversity packet relaying.

• In the design of a cooperative MAC protocol, cross-layer design is often used,
and the exact boundary of layers becomes vague.

Most cooperative transmission schemes at the physical layer involve two phases
of transmission [43]: phase I and phase II, also known as the coordination phase and
the cooperation phase, respectively. In phase I, the nodes exchange their own data
and control messages with each other and/or the destination. In phase II, the nodes
cooperatively retransmit the overheard data from others to the destination. Among
all the physical cooperative strategies, the most well-known ones are: decode-
and-forward (DF) and amplify-and-forward (AF) [34]. Besides DF and AF, there
are other protocols, such as coded-cooperation (CC) [20–22] and compress-and-
forward (CF) [19].

• Decode-and-forward (DF). Originally proposed in [34], the basic idea of DF
is as follows: During phase I, the source node transmits its signal to both the
relay node and the destination node; during Phase II, if the relay can decode
the overheard signal, it will regenerate and transmit it to the destination node.
It is possible that the overall received signal is just the relayed version from the
relay node which is a non-diversity relaying scenario as introduced in Sect. 2.2.

© Springer International Publishing AG 2017
W. Song et al., Protocol Design and Analysis for Cooperative Wireless Networks,
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The works on this scenario often focus on how to select an optimal helper, which
ultimately becomes a cross-layer relay selection problem. We will discuss this in
more details in Sect. 2.3.

On the other hand, if diversity is used, which is called the diversity relaying
scenario as in Sect. 2.2, the signals from both the source node and the relay node
will be considered. The maximal ratio combiner (MRC) or selective combiner
(SC) can be employed to produce the overall received SNR. Works in this
direction often assume that helpers are pre-selected and focus on the signal
processing and analysis [7, 40, 55, 57].

In [7, 55], the outage probability of DF is analyzed for the Rayleigh fading
channel and Nakagami-m fading channel respectively. A multi-helper DF coop-
erative diversity protocol is analyzed in [40] from a power allocation point of
view. An optimal power allocation scheme is proposed to minimize the outage
probability while the total power consumption is guaranteed to be within a
certain constraint. In [57], the diversity order is analyzed when cooperative MRC
(C-MRC) is used to combine the DF relayed signals. It is shown that C-MRC
achieves the full diversity order.

• Amplify-and-forward (AF). The basic idea of AF is similar to that of DF but
in a simpler way [34]: During phase I, the source node transmits its signal to
both the relay and the destination node; during phase II, instead of decoding and
regenerating the message, the relay just amplifies the overheard signal (thus noise
is boosted as well) and forwards it to the destination. AF can work in either a non-
diversity way or a diversity way. Like DF, the works on the non-diversity scenario
often focus on how to select an optimal helper, while the essential problem for
the diversity scenario is how to process the received signals [4, 25, 58, 59]

In [4], a multiple amplifying relay diversity system is analyzed and the exact
average symbol error rate is derived for the Rayleigh-fading channel. Tight
bounds on the probability of error show that the cooperative system in [4]
achieves full diversity order. A power allocation scheme is proposed in [58] to
minimize the outage probability of an AF system and it further proposes a scheme
to choose several best relays to achieve good performance instead of choosing all
relays. In [59], the authors extend [58] by providing an asymptotic analysis of the
symbol error rates of the AF system. A more systematic work to examine AF can
be found in [25], which jointly considers a burst traffic at the application layer,
an auto repeated request (ARQ)-based error recovery mechanism at the link layer
and an AF cooperation scheme at the physical layer. Using Markov analysis,
[25] derives a sufficient condition which ensures improved packet delivery by
adjusting of the physical-layer, ARQ and traffic parameters.

• Coded-cooperation (CC). Coded cooperation is proposed in the serial works
[20–22] where cooperation is achieved through channel coding methods instead
of a direct relay or repetition as in AF and DF. Specifically, CC assumes each
user has Kcc information bits per block, and Ncc coded bits per block, so that
the code rate is Rcc D Kcc=Ncc. Ncc coded bits are expanded into two successive
time segments with length Ncc1 and Ncc2, where Ncc1 C Ncc2 D Ncc. Then a sub-
codeword of rate Rcc1 D Kcc=Ncc1 is broadcast by the source. Each node will
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thus receive a noisy version of the coded message. If a node can correctly decode
the message by the cyclic redundancy check (CRC), it will compute and transmit
the Ncc2 bits for the source. Otherwise, Ncc2 additional parity bits for the users’
own data will be transmitted. There is not a clear-cut boundary in CC for the
non-diversity scenario and the diversity scenario, because it really depends on if
the relay can decode the overheard codeword subset.

Some extension works on CC can be found in [23, 26]. In [23], the authors
analyze the outage performance and BER of CC. It provides the general outage
expressions for arbitrary SNR and reveals that CC benefits from diversity in the
order of the number of cooperating partners. Two extensions are provided in [26]
to the CC framework. Firstly, it increases the diversity of CC in the fast-fading
scenario. Secondly, turbo code is applied to the CC framework. Bounds for the
BER and block-error rates are also developed.

• Compress-and-forward (CF). CF is originally proposed in [13] and also called
estimate-and-forward, observe-and-forward [33] or quantize-and-forward [30].
The general idea is that a relay transmits a quantized and compressed version of
its overheard signal to the destination, and the destination decodes by combining
with the signal from the source. It is obvious that CF can only be used in
the diversity scenario and the relays use Wyner-Ziv source coding to exploit
side information at the destination [32]. In [31], the authors investigate the
achievable diversity-multiplexing tradeoff of CF when the relay is constrained
to make use of non-Wyner-Ziv source coding. In [3], a discrete memoryless
state-dependent relay channel with non-causal channel state information (CSI)
is considered where perfect channel states can be known only to the source, only
to the relay or both. The channel capacity is investigated for these three cases.
In [53], CF is analyzed with a cooperative time division duplex (TDD) relaying
in the multiple-antenna case with full CSI. It provides an analytical expression
for the optimum Wyner-Ziv coding rates and also proposes an iterative procedure
to perform this optimization.

2.2 Cooperation Scenarios1

A typical cooperation topology is shown in Fig. 2.1, in which there are multiple
nodes within the coverage of a destination node which can be an access point
(AP) or a base station (BS). If a node decides to cooperate with others for its data
transmission, there are several communication entities involved in this cooperation:

1Reprinted with permission, from IET Communications (2013) 7(9), “Survey on cooperative
medium access control protocols,” by P. Ju, W. Song, and D. Zhou [29].
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Fig. 2.1 A general cooperation topology

• Source. The source s is the node who has a data packet to be transmitted through
cooperative relaying as shown in Fig. 2.1. The source s is also the node who
initiates the cooperation request.

• Destination. The destination d is the receiver for the data packet from s and it
can be an AP, a BS, or just a peer wireless node in ad-hoc networks.

• Helper. The wireless node who is selected to relay the data packet of s is called
a helper. All the selected helpers form the helper set H with size H, which are
labelled by h1 and h2 in Fig. 2.1. Helpers are the winners of helper selection and
take part in the final cooperative transmission.

• Candidate. Helper candidates, shortened as candidates, are the wireless nodes
from which the helpers are selected. Candidates are potential helpers who know
that they are qualified helpers and are ready to relay once selected and provided
with incentive. Candidates form set Q with size Q. Fig. 2.1 shows several
example candidates, including q1, q2, q3 and q4.

• Participant. The wireless nodes who can overhear the transmission of the
ongoing data packet is called a participant. Participants are potential candidates.
If a participant reveals itself to s or to other wireless nodes, it becomes a
candidate. All the participants form set P. In Fig. 2.1, we show a few participants,
u1; u2; : : : ; u8. The relation between H, Q and P is: H � Q � P. In the literature,
Q and P are the same in many works, but some cooperative MAC protocols
indeed differentiate them.

Accordingly, two types of links can be formed in this topology among the above
entities: (1) the direct link between s and d, which is used for data transmission if no
cooperation is activated; and (2) the indirect link involving the helpers. More than
one indirect link can be involved in cooperative transmission. As shown in Fig. 2.1,
two helpers are selected to form two indirect links over two hops. A multiple-hop
indirect link is also possible. Depending on how the direct link and the indirect link
contribute to the data transmission, two typical cooperation scenarios are shown
in Fig. 2.2:
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Fig. 2.2 Typical cooperation relaying scenarios. (a) Non-diversity scenario. (b) Diversity scenario

• Non-diversity scenario. In this case, only the better link, either the direct link or
the indirect link, is selected to transmit a packet. As seen in Fig. 2.2a, in time slot
1, the indirect link is chosen to first send packet x1 to h and then h forwards x1

to d. In time slot 2, the direct link is selected to transmit packet x2.
• Diversity scenario. In this case, both the direct link and the indirect link are

involved in each packet transmission. Thus, diversity gain can be achieved with
spatial diversity. As shown in Fig. 2.2b, in time slot 1, two independently faded
replicas of packet x1 are received by both h and d in the first subslot and d keeps
this packet for future processing. In the second subslot, h relays another copy of
x1 to d. At the end of time slot 1, d can choose a strategy such as maximal ratio
combining (MRC) [17, 36] or selective combining (SC) [48, 54] to process the
two copies of x1 for the best receiving performance.

According to the number of helpers that the source actually chooses from the
candidates, two scenarios can be developed from Fig. 2.1:

• Single-helper scenario. In this case, the handshake procedure is straightforward
since the source already chooses its partner and the partner just has to decide to
accept the cooperation request or not based on its own judgement, e.g., incentive
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that the source offers. There is no need to consider a coordination scheme for this
scenario, and it is often jointly used with non-diversity because of its simplicity.

• Multiple-helper scenario. This case is more complicated than the single-helper
scenario because coordination among the chosen helpers needs to be considered.
It is often jointly used with diversity because multiple helpers can take advantage
of spatial diversity. Thus, a careful choice is required to determine the number
of helpers, because the more chosen helpers, the higher spatial diversity, and the
more complicated the coordination.

2.3 Three Categories of Cooperative MAC Protocols2

In traditional wireless networks, the primary task of the MAC layer is to coordinate
multiple nodes sharing the wireless medium. Channel allocation is a typical way to
share the wireless medium. It partitions the wireless channel resource in a certain
dimension, e.g., time, frequency, or spreading code. Correspondingly, there are time
division multiple access (TDMA), frequency division multiple access (FDMA), and
code division multiple access (CDMA).

Another big family of MAC protocols are contention-based random access,
such as ALOHA and carrier sensing multiple access with collision avoidance
(CSMA/CA) used in IEEE 802.11. In CSMA/CA, the transmitting node senses
the channel before sending a packet to avoid collision. Due to the hidden terminal
problem and the exposed terminal problem, even when the channel is sensed idle
from the transmitting node side, a collision may still occur. A virtual carrier sensing
approach can be used by including a handshake before the actual data transmission.
The key idea is to have the sender broadcast a request-to-send (RTS) frame to
reserve the channel and have the receiver respond a clear-to-send (CTS) frame to
confirm the reservation. The other terminals who overhear the RTS and/or CTS
should defer their transmission for a period of time indicated by the network
allocation vector (NAV).

Both the contention-based random access and channel allocation-based MAC can
be extended to a cooperative scenario. For example, cooperative ALOHA is ana-
lyzed theoretically in [12, 17, 18]. There is also interesting research on cooperative
MAC based on TDMA [45, 56] and CDMA [41]. Due to the complexity concern
with channel management, channel allocation-based cooperative MAC is not as
popular as contention-based MAC. In this brief, we focus on the contention-based
MAC, which has attracted most research attention. In addition, the cooperative MAC
protocol should address several fundamental problems [62, 63]:

• When to cooperate? (Q1) The nature of this question is to find the conditions
when cooperation can be enabled, or the regions where cooperation is beneficial.

2Reprinted with permission, from IET Communications (2013) 7(9), “Survey on cooperative
medium access control protocols,” by P. Ju, W. Song, and D. Zhou [29].
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Table 2.1 Categories of cooperative MAC protocols

Category
Q1 is Q2 A typical

addressed by (a) is addressed by (b) is addressed by example

I Source Source Source CoopMAC [38]

II Source Participants Source rDCF [61]

III Source Candidates Candidates Shan-MAC [51]

• Whom to cooperate with? (Q2) To answer this question, the cooperative MAC
protocol should determine who are the available helpers and who is (are) the
optimal helper(s) that the source is going to cooperate with.

More generally, we call Q1 and Q2 together as the matter of relay selection.
Specifically, Q1 is to find the conditions when cooperation can be enabled. These
conditions to trigger cooperation can be straightforward, e.g., less transmission time
[16, 38, 39, 64], or as complex as the cooperative region [51].

To answer Q2, there are two aspects to address: (a) potential relay contention, in
which available potential relay nodes compete to become a helper candidate in the
helper candidate list of the source; and (b) helper selection, in which the optimal
helpers are selected according to certain criteria and decision mechanism from
the candidates. It is worth noting that some cooperative MAC protocols address
Q2(a) and Q2(b) in one process, such as CoopMAC [38] and Shan-MAC [51].
Nonetheless, some protocols indeed handle them in different processes by different
entities, such as rDCF [61]. While apparently Q2(a) should be addressed before
Q2(b), there is no predetermined order of addressing Q1 and Q2. In Shan-MAC
[51], Q1 is answered before Q2, while rDCF [61] deals with Q2(a) first, followed
by Q1 and Q2(b). According to which entity addresses Q1 and/or Q2, we propose
the categorization of contention-based cooperative MAC protocols in Table 2.1 [29].

2.3.1 Category-I

For the cooperative MAC protocols of Category-I, the source addresses both Q1
and Q2. Typical examples include Ahmed-MAC [24], CoopMAC [38], ADC-
MAC [60]. These protocols generally follow a common procedure as follows:

• The source acquires the knowledge of other nodes such as the transmission rate
and transmission time. Such information is usually obtained by overhearing,
e.g., in CoopMAC [38], or periodical broadcast indicator packets, e.g., in ADC-
MAC [60]. The collected information of the candidates is generally maintained
in a table, known as CoopTable in CoopMAC and ADC-MAC.

• Based on the information of candidates, the source needs to answer the questions
Q1 and Q2. For this category of cooperative MAC protocols, some address
Q1 first while others address Q2 first. The source checks if the cooperation
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Table 2.2 Category-I cooperative MAC protocols

Protocol Knowledge collection Solving order Cooperation condition

Ahmed-MAC [24] – Q2, Q1 .ˇs;d=ˇmax/ > threshold

CoopMAC [38, 39] Overhearing Q1, Q2 Less transmission time

ADC-MAC [60] Broadcasting Q2, Q1 SNR meets requirement

C-MAC [5] Broadcasting Q2, Q1 Lower transmit power

CD-MAC [46] Overhearing Q2, Q1 Once a transmission fails

Protocol Helper selection Scenario

Ahmed-MAC [24] Highest ˇ function value Diversity

CoopMAC [38, 39] Highest transmission rate Non-diversity

ADC-MAC [60] Highest transmission rate Non-diversity

C-MAC [5] Lowest transmitting power Diversity

CD-MAC [46] Highest SINR Diversity

conditions are met and selects a best helper among the candidates. It is worth
emphasizing that the source makes the selection decision and the best helper is
not elected with competition.

• Once the source decides to initiate cooperation with the selected helper, it sends
a cooperation request to the helper and starts the cooperative transmission based
on the feedback from the helper.

We list in Table 2.2 some typical Category-I MAC protocols and will briefly
introduce them in the following. The cooperative proposal in [24] is referred to
as Ahmed-MAC for reference convenience. Ahmed-MAC addresses Q2 firstly
and Q1 secondly. Since the source has the knowledge of all available potential
relays, it chooses an optimal one according to a modified harmonic mean function
ˇ. The helper with the maximum ˇ is selected. Whether to initiate cooperative
transmission or not depends on the ratio ˇs;d=ˇmax, where ˇs;d is the modified
harmonic mean function of the channel between the source and the destination, and
ˇmax is that of the optimal helper. If the ratio falls below a threshold, the source
only uses direct transmission. Otherwise, cooperative transmission is involved.
Nonetheless, Ahmed-MAC does not specify the handshake procedure or how the
source obtains the knowledge of the potential relays.

CoopMAC proposed in [38, 39] further addresses these problems. The source
acquires the overall knowledge of potential relays by overhearing their transmission.
This is feasible for reciprocal channels between the source and the helper. The
source maintains the information of the helpers obtained from overheard packets
in CoopTable. CoopMAC addresses Q1 first by comparing the transmission time
of the direct link and the indirect link, which is calculated by the transmission rate
and handshake time. Cooperation is only enabled when the indirect transmission
time is shorter. To answer Q2, the source looks up the CoopTable and selects the
helper with the highest indirect transmission rate. If multiple helpers have the same
highest indirect transmission rate, the source chooses the one with the most recent
update and the least number of failures. Compared with Ahmed-MAC, CoopMAC
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is a more complete solution. It proposes the triangle handshake to reserve an optimal
helper and uses the triangle transmission to relay data. However, the reciprocal
channel assumption to enable overhearing may not hold when the channel is fast
time-varying or different frequencies are used for the uplink and downlink. Also,
there must be sufficient packets overheard, so that the source can obtain accurate
and up-to-date information for the CoopTable. Moreover, the triangle handshake
and transmission procedures are still dependent on the direct link. As a result,
CoopMAC cannot deal with the circumstances where the direct link is unavailable.

The adaptive distributed cooperative MAC protocol (ADC-MAC) in [60] collects
the information of the helpers in a way different from that of CoopMAC. In
CoopMAC, the source overhears the packet transmission of a potential relay and
infers its information accordingly. In ADC-MAC, a potential relays periodically
broadcasts a heartbeat frame, which contains not only the received signal strength
indication (RSSI) but also the information about its neighbors. As such, the source
maintains a global knowledge of the network in a CoopTable. Based on the
CoopTable, ADC-MAC addresses Q2 first by applying a shortest path routing
algorithm (e.g., the Dijkstra’s algorithm) to determine the most appropriate indirect
path. The optimal helper is then selected. The MAC address of this selected helper
is included in the RTS frame to reserve the channel. If this helper is available, it
acknowledges with an acceptance packet indicating its availability. After the source
confirms the eligibility of the helper, cooperative transmission is initiated. Different
from CoopMAC, ADC-MAC designs a pure two-hop transmission to avoid using
the direct path. This mode is more feasible than CoopMAC when the direct path is
not available.

Because the source has complete knowledge of all other nodes in the network,
it is possible for it to (a) decide whether cooperation is necessary and then
selects a helper (Q1-Q2); or (b) predetermine a helper and then decide whether
to initiate cooperation or not based on the feedback of this helper (Q2-Q1). Which
addressing sequence performs better depends on the networking scenario to apply
the cooperation protocol. For example, a Category-I protocol in a Q2-Q1 sequence
can perform better in a mobile network, in that the cooperation decision can be
further confirmed by the helper feedback to ensure an up-to-date decision, such
as ADC-MAC in [60]. On the other hand, the Category-I solutions in a Q1-Q2
sequence may have an easier implementation by means of extending current 802.11-
based protocols and better fit a more static network topology. Such solutions do not
require complicated decision algorithms or handshake control packets to guarantee
a timely cooperation decision.

2.3.2 Category-II

In this category of cooperative MAC protocols, the source addresses Q1 and Q2(b),
which means the source proposes to cooperate and selects an optimal helper from
a candidate list. The candidate list is first obtained via contention in a distributed



16 2 Related Works on Cooperative Wireless Networks

manner when Q2(a) is being addressed. The number of helper candidate to consider
can be reduced when Q2(a) is answered. The addressing sequence of Q1 and Q2(b)
can be the same as the Q1-Q2 sequence and the Q2-Q1 sequence discussed in
Category-I. The Category-II of cooperative MAC protocols shares the following
common features:

• First, all potential relays compete with each other and the winners are qualified
for the candidate list of the source. In one way, the nodes are aware of each
other before competing through certain mechanism. For all the existing work
surveyed in this section, broadcast is used to accomplish this task. Another is a
pure distributed approach, which allows potential relays not aware of each other.
The distributed timer algorithm in [9] is a good option.

• Although cooperative transmission is still initiated by the source, the source only
has partial knowledge of the network, which is different from Category-I. The
helper candidate list obtained by the source is only the result of contention.

In the following, we present and compare a few typical Category-II protocols
in Table 2.3, such as rDCF in [61], ErDCF in [1, 2], RAMA in [64], and EMR in
[44]. rDCF [61] is one of the earliest classic cooperative MAC protocols. It creates
innovative concepts such as CoopTable and broadcast information frame. The
fundamental cooperation questions are addressed in the order of Q2(a), Q1 and
Q2(b). A node decides whether it can help a pair of source and destination nodes by
checking the overheard RTS and CTS between them. If it is able to improve their
transmission by cooperating, it adds this pair into its willing list and broadcasts its
willing list periodically. To content with other potential relays and answer Q2(a),
each node keeps listening to others’ willing lists and checking the source and
destination pairs contained in their willing lists. If the number of the overheard
willing lists that contain the same pair exceeds a certain threshold, the node stops
advertising itself. Through this contention, the source maintains its CoopTable.

Table 2.3 Category-II cooperative MAC protocols

Protocol Solving order Helper contention Cooperation condition

rDCF [61] Q2(a), Q1, Q2(b) Broadcast to overhear M
peers

Non-empty CoopTable

ErDCF [1, 2] Q2(a), Q1, Q2(b) Broadcast to overhear M
peers

Non-empty CoopTable

RAMA [64] Q2(a), Q1, Q2(b) Random backoff
contention

Less transmission time

EMR [44] Q2(a), Q1, Q2(b) Priority-based contention Higher effective throughput

Protocol Helper selection Scenario

rDCF [61] Random by source Non-diversity

ErDCF [1, 2] Random by source Non-diversity

RAMA [64] Highest rate Non-diversity

EMR [44] Highest throughput Non-diversity
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If the transmission time via cooperation is shorter, the source sends a cooperation
request to the helper who provides the shortest cooperative transmission time.

The relay-aided medium access (RAMA) control protocol [64] has a similar idea.
The difference is that RAMA broadcasts the information frame in a random manner
rather than periodically. If a node succeeds in accessing the channel first, it starts to
broadcast its frame while others stop broadcasting and keep silent. Although RAMA
[64] and rDCF [61] can be easily extended from an 802.11-based protocol, the
competition among the nodes cannot guarantee that the most capable nodes appear
in the short-list of helper candidates of the source. In RAMA, nodes compete via
random backoff so that those whose backoff timers run out earlier become winners
and qualified helper candidates. Similarly, in rDCF, a node stops broadcasting its
willing list if the same source and destination pair has appeared in more than a
threshold. As a consequence, it is likely that a more capable node may not be even
considered as a helper candidate, if it broadcasts its willing list less frequently than
other less capable nodes.

The efficient multi-rate relaying (EMR) MAC protocol [44] addresses this
problem with a simple but reasonable solution. It defines the effective throughput
as the criterion to evaluate a node. A priority number is assigned to each node
according to the effective throughput and broadcast in its indicator frame. Any other
who overhears this frame compares the priority number with its own and stops
broadcasting if the overheard priority number is greater. Although the broadcast
frame is a simple solution to helper contention, excessive overhead traffic is brought
into the network.

2.3.3 Category-III

In Category-III, all the potential relays are helper candidates and Q2, including both
Q2(a) and Q(b), is addressed by the same entity as in Category-I. The difference
is that Q2 is addressed by helper candidates in a distributed manner rather than by
the source in a centralized manner in Category-I. In this category, the source only
handles the question Q1 and does not know who are the helper candidates to select.
Once the source determines that cooperative transmission is beneficial, the source
can propose cooperation to its overhearing neighbors. Then, it is up to the neighbors
to make the ultimate cooperation decision. Different from Category-I and Category-
II, we believe that Q2 cannot be addressed ahead of Q1 in Category-III. For one
thing, the helper entity must have received a cooperation proposal signal to start the
helper contention and selection procedure. On the other hand, if Q2 were addressed
before Q1, it would be unnecessary to re-evaluate the cooperation timing since the
distributed contention and selection procedure could provide an up-to-date helper.

Although there are few protocols that fall into this category, Table 2.4 shows
three examples, i.e., the Feeney-MAC [16], OR [8, 9] and Shan-MAC [51]. Feeney-
MAC is a very simple and naive MAC. If there is a possibility that the transmission
time over an indirect path is shorter, the source initiates cooperative transmission
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Table 2.4 Category-III cooperative MAC

Protocol Solving order Helper contention Cooperation condition

Feeney-MAC [16] Q1, Q2 Random backoff Less transmission time

OR [8, 9] – Timer-based –

Shan-MAC [51] Q1, Q2 Distributed grouping,
timer-based

Cooperation region exists

Protocol Helper selection Scenario

Feeney-MAC [16] Highest rate Non-diversity

OR [8, 9] Highest SNR Diversity

Shan-MAC [51] Highest rate Non-diversity

assuming that certain node may help. If there indeed exist some nodes that are able
to help, the one that captures the channel first after random access contention will
relay packets for the source. The other nodes will cancel their competition. However,
in the absence of proper handshake, Feeney-MAC simply assumes the existence of
a helper candidate and cannot guarantee successful cooperation. The channel access
can neither ensure that the optimal helper is selected.

