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Abstract

Benefiting from the constant and significant advancement of wireless communi-

cation technologies and networking protocols, Wireless Ad hoc NETwork (WANET)

has played a more and more important role in modern communication networks with-

out relying much on existing infrastructures. The past decades have seen numerous

applications adopting ad hoc networks for service provisioning. For example, Wire-

less Sensor Network (WSN) can be widely deployed for environment monitoring and

object tracking by utilizing low-cost, low-power and multi-function sensor nodes. To

realize such applications, the design and evaluation of communication protocols are

of significant importance. Meanwhile, the network performance analysis based on

mathematical models is also in great need of development and improvement.

This dissertation investigates the above topics from three important and fun-

damental aspects, including data collection protocol design, protocol modeling and

analysis, and physical interference modeling and analysis. The contributions of this

dissertation are four-fold.

First, this dissertation investigates the synchronization issue in the duty-cycled,

pipelined-scheduling data collection of a WSN, based on which a pipelined data col-

lection protocol, called PDC, is proposed. PDC takes into account both the pipelined

data collection and the underlying schedule synchronization over duty-cycled radios
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practically and comprehensively. It integrates all its components in a natural and

seamless way to simplify the protocol implementation and to achieve a high energy

efficiency and low packet delivery latency. Based on PDC, an Adaptive Data Col-

lection (ADC) protocol is further proposed to achieve dynamic duty-cycling and free

addressing, which can improve network heterogeneity, load adaptivity, and energy

efficiency. Both PDC and ADC have been implemented in a pioneer open-source

operating system for the Internet of Things, and evaluated through a testbed built

based on two hardware platforms, as well as through emulations.

Second, Linear Sensor Network (LSN) has attracted increasing attention due to

the vast requirements on the monitoring and surveillance of a structure or area with

a linear topology. Being aware that, for LSN, there is few work on the network mod-

eling and analysis based on a duty-cycled MAC protocol, this dissertation proposes a

framework for modeling and analyzing a class of duty-cycled, multi-hop data collec-

tion protocols for LSNs. With the model, the dissertation thoroughly investigates the

PDC performance in an LSN, considering both saturated and unsaturated scenarios,

with and without retransmission. Extensive OPNET simulations have been carried

out to validate the accuracy of the model.

Third, in the design and modeling of PDC above, the transmission and interfer-

ence ranges are defined for successful communications between a pair of nodes. It

does not consider the cumulative interference from the transmitters which are out of

the contention range of a receiver. Since most performance metrics in wireless net-

works, such as outage probability, link capacity, etc., are nonlinear functions of the

distances among communicating, relaying, and interfering nodes, a physical interfer-

ence model based on distance is definitely needed in quantifying these metrics. Such

quantifications eventually involve the Nodal Distance Distribution (NDD) intrinsi-

cally depending on network coverage and nodal spatial distribution. By extending

a tool in integral geometry and using decomposition and recursion, this dissertation

proposes a systematic and algorithmic approach to obtaining the NDD between two

nodes which are uniformly distributed at random in an arbitrarily-shaped network.

Fourth, with the proposed approach to NDDs, the dissertation presents a phys-

ical interference model framework to analyze the cumulative interference and link

outage probability for an LSN running the PDC protocol. The framework is further

applied to analyze 2D networks, i.e., ad hoc Device-to-Device (D2D) communication-

s underlaying cellular networks, where the cumulative interference and link outage

probabilities for both cellular and D2D communications are thoroughly investigated.
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Chapter 1

Introduction

1.1 Background

Wireless Ad hoc NETwork (WANET), in contrast to the centralized hub-and-

spoke networks which heavily rely on pre-existing infrastructures (such as router-

s/switches in wired networks or base stations/access points in wireless networks),

allows low-cost, seamless integration into existing networks with fast deployment.

Such networks can provide users with flexible and ubiquitous network access to var-

ious services. As one of the most significant applications of wireless communication

technologies, a WANET consists of autonomous or mobile nodes which communicate

with each other without a centralized control or assistance. All the nodes in the

network can transmit, receive and forward messages, and thus do not rely on back-

bone networks. Therefore, ad hoc networks provide more robustness and flexibility

in the presence of node failures than those requiring infrastructure support and are

quite useful in environment monitoring, infrastructure surveillance, disaster relief,

battlefield, and scientific exploration.

Recent advances in wireless sensor networking technologies now facilitate various

services and allow the implementation of low-cost, pervasive, flexible and rapidly-

deployed monitoring and control systems. A typical Wireless Sensor Network (WSN)

usually consists of a large number of sensor nodes randomly deployed with one or

a few sinks as the gateway(s) of the network. The unattended sensor nodes are

tightly constrained in terms of energy, processing, and storage capacities. Especially,

efficient energy utilization is of crucial importance in WSNs, due to the limited battery

capacity of sensor nodes.
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Data collection can be found in a wide range of applications of WSNs, such as

scientific exploration [1], and other event monitoring applications [2–4]. Sensor nodes

send data packets usually through multi-hop wireless communications to a common

sink node for further processing, characterized with the many-to-one traffic pattern.

The past decades have seen quite a number of data collection protocols proposed for

WSNs. Some of them focused on the design either in the network layer [5, 6] or in

the MAC layer [7]. To solve the common limited energy capacity issue in WSNs,

they usually adopt or design an underlying MAC protocol with duty-cycled radio

operations, so that the radio of each sensor node can wake up and sleep periodically

based on an established time schedule. Thus the network energy efficiency can be

improved by reducing two of the most principal energy wastage sources, i.e., idle

listening and overhearing. However, the design separating the network and MAC

layers may degrade the network performance due to the less concern on cross-layer

cooperation. In addition, such duty-cycled radio operations will lead to a significant

packet delivery latency, known as sleep latency [8], due to the fact that a sender

has to hold its transmission until its receiver wakes up. Especially, in a multi-hop

transmission, the single-hop latency will be accumulated, leading to a large end-to-

end packet delivery latency. Therefore, the conventional duty-cycled schemes may not

be able to meet the real-time delivery requirement of the delay-sensitive applications.

Recently, Linear Sensor Network (LSN) has attracted increasing attention for

their promising application of monitoring a structure or area with a linear topol-

ogy [9–12], e.g., oil/gas/water pipelines, railway/subway, roadway/highway, certain

tourism/heritage sites, such as the Great Wall, etc. Due to the linear characteristic

of the monitored structure, the nodes in an LSN are deployed in a linear form. This

dissertation applies the proposed data collection protocol to an LSN, and model and

analyze the performance of the LSN in terms of several performance metrics.

In addition, the past decades have also seen an increasing amount of attempts

focusing on the analytical description of system characteristics and performance met-

rics through physical interference modeling and analysis for WANETs. As one of the

promising tools, stochastic geometry [13] has been widely adopted, where the node

distribution is assumed to follow a Poisson Point Process (PPP) [14–16] or a Binomial

Point Process (BPP) [17–19]. However, the PPP model is inadequate/inaccurate in

many practical wireless networks where a finite number of nodes are randomly dis-

tributed in a finite area, because it assumes an unbounded number of nodes and does

not take into account the effects of the network boundaries. Meanwhile, the BPP
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model can analyze neither the exterior interference at a reference receiver nor the

average performance metrics at any node but only at a specific reference node. Both

models provide us with average results over time and space, but cannot present perfor-

mance metrics for a specific network deployment or a time instance [20]. Since most

of the performance metrics in finite WANETs are nonlinear functions of the distances

among communicating, relaying, and interfering nodes, this dissertation will also fo-

cus on the physical interference model based on distance, which has been extensively

studied and applied as a significant complementary tool to the PPP and BPP models

to quantify these metrics, such as interference [21], Signal-to-Interference-plus-Noise

Ratio (SINR) [22], path loss [23], node degree [22], link/hop distance [24,25], outage

probability [23], link capacity [22], localization [26], energy consumption [27], stochas-

tic properties of a random mobility model [28, 29], etc. As a result, Nodal Distance

Distributions (NDD) is eventually involved in such quantifications, which intrinsically

depend on the network coverage and nodal spatial distribution.

1.2 Research Objectives and Contributions

1.2.1 Data Collection Protocol Design

To alleviate the sleep latency issue, this dissertation adopts a pipelined schedul-

ing scheme over duty-cycled radios. The basic idea is to stagger the sleep-wakeup

schedules of the nodes along a forwarding path, so that a relaying node can forward

a received packet in a short time, reducing the queuing time of the packet during the

sleep periods and thus reducing the end-to-end packet delivery latency. In addition,

the scheme can also mitigate the interference in the network, since any two commu-

nicating nodes will not be interfered with by their previous/next-hop neighbors (as

they are sleeping according to their schedules). Due to the aforementioned features,

the traffic contention in a congested area can also be handled effectively by moving

data quickly away from that area.

Obviously, schedule synchronization plays a fundamental role in achieving such a

pipelined scheduling design. There have been several local synchronization schemes

proposed for non-duty-cycled radios [30–34]. As investigated in [35], for duty-cycled

radio operations, however, these schemes may cause exponential error proliferation

and impose a significant challenge on the scalability and efficacy of the synchroniza-

tion. In addition, data collection and schedule synchronization should be considered
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comprehensively, especially when the duty-cycled and pipelined scheduling features

are involved. The separate designs of network and MAC layers may result in a high

protocol overhead and inefficient usage of limited sensor node resources. Furthermore,

the synchronization of duty-cycled, pipelined schedules along a forwarding path be-

comes quite subtle and challenging, since the schedule adjustment of any nodes along

the path may lead to the out-of-sync with its previous/next-hop neighbors in a cas-

caded manner. Especially, due to the fact that different communicating nodes have

different clock drift velocities in real hardware platforms and if not handled appropri-

ately, the established pipelined schedules could be easily disrupted, which is referred

to as Duty-cycled, Pipelined Synchronization (DPSync) issue and investigated by ex-

perimentation in Chapter 2.

To address the issues identified above, this dissertation proposes a Pipelined Data

Collection (PDC) protocol for data collection in duty-cycled sensor networks. The

whole protocol only relies on an RTS/CTS-like handshake, which is not only for data

transmission as commonly utilized in prior work, but also for all other components

in PDC, such as duty-cycled pipelined scheduling, schedule synchronization, data-

gathering tree establishment, topology control and maintenance, etc. PDC integrates

all the components of the protocol in a natural and seamless way to simplify the pro-

tocol implementation and to achieve a high energy efficiency and low packet delivery

latency. PDC is then implemented in the latest Contiki Operating System (OS) [36]

(a pioneer open-source OS for the Internet of Things) and a testbed is built based

on two hardware platforms (Z1 [37] and MicaZ [38]) to evaluate the synchronization

performance of PDC. The network performance of PDC is shown in comparison with

a de facto standard for data collection based on the fully emulated Z1 in the Cooja

simulator, which is provided by the Contiki OS for the rapid development of sensor

networks.

PDC employs a fixed duty cycle, which, however, will cause unwanted energy con-

sumption under light traffic loads, and network congestion and collision with packet

retransmission or drop under heavy loads. This is because the accumulated data in

the network cannot be sent promptly just in the active period of the radio, which

further leads to a long packet delivery latency, low network capacity, and poor energy

efficiency. Another concern about PDC is node addressing, e.g., the addressing for

MAC/routing, which is often underestimated and even neglected in the prior data

collection design. It is difficult and costly for the manufacturers of sensor nodes to

assign a unique address for every node during the manufacturing phase, since there
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are several issues to be considered carefully, such as address definition, address space

management, address allocation, etc. Take the Z1 mote produced by Zolertia [37] for

example. A single program in the Contiki OS has been provided to allow customers

to manually assign a unique MAC address to each node one by one [39]. It is quite

inconvenient, especially when there are a large number of nodes to be deployed. In

addition, a WSN may need different sensor platforms from different manufactures due

to their different sensing capabilities. Different manufacturers, however, may have d-

ifferent addressing schemes, which will obstruct the cross-platform communications

in a heterogeneous network constituted of various sensor platforms. On the other

hand, the execution of an independent address allocation and exchange mechanism

in runtime also causes a significant network overhead. Note that in a dense WSN, it

is quite difficult to link the address of a node for communication with its location,

and thus people assume the required location information can be determined by other

means (e.g., GPS) and embedded in the payload of a packet if necessary.

