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Abstract 

Cooperative communications have been considered as a promising technique to deal with sig

nal fading in wireless networks, and thereby increase the channel capacity. However, many 

practical issues remain to be addressed, especially in the medium access control (MAC) layer. 

In this thesis, we study two important issues toward the practice of cooperative wireless net

works, i.e., energy saving and incentive design for cooperative MAC. 

First, we propose an energy-efficient cooperative scheme for the widely studied scenario 

with a single source-destination (S-D) pair. Extending the classic model to multiple S-D 

pairs, we further propose an effective and scalable cooperative scheme. Theoretical analysis 

is conducted for both schemes, and simulation results show that both schemes can achieve 

significant energy saving. 

In practice, due to the lack of incentives for wireless devices to serve as relays, cooperative 

communications are still not widely applied. Hence, in addition to energy saving, we also 

design an auction-based incentive mechanism to coordinate cooperative transmission between 

S-D pairs and relays. Both theoretical analysis and numerical results show that the proposed 

mechanism guarantees desirable properties. 
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Chapter 1 

Introduction 

In the past decade, wireless networks [lJ have been widely studied and used. However, wire

less 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 shadow

ing. To deal with these challenges, attractive techniques, such as multiple input and multiple 

output (MIMO) [2,3] and cooperative communications [4,5], have been developed by exploit

ing spatial diversity [6]. 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 [7] is studied as a promising 

low-cost technique to provide spatial diversity. Taking advantage of the inherent broadcast

ing 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 [4,5], 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 improve 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 [8, 9]. Different from physical layer cooperation, MAC 

layer cooperation needs to figure out when to cooperate and whom to cooperate with. Although 

centralized solutions [8, 10, 11] can rely on a central controller to determine the best relays, 

distributed solutions also attract considerable research attention due to light signaling and good 

scalability. In the probability-based schemes [12-14], 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 schemes [15, 16], 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. 

1.1 Research Motivations 

1.1.1 Energy Saving 

Currently, plenty of schemes have been proposed for MAC layer cooperation. However, most 

of these works assume that the topology of the network is known a priori [ 14] and focus on the 

throughput perspective [8]. With rising energy costs and rigid environmental standards, green 

communications have attracted considerable research attention in recent years, especially for 

the fast-growing multimedia services in wireless networks [ 17, 18], since mobile devices are 

usually energy constrained. In this thesis, we will relax the assumption of deterministic known 

topology and develop cooperative MAC protocols to reduce energy consumption. Besides, we 

expect to extend the widely studied scenario with a single source-destination (S-D) pair to a 

more realistic scenario with multiple S-D pairs. 
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1.1.2 Incentive Design 

As a promising technique, cooperative communications have been shown to have great po

tential to increase the channel capacity of wireless networks. However, the applications of 

cooperative communication techniques are rarely seen in reality. A main obstacle that hinders 

the wide adoption of cooperative communications is the lack of incentives for the wireless 

devices to serve as relay nodes. As a relay, the wireless device invests its resource, such as 

energy and network bandwidth, to facilitate packet transmissions for others. To stimulate the 

participation of wireless devices as relays, the relay nodes can be provided rewards in return. 

As seen, there exists a trade between the wireless devices requesting relaying services and the 

relay nodes providing such services. 

Auction is a popular trading form that can efficiently distribute resources of sellers to buyers 

in a market at competitive prices. Auction theory [19] is a well-researched field in economics 

and has been applied to other domains, e.g., radio resource management in wireless commu

nication systems [20]. An auction mechanism is expected to hold certain desirable properties, 

such as individual rationality, budget balance, and system efficiency [19]. Besides, incentive 

compatibility or truthfalness is another important aspect of auction design. Truthfulness is es

sential to resist market manipulation and ensure auction fairness. An auction mechanism is 

incentive compatible or truthful if revealing the private valuation truthfully is always the dom

inant strategy for each participant to receive an optimal utility, no matter what strategies other 

participants are taking. 

There are many existing auction mechanisms that satisfy some of the above properties 

but are not directly applicable to cooperative communications. For example, the multi-round 

auctions studied in [21-23] are not suitable due to the high communication and computation 

overhead. We are particularly interested in double auction, in which buyers and sellers submit 

their bids and asks, respectively, to an auctioneer as an intermediate agent who hosts and 

directs the auction process, e.g., deciding the auction commodity allocation and the clearing 

price and payment. Well-known examples of double auction include McAfee double auction 

3 



[24] and Vickrey-based double auction [25]. Considering only homogeneous commodities, 

McAfee double auction can achieve three desired properties, i.e., individual rationality, budget 

balance, and truthfulness. The Vickrey-based auction proposed in [25] can be budget-balanced 

and efficient but not truthful simultaneously, according to [26]. A truthful double auction 

mechanism (TASC) is proposed in [27] for cooperative communications with heterogeneous 

trading commodities, i.e., services of relay nodes. Unfortunately, TASC cannot guarantee 

the truthfulness of buyers, even though it is still individually rational, budget-balanced, and 

truthful for sellers. Thus, in this thesis, we will focus on designing a feasible and truthful 

double auction mechanism to stimulate relay nodes to serve nearby wireless devices. 

1.2 Research Contributions 

In this thesis, we study two important issues toward the practice of cooperative communica

tions, namely, energy saving and incentive design for cooperative MAC. 

In Chapter 3 and Chapter 4, we focus on energy saving for cooperative MAC. In Chapter 3, 

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 scheme to minimize energy consumption while maintain

ing 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 theoretical and 

simulation results validate our analysis and demonstrate that the proposed cooperative scheme 

outperforms the uncoordinated reference scheme with respect to transmission performance and 

energy saving. In Chapter 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 quality-of-service (QoS) requirements of multimedia services in a green manner, 
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we propose 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 colli

sion 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 our proposed scheme is preferable for the 

delay-sensitive multimedia services and achieves significant energy saving. 

In Chapter 5, we focus on the incentive design for cooperative MAC. To stimulate wire

less devices to serve as relay nodes, we propose an incentive-compatible auction mecha

nism (ICAM). The ICAM ensures truthfulness for both buyers and sellers. In addition, ICAM 

is individually rational, budget-balanced, and computationally efficient. We provide rigorous 

analysis proving that the above desirable properties hold with ICAM. Numerical results verify 

that these properties are achieved without substantial degradation to system efficiency, which 

is another crucial property of auctions. 

1.3 Thesis Organization 

The remainder of this thesis is structured as follows. We first provide background knowledge 

in Chapter 2, including cooperative wireless networks, relay selection and medium access 

control, energy efficient schemes and incentive mechanisms. We then propose two energy 

efficient schemes in Chapter 3 and Chapter 4 in detail, and give both theoretical and numerical 

evaluations on them. In Chapter 5, we present a feasible and truthful auction mechanism, as 

well as the rigorous proof of desirable properties. Finally, in Chapter 6, we conclude our work 

and point out future directions to explore. 
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Chapter 2 

Background and Related Works 

2.1 Cooperative Wireless Networks 

2.1.1 Cooperation in Physical Layer 

Although the open shared wireless medium poses the interference problem in wireless com

munications, cooperative diversity can take advantage of the broadcasting nature of wireless 

transmission. Consider the scenario shown in Fig. 2.1, where there are three nodes, the source 

node (S), the relay node (R) and the destination node (D). 

• R 
' 

' 
' 

' 
' 

' 
' 

' 
' 

Figure 2.1: An illustration of cooperation in physical layer. 

In the first time slot T0 , the source node transmits one packet, then the relay node and 

destination node will receive one copy of the packet. Let Za1 ,a2 capture the effects of path-

6 



loss, shadowing and fading between node a 1 and node a2 , and Na[t] capture the effects of 

interference and noise in the receiver side. Then, we have: 

YD[t] = Zs,D · Xs[t] + Nn[t], t E (0, Ta] (2.1) 

(2.2) 

where X5 [t] is the signal transmitted by the source node, Yn[t] and YR[t] are the destination 

and relay received signals, respectively. 

In the second time slot, the relay node forwards the received packet to the destination node, 

and the destination node will get the second copy of the packet. Then, we have: 

(2.3) 

Here, several relaying schemes can be used by the relay, such as amplify-and-forward (AF), 

decode-and-forward (DF), and coded-cooperation (CC) [4, 5]. Based on this cooperation 

model, the destination can retrieve the original signal by combining the two received copies of 

the packet to improve the decoding reliability. 

2.1.2 Cooperation in MAC Layer 

Through cooperation in the physical layer, the channel reliability can be improved via spatial 

diversity. However, when multiple relay nodes are available, they access the wireless medium 

at the same time, which leads to packet corruption. Besides, wireless networks may also 

suffer from some other issues, such as time varying channel, mobility and limited power of the 

hosts, and hidden terminal problem caused by location-dependent carrier sensing. In order to 

overcome these problems and achieve good performance in wireless networks, the MAC layer 

should properly schedule all the cooperative entities to achieve the cooperation gain. 

The cooperative MAC protocol proposed in [8] illustrates the basic idea of cooperation in 

the MAC layer. Consider the scenario shown in Fig. 2.2, where there are a source node (S), 
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HTS 

s• 
CTS 

• Rm-1 
•Rm 

Figure 2.2: An illustration of cooperation in MAC layer. 

a number of relay nodes (R1 , ... , Rm) and a destination node (D). Each node in the network 

maintains a CoopTable which is used to keep records of potential relay nodes. Besides, an 

extra control message called HTS (Helper ready To Send) is defined for the relay node to 

acknowledge its participation in the transmission. The CoopMAC protocol proposed in [8] is 

briefly described as follows: 

Source Node: 

(a) Whenever the source node has data to transmit, it will check the CoopTable to 

search for a relay node candidate (with an average data rate higher than that of di

rect transmission). If such a relay node is successfully found, the source node sends 

the RTS (Request To Send) control message with the indication of the selected re

lay candidate. If such a relay candidate is not found, the regular IEEE 802.11 MAC 

procedure will be followed. 

(b) If neither an HTS from the relay candidate nor a CTS (Clear To Send) message 

from the destination node is heard after a time period, or a CTS is lost after an 

HTS has been received, the source node should perform regular random backoff 

procedure, assuming a collision has occurred. 

( c) If the source node has heard the CTS from the destination node without receiving 

any HTS from the relay candidate, a direct data transmission will be carried out by 
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the source node. Besides, the CoopTable will be updated. 

( d) If both the HTS and the CTS are heard, the source node will send the data packet 

to the relay candidate, and the CoopTable will be updated as well. 

( e) If an acknowledge (ACK) is successfully received, the source node will transmit 

the next data packet. Otherwise, the source node performs the random backoff 

procedure, then the packet will be retransmitted. 

Relay Node: 

(a) If a node receives an RTS message which indicates it as a relay candidate, the 

node will check whether the conditions are satisfied. If it meets the requirements 

specified in the RTS, an HTS will be sent out to indicate participation in the data 

transmission. Otherwise, it just goes back to the initial state. 

(b) After the HTS message has been sent out, a CTS from the destination node is 

expected. If such a CTS message is heard, it will wait for the data packet from the 

source node. Otherwise, the relay node will go back to the initial state, assuming 

the data packet transmission has been aborted. 

Destination Node: 

(a) When an RTS has been heard by the destination node, an HTS is expected from the 

relay candidate as indicated in the RTS. 

(b) If an HTS is heard at a time period after the RTS message, the destination node will 

send a CTS message to the source node, and a timer corresponding to the expected 

time of receiving the data packet is set up. 

( c) If the expected HTS message has not been heard, the destination node will also 

send a CTS message to the source node, with a different timer duration being set 

up. 
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Through cooperation in the MAC layer, higher throughput and lower transmission delay 

can be achieved. As the cooperation gain [8,28] can vary considerably with the relay selection 

scheme and the medium access control protocol, it is vital to design an effective and efficient 

cooperation scheme to identify and coordinate the optimal nodes. 

2.2 Relay Selection and Medium Access Control 

To achieve the cooperation gain in the MAC layer, various schemes have been proposed. In 

this section, different types of cooperative MAC schemes will be briefly introduced. 

2.2.1 Centralized Cooperative MAC 

In the centralized solutions such as [29,30], a central controller (e.g., the source node) needs 

to acquire the knowledge of the potential relays via additional handshaking messages, and 

then chooses the optimal relay. In [29], a dynamic relay selection scheme is proposed, which 

takes into account the tradeoff between performance improvement and corresponding cost of 

cooperative communications. To achieve the maximal performance, an optimization model is 

formulated based on the constrained Markov decision process. In [30], based on the instanta

neous channel information and the target user rates, the base station assigns one or more relays 

to each user to minimize total power in the uplink and satisfy its QoS requirement. 

Although centralized schemes can rely on the central controller to determine the best relays, 

the message exchanging may introduce unacceptable delay for delay-sensitive services (e.g., 

multimedia service) as well as high energy consumption. Also, a global knowledge of the 

relays is often infeasible and sometimes unnecessary. 

2.2.2 Distributed Cooperative MAC 

In the literature, distributed relay selection and medium access control has been widely studied, 

due to light signalling and good scalability. 
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For the probability-based schemes in [12, 13], each potential relay independently decides 

a forwarding probability by considering a variety of factors, such as distance, direction, local 

signal-to-noise ratio (SNR) [12], or the statistical information of the local environment [13]. As 

a collision occurs when more than one relay happens to forward the overheard data at the same 

time, the probabilistic cooperation schemes need to minimize the collision probability and 

maximize the transmission success probability. However, when the number of relays builds 

up, it becomes challenging to determine the optimal forwarding probability for each relay. 

If the forwarding probability is underestimated, the transmission success probability can be 

low since the relays are overconservative. On the other hand, if the forwarding probability is 

overvalued, the transmission success probability can be low as well, because of high collisions. 

As a result, the transmission success probability is usually upper bounded at a low level, as 

shown in [ 13, 31]. Frequent retransmissions not only result in long delay but also cause high 

energy consumption. 

From this point of view, another class of distributed cooperative schemes based on the back

off timer seems more promising, because of their low collision probability and high transmis

sion success probability. In [15], a cross-layer distributed scheme is proposed by extending the 

conventional ready-to-send/clear-to-send (RTS/CTS) handshaking with a ready-to-help (RTH) 

message from the optimal relay. The relay selection is based on the composite cooperative 

transmission rate (CCTR), which involves the broadcast rate from the source and the data rate 

from the relay to the destination. In order to reduce collisions in relaying, the contention pro

cess is divided into inter-group contention and intra-group contention. The relays are grouped 

according to CCTR and send out indication signals after different backoff time. The optimal 

relay of the highest CCTR waits for the shortest time and wins the contention. In [16], the 

authors propose a simple cooperative diversity method based on the local measurements of the 

instantaneous conditions of the source-to-relay and relay-to-destination channels. Two policies 

are proposed to map the estimated channel conditions into a backoff timer value. The theo

retical analysis of the collision probability also demonstrates the advantage of the two backoff 
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policies. 

Because of the low collision probability and high transmission probability, the energy con

sumption of the backoff-based schemes will be much lower than that of the probability-based 

schemes. In this thesis, we will focus on the backoff-based scheme. 