In [8, 9], an opportunistic relaying (OR) protocol is proposed. All the helpers
estimate the “instantaneous channel conditions” based on RTS and CTS frames
and set a corresponding timer based on the channel condition. Two policies to
set the timer are evaluated in [8]. Basically, the better the channel condition, the
shorter the timer. As a result, the optimal helper will time out first and transmit a
flag packet to claim itself. After receiving the packet from both the source and the
helper, the destination uses maximal ratio combining to decode the message. Strictly
speaking, OR is not a complete Category-III solution, since it assumes implicitly
that cooperation starts once a helper is selected. That is, the question Q1 is not
explicitly addressed. Important factors such as energy and security also need to be
considered to evaluate if cooperation is really beneficial.

The distributed MAC proposed in [51] is a mature solution and we refer to
it as Shan-MAC. To answer Q1, a new metric called cooperation region (CR) is
defined in Shan-MAC and the acquisition of CR is formulated as an optimization
problem. By solving the optimization problem, the source starts cooperation if CR
exists and uses direct transmission otherwise. To answer Q2, a distributed timer-
based selection scheme is specified in Shan-MAC. The key idea is similar to the
timer algorithm in [9], in which a better candidate is indicated by less channel
access time. Thus, the first responding helper is expected to be the optimal one.
Hence, no information broadcast is required for the candidates to be aware of other
competitors, which alleviates the network from broadcast traffic. To enable the
timer-based selection scheme, appropriate synchronization is necessary among the
helpers.
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2.4 Research Issues for MAC-Layer Cooperation3

2.4.1 New Categories

Most existing contention-based cooperative MAC protocols fall into the three
categories in Table 2.1. In particular, Category I has received most research
attention. This is mainly because the idea is straightforward and close to the popular
cooperative physical-layer protocols. Also, this category of MAC protocols can be
easily implemented by extending the mainstream 802.11 MAC. However, there can
be a large overhead for the source as the decision entity to maintain the overall
knowledge of other nodes (e.g., in CoopTable) when there are a great number of
helpers around the source. Overhearing of packet transmissions from helpers is
required under the reciprocal channel assumption although overhearing is power
consuming. Meanwhile, the broadcast of information frames involves additional
traffic. On the other hand, it may be challenging to keep up-to-date accurate
information in CoopTable in a highly varying environment, such as with node
mobility. Efficient search algorithm is also essential to identify an optimal helper
in a large-sized CoopTable.

The solutions of Categories II and III balance the decision intelligence of the
source with the helper entities. Category II includes helper contention to reduce the
size of CoopTable so that the source makes a cooperation decision among less helper
candidates. In Category III, helper selection is taken over by the helpers. Thus, a
major challenge for Categories II and III is to design a reliable and efficient helper
contention and/or selection algorithm for the helpers. Also, a handshake procedure
can be designed for the helpers to exchange information with each other, or between
the source and the helper to inform the source of the selected optimal helper.

If we follow the categorization logic in Table 2.1, we see that, there exist
other potential categories as shown in Table 2.5. Although not all of them are
reasonable such as Category V, some are quite promising, such as Category VIII.
Category VIII is a pure distributed cooperative MAC approach, in which the source

Table 2.5 Other possible categories of cooperative MAC protocols

Category Q1 is addressed by
Q2

(a) is addressed by (b) is addressed by

IV Source Source Helper(s)

V Helper(s) Source Source

VI Helper(s) Source Helper(s)

VII Helper(s) Helper(s) Source

VIII Helper(s) Helper(s) Helper(s)

3Reprinted with permission, from IET Communications (2013) 7(9), “Survey on cooperative
medium access control protocols,” by P. Ju, W. Song, and D. Zhou [29].
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is not aware of how Q1 and Q2 are resolved. In this case, each cooperation decision
is made by the helpers. As along as a good contention algorithm is designed, the
decision is up-to-date to ensure a high success rate of cooperation. The source is
informed of the selected thereafter if cooperative transmission is found beneficial.
Since a cooperation decision should be made for each packet transmission, the
contention overhead needs to be effectively balanced. In addition, Category IV may
include some promising solutions as well. For example, the source can overhear its
neighbors and list some potential helpers based on gathered information to address
Q2(a). As a result, when cooperation is triggered to answer Q1, a control packet
can be sent to potential helpers instead of all nodes as in Category III. If helper
selection is initiated afterwards only among potential helpers in a distributed manner
to answer Q2(b), the complexity of distributed selection can be decreased with a
smaller number of participating helpers.

2.4.2 Cooperative Diversity

As mentioned in Sect. 2.2, a cooperative relay link and the direct link can be used
to transmit the same packet in the diversity scenario, or different packets in the non-
diversity scenario. From the discussion in Sect. 2.3, we can see that most existing
cooperative MAC designs focus on the non-diversity scenario [1, 2, 16, 24, 38,
42, 44, 51, 60, 61, 64], and only a few protocols [5, 8, 46] consider the diversity
gain with cooperation. There are the single-helper diversity scenario, as shown in
Fig. 2.2b, and the multiple-helper diversity scenario, as shown in Fig. 2.3. In the
latter case, orthogonal distributed space-time coding can be applied to enable that
multiple helpers transmit over the same channel [35, 47]. In the diversity scenario,
the source and the helpers form a virtual antenna array (VAA) system. The helpers
become the virtual external antennas of the source. The study of the physical-layer
capacity of VAA system can be found in [14].

From the MAC-layer perspective, many issues remain unsolved. As considered
in [46], one possible cooperation criterion may be the minimization of transmission
failures. Cross-layer techniques can be employed to dynamically estimate the
channel condition, so that cooperative diversity transmission is initiated to satisfy
certain quality-of-service (QoS) requirements [15] if a transmission failure is very
likely to happen with a poor channel condition. Whether the source should always
enable diversity transmission or only activate it on demand depends on factors such
as the energy consumption and availability of helpers.

In the non-diversity scenario in Fig. 2.2a, adaptive modulation and coding (AMC)
can be enabled at the physical layer to adapt transmission rates with varying channel
conditions. As such, the capacity of the selected optimal link can be fully exploited.
Conversely, in a diversity scenario in Fig. 2.2b, multiple possible links can be
utilized at the same time to make a good use of spatial diversity, which is different
from choosing an optimal link at the MAC layer in the non-diversity scenario. As a
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Fig. 2.3 Multiple-helper
diversity scenario

consequence, it is challenging to enable AMC simultaneously for multiple links
experiencing different channel conditions.

One essential question to exploit diversity gain is the selection of a single
optimal helper or multiple uncorrelated helpers with limited interference and power
consumption. There is a different perspective at the physical layer and the link
layer regarding whether more relays can provide better performance. From the
physical-layer standpoint, multiple helpers can improve diversity to achieve a higher
signal-to-noise ratio (SNR). However, more relays introduce higher complexity,
larger coordination overhead, and even increased energy consumption. Hence, a
challenging issue is how to balance the tradeoff between performance gain and
coordination overhead when choosing multiple helpers or a single best helper
[52, 62].

2.4.3 User Mobility

Although mobility support is an attractive feature of wireless networks, node
mobility may lead to high channel variation. In such a dynamic environment,
it is challenging to guarantee an accurate and up-to-date decision on initiating
cooperation and/or selecting the optimal helper(s). In a non-diversity scenario, the
out-of-date information is a most pronounced problem brought by mobility. Beyond
that, the mobility of nodes can increase the correlation (mainly spatial correlation)
between the channel coefficients of the cooperating entities, which reduces diversity
gain [62] and is particularly detrimental to the diversity scenario.
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To ensure a high success rate of cooperation, one possible solution is to apply
advanced cooperation criteria which can involve the history profile of helpers [28].
For example, unstable helpers can be excluded from cooperation candidates by using
analysis of history data. In addition, the cooperative MAC protocols in Table 2.5,
such as Category VIII that enables cooperation in a pure decentralized manner, can
also be a promising approach to address node mobility. Furthermore, the impact of
node mobility on the performance of cooperative MAC protocols may vary with
the specific mobility patterns. Good surveys on mobility models can be found in
[6, 10]. The widely used mobility models include the random way point model
[27], Chiang’s model [11] and Gauss-Markov model [37]. The impact of different
mobility patterns on cooperation performance needs further study.

2.4.4 Energy Saving

Mobile nodes are usually portable devices powered with batteries. The energy con-
sumption is an important factor to consider for a cooperative wireless network, since
the helpers invest power resources to assist the source in forwarding packets rather
than remain idle otherwise. Most existing work on cooperative MAC protocols
focuses on performance improvement in terms of system throughput. There are few
studies that well address the energy concern in cooperative transmission.

As demonstrated in the study of CoopMAC in [38, 42], energy consumption
of cooperative transmission in terms of Joule per bit is even lower than that with
only direct transmission. If a helper can provide a sufficiently high transmission
rate to forward a large packet, the helper may wait for less time for other nodes
to finish their transmission. Eventually, it is likely that the helper has a less idling
time by helping others. Consequently, the decrease of the energy spent in idling
can compensate for the additional energy spent in forwarding for others. As a
result, the total energy consumption of the network is saved under the saturated
assumption [42]. However, this analysis actually does not consider the energy
cost of the overhearing scheme to maintain the knowledge of helper nodes. The
energy consumption analysis in [1, 2] for rDCF [61] and enhanced rDCF (ErDCF)
also concludes that there is a significant energy saving with the two cooperative
MAC protocols. Similar observation is also found in [64] for RAMA. To come
up with a more realistic cooperation solution, it is necessary to include the energy
consumption as a critical factor in decision making [5] rather than a bonus feature
in addition to throughput improvement as most previous work did.
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Chapter 3
Energy-Efficient Uncoordinated Cooperative
MAC with Uncertain Relay Distribution
Intensity

3.1 Motivation and Overview1

To enable cooperative transmission, the centralized solutions [4, 8, 9] rely on a
central controller to determine the best relays, while distributed solutions often
have each relay make an independent decision, thus involving light signaling and
offering good scalability. In the probability-based strategies [14, 16, 17], each relay
that successfully overhears the data from the source independently determines a
forwarding probability by synthesizing a variety of factors. In the backoff-based
strategies [1, 13], each relay makes use of local information to tune a backoff time
so that a best relay with a smallest backoff time wins the contention to forward the
overheard data.

Many studies on distributed cooperative strategies assume that the number
of relays or the intensity of relay distribution is fixed and known [5, 14]. The
forwarding probability or the backoff time can thus be determined accordingly.
Unfortunately, such information may not be available in practice, e.g., when a
network is newly set up or the network topology dynamically changes. Besides,
the energy constraint becomes another primary concern to accommodate green
communications with the rising energy cost and rigid environmental standards.
Nonetheless, the existing cooperative strategies may suffer a high energy consump-
tion, because of the signalling exchange in the centralized solutions, or excessive
packet retransmissions resulting from a bounded transmission success probability
of the probability-based strategies. Since only few relays having good channel
conditions are important to be ready for packet forwarding, the energy can be wasted
unnecessarily to place all relays standby for transmission. Hence, a cooperative

1Copyright © IEEE (2015). Some content of this chapter is reprinted with permission, from IEEE
Transactions on Vehicular Technology (2015) 64(2), 677–688 “An energy-efficient uncoordinated
cooperative scheme with uncertain relay distribution intensity,” by A. Jin, W. Song, P. Ju, and
D. Zhou [6].
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relaying scheme needs to be properly integrated with an effective energy saving
strategy. Although there are many studies on energy saving, e.g., for ad hoc and
sensor networks with sleeping nodes [18], these solutions may not be directly
applicable or too heavy for a two-hop cooperative scenario.

In this chapter, we first develop an algorithm to estimate the unknown intensity
of relay distribution, which is critical to properly engage cooperating nodes. The
convergence and accuracy of the estimation algorithm are theoretically justified.
Considering a backoff-based distributed relay scheme, we further incorporate
an energy saving strategy to minimize energy consumption while maintaining
satisfactory transmission success probability. The performance of the proposed
cooperative solution, particularly the collision probability, is analytically evaluated,
since it determines the transmission success probability and thus the average
energy consumption. The numerical and simulation results validate our analysis and
demonstrate that the proposed cooperative solution outperforms the uncoordinated
reference scheme with respect to the transmission performance and energy saving.

3.2 System Model and Problem Formulation

3.2.1 System Model

Consider a wireless network where nodes are randomly distributed in a given
region, following a homogeneous Poisson point process (PPP) with an unknown
intensity �. We assume that the node distribution is time-stationary and ergodic,
which is generally valid under broad assumptions, e.g., for random direction
mobility models [2]. The source (S) is referred to the node that generates data traffic;
the destination (D) is the node that receives the data. Relay nodes have no intrinsic
traffic demands, and the potential relays are referred to those nodes that correctly
overhear the packet from the source.

We focus on the cooperative transmission of packets from S to D of a distance L in
between, as illustrated in Fig. 3.1. Although the direct transmission from S to D may
not definitely fail, the success probability can be very low when L is large. Focusing
on this challenging scenario, we aim to improve the forwarding performance via
spatially random relays, especially the energy efficiency of the cooperative relaying
scheme. Hence, we assume that the source has to communicate with the destination
via the relays. In practice, the overall success probability can be even higher further
considering the direct transmission.

Figure 3.2 illustrates how the cooperative relay protocol works. Here, the time
is slotted and each time slot is divided into two mini-slots. The source transmits
the packet in the first mini-slot. It is assumed that the source always has a packet to
transmit, which can be a new packet when the previous packet has been successfully
delivered or a retransmitted packet when the previous packet is corrupted. At the
beginning of the second mini-slot, the potential relays start the channel access
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Fig. 3.1 An illustration of
the system model for
cooperative transmission. In
addition to S and D, there are
potential relays represented
by black nodes, while the
white nodes indicate other
relay nodes

L

D S

Ωr

ΩL

r

first mini-slot second  mini-slot

one time slot
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maximum backoff time

Fig. 3.2 The source transmits the packet in the first mini-slot, and the potential relays start channel
access contention with different backoff time at the beginning of the second mini-slot. Whenever
a relay wins the contention, it will forward the overheard packet immediately. If no relaying starts
within the maximum backoff time, the packet transmission fails and a retransmission is required in
the next time slot

contention with different backoff time. Whenever the backoff timer of a relay
expires and no packet relaying is sensed, the relay forwards the overheard packet
to the destination immediately. If no relaying happens by the maximum backoff
time, the current transmission attempt fails and a retransmission is required in the
next time slot.

We assume that each node knows its own location, which can be obtained either
from a localization technique based on signal strength, time-of-arrival or angle-of-
arrival measurements with nearby nodes [3, 10], or through a GPS receiver which
becomes increasingly ubiquitous in mobile devices. Further, the location of D can
also be obtained in advance via prior handshaking. By piggybacking the locations
within the transmitted packets, the relay nodes can obtain this information from the
overheard packets. It should be noted that S does not have the knowledge of the
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locations of relay nodes, and one relay does not have the location information of
other relays either. Besides, we assume that the locations of all nodes in the network
do not change significantly during the short cooperative transmission period, which
is a typical assumption that generally holds.

For the data transmission between a transmitter located at x and a receiver located
at y, the SNR of the received signal can be written as

�xy D P0

N0

hxygxy (3.1)

where P0 is the transmit power, N0 is the power of additive white Gaussian
noise (AWGN), and hxy denotes the small-scale channel fading which is
exponentially distributed with unit mean. The path-loss effect is captured by
gxy D kx � yk�˛ , where kx � yk is the Euclidean distance, and ˛ is the path-
loss exponent. The receiver is able to successfully decode the received signal only
when the instantaneous SNR is no less than a threshold T0 [17]. The probability of
correctly decoding a packet is given by

Pxy D P
�
�xy � T0

� D e�Kkx�yk˛

(3.2)

where K D T0N0=P0. Thus, the one-hop transmission success probability with
˛ D 2 is given by

PSD D e�KL2

:

With the assistance of a relay node, the two-hop transmission success probability is

PSRD D e�KL2
SR � e�KL2

RD D e�K.L2
SRCL2

RD/

where LSR is the distance between S and a relay, and LRD is that of the relay and D.
To achieve the cooperation gain, we should have

PSRD

PSD
D e�K.L2

SRCL2
RD�L2/

D e�2KLSRLRD cos .†SRD/ � 1

which requires that cos .†SRD/ � 0. Therefore, we only focus on the relays within
the region ˝L, which is the circle with a diameter L, as shown in Fig. 3.1.
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3.2.2 Problem Formulation

Cooperative wireless communications have been widely studied and various tech-
niques are proposed for different layers. At the physical layer, a cooperative
diversity technique can be used at the relays to forward the received signal from
the source in an analog or digital fashion, such as amplify-and-forward (AF) and
decode-and-forward (DF) [7]. Then, the destination uses combining techniques such
as maximal ratio combining or selective combining to process the contributions
from multiple relays. Although such physical-layer techniques can improve the
receiving performance, an effective MAC scheme is still needed to coordinate the
transmissions from multiple relays. Furthermore, when more relays are engaged,
there is a longer delay as well as a higher overall energy consumption to incorporate
all relay transmissions (e.g., in orthogonal time slots). In this chapter, we aim to
enhance cooperative transmission and minimize the energy consumption from the
MAC perspective. The relay selection and channel access mechanisms are the main
aspects to be addressed in the cooperative MAC design.

In general, a centralized relay selection protocol aims to identify the best relay(s)
by exploiting a global view of the network so as to maximize the transmission
success probability and minimize the collision probability. However, because such
protocols require additional time to exchange channel state information, the incurred
overhead and delay are often large, as well as the energy consumption. On the other
hand, due to the high collision probability, the transmission success probability of
probability-based uncoordinated protocols is bounded by 1=e � 0:368 [12, 16].
Thus, the energy consumption is also high because of packet retransmission.
Besides, it becomes difficult to figure out the optimal forwarding probabilities for
the potential relays when the network scales up.

Based on the above observations, we can see that the backoff-based cooperative
scheme is more energy-efficient, because of its distributed nature and low collision
probability. According to (3.2), we know that the potential relay with a closer
distance to the destination has a higher transmission success probability over the
relay-to-destination channel. To prioritize such relays closer to the destination, we
consider a simple distributed backoff-based cooperative scheme, in which each relay
sets the backoff timer to

Ti D ri

L
(3.3)

where ri is the distance of the relay Ri to the destination, L is the distance between
the source and destination, and the maximum backoff time is taken to be one unit
time. As such, the nearest potential relay has the shortest backoff time and forwards
the packet to D. If the first two or more relays time out within a certain interval c, a
collision will happen [1]. This is generally a valid assumption for MAC-layer study
and has been widely considered in the literature [1, 9, 16, 17].

It is worth mentioning that the setting of backoff timer in (3.3) cannot guarantee
maximization of the throughput of the source. We see in (3.2) that the distance
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determines the transmission success probability over the relay-to-destination chan-
nel. In other words, the distance actually captures average channel state information
in the long term. Hence, the potential relay with the smallest distance to the
destination only has the highest transmission success probability on average. It is
possible that there exist other potential relays that experience better instantaneous
channel conditions than the relay with the smallest distance to the destination.
However, more signalling overhead will be incurred to collect instantaneous channel
state information, so as to identify the optimal potential relay with the best
instantaneous channel quality. This deviates from our primary design goal, which
is to improve the energy efficiency of the cooperative solution while maintaining a
high throughput for the source.

To reduce the energy consumption, we further propose an energy saving strategy
working together with the backoff-based cooperative scheme. At the beginning
of each time slot, each relay determines its on/off status according to a sleeping
probability. This sleeping probability is independently decided by each relay in a
distributed manner based on a variety of factors. Intuitively, when the relays are
deployed sparsely with a low intensity, the sleeping probabilities should be relatively
small to ensure that a sufficient number of relays are available to achieve the required
performance. In contrast, when the relay intensity is high, the relays can be put
to sleep at relatively large probabilities to save energy. As seen, the estimation of
relay intensity is important to achieve a high energy efficiency. Meanwhile, the local
channel condition of the relay should be considered so that the relays having a good
relay-destination channel end up with a low sleeping probability in order to balance
energy consumption and transmission performance.

3.3 Relay Intensity Estimation

As discussed in Sect. 3.2.2, the efficiency of the energy saving strategy depends on
appropriate setting of the sleep probability of the relay, which in turn varies with
the relay intensity. In practice, the relay intensity is often unknown in advance
or dynamically changing. Hence, in this section, we first introduce an accurate
algorithm to estimate the relay intensity, which is further used in the energy saving
strategy presented in Sect. 3.4 for cooperative transmission.

Given the system model in Sect. 3.2.1, the relays are distributed as a homoge-
neous PPP. Nonetheless, because the receiving success probability of each relay
is location-dependent, the distribution of the potential relays that correctly overhear
the packet from the source is not a homogeneous PPP. To facilitate the relay intensity
estimation, we consider a simple node sleeping strategy, which is different from the
energy saving strategy used with the cooperative scheme in Sect. 3.4. According
to the backoff scheme in (3.3), the relay closer to the source but farther from the
destination sets a longer backoff time, which results in a smaller probability to win
the contention and to be selected as the forwarding node. Based on this observation,
we initialize the sleeping probability of a relay Ri with a distance Li towards S to
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�i D 1 � e�KL2

e�KL2
i

: (3.4)

Thus, the spatial distribution of the potential relays can be viewed as the result
of a p.x/-thinning process [15]. The p.x/-thinning is a generalized operation that
defines a retention probability p.x/ for each point of a PPP and yields a thinned
point process by deleting the point with a probability 1 � p.x/. Here, the retention
probability for a relay Ri of a distance Li to S is given by PSRi � .1 � �i/ D e�KL2

.
Therefore, the distribution of the potential relays is not only a PPP according to
Prekopa’s Theorem [15], but also homogeneous with the intensity given by

�0 D � � e�KL2

: (3.5)

Then, we can obtain the intensity measure of the potential relays in the region ˝r

(the gray region in Fig. 3.1), which is part of the circle centered at D of a radius r
(0 � r � L) within ˝L:

�0
r D �0 � Ar (3.6)

where Ar is the area of region ˝r, given by

Ar D r2 arccos
� r

L

�
C L2

2
arcsin

� r

L

�
� L � r

2

r

1 �
� r

L

�2

: (3.7)

Let r.1/ and r.2/ be the distance of the nearest and second nearest potential relays
to D, receptively. If only the nearest potential relay lies within a distance Œr; rC�r�
to D, we have the occurrence probability

PŒr � r.1/ � rC�r� D 1

1 � e��0

L
� e��0

r ��0
�re

��0

�r (3.8)

where 1� e��0

L is the probability that there is at least one potential relay within ˝L,
and �0

�r is given by

�0
�r D �0 � .ArC�r � Ar/:

Similarly, the probability that the nearest two potential relays both fall into Œr; rC�r�
is given by

PŒr � r.1/ � rC�r; r � r.2/ � rC�r�

D 1

1 � e��0

L ��0
Le��0

L
e��0

r

�
�0

�r

�2

2
e��0

�r

D o.�r/:

(3.9)
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Here, a function Y.�r/ is said to be o.�r/ if lim�r!0
Y.�r/

�r D 0. Similarly, the
probability that there are more than two potential relays within Œr; r C �r� is also
o.�r/. Therefore, we can obtain the probability density function (PDF) of r.1/ as

f .r/ D lim
�r!0

PŒr � r.1/ � rC�r�C o.�r/

�r

D �0 e��0

r

1 � e��0

L
2r arccos

� r

L

�
:

(3.10)

The corresponding cumulative distribution function (CDF) is given by

F.r/ D 1 � e��0

r

1 � e��0

L
: (3.11)

When e��0

L ! 0, we can approximate the CDF as follows:

F.r/ � 1 � e��0

r D 1 � e��Are�KL2

: (3.12)

In (3.12), the relay intensity � is directly related to F.r/, which can be easily
observed from the packets forwarded by the relays. Table 3.1 presents the details of
our estimation algorithm for �. As seen in Line 1 to Line 10, each relay initializes its
sleeping probability according to (3.4) and an awake relay Ri that overhears a packet
from S sets its backoff time based on (3.3). To collect statistics for F.r/, the relay
piggybacks its location when forwarding the packet to D. Thus, the destination can
obtain the estimated CDF of the distance of the nearest potential relay to D, denoted
by QF.r/.