With the above considerations, this dissertation further proposes an Adaptive Da-

ta Collection (ADC) protocol based on PDC with two additional features integrated,

i.e., free addressing and dynamic duty-cycling. Specifically, each node is identified

for inter-node communication by using a Randomly-generated IDentifier (RID), plus

its communication hop distance to the sink node. So there is no need to preassign

a unique address to each node or perform an address allocation and management

procedure in the runtime of a network. Furthermore, the sleeping period can be uti-

lized on demand for data transmission to achieve a dynamic duty cycle adaptive to

the network traffic load. Therefore, with the above two features, the network per-

formance can be largely improved in terms of network heterogeneity, load adaptivity,

and energy efficiency.

ADC has also been implemented in Contiki. A testbed based on two real hard-

ware platform, i.e., Z1 and MicaZ, forming a heterogeneous network, and a Cooja

simulated network constituted of several fully emulated platforms, such as Z1, Tmote

Sky [40], and EXP5438 [41] are established to evaluate the performance of ADC.

The evaluations are conducted in comparison with PDC, which demonstrates the

practicality and efficacy of the design.
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1.2.2 Protocol Modeling and Analysis

Being aware that, for LSNs, there is few work on the network modeling and anal-

ysis based on a duty-cycled MAC protocol, this dissertation applies a duty-cycled,

pipelined-scheduling protocol (say, PDC proposed in this dissertation) to an LSN,

models the protocol, and analyzes its performance in the LSN in terms of the system

throughput, active time ratio per cycle of each node (which indicates the energy effi-

ciency of the protocol), and packet delivery latency. The model consists of two parts.

One is to analyze the MAC process, and the other is to model the queueing behav-

ior with and without retransmission. Therefore, the model can be easily generalized

to other duty-cycled protocols only by changing its first part to the analysis of the

corresponding protocol process. All the sensor nodes in the model can operate as the

source nodes to generate packets as in reality, i.e., the relaying nodes can also gener-

ate their own packets, which is one of the significant challenges facing the modeling

of duty-cycled protocols in a multi-hop wireless network. To the best of our knowl-

edge, none of existing models for a duty-cycled protocol consider this multi-source,

multi-hop issue. Besides, the proposed model is validated under various scenarios in

comparison with extensive simulations in OPNET, which is a well-known, industry-

strength network simulator with high fidelity. In addition to enabling the effective

estimation of the protocol performance, the proposed model and analysis provide an

insightful understanding on the behavior of a duty-cycled protocol and aid its design

and optimization for a multi-hop LSN.

1.2.3 Approach to Ran2Ran NDD

In the design and modeling of PDC above, the transmission and interference ranges

are defined for successful communications between a pair of nodes. So PDC does not

take into account the cumulative interference from the transmitters which are out of

the contention range of a receiver. Since most performance metrics in wireless net-

works, such as outage probability, link capacity, etc., are nonlinear functions of the

distances among communicating, relaying, and interfering nodes, a physical interfer-

ence model based on distance is definitely needed in quantifying these metrics. Such

quantifications eventually involve the NDD in a finite network intrinsically depending

on the network coverage and nodal spatial distribution.

Using simulation can obtain NDD, which, however, is usually time-consuming and

requires a large number of runs to fine-tune parameters to obtain statistically signif-
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icant results. Moreover, by simulations, only the empirical Cumulative Distribution

Function (CDF) of nodal distances can be obtained, while the accurate Probabil-

ity Distribution Function (PDF) is indispensable to the modeling and analysis of

wireless networks. Due to the significance of the path-loss exponent, even two close

PDFs of nodal distances will lead to a substantial difference in performance met-

rics. Therefore, how to effectively obtain the relevant NDDs is definitely significant

to accurately quantify the distance-dependent performance metrics when modeling

and analyzing finite wireless networks, which has drawn plenty of attention in recent

years [23, 42–59].

In general, there are two types of NDD involved in modeling and analyzing wireless

communication networks, namely, 1) Ref2Ran NDD: the distribution of the distance

between a given reference node (e.g., a base station in a cellular system) and a random

node (a cellular user equipment), and 2) Ran2Ran NDD: the distribution of the dis-

tance between two random nodes. Recently, the Ref2Ran NDDs have been extended

from the networks in certain specific shapes, including squares [42], disks/circles [23],

hexagons [43, 47], regular polygons [54], and convex n-gons [53], where the reference

node has to be inside or on the boundary of the network, to the networks in the shape

of arbitrary polygons [58, 59], where the reference node could be anywhere.

In contrast, the Ran2Ran NDDs are still confined to the networks in certain

specific shapes, including disks [21, 46, 51, 60], triangles [52, 55], rectangles [22, 24, 25,

51], rhombuses [44], trapezoids [50], and regular polygons [22,27,45,48,49,56], which

greatly limits the applicability of these approaches in modeling and analyzing wireless

networks. For example, a practical finite wireless network may be in an arbitrary

convex shape rather than the specific convex geometries mentioned above, or even in

a concave shape; the network may contain two or more disjoint areas, or it has a tiered

structure where two or more different networks are mixed deployed. To the best of

our knowledge, there is lack of approach to the Ran2Ran NDDs associated with such

a network, and thus the corresponding Ran2Ran NDD-based network modeling and

analysis are infeasible.

This dissertation proposes a systematic and algorithmic approach to Ran2Ran

NDDs by utilizing a concept, called Kinematic Measure (KM) in integral geom-

etry [61], and decomposition and recursion methods. The approach can handle

arbitrarily-shaped networks, including convex, concave, disjoint, and tiered network-

s, as well as different node densities in different network subareas, i.e., non-uniform

nodal distributions. All the network shapes handled in the existing work mentioned
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above are just the special cases in the proposed approach, which enables a wide range

of new significant NDD-based network modeling and performance analysis. For ex-

ample, the performance metrics in the networks with concave shapes and/or holes

inside now can be accurately captured and analyzed, and the mutual influences a-

mong disjoint network regions (such as cells/clusters) or the networks mixed deployed

in a tiered structure (e.g., a cellular system with underlaying device-to-device com-

munications) can also be quantified properly. Based on the proposed approach, this

dissertation derives and validates the Ran2Ran NDDs for the networks in the shapes

of arbitrary polygons, as commonly seen in the current literature to approximate the

shapes of finite wireless networks in the existing work. Specifically, the NDDs asso-

ciated with arbitrary triangles are first obtained, which are further utilized to obtain

the NDDs associated with arbitrary polygons, since any polygons can be triangulated.

1.2.4 Physical Interference Modeling and Analysis

Analyzing LSNs

With the proposed approach to Ran2Ran NDDs, this dissertation proposes a

physical interference model framework to analyze the cumulative interference and

link outage probability for an LSN running the PDC protocol. It can provide insights

into tuning the protocol parameters, such as sleep factor, ξ, which determines the

sleeping time of a node, provided with the outage probability of sensor nodes. There

is an obvious tradeoff in setting ξ in PDC. A smaller ξ may lead to more concurrent

transmissions, while the cumulative interference to the receiver of each communicating

node pair increases as well, which more likely results in unsuccessful communications.

The proposed physical interference modeling and analysis can help select a proper ξ

to achieve an optimal network performance.

Analyzing Ad Hoc Device-to-Device Communications

The framework based on NDD is further applied in modeling and analyzing the ad

hoc Device-to-Device (D2D) communications underlaying a cellular network. Recent-

ly, great efforts from both academia and industry have been devoted to the research

and development of ad hoc D2D communications, as believed to be one of the promis-

ing technologies to improve network performance in several aspects [62]. Specifically,

by allowing the direct communications between nearby User Equipments (UEs) with-
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out traversing the Base Station (BS) or core network, not only are the transmission

delay and power reduced, but also the network coverage can be extended. More im-

portantly, D2D communications in cellular networks occurring on either the cellular

or unlicensed/unused spectrum bring a great chance to improve network capacity and

spectrum efficiency.

One of the serious challenges facing the implementation of D2D communications

in cellular networks is the possible interference between D2D and cellular links and

that between D2D links due to spectrum sharing. Considering an uplink resource

reusing scenario, a Cellular UE (CUE) sends packets via the BS, while D2D UEs

(DUEs) exchange packets directly in an ad hoc style utilizing the uplink radio re-

source. A D2D communication might be affected by a simultaneous transmission

from CUE to the BS. In particular, as the number of concurrent D2D pairs increases,

not only will the quality of the received signal at the BS be highly affected by the

accumulated interference from the transmitting DUEs, but also the performance of

each D2D pair itself will be degraded due to the inter-D2D interference. Likewise, in

a downlink reusing scenario, the transmitting DUEs may make nearby CUEs fail to

receive any signal. Therefore, the interference analysis in such a system is of great

importance. An accurate interference analysis can provide us with deep insights into

system performance in terms of several important performance metrics, such as SINR

and those which are functions of SINR, including outage probability, capacity, etc.

In light of the significance of the interference analysis in cellular networks with

D2D communications, extensive research has been conducted. Existing work mainly

focused on either a simple scenario with single D2D pair [63–65] or throughput bound

analysis [66, 67]. Recently, the tools from stochastic geometry have been adopted

for the interference analysis of D2D communications in a large-scale cellular system

with multiple cells working on the same frequency bands [68, 69]. However, these

results cannot apply directly to a system with pre-deployed BSs according to cell

planning, higher frequency reuse factors, or sector-partitioned cells. How to quantify

the interference and system performance in more general scenarios is still an open

issue, inspiring the work in this dissertation as a significant complementary one to

the existing approaches and results.

Different from the existing work, this dissertation presents a framework based on

both Ref2Ran and Ran2Ran NDDs with a path-loss model to obtain the distribution-

s of signal, interference and further SINR, which are further utilized to thoroughly

investigate the interference and outage probabilities for both cellular and D2D com-
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munications. Since uplink resources are more likely to be shared than downlink

resources as a result of the asymmetric uplink and downlink service loads [70, 71],

under-utilization of uplink spectrum [72], and stronger abilities at BSs to process

interference than at CUEs [71], the framework focuses on an uplink reusing scenario,

where multiple DUEs reuse the uplink resource of a CUE. Specifically, according to

a general path-loss model commonly adopted for analyzing wireless networks, the

signal/interference received at a node depends heavily on the distances to its trans-

mitting/interfering nodes. Considering that the UEs are independently and uniformly

distributed in a cell, we first obtain the distributions of the distance from the BS to

a random UE and that between two random UEs, associated with arbitrarily-shaped

service areas. The technique can be extended to non-uniformly distributed UEs.

The case that a Guard Region (GR) is set for the BS to mitigate the interference

from DUEs is also considered, where DUEs are randomly deployed beyond the GR.

Meanwhile, the shadowing and fading effects can also be easily included, as shown in

Section 5.4.5, and the proposed framework can also be applied to a downlink reusing

scenario, as detailed in Section 5.4.4. The proposed framework has no limitations

on the network shapes, and the presented results can provide important insights and

guidelines for network planning and dimensioning at the system level.

1.3 Dissertation Organization

This dissertation covers topics in protocol modeling and performance evaluation

in WANETs. The remainder of the dissertation is organized as follows.