2.3 Energy Efficient Schemes 

2.3.1 Energy Saving 

With rising energy costs and rigid environmental standards, green communications have at

tracted substantial research attention in recent years. Due to the energy constraint of mobile 

devices, energy efficiency is an important topic for wireless networks [ 17, 18]. In [32], a dis

tributed energy saving scheme is proposed to coordinate the nodes' sleeping activity, so that a 

connected backbone network is always present. With the proposed technique, the energy con

sumption of the multi-hop ad hoc wireless network can be reduced without significantly dimin

ishing the capacity of the network. In [33], the energy consumption is reduced by identifying 

nodes that are equivalent from a routing point of view and then turning off the unnecessary 

nodes. As seen, the proposed method not only maintains the application fidelity, but also saves 

much energy. GeRaF [34] saves energy by using geographic information to put nodes to sleep 

and wake them up in an uncoordinated manner. Accurate analysis is provided, which is based 

on a sophisticated semi-Markov model. 

These schemes from a routing perspective for ad hoc networks can be too heavy for the two

hop cooperative relay scenario. Further investigation is required to properly integrate effective 

energy saving into the cooperative relaying solution. 

2.3.2 Energy Balance 

Many existing cooperation schemes [8, 12, 13] neglect the energy consumption of relays (i.e., 

assuming unlimited energy of relays), which may lead to unacceptable performance in the 
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energy constrained scenario [14], especially for the QoS-demanding multimedia services. Be

sides, many studies focus on a single S-D pair served by a number of dedicated relays. It 

becomes more complicated to consider multiple S-D pairs that share a group of energy

constrained relays, which is a more realistic scenario in practice. 

The energy concern together with the new cooperation scenario pose new challenges in the 

cooperation scheme design. For example, a relay may run out of energy quickly, which leads 

to severe performance degradation of some S-D pairs. As seen, it is important to balance the 

energy consumption among these relays. 

2.4 Incentive Mechanisms 

Although auction theory has been widely studied in the economics literature, the existing auc

tion mechanisms cannot be directly applied to the cooperative communication scenario for the 

cooperation incentive design, since they fail to fully satisfy the required properties stated in 

Chapter 1.1.2. Here, we briefly review three representative double auction mechanisms, i.e., 

VCG-based double auction, McAfee double auction and TASC double auction. 

2.4.1 VCG-based Double Auction 

One of the most well-known auction mechanisms is the truthful Vickrey-Clarke-Groves (VCG) 

auction [35-37]. In [25], Parkes et al. propose a Vickrey-based double auction, which achieves 

individual rationality and budget balance. The assignment between buyers and sellers is de

termined to maximize social welfare (system efficiency), while the player's utility equals the 

incremental contribution to the overall system, i.e., the difference between the social welfare 

with and without a player's participation. However, the well-known result in [26] reveals that 

it is impossible to design a truthful, efficient, and budget-balanced double auction, even putting 

individual rationality aside. Therefore, the Vickrey-based double auction in [25] is only fairly 

efficient and fairly truthful. 
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2.4.2 McAfee Double Auction 

In [24], McAfee double auction aims at a scenario with homogeneous commodities, where 

buyers have no preference over auction items. Each buyer submits only one bid, and each 

seller submits one ask. Then, according to the ordered statistics of the bids and asks, the auc

tioneer determines the winning buyers, winning sellers, and the clearing price and payment. 

Although McAfee double auction can achieve three desirable economic properties, includ

ing individual rationality, budget balance, and truthfulness, the homogeneity of commodities 

in McAfee double auction limits its application to the cooperative communication scenario, 

where the S-D pairs as service buyers have preferences over the relays as service sellers. 

2.4.3 TASC Double Auction 

In [27], Yang et al. propose a truthful double auction mechanism (TASC) for cooperative com

munications with heterogeneous trading commodities, i.e., services of relay nodes. In TASC, 

there are two stages, namely, Assignment and Winner-Determination & Pricing. In the assign

ment stage, the auctioneer applies an assignment algorithm to determine the winning buyer 

candidates (source nodes), the winning seller candidates (relay nodes), and the mapping be

tween these buyers and sellers. Depending on the design objective, the auctioneer can choose 

a different assignment algorithm. For example, the optimal relay assignment algorithm [38] 

can maximize the minimum QoS among all buyers; the maximum weighted matching algo

rithm [39] can maximize the overall QoS; and the maximum matching algorithm can maximize 

the number of successful trades (final matchings). In the winner-determination & pricing stage, 

TASC tightly integrates the winner determination and the pricing operation. Based on the re

turn of the assignment stage, the auctioneer applies McAfee double auction [24] to determine 

the winning buyers, the winning sellers, and the corresponding clearing price and payment. 

When TASC is applied, it can satisfy individual rationality, budget balance, and truthfulness 

for the sellers. However, we illustrate using an example in Chapter 5.2.3 that a buyer can bid 

untruthfully to improve its utility. Hence, TASC cannot guarantee the truthfulness of buyers. 

14 



Chapter 3 

Energy-Efficient Cooperative MAC for 

Single S-D Pair 

3.1 Motivation and Overview 

Most of the cooperative MAC schemes assume that the number of relays or the relay intensity 

is known a priori. For example, the analytical framework in [14] evaluates the uncoordinated 

cooperative scheme proposed in [40] for a given and fixed number of relays. An enhance

ment approach is further developed based on the analytical framework to adapt the forwarding 

probabilities of participating relays. In [41], different relay selection methods are analyzed 

using stochastic geometry, given the intensity of relay distribution. As seen, the relay intensity 

is a critical parameter to guarantee the performance of cooperative schemes. However, such 

information may not be available in advance and may even dynamically change, e.g., when 

a network is newly set up or the network topology dynamically changes. Thus, it is vital to 

estimate the relay intensity accurately and efficiently. 

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 schemes may suffer a high energy consumption, because of the sig-
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nalling exchange in the centralized solutions, or excessive packet retransmissions resulting 

from a bounded transmission success probability of the probability-based schemes. 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 relaying scheme needs to be properly integrated with an effective energy saving 

scheme. Although there are many studies on energy saving, e.g., for ad hoc and sensor net

works with sleeping nodes [34], 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 scheme to minimize en

ergy consumption while maintaining satisfactory transmission success probability. The perfor

mance of the proposed cooperative solution, particularly the collision probability, is analyti

cally evaluated, since it determines the transmission success probability and thus the average 

energy consumption. The numerical and simulation results validate our analysis and demon

strate that the proposed cooperative solution outperforms the uncoordinated reference scheme 

with respect to the transmission performance and energy saving. 

The remainder of this chapter is structured as follows. Section 3 .2 defines the system 

model and formulates the problem for this study. In Section 3.3, we propose an estimation 

algorithm for relay intensity. A distributed cooperative solution with an energy saving scheme 

is introduced and analyzed in Section 3.4. Numerical and simulation results are presented in 

Section 3.5, followed by conclusions in Section 3.6. 

16 



0 

0 

0 

0 

----- L -----

Figure 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. 

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, follow

ing a homogeneous Poisson point process (PPP) with an unknown intensity A. 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 [42]. 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 correct! y overhear the packet from the source. 

We focus on the cooperative transmission of packets from S to D of a distance L in be

tween, as illustrated in Fig. 3 .1. Although the direct transmission from S to D may not def

initely fail, the success probability can be very low when L is large. Focusing on this chal

lenging 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. 
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Figure 3 .2: Timing structure. 

Fig. 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 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 lo

calization technique based on signal strength, time-of-arrival or angle-of-arrival measurements 

with nearby nodes [43,44], 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 hand

shaking. 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 locations of relay nodes, and one relay does not have the location informa

tion 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 
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SNR of the received signal can be written as 

(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 9xy = llx - Yll-v, where llx -yll is the Euclidean distance, 

and vis 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 [12]. The probability of 

correctly decoding a packet is given by 

(3.2) 

where K = T0N0 / P0 • Thus, the one-hop transmission success probability with v = 2 is given 

by 

-KL2 

PsD = e . 

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

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 = e-K(L1R+LJw-L2
) = e-2KLsRLRDCos(L.SRD) 

PsD 
> 1 

which requires that cos (LSRD) ::::; 0. Therefore, we only focus on the relays within the 

region fh, which is the circle with a diameter L, as shown in Fig. 3.1. 

Some important notations are summarized in Table 3 .1. 
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Table 3 .1: Important Notations. 
Symbol Definition 

s Source node 

D Destination node 

L Distance between S and D 

ll Path-loss exponent 

Po Transmit power 

No Power of additive white Gaussian noise 

To SNR threshold of signal decoding 

Ri Relay node 

ri Distance of relay Ri to destination D 

Ti Backoff time of relay Ri 

Li Distance of relay Ri to source S 

A Relay intensity 
I 

A Potential relay intensity after thinning process 

A Estimated relay intensity 

~A Estimation error of relay intensity 

f h The circle region with a diameter L, as shown in Fig. 3.1 

Or The part of the circle centered at D of a radius r within OL 

Ar The area of region Or 

Ar Intensity measure of potential relays in Or with respect to A 

A~ Intensity measure of potential relays in Or with respect to A 
I 

Qi Sleeping probability of relay Ri 

(i Active probability of relay R 

r(l)/r( 2) Distance of the first/second nearest potential relay to D 

f(r) The probability density function (PDF) of r(i) 

F(r) The cumulative distribution function (CDF) of r(i) 

F(r) Estimated CDF of r(i) 

~F Estimation error of F(r) 

FB The bound of estimation error ~F 

E Average energy consumption of a successful transmission 

Et Energy consumption for transmitting a packet 

Er Energy consumption for listening and receiving a packet 

Lo Threshold that determines the active/sleeping probability 

P1+ The probability that at least one potential relay in OL0 

P2+ The probability that at least two potential relay in OL0 

g(r1, r2)/h(r1) Joint PDF of r(l) and r( 2) 

Pc Collision probability 

pU 
C Upper bound for Pc 

C Collision window (time interval) 

w Collision window (distance interval) 

Ti Forwarding probability of Ri in probability-based scheme 
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3.2.2 Problem Formulation 

Cooperative wireless communications have been widely studied and various techniques 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) [4]. 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 transmis

sions 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 min

imize 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 ex

ploiting 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 [13,31]. Thus, the energy consumption is also high because of packet retrans

mission. 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. Ac

cording 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 coopera-
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tive scheme, in which each relay sets the backoff timer to 

(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 [ 16]. This 

is generally a valid assumption for MAC-layer study and has been widely considered in the 

literature [8, 12, 13, 16]. 

It is worth mentioning that the setting of backoff timer in (3.3) cannot guarantee maxi

mization of the throughput of the source. We see in (3 .2) that the distance determines the 

transmission success probability over the relay-to-destination channel. In other words, the 

distance actually captures average channel state information in the long term. Hence, the po

tential 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 expe

rience better instantaneous channel conditions than the relay with the smallest distance to the 

destination. However, more signalling overhead will be incurred to collect instantaneous chan

nel 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 scheme 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. In

tuitively, 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 
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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 

3.3.1 Estimation Algorithm 

As discussed in Section 3 .2.2, the efficiency of the energy saving scheme depends on appro

priate setting of the sleep probability of the relay, which in tum 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 algorithm to estimate the relay intensity, which is further 

used in the energy saving scheme presented in Section 3.4 for cooperative transmission. 

Given the system model in Section 3.2.1, the relays are distributed as a homogeneous 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 scheme, which is different from the energy saving scheme used with the cooperative 

scheme in Section 3.4. According to the backoff scheme in (3.3), the relay closer to the source 

but farther from the destination sets a longer back<?ff 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 

-KL2 
e 

Qi = 1 - e-KL;° (3.4) 

Thus, the spatial distribution of the potential relays can be viewed as the result of a p(x)-
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thinning process [45]. 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 Sis given by Ps~ · (1 - f2i) = e-KL
2

• Therefore, the distribution of the potential relays is 

not only a PPP according to Prekopa's Theorem [45], but also homogeneous with the intensity 

given by 

, ' _ , -KL2 

/\ -/\•e . (3 .5) 

Then, we can obtain the intensity measure of the potential relays in the region Or (the gray 

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

(3.6) 

where Ar is the area of region Or, given by 

2 ( r) L
2 . ( r) L · r v ( r )2 Ar = r arccos L + 2 arcsm L - -

2
- 1 - L · (3.7) 

Let r(i) 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 [r, r + L}.r] to D, we have 

the occurrence probability 

(3.8) 

where 1 - e-A~ is the probability that there is at least one potential relay within fh, and A~r 

is given by 

Similarly, the probability that the nearest two potential relays both fall into [r, r + L}.r] is given 
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by 

Pr[r ::; r(i) ::; r + ~r, r ::; r(2) ::; r + ~r] 

1 , (A~ )
2 

, 
I I I e-Ar r e-At:i.r = o(~r). 

1 - e-AL - A Le-AL 2 

(3.9) 

Here, a function Y(~r) is said to be o(~r) if lim~r-+O Y~r) = 0. Similarly, the probability 

that there are more than two potential relays within [r, r + ~r] is also o(~r). Therefore, we 

can obtain the probability density function (PDF) of r(i) as 

( ) 
. Pr[r ::; r(i) ::; r + ~r] + o(~r) 

fr= hm ~ 
~r-+0 r 

, e-A~ ( r) 
= ,\ _ , 2r arccos L . 

1- e AL 

(3 .10) 

The corresponding cumulative distribution function (CDF) is given by 

(3 .11) 

I 

When e-AL -+ 0, we can approximate the CDF as follows: 

(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 .2 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 F(r). 
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Table 3.2: Intensity Estimation Algorithm. 

1: for i = 1 : Na do C> Na packets are transmitted to estimate .X 

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 Ari according to (3 .7); 

12: for i = 1 : Ia do C> Ia iterations are run to estimate .X 

13: The destination node estimates F'(n) according to the record obtained above; 

14: Calculate Ai from F'(ri) according to (3.12); 

15: Calculate Ari+i according to (3.17) by using Ai; 
16: Calculate rH1 from Ari+i according to (3.7); 

17: end for 

18: Return A; 

Supposing that the estimated F ( r) involves an error !:l.F, we have 

(3.13) 

- - -
Denoting the intensity estimated from F(r) by .:\, we define .X = .X + /:l..X, where /:l..X indicates 

the estimation error of the intensity. Then, we rewrite F(r) as 

(3.14) 

Combining (3.13) and (3.14), we obtain 

(3.15) 

Since /:l..X is a function of Ar ( as well as r), we have 

d!:l..X !:l.F e.XAre-KL2 . ( .XAre-K £2 - 1) 

dAr - e-KL2 . Ar 2 
(3 .16) 
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If the estimation error 13.F is bounded, ~.A is minimized when 

(3 .17) 

Since the Ar and the corresponding r that satisfies (3 .17) are unknown, we use the iterative 

algorithm in Table 3 .2 to approach the exact intensity .A so as to minimize the estimation error. 

- -
As seen in Line 11 to Line 17, an intensity estimate ,\ is obtained from the observed F(ri) 

in the ith round. Then, Ari+i and ri+1 are updated for the ( i + l)th round by applying ~i to 

(3.17). 

3.3.2 Convergence 

The following lemma proves that the iterative algorithm approaches to the optimal r that satis

fies (3 .17) and minimizes the estimation error 13..A. 