Supposing that the estimated QF.r/ involves an error �F, we have

QF.r/ D F.r/C�F

D 1 � e��Are�KL2 C�F:

(3.13)

Denoting the intensity estimated from QF.r/ by Q�, we define Q� D �C��, where ��

indicates the estimation error of the intensity. Then, we rewrite QF.r/ as

QF.r/ D 1 � e�Q�Are�KL2

D 1 � e��Are�KL2 � e���Are�KL2

:

(3.14)
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Combining (3.13) and (3.14), we obtain

�� D �1

Are�KL2
ln
�
1 ��F � e�Are�KL2 �

� e�Are�KL2

Are�KL2
��F:

(3.15)

Since �� is a function of Ar (as well as r), we have

d��

dAr
D �F

e�KL2
� e�Are�KL2 � ��Are�KL2 � 1

�

Ar
2

: (3.16)

If the estimation error �F is bounded, �� is minimized when

Ar D 1

�e�KL2
: (3.17)

Table 3.1 Intensity estimation algorithm

1: for i D 1 W No do F No packets are transmitted to estimate �

2: The source node transmits a packet;

3: for all the relays do

4: Set the sleeping probability according to (3.4);

5: if a relay is awake and correctly receives the packet then

6: Set its backoff time according to (3.3);

7: end if

8: end for

9: The destination node records the distance of the first potential relay that

forwards the packet;

10: end for

11: Initialize r1 and calculate Ar1 according to (3.7);

12: for i D 1 W Io do F Io iterations are run to estimate �

13: The destination node estimates QF.ri/ according to the record obtained

above;

14: Calculate Q�i from QF.ri/ according to (3.12);

15: Calculate AriC1
according to (3.17) by using Q�i;

16: Calculate riC1 from AriC1
according to (3.7);

17: end for

18: Return Q�;
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Since the Ar and the corresponding r that satisfies (3.17) are unknown, we use the
iterative algorithm in Table 3.1 to approach the exact intensity � so as to minimize
the estimation error. As seen in Line 11 to Line 17, an intensity estimate Q�i is
obtained from the observed QF.ri/ in the ith round. Then, AriC1

and riC1 are updated

for the .iC 1/th round by applying Q�i to (3.17). The following lemma proves that the
iterative algorithm approaches to the optimal r that satisfies (3.17) and minimizes
the estimation error ��.

Lemma 3.1. For any 	 > 0, there exists an Io so that, when the number of iterations
I > Io, we have jri�roj < 	, where ro is the achievable distance that approaches the
minimum estimation error ��, given that the estimation error of F.r/ is bounded by
FB, i.e., 0 � j�Fj � FB � F.ro/.

Proof. According to (3.17), we need to show that Ari e
�KL2

converges to Aro e�KL2 ,
xo, so as to prove that ri is updated with the iterative algorithm in a manner so that it
converges to ro. Letting �o denote the optimal estimation of �, we have xo D 1

�o
. For

the ith iteration, we define the iterative term xi D Ari e
�KL2

. Given �FB � �F � FB,
if �F > 0, we would have xi < xo D 1

�o
< 1

�
after very few iterations. Then, we

define the estimation errors of any two adjacent rounds as follows:

�xi D xo � xi > 0

�xiC1 D xo � xiC1 D xo � 1

Q�i

> 0:

From (3.13) and (3.14), we have

F.ri/C�F D 1 � e�Q�iAri e
�KL2 D 1 � e�Q�ixi : (3.18)

Therefore, we have

�xiC1 ��xi D xi � 1

Q�i

D �1

Q�i

� ln
h
1 � F.ri/ ��F

i
� 1

Q�i

� �1

Q� �
h

ln
�
1 � F.ri/

�C 1
i

D �1

Q�i

�
h

ln
�
e���xi

�C 1
i

D �1

Q�i

� � � � � xi C 1
�

D �

Q�i

�
�

xi � 1

�

�
< 0:

For other cases of �F, it can be shown similarly that xi converges to xo. Thus, ri can
converge to ro to approach the minimum estimation error ��. �
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3.4 Energy-Efficient Cooperative Scheme and Its Analysis

The estimation algorithm in Sect. 3.3 can be used to obtain the relay intensity.
In this section, we further propose an energy-efficient cooperative scheme, which
exploits such information so as to satisfy the required transmission performance
while reducing the energy consumption. The performance of the proposed scheme
is also analytically evaluated.

3.4.1 An Energy-Efficient Cooperative Scheme

For the backoff-based cooperative schemes, each individual relay determines its
backoff time, so that a good relay ends up with a short backoff time, while there
is a small probability that more than one relay times out within an indistinguishable
interval and results in a collision. There are many studies on the determination of
the backoff time such as [1]. In this chapter, we more focus on the energy efficiency
of the cooperative scheme and consider the simple design in (3.3), where each relay
sets the backoff time based on its distance to D. To reduce the energy consumption,
each relay Ri independently decides its on/off status at the beginning of a slot
according to a sleeping probability �i. Intuitively, a relay closer to D should choose a
lower sleeping probability, since such relays have a smaller backoff time according
to (3.3) and their forwarding transmission can succeed with a higher probability.
Thus, there will be less retransmissions and lower energy consumption.

Lemma 3.2. Assume perfect relaying over the relay-to-destination channel. To
minimize energy consumption, the active probability 
i D 1 � �i of a relay Ri in
the region ˝L should be either 0 or 1.

Proof. The extended proof for the general case with N relays is given in
Appendix A: Extended Proof of Lemma 3.2 with N Relays. In the following, we
present the proof for a special case with two relay nodes for easy comprehension.
Consider two arbitrary relay nodes R1 and R2 in the region ˝L, as illustrated in
Fig. 3.3, where p1 and p2 are their corresponding successful receiving probabilities
from S. Let 
1 and 
2 be the active probabilities of R1 and R2, respectively. Assume
that the energy consumption for transmitting a packet, and that for listening to
and receiving a packet are both constants, denoted by Et and Er, respectively.
Obviously, the overall transmission success probability depends on the available
relay candidates. Generally, the more relay candidates, the greater total energy
consumption, and the higher transmission success probability. Intuitively, more
collisions are involved with more relays and degrade the transmission success
probability. On the other hand, the opportunity of locating a good relay also
increases with the number of relays, which reduces packet loss caused by poor
channel condition. Moreover, the collision probability of the backoff-based
cooperative scheme is very low and increases slowly with the number of relays,
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Fig. 3.3 An illustration of sleeping scheduling for relays

as illustrated in Sect. 3.5.3. Hence, the transmission success probability is not
lowered with more relays. The trade-off between the energy consumption and the
transmission success probability will be discussed in depth in Sect. 3.5.2. Here,
we first focus on the energy consumption and assume perfect forwarding from the
relays. The average energy consumption of a packet transmission is then given by

E D 
1
2

h
2Er C p1Et C .1 � p1/p2Et C .1 � p1/.1 � p2/E

i

C 
1.1 � 
2/
h
Er C p1Et C .1 � p1/E

i

C .1 � 
1/
2

h
Er C p2Et C .1 � p2/E

i

C .1 � 
1/.1 � 
2/E:

(3.19)

In (3.19), the first term gives the total energy consumption if both R1 and R2 are
active during the packet transmission, which includes the listening and receiving
energy consumption of the two nodes, the transmission energy consumption with
a forwarding priority to R1, and the retransmission energy consumption if both
nodes fail to successfully receive the packet. The other three terms define the energy
consumption when only one node or none correctly overhears the packet. We can
simplify (3.19) to



3.4 Energy-Efficient Cooperative Scheme and Its Analysis 39

E D Et C 
1 C 
2

1 � .1 � p1
1/.1 � p2
2/
� Er: (3.20)

Equation (3.20) provides a physical interpretation of the average energy consump-
tion, which is the transmission energy consumption plus the normalized average
energy consumption for listening and receiving. Here, the normalization factor is
the probability that at least one active relay among R1 and R2 correctly overhears
the packet from the source.

Assuming that p1, p2 and 
1 are known, we next determine 
2 so as to minimize
the energy consumption. Thus, we consider

dE

d
2

D p1
1 � .1 � p1
1/p2
1
h
1 � .1 � p1
1/.1 � p2
2/

i2
� Er (3.21)

and obtain the active probability 
2 of R2 according to p1, p2 and 
1 as


2 D
�

0; if p2 � P


1; if p2 > P


(3.22)

where P
 is derived by setting dE
d
2
D 0 and given by

P
 D 1


1

�
� 1

1 � p1
1

� 1
�
: (3.23)

As seen, to minimize the energy consumption, the active probability of the relay R2

is either 0 or 1, depending on its successful receiving probability p2 and the status
of other relays captured by P
 .

�

Based on the conclusion of Lemma 3.2, we assume that there exists a distance L0

such that any relay Ri in the region ˝L and with a distance less than L0 to D has an
active probability 
i D 1, and all the other relays have 
i D 0. Extending (3.20), we
write the average energy consumption for the above energy saving strategy as

E D Et C
’

˝L0
1 � �rd�dr

1 � e��L0
� Er (3.24)

where ˝L0 denotes the region within ˝L and with a distance less than L0 to D, and
�L0 is the intensity measure of the potential relays in ˝L0 , given by

�L0 D
“

˝L0

e�K.L2Cr2�2Lr cos �/�rd�dr:
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Hence, the probability that at least one relay in ˝L0 correctly overhears the packet
is given by

P1C D 1 � e��L0 (3.25)

which is actually the upper bound of the transmission success probability. Following
an approach similar to (3.21), (3.22), and (3.23), we can take the first-order
derivative of E with respect to L0 and determine L0 that minimizes the energy
consumption by setting dE

dL0
D 0. The threshold L0 should satisfy

NPL0 D P
 (3.26)

where NPL0 is the average successful receiving probability of the relays on the
separating arc of ˝L0 as illustrated in Fig. 3.3, given by

NPL0 D
R arccos.

L0
L /

0 e�K.L2CL2
0�2LL0 cos �/d�

arccos. L0

L /
(3.27)

and P
 captures the status of the relays in ˝L0 , given by

P
 D 1
’

˝L0
1 � �rd�dr

�
� 1

e��L0
� 1

�
D 1

�AL0

�
� 1

e��L0
� 1

�
: (3.28)

As seen, the proposed energy saving strategy is distributed, since the active
probability is determined individually by each relay according to its distance
to D and the relay intensity �. The relay intensity can be estimated by the
destination with the algorithm in Table 3.1 and obtained by each relay via prior
handshaking. Intuitively, if the relay intensity is overvalued, the threshold L0 will be
underestimated, and P1C will be too small. Consequently, the energy consumption
will be high due to retransmissions, since the transmission success probability
is bounded by P1C at a low level. If the relay intensity is underestimated, the
threshold L0 will be overvalued and more relays will be involved unnecessarily in
the cooperative transmission. As a result, the energy consumption will also be high.
Thus, the accuracy of the estimated relay intensity � becomes important to properly
determine L0. In Sect. 3.5.2, we will provide a numerical example to further discuss
the impact of L0 on the tradeoff between the transmission success probability and
the energy consumption.

It is worth mentioning that the proposed strategy is not optimal since we set bias
for the relays close to D due to their high transmission success probability. In fact,
it is very difficult to find the optimal 
i for all the relays in ˝L, because the global
information of the relays will be required. We leave that to future work. Although the
proposed strategy is not optimal, it is highly efficient due to the distributed nature,
which is validated by the results in Sect. 3.5.3.
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3.4.2 Analysis of Collision Probability

Since collisions are a main concern with distributed cooperative solutions, we
evaluate the collision probability of the backoff-based cooperative scheme with
energy saving in this section. A collision happens when the first two or more
potential relays time out within an indistinguishable time interval c. As discussed
in [1], this uncertainty interval depends on factors such as radio switch time between
the receive and transmit modes, and different signal propagation time in the wireless
medium. Although an explicit time synchronization protocol among the relays is
usually not required for the backoff-based schemes, the packet reception from
the source can initiate a “crude” timing process at each relay. To account for the
asynchronization among contending relays, we can consider a sufficiently large
value for the interval c. Then, the performance is assessed in a worst-case scenario
since the higher the uncertainty interval, the higher the collision probability. For
analysis purposes, we further map the time interval c to a distance interval w, which
means that two potential relays nearest to the destination are spaced less than w
apart. According to (3.3), the backoff time of a potential relay is linearly related
to its distance to the destination. As a result, the time interval c is linearly mapped
to the distance interval w, which also captures the relay differences as well as the
synchronization margin.

Provided that at least two potential relays lie in ˝L0 with a probability

P2C D 1 � e��L0 ��L0 � e��L0 (3.29)

we next obtain the joint distribution of the distance of the first and second nearest
potential relays to D. Let r.1/ and r.2/ denote the distance of the two nearest potential
relays to D, where r.1/ � r.2/. We consider two cases depending on whether the
two potential relays fall into the same sufficiently small area. In the first case, the
first nearest potential relay is located in the region Œr1; r1 C �r�, while the second
nearest potential relay falls into the region Œr2; r2 C �r�, where r1 < r2 � L0. The
corresponding occurrence probability is given by

PŒr1 � r.1/ � r1 C�r; r2 � r.2/ � r2 C�r�

D e��r1 ���r1e���r1 � e�.�r2 ��r1C�r1 / ���r2e���r2

P2C

D ��r1 ���r2 � e���r2 � e��r2

P2C

(3.30)

where

��r1 D 2

Z r1C�r

r1

Z arccos. r
L /

0

e�K.L2Cr2�2Lr cos �/�rd�dr
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��r2 D 2

Z r2C�r

r2

Z arccos. r
L /

0

e�K.L2Cr2�2Lr cos �/�rd�dr

�r2 D 2

Z r2

0

Z arccos. r
L /

0

e�K.L2Cr2�2Lr cos �/�rd�dr:

Therefore, we obtain the joint PDF as

g.r1; r2/

D lim
�r!0

PŒr1 � r.1/ � r1 C�r; r2 � r.2/ � r2 C�r�

.�r/2

D e��r2

P2C

�
h
2�r1e�K.L2Cr2

1/

Z arccos.
r1
L /

0

e2KLr1 cos � d�
i

h
2�r2e�K.L2Cr2

2/

Z arccos.
r2
L /

0

e2KLr2 cos � d�
i
:

(3.31)

In the second case, the two potential relays lie in the same sufficiently small region
Œr1; r1 C�r�, which occurs with a probability

PŒr1 � r.1/ � r1 C�r; r1 � r.2/ � r1 C�r�

D 1

P2C

� e��r1 � .��r1 /
2

2
e���r1 :

(3.32)

The PDF for the second case is then

h.r1/ D lim
�r!0

PŒr1 � r.1/ � r1 C�r; r1 � r.2/ � r1 C�r�

�r

D lim
�r!0

o.�r/

�r
D 0:

(3.33)

According to the distributions of the distance of the two nearest potential relays
to D, we obtain the conditional collision probability given that at least two potential
relays lie in ˝L0 as follows:

Pc D 1C �L0�w � e��L0

P2C

� 1

P2C

Z L0�w

0

e��r1 � e���w d�r1 (3.34)

where

��w D 2

Z r1Cw

r1

Z arccos. r
L /

0

e�K.L2Cr2�2Lr cos �/�rd�dr

�L0�w D 2

Z L0�w

0

Z arccos. r
L /

0

e�K.L2Cr2�2Lr cos �/�rd�dr:
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The derivation of (3.34) is given in Appendix B: Proof of (3.34) and (3.35). An upper
bound is also obtained for Pc in Appendix B: Proof of (3.34) and (3.35), given by

Pc � 1C �L0�w � e��L0

P2C

� e��

P2C

� �1 � e��L0�w
�

, PU
c (3.35)

where

� D maxf��wg

D 2

Z L0

L0�w

Z arccos. r
L /

0

e�K.L2Cr2�2Lr cos �/�rd�dr:

3.5 Numerical and Simulation Results

In this section, numerical and simulation results are first presented to demonstrate
the accuracy of the estimation algorithm for relay intensity introduced in Sect. 3.3.
Then, we validate our theoretical analysis in Sect. 3.4.2 for the cooperative scheme
with energy saving. The proposed scheme is also compared with an uncoordinated
probability-based scheme. Table 3.2 lists the default system parameters.

3.5.1 Relay Intensity Estimation

Because the relay intensity estimation depends on the collected statistics of F.r/,
we first validate the analysis of F.r/. As seen in Fig. 3.4, the simulation results
and theoretical results match well, which confirms the analysis accuracy for F.r/.
The simulation results of the estimated intensity Q� are shown in Fig. 3.5. As seen,
the estimated Q� is of high accuracy, which demonstrates the effectiveness of our
proposed estimation algorithm.

Table 3.2 System parameters

Symbol Value Definition

P0=N0 40 dB SNR of the transmitter

T0 5 SNR threshold of signal decoding

˛ 2 Path-loss exponent

L 70 m Distance between source and destination

� 10�2 � 10�1 Relay distribution intensity

w 0:5 m Collision window (distance interval)
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3.5.2 Energy Saving Strategy

Figure 3.6 shows the analytical results of energy consumption (E) against the
distance r, where all the relays of a distance to D less than r are active and others are
sleeping during the packet transmission. Here, the energy for transmission and that
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Fig. 3.6 Energy consumption and the probability of at least one potential relay vs. the distance to
the destination

for listening/receiving are taken to be a constant [11], and the energy consumption
in Fig. 3.6 is in the unit of this constant. Besides, Fig. 3.6 also shows the probability
that at least one potential relay lies in the region ˝r (P1C ), which is the upper bound
of the transmission success probability. As seen, the energy consumption slightly
goes down at the beginning. When r further increases, the energy consumption goes
up. This is because the benefit of involving more relays with a greater P1C cannot
offset the side effect of higher incurred energy consumption.

Since the transmission success probability is bounded by P1C , there is a trade-
off between the transmission success probability and the energy consumption. As
seen in Fig. 3.6, the minimum energy consumption is achieved with L0 � 12,
which can be obtained from (3.26), (3.27), and (3.28). However, the corresponding
transmission success probability with such L0 may be too low to be acceptable
for certain loss-sensitive applications. Therefore, a better threshold can be chosen
for L0 so as to satisfy certain required transmission success probability and ensure
reasonable energy consumption. For example, by choosing L0 D 30, we have P1C

almost 1 and achieve about 70 % energy saving compared to L0 D L. If P1C

can be relaxed to 0:8, L0 D 20 will be a good choice and almost minimizes the
energy consumption. As such, we can achieve a balance between the transmission
performance and energy consumption by properly adapting the parameter L0 based
on our preceding analysis in Sect. 3.4.1. For the experiments in Sect. 3.5.3, we use
the values in Table 3.3 for L0, which ensures a P1C around 0:8.
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Table 3.3 L0 for numerical
analysis and simulations.

� 0:01 0:02 0:03 0:04 0:05

L0 25:5 20 16:5 14:5 13:5

� 0:06 0:07 0:08 0:09 0:10

L0 12:5 11:5 11 10:5 10
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Fig. 3.7 Collision probability Pc vs. L0

3.5.3 Performance Evaluation

For comparison purposes, we consider an uncoordinated probability-based solution
for reference. Similar to the local SNR based scheme proposed in [17], a potential
relay Ri forwards an overheard packet with a probability i, given by

i D e��ri (3.36)

where ri is the distance of Ri to D. Thus, i gives the probability that none potential
relay in ˝ri has an average SNR greater than that of Ri.

Figure 3.7 shows the numerical results and simulation results of the collision
probability against the threshold L0 of the energy saving strategy. As seen, the
simulation results match closely the analytical results, which validates the accuracy
of our analysis. As expected, the collision probability increases with L0 and �

due to a greater number of potential relays. Also, it is observed that the collision
probability is tightly bounded by the upper bound when L0 is small, and it is
much smaller than the bound when L0 gets larger. As shown in Fig. 3.7, the upper
bound increases almost linearly with L0. In contrast, the collision probability of the
proposed cooperative scheme increases much slower than the linear growth. This
is an attractive feature since it means that the collision probability increases slowly
when there are more active relays.
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Fig. 3.8 Collision probability Pc vs. the relay intensity �

Figure 3.8 compares the collision probability of the cooperative scheme proposed
in Sect. 3.4.1 to that of the probability-based scheme defined in (3.36). It can be
seen that our scheme achieves a much lower collision probability. The proposed
energy saving strategy can reduce the collision probability of both schemes, since
the number of contending relays is smaller by turning off relays outside the region
˝L0 .

Figure 3.9 shows the transmission success probability of the two cooperative
solutions with respect to the relay distribution intensity. We can see that the
transmission success probability of the probability-based scheme is bounded by
1=e � 0:368, which matches the observations in [12, 16]. In contrast, the backoff-
based solution can achieve a transmission success probability higher than 0:65,
because of the low collision probability shown in Fig. 3.8. Moreover, we can find
that the transmission success probability of the backoff-based scheme is slightly
degraded by considering the energy saving threshold L0 in Table 3.3, although the
threshold L0 reduces the collision probability, as shown in Fig. 3.8. This is because
the transmission success probability is upper bounded by P1C , and we select L0

here to ensure a P1C around 0:8. It is also observed in Fig. 3.9 that the transmission
success probability only vary slightly with the relay intensity. This seems counter-
intuitive since there will be more collisions when the relay intensity increases. This
is because more potential relays also result in a higher chance of finding good
relays, which mitigates packet loss caused by poor channel conditions and offsets
the impact of increased packet collisions.

To investigate the energy consumption of the two cooperative schemes, we
evaluate the average energy consumption of the relays for a packet against the relay
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intensity, as shown in Fig. 3.10. Compared to the probability-based scheme, the
backoff-based scheme can save around 50 % of energy on average, when the energy
saving thresholds L0 in Table 3.3 are applied. This is achieved by taking advantage
of the low collision probability and high transmission success probability of the
backoff-based scheme. Besides, we find that both schemes can achieve substantial
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energy saving as opposed to that with L0 D L. For example, the backoff-based
scheme can save more than 75 % of energy, although the transmission success
probability is slightly reduced. Therefore, our proposed cooperative scheme is
highly energy-efficient.

3.6 Summary

In this chapter, we study distributed cooperative communications between a source-
destination pair, where the relays are deployed as a PPP with an unknown intensity.
Particularly, we focus on a backoff-based cooperative scheme, where the potential
relay closest to the destination has the smallest backoff time and wins the contention.
To estimate the relay distribution intensity, the PDF and CDF of the distance of the
nearest potential relay to the destination are derived, and an iterative estimation
algorithm is proposed with the proof of convergence. Although the backoff-
based scheme can save considerable energy consumption when compared to the
centralized schemes and probability-based schemes, we find that many relays may
be active unnecessarily. Hence, we also propose a distributed energy saving strategy,
which selectively turns off low-quality relays in certain regions. To evaluate the
performance of the proposed scheme with energy saving, we analyze the collision
probability and derive an upper bound.

Extensive numerical and simulation results validate our analysis on the probabil-
ity distribution of the distance of the nearest potential relay to the destination. The
proposed estimation algorithm for the relay intensity also shows a high accuracy
and a fast convergence speed. In addition, we properly characterize the trade-
off between the energy consumption and the transmission success probability.
An energy saving threshold can be derived accordingly to guarantee a required
transmission success probability and effectively reduce the energy consumption at
the same time. The simulation results show that the proposed energy saving strategy
can significantly reduce the energy consumption for both the backoff-based and
probability-based schemes. Although the transmission success probability of the
backoff-based scheme is slightly degraded by the energy saving strategy, it is still
much higher than that of the probability-based scheme. Moreover, the backoff-
based scheme can save around 50 % of energy on average when compared to the
probability-based scheme.

Appendix A: Extended Proof of Lemma 3.2 with N Relays

Let p1; p2; : : : ; pN be the probabilities that N relays correctly receive a packet from
S, and 
1; 
2; : : : ; 
N be the active probabilities of the N relays, respectively. Any
unknown 
n (2 � n � N) can be determined according to known 
1; : : : ; 
n�1. Thus,

1; 
2; : : : ; 
N can be obtained sequentially so as to minimize the overall energy
consumption of these N relays.
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The average energy consumption of a packet transmission is given by

E D P1 � Et C P2 � Er C P3 � E

where P1 is the probability that at least one active relay correctly overhears the
packet from the source, P2 is the average number of relays that are active during
the packet transmission, and P3 is the probability that none of the active relays
successfully overhears the packet from the source. For N relays, we have

P1 D 1 �
NY

iD1

.1 � pi
i/; P2 D
NX

iD1


i; P3 D 1 � P1:

Thus, we have

E D Et C 
1 C 
2 C � � � C 
N

1 � .1 � p1
1/.1 � p2
2/ � � � .1 � pN
N/
� Er:

Similar to (3.21), (3.22), and (3.23), it can be easily inferred that, given known

1; : : : ; 
N�1, the active probability 
N should be either 0 or 1, so as to minimize the
average energy consumption E. The setting of 0 or 1 to 
N depends on the successful
receiving probability pN and the status of the other relays.