In Chapter 2, we investigate the duty-cycled, pipelined schedule synchronization

issue by experimentation, and illustrate that the established pipelined schedules over

duty-cycled radios along a forwarding path can be easily disrupted if the issue is not

handled appropriately. Then we propose PDC with a cross-layer integration of all the

protocol components in a natural and seamless way. ADC is further proposed based

on PDC to take into account free addressing and dynamic duty-cycling. Both PDC

and ADC are implemented in the Contiki OS and a testbed is built to evaluate their

performance.

In Chapter 3, we model a duty-cycled protocol with a pipelined-scheduling fea-

ture, i.e., the PDC protocol proposed in Chapter 2, for an LSN. Based on the model,

we analyze the network performance and validate the model through OPNET simu-

lations.
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In Chapter 4, a systematic and algorithmic approach is proposed to obtain Ran2Ran

NDDs. Based on the proposed approach, we derive and validate the Ran2Ran NDDs

for the networks in the shapes of arbitrary polygons, as commonly seen in the current

literature to approximate the shapes of finite wireless networks.

In Chapter 5, a physical interference model framework based on NDDs is proposed

to analyze the LSN running the PDC protocol, so the cumulative interference at a

receiver can be considered. The framework is further applied to analyze ad hoc D2D

communications underlaying a cellular network.

Chapter 6 concludes the dissertation and discusses the future work.

1.4 Bibliographic Notes

Most of the works reported in this dissertation have appeared in research papers.

The work on PDC in Chapter 2 has been published in [73,74] and that on ADC has

appeared in [75] (an extension of which has been submitted as [76]). The works in

Chapter 3 have been published in [77,78]. The works in Chapter 4 have been briefly

announced in [57,79]. Some parts in Chapter 5 have appeared in [80,81].



12

Chapter 2

Energy-Efficient and Practical

Pipelined Data Collection

2.1 Overview

In this chapter, we first investigate the synchronization issue facing the duty-

cycled, pipelined data collection in WSNs. Then we propose a Pipelined Data Col-

lection (PDC) protocol, which takes into account both the pipelined data collection

and the underlying schedule synchronization over duty-cycled radios practically and

comprehensively. Based on PDC, we further propose an Adaptive Data Collection

(ADC) protocol, with two additional features naturally and seamlessly integrated,

i.e., free addressing and dynamic duty-cycling, to improve network heterogeneity,

load adaptivity, and energy efficiency.

2.2 Related Work

In this section, we review the existing work on pipelined scheduling, schedule syn-

chronization, dynamic duty-cycling, and free addressing in duty-cycled sensor net-

works, respectively.

2.2.1 Pipelined Scheduling with Duty Cycling

Forwarding data packets along a multi-hop path in a pipelined fashion to reduce

the packet delivery latency could be found in some of the existing duty-cycled MAC

protocols designed for sensor networks. These MAC protocols can be classified into
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two categories: with and without an integrated routing scheme. For the latter, for

example, Cao et al. [82] proposed a streamlined wake-up algorithm to organize the

duty cycles of nodes into a streamlined sequence to forward data promptly. Du et

al. [83] proposed a duty-cycled MAC protocol, which awakens part of the nodes along

a forwarding path sequentially in a single operation cycle, so that a packet can be

delivered over multiple hops in one cycle. Overall, these protocols only focused on

the design in the MAC layer, and had no consideration on schedule synchronization,

which is, however, indispensable to achieve the pipelined forwarding.

There are also a set of duty-cycled MAC protocols integrating routing over a pre-

constructed data-gathering tree, such as DMAC [84], MERLIN [85], PRI-MAC [73],

etc. However, these protocols either ignored the synchronization issue, or just as-

sumed that a local synchronization scheme for non-duty-cycled sensor networks could

meet the requirement of achieving the duty-cycled pipelined scheduling. For example,

DMAC based on a tree structure assumed that a local synchronization is enough and

some of the existing schemes such as RBS [30] could meet its requirements, without

evaluating their efficacy and mutual effect with DMAC on the network performance.

In addition, DMAC provided no details about how to build the tree and how to stag-

ger sleep-wakeup schedules among sensor nodes. MERLIN and PRI-MAC had no

consideration on schedule synchronization, either. Furthermore, all these protocols

were evaluated only through simulations. While on real hardware platforms, the per-

formance of a network running these protocols may degrade tremendously due to the

out-of-sync issue, since there is no practical and appropriate synchronization scheme

provided.

Recently, Cao et al. [8] proposed a Robust Multi-pipeline Scheduling (RMS) algo-

rithm for data collection in duty-cycled sensor networks. In RMS, multiple parallel

pipelines are coordinated so that a packet can be switched timely among different

pipelines if failure happens during its former attempts of transmission. By combining

the pipelined scheduling scheme and the multi-parent forwarding scheme, RMS could

minimize the end-to-end delivery latency while handling unreliable wireless commu-

nication links and transmission failures. RMS did not consider schedule synchroniza-

tion, either, but just assumed that the clocks on each sensor in the neighborhood

can be locally synchronized by utilizing FTSP [31], a flooding time synchronization

for non-duty-cycled sensor networks. However, as we will show in Section 2.3, the

DPSync issue cannot be eliminated with a local synchronization scheme. In [86], a

circular pipelining algorithm was proposed to reduce the end-to-end delivery latency
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for round-trip network operations in duty-cycled sensor networks. Similarly, the work

also assumed that the network is locally synchronized by using FTSP.

2.2.2 Schedule Synchronization with Duty Cycling

Schedule synchronization is essential to various sensor network operations, espe-

cially for duty-cycled sensor networks, as a node can communicate with any one-hop

neighbor only when both of them are active with radios on. The intermittent link

due to the duty-cycled radio operations makes wireless communications in sensor net-

works very challenging with the practical issue of clock drift, which in turn makes the

synchronization itself quite difficult. There have been several synchronization pro-

tocols proposed for non-duty-cycled sensor networks, such as RBS [30], FTSP [31],

FBS [32], and MTS [33, 34], by utilizing the broadcast channel [30] and multi-point

time-stamping with linear regression [31], respectively. However, these methods are

not suitable for a duty-cycled scenario and can cause exponential error prolifera-

tion [35]. Especially, for a duty-cycled, pipelined data collection, these methods are

faced with the DPSync issue, which has not been addressed in the current literature.

On the other hand, PSR [87] is one of the earliest work on synchronous rendezvous

in duty-cycled sensor networks. The key idea in PSR is to extract timing information

embedded in the duty-cycled pattern of radios by utilizing the normal traffic in the

network, which can reduce the time-stamp exchange overhead with dedicated packets

in the traditional methods for non-duty-cycled networks. Since PSR was proposed

as a generic element only at the MAC layer without taking into account the network

topology and specific applications, it could not be utilized to meet the requirement

for achieving multi-hop pipelined forwarding. LDSP proposed in [35] is another syn-

chronization protocol for duty-cycled wireless networks. Similar to PSR, it focuses on

the local synchronization of a pair of nodes. With the proposed parallel synchroniza-

tion mechanism, LDSP could effectively achieve the synchronization of an ordinary

node with a global reference node. Nevertheless, it is not applicable for duty-cycled,

pipelined data collection due to the same reason as PSR.

2.2.3 Dynamic Duty-Cycling

Dynamic duty-cycling could be found in some of the existing duty-cycled MAC

protocols designed for sensor networks [84, 88–91]. For example, DMAC [84] based

on a tree structure could utilize the sleeping period for data transmission on demand.
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But DMAC only implemented through simulation did not consider the duty-cycled,

pipelined synchronization issue, and provided no details about how to build the tree

and sleep-wakeup schedules among sensor nodes. In [88], a node adaptively deter-

mines its radio schedules based on the traffic patterns of its own and neighbors; Wang

et al. [89] focused on the end-to-end delay guarantees with a dynamic duty-cycle con-

trol approach; Zhang et al. [90] proposed a localized and on-demand duty cycling

scheme, which allows a node to adaptively adjust its duty cycle; and Aby et al. [91]

proposed an adaptive MAC protocol using the history information of successful frame

exchanges to compute the next activation times. Overall, these protocols were not

designed in particular for data collection, where the many-to-one traffic pattern was

not considered. Meanwhile, only focusing on the performance evaluation of the MAC

protocol, it remains to be seen the whole network performance when working with

an independent network-layer (routing) protocol.

2.2.4 Free Addressing

Due to the addressing issues in WSNs as identified in Chapter 1, as well as

in [92–96], the idea for free addressing has appeared in the existing literature at

its beginning for non-duty-cycled sensor networks [92–94, 96]. Known as the first

work which introduced the concept of “address-free”, Elson et al. [92] proposed an

address-free architecture for a WSN, where nodes randomly select probabilistical-

ly unique identifiers. However, the proposed architecture could not guarantee the

absence of identifier conflicts and the reliability of data transmission. In a data col-

lection scenario, Jobin et al. [93], Chen et al. [94], and Fang et al. [96] eliminated the

addressing issue by allowing a node to forward its data to any of its neighbor nodes

closer to the sink node, and thus there is no need of unique addresses. However, for

duty-cycled, pipelined data collection, these schemes are inapplicable, since a node

with pending data has to identify its forwarder which it keeps in sync with. To the

best of our knowledge, [95] is the first work which applied a free-addressing scheme in

duty-cycled data collection of sensor networks, by generating a short random identifi-

er for each new transmission of a node. However, the proposed scheme was designed

only for detecting rare events with a fixed duty cycle, which may cause a high pack-

et delivery latency, and only implemented in simulation. Different from the above

schemes, ADC proposed in this dissertation will have a comprehensive consideration

on free addressing for a pipelined data collection with dynamic duty-cycling.
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Z1

MicaZ

Figure 2.1: The two hardware platforms, Z1 and MicaZ, used in our testbed imple-
mentation for protocol performance evaluation.

Table 2.1: Z1 and MicaZ features

Frequency
Range

Processor
Radio
Transceiver

Flash RAM

Z1 2.4 GHz TI MSP430 TI CC2420 92 KB 8 KB
MicaZ 2.4 GHz Atmel AVR TI CC2420 512 KB 4 KB

2.3 Duty-Cycled Pipelined Synchronization Issue

With the existing synchronization mechanisms, the duty-cycled, pipelined data

collection in WSNs is faced with the DPSync issue. In this section, we first present

and analyze the experiment results on the schedule error between two motes under

duty-cycled radio operations based on our testbed. The testbed consists of two hard-

ware platforms, Z1 [37] and MicaZ, as shown in Figure 2.1 with their features listed

in Table 2.1. Then we investigate the DPSync issue in detail.

2.3.1 Schedule Error Measurement and Analysis

To deeply understand the duty-cycled schedule error due to factors such as hard-

ware and OS latency and clock drift, and provide insights into the practical schedule

synchronization in duty-cycled sensor networks, we have done experiments with ten

different, arbitrarily chosen pairs of Z1 motes and ten pairs of MicaZ motes. For each

pair, one of the motes is denoted as the reference mote, the other is the observing

mote which will measure the schedule error between itself and the reference mote

through a packet handshake with time-stamps embedded. Specifically, the observing

mote sends a packet, say P1 to the reference mote, and the reference mote replies

with P2 after receiving P1. So the two motes are synchronized with each other at the

beginning. Then every 30 sec, the observing mote measures the schedule errors rela-
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(b) Schedule error between two MicaZ motes
(five different, arbitrarily chosen pairs)

Figure 2.2: The schedule error between two motes over time. When the error reaches
ten ms, the observing mote adjusts its schedule to keep in sync with the reference, so
that the error between them will not be increased endlessly.

tive to the reference mote through the P1/P2 handshake. The observing mote adjusts

its clock to synchronize with the reference mote when the error reaches ten ms, so

that the schedule error between them will not be increased endlessly. All experiments

lasted for more than 24 hours. For the ease of presentation, Figure 2.2 only shows

the schedule errors of five Z1 and five MicaZ pairs over 12 hours, with similar results

observed for other pairs and over the entire time duration.