Lemma 3.1. For any E > 0, there exists an I 0 so that, when the number of iterations I> I0 , we 

have lri - r 0 1 < E, where r O is the achievable distance that approaches the minimum estimation 

error 13..A, given that the estimation error of F(r) is bounded by FB, i.e., 0 ~ 113.FI ~ FB « 

Proof. According to (3.17), we need to show that Arie-KL
2 

converges to Ar
0
e-KL

2 6 x 0 , so 

as to prove that ri is updated with the iterative algorithm in a manner so that it converges to 

r 0 • Letting ..\0 denote the optimal estimation of .A, we have x 0 = }
0

• For the ith iteration, we 

define the iterative term xi= Arie-KL
2

• Given -FB ~ 13.F ~ FB, if 13.F > 0, we would have 

xi < x 0 = }
0 

< t after very few iterations. Then, we define the estimation errors of any two 

adjacent rounds as follows: 
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From (3.13) and (3.14), we have 

(3 .18) 

Therefore, we have 

For other cases of ~F, it can be shown similarly that xi converges to x 0 • Thus, Ti can converge 

to T 0 to approach the minimum estimation error ~A. D 

3.4 Energy-Efficient Cooperative Scheme 

The estimation algorithm in Section 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 [ 16]. In this chapter, 

we focus more 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 
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Figure 3 .3: An illustration of sleeping scheduling for relays. 

the energy consumption, each relay Ri independently decides its on/off status at the beginning 

of a slot according to a sleeping probability f2i. 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 

fewer retransmissions and lower energy consumption. 

Lemma 3.2. Assume perfect relaying over the relay-to-destination channel. To minimize en

ergy consumption, the active probability (i = 1 - f2i of a relay Ri in the region nL should be 

either O or l. 

Proof. The extended proof for the general case with m relays is given in Appendix A.I. In the 

following, we present the proof for a special case with two relay nodes for easy comprehen

sion. Consider two arbitrary relay nodes R1 and R2 in the region nL, 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 R 1 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 
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the other hand, the opportunity of locating a good relay also increases with the number of re

lays, which reduces packet loss caused by poor channel conditions. Moreover, the collision 

probability of the backoff-based cooperative scheme is very low and increases slowly with the 

number of relays, as illustrated in Section 3.5.3. Hence, the transmission success probability 

is not lowered with more relays. The trade-off between the energy consumption and the trans

mission success probability will be discussed in depth in Section 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 = (1(2 [2Er + P1Et + (1- pi)p2Et + (1- P1)(l - P2)E] 

+ (1(1- (2) [Er+ P1Et + (1 - P1)E] 

+ (1 - (1)(2 [Er+ P2Et + (1 - P2)E] 

+ (1 - (1) (1 - (2)E. 

(3.19) 

In (3 .19), the first term gives the total energy consumption if both R 1 and R 2 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 R 1 , 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 

(3.20) 

Eq. (3 .20) provides a physical interpretation of the average energy consumption, 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 R 1 and R 2 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 
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consumption. Thus, we consider 

P1(1 - (1 - P1(i)p2(1 . E 
2 r 

[ 1 - (1 - P1(1)(l - P2(2)] 

(3.21) 

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

(3.22) 

where P<; is derived by setting 1~ = 0 and given by 

Pc = :1 · (i - ~1 (1 - 1) · (3.23) 

As seen, to minimize the energy consumption, the active probability of the relay R 2 is either 0 

or 1, depending on its successful receiving probability p2 and the status of other relays captured 

D 

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

any relay Ri in the region ~h and with a distance less than L0 to D has an active probability 

(i = 1, and all the other relays have (i = 0. Extending (3.20), we write the average energy 

consumption for the above energy saving scheme as 

J f n 1 · ArdBdr 
E = Et + Lo A · Er 

1 - e- Lo 
(3.24) 

where nLo denotes the region within nL and with a distance less than L0 to D, and ALo is the 

intensity measure of the potential relays in nLo, given by 

31 



Hence, the probability that at least one relay in nLo correctly overhears the packet is given by 

(3.25) 

which is actually the upper bound of the transmission success probability. Following an ap

proach similar to (3.21)-(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 ffo = 0. The threshold 

L0 should satisfy 

(3.26) 

where PLo is the average successful receiving probability of the relays on the separating arc of 

nLo as illustrated in Fig. 3.3, given by 

_ J;rccos( ¥-) e-K(L2+L5-2LLo cosO)de 

PL = ------------
0 arccos(~0

) 

(3.27) 

and P<;, captures the status of the relays in nLo, given by 

(3.28) 

As seen, the proposed energy saving scheme is distributed, since the active probability is 

determined individually by each relay according to its distance to D and the relay intensity 

.A. The relay intensity can be estimated by the destination with the algorithm in Table 3.2 and 

obtained by each relay via prior handshaking. Intuitively, if the relay intensity is overvalued, 

the threshold L0 will be underestimated, and Pi+ will be too small. Consequently, the energy 

consumption will be high due to retransmissions, since the transmission success probability is 

bounded by Pi+ at a low level. If the relay intensity is underestimated, the threshold Lo 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 A becomes important to properly determine L0 • In Section 3 .5 .2, we will provide a 
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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 scheme 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 fh, because the global information of the relays will 

be required. We leave that to future work. Although the proposed scheme is not optimal, it is 

highly efficient due to the distributed nature, which is validated by the results in Section 3.5.3. 

3.4.2 Analysis of Collision Probability 

Since collisions are a main concern with distributed cooperative solutions, we evaluate the col

lision 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 indistin

guishable time interval c. As discussed in [ 16], this uncertainty interval depends on factors 

such as radio switch time between the receive and transmit modes, and different signal propa

gation 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 rv, which means that two potential relays nearest to the destination are 

spaced less than rv 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 rv, which also captures the relay differences as well as the synchronization 

margin. 
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Provided that at least two potential relays lie in nLo with a probability 

(3.29) 

we next obtain the joint distribution of the distance of the first and second nearest potential 

relays to D. Let r(i) and r(2) denote the distance of the two nearest potential relays to D, where 

r(i) ::; 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 [r1 , r 1 + ~r], while the second nearest potential relay falls into the region [r2 , r 2 + ~r], 

where r 1 < r 2 ::; L0 • The corresponding occurrence probability is given by 

(3.30) 

where 

iri +6r larccos( f) 
A6r1 = 2 e-K(L2+r2-2Lrcos0) ArdBdr 

r1 0 

1
r2+6r larccos( f) 

A6r2 = 2 e-K(L2+r2-2Lrcos0) ArdBdr 
r2 0 

1

r21arccos( f) 
Ar2 = 2 0 0 e-K(L2+r2-2Lrcos0) .X.rdBdr. 

Therefore, we obtain the joint PDF as 

(3 .31) 
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In the second case, the two potential relays lie in the same sufficiently small region [ri, r 1 +~r], 

which occurs with a probability 

Pr[r1 ::; T(1) ::; r1 + ~r, r1 ::; T(2) ::; r1 + ~r] 

= _1_. e-Ar1 . (A~r1)2 e-A~r1. 

P2+ 2 

The PDF for the second case is then 

(3.32) 

(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 fh0 as 

follows: 

(3.34) 

where 

1
r1 +w 1arccos( f) 

A~w = 2 e-K(L2+r2-2Lrcos0) .,\rdt9dr 
r1 0 

1
Lo-w 1arccos( f) 

ALo-w = 2 0 0 e-K(L2+r2-2Lrcos0) .,\rdt9dr. 

The derivation of (3.34) is given in Appendix A.2. An upper bound is also obtained for Pc in 

Appendix A.2, given by 

(3.35) 

where 

!Lo 1arccos( f) r = max{ A~w} = 2 e-K(£2+r2-2£rcos0) .,\rdt9dr. 
Lo-w 0 
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Figure 3 .4: CDF of the distance of the nearest potential relay to the destination . 

3.5 Numerical Results 

In this section, numerical and simulation results are first presented to demonstrate the accuracy 

of the estimation algorithm for relay intensity introduced in Section 3 .3. Then, we validate 

our theoretical analysis in Section 3 .4.2 for the cooperative scheme with energy saving. The 

proposed scheme is also compared with an uncoordinated probability-based scheme. Table 3 .3 

lists the default system parameters. 

Table 3.3: System Parameters . 

Symbol Value Definition 

Po/No 40dB SNR of the transmitter 

To 5 SNR threshold of signal decoding 

V 2 Path-loss exponent 

L 70m Distance between source and destination 

>. 10-2 rv 10-l Relay di stribution intensity 

w 0.5 m Collision window (distance interval) 

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 A are shown in Fig. 3 .5. As seen, the esti

mated A is of high accuracy, which demonstrates the effectiveness of our proposed estimation 
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Figure 3.5: Estimated relay intensity A vs. exact relay intensity A. 
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Figure 3.6: Estimated relay intensity A vs. number of iterations. 

algorithm. To further investigate the efficiency of our estimation, we illustrate its convergence 

speed in Fig. 3 .6. It is observed that the estimated A converges very quickly to the optimal 

solution with the minimum achievable estimation error. The maximum error bound for F(r) 

(i.e., FE) is always less than 0.02, as seen in Fig. 3 .4. Also, it can be found that when the error 

bound FB is 0.005, the relative estimation error of A is around 1 % after convergence, while it 

is around 5.5% when the estimation error of F(r) is 0.02. Note that if the proposed iterative 

algorithm is not applied, the relative estimation error of A can be very large even when FB 

is small. For example, if we choose an improper distance r to collect the statistics of F(r) 

without using the iterative algorithm, the estimation error for A can be as high as 30%. Hence, 

we see that the proposed intensity estimation algorithm is effective and efficient. 
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Figure 3 .7: Energy consumption and the probability of at least one potential relay vs. distance 

to the destination. 

3.5.2 Energy Saving Scheme 

Fig. 3 .7 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 for listening/receiving are taken to 

be a constant [46], and the energy consumption in Fig. 3.7 is in the unit of this constant. 

Besides, Fig. 3 .7 also shows the probability that at least one potential relay lies in the region 

Dr (Pi+), 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 P 1+ 

cannot offset the side effect of higher incurred energy consumption. 

Since the transmission success probability is bounded by Pi+, there is a trade-off between 

the transmission success probability and the energy consumption. As seen in Fig . 3 .7 , the 

minimum energy consumption is achieved with L0 ~ 12, which can be obtained from (3 .26)

(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 = 30, we have Pi+ almost 1 and 

achieve about 70% energy saving compared to L0 = L. If Pi+ can be relaxed to 0.8, L0 = 20 
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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 

L0 based on our preceding analysis in Section 3 .4.1. For the experiments in Section 3 .5 .3, we 

use the values in Table 3.4 for L0 , which ensures a Pi+ around 0.8. 

Table 3 .4: L0 for Numerical Analysis and Simulations. 
..\ 0.01 0.02 0.03 0.04 0.05 

Lo 25.5 20 16.5 14.5 13.5 

..\ 0.06 0.07 0.08 0.09 0.10 

Lo 12.5 11.5 11 10.5 10 

3.5.3 Performance Evaluation 

For comparison purposes, we consider an uncoordinated probability-based solution for refer

ence. Similar to the local SNR based scheme proposed in [12], a potential relay Ri forwards 

an overheard packet with a probability Ti, given by 

(3.36) 

where ri is the distance of Ri to D. Thus, Ti gives the probability that no potential relay in Ori 

has an average SNR greater than that of Ri. 

Fig. 3 .8 shows the numerical results and simulation results of the collision probability 

against the threshold L0 of the energy saving scheme. 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 A due to a greater number of potential relays. Also, 

it is observed that the collision probability is tightly bounded by the upper bound when Lo 

is small, and it is much smaller than the bound when L0 gets larger. As shown in Fig. 3.8, 

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 
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Figure 3 .9: Collision probability Pc vs. relay intensity A. 

more active relays. 

Fig. 3 .9 compares the collision probability of the cooperative scheme proposed in Sec

tion 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 scheme can 

reduce the collision probability of both schemes , since the number of contending relays is 

smaller by turning off relays outside the region n Lo . 

Fig. 3 .10 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 [13,31]. In contrast, the backoff-based solution can achieve a transmission success proba

bility higher than 0.65, because of the low collision probability shown in Fig. 3 .9. Moreover, 
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Figure 3.10: Transmission success probability vs. relay intensity A. 

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 .4, although the threshold L0 

reduces the collision probability, as shown in Fig. 3.9. This is because the transmission success 

probability is upper bounded by Pi+, and we select L0 here to ensure a Pi+ around 0.8 . It is 

also observed in Fig. 3.10 that the transmission success probability only varies 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 intensity, as shown 

in Fig. 3.11. 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 .4 are ap

plied. This is achieved by taking advantage of the low collision probability and high transmis

sion success probability of the backoff-based scheme. Besides, we find that both schemes can 

achieve substantial energy saving as opposed to that with L0 = 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. 
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Figure 3.11: Energy consumption vs. relay intensity>.. 

3.6 Chapter 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 probability dis

tribution of the distance of the nearest potential relay to the destination. The proposed esti

mation 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 accord

ingly to guarantee a required transmission success probability and effectively reduce the en-
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ergy 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. 
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Chapter 4 

Energy-Efficient Cooperative MAC for 

Multiple S-D Pairs 

4.1 Motivation and Overview 

Most of the cooperative MAC schemes focus on the scenario, where a single source-destination 

(S-D) pair is served by a number of dedicated relays [8, 14,41]. Extending the simple cooper

ation scenario, we consider a new framework where multiple S-D pairs share a group of relays 

with energy constraint, which is a more realistic scenario in practice. The energy concern 

together with the new cooperation scenario pose new challenges in the cooperative scheme de

sign, e.g., a relay may run out of energy. In addition, the scalability of the cooperative schemes 

is another key issue that requires further investigation. 

In this chapter, considering the new framework with multiple S-D pairs sharing a number 

of energy-constrained relays, to satisfy the QoS requirements of multimedia services in a green 

manner, we propose an energy-aware uncoordinated 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 uncoordinated schemes and the analyti-
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cal bounds. The numerical and simulation results demonstrate that our proposed scheme is 

preferable for the delay-sensitive multimedia services and achieves significant energy saving. 

The remainder of this chapter is structured as follows. Section 4.2 gives the system model 

and the problem formulation. In Section 4.3, we propose a novel uncoordinated cooperation 

scheme and then analyze its performance bounds in Section 4.4. Numerical and simulation 

results are presented in Section 4.5, followed by conclusions in Section 4.6. 

4.2 System Model and Problem Formulation 

4.2.1 System Model 

Consider a wireless network with n S-D pairs and m relay nodes as illustrated in Fig. 4.1. 

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 [42,47]. 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 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 decode-and-forward (DF) [4] protocol; other cooperative communication protocols 

can also be considered in a similar way. 

Similar to the system model in Section 3 .2.1, we assume that each node knows its own 

location, which can be obtained either from a positioning technique or through a GPS receiver. 

Further, the relay nodes can obtain the locations of the sources and destinations from the pig

gybacked 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 
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Figure 4.1: An illustration of the system model for cooperative transmission. 

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 characterized by (3.1). For reference convenience, we 

rewrite (3 .1) here: 

(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 exponentially distributed with unit mean. 

The path-loss effect is captured by gxy = llx - Yll-v, where llx - YII is the Euclidean distance, 

and v 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 [12]. Therefore, 

the probability that a packet is successfully received is the same as (3 .2), given by 

Pxy = Pr['Yxy ?: To] = exp ( - Po~~o llx - Yllv). (4.2) 

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 n sources to the relay Ri by 

i = 1, 2, ... , m. 
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Similarly, the transmission success probabilities from the relay Ri to the n destinations are 

given by 

i = 1, 2, ... , m. 

Some important notations are summarized in Table 4.1. 