Appendix B: Proof of (3.34) and (3.35)

The conditional collision probability Pc is given by

Pc D PŒr2 � r1 C w� D 1 � PŒr2 > r1 C w� D 1 �
Z L0�w

0

Z L0

r1Cw
g.r1; r2/dr2dr1

D 1 � 1

P2C

Z L0�w

0

( h
2�r1e�K.L2Cr2

1/

Z arccos.
r1
L /

0

e2KLr1 cos � d�
i

Z L0

r1Cw

h
e��r2

�
2�r2e�K.L2Cr2

2/

Z arccos.
r2
L /

0

e2KLr2 cos � d�
�i

dr2

)

dr1

D 1 � 1

P2C

Z L0�w

0

( h
2�r1e�K.L2Cr2

1/

Z arccos.
r1
L /

0

e2KLr1 cos � d�
i

�
�

e��r1 � e���w � e��L0

�
)

dr1
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D 1 � 1

P2C

Z �L0�w

0

�
e��r1 � e���w � e��L0

�
d�r1

D 1C �L0�w � e��L0

P2C

� 1

P2C

Z �L0�w

0

e��r1 � e���w d�r1 : (3.37)

Therefore, (3.34) is proved.
Since ��w � � , according to (3.6), we have

Pc � 1C �L0�w � e��L0

P2C

� 1

P2C

Z �L0�w

0

e��r1 � e�� d�r1

D 1C �L0�w � e��L0

P2C

� e��

P2C

Z �L0�w

0

e��r1 d�r1

D 1C �L0�w � e��L0

P2C

� e��

P2C

h� � e��r1
�ˇ̌�L0�w

0

i

D 1C �L0�w � e��L0

P2C

� e��

P2C

�
1 � e��L0�w

�

(3.38)

which gives the result in (3.35).
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Chapter 4
Energy-Aware Cooperative MAC
with Uncoordinated Group Relays

4.1 Motivation and Overview1

Exploiting spatial diversity, cooperative communications offer a promising low-cost
and energy-efficient technique. Taking advantage of the inherent broadcasting
nature of the wireless medium, the nodes with good channel conditions can forward
the overheard data to facilitate the transmission of one S-D pair, which includes a
single source (S) and a single destination (D). As shown in Fig. 4.1, the relay(s) that
correctly overhear the packet from S can forward the data to D. Different relaying
strategies can be used by the relays, such as amplify-and-forward (AF), decode-and-
forward (DF), and coded-cooperation (CC) [8, 13]. Based on this model, the number
of relays that participate in each cooperation depends on the channel conditions
and the cooperation strategy. It is often assumed that a collision occurs when
two or more relays happen to transmit the packet at the same time. Hence, the
cooperation gain [7, 10] can vary considerably with the relay selection strategy
and the medium access control (MAC) protocol. It is vital to design an effective
and efficient cooperation strategy to identify and coordinate the optimal cooperating
nodes.

In the centralized solutions such as [5, 9], a central controller (e.g., the source
node) needs to acquire the knowledge of the potential relays via additional hand-
shaking messages, and then chooses the optimal relay. The message exchanging
may induce unacceptable delay for multimedia services as well as high energy
consumption. In contrast, a distributed solution usually does not require such a
priori information and carries out relay selection in an uncoordinated fashion.

1Copyright © IEEE (2014). Some content of this chapter is reprinted with permission, from
IEEE Transactions on Vehicular Technology (2014) 63(5), 2104–2114, “Energy-aware cooperation
strategy with uncoordinated group relays for delay-sensitive services,” A. Jin, W. Song, P. Ju, and
D. Zhou [6].

© Springer International Publishing AG 2017
W. Song et al., Protocol Design and Analysis for Cooperative Wireless Networks,
Wireless Networks, DOI 10.1007/978-3-319-47726-8_4
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Fig. 4.1 A widely studied
network model for
cooperative communications
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For example, the relays that correctly receive the data from the source can contend
to forward the packet to the destination.

For the probability-based uncoordinated cooperation strategies [16–18], each
relay that successfully overhears the data independently determines a forwarding
probability. Although such strategies involve little signalling overhead, the collision
probability can be potentially high when the number of available relays is large.
As a consequence, retransmissions will incur high energy consumption as well as
long delay. Hence, such cooperation strategies may not be able to accommodate
green multimedia services. There is another class of uncoordinated strategies that
make use of the relay’s local information to tune a backoff timer [1, 15]. A relay of
higher transmission capability is prioritized with shorter backoff time. Such backoff-
based uncoordinated strategies can greatly reduce collisions and offer a good match
to support green multimedia communications.

Extending the simple cooperation scenario in Fig. 4.1, we consider a new
framework where multiple S-D pairs share a group of relays with energy constraint.
To satisfy the quality-of-service (QoS) requirements of multimedia services in a
green manner, we propose an energy-aware uncoordinated cooperation strategy
based on the backoff timer. Also, its performance is evaluated analytically with
respect to the theoretical bounds of the collision probability and the transmission
success probability. Extensive simulations are conducted to compare the perfor-
mance of different uncoordinated strategies and the analytical bounds. The numer-
ical and simulation results demonstrate that our proposed strategy is preferable for
the delay-sensitive multimedia services and achieves significant energy saving.

4.2 System Model and Problem Formulation

4.2.1 System Model

Consider a wireless network with M S-D pairs and K relay nodes as illustrated in
Fig. 4.2. We assume that the relays are uniformly distributed in a given region and
the relay distribution is time-stationary. This assumption is generally valid for a
variety of scenarios, e.g., under random direction mobility [2, 12]. The sources refer
to the nodes that generate data traffic, while the destinations refer to the nodes that
receive data traffic. Relay nodes have no intrinsic traffic demands. Since the relays
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Fig. 4.2 An illustration of
the system model for
cooperative transmission
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are shared by multiple S-D pairs, we consider that the relays are energy constrained.
When a relay runs out of energy, it is not eligible for future relaying. The sources
can communicate with their destinations only through these shared relays using a
two-hop DF [8] protocol; other cooperative communication protocols can also be
considered in a similar way.

We assume that each node knows its own location, which can be obtained either
from a positioning technique based on signal strength, time-of-arrival or angle-of-
arrival measurements with nearby nodes [3, 11], or through a GPS receiver that
is becoming increasingly ubiquitous in mobile devices. Further, the relay nodes
can obtain the locations of the sources and destinations from the piggybacked
information within the overheard packets. It should be noted that the sources do not
have the knowledge of the locations of the relays, and one relay does not have the
location information of other relays either. Besides, we assume that the locations of
all the nodes in the network do not change significantly during the short cooperative
transmission period, which is a typical assumption that generally holds.

For the data transmission between a transmitter located at x and a receiver located
at y, the SNR of the received signal can be written as

�xy D P0

N0

hxygxy (4.1)

where P0 is the transmit power, N0 is the power of additive white Gaussian
noise (AWGN), and hxy denotes the small-scale channel fading which is exponen-
tially distributed with unit mean. The path-loss effect is captured by gxy D kx�yk�˛ ,
where kx�yk is the Euclidean distance, and ˛ is the path-loss exponent. We assume
that the receiver is able to correctly decode the received signal only when the
instantaneous SNR is no less than a threshold T0 [18]. Therefore, the probability
that a packet is successfully received is given by

Pxy D Prf�xy � T0g D exp
�
� T0

P0=N0

kx � yk˛
�
: (4.2)
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Since the location information of the sources and destinations is available to the
relays, the distances between them can be calculated. Thus, we can estimate the
transmission success probabilities from the M sources to the relay Ri by

PS;Ri D
�
PS1Ri ; PS2Ri ; : : : ; PSMRi

�
; i D 1; 2; : : : ; K:

Similarly, the transmission success probabilities from the relay Ri to the M
destinations are given by

PRi;D D
�
PRiD1 ; PRiD2 ; : : : ; PRiDM

�
; i D 1; 2; : : : ; K:

4.2.2 Problem Formulation

To achieve a high transmission success probability, a centralized relay selection
protocol generally identifies the best relay(s) by exploiting the global view of the
network. However, additional overhead is usually incurred to exchange the channel
state information and results in a large delay. On the other hand, the distributed
solutions often require an effective approach to mitigate collisions among multiple
potential relays. The probability-based uncoordinated strategies use a forwarding
probability that is independently determined for each relay. Nonetheless, when the
network scales up, it becomes more difficult to figure out the optimal forwarding
probability. Unfortunately, the transmission success probability of these probability-
based strategies is upper bounded by 1=e � 0:368 [14, 17] due to high collisions,
which also lead to a large delay. In contrast, the backoff-based distributed strategies
can handle collisions more effectively and present better performance in terms of
the transmission success probability and delay.

In this chapter, we introduce a novel backoff-based uncoordinated cooperation
strategy, in which each potential relay sets a backoff timer based on a variety
of factors. Considering the group cooperation model in Sect. 4.2.1, we need
to effectively address the energy constraint of the relays, which are shared by
multiple S-D pairs. The proposed cooperation strategy should not only provide
QoS guarantee to the delay-sensitive multimedia services but also perform well
in a large-scale network. It is known that the real-time multimedia services are
sensitive to delay and delay jitter. In view of the time-varying nature of wireless
networks, we consider a statistical QoS guarantee for the delay. That is, the delay
outage probability defined in (4.3) is ensured bounded within an acceptable range:

Pout D PrfD � Dmaxg < " (4.3)

where D is the packet delay, Dmax is the acceptable upper bound, and " is a small
probability that is allowed for QoS violation.
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4.3 Energy-Aware Cooperation Strategy

4.3.1 Cooperation Criteria

For a backoff-based cooperation strategy, the determination of the backoff timer is
critical to reduce collisions, because a collision may occur when the backoff timers
of the first two or more relays expire within an indistinguishable small interval.
To improve the achievable performance, the backoff timer is often based on the
cooperation capability of the relay. Hence, we need to properly choose the metrics
that characterize the cooperation capability, so that the backoff timers of the group
of relays can be appropriately scattered to decrease the collision probability.

First, we consider the distance between a relay and a destination, which can be
estimated from the location information without incurring extra cost. This distance
can capture the transmission success probability of the relay-to-destination channel
according to (4.2). This is because we are interested in the potential relays that have
correctly overheard the packet from the source and thus only focus on the relay-to-
destination channel condition. Denoting the distance between the relay Ri and the
destination Dj by dij, we define the cooperation capability of Ri for Dj with respect
to the distance as

Wd
ij D

8
<

:
1 �

�dij

L

�2

; if dij � L

0; if dij > L
(4.4)

where L is the largest distance to the destination for a node to be considered as
a potential relay. As such, a relay with a smaller distance to the destination is
characterized with a greater cooperation capability, because of a higher transmission
success probability over the relay-to-destination channel.

Second, the energy status of the relay is also accounted into the estimation
of the cooperation capability, since the shared relays are energy constrained. The
example in Fig. 4.3 illustrates the importance of incorporating the energy status

S1 D1

S2 D2

R1

R2

Fig. 4.3 An illustration showing how the energy constraint of the relays affects relay selection.
The solid lines indicate the cooperative transmissions without considering the energy status; and
the dashed lines indicate the cooperative transmissions with the energy status taken into account
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into the characterization of the cooperation capability. As seen, the relay R2 is the
best relay for both S1-D1 and S2-D2 pairs, if only the distance to the destination is
concerned. Consequently, R2 will run out of energy quickly. The S1-D1 and S2-D2

pairs will need to switch to the relay R1. The performance of the S1-D1 pair will
remain almost the same, whereas the S2-D2 pair will suffer from a performance
degradation since R1 is far from S2 and D2. On the other hand, if both the distance
and the energy status are taken into account, R1 and R2 should serve S1-D1 and
S2-D2, respectively. Thus, the relaying capacities are utilized in a more balanced
manner. Therefore, we further consider the energy status of Ri to characterize its
cooperation capability by

We
i D Ei=Ec (4.5)

where Ei is the energy level of Ri with an energy upper limit of Ec. Here, we assume
that all the relays have the same energy upper limit and their energy levels are
uniformly distributed. Therefore, We follows a uniform distribution between 0 and
1, denoted by U.0; 1/. As seen, a relay of a higher energy level thus has a greater
cooperation capability.

Based on the two metrics in (4.4) and (4.5), the overall cooperation capability of
the relay Ri for the destination Dj is defined as

Wij D � �We
i C .1 � �/ �Wd

ij (4.6)

where � 2 Œ0; 1� is a weighting parameter to trade-off between the importance of
the energy status and that of the distance metric. As seen, Wij 2 Œ0; 1�.

4.3.2 Distributed Cooperation Strategy

Table 4.1 presents the proposed energy-aware cooperation strategy in detail. Based
on the cooperation capabilities of the relays, the optimal relay for the Sj-Dj pair is
defined as

Ri D arg max
i2f1;:::;Kg

f1Aj.i/ �Wijg

where Aj is the set of relays that correctly overhear the data packet from Sj, and

1Aj.i/ D
�

1; if Ri 2 Aj

0; if Ri … Aj:

To ensure that the optimal relay has the fastest access to the channel, the relay Ri

sets an initial backoff time inversely proportional to its cooperation capability for
the Sj-Dj pair as
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Table 4.1 Energy-aware cooperation strategy.

1: Initialize cooperation capabilities W of relays according to (4.6)

2: while a new transmission occurs between any Sj-Dj pair do

3: for all the relays do

4: if relay Ri overhears the packet correctly then

5: Set the backoff timer of Ri to 1 �Wij

6: end if

7: end for

8: for all the relays correctly received the packet do

9: if backoff timer expires and no relaying sensed then

10: Forward the packet to Dj

11: end if

12: end for

13: if only one relay Ri transmits within time interval c then

14: if Dj decodes the packet correctly then

15: Transmission succeeds

16: else

17: Transmission fails

18: end if

19: // Update W concerning energy consumption

20: Wir  Wir � � � �, for r D 1; 2; : : : ; M

21: else

22: Collision happens and transmission fails

23: for every relay Rc that transmitted do

24: // Update W concerning energy consumption

25: Wcr  Wcr � � � �, for r D 1; 2; : : : ; M

26: // Update W concerning collision

27: Wcj  Wcj � .1 � �/ �Wd
cj � �

28: end for

29: end if

30: end while

Tij D 1 �Wij (4.7)

in which the maximum backoff time is taken to be one unit time. As such, the
optimal relay of the highest cooperation capability sets the smallest backoff time.
If the first two or more relays time out within an indistinguishable small interval c,
a collision happens [1].
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To account for the energy consumption of packet forwarding of Ri for any S-D
pair, we update the cooperation capability of Ri for all S-D pairs as follows

Wir D Wir � � � �; r D 1; 2; : : : ; M (4.8)

where � is the update step length. This is to yield the forwarding opportunities to
other relays and thus balance the energy consumption.

Here comes a problem when a collision happens among the relays. If all the
relays involved in the collision update their cooperation capabilities according
to (4.8), a collision will happen again in the next transmission. Therefore, we need
to penalize these relays by updating their cooperation capabilities to

Wij D Wij � .1 � �/ �Wd
ij � �; i D c1; c2; : : : ; cn (4.9)

where c1; c2; : : : ; cn are the indices of the relays Rc1 ; : : : ; Rcn that collide when
forwarding the packet for the Sj-Dj pair. As a higher Wd

ij implies a lower energy
level when a collision happens, the corresponding relay is punished more to achieve
the energy balance and avoid further collisions.

4.4 Performance Analysis

To satisfy the delay requirements of multimedia services, it is essential to minimize
the collision probability so as to maximize the transmission success probability. In
this section, we analyze the performance bounds of the proposed cooperation strat-
egy in terms of the collision probability and the transmission success probability.
Here, we focus on one S-D pair, since the achievable performance of all S-D pairs
is the same, given the homogeneous setting of S-D pairs in the system model.

4.4.1 Upper Bound of Collision Probability

Lemma 4.1. If the relays are uniformly distributed, the probability density func-
tion (PDF) of their distance d to the destination D within L is given by

f .d/ D
8
<

:

2d

L2
; if d � L

0; otherwise:
(4.10)

Proof. Consider the polar coordinate system where D is the origin and an arbitrary
relay is located at .d; '/. The corresponding location of the relay in the Cartesian
coordinate system is then .x; y/, where x D d � cos.'/, and y D d � sin.'/. For the
relays uniformly distributed within the circle of a radius L and centered at D, the
joint PDF of their locations .x; y/ is given by
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fX;Y.x; y/ D
8
<

:

1

�L2
; if

p
x2 C y2 � L

0; otherwise:

Since d Dpx2 C y2, according to the Jacobian matrix, we can obtain the PDF of d
as shown in (4.10).

�

Lemma 4.2. If the PDF of the distance of a relay to the destination follows (4.10),
the general cooperation capability concerning the distance, Wd defined in (4.4),
follows a uniform distribution between 0 and 1.

Proof. The cumulative distribution function (CDF) of Wd is given by

PrfWd � wg Eq. (4.4)D Prf1 � .d=L/2 � wg
D 1 � Prfd � L

p
1 � wg

Eq. (4.10)D 1 �
Z L

p
1�w

0

f .x/dx

D 1 � d2

L2

ˇ̌
ˇ̌
ˇ

L
p

1�w

0

D w:

Therefore, Wd 	 U.0; 1/. �

Theorem 4.1. Since We 	 U.0; 1/ and Wd 	 U.0; 1/, the overall cooperation
capability defined in (4.6) with � 2 .0; 0:2� concerning both the distance and the
energy status follows a distribution with a PDF

fW.w/ D

8
ˆ̂̂
ˆ̂̂
<̂

ˆ̂̂
ˆ̂̂
:̂

w

�.1 � �/
; if 0 � w � �

1

1 � �
; if � < w � 1 � �

1 � w

�.1 � �/
; if 1 � � < w � 1

0; otherwise:

(4.11)

Proof. Given two continuous random variables U and V , if V D aU, the PDFs of U
and V are related according to

fV.x/ D
�1

a

�
fU
� x

a

�
:

where fU.�/ and fV.�/ are the PDFs of U and V , respectively. Since We 	 U.0; 1/

and Wd 	 U.0; 1/ (Lemma 4.2), we have

X D � �We 	 U.0; �/ ; Y D .1 � �/ �Wd 	 U.0; 1 � �/ :
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Then, for W D � �We C .1 � �/ �Wd D X C Y , we have

fW.w/ D
Z 1

�1
fX.w � y/fY.y/dy

D 1

1 � �

Z 1��

0

fX.w � y/dy

Only when 0 � w � y � � , i.e., w � � � y � w, fX.w � y/ D 1=� and the above
integral is not zero. Therefore, we have

fW.w/ D 1

1 � �

Z w

0

1

�
dy D w

�.1 � �/
; if 0 � w � �

fW.w/ D 1

1 � �

Z w

w��

1

�
dy D 1

1 � �
; if � < w � 1 � �

fW.w/ D 1

1 � �

Z 1��

w��

1

�
dy D 1 � w

�.1 � �/
; if 1 � � < w � 1

which conclude the proof.
�

According to Theorem 4.1 for � 2 .0; 0:2�, it can be easily shown that the
backoff time as defined by (4.7) follows a distribution with a PDF, given by

fT.t/ D

8
ˆ̂̂
ˆ̂̂
<̂

ˆ̂̂
ˆ̂̂
:̂

t

�.1 � �/
; if 0 � t � �

1

1 � �
; if � < t � 1 � �

1 � t

�.1 � �/
; if 1 � � < t � 1

0; otherwise:

(4.12)

Assume that N relays (Ri1 ; : : : ; RiN ) correctly overhear the transmitted packet
from one particular source. Let T1 < T2 < � � � < TN denote the order statistics of
the backoff time of the N relays. According to [1], the collision probability Pc is
given by

Pc D PrfT2 < T1 C cg D 1 � Ic (4.13)

Ic D N.N � 1/

Z 1

c
fT.t/

h
1 � FT.t/

iN�2

FT.t � c/dt (4.14)

where fT.t/ is the PDF of the backoff time and FT.t/ is the corresponding CDF.
Here, c is an indistinguishable small interval and a collision happens when the
backoff timers of the first two or more relays time out within c. As one example,
the distributed coordination function (DCF) of IEEE 802.11 can choose a maximum
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backoff time of 1024 time slots [4]. Then, the interval c can be considered as one
time slot. Provided that the maximum backoff time is taken to be one unit time, the
interval c can be in the order of 10�3.

When � D 0, we have W D Wd according to (4.6). Based on Lemma 4.2, this
means that the cooperation capability W follows a uniform distribution between 0

and 1. Thus, the backoff time defined in (4.7) is also uniformly distributed with
fT.t/ D 1 and FT.t/ D t for 0 � t � 1. From (4.14), we can easily obtain

Ic D .1 � c/N : (4.15)

For 0 < � � c, we have

Ic D N.N � 1/

.1 � �/N

( �
1 � 3

2
�
�N�1�1 � � � c

N � 1
� 1 � 3�=2

N

�

C
��

2

�N�1�2c � c2=�

2N � 2
� 2c

2N � 1

�
)

:

(4.16)

For � > c, because a closed-form Ic is not tractable, we derive the following lower
bound in Appendix A: Proof of (4.17)

Ic >
N.N � 1/

.1 � �/N

( �
1 � 3

2
�
�N�2�

� � c
�3� 1

8�
C c

24�2

�

C
�
1 � 3

2
�
�N�1�1 � � � c

N � 1
� 1 � 3�=2

N

�

C
��

2

�N�1�2c � c2=�

2N � 2
� 2c

2N � 1

�)

:

(4.17)

Defining the righthand-side terms in (4.15), (4.16), and (4.17) as IL
c , we have Ic � IL

c
and

Pc D 1 � Ic � 1 � IL
c , PU

c (4.18)

where PU
c denotes an upper bound of the collision probability.

4.4.2 Lower Bound of Transmission Success Probability

When the traffic load is high, most of the relays will run out of energy quickly, and
the distribution of their cooperation capabilities will no longer follow (4.11). Thus,
it is hard to theoretically derive a lower or upper bound for the transmission success
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probability. Therefore, we focus on a normal traffic load when analyzing the lower
bound of the transmission success probability in this section and its upper bound in
the next section. In this circumstance, the energy constraint can be relaxed by setting
� D 0. Then, the cooperation capability is only determined by the distance metric
and follows a uniform distribution between 0 and 1.

A relay Ri participates in the cooperative relaying for the Sj-Dj pair only if
Ri correctly receives the packet from Sj and its cooperation capability Wij is
the maximum among the N relays (Ri; Ri1 ; : : : ; RiN�1 ) that overhear this packet
successfully. With the largest Wij, Ri sets the shortest backoff time and becomes
the first to forward the packet. We have the corresponding occurrence probability

Pij D PSjRi �
N�1Y

rD1

PrfWij > Wirjg

D PSjRi � .Wij/
N�1:

(4.19)

Besides, the probability that at least one relay successfully overhears and forwards
the packet for Sj is given by

Qj D 1 �
KY

rD1

.1 � PSjRr /: (4.20)

Hence, the probability that Ri transmits the packet for Sj in the long term is given by

Pij D Qj � Pij
PK

rD1 Prj

: (4.21)

Finally, we have the transmission success probability for the Sj-Dj pair

P.j/
suc D

KX

rD1

Prj � PRrDj � .1 � Pc/

� .1 � PU
c / �

KX

rD1

Prj � PRrDj , PL
suc

(4.22)

where PL
suc denotes the lower bound of the transmission success probability.

4.4.3 Upper Bound of Transmission Success Probability

In Sect. 4.4.2, the energy constraint is relaxed to derive the lower bound of
the transmission success probability. To obtain the upper bound, we assume no
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collisions among the relays in data forwarding. The upper bound of the transmission
success probability for an arbitrary Sj-Dj pair is then given by

PU
suc D PSjR.1/

� PR.1/Dj C .1 � PSjR.1/
/ � PSjR.2/

� PR.2/Dj

C � � � C
K�1Y

rD1

.1 � PSjR.r/ / � PSjR.K/
� PR.K/Dj

(4.23)

where PR.1/Dj > PR.2/Dj > � � � > PR.K/Dj . The first term in (4.23) represents the case
that the best relay R.1/ has correctly received the packet from Sj with a probability
PSjR.1/

, and its forwarding over the relay-to-destination channel to Dj succeeds with
a probability PR.1/Dj . The second term in (4.23) indicates that the best relay R.1/ fails
to receive the packet from Sj with a probability .1 � PSjR.1/

/, while the second best
relay R.2/ successfully receives and forwards the packet to Dj with a probability
PSjR.2/

� PR.2/Dj . The other terms in (4.23) can be interpreted in a similar way.
In addition, a relaxed upper bound of the transmission success probability can be

obtained as

ePU
suc D Qj � max

r2f1;2;:::;Kg
fPRrDjg > PU

suc (4.24)

where Qj is given by (4.20). Here, ePU
suc is derived by considering the maximum

success probability over the relay-to-destination channel when at least one relay
forwards the packet.