Figure 2.2 shows that for each pair, the schedule errors measured at the observing

mote have a linear accumulation. This is reasonable as the the two motes were placed

under the same and stable indoor environment and thus the clock skew between two

clocks almost has no change. Figure 2.2 also shows that, for different pairs, the

schedule errors could be either positive or negative, i.e., they have different clock

drift directions. For example, for Z1 pairs 1 and 2 shown in Figure 2.2a, and MicaZ

pairs 1, 2 and 3 shown in Figure 2.2b, the schedule errors are positive, while for

Z1 pairs 3, 4 and 5 and MicaZ pairs 4 and 5, the schedule errors are negative. In

addition, it is obvious that the clock skew, which indicates the instantaneous clock

drift rate between two clocks [97], is different for different pairs. Especially, for the

same pair of motes, in a practical outdoor deployment, the clock skew between the

two motes may change variously, and not necessarily have no change as in our indoor

experiment. Based on the above observations, i.e., different pairs having different

clock drift velocities (including different directions and rates), the DPSync issue is

analyzed below.
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Figure 2.3: Illustration of the DPSync issue.

2.3.2 DPSync Issue Analysis

Most of the previous duty-cycled, pipelined scheduling schemes neglected or un-

derestimated the DPSync issue by assuming that existing synchronization schemes

for non-duty-cycled scenarios could meet the fundamental requirements in their de-

signs [8, 73, 84–86]. Figure 2.3a shows a simple example where D has three relaying

nodes and there are three forwarding paths, i.e., D → A→ S, D → B → S, and D →

C → S. S provides a reference clock. The one-hop away nodes (A, B and C ) adjust

their clock when necessary to synchronize with S. Such an adjustment of any of the

three nodes will lead to the clock adjustment at D to synchronize with them, which

further leads to the clock adjustment at D ’s previous-hop senders, and so on and so

forth. However, such a synchronization in a cascaded manner can easily disrupt the

established pipelined scheduling if not handled appropriately, as analyzed below in

detail.

In [73,84,85], the nodes located the same hops away from the sink node will have

the same schedule, while in [8] and [86], they will have different schedules to achieve

multi-pipeline scheduling. Each case is analyzed below by taking Figure 2.3a as an

example:

Case I: A, B and C have the same schedule. Therefore, D only needs to

maintain one schedule after synchronizing with A, B and C. Every time when D has

a packet to send or forward, it can choose one of them as the next hop. However,

this is not the case in reality. First, the schedules maintained by A, B and C will

become increasingly different due to their different clock drift velocities relative to

S. Second, due to the different clock drift velocities at D relative to different nodes,
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i.e., A , B and C, node D can hardly maintain only one schedule to synchronize with

all the three nodes. Then the original assumptions and designs in the previous work

could not be achieved. In addition, even if D could maintain different schedules for

all of its next hops, all the nodes having D as the next hop need to maintain multiple

schedules as well, and so forth. With multiple schedules maintained at each hop

and the utilization of existing schemes for local synchronization, it is hard to achieve

multi-hop pipelined scheduling.

Case II: A, B and C have different schedules. As in [8], we use a circle

to represent the time line of each work period. Assume that with a schedule cycle

of T = 10, the schedules of node A, B and C after synchronizing with S are {2},

{4} and {6}, respectively. To achieve multi-pipeline scheduling, node D maintains its

own schedule according to these schedules, as shown in Figure 2.3b, and all the nodes

having D as their relaying node maintain their schedules according to D ’s schedule,

and so on and so forth [8]. However, this is also not the case in reality, due to the

same reasons above, i.e., different clock drift velocities for different pairs. Suppose

that the clock drift velocities at node A, B and C relative to S are 0.3, 0.1 and

−0.1, respectively. Then after one cycle (T = 10), all the three nodes have the same

schedule, i.e., {5}. If they can still communicate with S, they do not need to adjust

their clocks to synchronize with it. As a result, the multi-pipeline schedules along the

paths involving D could be disrupted.

For both of the cases, the clock adjustment for synchronization at a node will lead

to the clock adjustments of all its children and descendants in the pipelined-forwarding

paths, which, however, is not handled appropriately in the existing schemes for lo-

cal synchronization, and thus makes the established pipelined scheduling fragile and

impractical.

2.4 Pipelined Data Collection

This section presents the design of PDC in detail. We first have an overview of PD-

C in Section 2.4.1. Then Sections 2.4.2 and 2.4.3 present a set of algorithms for PDC

to achieve pipelined scheduling over duty-cycled radios and build the data-gathering

tree, respectively. A practical, effective duty-cycled schedule synchronization scheme

naturally incorporated in PDC is presented in Section 2.4.4. Section 2.4.5 discuss-

es the features in PDC related to topology control and maintenance, including easy

network deployment, resilience to sync failure, and adaptive response to topology
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Figure 2.4: The implementation architecture of PDC in the Contiki OS. Only rely-
ing on the PRTS/PCTS handshake, all the other components in PDC are naturally
integrated and able to support each other.

changes. Finally, Section 2.4.6 shows the implementation and evaluation of PDC.

2.4.1 Design Overview

PDC has taken into account the issues identified above carefully and compre-

hensively, such as energy consumption, sleep latency, pipelined scheduling, schedule

synchronization, topology control and maintenance, etc. In PDC, data collection and

duty-cycled MAC are naturally integrated through a cross-layer integration design to

reduce the overhead of network communications, and to keep the superiority of the

duty-cycling schemes to increase energy efficiency. The nodes along a path from its

source node to the sink node have staggered sleep-wakeup schedules and thus data

can be forwarded in a pipelined fashion, largely reducing the packet delivery latency

and efficiently handling the traffic congestion by moving traffic quickly away from the

congested area. By only relying on an RTS/CTS-like handshake, called PRTS/PCTS,

PDC can achieve the above design goals and features effectively.

Specifically, to achieve duty-cycled pipelined scheduling, we propose an algorithm

called Grade Division and Pipelined Scheduling (GDPS) for network initialization,

as well as topology control and maintenance. GDPS divides all nodes into different

grades (equivalent to their communication hop distances to the sink node) to estab-

lish pipelined schedules among them. The sink node in grade zero determines its
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dur(W ): a function for calculating the waiting time for the current node.

schedule by itself and initiates GDPS by periodically broadcasting the PRTS packet.

Other nodes keep the radio on to listen to the channel until they join a grade and

thus determine their periodic sleep-wakeup schedules by parsing the received PRTS

packets (all the other control or data packets of PDC they receive can be utilized for

this purpose as well). Then these nodes also periodically broadcast PRTS, so that

1) those nodes who have not joined the network can join (as long as they are not

isolated in the network), and 2) each node can find its parent node after receiving

a PCTS reply from its adjacent lower-grade node, and finally a data gathering tree

can be established and maintained. Once a node finds its parent, it starts the PRT-

S/PCTS unicast handshake either periodically for schedule synchronization as well as

for topology control and maintenance, or immediately for data transmission (schedule

synchronization, and topology control and maintenance can also be handled accord-

ingly), depending on whether it has pending data to be transmitted or not. There are

no other control packets necessary and all the components with two layers (i.e., MAC

and network) incorporated are naturally and seamlessly integrated together and able

to support each other, which can also simplify the implementation of PDC. The de-

tails of these components will be introduced in the following subsections. Figure 2.4

shows the implementation architecture of PDC in the latest Contiki OS (i.e., Contiki

3.0).

Assume a node has joined grade i (i ≥ 1) and determined its sleep-wakeup schedule

during the GDPS process. Then the node will experience periodically three consecu-

tive states, namely, R: to receive a packet from one of its senders (children) in grade
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i + 1, T: to transmit a packet to its receiver (parent) in grade i − 1, and S: to sleep.

The schedules between two adjacent grades are staggered so that after a node receives

a data during its R state, it can forward the data immediately during its upcoming T

state. Figure 2.5 shows an example about the data transmission along a path A →

B → C → D.

Besides handling the hidden terminal problem, it is worth noting that the PRT-

S/PCTS handshake in PDC differs in three aspects from the traditional RTS/CTS

handshake in the IEEE 802.11 MAC (also widely utilized in some of the existing

well-known duty-cycled MAC protocols such as S-MAC [98] and T-MAC [99]). First,

the PRTS sent by a node contains the grade information of the node. Only those

adjacent lower-grade nodes will reply it with a PCTS. Second, if a node has not

found its parent node, the PRTS will be broadcast without containing the next-hop

address. Those adjacent lower-grade nodes which simultaneously receive this PRTS

will contend for replying with PCTS, and the node that wins the contention will

become the next hop. Therefore, a node also needs to wait a time duration (i.e.,

dur(W ) in Figure 2.5) before replying with PCTS after receiving a PRTS. dur(·) is

a function for calculating the waiting time, and W is the maximum number of mini

time-slots allowed in the contention window of the handshake. dur(·) also ensures

that those nodes with fewer child nodes reply first, which will be introduced in detail

in Section 2.4.3. Third, as introduced above and shown in Figure 2.4, the handshake

is also used for all the other components in PDC, but not just for data transmission.

In PDC, T is equal to R, which is the slot accommodating at most one transmission

of one data packet with the maximum size predetermined by a specific application.

Therefore, a normal slot duration in PDC is

Tslot = 2Wσ + DIFS + 3SIFS + durPRTS

+durPCTS + durDATA + durACK ,
(2.1)

where σ is the time duration of one mini time-slot in the contention window, and

durPRTS, durPCTS, durDATA and durACK are the one-hop transmission durations

of packets PRTS, PCTS, DATA and ACK, respectively. To achieve pipelined schedul-

ing, the duration of S must be an integer multiple of Tslot, which is TS = ξ · Tslot,

where the positive integer ξ is called sleep factor. So the whole cycle duration is

Tcycle = (ξ + 2) · Tslot. (2.2)
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Table 2.2: PRTS Format

Fields Size Comments
grade 1 Byte The grade X 1 belongs to.
state dur 2 Bytes The duration that X has stayed in state T.
source 2 Bytes Address of node X.
next hop 2 Bytes Address of the target node. Set to NULL if the

PRTS is to be broadcast.
not for data 1 Byte2 A flag, set if PRTS is not for data transmission.
child num 1 Byte If the PRTS is to be broadcast, this field is used

to build the data-gathering tree; otherwise, this field
indicates the number of children X ’s parent has.

schedule error 2 Bytes The schedule error between X and its parent,
used when the PRTS is to be unicast. After
receiving the PRTS, the parent will store it in CT.

1 Assume the PRTS is sent by node X.
2 Note that one bit is enough for this flag, which can be encapsulated with other

flags (if any) in the physical layer.

Considering that interference is about twice the range of transmission for the wire-

less communication in an open-space environment [100], ξ needs to be at least two,

so that the communication between two nodes will not be interfered with by their

previous/next-hop neighbors. For example, in Figure 2.5, with ξ ≥ 2, C and D in

S state will not interfere with the communication between A and B. On the other

hand, A and B in S state will not interfere with the communication between C and D.

For setting an appropriate ξ, obviously, there is a tradeoff between energy efficiency

(the larger ξ the better) and packet delivery latency (the smaller ξ the better), which

depends on the requirement of a specific application. In Section 2.5, we will consider

a dynamic duty-cycle design, i.e., by utilizing the sleep period on demand for data

transmission and thus a higher energy efficiency and a shorter sleep latency could be

achieved.