4.2.2 Problem Formulation 

As discussed in Section 3.2.2, a centralized relay selection scheme is subject to large over

head and long delay incurred with exchange of channel state information. On the other hand, 

the distributed solutions often require an effective approach to mitigate the collisions among 

multiple potential relays. While the probability-based uncoordinated schemes suffer from high 

collisions, the backoff-based distributed schemes can handle collisions more effectively and 

present better performance in terms of the transmission success probability and delay. Hence, 

in this chapter, we also focus on the backoff-based cooperation similar to Chapter 3. 

Specifically, we propose a novel backoff-based distributed cooperation scheme, in which 

each potential relay sets a backoff timer based on a variety of factors. Considering the group 

cooperation model in Section 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 scheme 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= Pr[V 2: Vmax] < c (4.3) 

where V is the packet delay, Vmax is the acceptable upper bound, and c is a small probability 

that is allowed for QoS violation. 
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Table 4.1: Important Notations. 

Symbol Definition 

S1 I D1 Source node I destination node 

Ri Relay node 

n Total number of S-D pairs 

m Total number of relay nodes 

V Path-loss exponent 

Po Transmit power 

No Power of additive white Gaussian noise 

To SNR threshold of signal decoding 

Ps1 Ri Transmission success probability of packets from S1 to Ri 

PRiDj Transmission success probability of packets from Ri to D1 

VIV Packet delay / average packet delay 

Vmax Acceptable upper bound of packet delay 

Pout Delay outage probability 

c A small probability that is allowed for QoS violation 

dij Distance between relay Ri and destination D1 

l Maximum distance of potential relays to a destination 

wij Cooperation capability of Ri for D1 with respect to dij 

Ei Energy level of Ri 

Ee Energy upper limit 

wij Cooperation capability of Ri for D1 with respect to Ei 

U(O, 1) Uniform distribution between O and 1 

Wi1 Overall cooperation capability of Ri for D1 

p Trade-off parameter between energy status and distance metric 

X1 Set of relays that correctly overhear packet from S1 

lxJ) Indicator function 

Ti1 Backoff time of Ri for the SrD1 pair 

K, Update step length 

f(d) The probability density function (PDF) of distance dij 

fw(w) The PDF of the overall cooperation capacity 

fr(t) The PDF of the backoff time 

Fr(t) The cumulative distribution function (CDF) of the backoff time 

C Collision window (time interval) 

Pc Collision probability 

pU 
C Upper bound for Pc 

Psuc Transmission success probability 

Pi1 The probability that Wij is the largest for D1 

Qj The probability that at least one potential relay forwards packet for S1 

gj The probability that Ri transmits packets for S1 in the long term 

Ps~c Lower bound for Psuc 

Ps~c Upper bound for Psuc 

PRLc Relaxed upper bound for Psuc 

P;ci) Normalized relaying probability of Ri in probability-based scheme 
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4.3 Energy-Aware Cooperative Scheme 

4.3.1 Cooperation Criteria 

For a backoff-based cooperation scheme, 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 trans

mission 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 dis

tance 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 

W-~ = { 1 - (dtr. 
ZJ 

0, 

if d·. < l ZJ -
(4.4) 

if dij > l 

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 coop

eration capability, since the shared relays are energy constrained. The example in Fig. 4.2 

illustrates the importance of incorporating the energy status into the characterization of the 

49 



; 
; 

Figure 4.2: An illustration showing how the energy constraint of the relays affects relay se
lection. 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. 

cooperation capability. As seen, the relay R2 is the best relay for both S1-D1 and SrD2 pairs, 

if only the distance to the destination is concerned. Consequently, R 2 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 SrD2 pair will suffer from a perfor

mance 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, R 1 and R2 should serve S1-D1 and SrD2 , respec

tively. 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 

(4.5) 

where Ei is the energy level of Ri with an energy upper limit of Ee. 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 O and 1, denoted by U(O, 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 Di is defined as 

(4.6) 
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Table 4.2: Energy-Aware Cooperative Scheme. 

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

2: while a new transmission occurs between any SrD1 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 D1 

11: end if 

12: end for 

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

14: if D1 decodes the packet correctly then 

15: Transmission succeeds 

16: else 

17: Transmission fails 

18: end if 

19: // Update W concerning energy consumption 

20: Wiq f--- Wiq - p · ,..,, for q = l, 2, ... , n 

21: else 
22: Collision happens and transmission fails 

23: for every relay Re that transmitted do 

24: // Update W concerning energy consumption 

25: Wcq f--- Wcq - p · K,, for q = l, 2, ... , n 

26: // Update W concerning collision 

27: Wc1 f--- Wc1 - (1 - p) · Wj · r;, 

28: end for 

29: end if 

30: end while 

where p E [O, 1] is a weighting parameter to trade-off between the importance of the energy 

status and that of the distance metric. As seen, Wii E [O, 1]. 

4.3.2 Distributed Cooperative Scheme 

Table 4.2 presents the proposed energy-aware cooperative scheme in detail. Based on the 

cooperation capabilities of the relays, the optimal relay for the Sr Di pair is defined as 

arg. max {lxj(i). wij} 
iE{l, ... ,K} 
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where Xi is the set of relays that correctly overhear the data packet from Si, and 

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 Sr Di pair as 

(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 [ 16]. 

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 

q=l,2, ... ,n (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 

(4.9) 

where c1 , c2 , ... , Cz are the indices of the relays Rc1 , ••• , Rcz that collide when forwarding 

the packet for the Sr Di pair. As a higher Wij implies a lower energy level when a collision 
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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 col

lision probability so as to maximize the transmission success probability. In this section, we 

analyze the performance bounds of the proposed cooperative scheme 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 fanction (PDF) of 

their distance d to the destination D within l is given by 

{ 

2d 
-[2' if d ~ l 

f(d) = 
0, otherwise. 

(4.10) 

Proof. Consider the polar coordinate system where D is the origin and an arbitrary relay is 

located at ( d, B). The corresponding location of the relay in the Cartesian coordinate system 

is then (x, y), where x = d · cos(B), and y = d · sin(B). For the relays uniformly distributed 

within the circle of a radius land centered at D, the joint PDF of their locations (x, y) is given 

by 

{ 

~z2 , if v x2 + y2 ~ z 
fx,Y(x,y)= 1r 

0, otherwise. 

Since d = J x2 + y2 , according to the Jacobian matrix, we can obtain the PDF of d as shown 

in (4.10). D 
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Lemma 4.2. If the PDF of the distance of a relay to the destination follows (4.10), the gen

eral cooperation capability concerning the distance, Wd defined in (4.4), follows a uniform 

distribution between O and l. 

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

Pr[Wd ~ w] Eq.<
4

·
4
) Pr[l - (d/l) 2 ~ w] 

tJl-w 
Lemma4.l 1 ~ Jo f(x)dx 

Therefore, Wd f".,J U(O, 1). 

1 - Pr[d ~ lv'f=°w] 
lJl-w 

d2 
1- r = w. 

0 

D 

Theorem 4.1. Since we f".,J U(O, 1) and Wd f".,J U(O, 1), the overall cooperation capability 

defined in (4.6) with p E (0, 0.2] concerning both the distance and the energy status follows a 

distribution with a PDF 

w 
if 0 ~ w ~p 

p(l - p)' 
1 

if 
l-p ' 

p<w~l-p 
fw(w) = 

l-w 
if l-p<w~l 

p(l - p)' 

(4.11) 

0, otherwise. 

Proof. Given two continuous random variables Vi and Vi, if Vi = aVi, the PDFs of Vi and Vi 

are related according to 

fv2(x) = G)!v1m• 

where fVi (-) and fvJ·) are the PDFs of Vi and Vi, respectively. Since we f".,J U(O, 1) and 

Wd f".,J U(O, 1) (Lemma 4.2), we have 

X = p · we f".,J U ( 0, p) , Y = ( 1 - p) · Wd f".,J U ( 0, 1 - p) . 
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Then, for W = p · we + (l - p) · Wd = X + Y, we have 

fw(w) = 1: fx(w - y)fy(y)dy 

1 11-p 
= - fx(w -y)dy 

l - p 0 

Only when O::; w - y::; p, i.e., w - p::; y::; w, fx(w - y) = 1/ p and the above integral is 

not zero. Therefore, we have 

l rw l w 
fw(w)= l-p}o pdy= p(l-p)' ifO::;w::;p 

l 1w l 1 fw(w) = -- -dy = -, 
1 - p w-p p l - p 

if p < w ::; 1 - p 

l 1l-p l 1- w 
fw(w) = -- - dy = ( ) ,if 1 - p < w::; 1 

1 - p w-p p p l - p 

which conclude the proof. D 

According to Theorem 4.1 for p E (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 

t 
p(l - p)' 

if o::;t::;p 

1 
if 

' 
p < t ::; 1 - p 

fr(t) = l-p (4.12) 
1-t 

p(l - p)' 
if l-p<t::;l 

0, otherwise. 

Assume that N relays (Rii, ... , RiN) correctly overhear the transmitted packet from one 

particular source. Let T1 < T2 < · · · < TN denote the order statistics of the backoff time of 
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the N relays. According to [16], the collision probability Pc is given by 

Pr[T2 < T1 + c] = 1 - le 

N(N - 1) [ fr(t) [1 - Fr(t) r-2 

Fr(t - c)dt 

(4.13) 

(4.14) 

where fr(t) is the PDF of the backoff time and Fr(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) 

ofIEEE 802.11 can choose a maximum backofftime of I024time slots [48]. 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 p = 0, we have W = Wd according to (4.6). Based on Lemma 4.2, this means 

that the cooperation capability W follows a uniform distribution between O and 1. Thus, the 

backoff time defined in (4.7) is also uniformly distributed with fr(t) = 1 and Fr(t) = t for 

0 ~ t ~ l. From (4.14), we can easily obtain 

(4.15) 

For O < p ~ c, we have 

N(N-l){(l-~ )N-I(l-p-c _ 1-3p/2) 
(l-p)N 2P N-l N 

+ ( [!_) N - I ( 2c - c
2 

/ p _ 2c ) } . 
2 2N - 2 2N -1 

(4.16) 

For p > c, because a closed-form le is not tractable, we derive the following lower bound in 
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Appendix B .1 

N(N-l){(l-~ )N-2( -c)3(~ _c) 
(1 - p )N 2P p 8p + 24p2 

+ (l _ ~ p) N -1 ( 1 - p - c _ l - 3p /2) 
2 N-1 N 

(4.17) 

+ (e_) N-1 (2c - c
2 

/ p _ 2c ) } . 
2 2N - 2 2N -1 

Defining the righthand-side terms in ( 4.15)-( 4.17) as If, we have le ~ If and 

1- le < 1- If ~ pU 
e 

(4.18) 

where PP 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 dis

tribution 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 probability. There

fore, 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 p = 0. Then, the cooperation capability is only 

determined by the distance metric and follows a uniform distribution between O and 1. 

A relay Ri participates in the cooperative relaying for the Sr Di pair only if~ correctly 

receives the packet from Si and its cooperation capability Wij is the maximum among the 

N relays (Ri, Ril) ... , 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 
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corresponding occurrence probability 

N-1 

pij Psj~ . II Pr[Wij > wiqj] 
q=l (4.19) 

Besides, the probability that at least one relay successfully overhears and forwards the packet 

for sj is given by 
m 

Qi = 1 - II (1 - Ps1Rq). (4.20) 
q=l 

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

- ~j 
Pij = Qj · I:m P .. 

q=l qJ 

(4.21) 

Finally, we have the transmission success probability for the SrDi pair 

m 

P8~~ L Pqj · PRqDj · (1 - Pc) 
r=l 

(4.22) 

where Ps~c denotes the lower bound of the transmission success probability. 

4.4.3 Upper Bound of Transmission Success Probability 

In Section 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 collisions among the relays 

in data forwarding. The upper bound of the transmission success probability for an arbitrary 
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Sr Di pair is then given by 

ps~c = PsjR(l) . PR(l)Dj + (1 - PsjR(1)) . PsjR(2) . PR(2)Dj 

m-1 

+ · · · + II (1 - PsjR(q)) · PsjR(m) · PR(m)Dj 

q=l 

(4.23) 

where PR<i)Dj > PR<2)vi > · · · > PR<m)Dj. The first term in (4.23) represents the case that 

the best relay R(l) has correctly received the packet from Si with a probability PsjR(i), and 

its forwarding over the relay-to-destination channel to Di succeeds with a probability Pn<l)Dj. 

The second term in (4.23) indicates that the best relay R(l) fails to receive the packet from 

Si with a probability (1 - PsjR(i)), while the second best relay R(2) successfully receives and 

forwards the packet to Di with a probability PsjR(2) · Pn<2)vi. 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 

PR~c = Q j • max { PRqDj} > Ps~c 
qE{l,2, ... ,m} 

(4.24) 

where QJ is given by (4.20). Here, PR~c 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 Results 

In this section, numerical and simulation results are presented to demonstrate the effectiveness 

of our proposed cooperative scheme 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 

[ 
Po ] N-1 

PTi = l + N0Toz2 · ln (P~v) (4.25) 
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Figure 4.3: Nodes topology for analysis and simulation. 

where N is the number of relays that correctly overhear the packet from the source. Here, 

P7 i is actually the probability that Ri is the relay with the maximum transmission success 

probability over the relay-to-destination channel (with v = 2). The derivation of (4.25) is 

given in Appendix B.2. In the simulation, we further minimize collisions by normalizing P7 i 

to 

(4.26) 

In practice, it is not appropriate for a distributed approach to allow a relay to obtain the forward

ing 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 40m 

x 200m area, as illustrated by the example in Fig. 4.3. The maximum distance of potential 

relays to a destination is l = 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 4.3. 
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Table 4.3: System Parameters. 

Symbol 

Po/No 
To 
V 

l 
p 

/'i, 

C 

Value 

40dB 

5 

2 
55 m 

0 rv 0.2 

0.0001 

0.001 rv O.Ql 

~ 
~ 0.15 
.0 
e 
a. 
C 
0 
]l 0.1 

8 
0.05 

10 15 

Definition 

Transmit SNR 

SNR threshold of signal decoding 

Path-loss exponent 

Maximum distance of potential relays to a destination 

Weighting parameter for distance and energy 

Update step length 

Indistinguishable backoff time interval for collision 

-e- Probabil istic-simulation 
-e- Upper bound, c=0.01 
- s - Proposed-simulation, c=0. 01 

-- Upper bound, c=0.005 
- " - Proposed-simulation, c=0.005 

20 25 30 35 40 
Total number of relay nodes 

Figure 4.4: Collision probability Pc vs. total number of relay nodes. 

4.5.1 Collision Probability 

Fig. 4.4 shows the analytical bounds and simulation results of the collision probability. As seen, 

when the collision interval c increases, the collision probability increases accordingly. Further, 

when the number of relays m increases, the collision probability increases as well. We also 

find that the analytical upper bound of the collision probability works well for the proposed 

scheme. Besides, it is observed that the collision probability of the proposed scheme is smaller 

than 10%, even when the collision interval and the number of relays are large. In contrast, 

the probability-based algorithm has a collision probability greater than 18%, which is much 

higher than that of the proposed scheme. It should be noted that the collision probability of the 

probability-based algorithm has been minimized by normalizing the forwarding probability of 

each relay, which makes the approach not purely distributed. 
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Figure 4.5: Transmission success probability vs. total number of relay nodes . 