4.5 Numerical and Simulation Results

In this section, numerical and simulation results are presented to demonstrate the
effectiveness of our proposed cooperation strategy and the analytical bounds. For
comparison purposes, we consider an uncoordinated probability-based algorithm,
in which each potential relay Ri chooses its forwarding probability according to

Pi D
h
1C P0

N0T0L2
� ln �PRiD

�iN�1

(4.25)

where N is the number of relays that correctly overhear the packet from the
source. Here, Pi is actually the probability that Ri is the relay with the maximum
transmission success probability over the relay-to-destination channel (with ˛ D 2).
The derivation of (4.25) is given in Appendix B: Proof of (4.25). In the simulation,
we further minimize collisions by normalizing Pi to

P.i/
 D

PiPN
rD1 Pr

: (4.26)
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Fig. 4.4 Nodes topology for analysis and simulation

Table 4.2 System parameters

Symbol Value Definition

P0=N0 40 dB Transmit SNR

T0 5 SNR threshold of signal decoding

˛ 2 Path-loss exponent

L 55 m Maximum distance of potential relays to a destination

� 0 � 0:2 Weighting parameter for distance and energy

� 0:0001 Update step length

c 0:001 � 0:01 Indistinguishable backoff time interval for collision

In practice, it is not appropriate for a distributed approach to allow a relay to
obtain the forwarding probabilities of other relays. Thus, the real performance of
the probability-based algorithm can be worse.

In the following experiments, we assume that the nodes are uniformly distributed
in a 40 m 
 200 m area, as illustrated by the example in Fig. 4.4. The maximum
distance of potential relays to a destination is L D 55 m, since the transmission
success probability over the relay-to-destination channel is lower than 0:25 when
L > 55 m. Assume that all the relays are fully charged at the beginning, and each
relay can transmit up to 104 packets. More system parameters are given in Table 4.2.
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Fig. 4.5 Transmission success probability vs. total number of relay nodes

4.5.1 Transmission Success Probability

Figure 4.5 compares the transmission success probability of different strategies
with the analytical bounds. We can see that the transmission success probability
of the probability-based algorithm is bounded by 1=e � 0:368, which verifies
the conclusions in [14, 17]. In contrast, our proposed backoff-based strategy can
easily achieve a transmission success probability higher than 0:6, because of the
reduced collision probability. Moreover, we find that the upper bound and the lower
bound of the transmission success probability both work well. The proposed strategy
approaches the upper bound in a normal traffic load.

Furthermore, it is seen in Fig. 4.5 that the transmission success probability of
the proposed strategy increases with a greater number of relays, whereas that of
the probability-based algorithm remains almost the same. Though the collision
probability of both algorithms increases with the number of relays, the opportunity
of finding a good relay increases with more potential relays. Thus, packet loss
caused by poor channel conditions can be reduced.

4.5.2 Average Delay and Delay Outage Probability

Figure 4.6 shows the average packet transfer delay of the two algorithms against
the packet transmission time. The packet transfer delay represents the time duration
from a packet generation to successful transmission, while the packet transmission
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Fig. 4.6 Average packet delay D vs. the packet transmission time

time is given by the packet length over the transmission rate. Here, the maximum
backoff time is taken to be one unit time. As seen, the average packet delay of the
proposed algorithm is much smaller than that of the probability-based algorithm,
even though the proposed algorithm requires extra backoff time. This is because
the collision probability of the proposed backoff-based algorithm is much lower
than that of the probability-based algorithm. As a result, the transmission success
probability is improved significantly, as seen in Fig. 4.5. Thus, the average packet
transfer delay is reduced accordingly. In addition, we find that the average packet
delay of the backoff-based algorithm increases slower than that of the probability-
based algorithm, which implies that our proposed algorithm can achieve more gain
for a larger packet length.

Figure 4.7 compares the delay outage probability (in log scale) of the two
algorithms with respect to the packet transmission time. It can be seen that the
backoff-based algorithm has a delay outage probability smaller than 0:01. On the
other hand, the delay outage probability of the probability-based algorithm increases
faster from 0:12 to 0:21, when the packet transmission time increases from 1 to 1:5.
Therefore, our proposed algorithm is preferable for the real-time delay-sensitive
services.



4.5 Numerical and Simulation Results 69

1 1.1 1.2 1.3 1.4 1.5
10−4

10−3

10−2

10−1

100

Packet transmission time (K=30, c=0.005 and Dmax=5)

D
el

ay
 o

ut
ag

e 
pr

ob
ab

ili
ty

Probabilistic−simulation
Proposed−simulation

Fig. 4.7 Delay outage probability Pout vs. packet transmission time
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Fig. 4.8 Average energy cost for a packet vs. total number of relay nodes

4.5.3 Energy Saving and Energy Balance

To further investigate the energy consumption of the two algorithms, Fig. 4.8 shows
the average energy cost of the relays for a packet with respect to the total number of
relays K. Here, the unit of energy cost is the energy consumption of one transmission
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Fig. 4.9 Transmission success probability Psuc vs. traffic demand

attempt for a packet with a transmission time of one time unit. As seen in Fig. 4.8,
our proposed backoff-based algorithm can save around 50 % of energy on average,
compared to the probability-based algorithm. This energy saving is due to the low
collision probability and high transmission success probability of the backoff-based
algorithm.

In Fig. 4.9, we show the variations of the transmission success probability with
the traffic demand of an S-D pair. Here, the traffic demand is the number of packets
transmitted for an S-D pair, excluding the retransmitted packets. It is assumed in
the simulation that all M S-D pairs have the same traffic demand. As seen, when
the traffic demand is low, the highest transmission success probability is achieved at
� D 0. Given a low traffic demand, no relay runs out of energy to satisfy the demand
and the relays with the best channel conditions are always available to forward the
packets. Hence, the energy constraint does not take effect and it is not necessary to
consider energy balance in relay selection.

On the other hand, the situation becomes different with a high traffic demand. As
seen in Fig. 4.9, when the traffic demand is greater than 1:8 
 104, the transmission
success probability with � D 0 is no longer higher than that of � D 0:1. This
is because the energy constraint is not addressed with � D 0 and consequently
the best relay candidates may run out of energy very quickly. In contrast, we
can take advantage of energy balance by setting � D 0:1 for relay selection and
thus extend the survival time of the relays. As a result, the average transmission
success probability can be improved. Moreover, it is observed in Fig. 4.9 that the
transmission success probability with � D 0:2 is always worse than that of � D 0

and � D 0:1. This implies that the weight � D 0:2 overvalues the importance
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of energy status but underestimates that of the relay’s distance to the destination.
Consequently, the relay selection becomes kind of “blind” to the transmission
success probability over the relay-to-destination channel. Therefore, it is usually
assumed that � � 0:2.

4.5.4 Scalability

To study the scalability of the proposed algorithm, we vary the total number of
relays K and the total number of S-D pairs M in the simulation. Given a fixed number
of S-D pairs, M D 5, Fig. 4.10a shows that the transmission success probability first
increases with the number of relays and then decreases when K � 50. On one hand,
more good relays become available for an S-D pair when the total number of relays
is larger. On the other hand, the collision probability also increases correspondingly.
At the beginning, the advantage of having more good relays dominates the side
effect of collisions. On the contrary, when the number of relays further grows, the
collision probability becomes very high and the transmission success probability
decreases. For example, the collision probability with K D 300 is 20:86 %, which
is much higher than 10:34 % with K D 100. For the relaying area considered in the
simulation, K D 500 is an extremely high and rare density in practice. Even so, we
still find that the transmission success probability is above 60 % and much larger
than that of the probability-based algorithm.

Figure 4.10b shows the transmission success probability vs. the number of
S-D pairs M given a fixed number of relays K D 100. The two scenarios in
comparison have different traffic loads, which are the total number of packets
transmitted for each S-D pair, including the retransmitted packets. It is observed
that the transmission success probability is above 50 % with a reasonable number
of S-D pairs (M � 30) when the traffic load is normal. This verifies that our
proposed algorithm can be deployed in a large-scale network. Moreover, it is seen
that the transmission success probability decreases with a larger number of S-D
pairs. When more S-D pairs share a group of common relays, the relays with better
channel conditions to the destinations will run out of energy quickly. As a result,
the transmission success probability goes down, but decreases slower with a lower
traffic load. Hence, in order to guarantee the QoS requirements, the amount of traffic
that enters the network should be regulated by controlling the number of S-D pairs
and/or their admissible traffic loads. In addition, we find that the Jain’s fairness index
of the transmission success probability among the M S-D pairs is almost 1, which
implies that the group of relays are evenly shared by all S-D pairs with the proposed
backoff-based algorithm.
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4.6 Summary

In this chapter, we study the uncoordinated cooperative communications between
multiple S-D pairs that share a group of energy-constrained relays. A novel
cooperation strategy is proposed based on backoff timers. It makes use of the
cooperative capability, which is characterized by the distance information and
the energy status of the relay. Thus, the relay of a higher cooperative capability
ends up with a shorter backoff time. The best relay times out first and wins the
contention. However, a collision still happens if the backoff timers of the first two or
more relays expire within an indistinguishable time interval. Hence, we also derive
the theoretical performance bounds for the proposed strategy with respect to the
collision probability and the transmission success probability.

As shown in the numerical results, our proposed strategy can achieve a much
lower collision probability and thus a higher transmission success probability,
compared to a probability-based reference strategy. We find that the transmission
success probability can approach the upper bound in a normal traffic load, which
verifies that our algorithm can effectively and efficiently identify the optimal relay in
an uncoordinated manner. Besides, our algorithm also outperforms the probability-
based strategy in terms of average packet delay, delay outage probability, as well
as the energy consumption. By adjusting the weighting parameter � , we can
achieve good performance in the high traffic load condition through energy balance.
Therefore, it is safe to conclude that our proposed algorithm can serve as an energy-
efficient cooperation strategy for delay-sensitive multimedia services and it is a
scalable solution for a large-scale network.

Appendix A: Proof of (4.17)

According to (4.14), when � > c, we have

Ic D N.N � 1/.Ic1 C Ic2 C Ic3 / (4.27)

where Ic1 , Ic2 and Ic3 are given by

Ic1 D
Z �

c

t

�.1 � �/

	
1 � t2=2

�.1 � �/


N�2
.t � c/2=2

�.1 � �/
dt (4.28)

Ic2 D
Z 1��

�

1

1 � �

	
1 � t � �=2

1 � �


N�2 t � c � �=2

1 � �
dt (4.29)

Ic3 D
Z 1

1��

1 � t

�.1 � �/

	
.1 � t/2

2�.1 � �/


N�2	
1 � .1 � tC c/2

2�.1 � �/



dt: (4.30)
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As a closed-form expression is not tractable for Ic1 , we take t � � and have

Ic1 �
Z �

c

t

�.1 � �/

	
1 � �2=2

�.1 � �/


N�2
.t � c/2=2

�.1 � �/
dt

D
� 1

1 � �

�N
�

1 � 3

2
�
�N�2�

� � c
�3� 1

8�
C c

24�2

�
:

(4.31)

The closed-form expressions of Ic2 and Ic3 can be obtained as

Ic2 D
� 1

1 � �

�N
(

1 � � � c

N � 1

	�
1 � 3

2
�
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� 1
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�
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(4.32)

Ic3 D
� �=2

1 � �

�N� 2

�

�	2.1 � �/ � c2=�

2N � 2
� 2c

2N � 1
� �

2N



: (4.33)

The last three equations conclude the proof to (4.17).

Appendix B: Proof of (4.25)

According to (4.2), we obtain the transmission success probability over the relay-
to-destination channel with ˛ D 2 as

PRD D e��d2

(4.34)

where � D T0N0=P0. Given the PDF of d in (4.10), we derive the CDF of PRD by

PrfPRD � pg D Prfe��d2 � pg D 1 � Pr

�
d �

s

� ln p

�

�

D 1 �
Z q

� 1
� ln p

0

f .x/dx D 1 � d2

L2

ˇ̌
ˇ̌
ˇ

q
� 1

� ln p

0

D 1C P0

N0T0L2
ln p:

Thus, it is easy to show that the probability that a relay has the maximum
transmission success probability over the relay-to-destination channel among N
candidates is given by (4.25).
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Chapter 5
Opportunistic Cooperative Relaying
with Backoff-Based Contention

5.1 Motivation and Overview1

To optimize the performance gain with cooperative transmission, it is essential to
identify the best relay(s) with a minimum overhead and enable forwarding with a
high success probability [1, 7, 11]. Centralized solutions such as [10, 13, 23] need
to acquire the knowledge of potential relays usually via additional handshaking
messages. Thus, the relays can be short-listed and the best one is chosen in a
centralized manner, at the source node for example. On the other hand, distributed
solutions [9, 21, 22] do not require a priori information of the relays. The relays
that correctly overhear a packet from the source contend in a distributed fashion to
forward the packet to the destination. A collision may occur if two or more relays
happen to transmit at the same time. Hence, the contention policies should take
into account a variety of factors to reduce collisions and improve the relay success
probability.

The probabilistic uncoordinated cooperation strategies in [21, 22] have each relay
that correctly overhears a packet independently determine a forwarding probability
depending on the distance, direction, local signal-to-noise ratio (SNR) [22], or
statistical information of the local environment [21]. It is found in [21] that the
transmission success probability of the probabilistic strategy is upper bounded by
1=e � 0:368. Although the probabilistic strategies require little signalling overhead,
the collision probability can be high and the determination of forwarding probability
is critical for the performance.

1Copyright © IEEE (2015). Some content of this chapter is reprinted with permission, from IEEE
Transactions on Vehicular Technology (2015) 64(5), 2023–2036, “Distributed opportunistic two-
hop relaying with backoff-based contention among spatially random relays,” by W. Song, P. Ju,
A. Jin, and Y. Cheng [18].

© Springer International Publishing AG 2017
W. Song et al., Protocol Design and Analysis for Cooperative Wireless Networks,
Wireless Networks, DOI 10.1007/978-3-319-47726-8_5
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There is another class of distributed solutions that make use of local information
of relays to tune the backoff timer [2, 17, 24]. Such solutions are also distributed
since the backoff time is determined by each individual relay itself based on local
information. The relays of a better transmission capability are prioritized with a
smaller backoff time. The relay capability can be characterized by the distance to
the destination [24], channel estimates for the source-to-relay channel and relay-to-
destination channel [2], or a composite cooperative transmission rate [17], which
involves the broadcast rate from the source and the data rate from the relay to the
destination. As such, the backoff-based solutions naturally rank the relays for access
contention according to their transmission capabilities. Collisions are thus greatly
reduced but still possible when two or more relays are similar in terms of the defined
transmission capabilities and end up with indistinguishable backoff time.

It can be seen that the distributed solutions offer a good match to the opportunistic
relaying scenario, where the communication peers do not need a priori global
knowledge of the relays. Nonetheless, it is challenging but vital to appropriately
coordinate the cooperative contributions of the relays so as to reduce collisions
and improve the relay success probability. The existing work usually assumes a
certain number of relays that are randomly deployed in a given area. The impact
of the spatial distribution of relays is not well understood yet. In fact, the spatial
distribution can be exploited in the cooperation strategy to enhance the relaying
performance.

In this chapter, we first derive the probability distributions of the average
received SNR with the given spatial distribution of random relays. Accordingly,
we can obtain the transmission success probability of the potential relays that
successfully overhear a packet from the source. Exploiting such statistics and
location information, we develop two distributed cooperative relaying schemes,
in which each potential relay independently determines a backoff time and/or a
forwarding probability. The distributed schemes are compared with a centralized
scheme with the pre-selected best relay as an upper bound and a pure probabilistic
distributed scheme as a lower bound.

5.2 System Model

Consider a wireless network with a source node S and a destination node D, where
the distance between them is fixed at R. The relay nodes are randomly distributed
in a given region, following a homogeneous Poisson point process (PPP) with an
intensity function �. We assume that the PPP is time-stationary, which is generally
valid under broad assumptions, e.g., the random direction mobility model [3].
Consider a polar coordinate system illustrated in Fig. 5.1, in which S is at the
origin and D is at .R; 0/. To achieve a higher relay success probability, the packet
from S should be directed toward the relays closer to D. Hence, the relays should
lie within a symmetric angle interval of .��=2; �=2/ with respect to the source-
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Fig. 5.1 The coordinate
system for the source S, the
destination D, and the relays
which are distributed as a
PPP

destination axis [22]. To reduce collisions, the relays within a smaller sector of
.��; �/, � � �=2, can be focused on. This sector region is denoted by ˝SD.

We assume that each node knows its own location, which can be obtained
either from a locating technique based on signal strength, time-of-arrival or angle-
of-arrival measurements with nearby nodes [4, 14], or through a GPS receiver
that is becoming increasingly ubiquitous in mobile devices. Further, S can obtain
the location of D in advance via a prior handshaking process and piggyback the
locations of S and D within the transmitted packet. The relay nodes can thus acquire
such information from the overheard packet. It should be noted that S does not know
the locations of relays, and the relays do not have the location information of each
other.

For the data transmission between a certain transmitter located at x and a certain
receiver located at y, considering log-distance path loss and Rayleigh fading, we
have the SNR of the received signal, given by

�xy D P0

N0

kx � yk�˛hxy (5.1)

where P0 is the transmit power, N0 is the power of the additive white Gaussian
noise (AWGN), kx � yk is the Euclidean distance, ˛ is the path-loss exponent, and
hxy denotes the small-scale channel fading, which is exponentially distributed with
unit mean. The receiver is able to successfully decode the received signal only when
the local SNR is no less than a threshold T0 [22]. The transmit SNR P0=N0 and
decoding threshold T0 are assumed to be the same for all nodes. Therefore, the
probability that a packet is received successfully is given by

pxy D PrŒ�xy � T0� D e�K0kx�yk˛

; K0 D T0N0=P0: (5.2)
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When S broadcasts a data packet to D, it is possible that an intermediate relay
correctly overhears it with a probability given by (5.2). We refer to the relays
that correctly receive the packet as potential relays. Then, the potential relays
can follow a distributed cooperation strategy and use decode-and-forward (DF)
to transmit the overheard packet to D. The distributed strategy does not require
a global knowledge of the relays. Nonetheless, it is assumed that each relay is
aware of the spatial distribution parameters of the random relays such as � and �.
Also, since the locations of S and D are piggybacked in the transmitted packet
and thus available to the relays, each relay can estimate its transmission success
probability to D according to (5.2). Together with the location information and other
local estimates, each relay can independently determine a backoff timer and/or a
forwarding probability to participate in the relaying.

5.3 Cooperative Relaying Strategies

Based on the system model in Sect. 5.2, the relays that correctly overhear the
packet from the source can forward the data to the destination opportunistically.
On one hand, the more relays that participate in the cooperative transmission,
the higher chance that some promising relays of good channel conditions to the
destination can be selected. On the other hand, if two or more relays happen to
transmit simultaneously, a collision occurs. In this section, we introduce effective
cooperation strategies to select good relays and coordinate their opportunistic
forwarding in a distributed fashion. Focusing on the MAC perspective, we assume
that a collision causes a transmission failure and aim to minimizing collisions in the
first place. Nonetheless, if the signal received from one relay is sufficiently stronger
than the interference from the collided signals of other relays, it is still possible for
the receiver to successfully recover the data from the collided signals. This capture
effect has been analyzed in many previous studies [5, 6, 20] on random access MAC
protocols for wireless networks. The above assumption on collision-caused packet
loss is actually a worst-case scenario. Due to the capture effect, the achievable relay
success probability of the proposed cooperation strategies can be even higher in
practice.

There are two types of distributed cooperation solutions. For the probabilistic
uncoordinated strategies, each potential relay independently determines a forward-
ing probability that it will transmit the overheard packet. While the probabilistic
strategies offer the benefit of light signalling overhead, the high collision probability
often upper bound the success probability by 1=e � 0:368 [16, 21]. For the backoff-
based strategies, each potential relay sets a backoff timer depending on its location
information and other local estimates. When the backoff timer expires, a potential
relay starts to transmit the packet if no forwarding signal is heard from any other
relay. The backoff-based strategies can significantly reduce collisions by properly
characterizing the transmission capability of relays and mapping that to a backoff
time. Nonetheless, a time synchronization overhead is also involved. Based on
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the above observations, we propose two distributed cooperation schemes that take
advantage of the spatial distribution of random relays to combine the strengths of
the probabilistic and backoff-based solutions.

5.3.1 Inter-Group Backoff-Based Contention

To reduce collisions, we consider two-level inter-group and intra-group contentions
similar to [17]. As there may exist a large number of potential relays in the entire
sector (denoted by ˝SD) in Fig. 5.1, a backoff-based scheme works better for the
inter-group contention. Since the potential relays closer to D generally have a higher
transmission success probability, a natural idea for grouping is to partition the sector
into L strips. The radius boundaries are denoted by a vector r D Œr0; r1; r2; : : : ; rL�,
where r0 D 0, ri < rj for i < j and 0 � i; j � L. To prioritize the relays in a strip
closer to D, the potential relays in region l (denoted by ˝l) set a minimum backoff
time

tl;min D .L � lC 1/ ��; 1 � l � L (5.3)

where � is a time constant.

5.3.2 Intra-Group Contention

When the intensity of relay nodes is very high, the collision probability within
a group may still be intolerable. Effective intra-group contention strategies are
important to further reduce collisions. Firstly, the relays in region ˝l can choose
their backoff time on the basis of the group minimum time tl;min. That is, a relay in
the group l sets its backoff time in the range of Œtl;min; tl;min C�/. Secondly, a prob-
abilistic strategy can be used since the number of contending relays in each group
is expected to be much smaller. That is, each relay in a certain contention group
independently determines a forwarding probability for the cooperative relaying.
Although the basic rationale behind these two strategies is that a better relay ends
up with a smaller backoff time and/or a higher forwarding probability, the specific
algorithms deriving such parameters are critical for the achievable performance.

5.3.2.1 Backoff-Based Strategy

In the first intra-group contention strategy, a potential relay Rl;i in region ˝l first
estimates its transmission success probability to D, pl;i, according to the location
information. Then, on the basis of the group minimum given in (5.3), Rl;i can set its
backoff time to
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tl;i D tl;min C .1 � pl;i/ ��: (5.4)

As such, Rl;i forwards the packet after a backoff time tl;i if there is no forwarding
signal overheard, which means that the region of Rl;i is the closest to D among all
potential relays and its transmission success probability is the highest among the
potential relays in the same region.

5.3.2.2 Probabilistic Strategy

Another probabilistic strategy for the intra-group contention is to have each potential
relay Rl;i in region ˝l estimate its transmission success probability pl;i and use pl;i

to determine a forwarding probability, denoted by l;i. That is, after a backoff time
tl;min, Rl;i forwards the packet with a probability l;i, only if no forwarding signal is
overheard from the potential relays in regions closer to D .˝lC1; : : : ; ˝L/, which
are supposed to time out earlier. As a result, there is no collision if only one relay in
region ˝l transmits, while none relay in regions .˝lC1; : : : ; ˝L/ correctly overhears
the packet or all potential relays therein are silent.

Intuitively, a potential relay with a higher transmission success probability should
end up with a larger forwarding probability. Provided that the statistics of the
transmission success probability of potential relays are known, the potential relay
Rl;i in region ˝l can set its forwarding probability to

l;i D
�
GP;l.pl;i/

�d�le�1
(5.5)

where �l is the average number of potential relays in region ˝l, and GP;l.�/ is the
cumulative distribution function (CDF) of the transmission success probability of
the potential relays in region ˝l. We will derive �l and GP;l.�/ in Sect. 5.4.1.

The physical meaning of (5.5) can be interpreted as follows. Supposing that there
are M relays .M � 1/ in region ˝l that correctly overhear the packet, we have
Pl;.1/ < Pl;.2/ < : : : < Pl;.M/ denote the M order statistics of the transmission success
probability of these potential relays in the group. Then, a given potential relay Rl;i

has the highest transmission success probability among the M candidates with a
probability

�
GP;l.pl;i/

�M�1
. This also means the transmission success probabilities

of .M � 1/ potential relays are all no greater than that of Rl;i, pl;i. Since the relays
are not aware of the status of others, the average number of potential relays is used
here for approximation.

To further reduce intra-group collisions and augment the forwarding probability
of best relays, we can use the generalized logistic function [12] (a.k.a Richards’
curve) to adapt l;i in (5.5) as follows:

Ql;i D 1
�
1C �e��.l;i�q/

�1=�
(5.6)
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Fig. 5.2 Adaptation of forwarding probability with a generalized logistic function

where � and � can be determined so that Ql;i is bounded within .0; 1/. The parameter
q indicates the point at which the growth rate is maximum. It is tricky to find the best
setting for q and we have referred to the average transmission success probability
to adjust this parameter. Figure 5.2 illustrates one example of the logistic function
in comparison with the linear case without adaptation. It is expected that, after the
forwarding probability is adapted by the logistic function, the bad relays of small
transmission success probability are suppressed, while the forwarding probabilities
are boosted for good relays of high transmission success probability.