2.4.2 Grade Division and Pipelined Scheduling

In PDC, each node maintains three attributes, namely, 1) grade, the communi-

cation hop distance to the sink node, initialized to −1, 2) state, the current radio

state of the node, which is in {R, T, S}, and 3) state dur, the duration that the n-

ode radio has stayed in the current state. For GDPS, the sink node first sets its

grade to zero and starts its periodic sleep-wakeup schedule. Then it broadcasts PRT-
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Table 2.3: PCTS Format

Fields Size Comments
grade 1 Byte The grade Y 1 belongs to.
state dur 2 Bytes The duration that Y has stayed in state R.
source 2 Bytes Address of node Y.
next hop 2 Bytes Address of the target node.
child num 1 Byte The number of children Y has.
1 Assume the PCTS is sent by node Y.

S as a periodic beacon in its T state (periodic beacon is typically used for topology

control and maintenance in most of the existing realistic implementations of sensor

networks [5, 101,102]).

The packet format of PRTS is shown in Table 2.2. With the fields grade and

state dur in a PRTS set to the two corresponding attributes of the sink node and

other fields set appropriately, the sink node broadcasts this PRTS after it enters

T state and waits for a time duration, DIFS + rand(W ). A random time duration

within W , i.e., rand(W ), is utilized to handle multi-sink/node channel contention (for

easy and efficient management and maintenance, it is possible for PDC to support

multiple sinks as roots for data collection, so a large-scale network can be divided

into several subnetworks, which will be investigated in our future work).

A node which has not joined the network keeps its radio on to listen to the channel.

It will set its grade and schedule to join the network by parsing a received packet

(which can be any packet in PDC). To ensure that the node will choose the lowest

grade to join, the node sets its final grade and schedule after receiving more than

two packets. Then it will periodically broadcast a PRTS packet in its T state with

the fields grade and state dur set to its two corresponding attributes. It may happen

that there is a collision since more than one node broadcasts PRTS simultaneously.

Then these nodes will wait a random number of operational cycles to attempt another

channel access. When the collision is eliminated, each node will continue the previous

periodic PRTS broadcast, and it is highly possible that the broadcast orderings among

them have drifted apart.

Figure 2.6 shows an example to illustrate GDPS. Suppose node B has joined

grade i (i ≥ 1) and established its schedule, and it sends PRTS either periodically

or for data transmission in state T. Node A within the transmission range of B has

not joined the network and keeps its radio on. It will parse the overheard packet

sent from B to determine the three attributes to be maintained, i.e., grade, state and
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state dur. Suppose A receives a packet from B which is in state T (the received packet

by A could be either PRTS or DATA if B is sending data to its parent node). It is

obvious that A will set its grade to i+ 1 according to the received packet. Depending

on the packet propagation delay, denoted by Tp, which is the difference between the

packet reception time and its generation time, when A receives the packet, it could

be in either states S, R or T, corresponding to the cases (a), (b) and (c) shown in

Figure 2.6, respectively. If Tp is long enough so that

K =

⌊
PRTS.state dur + Tp

Tcycle

⌋
≥ 1 , (2.3)

A will receive the PRTS after one (case (d)) or even more cycles. According to the

periodicity of the schedule, the following calculation is to confine the set of state and

state dur in A to the three cases (i.e., cases (a), (b) and (c) shown in Figure 2.6) in

one cycle,

t = PRTS.state dur + Tp −K · Tcycle . (2.4)

The details of the three cases are

• case (a): t < ξ · Tslot. Node A should set its state to S and its state dur to t.

After (TS − state dur) time, A enters the next state, R. If K = 1, this is case

(d) in Figure 2.6.

• case (b): ξ · Tslot ≤ t < (ξ + 1) · Tslot. Node A has transitioned to state R

from S. So A will set its state to R and its state dur to (t − ξ · Tslot). After



26

Algorithm 1 GDPS: parsing a received packet, P

1: t← P.state dur + Tp −
⌊
P.state dur+Tp

Tcycle

⌋
· Tcycle

2: if grade < 0 or grade > P.grade+ 1 then
3: grade← P.grade+ 1
4: if P is PRTS or DATA then
5: if t < ξ · Tslot then
6: state← S

7: state dur← t
8: else if t < (ξ + 1) · Tslot then
9: state← R

10: state dur← t− ξ · Tslot
11: else
12: state← T

13: state dur← t− (ξ + 1) · Tslot
14: end if
15: end if
16: if P is PCTS or ACK then
17: if t < Tslot then
18: state← T

19: state dur← t
20: else if t < (ξ + 1) · Tslot then
21: state← S

22: state dur← t− Tslot
23: else
24: state← R

25: state dur← t− (ξ + 1) · Tslot
26: end if
27: end if
28: end if

(Tslot − state dur) time, it enters its next state, T.

• case (c): (ξ+1)·Tslot ≤ t < Tcycle. Node A will set its state to T and its state dur

to (t− (ξ + 1) · Tslot). After (Tslot − state dur) time, it enters the next state, S.

Note that when data transmission starts after the network is initialized, apart

from receiving a PRTS or DATA packets from a node in state T, a newly added node

can also receive PCTS or ACK packets from a node in state R. By choosing the lowest

grade to join, it can also set its state and schedule by parsing PCTS or ACK packet

based on GDPS. The PCTS packet format is shown in Table 2.3. Both DATA and

ACK should contain at least two fields, grade and state dur to support GDPS. The
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Table 2.4: Parent Table (PT) at node X
Fields Size Comments
parent 2 Bytes Parent address.
no pcts counter 1 Byte The number of times that there is no PCTS

received after unicasting PRTS.
schedule error 2 Bytes The schedule error between X and the parent.
child num 1 Byte The number of children the parent has.

Table 2.5: Child Table (CT) at node Y
Fields Size Comments
child 2 Bytes Child address.
no prts counter 1 Byte The number of times that there is no PRTS

which is unicast to Y.
schedule error 2 Bytes The schedule error between Y and the child.

Updated by the schedule error
of the received PRTS.

complete algorithm for parsing a received packet in GDPS is shown in Algorithm 1.

2.4.3 Data-Gathering Tree Establishment and Maintenance

For data-gathering tree establishment and maintenance, each node will maintain

two neighbor tables, which are Parent Table (PT) and Child Table (CT). The table

formats are shown in Table 2.4 and Table 2.5, respectively. PT has at most one

item to record the parent node of the current node. CT is used to record the mul-

tiple child nodes of the current node. Once a node joins a grade and determines its

sleep-wakeup schedule, it will periodically broadcast PRTS and wait in state T for a

possible PCTS reply from an adjacent lower-grade node to construct its PT, which

is called PRTS/PCTS broadcast handshake. Once PT is constructed, the node will

change to periodically unicast PRTS to the parent recorded by its PT for schedule

synchronization and topology control and maintenance, and meanwhile it can start

PRTS unicast for data transmission at any time when there is a pending data packet

to be sent, which is called PRTS/PCTS unicast handshake.

Grade-1 nodes can only have the sink as their parent node, while a node with

grade ≥ 2 could have more than one neighbor node (within its communication range)

in its adjacent lower grade. Among all these neighbor nodes, the node will choose the
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Algorithm 2 Periodic PRTS broadcast in state T for data-gathering tree establishment
and maintenance

1: /* retry counter and expected child num have been initialized to zero when PDC
starts running */

2: if The current node is not sink and PT is empty then
3: retry counter + +
4: if retry counter > MAX RETRY NUM then
5: retry counter ← 1
6: expected child num+ +
7: if expected child num > MAX CHILD NUM then
8: /* Could not find a parent */
9: Remove grade and schedule

10: Keep radio on to listen to the channel
11: retry counter ← 0
12: expected child num← 0
13: return
14: end if
15: end if
16: Generate a PRTS packet
17: PRTS.child num← expected child num
18: Set other fields appropriately and broadcast the PRTS
19: end if

one which has the least number of child nodes as its parent1. To this end, a variable,

expected child num is defined, such that the node’s adjacent lower-grade neighbors

at which the number of children is no larger than expected child num will contend

for replying with PCTS after receiving its PRTS. expected child num is initialized

to zero when PDC starts running, and increased by one if it fails in receiving a

PCTS, until it reaches MAX CHILD NUM, the maximum number of children a node

with grade ≥ 1 can have (sink has no such a limit). For each expected child num ∈

[0, MAX CHILD NUM ], the node will have at most MAX RETRY NUM retries to

broadcast PRTS. Algorithm 2 shows the above procedure. When expected child num

is increased up to MAX CHILD NUM but still no parent found, the node will assume

that it is in a wrong grade or schedule, and will keep its radio on to find a new grade

and schedule to rejoin the network.

On the other hand, after receiving a broadcast PRTS in state R from an adjacent

upper-grade node, a node needs to determine whether to reply with PCTS to become

1There are other metrics that can be considered for a node to determine its parent, such as link
quality. With the PRTS/PCTS handshake, it is also easy to implement them in PDC.
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Algorithm 3 Determine whether to reply with PCTS after receiving a broadcast PRTS
in state R

1: if PRTS.grade 6= grade+ 1 then
2: /* The PRTS is not from a right grade; do not reply */
3: return
4: end if
5: if The current node is not sink and PT is not empty then
6: /* A node except sink will not reply its upper-grade nodes (child nodes) if it

did not find its parent node */
7: return
8: end if
9: if table length(CT) >= MAX CHILD NUM or PRTS.child num <
table length(CT) then

10: /* Do not reply, to ensure only the nodes with fewer children will reply */
11: return
12: end if
13: Wait dur(W )
14: Generate a PCTS with its fields set appropriately and send it

Algorithm 4 Function dur(·)

Input: W
Output: wait duration
1: if The current node is sink then
2: wait duration← SIFS + rand(W ) · σ
3: else
4: t← W/(MAX CHILD NUM + 1)
5: wait duration← SIFS + [t · table length(CT) + rand(t)] · σ
6: end if
7: return wait duration

the parent of the PRTS sender. The node can be the parent of other nodes if and only

if it has found its own parent, otherwise it will not reply. It will not reply, either, if

the number of its child nodes reaches MAX RETRY NUM or the PRTS sender wants

a parent with fewer children, i.e., PRTS.child num < table length(CT). All cases are

summarized in Algorithm 3, where table length(CT) is to obtain the number of items

in CT (i.e., the number of child nodes the current node has). If the node can reply,

after waiting dur(W ), it will unicast a PCTS to the PRTS sender, where dur(·) is

a function as shown in Algorithm 4. Since there might be several lower-grade nodes

with grade ≥ 1 receiving the broadcast PRTS and necessary to contend with each

other to reply with PCTS, dur(·) ensures that the nodes with fewer child nodes reply
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Figure 2.7: Two guard times with the same duration, δ, are added immediately before
and after each R state to form a schedule guard region, i.e., [−δ, δ].

first.

Once receiving a PCTS reply, the PRTS sender can construct its PT and change to

PRTS/PCTS unicast handshake from broadcast. Note that the PCTS replier has not

added the sender to its CT, until it receives the first unicast PRTS from the sender.

For table update, there are two counters, i.e., no pcts counter and no prts counter

in PT and CT, respectively. When a counter reaches the pre-determined threshold,

the corresponding item in the table will be removed. If the PT of a non-sink node

becomes empty, it will change to PRTS/PCTS broadcast handshake to find a parent.

It is possible that a non-sink node receives a unicast PRTS but not intended for

itself. If PRTS.send num − table length(CT) > 1, the node has at least two child

nodes fewer than the number of child nodes the PRTS sender’s current parent node

has. To balance the number of child nodes among parent nodes, the node will contend

for replying with PCTS (although the received PRTS is not intended) to make the

PRTS sender switch to itself as the new parent node. Since the node has fewer child

nodes, according to the function dur(·) shown in Algorithm 4, it has a shorter waiting

time to send PCTS and thus has a higher probability to win the contention.