4.5.2 Transmission Success Probability 

Fig. 4.5 compares the transmission success probability of different schemes with the analytical 

bounds . We can see that the transmission success probability of the probability-based algo

rithm is bounded by 1/ e ~ 0.368, which verifies the conclusions in [13,31]. In contrast, our 

proposed backoff-based scheme 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 

scheme 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 

scheme increases with a greater number of relays, whereas that of the probability-based algo

rithm remains almost the same. This seems counter-intuitive since Fig. 4.4 shows the collision 

probability of both algorithms increases with the number of relays. This is because the oppor

tunity of finding a good relay increases with more potential relays. Thus, packet loss caused 

by poor channel conditions can be reduced. 

4.5.3 Average Delay and Delay Outage Probability 

Fig. 4.6 shows the average packet transfer delay of the two algorithms against the packet trans

mission time. The packet transfer delay represents the time duration from a packet generation 

62 



1.1 1.2 1.3 1.4 1.5 
Packet transmission time (m=30, c=0.005 and Dmax=5) 

Figure 4.6: Average packet delay D vs. packet transmission time. 

to successful transmission, while the packet transmission 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 shown in Fig. 4.4. 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. 

Fig. 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 trans

mission time increases from 1 to 1.5. Therefore, our proposed algorithm is preferable for the 

real-time delay-sensitive services. 
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Figure 4.7: Delay outage probability P out vs. packet transmission time. 
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Figure 4.8: Average energy cost for a packet vs. total number of relay nodes. 

4.5.4 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. Here, the unit 

of energy cost is the energy consumption of one transmission 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 n 

64 



0.75,------,-----,-------,,-------,====::;-i 

(/) 
(/) 
Q) 
() 

~ 0.6 
C 
0 

:10.55 

~ 
f- 0.5 

1.2 1.4 1.6 
Traffic demand (c=0.005) 

-B- p:0 
--p=0.1 
-e-p = 0.2 

1.8 2 

X 10
4 

Figure 4.9: Transmission success probability P suc vs. traffic demand. 

S-D pairs have the same traffic demand. As seen, when the traffic demand is low, the highest 

transmission success probability is achieved at p = 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 x 104
, the transmission success probability 

with p = 0 is no longer higher than that of p = O. l. This is because the energy constraint is 

not addressed with p = 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 p = O. l 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 p = 0.2 is always worse than that of p = 0 and p = O.l. This implies 

that the weight p = 0.2 overvalues the importance 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. There

fore, it is usually assumed that p ::; 0.2. 
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4.5.5 Scalability 

To study the scalability of the proposed scheme, we vary the total number of relays m and the 

total number of S-D pairs n in the simulation. Given a fixed number of S-D pairs, n = 5, 

Fig. 4.lO(a) shows that the transmission success probability first increases with the number of 

relays and then decreases when m ~ 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 m = 300 is 20.86%, which 

is much higher than 10.34% with m = 100. For the relaying area considered in the simulation, 

m = 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 scheme. 

Fig. 4.lO(b) shows the transmission success probability vs. the number of S-D pairs n 

given a fixed number of relays m = 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 (n :S 30) when the traffic load is normal. This verifies 

that our proposed scheme 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 more slowly 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 then S-D pairs is 
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Figure 4.10: Scalability of the proposed cooperative scheme. 

almost 1, which implies that the group of relays are evenly shared by all S -D pairs with the 

proposed scheme. 

4.6 Chapter 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 scheme 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 coop

erative 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 

67 



relays expire within an indistinguishable time interval. Hence, we also derive the theoretical 

petformance bounds for the proposed scheme with respect to the collision probability and the 

transmission success probability. 

As shown in the numerical results, our proposed scheme can achieve a much lower collision 

probability and thus a higher transmission success probability, compared to a probability-based 

reference scheme. 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 outpetforms 

the probability-based scheme in terms of average packet delay, delay outage probability, as 

well as the energy consumption. By adjusting the weighting parameter p, we can achieve good 

petformance 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 scheme for 

delay-sensitive multimedia services and it is a scalable solution for a large-scale network. 
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Chapter 5 

Auction-Based Incentive Mechanism 

5.1 Motivation and Overview 

As a promising technique, cooperative communications exploit the broadcasting nature of 

wireless media to facilitate data transmission, and have shown to have great potential to in

crease the channel capacity of wireless networks. However, the applications of cooperative 

communication techniques are rarely seen in reality, even in some scenarios where the de

mands for bandwidth-intensive applications have pushed the researchers to design innovative 

network solutions. A main obstacle that hinders the wide adoption of cooperative communi

cations is the lack of incentives for the wireless devices to serve as relay nodes. As shown 

in Chapter 3 and Chapter 4, even though we can reduce the overall energy consumption in 

cooperative communications, the involved relays still need to cost their own resources, such as 

energy, and network bandwidth. 

In this chapter, we focus on designing an incentive-compatible auction mechanism (ICAM) 

to stimulate relays to serve nearby source-destination (S-D) pairs. With the property of 

incentive-compatibility ( or truthfulness), ICAM is free of market manipulation, and ensures 

auction fairness. Besides, ICAM satisfies three other desirable properties, namely, individual 

rationality, budget balance, and computational efficiency, which together guarantee the feasi

bility of ICAM. We provide rigorous analysis proving that the above desirable properties hold 
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with ICAM. Numerical results verify that these properties are achieved without substantial 

degradation to system efficiency, which is another crucial property of auctions. 

The remainder of this chapter is structured as follows. First, Section 5 .2 provides the prob

lem formulation as a double auction and an example demonstrating the challenges to achieve 

the desired properties. After that, we give the design details of the proposed ICAM in Sec

tion 5.3 and analyze its properties in Section 5.4. Numerical results are presented in Sec

tion 5.5, followed by conclusions in Section 5.6. 

5.2 Problem Formulation 

5.2.1 Auction Model 

Focusing on the multiple S-D pairs scenario, we aim to design an incentive-compatible mech

anism to stimulate the m relays to serve nearby n S-D pairs. Similar to the single-round 

multi-item double auction model in [27], the S-D pairs are buyers in this auction, while re

lays are sellers. A base station can serve as the auctioneer. The work in [49] shows that it is 

sufficient for a source node to choose the best relay node even when multiple are available to 

achieve full diversity. Thus, we assume that each buyer wants at most one relay to facilitate 

the cooperative communication. Besides, we assume that each relay node can be shared by at 

most one S-D pair, as it would provide different capacity from what the buyer expects other

wise. Considering a sealed-bid auction, each buyer (resp. seller) can submit its bid (resp. ask) 

privately to the auctioneer so that everyone has no information of other bids or asks. 

• For each buyer bi E B, B = {b1 , b2 , ... , bn}, its bid vector is denoted by Di 

(D}, D;, ... , D':), where Df is the bid for seller Sj ES, S = {s1, s2 , ... , sm}. The bid 

matrix consisting of the bid vectors of all buyers is defined as D = (D 1 ; D 2 ; . .. ; Dn). 

• For all sellers in S, the ask vector is denoted by A= (A1 , A2 , ... , Am), where Ai is the 

ask of seller si ES. 
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As seen, the asks of sellers do not differentiate among buyers since the sellers only aim at 

collecting payments for using their resources, such as energy and network bandwidth. On the 

other hand, the bids of buyers differ with respect to sellers as S-D pairs have preferences over 

the relays, which can offer different capabilities. 

Given B, S, D and A, the auctioneer decides the winning buyer set Bw ~ B, the winning 

seller set Sw ~ S, the mapping between Bw and Sw, i.e., a : {j : Sj E Sw} -+ { i : bi E Bw}, 

the price ~b that the winning buyer bi E Bw is charged, and the payment PJ that the winning 

seller Sj E Sw is rewarded1
• To highlight the utilities for the particular matching between bi 

and Sj, we also use Pi~ and P/j in certain cases to denote the price and payment, respectively. 

In addition to the price and payment, the utilities of the buyers and sellers further depend on 

the valuations of the buyers toward the acquired relaying services and the costs for providing 

such services by the sellers. Let V:j be the valuation to buyer bi for having the relaying service 

from seller sj, and Cj be the cost to seller Sj for providing the service. Here, V:j > 0 means 

that bi can benefit from the relaying service of Sj, while there is no benefit with V:j = 0. 

The valuation vector of buyer bi is denoted by Vi = (V:1 , V:2 , ... , V:m). Given a buyer-seller 

mapping, i = a(j), the utility of buyer bi and that of seller Sj are respectively defined as 

follows: 

U;b = { 
~j - Pt, if bi E Bw 

0, otherwise 

Uj= { 
PJ- Cj, if Sj E Sw 

0, otherwise. 

We use Ui~ and U0 when necessary to capture that the utilities are with respect to the matching 

between bi and Sj, 

Some important notations are summarized in Table 5 .1. 

1 To distinguish the price charged to buyers and the payment rewarded to sellers, we use b and s in the normal 

form as the superscript, respectively. The same naming routine is also applied to the utilities of buyers and sellers. 
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Table 5 .1: Important Notations. 
Symbol Definition 

bi Buyer (S-D pair) 

Sj Seller (relay) 

n Total number of buyers 

m Total number of sellers 

B Set of buyers (S-D pairs) 

bij Buyer bi with positive valuation toward seller Bj 

B' Extended set of buyers with positive valuations 

s Set of sellers (relays) 

JIB Sorted buyer list of B' in a descending order of positive valuations 

§ Sorted seller list of Sin an ascending order of asks 

Be Set of winning buyer candidates (Be ~ B) 

Sc Set of winning seller candidates ( Sc ~ S) 

Ba Set of winning buyers before elimination ( Ba ~ Be) 

Sa Set of winning sellers before elimination (Sa = Sc) 

Bw Set of winning buyers ( Bw = Ba) 

Sw Set of winning sellers ( Sw ~ Sa) 

8-(-) Mapping function from the indices of Sa to Ba 

o-(.) Mapping function from the indices of Sw to Bw 
Dj 

i 
Bid of buyer bi on seller Sj 

Di Bid vector of buyer bi 

D Bid matrix of all buyers 

Aj Ask of seller s j 

A Ask vector of all sellers 

A-j Ask vector of all sellers except Sj 

vj 
i 

Valuation of buyer bi on relaying service from seller Sj 

vi Valuation vector of buyer bi 

Cj Cost of seller s j for providing relaying service 

</> I 'P Parameters that determine the winning candidates 
pb 

i Price charged to buyer bi 

ps 
J Payment rewarded to seller s j 

pi~ Price charged to buyer bi for relaying service of seller s j 

Pi'j Payment rewarded to seller Sj with assigned buyer bi 

u~ 
i Utility of buyer bi 

us 
J Utility of seller Sj 

ut Utility of buyer bi with assigned seller Sj 

Ufj Utility of seller Sj with assigned buyer bi 
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5.2.2 Desirable Properties and Design Objective 

The auction model in Section 5.2.1 is represented by W = (B, S, D, A). Accordingly, the auc

tioneer should follow an auction mechanism to determine the set of winning buyers Bw, the set 

of winning sellers Sw, the mapping a between Bw and Sw, the set of clearing price P~ charged 

to the winning buyers, and the set of clearing payment P! rewarded to the winning sellers. An 

effective auction mechanism should satisfy four desirable properties in the following. 

• Individual Rationality: No winning buyer is charged more than its bid and no winning 

seller is rewarded less than its ask. With respect to the auction model w, this means 

that for every winning matching between bi E Bw and SJ E Sw, we have Pt ::; Df and 

PJ ~ AJ. 

• Budget Balance: The total price that the auctioneer charges all winning buyers is no less 

than the total payment that the auctioneer rewards all winning sellers, so that there is no 

deficit for the auctioneer. That is, LbiEBw ~b ~ LsjESw PJ. 

• Truthfulness or Incentive-Compatibility: We need to first give the definition of a weakly 

dominant strategy in the following. Based on this definition, we can further express the 

property of truthfulness or incentive-compatibility. 

Definition 1. For player i, strategy ai weakly dominates strategy a~ if the utilities satisfy 

ui(ai, a_i) ~ ui(a~, a_i) for all partial action pro.files a_i of the other players except 

i. Further, for player i, strategy ai is weakly dominant if it weakly dominates all other 

strategies of player i. 

Then, an auction mechanism is truthful or incentive-compatible if playing (bidding or 

asking) truthfully is a weakly dominant strategy for each player (buyer or seller). In 

other words, no buyer can improve its utility by submitting a bid different from its true 

valuation, and no seller can improve its utility by submitting an ask different from its 

true cost. Specifically, it implies the following for our auction model: \/bi E B, Uib is 
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Table 5.2: An Illustrative Example. 

(a) Bid matrix of 5 buyers. (b) Ask vector of 7 sellers. 

81 82 83 84 85 85 87 Seller 81 82 83 84 85 86 87 

bi 6 0 0 0 5 10 0 Ask 3 2 5 6 4 7 

b2 4 0 0 3 0 0 8 

b3 0 0 6 0 0 9 0 

b4 0 10 0 0 0 0 7 

b5 0 2 7 9 0 0 0 

maximized when the bidding Di = Vi; and Vsi ES, UJ is maximized when the asking 

Ai= Ci. 

• Computational Efficiency: The auction outcome, which includes the winning sets of 

buyers and sellers, their mapping, and the clearing price and payment, is tractable with 

a polynomial time complexity. 

5.2.3 Technical Challenges 

As discussed in Chapter 2.4, the existing auction mechanisms cannot satisfy the preceding 

desirable properties when directly applied to the cooperative communication scenario with 

heterogeneous relays as auction commodities. The pioneer work in [27] provides a promising 

solution. Unfortunately, the following example shows that TASC double auction (i.e., the 

enhanced version in [271) cannot guarantee truthfulness of buyers, although there is no problem 

with individual rationality, budget balance, and truthfulness of sellers. 

To illustrate that buyers can gain higher utilities by bidding untruthfully, we consider a 

bid matrix of 5 buyers with true valuations in Table 5.2(a), and the ask vector of 7 sellers 

with true costs in Table 5.2(b). Suppose that the auctioneer uses the maximum weighted 

matching algorithm in the assignment stage to maximize the total capacity. According to 

the assignment algorithm, the winning buyer candidates, the winning seller candidates and the 

mapping between them are shown in Fig. 5.1. Then, following the TASC strategy for winner

determination & pricing, we have the set of wining buyers Bw = {b1 , b4 }, the set of winning 

sellers Sw = { s6 , s2 }, the clearing price P~ = {8}, and the clearing payment P! = {6}. The 
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10 10 9 8 6 

1 2 5 6 7 

Figure 5 .1: Assignment result with truthful bidding and asking: A bipartite graph of winning 

buyer candidates and winning seller candidates and their mapping. 

9+8 10 9 8 6 

1 2 3 6 7 

Figure 5 .2: Different assignment result with untruthful bidding of buyer b3 , which increases its 

bid D~ from its true valuation 9 to 9 + c5 (5 > 1). 

utility of b3 is O since it is not within the winner set Bw. 

If buyer b3 bids untruthfully by increasing its bid D~ from its true valuation 9 to 9 + 5 

(c5 > 1), the new assignment result is shown in Fig. 5.2. The set of winning buyers becomes 

Bw = {b3 , b4 } , while the set of winning sellers is still Sw = {s6 , s 2 }. The clearing price 

and payment remain unchanged according to TASC, i.e. , P~ = {8} and P! = {6}. The 

new utility of b3 becomes 9 - 8 = 1. As seen , b3 can improve its utility from O to 1 by 

bidding untruthfully. Hence , TASC double auction cannot guarantee truthfulness of buyers. 

In Section 5.3 , we propose a new double auction mechanism , ICAM, which can guarantee 

truthfulness of both sellers and buyers, while holding the other desirable properties. 