5.4 Performance Analysis

As shown in Sect. 5.3, the intra-group contention parameters highly depend on
the location information as well as the transmission success probability of the
potential relays and its statistics. The spatial distribution of the relays thus has
an essential impact on the determination of the contention parameters and the
achievable performance. In this section, we first derive the statistic distributions
of the transmission success probability of the potential relays in a region. Then,
we develop effective analytical approaches to evaluate the relay performance of the
proposed cooperation strategies.
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5.4.1 Probability Distributions of Spatial Random Relays

Given the system model in Sect. 5.2, the relays are deployed in the given sector ˝SD

between S and D as a homogeneous PPP, denoted by ˆSD. According to (5.2), a
relay at the location .r; �/ successfully receives the packet from S and becomes a
potential relay with a probability

p.r/ D e�K0r˛

: (5.7)

Considering the inter-group contention strategy in Sect. 5.3.1, we divide all the
potential relays into L groups. The potential relays in each region ˝l .1 � l � L/

form a new point process, denoted by ˆl, from the original PPP ˆSD by retaining
a point at .r; �/ with a probability p.r/ and deleting the point with a probability
1 � p.r/. This is referred to as a p.x/-thinning operation in stochastic geometry [19].
In this p.x/-thinning operation, the retention probability that determines a potential
relay is independent of the locations and possible retentions of any other points.
According to Prekopa’s Theorem [19], the distribution of these potential relays in
region ˝l also follows a Poisson distribution with a mean

�l D
Z rl

rl�1

Z �

��

p.r/�r drd�; 1 � l � L: (5.8)

According to (5.7), we can easily obtain

�l D ��

K0

h
exp.�K0r˛

l�1/ � exp.�K0r˛
l /
i
: (5.9)

The distribution of the number of potential relays in ˝l is then given by

Pr
�
ˆl D k

� D �l
k

kŠ
exp.��l/; k D 0; 1; 2; : : : (5.10)

Let PRD;l denote the probability that an arbitrary potential relay Rl;i in ˝l

forwards the overheard packet to D successfully. Based on (5.2), we write the CDF
of PRD;l as

GP;l.y/ D Pr
�
PRD;l � y

�

D Pr

	
exp

� �T0

P0=N0kRl;i � Dk�˛


� y



:

(5.11)
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Letting �RD;l denote the average received SNR at D for the forwarded signal from a
potential relay, that is, �RD;l D P0

N0
kRl;i � Dk�˛ , we rewrite (5.11) as

GP;l.y/ D Pr

	
exp

� �T0

�RD;l


� y




D Pr

	
�RD;l � �T0

ln.y/



, F�;l

� �T0

ln.y/

 (5.12)

where F�;l.x/ denotes the CDF of �RD;l.
Here, F�;l.x/ depends on the spatial distribution of the potential relays as follows:

F�;l.x/ D Pr

	
P0

N0

kRl;i � Dk�˛ � x




D Pr

	
kRl;i � Dk˛ � P0=N0

x



:

(5.13)

When ˛ D 2, we can further express (5.13) as

F�;l.x/ D
ZZ

˝l

exp.�K0r2/�r

� 1
RC

�
r2 C R2 � 2rR cos � � P0=N0

x

�
drd�

�ZZ

˝l

exp.�K0r2/�r drd�

(5.14)

where 1
RC.�/ is the indicator function [8] with the set of positive real numbers, RC,

given by

1
RC.y/ D

�
1; if y 2 R

C
0; if y … R

C:

The denominator in (5.14) is actually �l derived by (5.9). The ratio in (5.14)
defines the fraction of the potential relays in region ˝l that satisfy the condition
kRl;i � Dk˛ � P0=N0

x , for a given average received SNR x. Although there is not a
complete closed-form expression to (5.14), it can be more efficiently calculated by
the algorithm given in Appendix: Calculation of the CDF F�;l.x/ of �RD;l.

Based on the CDF GP;l.y/ of the transmission success probability of potential
relays in region ˝l, we can easily evaluate the average success probability by

PRD;l D
Z 1

0

Œ1 � GP;l.y/� dy: (5.15)
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The average success probability can be interpreted as the ratio of the average number
of potential relays that successfully transmit to D to the overall average number of
potential relays. Therefore, when ˛ D 2, PRD;l can also be computed by

PRD;l D
R �

0
d�

R rl

rl�1
exp.�K0r2/ � exp

� � K0.r2 C R2 � 2rR cos �/
�

�r dr
R �

0
d�

R rl

rl�1
exp.�K0r2/ �r dr

D 2K0 exp.�K0R2/

�
�

exp.�K0r2
l�1/ � exp.�K0r2

l /
�

Z �

0

Z rl

rl�1

exp
� � K0.2r2 � 2rR cos �/

�
r drd�: (5.16)

5.4.2 Performance of Two-Level Backoff-Based Strategy

Combining the backoff-based strategies for both the inter-group and intra-group
contentions, we have a two-level backoff-based relaying scheme. That is, a potential
relay Rl;i in region ˝l first determines a minimum backoff time based on the
location information according to (5.3). Then, Rl;i estimates its transmission success
probability to the destination D and sets its backoff time according to (5.4).

As seen, the group of potential relays in region ˝l will have an opportunity to win
the inter-group contention and proceed with intra-group contention only if none of
the relays in the regions closer to D has correctly received the packet. Similar to (5.8)
and (5.9), we see that the number of all potential relays in regions .˝lC1; : : : ; ˝L/

is Poisson distributed with a mean

�lC D ��

K0

h
exp.�K0r˛

l / � exp.�K0R˛/
i
; 1 � l � L � 1:

According to the Poisson distribution, there is no potential relay in these regions
with a probability

Wl D
�

exp.��lC/; if 1 � l � L � 1

1; if l D L:
(5.17)

This is the probability that the potential relays in region ˝l win the inter-group
contention and are eligible for further intra-group contention.

A potential relay in the winning region ˝l can estimate the transmission success
probability and set its backoff time according to (5.4). Based on the spatial
distribution of random relays, the CDF of the transmission success probability of
potential relays in region ˝l, GP;l.�/, is analyzed in Sect. 5.4.1. Accordingly, the
CDF of the backoff time of potential relays in ˝l (denoted by Tl) can be obtained as
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HT;l.t/ D Pr
�
Tl � t

� D Pr
h
tl;min C .1 � PRD;l/ �� � t

i

D Pr
h
PRD;l � 1 � t � tl;min

�

i

D 1 � GP;l

�
1 � t � tl;min

�

�
: (5.18)

The corresponding probability density function (PDF) of Tl can be easily derived by

hT;l.t/ D
h
1 � GP;l

�
1 � t � tl;min

�

�i0

D 1

�
gP;l

�
1 � t � tl;min

�

� (5.19)

where gP;l.y/ D G0
P;l.y/ is the PDF of the transmission success probability for

region ˝l.
Supposing that there are M relays .M � 1/ that correctly overhear the packet

in region ˝l, we have the M order statistics of their backoff time, denoted by
Tl;.1/ < Tl;.2/ < : : : < Tl;.M/. In [2], the authors derive the joint PDF of the minimum
and second minimum of M order statistics and the probability that the difference
of the minimum and second minimum is greater than a constant. Based on their
conclusion, if the difference of the minimum and second minimum backoff time is
greater than a constant c, the probability of no collision is given by

IljM DPr
�
Tl;.2/ � Tl;.1/ C c

� D M.M � 1/

Z tl;minC�

tl;minCc
hT;l.t/

�
1 � HT;l.t/

�M�2
HT;l.t � c/ dt:

(5.20)

Recall that Pl;.1/ < Pl;.2/ < : : : < Pl;.M/ denote the M order statistics of the trans-
mission success probability of the potential relays in the group. Since the backoff
time is chosen inversely proportional to the transmission success probability, the
best relay corresponds to the maximum of the order statistics of the transmission
success probability, i.e., Pl;.M/. The CDF of Pl;.M/ can be written as

QGP;l.yjM/ D Pr
�
Pl;.M/ � yjM� D �GP;l.y/

�M
; 0 � y � 1

which is actually the probability that all of the M order statistics, Pl;.1/; : : : ; Pl;.M/,
are no greater than y, since Pl;.M/ is the maximum. The average transmission success
probability of the best relay within the group is then given by

QPRD;l.M/ D
Z 1

0

�
1 � QGP;l.yjM/

�
dy: (5.21)



88 5 Opportunistic Cooperative Relaying with Backoff-Based Contention

Thus, the relay success probability of the two-level backoff-based scheme can be
expressed as

Pbk
suc D

LX

lD1

1X

MD1

�l
M

MŠ
e��l �Wl � IljM � QPRD;l.M/: (5.22)

The terms inside the double summations of (5.22) give the probability that a
potential relay in region ˝l successfully forwards the packet to the destination D
without collisions when there are totally M (M � 1) potential relays in the same
group. First, there are M potential relays in region ˝l with a probability �l

M

MŠ
e��l .

Then, Wl is the probability that no relay is available in the regions .˝lC1; : : : ; ˝L/

closer to D than ˝l, given in (5.17); IljM is the probability of no collision to the
best relay in ˝l with the shortest backoff time, given in (5.20); and QPRD;l.M/ is the
average transmission success probability of the best relay in ˝l, given in (5.21).

As a potential relay determines its backoff time according to (5.3) and (5.4),
intuitively, the collision probability is lower with a larger �, whereas a longer
backoff delay is involved with the relay selection. To quantify the tradeoff between
the collision probability and backoff delay, we evaluate the average backoff delay
of the two-level backoff-based scheme by

Dbk
sel D

LX

lD1

Wl � Q1C
l

�
.L � lC 1/C .1 � PRD;l/

�
�

C e��R � .F C 1/�

D
LX

lD1

Wl �
�
1 � e��l

��
.L � lC 1/C .1 � PRD;l/

�
�

C e��R � .F C 1/� (5.23)

where Wl is the probability that there is no potential relay in the regions closer
to D than ˝l, given in (5.17), and Q1C

l is the probability that there is at least one
potential relay in ˝l, which can be easily obtained according to (5.9). Thus, Wl �Q1C

l
is the probability that the potential relays in region ˝l are selected, while

�
.L � lC

1/C .1 � PRD;l/
�
� is the average backoff time taken by these relays. Here, PRD;l is

the average transmission success probability of potential relays in region ˝l, given
in (5.15). The last term in (5.23) addresses the situation that there is no relay in the
entire sector ˝SD that correctly receives the packet from S. In this case, the source
does not hear any forwarding signal from the relays and has to retransmit the packet
by itself after a maximum backoff time .F C 1/�. The corresponding occurrence
probability is e��R , where �R is the intensity measure of potential relays in ˝SD,
given by

�R D ��

K0

h
1 � exp.�K0R˛/

i
: (5.24)
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5.4.3 Performance of Hybrid Relaying Strategy

When the backoff-based inter-group contention is considered with the probabilistic
intra-group contention, we have a hybrid cooperation scheme. A potential relay
Rl;i in region ˝l first determines a backoff time based on the location information
according to (5.3). When the backoff timer expires and no transmission signal
is overheard, Rl;i forwards the packet to D with the probability defined in (5.5).
According to the hybrid scheme, a relay Rl;i in region ˝l forwards to D successfully,
only if the relays in regions .˝lC1; : : : ; ˝L/ closer to D are all silent and Rl;i is the
only relay in ˝l that transmits and the transmission succeeds.

Let Q0
l denote the probability that there is no potential relay in region ˝l or all

potential relays in ˝l if any remain silent. Then, the probability that there is no
forwarding from the relays in .˝lC1; : : : ; ˝L/ is given by

PL
jDlC1 Q0

j . Provided that
all except one relay in ˝l are silent, with the occurrence probability denoted by
QQ0

l , we represent the probability that one potential relay exists in ˝l and transmits
successfully to D by P1

l . Thus, the relay success probability of the hybrid scheme
can be expressed as

Phyb
suc D

LX

lD1

 
LX

jDlC1

Q0
j

!

� QQ0
l � P1

l : (5.25)

In the following, we derive Q0
l , QQ0

l , and P1
l , using an approach similar to that of [22].

Consider a sufficiently small arc region centered at .r; �/ in ˝l of an area
ıA D rırı� . The probability that a potential relay exists in this small region and
it forwards the overheard packet is given by

q.r; �/ D �p.r/l.r; �/ıA D �e�K0r˛ �
GP;l.e

�K0r˛
d /
�d�le�1

ıA

where p.r/ is given by (5.7) and l.r; �/ refers to the forwarding probability in (5.5).
Here, we revise the notation of l;i to highlight its dependance on the location of the

potential relay .r; �/. According to (5.5), we have l.r; �/ D �
GP;l.e�K0r˛

d /
�d�le�1

,
where rd is the distance of the potential relay at .r; �/ to D, given by rd Dp

r2 C R2 � 2rR cos � . Then, we obtain

Q0
l D lim

ıA!0

Y

.r;�/

h
1 � �p.r/l.r; �/ıA

i

D lim
ıA!0

exp

�X

.r;�/

log
h
1 � �p.r/l.r; �/ıA

i�

D lim
ıA!0

exp

	X

.r;�/

��p.r/l.r; �/ıA




D exp

�
�
ZZ

˝l

�p.r/l.r; �/r drd�

�
: (5.26)
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Comparing the definitions of Q0
l and QQ0

l , we see that Q0
l assumes no forwarding

from any potential relay in region ˝l, while QQ0
l assumes all but one potential relay

are silent. Considering the infinitesimal impact of excluding a single point from a
continuous space [22], we have QQ0

l D Q0
l .

Given that no relay in .˝lC1; : : : ; ˝L/ is forwarding and all except one relay
in ˝l are silent, we can derive the probability that one relay in ˝l transmits to D
successfully by

P1
l D

ZZ

˝l

�p.r/l.r; �/e�K0r˛
d r drd�: (5.27)

Applying (5.26) and (5.27) to (5.25), we can obtain the relay success probability
of the hybrid scheme. Likewise, the backoff delay of the hybrid scheme can be
evaluated by

Dhyb
sel D

LX

lD1

 
LX

jDlC1

Q0
j

!

� �1 � QQ0
l

� � �.L � lC 1/�
�

C e��R � .F C 1/�:

(5.28)

Here, the potential relays in region ˝l win the contention for forwarding only if the
relays in the closer regions are all silent and at least one potential relay in region
˝l transmits after a backoff time .L � l C 1/�. The first condition happens with
a probability

PL
jDlC1 Q0

j , while the occurrence probability of the second condition

is .1 � QQ0
l /. The last term in (5.28) is the same as the last term in (5.23), which

addresses the case that there is no potential relay in the entire sector ˝SD.

5.5 Numerical Results and Discussions

In this section, we first present analysis and simulation results to validate the
derivation of the CDF of transmission success probability of potential relays in
Sect. 5.4.1. Then, we introduce two reference cooperation schemes, including a
centralized scheme with the pre-selected best relay and a pure probabilistic scheme.
The performance achieved by the two reference schemes are considered as an upper
bound and a lower bound for comparison purposes. The two reference schemes
are compared with the two cooperation strategies proposed in Sect. 5.3 in various
system settings with respect to relay success probability as well as backoff delay of
relay selection.
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5.5.1 CDF of Transmission Success Probability

In Sect. 5.4.1, we introduce an analytical approach to evaluate the CDF of the
transmission success probability of potential relays in a region. This CDF can be
efficiently calculated by the algorithm in Appendix: Calculation of the CDF F�;l.x/

of �RD;l. As the forwarding probability and the performance analysis depend on this
CDF, we need to validate the accuracy of the calculation algorithm. Considering
the system parameters in Table 5.1, we conduct extensive numerical analysis and
computer simulations by MATLAB 8.1.0 (R2013a) [15].

Taking the entire sector between S and D, ˝SD, as an example, we can get the
CDF YP.y/, 0 � y � 1. Figure 5.3 shows the distribution that the transmission suc-
cess probability of potential relays, PRD, falls into small intervals within Œ10�3; 1�.
For example, the probability that y1 � PRD � y2 is given by YP.y2/ � YP.y1/.
As such, we can clearly compare the analysis results with the simulation results.
As seen in Fig. 5.3, they match quite well. The average difference is around 4:5 %.
Since we run the simulations for 100 rounds to remove the randomness effect, the
minor difference is mainly due to the errors with the numerical evaluation of the
integrals in (5.38) and (5.40) without closed-form expressions.

Similarly, we can evaluate the CDF GP;l.y/ of transmission success probability
PRD;l for each strip region ˝l. Based on GP;l.y/, the average transmission success
probability PRD;l of potential relays in ˝l can be computed by (5.15). Figure 5.4
shows PRD;l of each contention region. As seen, the analysis results are validated
by the simulation results. The small calculation error is bounded within the range
.0:27 %; 1:88 %/. It is worth mentioning that Fig. 5.4 is based on segmentations
that partition the entire sector into concentric arcs of an equal area. The equal-area
segmentation is also used in Figs. 5.5, 5.6, 5.7 and 5.9.

Table 5.1 System parameters

Symbol Value Definition

� 0:001 Ï 0:025 Intensity function of relay distribution

P0=N0 40 dB Transmit SNR

T0 4 Decoding SNR threshold

R 50 Ï 90 m Source-destination distance

� 30ı Ï 90ı Directional angle toward destination

L 1 Ï 16 Number of region partitions of the sector between S and D

� 4 Ï 22 Backoff time unit for inter-group contention

c 1 Collision threshold for backoff time of intra-group contention

q 0:7 Point of maximum growth rate of generalized logistic function

� 22:2326 Parameter of generalized logistic function

� 2:1780 Parameter of generalized logistic function



92 5 Opportunistic Cooperative Relaying with Backoff-Based Contention

0 0.2 0.4 0.6 0.8 1
0

0.04

0.08

0.12

0.16

0.2

Range of transmission success probability

P
ro

ba
bi

lit
y 

di
st

rib
ut

io
n

Analysis
Simulation

Fig. 5.3 Distribution of transmission success probability of potential relays in ˝SD

(� D 10�2; R D 70, and � D 45ı)

1 2 3 4 5 6 7 8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Relay region

A
ve

ra
ge

 tr
an

sm
is

si
on

 s
uc

ce
ss

 p
ro

ba
bi

lit
y Analysis

Simulation

Fig. 5.4 Average transmission success probability of potential relays in each region ˝l

(� D 10�2; R D 70; � D 45ı, and L D 8)



5.5 Numerical Results and Discussions 93

5.5.2 Performance Upper and Lower Bounds

While the distributed solutions can reduce the coordination overhead for cooperative
transmission, it is also vital to ensure a high success probability. Jointly considering
the inter-group and intra-group contentions, we propose two distributed cooperation
strategies in Sect. 5.3, which exploit both the location information and local estimate
of transmission success probability. The first one is a two-level backoff-based
scheme, whose relay success probability can be analytically evaluated by (5.22).
The second one is a hybrid scheme with backoff-based inter-group contention and
probabilistic intra-group contention. The relay success probability of the hybrid
scheme is analyzed by (5.25).

In the following, we further introduce two reference schemes. The first scheme
achieves a performance upper bound with the pre-selected best relay given the
global knowledge of potential relays. The second scheme of pure probabilistic
forwarding without grouping is considered as a lower bound due to more collisions.

In the first reference scheme, among all potential relays in the entire sector ˝SD,
only the relay with the highest transmission success probability to D forwards the
overheard packet. The relay success probability of this centralized scheme can be
evaluated similarly by the approach in Sect. 5.4.2. In this case, L D 1 with r0 D 0

and rL D R.
The CDF of the transmission success probability PRD of all potential relays,

denoted by YP.y/, can be calculated in the same manner as in Sect. 5.4.1. With the
pre-selection of the best relay, there is no collision and the relay success probability
only depends on the transmission success probability of the best relay. The CDF of
the transmission success probability of the best relay among M potential candidates
is
�
YP.y/

�M
. Thus, we obtain the relay success probability as

Pmax
suc D

1X

MD1

�R
M

MŠ
e��R

Z 1

0

h
1 � �YP.y/

�M
i

dy (5.29)

where the integral term gives the average transmission success probability of the
pre-selected best relay and �R is the intensity measure of the potential relays in the
entire sector ˝SD, given in (5.24).

In the second reference scheme, we consider pure probabilistic forwarding
without partitioning the sector for grouping. Similar to (5.5), a potential relay Ri

in the sector ˝SD independently sets its forwarding probability to:

i D
�
YP.pi/

�d�Re�1
(5.30)

where �R is given by (5.24) and pi is the local estimate of Ri for its transmission
success probability to D. A collision happens if more than one relay forwards
the packet. Obviously, the collision probability can be much higher since all
potential relays in the entire sector contend for forwarding. Hence, we consider the
performance of this pure probabilistic scheme as a lower bound.
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Following the analytical approach in Sect. 5.4.3, we can evaluate the relay
success probability of the pure probabilistic scheme by

Pprob
suc D QQ0

R � P1
R (5.31)

where QQ0
R is the probability that all but one potential relay in the sector ˝SD remain

silent, and P1
R is the transmission success probability of the only potential relay in

˝SD. Similar to (5.26), we derive QQ0
R by

QQ0
R D Q0

R D exp

� ZZ

˝SD

��p.r/.r; �/r drd�

�

D exp

� ZZ

˝SD

��e�K0r˛ �
YP.e�K0r˛

d /
�d�Re�1

r drd�

�
:

Likewise, P1
R is obtained from (5.27) as

P1
R D

ZZ

˝SD

�p.r/.r; �/e�K0r˛
d r drd�

D
ZZ

˝SD

�e�K0r˛ �
YP.e�K0r˛

d /
�d�Re�1

e�K0r˛
d r drd�:

5.5.3 Relay Success Probability

Figure 5.5 shows the analysis results and simulation results of the two proposed
schemes and the two reference schemes. Note that the relay success probability in
Fig. 5.5 only accounts for the forwarding success via potential relays. The overall
packet success probability can be even higher considering the successful direct
transmission from S to D. Since the cooperative relaying strategies only differ in
the forwarding phase via the relays, we focus on the relay success probability
to highlight the difference of these relaying strategies. As seen, the analysis and
simulation results match well and our analytical approaches are quite accurate.

Besides, Fig. 5.5 compares the performance of the proposed schemes with
the upper and lower bounds of the reference schemes with respect to the relay
intensity. As seen, the proposed cooperation schemes greatly outperform the pure
probabilistic scheme, whose maximum relay success probability is limited to
0:3496. On average, the relay success probability of the two-level backoff-based
scheme is 1:07 times higher than that of the pure probabilistic scheme, while the
average performance gain of the hybrid scheme with adaptation is 85:3 %.

Moreover, it is observed in Fig. 5.5 that the two-level backoff-based scheme
achieves a stable relay success probability and well outperforms the hybrid scheme
when the relay intensity is relatively low. In particular, the relay success probability
of the two-level backoff-based scheme first increases fast with the relay intensity and
then decreases slightly. When the relay intensity is larger, there are more contending
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Fig. 5.5 Relay success probability of different schemes vs. relay intensity �

(R D 70; � D 45ı; L D 8, and � D 16)

potential relays in each group. On one hand, more relays of good channel conditions
to the destination likely exist. On the other hand, the contention among more
relays can lead to a higher collision probability. Hence, when the relay intensity is
sufficiently high, the gain of locating good relays is offset by the increased collisions
and the relay success probability even decreases slightly with �.

It is also noticed in Fig. 5.5 that the performance of the hybrid scheme does not
vary with the relay intensity as smoothly as the other schemes. This is not due to the
randomness effect since we run the simulations for 100 rounds and the simulation
results match well the validated analysis results. This fluctuation is mainly because
each relay determines its forwarding probability based on the average number of
contending potential relays in a region (�l). The forwarding probability l;i in (5.5)
uses the ceiling function to �l and causes the truncation effect. The performance can
be improved if each relay knows the exact number of relays in contention. However,
extra overhead will be introduced to acquire such information, which also harms the
distributed nature of the cooperation strategy.

In addition, Fig. 5.5 clearly illustrates the difference of two cases of the hybrid
scheme with and without using the logistic function in (5.6) to adapt the forwarding
probability. As seen, the relay success probability of both cases is much lower than
that of the two-level backoff-based scheme when the relay intensity is relatively
low. This implies that the relays are over-conservative with a small forwarding
probability in such scenarios. By using the logistic function to adapt the forwarding
probability, the hybrid scheme approaches and even slightly exceeds the high
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Fig. 5.6 Relay success probability of different schemes vs. S-D distance R
(� D 10�2; � D 45ı; L D 8, and � D 16)

performance of the two-level backoff-based scheme when � > 0:0134. As shown
in Fig. 5.2, the logistic function can suppress the forwarding probability of poor
relays of low transmission success probability and promote the forwarding prob-
ability of good relays. Consequently, the adaptation can ensure a high forwarding
probability for very selective good relays and thus mitigate the collisions among a
large number of contending relays.