2.4.4 Schedule Synchronization

Schedule synchronization is quite significant and challenging to maintain a data-

gathering tree established over periodic duty-cycled (sleep-wakeup) radios. To tackle

this issue, as shown in Figure 2.7, PDC adds two guard times with the same duration,

δ, immediately before and after each R state since the schedule error could be positive

or negative as shown in Section 2.3.1. Therefore, a schedule guard region, [−δ, δ], for

schedule synchronization between nodes is formed. Through the PRTS/PCTS unicast

handshake, it is the child node (similar to the observing mote shown in Section 2.3.1)

which performs synchronization with its parent node (the reference mote) when the

schedule error (denoted by ε) between them exceeds the guard region, i.e., ε /∈ [−δ, δ].
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Figure 2.8: PRTS/PCTS unicast handshake between nodes A and B for schedule
synchronization and/or data transmission.

Algorithm 5 Step (3) when receiving PCTS

1: Calculate schedule error with the received PCTS
2: Update PT
3: if |schedule error| ≥ δ then
4: sync offset ← find true offset(schedule error)
5: Adjust clock using sync offset to be in sync with the parent
6: /* Since the clock has been adjusted, the schedule error stored in PT should

be updated accordingly */
7: PT.schedule error ← schedule error − sync offset
8: end if

Note that the node could not use ε as the offset directly to adjust its clock to synchro-

nize with its parent, since such an adjustment may affect the synchronization with its

child nodes. To solve this issue, after a node receives a designated PRTS from each of

its child nodes, the node will record into its CT the schedule error between each child

node and itself, which is measured by the child node and embedded in the PRTS.

When it is necessary to perform synchronization, the node calculates a true offset to

synchronize with its parent node taking into account all these schedule errors stored

in its CT, such that it will not lose synchronization with any of its child nodes and

thus the pipelined scheduling will not be disrupted.

Taking an example shown in Figure 2.8 for illustration, the details of PRTS/PCTS

unicast handshake for the synchronization between a node B and its parent A are

shown as below:
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Algorithm 6 Function find true offset(·)

Input: schedule error
Output: sync offset
1: sync offset ← schedule error
2: temp offset ← schedule error
3: for Each item ct in CT do
4: if (schedule error + ct.schedule error) ≥ δ then
5: temp offset ← δ − ct.schedule error
6: else if (schedule error + ct.schedule error) ≤ −δ then
7: temp offset ← −δ − ct.schedule error
8: end if
9: if |sync offset | > |temp offset | then

10: sync offset ← temp offset
11: end if
12: end for
13: return sync offset

(1) Node B generates a PRTS, and sets the field schedule error to the schedule error

calculated in the last handshake and stored in PT, and other fields appropriately,

and then PRTS is sent to A. Note that the first schedule error calculated by B

is based on a PRTS/PCTS broadcast handshake for tree establishment.

(2) After receiving the PRTS from node B, node A first updates its CT using the

embedded information in this PRTS and then replies with a PCTS. As aforemen-

tioned, the schedule error obtained from the PRTS and updated in CT will help

A to find a true offset when it is necessary to adjust its schedule to synchronize

with its parent in grade i − 1 (if i ≥ 1), which is similar to the synchronization

between B and A, as introduced in step (3) in detail below.

(3) After receiving the PCTS from node A, node B can calculate the schedule error

between itself and A, and update the corresponding schedule error field in PT,

which will be used in the next handshake to update the CT of B ’s receiver (i.e., A),

as shown in steps (1) and (2) above. With the calculated schedule error , B can

determine how to perform schedule adjustment to keep in sync with its parent

node A if a synchronization is necessary, as shown in Algorithm 5. Function

find true offset(·) is shown in Algorithm 6, which is to find a true offset for B

to perform synchronization with A, taking into account all the schedule errors

between B and B ’s child nodes (as aforementioned, these schedule errors are
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stored in B ’s CT).

There are two kinds of schedule adjustments for synchronization in PDC. A node

will perform active schedule adjustment if the measured schedule error relative to its

parent exceeds the guard region only due to the clock drift between the two nodes.

Otherwise, passive schedule adjustment will be performed if the schedule error exceeds

the guard region due to the schedule adjustment (either active or passive) at its parent.

For example, in Figure 2.8, if node A has no schedule adjustment when replying with

a PCTS, node B measures the schedule error relative to A after receiving the PCTS

and finds that the error reaches or exceeds the guard region, then B will perform the

active schedule adjustment. If this adjustment at B makes the schedule error of one

of B ’s child nodes exceed the guard region, the child node will perform the passive

schedule adjustment after finding this effect when receiving the PCTS replied by B.

For both kinds of schedule adjustments at a node, all the schedule errors between the

node and its child nodes should be taken into account to find a proper schedule offset

(see Algorithm 5), as mentioned above.

It is worth noting that in Figure 2.8, node B will send DATA packet after receiving

the replied PCTS if it has data pending to be transmitted (otherwise, it goes to sleep

to save energy). On the other hand, schedule synchronization is meanwhile conducted

even if the PRTS/PCTS is for data transmission. In summary, PDC only relies on

PRTS/PCTS handshake not only for data transmission as commonly utilized, but

also for pipelined scheduling and schedule synchronization over duty-cycled radios,

data-gathering tree establishment, and network topology control and maintenance

(further discussions are given in the next subsection), all of which are naturally and

seamlessly integrated together and able to support each other.

2.4.5 Discussions on Topology Control and Maintenance

Easy Network Deployment. In PDC, when a node is powered on, it listens

to the channel without sending any packet, until it receives and parses a packet

containing the grade and duty-cycled schedule information to be able to join the

network. This is a good feature considering the real case when we deploy a large

number of sensor nodes. We do not want the powered-on nodes to start working and

sending data traffic before they are deployed to an area, since such actions are useless

and may lead to traffic congestion and topology change. Instead, nodes in PDC can

only be initialized to work when receiving the traffic initiated by the sink and/or
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forwarded by the working nodes which are closer to the sink.

Resilience to Sync Failure. PDC can achieve a good network synchronization

performance as shown in Section 2.4.6. However, sync failure may still happen when

some unavoidable circumstances happen, such as node rebooting, link breakage when

the wireless link quality becomes unacceptable, packet loss due to heavy contention,

etc. PDC is robust and resilient to such a failure. Specifically, the no pcts counter in

a node’s PT records the number of times of continuously having no PCTS received

after broadcasting PRTS. If it reaches a predetermined threshold, the node assumes

that a sync failure happens, and then frees its PT by removing the corresponding

parent and keeps its radio on to listen to the channel. After parsing the received

packets for GDPS (see Algorithm 1), the node can rejoin the network. Compared

to the expected life time of a WSN (weeks, months, and in some cases, years), the

time used to do the above operations, which varies from seconds to minutes, can be

neglected.

Adaptive Response to Topology Changes. PDC is also quite adaptive to

topology changes, e.g., some nodes do not work over time, some new nodes are added

later, and some nodes move to different locations. Similar to recovering from sync

failure, with Algorithm 1 for GDPS, a node can also rejoin the network if topology

changes happen, as long as it can receive packets from others closer to the sink.

2.4.6 Implementation and Evaluation

We have built a testbed with PDC implemented in the latest Contiki OS (Con-

tiki 3.0) running on two hardware platforms, namely, Z1 [37] and MicaZ [38] motes

as shown in Figure 2.1. Contiki is a pioneer open source OS for the Internet of

Things [36]. Nowadays, Contiki can run on over 20 platforms with ten micropro-

cessors supported due to its good portability [103]. In addition, Contiki provides a

network simulator called Cooja for the rapid development of sensor networks [104].

One of the significant differences from other network simulators such as OPNET,

NS-2/3, and OMNeT++ is that Cooja runs simulations based on the Contiki OS and

fully emulated hardware devices. In other words, the code developed for a Cooja sim-

ulation can be directly uploaded to real hardware devices even without any change,

which makes developing and debugging realistic sensor networks tremendously easier.

In this section, we evaluate the synchronization performance of PDC over real Z1 and

MicaZ motes, as well as over the fully emulated Z1 mote in the Cooja simulator. To
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compare the network performance of PDC versus other protocols, we will only use

Cooja with a random network topology, due to its extremely high accuracy when the

developed code is uploaded to and running on a real mote, as shown in [105], and for

rapid validation and evaluation.

Since there is no hardware clock drift in simulation, we randomly generate clock

drift for each node in Cooja according to the schedule errors measured in Section 2.3.1,

where a linear clock drift was shown in both real Z1 and MicaZ motes. Note that our

protocol is not constrained to linear clock drift. For Cooja simulation, we use two

kinds of simulated clock drift to evaluate the synchronization performance of PDC, for

both of which, the clock drift direction is randomly determined at the beginning and

will not be changed in runtime: 1) linear clock drift: there is one clock tick drift2 every

20 cycles; and 2) nonlinear clock drift: there is one clock tick drift every rand(20)

cycles, and therefore, the protocol performance in a more challenging environment

can be simulated and evaluated.

Synchronization Performance

In this subsection, we show the synchronization performance of PDC. The sleep

factor ξ in PDC is set to ten and the guard time δ is set to ten ms. A linear topology

with five either real Z1, real MicaZ, or fully emulated Z1 motes in Cooja is deployed to

form a 4-hop network, denoted as A→B→C→D→ sink. The schedule error between

two nodes is measured using the same way as shown in Section 2.3.1. Figure 2.9

shows the schedule errors measured over 24 hours at node A, B, C and D, relative to

their parent nodes, i.e., B, C, D and sink, respectively. Since the simulation results

in Cooja based on the linear clock drift are similar to those from the two real motes,

only the simulation results based on the nonlinear clock drift are shown. All results

show that the schedule errors can be always within the guard region [−δ, δ], which

indicates that all nodes can synchronize with each other and there is no disruption

on the established pipelined schedules.

According to the synchronization mechanism in PDC, when the schedule error of

a node relative to its parent reaches the guard region bound (either the lower bound

−δ or the upper bound δ), it needs to adjust its schedule to re-synchronize with

its parent (active schedule adjustment). If it has child nodes, such an adjustment

should not affect its synchronization with them. The Function find true offset(·) in

2The real-time timer resolution in Contiki for Z1 is 32, 768 Hz, i.e., 32, 768 ticks per second.
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Figure 2.9: Synchronization performance of PDC in a 4-hop linear network: A →
B → C → D → sink, measured over 24 hours.

Algorithm 6 used in Algorithm 5 is for this purpose. If there is no effect on the

schedules of its child nodes, the node will use the guard region bound as an offset

to adjust its schedule to reset its schedule error to zero. For example, at the time

point marked by a solid vertical black line in Figure 2.9a, node C ’s schedule error

relative to D reaches the guard region upper bound, then it will use the upper bound

as the offset to adjust its schedule, since the schedule error measured by its child node

B relative to the new schedule of C after C ’s schedule adjustment is changed from

negative to positive but still within the guard region. Therefore, B does not need to

adjust its schedule, and thus its child node A does not adjust its schedule, either.

Otherwise, if using the guard region bound as an offset for schedule adjustment will

make its child node lose synchronization with itself, the node will not use the bound
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lated Z1 motes with nonlinear clock drift

Figure 2.10: Synchronization performance of PDC in a 2-hop tree network: A→D,
B→D, C→D, D→ sink, measured over 24 hours.

but should determine the schedule offset according to the schedule of its child node.

For example, at the time point marked by a dotted vertical black line in Figure 2.9a,

if B used the lower bound as the offset to perform active schedule adjustment, then

A’s newly measured schedule error relative to B would exceed the lower bound of the

guard region, and thus A would lose the schedule synchronization with B. To avoid

this out-of-sync issue in PDC, B uses the offset calculated based on its CT, which

will make the newly measured schedule error of A just reach the lower bound. So B ’s

new schedule error relative to C will not be recovered to zero, and A will perform

passive schedule adjustment.