5.3 Proposed Auction Mechanism 

As discussed in Chapter 2.4, the well-known Vickrey-based double auction [25] cannot simul

taneously achieve truthfulness in addition to individual rationality and budget balance , while 
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McAfee double auction [24] cannot be directly applied to the scenario with heterogeneous 

commodities. TASC double auction overcomes the limitation of McAfee double auction and 

accommodates heterogeneity, however, we have seen from the example in Section 5.2.3 that 

TASC is subject to the manipulation of untruthful buyers in the assignment stage. 

In this section, we propose ICAM to resolve this problem. First of all, we change the 

sequence of the assignment stage and the winner-determination & pricing stage in TASC. In 

ICAM, the auctioneer first identifies the winning candidates. Then, each winning seller can

didate is assigned to one winning buyer candidate. Also, the clearing price charged to each 

buyer candidate and the clearing payment rewarded to the seller candidate are determined ac

cordingly. More importantly, ICAM can keep potentially multiple sellers for a single buyer 

until a new last stage. In the end, the new stage of winner elimination can guarantee that a 

winning buyer is assigned to only one winning seller. 

Next, we give the detailed algorithms of ICAM, followed by a walk-through example. The 

properties of ICAM are analyzed in Section 5.4. 

5.3.1 Details of ICAM 

Following the above design rationale, we propose ICAM in Algorithm 5.1, which includes 

three stages, namely, winning candidate determination, assignment & pricing, and winner 

elimination. 

Algorithm 5.1 ICAM(B, S, D, A). 
Input: B,S,D,A 

Output: Bw, Sw, a, P~, P! 

1: (Bc,Sc,D;:,Ajcp) t-lCAM-WCD(B,S,D,A); 

2: (Ba, Sa, a, P~, P~) +- ICAM-A&P(Bc, Sc, v;:, AJ<1>, D); 

3: (Bw,Sw,a, P~, P!) t-ICAM-WE(Ba,Sa,a, P~, P~,D); 

4: return(Bw,Sw,a, P~, P!); 

In the stage of winning candidate determination, Algorithm 5 .2 is used by the auctioneer 

to shortlist the buyer and seller candidates. Algorithm 5.2 first constructs a new buyer set B' 

from the original buyer set B. Specifically, buyer bi E B becomes bij in B' if V:j > 0. That 
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is, a buyer can appear for a number of times with respect to the sellers for which the buyer 

has positive valuations. Then, B' is ranked to JIB in an ascending order of all positive bids 

(valuations), denoted by ill)'= (DZ~, ... , Dt), where x = IB'I. Seller set Sis sorted to§ in 

a descending order of A, where the ordered list of A is denoted by A= (Aii, ... , AJm). The 

ask of the median seller in§, denoted by AJ<t>, where ¢ = f mt l, is used to find the smallest cp 

such that DZ:!~ < AJ<t>. The two selected thresholds, DZ: and AJ<t>, are used to select winning 

candidates. Buyer bpq is a winning buyer candidate if DZ 2:: DZ: and Aq < Aj</>. Seller Sq is a 

winning seller candidate if Aq < AJ<t> and at least one winning buyer candidate bids for sq with 

a positive bid. 

Algorithm 5.2 ICAM-WCD(B, S, D, A). 
Input: B,S,D,A 

Output: Be, Sc, D;:, Ait 

1: Be f-- 0, Sc f-- 0; 
2: Construct a set B' = {bpq : Di > 0, bp EB} according to D; 

3: Sort all buyers in B' to obtain an ordered list 

JIB= (bp1 q1 , bp2 q2 , ••• , bpxqx) such that 

Di! 2 Di~ 2 · · · 2 Di: ; 
4: Sort all sellers in S to obtain an ordered list 

§ = (sit' sh' ... ' Sjrn) such that Ah ~ Ah ~ ... ~ Ajrn; 

5: Find the median ask Ait of§, where¢= 1mt1 l; 
6: Find the smallest r.p, such that D;:!~ < Ait; 

7: Be +-- JIB<p, where JIB<t' is the sublist with first r.p buyers in JIB; 

8: for bpq E Be do 

9: if Aq 2 Ait then 

10: Be f-- Be\ {bpq }; 
11: else 

12: if Sq (j.. Sc then 

13: Sc f-- Sc U {sq}; 
14: end if 

15: end if 

16: end for 

17: return (Be, Sc, D;:, Aj</>); 

In the assignment & pricing stage, we tightly couple winner determination and pricing 

to prevent possible untruthful manipulation. As given in Algorithm 5.3, the auctioneer first 

determines the winning buyer for each winning seller candidate Sj. If only one buyer candidate 

bij bids for Sj' then bij is added into the winning buyer set Ba and charged a clearing price DZ:. 
If more than one buyer candidate bids for Sj, the buyer candidate with the highest bid is added 
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Algorithm 5.3 ICAM-A&P(Bc, Sc, DZ:, Aicp' D). 

Input: Be, Sc, ni:, Ai<t>, D 
Output: Ba,Sa,a, P~, P~ 

1: Ba+- f/J,Sa +- Sc, P~ +- f/J, P~ +- f/J; 

2: for s i E Sa do 

3: PJ = Ai<t>, P~ +- P~ U {PJ}; 
4: Bi = {bii : bii E Be}; 

5: if I Bi I = 1 then 

6: Ba +- Ba U {bii }, a(j) = i; 
7: Pi~= ni:, P~ +- P~ u {PM; 
8: else 

9: Sort Bi to an ordered list JIBi such that 

Di > Di > · · · > Dq<() · 
i(l) - i(2) - - P<p' 

10: if the first T ( T 2: 2) bids of JIBi are the same then 

11: Randomly select a bii from the first T buyers of JIBi; 

12: else 

13: Select the first buyer bii of JIBi with the highest bid; 

14: end if 

15: Ba +- Ba U {bii }, a(j) = i; 

16: pi~ = Df(2) 'p~ +- p~ u {PM; 
17: end if 

18: end for 

19: return(Ba,Sa,a,P~,P~); 

into the winning buyer set and charged a price of the second highest bid. Seller Sj is paid the 

median ask, Aicp. When there is a tie among the highest bids of buyer candidates, the auctioneer 

randomly selects a winning buyer from the candidates. For example, supposing DZ: = 3 and 

D~ = D~ = 10, the winning buyer for Sj can be either baj or b13j, each with a 50% chance. 

If the next lower bid for Sj by b'Yi is D{ = 5, the winning buyer is charged 10 instead of 5, 

because the first two highest bids in the sorted list are both 10, i.e., Df = Df = 10. This is 
(1) (2) 

essential to avoid untruthful actions of buyers. 

In the last stage, if a buyer in the original buyer set B wins two or more sellers in Sa, the 

auctioneer, depending on system requirements, can choose only one seller for such a buyer 

using Algorithm 5.4. For example, if both bia and bi/3 belong to Ba, it means that bi in the 

original buyer set B wins two sellers, Sa and s13 . The auctioneer can select only one seller so 

that the corresponding buyer achieves the highest utility. Likewise, when there is a tie in terms 

of the achievable utilities, one seller is randomly selected. At the end of the winner elimination 
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Algorithm 5.4 ICAM-WE(Ba, Sa, a, P~, P~, D). 

Input: Ba,Sa,a, P~, P~,D 

Output: Bw, Sw, a, Pt, P! 
1: Bw +-- Ba, Sw +-- Sa, a+-- a, Pt +-- P~, P! +-- P~; 
2: for any two buyers bu(a)a, bu(/3)/3 E Bw, a=/- (3 do 

3: if a(a) = a(f3) then 

4 U b _ Di pb . _ { (3}· 
: u(j)j - u(j) - u(j)j, J - a, , 

5: if u:(a)a = u:(/3)/3 then 
6: j' +-- randomly selected from { a, (3}; 

7: else 

8: j' +-- arg minjE{a,/3} {U!(j)j }; 
9: end if 

10: Bw +-- Bw \ {bu(j')j' },Sw +-- Sw \ {sj' }; 

11: Pt +--Pt\ {P!u')i' }, P! +-- P! \ {PJ, }, a(j') = 0; 
12: end if 

13: end for 

14: return (Bw,Sw, a, Pt, P!); 

stage, every buyer ba(j)j E Bw has a one-to-one mapping with only one winning seller 8j E Sw. 

For the auction model in [27], each seller can be assigned to at most one buyer, while 

one buyer needs at most one seller. It is worth noting that our proposed auction mechanism 

can be easily modified to retain multiple winning sellers for one buyer by skipping the above 

elimination stage. Then, one buyer (an S-D pair) is allowed to acquire relaying services from 

multiple sellers (relays). 

5.3.2 A Walk-Through Example 

Considering the bid matrix in Table 5.2(a) and the ask vector in Table 5.2(b), the following 

shows how ICAM works for the auctioneer to derive the auction outcome. 

Winning candidate determination according to Algorithm 5.2: 

• Construct the new buyer set from original set B: B' = {b11 , b15 , b15, b21, b24, b21, b33, b36, 

b42, b47, b52, b53, b54}; 

• Sort buyers in B' in a descending order to obtain: JIB = { b16 , b42 , b36, b54, b21, b4 7, b53, b11, 

• Sort sellers in Sin an ascending order to obtain: § = { 8 6 , 8 2, 8 1, 8 5 , 8 3 , 84, 87 }; 
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Figure 5 .3: Initial bipartite graph showing the ordered lists of the new buyer set and the seller 

set. 

• Based on JIB and § , construct an initial bipartite graph between B' and S as shown in 

Fig.5.3; 

• Decide two thresholds: AJq, = A5 = 4, DZ: = D~ = 4; 

• Determine the set of winning buyer candidates: Be = {b16, b42 , b36 , b11 , b2i}; 

• Determine the set of winning seller candidates: Sc = { s6 , s 2 , s 1}. 

According to the output of Algorithm 5.2, a bipartite graph between Be and Sc is con

structed as shown in Fig. 5 .4. Then, Algorithm 5 .3 is run to identify the winning buyers and 

sellers. 

Assignment & pricing according to Algorithm 5 .3: 

• The set of winning buyers: Ba = { b16, b42, b11 }; 

• The set of winning sellers: Sa = { s6 , s2 , s 1}; 

• The assignment (mapping) between winning buyers and sellers (Ba and Sa) : 3-(-) 

{3-(6) = 1, 3-(2) = 4, 3-(1) = l}; 

• The clearing price charged to winning buyers: P~ = { Pf6 = D~ = 9, p4b2 = DZ: 

4, Pf1 = D~ = 4}; 

• The clearing payment rewarded to winning sellers: P~ = { PJ = P~ = Pf = AJ<t, = 4}. 
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10 10 9 6 4 

1 2 3 

Figure 5.4: Bipartite graph between winning candidates Be and Sc. 

Algorithm 5.3 returns the mapping between Ba and Sa, 8-( ·) = {8-(6) = 8-(1) = 1, 8-(2) = 

4} , which means that b1 E B wins two sellers ( s6 and s 1 ) . If the auctioneer requires to keep 

only one winning seller for buyer b1 , Algorithm 5 .4 is run to remove redundant sellers. 

Winner elimination according to Algorithm 5 .4: 

• Compute the utilities of buyer b1 with respect to seller s6 and s 1 , respectively: Uf6 

D~ - Pf6 = 10 - 9 = 1, Uf1 = D} - Pf1 = 6 - 4 = 2; 

• Since Uf6 < Uf1 , seller s6 is eliminated so that a higher utility is provided to buyer b1 by 

seller s 1 . Then , the set of winning buyers is obtained as: Bw = {b16 , b42 , bu } \ {b16 } = 

{b42, bu } = {b4, bi}; 

• Update the set of winning sellers: Sw = { s6 , s2, s1} \ { s5 } = { s2, s1 }; 

• Update the clearing price charged to winning buyers: P~ = { Pf6 , p4b2 , Pf1} \ { Pfd = 

{Pf6 = 9, Pf2 = 4} ={Pf = 9, p4b = 4}; 

• Update the clearing payment rewarded to winning sellers: P:V = { PJ, P2, PD\ { PJ} = 

{ P2 = 4, Pf = 4}; 

• Update the final one-to-one mapping between winning buyers and sellers (Bw and Sw) : 

o-(-) = {o- (2) = 4, o- (1) = l}. 

Recall that one motivation for the proposed ICAM is to solve the problem illustrated by 

the example in Section 5 .2.3. Next, we briefly show how ICAM prevents such an untruthful 

buyer bidding , and leave the formal proof of truthfulness and other properties in Section 5 .4. 

Suppose similarly that buyer b3 increases its bid D~ from its truthful valuation 9 to 9 + 5, 
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9 + () 10 10 6 4 

2 3 

Figure 5 .5: Bipartite graph between winning candidates Be and Sc, when b3 deviates its bid D~ 

from its true valudation 9 to 9 + 6 (6 > 1). 

where 6 > l. The winning candidates obtained from Algorithm 5.2 will change to the bipartite 

graph in Fig. 5.5. As a result, b3 needs to pay a price 10 to win seller s6 , and its utility is 

9 - 10 = -1 < 0. Therefore, biding truthfully should be the dominant strategy of b3 . 

5.4 Analysis of Desirable Properties 

In this section, we analyze the proposed auction mechanism ICAM with respect to the four 

desirable properties discussed in Section 5 .2.2. The following theorems prove that all four 

properties hold with ICAM. We leave the proof for truthfulness in the end, which requires 

complex and rigorous reasoning. 

Theorem 5.1. !CAM is computationally efficient. 

Proof. In the winning candidate determination stage, Algorithm 5.2 involves at most nm buy

ers in the new buyer set B'. Sorting the buyers in B' takes 0( nm log (nm)) time, while sort

ing the sellers in S takes 0( m log m) time. In Line 7, there are at most n ,mt l buyers in 

the winning candidate set Be. Hence, the for-loop (Line 8 - Line 16) has a time complexity 

O(n 1mt l · ,mt l) = O(nm2
). Thus, Algorithm 5.2 takes O(nm · (m + logn)) time. 

In the assignment & pricing stage, Algorithm 5 .3 processes at most n ,mt l buyers in 

Be and 1mt l sellers in Sc. Line 4 determines subset BJ ~ Be for the buyers with positive 

valuations toward seller sJ E S a, which takes O(n1mt1l) = O(nm) time. Taking advantage 

of the ordered list JIB, we can sort BJ without cost to obtain ]IBJ . Since there are at most n ,mt l 

buyers in ]IBJ, it takes 0( n 1mt1 l) = 0( nm) time to determine the winning buyer for sJ . Hence, 
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the for-loop (Line 2 - Line 18) costs 0( 1mt l · (nm)) = 0( nm2
). Thus, Algorithm 5 .3 takes 

0( nm2
) time. 

In the winner elimination stage, we know that set Ba before elimination has a size I Ba I = 

ISal ::; 1mt l Thus, the for-loop (Line 2 - Line 13) takes 0( IBal(l~al-l)) = O(m2 ) time. 

Thus, Algorithm 5.4 takes O(m2
) time. 

Therefore, the overall time complexity of ICAM in Algorithm 5.1 is O(nm · (m + log n) ). 

Theorem 5.2. /CAM is individually rational. 

Proof. For each winning seller Sj E Sw ~ Sc, the payment rewarded to seller Sj is PJ 

AJ<t> > Aj according to ICAM. Thus, the winning sellers satisfy individual rationality. 