Figure 5.6 shows the variation of the four relaying schemes with respect to the S-
D distance R. As seen, the relay success probability of all schemes slowly degrades
with the increase of R. This is intuitive since a larger S-D distance results in a higher
path loss.

Figure 5.7 shows the variation of the four schemes with the directional angle �

for the sector ˝SD. As expected, the pre-selected best relay scheme and the pure
probabilistic scheme are insensitive to �, given the relay spatial distribution as a
homogenous PPP. The two-level backoff-based scheme has a higher relay success
probability with a smaller �. This is because, when the relay region is more narrowly
tuned toward the destination, the potential relays are closer to D and there are less
collisions with fewer relays in the smaller arc region. Nonetheless, Fig. 5.7 considers
a relatively high relay intensity and it is not always true that the smaller � the better.
When the relay intensity is low, there may not be sufficient good relays in the small
region, which can degrade the relay success probability. The hybrid scheme without
adaptation using the logistic function also shows a decreasing trend with � in the
long run. Meanwhile, there is slight fluctuation due to the truncation effect of the
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Fig. 5.7 Relay success probability of different schemes vs. directional angle �

(� D 10�2; R D 70; L D 8, and � D 16)

ceiling function for the forwarding probability. When the logistic function is used to
adapt the forwarding probability, the relay success probability first decreases with
�, then increases fast to the highest at � D 60ı, and last decreases slowly beyond
that. This is because the logistic function takes better effect when there are more
relay candidates in a larger relay region with a larger �. The analytical approaches in
Sect. 5.4 can characterize the impact of various system parameters on the achievable
performance and be used to adjust the setting of �.

The performance of the proposed cooperation schemes not only varies with
the system parameters �, R, and �, but also depends on the region segmentation
r D Œr0; r1; r2; : : : ; rL�. As given in Sect. 5.3, we partition the entire sector ˝SD into L
groups, whose radius boundaries are defined by the vector r. In addition to the equal-
area segmentation considered above, another natural idea for grouping is to divide
the source-destination distance R into L equal-length segments. Figure 5.8 compares
the relay success probability of the two different configurations. As seen, for the
two-level backoff-based scheme, the equal-area segmentation achieves a higher
relay success probability than the equal-length segmentation. Intuitively, the number
of potential relays in each region should be comparable since the contention interval
� for each region is the same. As the relays are deployed in the sector ˝SD as a
homogeneous PPP of an intensity �, the number of relays in a region is proportional
to the region area. Hence, the equal-area segmentation is preferable for the two-
level backoff-based scheme. On the other hand, the hybrid scheme with equal-length
segmentation outperforms the equal-area segmentation when the relay intensity is
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Fig. 5.8 Relay success probability of the proposed cooperation schemes with different region
segmentations

in the middle range of .0:005; 0:0117/. In contrast, when the relay intensity is very
low and very high, the hybrid scheme with equal-area segmentation achieves a relay
success probability higher than that of the equal-length segmentation.

5.5.4 Backoff Delay of Relay Selection

As seen in Sect. 5.5.3, the relay success probability varies with the system param-
eters �, R, � and r in different manners. In Sect. 5.4, we also analyze another
aspect of the relay performance in terms of the average backoff delay of relay
selection. Figure 5.9 shows the analysis and simulation results for the backoff delay
of the proposed cooperation schemes. As seen, the analysis results match well the
simulation results, which validates the accuracy of our analytical approaches.

Moreover, it is found in Fig. 5.9 that, when the relay intensity is low, the hybrid
scheme takes a shorter backoff time before any potential relay or the source starts
the retransmission. This is because the backoff delay is mainly attributed to the
backoff-based inter-group contention since the hybrid scheme uses the probabilistic
strategy for the intra-group contention. Nonetheless, it is observed in Fig. 5.5 that the
hybrid scheme achieves a smaller relay success probability when the relay intensity
is low. Hence, we can see the tradeoff between the relay success probability and the
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Fig. 5.9 Average backoff delay of relay selection of different schemes vs. relay intensity �

(R D 70; � D 45ı; L D 8, and � D 16)

backoff delay. On the other hand, when there is a high relay intensity, the hybrid
scheme involves a backoff delay longer than that of the two-level backoff-based
scheme, while the relay success probability of the hybrid scheme with adaptation
is very close to that of the two-level backoff-based scheme. This implies that the
hybrid scheme does not guarantee the winning relay is located in a region closer to
the destination with a shorter backoff time. Even so, the logistic function can adapt
the forwarding probability of the relays so that only few best relays can maintain
high forwarding probabilities, which ensures less collisions and more successful
transmissions.

In addition, Fig. 5.10 compares the backoff delay of the proposed cooperation
schemes with two different region segmentations. Similar to Fig. 5.8, we consider
the equal-area segmentation and the equal-length segmentation. As observed in
Fig. 5.10, the equal-area segmentation results in a larger backoff delay. Compared to
the equal-length segmentation, the equal-area segmentation allocates more relays to
the groups farther away from the destination, which take a longer backoff time. As
a result, the backoff delay of equal-area segmentation is larger on average. On the
other hand, the backoff delay of the hybrid scheme exhibits a trend which is opposite
to that of the relay success probability in Fig. 5.8 regarding the two segmentations.
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Fig. 5.10 Average backoff delay of the proposed cooperation schemes with different region
segmentations

5.6 Summary

In this chapter, we study the opportunistic cooperative relaying with spatially ran-
dom relays. In particular, we derive the probability distributions of the transmission
success probability of spatially distributed relays, and propose two distributed relay-
ing strategies that exploit such statistics. In the two-level backoff-based scheme,
each relay independently sets a backoff time according to the location information
and its transmission success probability to D. In the other hybrid backoff and
probabilistic scheme, each relay first determines a backoff time according to the
location information and then a forwarding probability based on its transmission
success probability to D. The forwarding probability can be further adapted with a
generalized logistic function so as to suppress poor relays and promote good ones.

In addition, we analytically evaluate the performance of the proposed schemes
in terms of the relay success probability and average backoff delay of relay
selection. The analysis accuracy is well validated by simulations. We also consider
a centralized scheme with the pre-selected best relay as an upper bound and a pure
probabilistic scheme as a lower bound. The proposed schemes are compared to the
two reference schemes in a variety of system settings and significant performance
gain is observed over the pure probabilistic scheme. The proposed analytical
approaches can be used to determine appropriate configurations that balance the
tradeoff between relay success probability and backoff delay.
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Appendix: Calculation of the CDF F�;l.x/ of �RD;l

The CDF of the average received SNR at D for the forwarded signal from a potential
relay in region ˝l is defined in (5.14), which can be rewritten as

F�;l.x/ D 1

�l

ZZ

˝l

exp.�K0r2/�r

� 1
�

r2 C R2 � 2rR cos � � P0=N0

x

�
drd�:

(5.32)

Since region ˝l is symmetric to the x axis, we can focus on the half strip above the
x axis for 0 � � � � and define the above double integral as 2A� .x/.

As illustrated in Fig. 5.11, we refer to a circle centered at D of a radius

z D
q

P0=N0

x as Dz and define rmin D rl�1 and rmax D rl. According to the indicator
function in (5.32), A� .x/ depends on the area of region ˝l outside the circle Dz. The
shaded blue strip in Fig. 5.11 represents a specific region ˝l under consideration.
There are three cases of this region ˝l with respect to rmin, rmax, and R � z. They
are illustrated by the three dashed circles centered at D, from the smallest to the
largest, respectively. Firstly, when R � z � rmax, obviously F�;l.x/ D 1, since the
entire circle Dz is outside ˝l. Secondly, when rmin � R � z � rmax, the circle Dz

overlaps with the right arc of region ˝l and its angle to the origin falls within Œ˛; ˇ�,
where ˛ D 0 and

ˇ D arccos

�
R2 C r2

max � z2

2Rrmax


: (5.33)

Fig. 5.11 An illustration for
the calculation of F�;l.x/
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Thirdly, when R � z � rmin, the dashed arrow lines illustrate the corresponding
situation with rmin, rmax, and z. Different from the second case, Dz overlaps with
both arcs of ˝l and the overlapped arc of Dz has an angle to the origin within Œ˛; ˇ�,
where ˇ is defined in (5.33) and ˛ is given by

˛ D arccos

�
R2 C r2

min � z2

2Rrmin


: (5.34)

In the following, we derive A� .x/ for rmin � R � z � rmax and R � z � rmin,
assuming � � max.˛; ˇ/. The same approach can be easily used to analyze
other cases of �. On one hand, when ˛ � ˇ, for example, ˛ D 0 � ˇ if
rmin � R � z � rmax, we have

A� .x/ D
Z �

ˇ

d�

Z rmax

rmin

exp.�K0r2/ �r dr

C
Z ˇ

˛

d�

Z r.�/

rmin

exp.�K0r2/ �r dr

(5.35)

where r.�/ depicts the arc of Dz inside ˝l and it satisfies

z2 D R2 C r2 � 2Rr cos �: (5.36)

Solving this quadratic equation, we have

r.�/ D
(

R cos � �
p

z2 � R2 sin2 �; if ˛ � ˇ

R cos � C
p

z2 � R2 sin2 �; if ˛ > ˇ:
(5.37)

Then, Eq. (5.35) can be expressed as

A� .x/ D �.� � ˇ/

2K0

h
exp.�K0r2

min/ � exp.�K0r2
max/

i

C
Z ˇ

˛

�

2K0

exp.�K0r2
min/ d�

�
Z ˇ

˛

�

2K0

exp.�K0r2.�// d�

D �.� � ˛/

2K0

exp.�K0r2
min/ � �.� � ˇ/

2K0

exp.�K0r2
max/

�
Z ˇ

˛

�

2K0

exp
�
� K0

�
z2 C R2 cos.2�/

��

exp
�

K0

�
2R cos �

p
z2 � R2 sin2 �

��
d�:

(5.38)
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On the other hand, it is possible that ˛ > ˇ when R � z � rmin. Similarly, we can
write A� .x/ as

A� .x/ D
Z �

˛

d�

Z rmax

rmin

exp.�K0r2/ �r dr

C
Z ˛

ˇ

d�

Z rmax

r.�/

exp.�K0r2/ �r dr:

(5.39)

Referring to (5.37) for r.�/ when ˛ > ˇ, we simplify (5.39) to

A� .x/ D �.� � ˛/

2K0

h
exp.�K0r2

min/ � exp.�K0r2
max/

i

�
Z ˛

ˇ

�

2K0

exp.�K0r2
max/ d�

C
Z ˛

ˇ

�

2K0

exp.�K0r2.�// d�

D �.� � ˛/

2K0

exp.�K0r2
min/ � �.� � ˇ/

2K0

exp.�K0r2
max/

C
Z ˛

ˇ

�

2K0

exp
�
� K0

�
z2 C R2 cos.2�/

��

exp
�
� K0

�
2R cos �

p
z2 � R2 sin2 �

��
d�:

(5.40)

As Eqs. (5.39) and (5.40) can efficiently evaluate A� .x/, we have the CDF of
the average received SNR of potential relays given by F�;l.x/ D 2A� .x/. Then,
according to (5.12), we can obtain the CDF of the transmission success probability
of potential relays in region ˝l, i.e., GP;l.y/.
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Chapter 6
Diversity Relaying with Spatially Random
Mobile Relays

6.1 Motivation and Overview1

Cooperative communications [18, 19] enable cooperation among mobile terminals
to form virtual antennas and achieve spatial diversity via cooperation. Specifically,
the cooperating helper nodes can relay the overheard signal from the source by
various schemes, such as amplify-and-forward (AF) and decode-and-forward (DF).
A variety of cooperative communication techniques were studied for wireless sensor
networks [22], wireless local area networks [13], and wireless ad hoc networks [1].

Generally speaking, the cooperation among wireless nodes, which brings spatial
diversity gain, can be performed in a centralized or distributed manner. In central-
ized cooperation, the source gathers the knowledge about the helpers and selects the
best helper(s) for cooperation. The analysis of the diversity gain often needs certain
a priori deterministic knowledge of the network, such as the number of helpers,
and their locations and characteristics of received signal strength [3, 4, 17]. The
collection of such knowledge is reasonable when the network topology is static.
It becomes challenging, however, with a varying topology, e.g., when the nodes
are moving and their locations are changing. In such circumstances, the received
signal strength of helpers (e.g., the expectation of the received signal-to-noise ratio)
presents dynamic variations which are related to the locations of helpers. Hence, the
collected network knowledge can be out-of-date quickly with fast movements [12].
As a result, the selected relay may not be the best due to lack of accurate network
information, which undermines the achievable cooperation gain at the physical layer
and/or the media access control (MAC) layer.

1Copyright © Elsevier (2014). Reprinted with permission from Journal of Network and Computer
Applications (2014), 46, P. Ju, W. Song, A. Jin, and D. Zhou, “Performance analysis and
enhancement for a cooperative wireless diversity network with spatially random mobile helpers,”
pp. 305–314 [11].

© Springer International Publishing AG 2017
W. Song et al., Protocol Design and Analysis for Cooperative Wireless Networks,
Wireless Networks, DOI 10.1007/978-3-319-47726-8_6
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On the other hand, a distributed approach requires minimum a priori knowledge
of the helpers and thus is robust to network variations. Nonetheless, it is more
complex to analyze the diversity gain of a distributed approach, especially in the
case of multiple helpers where the spatial diversity gain of cooperation can be
potentially high. From the physical-layer point of view, the more helpers, the higher
the diversity gain. Meanwhile, more coordination delay may also be involved at the
MAC layer. Hence, it is important to balance the tradeoff between the physical-layer
diversity gain and MAC-layer delay.

Based on the above observations, this chapter aims to address the following key
questions:

• When the helpers are moving, the fading characteristics of the received signal
strength is not static but varying with the node locations. In such a case, how can
we analyze the diversity gain?

• Considering node mobility, the spatial distribution of potential helpers is random
depending on the overheard signal quality. In particular, the number of potential
helpers becomes a random variable. How can the spatially random distribution
of helpers impact on the diversity gain?

• Intuitively, there is a tradeoff between the physical-layer diversity gain and
MAC-layer delay when multiple helpers are available. Nonetheless, the exact
scaling relationship depends on the spatial distribution of helpers. How can we
mathematically quantify the tradeoff and obtain an optimal balance point in this
tradeoff relationship?

To answer the above questions, we focus on a wireless diversity system with mul-
tiple helpers based on a distributed cooperation strategy. Each node independently
decides to cooperate as a helper or not based on its local estimates of signal-to-
noise ratio (SNR) between the source, the destination, and itself. As such, each
node does not need to acquire a global knowledge of other helper candidates and
their channel characteristics. Moreover, the potential helpers are assumed subject
to random direction (RD) mobility [16]. As a result, the spatial distribution of
helpers becomes random. Hence, we apply stochastic geometry [8, 21] to model the
random locations of potential helper nodes and analyze the aggregate cooperative
performance with multiple helpers.

First, assuming that the spatial random locations of all nodes, except the source
and the destination, follow a Poisson point process (PPP), we analyze the helper set
with p.x/-thinning [21] and derive the exact form and approximation forms of the
probability distribution of the upper bound of the total combined SNR. Then, based
on the SNR upper bound, we further obtain the unconditional success probability of
the multi-helper cooperation strategy. This is the probability that the received SNR is
above a given threshold and it is also the complement of the outage probability. The
success probability is proved to be approximately linear with the number of helpers
and the helper intensity under certain conditions. To evaluate the tradeoff between
the success probability and delay, we consider two medium access control (MAC)
schemes to coordinate multiple helpers, i.e., an ALOHA-like scheme and a timer-
based random backoff scheme. It is shown that the delay of the ALOHA scheme
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increases exponentially with the number of helpers, whereas the delay of the timer-
based scheme increases more slowly. To characterize the tradeoff, we further define
a success/delay ratio, which can be maximized by adapting the intensity measure of
selected helpers.

6.2 System Model

6.2.1 Channel Model

We consider a two-dimensional circle Borel area B.o; B/ as shown in Fig. 6.1 with
an origin o and radius B. The source node s.�R; 0/ and the destination node d.0; R/

are fixed, where R < B. A Rayleigh fading channel is considered between any data
transmitter x and receiver y. The received instantaneous SNR, �xy, can be modelled
by an exponential distribution [7] with a PDF conditional on the average SNR � xy,
given by

f�xy.� j� xy/ D
1

� xy
e

� �
�xy ; � � 0: (6.1)

Here, the PDF characteristic � xy depends on log-distance path loss, given by

� xy D K0kx � yk�˛ (6.2)

where k � k is the Euclidean distance operator, ˛ is the path-loss exponent, and
K0 D P0=N0 is the ratio of transmit power to additive white Gaussian noise (AWGN)

Fig. 6.1 System topology.
Black nodes represent eligible
helpers while gray ones are
not helpers
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power. Specifically, when ˛ D 2, � sd D K0

4R2 . It should be noticed that, in a system
with randomly distributed mobile helpers, � xy itself is a random variable depending
on the locations of the nodes. Denoting the PDF of � xy by f�xy

.�/, we have the
unconditional PDF of �xy, given by f�xy.� j� xy/f�xy

.�/.

6.2.2 Mobility Model and Poisson Point Process

We refer to all the nodes in B.o; B/ except s and d as potential helpers. All the
potential helpers are assumed subject to random direction (RD) mobility [16]. For
the RD mobility model, a helper is uniformly placed at an initial position in B.o; B/

at time t D 0 and then chooses a direction and a speed that are uniformly distributed,
with a wrapping around assumption when it hits the boundary. According to [16],
at any following time instant t > 0, the position of the helper preserves a uniform
distribution. Thus, the location of a potential helper z in a polar coordination system,
denoted by .roz; �z/, follows the PDF expressed as

froz.r/ D
2r

B2
; 0 � r � B (6.3)

f�z.�/ D 1

2�
; 0 � � � 2�: (6.4)

We further assume that the number of potential helpers in B.o; B/, NB, follows a
Poisson distribution with a probability mass function (PMF):

Pr
�
NB D n

� D �B
n

nŠ
e��B ; n D 0; 1; : : : (6.5)

where the intensity measure �B D ��B2 and � is a constant. Combining the location
distribution in (6.3) and (6.4) and the distribution of the number of potential helpers
in (6.5), we see that the mobile potential helpers can be modeled by a homogeneous
Poisson point process (PPP), denoted by ˚B.

6.2.3 Distributed Cooperative Transmission

Here, we consider a distributed cooperative transmission strategy. Whenever the
source node s has a packet to transmit, it first sends a ready-to-send (RTS) message
and waits for a clear-to-send (CTS) response from the destination d. Based on the
overheard RTS and CTS packets, a potential helper z can estimate the SNR between
itself and s and d, denoted by �sz and �zd, respectively. Node z is automatically
activated as a helper as long as �sz � �s and �zd � �d. Here, �s and �d are thresholds
pre-defined according to the quality-of-service (QoS) requirement. They can be the
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same constants for all potential helpers or vary with the actual locations of the
potential helpers. For example, the potential helpers relatively far from s and d can
use low thresholds to allow more nodes to participate in cooperative transmission.

Based on the above distributed helper selection, all helpers selected from ˚B

constitute a new point process defined by

˚H D
˚
zjz 2 ˚B; �sz � �s; �zd � �d

�
: (6.6)

We show in Sect. 6.2.2 that the number of potential helpers in ˚B and their locations
are random variables. As a result of (6.6), the number of helpers (denoted by N) and
their locations are also random variables for each cooperation. On receiving CTS, s
transmits its data packet and the helpers that overhear the data packet successfully
also relay the packet to d. Since multiple helpers may contribute to the relaying, we
consider certain coordination schemes specified in Sect. 6.2.4 to minimize collisions
among the helpers. Finally, d combines all the received signals based on MRC (to
be discussed in Sect. 6.2.5). If the total SNR is above a decoding threshold �0, an
ACK message is returned. Otherwise, the data transmission fails and s retransmits
the packet after timeout or a NACK message is received.

6.2.4 MAC for Multi-Helper Coordination

Due to the opportunistic behavior of the distributed helper selection described in
Sect. 6.2.3, it is possible that multiple helpers are eligible for cooperative trans-
mission. Thus, multiple helpers need to be properly coordinated with an effective
MAC scheme to minimize collisions among their cooperative transmissions. We
assume that the transmission channel is time-slotted and each packet takes one time
slot to transmit. An error-free broadcast feedback channel exists between d and
all participating helpers, so that d returns an ACK or NACK message after each
transmission to indicate whether the relayed signal is successfully received or not.
Based on the feedback, the helpers who have experienced collisions can schedule
retransmission attempts according to certain MAC schemes. The above assumptions
are typical for the analysis of cooperative MAC protocols [6, 9] and can be supported
by simple techniques such as busy tone [20].

First, we consider an ALOHA-like MAC scheme for comparison purposes. If
a packet from s is overheard by a potential helper z that satisfies �sz � �s and
�zd � �d in one time slot, z becomes a helper and accesses the channel in the next
slot with a probability p to forward this packet. If more than one helper transmits
at the same time slot, a collision happens and the collided helpers re-access the
channel with the probability p in the next slot. A helper will remain silent once it has
successfully occupied the channel for a transmission until all the helpers have made
their cooperative contributions without collisions. After that, s starts to transmit a
new packet.
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Fig. 6.2 Timer-based random backoff scheme

In practice, the ALOHA scheme is not realistic since the delay increases
exponentially with the number of participating helpers. Hence, we further propose
a timer-based random backoff scheme, which adopts distributed coordination
and perfectly complements the distributed cooperative transmission procedure in
Sect. 6.2.3. As shown later in Sect. 6.3.4, the timer-based backoff scheme exhibits a
good delay property.

Consider the circle area B.o; B/ in Fig. 6.1. We divide this area into K rings as
illustrated in Fig. 6.2. Each region Mi, i D 1; : : : ; K, is associated with a timer of a
length �i D iı, where ı is a time constant. Take the example in Fig. 6.2. The helpers
h1 and h2 in M2 will relay their overheard signals after a backoff time 2ı, while
the helper h3 in M3 will start its forwarding after a backoff time 3ı. Apparently, a
collision will occur since there are two valid helpers in M2 that transmit at the same
time. When a collision happens a NACK message is broadcast, so that not only the
collided helpers but also the helpers who expect to transmit after their backoff time
are informed of the failed transmission. Similar to IEEE 802.11, the timer space of
the region where the collided helpers are located is doubled, while the timers of the
regions farther from the origin are deferred accordingly.
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6.2.5 MRC and Upper Bound of Total SNR

Based on the distributed helper selection in Sect. 6.2.3, some potential helpers
become active helpers and they are coordinated with the MAC schemes in Sect. 6.2.4
and relay their overheard signals using an AF scheme [14, 17]. At the destination
node d, all the received signals are combined with MRC and the total SNR is given
by [14]

�tot D �sd C
NX

iD1

�si�id

�si C �id C 1
(6.7)

where the number of helpers (N), the SNR between s, d, and each helper i (�sd,
�si, and �id), are all random variables, which depend on the topology defined in
Sect. 6.2.1.

In practice, because (6.7) is often not tractable, the upper bound of (6.7) can be
used instead. An upper bound of �tot is proposed in [2, 10], given by

�ub D �sd C
NX

iD1

�i (6.8)

where �i D min.�si; �id/. It is worth mentioning that a lower bound can be
formulated by defining �i D min.�si; �id/=2 [2]. According to (6.1), it is easy to
show that �i also follows an exponential distribution with a PDF

f�i.� ji/ D 1

i
e� �

i ; � � 0 (6.9)

where

i D � si� id

� si C � id
: (6.10)

In [17], the non-i.i.d. PDF of �ub conditional on 1; : : : ; N is obtained as

f�ub.� j1; 2; : : : ; N/ D ˇ0

� sd
e� �

�sd C
NX

iD1

ˇi

i
e� �

i (6.11)

where

ˇ0 D
NY

iD1

�
1 � i

� sd

��1

ˇi D
�
1 � � sd

i

��1
NY

kD1;k¤i

�
1 � k

i

��1

; i D 1; : : : ; N:
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6.3 Unconditional Success Probability and Delay

In this section, we first derive the distribution of the number of helpers (N) in
the random set defined in (6.6). Then, we obtain the PDF of the locations of the
random helpers. After that, the unconditional counterpart of (6.11) is obtained for a
given number of helpers n. Two simplified approximations are also proposed for the
unconditional PDF of the SNR upper bound. Based on these preparation steps, we
eventually provide the analysis for the unconditional success probability, which is
the complement of the unconditional outage probability. At the end, we analyze the
delay involved with different MAC schemes and evaluate the outage-delay tradeoff.