We further investigate the synchronization performance of PDC by changing the

linear topology used above to a new topology where node A, B and C all have node D
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Figure 2.11: A data-gathering tree network for the evaluation of schedule synchro-
nization performance in PDC.

as their common parent node, and D ’s parent node is the sink. Figure 2.10 shows the

schedule errors measured over 24 hours. Also, the established pipelined schedules are

maintained quite well. In this case, the schedule adjustment at D needs to consider

multiple child nodes and also may not be able to directly use a bound as the schedule

offset. Specifically, when the schedule error measured at D reaches the guard region

lower/upper bound and thus an active schedule adjustment is necessary, D needs to

adjust its schedule by using the bound as the schedule offset if the newly measured

schedule errors of all the child nodes relative to D are still within the schedule guard

region after this active schedule adjustment at D. Otherwise, according to the function

find true offset(·) in Algorithm 6, the offset is chosen based on the following rule:

after D ’s schedule adjustment, there should be at least one of its child nodes whose

newly measured schedule error reaches the guard region bound and none of them

whose schedule error exceeds the guard region. Take the time point marked by a

dotted vertical black line shown in Figure 2.10a for example. D ’s schedule error is now

reaching the lower bound, so it needs to adjust its schedule error with the offset taking

into account all the current schedules of its child nodes (done by find true offset(·)).

From Figure 2.10a, we can see that after D ’s schedule adjustment, its schedule error

relative to the sink is not reset to zero, and only C ’s newly measured schedule error

reaches the lower bound but A’s and B ’s are still within the guard region. So only C

needs to perform passive schedule adjustment.

It is worth mentioning that from the Cooja simulation results shown in Figure 2.9c

and Figure 2.10c, we can see that the schedule errors measured by node A are in

[−10, 10] ms, whereas the errors measured by node A in real Z1 and MicaZ are in

either [−10, 0] or [0, 10] ms but not both. This is due to the fact that Cooja uses a

randomly generated nonlinear clock drift for each node. It covers the cases which were
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Figure 2.12: Synchronization performance of PDC in the network shown in Fig-
ure 2.11, based on the fully emulated Z1 in Cooja with nonlinear clock drift.

not reflected in our two real hardware platforms. Therefore, the protocol performance

evaluation can be conducted in a more general and challenging environment through

Cooja.

Finally, we study the PDC synchronization performance in a tree network a little

bit larger as shown in Figure 2.11. To speed up the experiment, and considering

that Cooja is based on the fully emulated hardware platforms using the same code as

running on the real motes and can be more general to show the protocol performance

as shown above, only Cooja simulations are conducted here. Figure 2.12 shows the

results. Again, the pipelined schedules established in the network show no disruption

caused by out-of-sync schedules.
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Figure 2.13: A sensor network with 30 nodes randomly deployed in a 100 × 100 m2

square area. The sink node shown in red triangle is located in the middle of the
bottom bound. The transmission range of each node is set to 30 m, and interference
is twice the range of transmission.

Network Performance

In this subsection, the network performance of PDC is evaluated based on the

Contiki OS and the fully emulated Z1 mote in Cooja with nonlinear clock drift, in

terms of packet delivery ratio, average hop delivery latency, and average duty cycle.

The evaluation is based on a sensor network with 30 nodes randomly deployed in a

100 × 100 m2 square area, as shown in Figure 2.13. The sink node shown as a red

triangle is located in the middle of the lower boundary of the network. The node

transmission range in Cooja is set to 30 m and interference is twice the range of

transmission.

The performance of PDC is compared with a data collection protocol in the Contiki

OS, called Contiki Collect Protocol (CCP), which is designed based on Collection

Tree Protocol (CTP) [5], a de facto standard for data collection. CTP adopts a

data path validation technique to quickly discover and fix routing inconsistencies,

and an adaptive beaconing technique to reduce the route repair latency and beacon

overhead. CTP contains three components, i.e., 1) routing engine for sending and

receiving beacons as well as creating and updating the routing table; 2) forwarding

engine for delivering packets between the application layer and MAC layer, detecting

and repairing routing inconsistencies (loops) as well as handling duplicate packets; 3)

link estimator for one-hop link estimation based on the statistics of ETX (expected

transmission count) gathered from beacons and successful transmissions over time.
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Figure 2.14: The implementation architecture of CCP in the Contiki OS.

CCP is a CTP-like protocol and also the only data collection protocol implemented

in the Contiki OS. Figure 2.14 shows the implementation architecture of CCP in

the network stack of the Contiki OS, where CCP is located in the network layer of

the stack and contains four building blocks, i.e., 1) link estimator, which is similar

to CTP’s; 2) neighbor manager for recording information about detected neighbors

and managing and maintaining routing table; 3) neighbor discovery, for detecting

nodes in the communication range of the current node; 4) collect, the central block

which provides interfaces for the upper and lower layers, and initializes the other

aforementioned blocks in CCP. From Figure 2.14, we can see that the network stack

in the Contiki OS is a little bit different from the typical 5-layer model adopted

by TCP/IP. In between the network and physical layers, where the MAC layer is

usually located, there is an additional layer below MAC, called Radio Duty Cycling

(RDC), which is responsible for switching radio between on and off, whereas the MAC

layer adopting a CSMA mechanism is responsible for avoiding collisions at the radio

medium and packet retransmission if there is a collision. In contrast to CCP, PDC

integrates routing and MAC naturally, as shown in Figure 2.4.

The latest Contiki OS provides two RDC mechanisms, i.e., ContikiMAC (the RDC

mechanism provided by the Contiki OS) and X-MAC, both of which will be used

underlying CCP in our comparison (in addition, the CCP with no RDC mechanism,

i.e., radio is fully active always, is also compared). X-MAC [106] is one of the most

typical and widely applied MAC protocols. It is a duty-cycled MAC based on short

preambles initiated by a sender to achieve rendezvous with its receiver. It has been
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Figure 2.15: Network performance of PDC in terms of packet delivery ratio, average
hop delivery latency, and average duty cycle.

enhanced in the Contiki OS with a technique called phase lock, which is also adopted

in ContikiMAC. With this technique, a sender can learn when the intended receiver

will turn its radio on to listen to the channel. ContikiMAC also adopts a mechanism

called fast sleep optimization, which lets potential receivers go to sleep earlier to save

energy if CCA (Clear Channel Assessment) is triggered due to radio noise.

For PDC, the sleep factor ξ is set to seven, so that PDC and X-MAC can roughly

have the same duty cycle (around 6.35%) when the network is idle (i.e., no data

packet in the network). On the other hand, the wakeup frequency in ContikiMAC is

set to 32 Hz. Each wakeup takes about 0.6 ms to perform CCA, leading to a very

low duty cycle (around (32 × 0.6/1, 000)/1 = 1.92%) when the network is idle. The

PDCs with a smaller ξ (= 4) and a larger ξ (= 10) are also compared. All 30 nodes in
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the network can generate data packets. The Packet Generation Interval (PGI) varies

from ten to 50 sec with a step of ten sec.

Figure 2.15 shows the comparison results in terms of average duty cycle, packet

delivery ratio, and average hop delivery latency. Since PDC adopts a fixed duty-

cycled pattern (determined by ξ), from Figure 2.15a we can observe that the duty

cycle in PDC decreases very slightly as PGI increases. In contrast, the duty cycles in

ContikiMAC and X-MAC are more dynamic, since they can switch radio between on

and off according to the data traffic amount. However, they do not comprehensively

consider the coordination with the CCP in the network layer, which may lead to

a poor network performance. By observing the results of the three performance

metrics shown in Figure 2.15, we can find that PDC has the most energy-efficient

performance. With the lowest ξ = 4 corresponding to the highest duty cycle, the

average duty cycle in PDC over the five PGIs (10–50 sec) is close to that in the CCP

with either ContikiMAC or X-MAC. Meanwhile, PDC with ξ = 4 has 100% packet

delivery ratio, and a delivery latency performance much close to the CCP with no

RDC mechanism (i.e., all nodes are working in the fully-active mode). Also, all nodes

in the network are synchronized with each other quite well.

2.5 Adaptive Data Collection

Based on PDC, ADC involves a free-addressing scheme during the topology estab-

lishment and adopts a dynamic duty-cycling scheme for data transmission, as shown

in Sections 2.5.1 and 2.5.2, respectively. Then Section 2.5.3 shows the implementation

and evaluation of ADC.

2.5.1 Topology Establishment with Free Addressing

Once a node has identified its grade and schedule, it will leverage the periodic

PRTS/PCTS broadcast handshake to establish a data-gathering tree for data collec-

tion, as introduced in Section 2.4.3. To avoid the cost and overhead of assigning a

unique address to each sensor node during the manufacturing phase or performing

an independent address allocation, exchange, and management mechanism in run-

time, a node in ADC will use an RID for packet communication. Specifically, a node

broadcasts a PRTS embedding its RID. There might be several adjacent lower-grade

nodes receiving the PRTS and thus necessary to contend with each other for replying
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Figure 2.16: Illustration of free addressing. For the left part of the vertical line, each
dashed circle shows the node’s communication range and the number inside each node
shown as a solid circle is the node name, while for the right part, the number beside
each node is its RID and the arrows indicate the network topology. Node 1 is in grade
i (i ∈ N

0), nodes 2 and 3 are in grade i+ 1, and nodes 4 and 5 are in grade i+ 2.

with PCTSs with their RIDs embedded as well. The lower-grade node which suc-

cessfully wins the contention will add the PRTS sender into its CT, and the PRTS

sender will add the PCTS sender into its PT after receiving the replied PCTS. Then

the two nodes will change from the broadcast handshake to unicast handshake for

data transmission, as well as for schedule synchronization and topology control and

maintenance. Figure 2.16 shows an example of the above procedures for illustration,

where node 1 is in grade i (i ∈ N
0), nodes 2 and 3 are in grade i+ 1, and nodes 4 and

5 are in grade i+ 2.

Since RID is randomly generated, RID conflict is inevitable. It does not matter if

two nodes in different grades have an identical RID, since their grades can be utilized

to differentiate them. It may also happen that several nodes in the same grade and

having the same parent have generated an identical RID, which will cause an RID

conflict issue. Taking the communications among nodes 1, 2, and 3 in Figure 2.16

for example, the following scheme is adopted in ADC to effectively solve the RID

conflict between nodes 2 and 3. Assuming one of them fails in the PRTS broadcast

contention, say node 3, then

• if node 3 can overhear the PRTS from node 2, it will notice the conflict and

thus regenerate a new RID; otherwise,

• if node 3 can receive the PCTS replied to node 2 from node 1, node 3 can also

notice the conflict and regenerate a new RID; otherwise,
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• node 3 could not notice the conflict. Assume node 3 wins the contention and

broadcasts an PRTS successfully next time. Every time a node receives a broad-

cast PRTS (in contrast to unicast PRTS), it will look up its CT to find whether

there is an RID identical to the RID of the PRTS sender. So node 1 will notice

the conflict after receiving the PRTS from node 3. It will generate a different

RID and embed it in its replied PCTS for node 3.

Note that a node in ADC will not reply with PCTS after it receives a broadcast

PRTS from any higher-grade node, until it determines its RID and parent in the

lower grade. For example, node 3 will not be set as a parent of node 4 or 5 if it

has not yet determined its RID and parent (node 1). In addition, it would be also

possible that node 1 could successfully receive both the broadcast PRTSs from nodes

2 and 3 if they could not hear each other during their contention (i.e., they are hidden

terminals to each other). Since node 1 can notice whether there is an RID conflict

or not between nodes 2 and 3, it will set a flag in its replied PCTS to notify nodes 2

and 3 of regenerating their RIDs, if they have identical RIDs.

ADC only needs to handle the RID conflict among those nodes which have the

same parent. Because, even if two nodes in the same grade have an identical RID,

their data transmissions will not be affected as long as they have a different parent.

Therefore, ADC can use a small integer range for uniformly at random generating an

RID for each node. In the ADC implementation in the Contiki OS, we use an 8-bit

variable for RID with a range of [0, 255] (as shown in Figure 2.16), since the number

of the children a node has is usually much less than 256.