D 

Next, consider the winning buyer set Ba produced by Algorithm 5.3. For each winning 

buyer bij E Ba ~ Be, there are two cases. 

• In the first case, buyer bij wins sj without competition, which means that bij is the only 

buyer in Be that bids for Sj. In this situation, we know that ~~ = nz: ::; D{. 

• In the second case, buyer bij wins sj with competition, which means that more than one 

buyer in Be bids for Sj, and D{ is the highest. In this situation, bij is charged the second 

highest bid in JIBJ. Obviously,~~ ::; D{. 

Therefore, individual rationality also holds for the winning buyer set Ba determined by Algo

rithm 5.3. 

If a winning buyer, bi E B, wins multiple sellers, e.g., bio: E Ba and bi/3 E Ba, running 

Algorithm 5.4 can eliminate redundant sellers and keep only one best seller for each winning 

buyer. Among all the sellers that buyer bi wins, Algorithm 5.4 simply keeps the seller, sj (e.g., 

so: or s 13 ), which gives bi the highest utility. It is evident that this procedure does not change the 

charging price ~~ to the winning buyers. Thus, the buyers in Bw after the winner elimination 

still satisfy individual rationality. 

In summary, ICAM is individually rational. D 
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Theorem 5.3. /CAM is budget-balanced. 

Proof. After the winner elimination stage, every winning buyer bi E Bw has only one winning 

seller Sj E Sw. Considering this one-to-one mapping between Bw and Sw, we have IBwl = 

ISw I, For each matching cr(j) = i between winning buyer bi and assigned winning seller Sj, it 

is true that 

Then, it can be easily shown that 

which completes the proof. D 

Before drawing a conclusion on truthfulness of ICAM, we first derive Lemma 5.1 and 

Lemma 5.2 in the following. 

Lemma 5.1. /CAM is truthfal for sellers. 

Proof. Lemma 5.1 can be proved by Proportions C.1-C.3, which are presented and proved in 

Appendix C.l. Let k = ¢ = f mt1 l, Sti = S<k \ Sc and St2 = Sa \ Sw. Then, according 

to Proportions C.1-C.3, telling truth (Ai = Ci) is a weakly dominant strategy for each seller 

si ES in ICAM, which completes the proof of Lemma 5.1. D 

Lemma 5.2. /CAM is truthfalfor buyers. 

Proof. Similar to the proof of Lemma 5.1, we provide Proportions C.4-C.7 in Appendix C.2, 

which lay the basis for Lemma 5.2. Following the notations therein and letting Dr.p = Arp = 

Aft>, Bti = Br.p \ Be and Bt2 = Be\ Ba, we can draw a logical conclusion that telling truth is a 

weakly dominant strategy for each buyer bi EB in ICAM. This proves Lemma 5.2. D 

Theorem 5.4. /CAM is truthfal (incentive-compatible). 
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Proof. Lemma 5.1 and Lemma 5.2 together prove that ICAM is truthful. D 

According to Theorems 5.1-5.4, we can draw the final conclusion in Theorem 5.5. 

Theorem 5.5. /CAM is computationally efficient, individually rational, budget-balanced and 

truthfal (incentive-compatible). 

As discussed in Section 5.3, ICAM also works when the elimination stage is skipped so 

that an S-D pair (buyer) can acquire services from more than one relay (seller). The four 

desired properties in Theorem 5.5 still hold. 

5.5 Numerical Results 

In this section, we present numerical results to validate the properties of ICAM analyzed in 

Section 5.4. In addition, we evaluate the performance of ICAM in terms of system efficiency. 

Because there are no existing statistics on relaying demands of S-D pairs or resource costs 

of relays, for generality, the experimental data for the asks of sellers are randomly generated 

according to a uniform distribution within (0, 1]. The bids of buyers are uniformly distributed 

within (0, Vmax]. Intuitively, Vmax will affect the auction outcome, and even the parameter 

¢ that is used to determine the auction thresholds and winning candidates. In the following, 

we first illustrate the impact of ¢ and its variation with Vmax, so that the numerical results 

thereafter will be only based on fixed¢ and Vmax· 

5.5.1 Impact of Parameter¢ 

In the winning candidate determination stage of ICAM, buyer and seller candidates are selected 

based on the ¢-th ask of the ascending ordered list of all sellers' asks, Ai<t>. The candidate sets, 

Be and Sc, are determined in Algorithm 5.2. Intuitively, a larger value of¢ results in a smaller 

set for Be. On the other hand, Sc can be too small if¢ is too small. The candidate sets directly 
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Figure 5 .6: Impact of cf> on the performance of ICAM. 

affect the auction outcome. Fig. 5.6 shows the impact of cf> on the performance ofICAM with 

different values of Vmax , with 100 buyers and 100 sellers. 

Fig. 5.6(a) shows the number of successful trades (Nsr) versus ¢ . The variation therein is 

due to the opposite effects of cf> on the sizes of Be and Sc. When cf> is too small or too large, 

the size of Sc or Be is too small, respectively. As a result, the number of successful trades 

(i.e., matchings between winning buyers and sellers) is small. In addition, examining the peak 

points of the curves with different Vmax , we find out that the optimal value of cf> that attains the 

highest N sT increases with a larger Vmax . The highest N sr also increases accordingly. This is 

because a larger cf> can be selected when Vmax increases so as to enlarge Be and Sc. Thus, the 

highest N sT increases with a larger Vmax . 

Fig. 5.6(b) shows the impact of cf> on the total valuation of winning buyers, with different 
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Vmax· It is clear that Fig. 5.6(b) exhibits a similar trend as Fig. 5.6(a). The reason is that the 

total valuation is proportional to the number of successful trades. 

Given the observations in Fig. 5.6, we can see that¢ should be adapted to Vmax for the best 

performance. In the following experiments, we fix Vmax = l and set¢ = fmt1 l based on 

the observations in Fig. 5.6. The relative difference between the number of buyers (n) and the 

number of sellers ( m) may also affect the selection of ¢. In fact, the performance of ICAM 

can be improved when the optimal¢ is selected according to different values of n and m. 

5.5.2 Computational Efficiency 

To confirm our analysis on time complexity in Theorem 5 .1, we obtain the computation time 

of ICAM with different settings in Table 5.3. For each setting, we randomly generate 1000 

instances and average the results. All the tests are run on a Windows PC with 3.16 GHz Intel® 

Core™2 Duo processor and 4 GB memory. As seen, ICAM is subject to a polynomial compu

tation time with respect to n and m, which are the numbers of buyers and sellers, respectively. 

Table 5.3: Computation Time. 

n = 100 
m 50 100 150 200 250 300 

Time (ms) 0.4 0.7 1.0 1.2 1.5 1.8 

m = 100 
n 50 100 150 200 250 300 

Time (ms) 0.4 0.7 0.9 1.1 1.2 1.5 

5.5.3 Individual Rationality 

To validate Theorem 5 .2 regarding individual rationality of ICAM, we present the bids and 

prices of winning buyers in Fig. 5.7(a), and the payments and asks of winning sellers in 

Fig. 5.7(b). Clearly, each winning buyer is charged a price no higher than its bid, while each 

winning seller receives a payment no less than its ask from the auctioneer. Therefore, ICAM 

is individually rational. 
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Figure 5.7: Individual rationality of ICAM. 

5.5.4 Budget Balance 

Theorem 5.3 proves that ICAM is budget-balanced, which means that the total price charged to 

the winning buyers is no less than the total payment rewarded to the winning sellers. Fig. 5 .8 

shows the total price and the total payment with different settings. Here, we fix the number of 

buyers to 100, and vary the number of sellers from 50 to 150 with an increment of 10. As seen, 

the total price from the winning buyers is always greater than the total payment to the winning 

sellers. Therefore, the auctioneer can conduct the auction without a deficit. 
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Figure 5.8: Budget balance of ICAM. 

To verify truthfulness of ICAM, we randomly pick two buyers and two sellers to examine how 

their utilities change when they bid or ask different values. The results are depicted in Fig. 5.9. 

Fig. 5.9(a) shows a case that buyer bi wins the seller Sj and gains utility Uib = 0.2131 when 

it bids truthfully with D{ = V:j = 0. 7 444 . It can be seen that buyer bi cannot improve its utility 

no matter what other bids it takes. Fig. 5.9(b) shows a different scenario that buyer bi does not 

win the seller Sj when it bids truthfully with D{ = V:j = 0.6841. Thus, bi achieves zero utility 

(Uib = 0) without having the service. Fig. 5.9(b) shows the utility cannot be greater than zero 

even when bi bids untruthfully. 

Fig. 5.9(c) shows an example with winning seller Sj that asks truthfully with Aj = Cj = 

0.1706 and achieves utility UJ = 0.3546. As seen, the utility with a truthful ask is the highest 

among all possible asks. Fig. 5.9(d) shows that seller Sj loses when asking truthfully with 

Aj = Cj = 0.8564 and thus obtains zero utility (UJ = 0). For all other asks, the achievable 

utility is either zero or negative, but cannot be more than zero. 

In summary, ICAM guarantees truthfulness for both buyers and sellers since the utility 

cannot be improved by bidding or asking untruthfully. 
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Figure 5.9: Truthfulness of buyers and sellers with ICAM. 

5.5.6 System Efficiency 

Both the theoretical proof in Section 5 .4 and the numerical results show that ICAM is computa

tionally efficient, individually rational, budget-balanced and truthful. System efficiency is an

other important metric for an auction mechanism. Unfortunately, it has been shown in [26] that 

a double auction is impossible to achieve truthfulness, budget balance, and system efficiency 

simultaneously. Depending on the system requirement, we can evaluate system efficiency in 

terms of the number of successful trades or the total valuation of winning buyers. Usually, 

the total valuation is proportional to the number of successful trades, which has been observed 

in Fig . 5.6. Hence, we focus on the number of successful trades (Nsr) in the following to 

evaluate system efficiency. 

Fig. 5.10 compares the number of successful trades among three different mechanisms . 

The optimal strategy refers to the strategy that the auctioneer applies to maximize Nsr with 

complete information. As seen , ICAM achieves around 50% of the system efficiency of the op

timal strategy, where the loss is mainly due to the cost of truthfulness with ICAM. On the other 

hand , the performance of ICAM is better than that of TASC. This improvement is attributed to 

the fact that ICAM involves much more winning buyer candidates in the assignment & pricing 
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Figure 5 .10: System efficiency. 

150 

stage, and removes very few winning players in the winner elimination stage. Therefore, !CAM 

can achieve all the desirable properties while maintaining a reasonable system efficiency. 

5.6 Chapter Summary 

In this chapter, we focus on designing a truthful auction mechanism to stimulate wireless de

vices to serve as relay nodes. Due to spatial distributions of relays and their distinct capa

bilities, the relays offer heterogeneous valuations toward nearby S-D pairs. Considering the 

unique features of the application scenario, we propose a double action mechanism !CAM, 

which coordinates the trading between S-D pairs as service users (buyers) and relays as ser

vice providers (sellers). It is proved that ICAM has the desirable properties, including compu

tational efficiency, individual rationality, budget balance, and truthfulness for both buyers and 

sellers. With the property of truthfulness, !CAM is free of market manipulation, and ensures 

auction fairness. Besides, the other three properties together guarantee the feasibility of !CAM. 

Simulation results validate our theoretical analysis and demonstrate that !CAM can achieve a 

reasonable system efficiency. 
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Chapter 6 

Concluding Remarks 

6.1 Conclusions 

With rising energy costs and rigid environmental standards, green communications have at

tracted considerable research attention. As a promising technique, cooperative communica

tions are expected to accommodate green wireless networks. Due to the lack of incentives 

for wireless devices to serve as relay nodes, cooperative communication techniques are not yet 

widely used in practice. In this thesis, we studied the two important issues in cooperative MAC 

to expedite practice of cooperative communications, i.e., energy saving and incentive design. 

The main research results are summarized as follows: 

• We first developed 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 

92 



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. 

• 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 probability and transmis

sion success probability. Extensive simulations were conducted to compare the perfor

mance of different distributed schemes and the analytical bounds. As shown in simula

tion results, by adjusting the weighting parameter p, 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 sav

ing. 

• Finally, we proposed a feasible and truthful auction mechanism ICAM for coopera

tive communications, where S-D pairs are service users (buyers) and relays are service 

providers (sellers). It has been proved that ICAM has the desirable properties, includ

ing computational efficiency, individual rationality, budget balance, and truthfulness for 

both buyers and sellers. With computational efficiency, ICAM is guaranteed to be im

plemented in a polynomial time. With individual rationality, ICAM can benefit both the 

S-D pairs and the relays. With budget balance, the auctioneer can host and run the auc

tion without a deficit. As seen, these three properties together guarantee the feasibility 

of ICAM. Besides, with the property of truthfulness, ICAM is free of market manipula

tion, and ensures auction fairness. Moreover, simulation results confirmed our analysis, 

and demonstrated that ICAM can achieve the desirable properties while maintaining a 

reasonable system efficiency. 
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6.2 Future Work 

In this thesis, we have proposed two energy-efficient cooperative MAC schemes to accommo

date green communications in wireless networks, and designed a feasible and truthful auction 

mechanism to stimulate the wireless devices to serve as relays. There are still many open issues 

and this research can be extended in the following aspects: 

• The proposed energy-efficient scheme in Chapter 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 

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, 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. 

• In addition to the three properties (computational efficiency, individual rationality and 

budget balance) that guarantee the feasibility of an auction mechanism, the proposed 

ICAM emphasizes the property of truthfulness, which prevents market manipulation and 

eliminates the strategic overhead of the participants. However, there are few works on 

incentive design to improve the system efficiency, which is another crucial property of 

auction mechanisms. Here, in cooperative communications, the system efficiency can be 

measured in terms of the number of successful trades (i.e., the number of final matchings 

between S-D pairs and relays) or the social welfare (i.e., the total valuation of S-D pairs 

that get relaying services).To improve the system efficiency of an incentive mechanism 
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for cooperative communications while maintaining other desirable properties, more ef

forts are required in future study. 
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Appendix A 

A.1 Extended Proof of Lemma 3.2 with m Relays 

Let p 1,p2 , ... ,Pm be the probabilities that m relays correctly receive a packet from S, and 

( 1 , ( 2 , ... , (m be the active probabilities of the m relays, respectively. Any unknown (i (2 ~ 

i :s; m) can be determined according to known ( 1 , ... , (i-l· Thus, ( 1 , ( 2 , ... , (m can be ob

tained sequentially so as to minimize the overall energy consumption of these m relays. 

The average energy consumption of a packet transmission is given by 

where P 1 is the probability that at least one active relay correctly overhears the packet from 

the source, P 2 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. Form relays, we have 

m m 

i=l i=l 

Thus, we have 
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Similar to (3.21)-(3.23), it can be easily inferred that, given known ( 1, ... , (m-l, the active 

probability (m should be either O or 1, so as to minimize the average energy consumption E. 

The setting of O or 1 to (m depends on the successful receiving probability Pm and the status of 

the other relays. 

A.2 Proof of (3.34) and (3.35) 

The conditional collision probability Pc is given by (A.I): 

Therefore, (3 .34) is proved. 
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Since A1;;,.ro ::; r, according to (A.l), we have 

(A.2) 

which gives the result in (3.35). 
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AppendixB 

B.1 Proof of ( 4.17) 

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

ip t [ t2 
/ 2 ] N -

2 
( t - c )2 / 2 

le = l - dt 
l e p(l-p) p(l-p) p(l-p) 

l l-p 1 [ t - p/2] N-
2 t - C - p/2 

le = -- 1- dt 
2 

p l-p l-p l-p 

J,l 1-t [ (1-t)2 ]N-2[ (1-t+c)2] 
le = l - dt. 