6.3.1 Exact Unconditional PDF of SNR Upper Bound

For any potential helper z in ˚B, its SNR of the channel from s to z and the SNR of
the channel from z to d (i.e., �sz and �zd) are independent. According to (6.1), (6.2)
and (6.6), the probability that a potential helper z is an eligible helper can be written
as

Pz D Pr
�
�sz � �s; �zd � �d

�

D
Z 1

�s

Z 1

�d

f�sz.�1j� sz/f�zd .�2j� zd/ d�1 d�2

D exp
���sks � zk˛ � �dkz � dk˛

K0

�
: (6.12)

As seen in (6.12), whether a node is an eligible helper or not is related to its location.
Thus, the helper set ˚H can be generated from ˚B by retaining z in ˚B with a
probability Pz and deleting it with a probability .1�Pz/. The resulting point process
of remaining nodes forms ˚H . This is actually the result of an independent p.x/-
thinning operation to ˚B. The p.x/-thinning operation defines a retention probability
p.x/ for each point x of a PPP and yields a thinned point process by deleting the
point x with a probability 1 � p.x/ [21]. According to Prekopa’s Theorem [21], the
number of eligible helpers is still Poisson distributed with a parameter �H , given by

�H D
Z B

0

Z 2�

0

exp
���sks � zk˛ � �dkz � dk˛

K0

� �B

�B2
r dr d�: (6.13)

We consider the following location-dependent thresholds for helper selection:

�s D �d D K0 ln.2roz/

2.r2
oz C R2/

(6.14)
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where roz is the distance between a potential helper z and the origin and ln.�/ is the
natural logarithm. As such, when ˛ D 2, we have

�H D �B

B
: (6.15)

Thus, the number of helpers in ˚H is Poisson distributed with the PMF

Pr
�
N D n

� D �H
n

nŠ
e��H ; n D 0; 1; : : : (6.16)

Proposition 6.1. For a given N D n, when the selection thresholds are defined
in (6.14) and ˛ D 2, the distance between a helper in ˚H and the origin (denoted
by roh) follows a uniform distribution with the normalized PDF:

froh.r/ D
1

B
; 0 � r � B: (6.17)

Proof. Here, roz denotes the distance between a potential helper z and the origin o,
while roh is the distance between an eligible helper h and the origin. Based on the
relationship of roz and roh, we can obtain

PrŒroh � r� D Pr
�
roz � r and z is selected as hjroz

�

D
Z r

0

froz.x/Pz.x/ dx: (6.18)

Substituting froz and Pz in (6.18) by (6.3) and (6.12), respectively, we can easily
prove (6.17). �

Proposition 6.2. When ˛ D 2 and the thresholds of helper selection are defined
as (6.14), any random variable i in (6.10) has a PDF given by

f .t/ D K0

4Bt2

�K0

2t
� R2

�� 1
2
;

K0

2.B2 C R2/
< t <

K0

2R2
: (6.19)

Proof. According to Apollonius’ theorem, we combine (6.2) and (6.10) and have

1

i
D k s � h k2 C k h � d k2

K0

D 2.r2
oh C R2/=K0 (6.20)

where roh is the distance of any helper h in ˚H to the origin o. From Proposition 6.1,
we know that roh follows a uniform distribution. Based on (6.17) and (6.20), it is
straightforward to obtain (6.19) for the PDF of any i. �
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Applying the PDF of i, we can remove the conditions of 1; : : : ; N in (6.11). The
unconditional PDF of the upper bound of total SNR when N D n can be expressed as

f�ub.�/ D
Z
� � �
Z

„ ƒ‚ …
n

f�ub.� jt1; t2; � � � ; tn/ � f1.t1/ � � � fn.tn/ dt1 � � � dtn: (6.21)

Lemma 6.1. For a given N D n, the exact form of the unconditional PDF of �ub is
expressed as

f�ub.�/ D Cn

� sd
e� �

�sd

„ ƒ‚ …
F1

C n
Z

I

W.�; t/U.t/n�1 dt
„ ƒ‚ …

F2

(6.22)

where I is the interval
�

K0

2.B2CR2/
; K0

2R2

�
and

C D 1C R

B
ln

�
B � R

BC R



W.�; t/ D e� �
t

t � � sd
f .t/

U.t/ D 1C K0

4B
p

tY
ln

 
Bt �ptY

BtCptY

!

; Y D K0

2
� R2t:

Proof. The proof of Lemma 6.1 is given in Appendix: Proof of Lemma 6.1. �

6.3.2 Approximate Unconditional PDF of SNR Upper Bound

In (6.22), F2 is very complicated and a closed-form expression is not tractable.
Besides, the exact form does not shed much insight on deriving the success or
outage probability. Hence, we propose to use the Newton-Cotes formula [5] of
the open type to approximate (6.22). Specifically, redefining the integral interval

I D
�

K0

2.B2CR2/
; K0

2R2

�
as .a; b/, we have the ith Newton-Cotes sampling point of m

degree as xmi D aC i.b�a/

m . Then, (6.22) can be approximated by

f�ub.�/ Ð Cn

� sd
e� �

�sd C n
m�1X

iD1

AmiW.�; xmi/U.xmi/
n�1 (6.23)
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where Ami is the ith coefficient of the Newton-Cotes formula of m degree. When
B � R, it is obvious that C Ð 1 and U.t/ Ð 1. As a result, (6.23) can be further
simplified as

f�ub.�/ Ð 1

� sd
e� �

�sd C n
m�1X

iD1

AmiW.�; xmi/: (6.24)

6.3.3 Approximation of Unconditional Success Probability

The success probability, which is the complement of the outage probability, is
defined as the probability that �ub is above a certain threshold �0 when N D n,
which can be expressed as

Ps.n/ D
Z 1

�0

f�ub.�/ d�: (6.25)

Lemma 6.2. For a given N D n, the success probability of the cooperative wireless
system as described in Sect. 6.2.1 can be approximated by

Ps.n/ Ð Cne� �0
�sd C n

m�1X

iD1

xmiAmiW.�0; xmi/U.xmi/
n�1 (6.26)

where xmi and Ami are the ith Newton-Cotes sampling point and coefficient of m
degree, respectively. If B� R, (6.26) can be further simplified as

Ps.n/ Ð EC nA (6.27)

where E and A are constants given by

E D e� �0
�sd (6.28)

A D
m�1X

iD1

xmiAmiW.�0; xmi/: (6.29)

Proof. It can be easily proved that W.�; t/ satisfies the following property

Z 1

�0

W.�; t/d� D tW.�0; t/: (6.30)
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Applying this property to (6.23) and (6.25), we have

Ps.n/ Ð
Z 1

�0

Cn

� sd
e� �

�sd d� C n
m�1X

iD1

AmiU.xmi/
n�1

Z 1

�0

W.�; xmi/ d�

D Cne� �0
�sd C n

m�1X

iD1

AmiU.xmi/
n�1 � xmiW.�0; xmi/

D Cne� �0
�sd C n

m�1X

iD1

xmiAmiW.�0; xmi/U.xmi/
n�1:

Thus, (6.26) is proved. Similarly, (6.27) can be derived by using the property
in (6.30) to (6.24) and (6.25). �

Theorem 6.1. The unconditional success probability of the wireless diversity
system that uses the distributed cooperative transmission with spatially random
helpers as described in Sect. 6.2.1 is given by

Ps D
1X

iD1

�H
n

nŠ
e��H Ps.n/: (6.31)

When ˛ D 2 and B� R, (6.31) can be approximated by

Ps Ð EC �HA (6.32)

where �H is the intensity measure of ˚H given in (6.13), and E and A are constants
given in (6.28) and (6.29), respectively.

Proof. Equation (6.31) provides the unconditional expectation of the success
probability. It can be easily obtained by averaging Ps.n/ with the PMF of N, which
follows the Poisson distribution in (6.16). Equation (6.32) is a straightforward result
of (6.27) and (6.31), since the mean of N is equal to the intensity �H . �

6.3.4 Delay Analysis of MAC Coordination Schemes

As discussed in Sect. 6.2.4, we consider both an ALOHA-like MAC scheme and a
timer-based random backoff scheme to coordinate multiple available helpers. These
MAC schemes may introduce different levels of collisions, which have a direct
impact on the cooperative transmission. In this section, we analyze the delay of
the two MAC schemes, which is another important performance metric in addition
to the success probability evaluated in Sect. 6.3.3.
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In the ALOHA-like MAC scheme, an eligible helper accesses the channel with a
probability p to forward the overheard packet. Given n eligible helpers in total, if i
(1 � i � n) helpers have not made their relaying contributions, the probability that
the channel is successfully occupied by only one of these helpers is given by

Pa.i/ D
 

i

1

!

p.1 � p/i�1; i D 1; : : : ; n: (6.33)

Let L denote the number of wasted time slots before a slot is successfully occupied
by one of the i helpers. Obviously, L follows a geometric distribution with the
parameter Pa.i/ and has a PMF

Pr
�
L D lji� D �1 � Pa.i/

�l�1
Pa.i/; l D 1; 2; : : : (6.34)

Thus, the average number of time slots before one of the i helpers successfully
captures the channel and relays the packet is given by

L.i/ D 1

Pa.i/
:

The same contention process repeats until each of the n helpers has successfully
occupied the channel and relayed the packet. Therefore, we can obtain the total
delay as

DA.n/ D
nX

iD1

�

ip.1 � p/i�1
(6.35)

where � is the time slot for a packet transmission.
As shown later in Sect. 6.4, DA.n/ increases exponentially with n. To simplify

the calculation in (6.35), we can approximate the delay by

QDA.n/ D "
n (6.36)

where the coefficients " and 
 can be determined by fitting two sample values DA.1/

and DA.Qn/ with (6.36). Thus, we have

" D DA.1/; 
 D
	

DA.Qn/

DA.1/


 1
Qn

: (6.37)

Combining (6.16) and (6.35), we further obtain the average delay with the ALOHA
scheme as

DA D
1X

iD1

�H
n

nŠ
e��H QDA.n/ D "e�H.
�1/: (6.38)
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For the timer-based backoff scheme, it is intractable to derive a closed-form
expression for the delay. Therefore, we provide a numerical approximation based
on the observation of the simulation results. In particular, the delay of the timer-
based backoff scheme is approximated by

QDT.n/ D �2n2 C �1nC �0 (6.39)

where the coefficients �2, �1, and �0 can be obtained by using three delay sample
values when the number of helpers is 1, Qn

2
, and Qn, which are denoted by DT.1/,

DT. Qn
2
/, and DT.Qn/, respectively. Then, based on the Lagrange numerical analytical

expression [15], we have

�2 D DT.1/

.1 � Qn=2/.1 � Qn/
� DT. Qn

2
/

.Qn=2 � 1/Qn=2
C DT.Qn/

.Qn � 1/Qn=2
(6.40)

�1 D � .3Qn=2/DT.1/

.1 � Qn=2/.1 � Qn/
C .1C Qn/DT. Qn

2
/

.Qn=2 � 1/Qn=2
� .1C Qn=2/DT.Qn/

.Qn � 1/Qn=2
(6.41)

�0 D Qn2DT.1/

2.1 � Qn=2/.1 � Qn/
� QnDT. Qn

2
/

.Qn=2 � 1/Qn=2
C QnDT.Qn/

2.Qn � 1/Qn=2
: (6.42)

We further combine (6.16) and (6.39) to evaluate the average delay of the timer-
based backoff scheme by

DT D
1X

iD1

�H
n

nŠ
e��H QDT.n/ D �2�2

H C .�2 C �1/�H C �0: (6.43)

6.3.5 Outage-Delay Tradeoff

As the complement of success probability, the outage probability, denoted by Po, is
the probability that the total SNR at d falls below the decoding threshold �0, which
means that a data transmission fails. When the direct channel between s and d is
poor, more helpers should be involved for a higher diversity gain. On the other hand,
a larger overhead of coordination delay may also be introduced due to collisions
among more helpers. As seen, there is a tradeoff between the outage probability and
the delay.

In Sect. 6.3.3, the success probability Ps is derived and given in (6.32). Hence,
the outage probability can be written as Po D 1 � Ps. The delay of the two MAC
schemes is analyzed in Sect. 6.3.4 and given in (6.38) and (6.43). For the ALOHA-
like scheme, we can relate the delay to the outage probability as follows:

DA D " exp
�1 � E � Po

A
.
 � 1/

�
: (6.44)
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According to (6.32), we have �H D 1�E�Po
A , which can be applied to (6.38) to

obtain (6.44). Similarly, the outage-delay tradeoff for the timer-based backoff
scheme can be expressed as

DT D �2

�1 � E � Po

A

�2 C .�2 C �1/
�1 � E � Po

A

�
C �0: (6.45)

Considering the overall system performance, we are interested in the ratio of the
success probability to the delay, defined by

B D Ps

D (6.46)

in which the delay D can be interpreted as the price paid to achieve certain success
probability Ps. When the ALOHA scheme is used, based on (6.32) and (6.38), the
success/delay ratio is written as

BA D EC �HA

"e�H.
�1/
: (6.47)

Taking the first-order derivative of (6.47) with respect to �H , we can find that the
success/delay ratio is maximized when

�H D O�A D 1


 � 1
� E

A
: (6.48)

Likewise, for the timer-based backoff scheme, the success/delay ratio can be
obtained from (6.32) and (6.43) as

BT D EC �HA

�2�2
H C .�2 C �1/�H C �0

: (6.49)

Similarly, the success/delay ratio is maximized when

�H D O�T D ��2ECp.�2E/2 C �2�0A2 � �2.�1 C �2/AE

�2A
: (6.50)

6.4 Numerical and Simulation Results

In this section, we first validate the accuracy of the linear approximation of
Lemma 6.2. Then, we compare the numerical results and simulation results for the
unconditional success probability Ps derived in Theorem 6.1 and the delay of the
ALOHA scheme and the backoff timer-based scheme, DA and DT , given in (6.38)
and (6.43). Finally, we present numerical results demonstrating the outage-delay
tradeoff. The main system parameters are given in Table 6.1.
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Table 6.1 System
parameters

Definition Symbol Value

Intensity measure of ˚B �B 500

Location parameter of nodes s and d R 5

Circle area radius B 40

Transmit SNR K0 14.7 dB

Decoding SNR threshold �0 2� sd

Path loss exponent ˛ 2

ALOHA channel access probability p 0.4

Number of contention regions K 10

Time slot length � 1

6.4.1 Analysis Validation

Figure 6.3a shows how the success probability Ps.n/ varies with the number of
helpers n. As seen, the simulation results exhibit an apparent linear tendency and
our analysis results have a good approximation accuracy. Figure 6.3a further shows
the analysis error versus the approximation degree m. As expected, the higher the
degree m, the closer the approximation. For example, when m D 6, the relative error
is as low as 4 %.

Figure 6.3b compares the numerical results and simulation results to verify the
conclusion in Theorem 6.1. If the nodes are located according to the system model
in Sect. 6.2.2 and the helpers are selected by the distributed algorithm in Sect. 6.2.3,
the number of helpers follows a Poisson distribution of a parameter �H . It is clearly
shown in Fig. 6.3b that the unconditional success probability varies linearly with
�H , which confirms Eq. (6.32).

Figure 6.4a shows the numerical and simulation results of delay with the ALOHA
scheme and the timer-based backoff scheme. As seen, the simulation results match
well the numerical approximations in (6.36) and (6.39). Here, the coefficients of the
delay approximation for the ALOHA scheme are " D 2:50 and 
 D 1:44, given
that the access probability p D 0:4. In this case, the delay increases exponentially
with the number of helpers due to collisions. On the other hand, for the timer-based
backoff scheme, we choose the parameter Qn D 15 and determine the coefficients of
the delay approximation as �2 D 0:075, �1 D 1:46, and �0 D 3:98. Apparently,
the timer-based backoff scheme performs much better in terms of delay when the
number of helpers are potentially large. This observation is also verified by Fig. 6.4b,
which shows the numerical results of (6.38) and (6.43). It is seen that when the
nodes are densely deployed with a large �H , the timer-based backoff scheme is
more effective in handling collisions and mitigating the delay overhead.
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Fig. 6.3 Success probability. (a) Success probability vs. the number of helpers (b) Success
probability vs. the intensity measure �H
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Fig. 6.4 Delay performance. (a) Delay vs. the number of helpers. (b) Delay vs. the intensity
measure �H
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Fig. 6.5 Outage-delay tradeoff (m D 6)

6.4.2 Outage-Delay Tradeoff

While the success probability presents a linear increase with the number of helpers,
the delay also increases fast due to the multi-helper coordination. Figure 6.5 shows
the numerical results of (6.44) and (6.45), which demonstrates the tradeoff between
the outage probability and the delay. As observed in Fig. 6.5, when the QoS
requirement of the outage probability is very low, there is a much larger delay
overhead with the ALOHA scheme compared to the timer-based backoff scheme.
As the outage requirement is further relaxed, the difference between these two MAC
schemes diminishes.

Figure 6.6 shows the variation of the success/delay ratio defined in (6.47)
and (6.49) with the intensity measure �H . This success/delay ratio can be inter-
preted as the price paid in terms of delay to achieve certain required success
probability. As seen, the success/delay ratio of the ALOHA scheme drops dra-
matically after the ratio reaches the maximum when the helper intensity measure
�H D O�A D 0:69, which is obtained from (6.48). In contrast, the timer-based
backoff scheme experiences much smaller fluctuation. The success/delay ratio is
maximal when �H D O�T D 2:8 as calculated by (6.50). It means that the timer-
based backoff scheme also performs well in a dense network. Since the intensity
measure of helpers �H is related to that of potential helpers �B according to (6.15),
we can use pre-selection to adapt �H so that the success/delay ratio is maximized.
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Fig. 6.6 Success/delay ratio vs. the intensity measure �H

6.5 Summary

In this chapter, we considered a wireless diversity system with multiple mobile
helpers using a distributed cooperation strategy. As the helpers are assumed to
be randomly deployed in certain area, the number of helpers and their spatial
locations are not deterministic or known in advance. Taking into account the spatial
random characteristics of helpers, we analyzed the cooperative transmission success
probability. We found that the success probability is linear with the number of
helpers when the system covers a sufficiently large area. Further, because the
number of eligible helpers is random itself, the unconditional success probability is
only related to the intensity measure of the point process of helpers. Considering
an ALOHA-like MAC scheme and a timer-based random backoff scheme, we
quantified the tradeoff between the success probability and delay, and defined the
performance metric success/delay ratio. The ratio can be maximized by adapting
the helper intensity �H which is linearly related to the overall node intensity �B.

The conclusions and analysis results are not only mathematically proved but also
validated by simulations. The approximations of the success probability simplify the
performance evaluation and exhibit a high accuracy. A basic framework is also built
to analyze wireless diversity systems with distributed cooperation. Exploiting the
mobility models defined with stochastic geometry, we can naturally involve more
mobility patterns of nodes in the analysis.
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Appendix: Proof of Lemma 6.1

Proof. The original expression of the unconditional PDF of �ub is given in (6.21).
Based on (6.11), (6.21) can be divided into the following two parts:

F1 D
Z

I

� � �
Z

I„ ƒ‚ …
n

ˇ0

� sd
e� �

�sd f1.t1/ � � � fn.tn/ dt1 � � � dtn (6.51)
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For F1, since i (i D 1; � � � ; n) are independent of each other, and e� �
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Since t1 � � � tn are symmetric for the integral in (6.52), the following equation
holds for any i ¤ j:
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Thus, (6.52) can be derived as follows:
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It is further noticed that, the above integral has two separate parts which depend
on either t1 or ti (i D 2; : : : ; n). Therefore, replacing t1 by t and ti (i D 2; : : : ; n)
by s and considering i (i D 2; : : : ; n) are independent of each other, we can
simplify (6.53) as follows:
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� R2t: Thus, Lemma 6.1 is proved. �
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Chapter 7
Conclusions and Future Directions

7.1 Conclusions

MAC protocols in cooperative networks not only need to fulfill the function of a
regular MAC protocol which is to coordinate multiple nodes sharing the wireless
medium and alleviate the effect of hidden and exposed terminals, but also need to
address several fundamental problems, such as when to cooperate and whom to
cooperate with. In this book brief, we investigate cooperative MAC protocols with
energy saving taking into account spatially random mobile relays. The main results
are summarized and highlighted in the following.

• Energy-efficient cooperative MAC for single S-D pair. We first introduced
an algorithm to estimate the unknown intensity of relay distribution, which is
critical to properly engage cooperating nodes. The convergence and accuracy
of the estimation algorithm have been theoretically and numerically justified.
Although the backoff-based scheme can save considerable energy consumption
when compared to the centralized schemes and probability-based schemes,
we found that many relays may be active unnecessarily. Hence, we further
proposed a distributed energy saving scheme to minimize energy consumption
while maintaining satisfactory transmission success probability. To evaluate
the performance of the proposed cooperative scheme with energy saving, we
analyzed the collision probability and derived an upper bound. Moreover, the
simulation results showed that the energy saving scheme can significantly reduce
the energy consumption.

• Energy-efficient cooperative MAC for multiple S-D pairs. Extending the widely
studied single S-D pair scenario, we considered a new framework where
multiple S-D pairs share a group of relays with energy constraint. To satisfy
the QoS requirement of multimedia services in a green manner, we proposed an
energy-aware distributed cooperative scheme. Besides, we derived the theoretical
performance bounds for the proposed scheme with respect to the collision
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probability and transmission success probability. Extensive simulations were
conducted to compare the performance of different distributed schemes and
the analytical bounds. As shown in the simulation results, by adjusting the
weighting parameter, we can achieve good performance in the high traffic load
condition through energy balance. Moreover, the theoretical and simulation
results demonstrated that our proposed scheme can achieve much energy saving.

• Opportunistic cooperative relaying with backoff-based contention. We studied
the opportunistic cooperative relaying with spatially random relays. In particular,
we derived the probability distributions of the transmission success probability of
spatially distributed relays, and proposed two distributed relaying strategies that
exploit such statistics. In addition, we analytically evaluated the performance
of the proposed schemes in terms of the relay success probability and average
backoff delay of relay selection. The analysis accuracy is well validated by simu-
lations. The proposed analytical approaches can be used to determine appropriate
configurations that balance the tradeoff between relay success probability and
backoff delay.

• Relay selection in the multiple-helper diversity mobile scenario. We focused
on a wireless diversity system with multiple helpers and distributed cooperation.
Each node independently decides whether to cooperate as a helper or not based
on its local estimates of SNR. Moreover, considering random direction mobility,
we obtained the unconditional success probability of multi-helper diversity
cooperation, which is proven to be approximately linear with the number of
helpers and the helper intensity under certain conditions. To further evaluate the
tradeoff between the success probability and delay, we investigated an ALOHA-
like scheme and a timer-based random backoff scheme. It was shown that the
delay of the ALOHA scheme increases exponentially with the number of helpers,
whereas the delay of the timer-based scheme increases more slowly. Based on
our analysis, we are able to adapt the intensity measure of the selected helpers to
optimize the success/delay ratio.

7.2 Future Work

The cooperative wireless networks as a very large area keep posing new challenges
when cooperation becomes more deeply involved. On one hand, many possible
extensions are worth investigating for the scenarios studied in this brief. On the
other hand, new cooperation scenarios are arising and bring up interesting new
problems.

• Enhancement to energy efficiency in cooperative MAC. The proposed energy-
efficient scheme in Chap. 3 is not optimal, since we set bias for the relays close
to destination due to their high transmission success probability. If we take into
account the transmission success probability over the relay-destination channel,
the energy consumption can be further reduced. To determine the optimal active
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probability for each relay, global information of the relays is prerequisite, and
more complex reasoning is required. Extending the widely studied single S-D
pair to multiple S-D pairs in Chap. 4, we focused on the energy perspective,
and thus defined the cooperation capability based on the energy level and the
distance metric. Actually, depending on the design objective for the multiple
S-D pairs scenario, the cooperation capability can be adapted accordingly. For
example, to maximize the throughput of each source, the instantaneous channel
state information should be incorporated into the cooperation capability.

• Full duplexity consideration. Half-duplexity is a fundamental assumption for
the studies on cooperative communications in the literature. In recent years, full-
duplex wireless communications become a hot topic as the hardware and signal
processing techniques are improving. Full-duplexity will have a deep impact on
both relay selection and incentive design. For relay selection, the handshaking
and data transmission procedure will be fairly different. Since the nodes can
retrieve information from the packets in a timely manner, the metadata of the
packets would be more accurate.

• Advanced mobility models and analysis. Spatial diversity is related to the
location of helpers nodes. Mobility is also an essential aspect of wireless nodes
that cannot be neglected. In the literature, many works that involve mobility
models are based on simulations, mainly because mobility in the real world is too
complex to have good mathematical models that are capable of characterizing the
diverse properties. To enable theoretical analysis, however, a tractable mobility
model is vital. How to provide a good interface between simulation engineering
and mathematical analysis for mobility models is a very challenging problem.
Besides, a mobility model itself is very dependent on actual scenarios. For indoor
environments, a random mobility model may be more suitable. For vehicular
networks, there may be complex mobility trace patterns with low speed in the
urban environment. In contrast, mobility in the suburban environment can be
simpler but with higher speed. Under those different scenarios, the design of
cooperative MAC protocols should be adjusted.
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