3 l-pP(l-p) 2p(l-p) 2p(l-p) 

As a closed-form expression is not tractable for lei, we take t ::; p and have 
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The closed-form expressions of Ic2 and lc3 can be obtained as 

(B.6) 

(B.7) 

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

B.2 Proof of (4.25) 

According to (4.2), we obtain the transmission success probability over the relay-to-destination 

channel with v = 2 as 

-Kd2 

PRD = e 

where K = T0N0/ P0. Given the PDF of din (4.10), we derive the CDF of PRD by 

Pr[PRv::; p] = Pr[e-Kd' ::; p] = 1 - Pr [d::; {-¥] 
{~ d2J-kinp 

= 1 - lo f(x)dx = l - l2 
0 0 

Po 
= 1 + N0Toz2 ln p. 

(B.8) 

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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AppendixC 

C.1 Proof of Lemma 5.1 

Given the ask vector of all sellers in S, A = (A1, ... , Am), the kth smallest value of A is 

denoted by Aik. Let A_j = (A1 , ... , Aj-l, Aj+l, ... , Am) be the ask vector excluding the ask 

Ai of si. The (k - l)th smallest value of A_i is denoted by As. Let S<k denote the subset of 

sellers whose asks are less than Aik. 

A truthful ask (Ai = Ci) of seller si or any general ask Ai of si result in different ask 

vectors A = A_j U {Ci} or A = A_i U {Ai}, respectively. To distinguish Aik of the ask 

vector A with a different ask of si, we use Aik to specifically denote the kth smallest value 

of A_i U {Ci} and Aik for the kth smallest value of A_j U {Ai}. The utilities of si with a 

truthful ask and a general ask are then denoted by UJ and UJ, respectively. 

Proposition C.1. If every seller Sj E S<k receives payment Aik at cost Cj, and every seller 

si E S \ S<k receives payment zero at zero cost, then telling truth (Ai = Ci) is a weakly 

dominant strategy for each seller Sj ES. 

Proof. We first consider the case with 1 < k < m, which is further divided into three cases . 

• cj < Ajk: We have cj < As. If Sj bids truthfully with Aj = cj' its utility is given by 

UJ = As - Ci > 0. For any general ask Aj, we have 
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• cj = Ajk: We have cj ~ As. Even though Sj bids truthfully, it gains zero utility 

(UJ = 0) since it does not fall within S<k· For any general ask Aj, we have 

• cj > Ajk: In this case, cj > As and the utility of Sj when asking truthfully is UJ = 0. 

For any general ask Ai, we have 

As seen in all three cases when 1 < k < m, telling truth is a weakly dominant strategy for 

seller si since the utility of si with a truthful ask (UJ) is always no less than the utility with 

any general ask (UJ). It can be shown similarly that this conclusion also applies to the cases 

with k = land k = m. This completes the proof of Proposition C.l. D 

Proposition C.2. Let S1i ~ S<k be the subset of sellers that no buyers bid for them with a 

price of at least Aik. If every seller Sj E S<k \ S1i receives payment Aik at cost Ci, and every 

seller Sj E S1i U {S \ S<k} receives payment zero at zero cost, then telling truth (Ai= Ci) is 

a weakly dominant strategy for each seller Sj E S. 

Proof. We can follow a logic similar to the proof of Proposition C.l. If seller si asks truthfully 

and falls into set S \ S<k, it can be easily shown that telling truth is a weakly dominant strategy 

for seller si, according to Proposition C.l. 

If seller Sj asks truthfully and falls into set s<k, we have cj < As and Ajk = As. Then, 

there are two cases in the following. 

• si E S1i when asking truthfully: si achieves utility UJ = 0. Then, a general ask of si 

may result in two possible subcases. 
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- -
- Aj < As: We still have Ajk = A]k = As and Sj E sh. Thus, u; = 0. 

- Aj ~ As: We have Sj E S \ s<k and ff; = 0. 

• Sj E s<k \ sh when asking truthfully: Sj achieves utility u; = As - cj > 0. Similar to 

the preceding case, there are two subcases with a general ask of Sj. 

- Aj < As: We still have Ajk = A]k = As. Thus, Sj stays in s<k \ Szl and its utility 

UJ = As - Cj = UJ. 

- Aj ~ As: We have Sj E S \ s<k and u; = 0. 

As seen from both cases, telling truth is a weakly dominant strategy for seller Sj because 

U~ > u~ J - J. 

Therefore, Proposition C.2 is proved. D 

Proposition C.3. Let S12 ~ { S<k \ S11 } be the subset of sellers, so that for each seller Sj E S12 , 

buyer bi with the highest bid for Sj chooses a seller, Sj' E { S<k \ Sh} \ S12 , to achieve utility 

Ui~' ~ Ui~. Besides, the utility Ui~ of buyer bi on seller sj depends on a bid Df, (Df, ~ AJk). 

If every seller Sj E { S<k \ S11 } \ S12 receives payment AJk at cost Cj, and every seller Sj E 

S12 U Sh U { S \ S<k} receives payment zero at zero cost, then telling truth (Aj = Cj) is a 

weakly dominant strategy for each seller Sj E S. 

Proof. For the case that seller Sj E S \ S<k when asking truthfully, Proposition C.1 already 

shows that telling truth is a weakly dominant strategy for seller Sj. On the other hand, if 

Sj E s<k, it implies that cj < As and A]k =As. Then, there are three cases in the following. 

• Sj E Sh with a truthful ask: Proposition C.2 can be referred to easily show that telling 

truth is a weakly dominant strategy for seller sj. 

• sj E S12 with a truthful ask: sj achieves utility UJ 

subcases resulting from a general ask of sj. 
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- Aj < As: We still have Ajk = Aik = As, and Ui~ remains unchanged, since Ui~ 

depends on a bid D{, ( D1, 2: Ajk). Thus, bi still chooses Sj' with Ui~' 2: Ui~. Then, 

s j E Sz2 and UJ = 0. 

- Aj 2: As: We have Sj E S \ s<k and UJ = 0 . 

• Sj E { s<k \ Sti} \ Sz2 with a truthful ask: Sj achieves utility UJ = As - cj > 0. On the 

other hand, there are two subcases with a general ask of Sj. 

- Aj < As: We still have Ajk = Ajk = As. Thus, Sj E { s<k \ Sti} \ Sz2 and 

UJ = As - Cj = UJ. 

- Aj 2: As: We have Sj E S \ s<k and UJ = 0. 

Comparing the utilities of truthful asks to those of general asks which may deviate from 

true costs, we can conclude that telling truth is a weakly dominant strategy for seller Sj. This 

completes the proof of Proposition C.3. D 

C.2 Proof of Lemma 5.2 

Based on the original buyer set B = { b1 , b2 , ... , bn}, we construct a new buyer set B' = { bij : 

D{ > 0, bi E B}, where D{ is the bid of bi on Sj. Obviously, bij E B' corresponds to bi E B. 

Let Br.p ~ B' be the subset of buyers that have bids of at least Dr.p, where Dr.p is independent 

of the overall bidding matrix D of all buyers. Similar to Appendix C.l, we use Ui~ and Ui~ to 

denote the utility of buyer bi with a truthful bid for seller sj and the corresponding utility with 

a general bid, respectively. We have the following four propositions related to truthfulness of 

buyers. 

Proposition C.4. If every buyer, bij E Br.p,pays Dr.p to use the service from seller sj, and every 

buyer, bij E B' \ Br.p, pays zero for not having the service from Sj, then telling truth ( D{ = V:j) 

is a weakly dominant strategy for every buyer bij E B'. 

104 



Proof. There are two cases for buyer bij, depending on how its true valuation i,,:i is related to 

D<p. 

• i,,:i < D<p: If bii submits a truthful bid i,,:i, it receives utility Ui~ = 0 because bii E B'\B<p 

with a bid less than D<p. For any general bid D{, there are two subcases. 

- D{ < D<p: We still have bii E B' \ B<p and fJi~ = 0. 

- D{ ~ D<p: We have bij E B<p, and buyer bii wins the service from si at price D<p. 

The utility becomes fJi~ = i,,:i - D<p < 0. 

• i,,:i ~ D<p: A truthful bid of bij results in utility Ui~ = i,,:i - D<p ~ 0, because bij wins 

the service from si and thus bij E B<p. There are also two subcases with a general bid 

D{. 

- D{ < D<p: We have bii E B' \ B<p and fJi~ = 0. 

- D{ ~ D<p: In this situation, bij wins the service from si at price D<p. Thus, fJi~ = 

i,,:i - D<p = Ui~. 

As seen, telling truth is a weakly dominant strategy for buyer bii since the utility is always 

maximized with a truthful bid. This completes the proof of Proposition C.4. D 

Proposition C.5. Let Bti ~ B<p be the subset of buyers, such that/or each buyer bij E Bzl' the 

ask of seller Sj is at least A<p, where A<p is independent of D. If every buyer, bij E B<p \ Bti, 

pays D<p to use the service from Sj, and every buyer, bij E Bti U { B' \ B<p}, pays zero for not 

having the service from Sj, telling truth (D{ = i,,:i) is a weakly dominant strategy for each 

buyer bij E B'. 

Proof. If buyer bii bids truthfully and falls into set B' \ B<p, i.e., i,,:i < D<p, it can be easily 

shown by Proposition C.4 that telling truth is a weakly dominant strategy for buyer bij. On the 

other hand, if a truthful buyer belongs to set B<p, i.e., i,,:i ~ D<p, there are two cases. 

• bii E Bti with a truthful bid: bij receives utility Ui~ = 0 without winning the service 

from si. A general bid of bii may result in two subcases. 
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- D; ~ Dcp: We still have bij E Bz1 and ffi~ = 0. 

- D; < Dcp: We have bij E B' \ Bcp and ffi~ = 0. 

• bii E Bcp \ Bii with a truthful bid: bii receives utility Ui~ = ~i - Dcp ~ 0. Similarly, 

there are two subcases with a general bid of bii. 

- D; ~ Dcp: We still have bii E Bcp \ Bii and ffi~ = ~i - Dcp = Ui~. 

- D; < Dcp: We have bii E B' \ Bcp and ffi~ = 0. 

Therefore, telling truth is a weakly dominant strategy for buyer bij E B' because its utility 

Ui~ with a truthful bid is always no less than its utility ffi~ with any general bid. This completes 

the proof of Proposition C.5. D 

Proposition C.6. Let Bz2 ~ { Bcp \ Bz1 } be the subset of buyers, such that for each buyer, bij E 

Bz2 , there is a buyer bi, i E { Bcp \ Bii } \ Bz2 with D{, ~ D;. If every buyer, bij E { Bcp \ Bii } \ Bh, 

pays~~ (Dcp ::; Pi~ ::; D;, and Pi~ is the smallest value that is no less than any other buyer's 

bid on s i) to use the service from s i, and every buyer bij E Bz2 U Bz1 U { B' \ Bcp} pays zero 

without having the service from Sj, then telling truth (D; = ~j) is a weakly dominant strategy 

for each buyer bij E B'. 

Proof. If buyer bii belongs to set B' \ Bcp when bidding truthfully, i.e., ~i < Dcp, telling truth 

is a weakly dominant strategy for buyer bij according to Proposition C.4. On the other hand, if 

bij E Bcp with a truthful bid, i.e., ~j ~ Dcp, there are three cases. 

• bij E Bii with a truthful bid: According to Proposition C.5, telling truth is a weakly 

dominant strategy for buyer bij . 

• bij E Bz2 with a truthful bid: bii achieves utility Ui~ = 0. This also implies that there 

exists a buyer bi'j E {Bcp \BzJ \Bh, who wins the service from si with D{, ~ ~i ~ Dcp. 

Next, consider three subcases with a general bid of bij. 
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- bij E { B'P \ Bti} \ Bz2 : Since bij wins the service and pays ~~, it means that Pi~ 

should be no less than any other buyer's bid on sj. Thus, Pi~ 2 D{, 2 ~j. This 

results in utility ff~. = Vj - P?. < 0 
1,J 1, 1,J - • 

- bij E Bz2 : We still have Ui~ = 0. 

- bij E B' \ B'P: We have Ui~ = 0. 

• bij E { B'P \ Bti} \ Bz2 with a truthful bid: Because ~j = D{ 2 Pi~, bij achieves utility 

ut = ~j - ~~ 2 0. Similarly, three subcases exist with a general bid of bij. 

- bij E { B'P \ Bti} \ Bz2 : Since the price Pi~ charged to bij is not affected and remains 

the same, we still have ffi~ = ~j - Pi~ = Ui~. 

- bij E Bz2 : We have ffi~ = 0. 

- bij E B' \ B'P: We have Ui~ = 0. 

As seen above, it always holds that Ui~ 2:: f\~. Therefore, telling truth is a weakly dominant 

strategy for buyer bij E B'. This completes the proof of Proposition C.6. D 

Proposition C.7. For a buyer bi E B with bia E { B'P \ Bii} \ Bz2 and bi/3 E { B'P \ Bii} \ Bz2 , if bi 

can only obtain service from the seller which provides bi a higher utility ( or a randomly selected 

seller when there is a tie), telling truth with (Df, Df) = (~a, vt) is a weakly dominant 

strategy for the buyer bi E B. 

Proof. Let~~ be the payment of bia to use the service from sa, and~~ be the payment of 

bi/3 to use the service from s13 • Then, we have the utilities of buyer bi with respect to seller Sa 

and seller s13 : Ui~ = ~a - ~~ and Ui~ = ~/3 - ~}, respectively. Without loss of generality, 

assuming that ut 2 Ui~' we have ut = Ui~ if bi bids truthfully. On the other hand, a general 

bid of bi may lead to four possible cases. 

• bia E { B'P \ Bii} \ Bz2 and bi/3 E { B'P \ Bz1 } \ Bz2 : bia still needs to pay ~~ to use the 

service from sa, while bi/3 still needs to pay ~} to use the service from s13 • Thus, Ui~ 

and Ui~ remain unchanged. According to the bids Df and Df, there are three subcases. 
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- If Df - ~~ > Df - ~~' we have f\b = Ui~· 

- If Df - Pi~= Df - Pi~' we have f\b = Ui~ or Uib = Ui~· 

- If Df - Pi~< Df - ~~' we have iJib = Ui~· 

• bia E { B'P \ Bti } \ Bz2 and bif3 (j. { B'P \ Bti} \ Bz2 : ut remains unchanged since buyer 

bia still needs to pay Pi~ to use the service from s0 , whereas Ui~ becomes 0. Thus, we 

still have i)ib = ui~. 

• bia (j. { B'P \ Bti} \ Bz2 and bif3 E { B'P \ Bti} \ Bh: This is an opposite of the above 

subcase. Here, Ui~ becomes 0, while Ui~ remains unchanged since buyer bif3 still needs 

to pay~~ to use the service from Sf3. Thus, we have iJib = Ui~· 

• bia (j. { B'+' \ Bti} \ Bh and bif3 (j. { B'+' \ Bti} \ Bz2 : Both Ui~ and Ui~ become 0, so we 

have iJib = 0. 

When selecting a seller which provides a higher utility to a buyer bi, we can see that telling 

truth is a weakly dominant strategy for buyer bi since Uib ~ iJib for all the cases. This concludes 

our proof of Proposition C.7. D 
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