2.5.2 Data Transmission with Dynamic Duty-Cycling

The number of slots in state S, i.e., sleep factor ξ, determines how long a radio

can sleep during a cycle. The more slots state S contains, the lower duty cycle a

node radio has and correspondingly the more energy can be saved. However, a low

duty cycle will lead to a long packet delivery latency and low network throughput,

especially under heavy traffic loads, while a high duty cycle will lead to an unwanted

energy consumption, especially under light traffic loads. Therefore, a dynamic duty

cycle adaptive to the network traffic load is highly expected in a protocol design for

the data collection of a sensor network. ADC can adaptively utilize the sleeping slots

in state S to achieve a Dynamic Duty-Cycling (DDC).

To this end, the PRTS packet contains a DDC flag, which will be set if a node



46

(6 slots)

set DDC in PRTS reserved by DDC

A
(i+2)

B
(i+1)

C
( i )

(6 slots)

(6 slots)

  

Figure 2.17: Non-last-hop transmission along a path A→ B → C, where node A, B,
and C are in grades i+ 2, i+ 1, and i (i ∈ Z and i ≥ 1), respectively.

has more than one packet to be transmitted, so that its receiver would wake up in

state S instead of waiting for the next state R to receive the left packet. Depending

on whether it is a last-hop transmission or not, the dynamic duty-cycling scheme in

ADC will be discussed under following two cases.

Non-Last-Hop Transmission

Figure 2.17 shows an example for illustration about the data transmissions along

a path A→ B → C, where node A, B, and C are in grades i+ 2, i+ 1, and i (i ∈ Z

and i ≥ 1), respectively. Assume node A receives a PRTS with the DDC flag set from

a child node in grade i+ 3 in the R state before t0 (the part before t0 is not shown in

the figure). Then node A will adjust its schedule to reserve two continuous sleeping

slots in state S (R and T, shown in italic in the figure), which are used for receiving

one more data packet from that child and forwarding the received data packet to its

parent (node B), respectively. Meanwhile, in the upcoming T state after t0, node A

will also set the DDC flag in its own PRTS. So do nodes B and C, and thus the data

packet can still be forwarded in a pipelined fashion in state S. Considering interference

is about twice the range of transmission for the wireless communication in an open-

space environment [100], after any pair of states R and T, a node has to sleep at least

two slots before waking up again for another data transmission, so that it will not

interfere with its previous/next-hop neighbors. Therefore, the sleeping slots in state

S cannot be utilized for data transmissions unless S contains at least six slots, and

the maximum number of sleeping slots in state S that a node can utilize for data

transmissions is
⌊
ξ−2
4

⌋
× 2.
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Figure 2.18: Last-hop transmission along a path A→ B → sink. There are two cases:
(a) node A reserves the sleeping slots in state S for data transmission, and (b) node
A has no data packet to transmit in the state S.

Last-Hop Transmission

The data transmissions along a path A→ B → sink shown as in Figure 2.18 are

utilized for illustration. There are two cases for the last-hop transmission, depending

on whether or not a grade-two node (e.g., node A in Figure 2.18) either receives a

PRTS with the DDC flag set in state R or sets the DDC flag of its own PRTS in

state T. If so, it is similar to the non-last-hop transmission, as shown in Figure 2.18a,

except that it is not necessary for node B to set the DDC flag of its PRTS packet

to inform the sink node of waking up, since the sink node could be always awake

for collecting data. Otherwise, if node A does not reserve its sleeping slots for data

transmission, all the sleeping slots of node B except the two immediately before the

next regular R state can be utilized for transmitting data, as shown in Figure 2.18b,

since they will not interfere with the previous-hop transmissions.

Based on the above schemes, ADC can adaptively adjust its duty cycle to the

network traffic load by utilizing the sleeping slots on demand. If the network traffic

load is light, the regular R and T slots are enough for data delivery, while with a heavy
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sink

Figure 2.19: A testbed consisting of five Z1 and two MicaZ motes forming a 3-hop
network for protocol performance evaluation.

traffic load, the sleeping slots will be utilized efficiently.

2.5.3 Implementation and Evaluation

ADC has also been implemented in the Contiki OS and evaluated in a testbed con-

sisting of five Z1 and two MicaZ motes. In this subsection, we evaluate the network

performance of ADC in both the testbed and a larger Cooja simulation consisting of

three platforms using the same code, in terms of packet delivery ratio, average hop

delivery latency, and average node duty cycle. PDC is used as a benchmark for com-

parison. We have shown in Section 2.4.6 that PDC outperforms the de facto standard,

i.e., CCP, in Contiki OS for data collection. Therefore, for ease of presentation, the

comparison with CCP is not shown in this subsection.

Performance Evaluation in Testbed

In the testbed, there are six source nodes and one sink node, forming a 3-hop

network with the topology shown as in Figure 2.1. Each source node will generate

50 packets, with PGI varying from one to nine seconds. At most five retransmissions

are allowed for each packet before dropping it. The queue buffer size is set to ten

packets. A unique ID is preassigned to each node. Both the ADCs with and without

Free Addressing (FA) are evaluated, denoted as “ADC-FA” and “ADC-No FA”, re-

spectively. In ADC-FA, nodes do not use the preassigned IDs but the RIDs generated

in runtime. The number of Sleeping SLots (SSL) contained in S is set to ten or 18,

and thus for ADC, the maximum number of times that a node can wake up during

its state S for data transmission is two or four, respectively (i.e., at most 2× 2 = 4 or

4 × 2 = 8 sleeping slots can be utilized for data transmission, respectively). We run

each experiment three times for a duration of 40 minutes.
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Figure 2.20: ADC performance evaluation based on the testbed shown in Figure 2.1.

Since PDC cannot utilize the sleeping slots for data transmission, the packet

delivery ratio in PDC is much lower than in ADC, as shown in Figure 2.20a. For

PDC, a larger SSL will lead to a lower packet delivery ratio, because if a packet

fails in being transmitted in the current cycle, it has to wait SSL slots for the next

cycle, and thus the node queue becomes full faster, resulting in more packet loss. In

contrast, SSL affects ADC very slightly.

SSL also has a very slight effect on the average hop delivery latency in ADC,

as shown in Figure 2.20b. However, with a larger SSL in PDC, a packet has a

longer waiting time on average, leading to a larger delivery latency. In addition, as

PGI increases, the packet delivery latency in PDC increases first and then decreases.

Because as PGI increases, more packets can reach the sink node but with longer queue
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Figure 2.21: ADC performance evaluation in the Cooja simulations based on a net-
work the same as in the testbed shown in Figure 2.1.

waiting time, which contributes to increasing the latency as a dominating part, while

as PGI continuously increases, packets can be forwarded faster, which dominates and

decreases the latency. In contrast, the packet delivery latency in ADC decreases

always, and finally has almost no change when the queue waiting time of a packet

cannot be decreased any more.

As shown in Figure 2.20c, with a larger SSL in PDC, a node can have more time

to be in state S, corresponding to a lower duty cycle. ADC has a similar performance,

because the least number of sleeping slots where a node in the ADC with SSL=18

has to be asleep is larger than in the ADC with SSL=10 (18 − ⌊18−2
4
⌋ × 2 = 10 vs.

10−⌊10−2
4
⌋×2 = 6). In addition, the duty cycle in both ADC and PDC has almost no

change as PGI increases, due to the fact that the number of packets to be transmitted
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Figure 2.22: A sensor network consisting of three platforms (i.e., Z1, Tmote Sky, and
EXP5438, each has ten motes), and randomly deployed in a 100 × 100 m2 square
area, with the sink node located in the middle of the lower boundary. The node
transmission range is set to 30 m, and the interference range is 60 m.

is fixed. Since ADC can use the sleeping slots for data transmission, the duty cycle

in ADC is a little higher than in PDC. As the network becomes idle, ADC adaptively

does not wake up in state S and increasingly achieves the same duty cycle as PDC,

as shown in Figure 2.20d.

For setting an appropriate SSL, obviously, there is a tradeoff in PDC among the

three metrics. For example, a larger SSL can conserve more energy but lead to a

lower packet delivery ratio and longer latency. On the contrary, a larger SSL is

expected in ADC for conserving more energy, without obviously affecting the other

two performance metrics. Furthermore, all the results in Figure 2.20 show that the

ADCs with and without free addressing have almost the same performance, which

demonstrates the efficacy of the proposed free-addressing scheme.

Performance Evaluation in Cooja

Using a network the same as the testbed. We have also conducted Coo-

ja simulations with five fully emulated Z1 and two fully emulated Tmote Sky [40]

(currently, Cooja does not support the communication between the emulated MicaZ

and non-MicaZ platforms) based on the same network as in the testbed, using the

same code uploaded to the real Z1 and MicaZ. Similarly, we run each simulation three

times for a duration of 40 minutes. The evaluation results are shown in Figure 2.21.
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Figure 2.23: ADC performance evaluation in the Cooja simulation based on the
random network shown in Figure 2.22.

Although the simulation results are not exactly the same as those obtained from the

testbed (due to the involved software randomness, nonlinear simulated clock drift,

etc.), the two sets of results have almost the same range and trend, which shows

that the Cooja simulator can be safely and accurately utilized for protocol design

and validation and performance evaluation (as also shown in the prior work [105]).

To accelerate the evaluation progress, we use a larger network in Cooja simulations

below to evaluate the ADC performance.

Using a larger network. Figure 2.22 shows a larger network in Cooja simulator,

which consists of three platforms, i.e., Z1, Tmote Sky, and EXP5438 [41] (each has

ten motes) deployed randomly at uniform in a 100×100 m2 square area, with the sink

node (Z1) shown as a red triangle located in the middle of the lower boundary. Cooja
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assigns an ID to each node as its MAC address in a sequential way starting from one.

Likewise, these IDs will not be utilized by ADC-FA. The transmission range of each

node is set to 30 m and interference is twice the range of transmission. Each source

node will generate 20 packets, with the PGI varying from ten to 50 seconds. The

retransmission limit of each packet is set to ten. The queue buffer size of each node

is set to 15 packets. We run each simulation three times for a duration of 60 minutes.

Figure 2.23 shows the obtained evaluation results. Similar to the results obtained

from the testbed, the simulation results show that ADC outperforms PDC considering

all the three performance metrics comprehensively. With a different SSL, there is an

obvious tradeoff in PDC among the three metrics, while ADC prefers to select a

relatively large SSL to save more energy without obviously affecting the performance

on packet delivery ratio and latency. Also, the proposed free-addressing scheme has

almost no effect on the ADC performance.

2.6 Conclusions

This chapter presented a pipelined data collection protocol, i.e., PDC, for duty-

cycled sensor networks, to comprehensively achieve high energy efficiency, low packet

delivery latency, and practical and effective schedule synchronization. By only relying

on PRTS/PCTS handshake with a cross-layer integration design, all the components

in PDC are naturally and seamlessly integrated together and able to support each

other. PDC has been implemented on the latest Contiki OS. The practicality and

efficacy of PDC has been extensively demonstrated. We first validated the synchro-

nization performance of PDC based on two real hardware platforms as well as the

fully emulated motes in Cooja with nonlinear clock drift (which provides a more

general and challenging evaluation environment). Then we evaluated the network

performance in comparison with the Contiki Collect protocol with different underly-

ing RDC mechanisms provided by Contiki.

Based on PDC, an adaptive data collection protocol, ADC, was also presented.

With the dynamic duty-cycling feature, ADC can utilize the sleeping slots adaptively

for data transmission, improving the network load adaptivity and energy efficiency.

With the free-addressing feature, there is no need to pre-assign unique addresses

to sensor nodes or perform any address allocation and management procedure in

runtime, improving the network heterogeneity. The implementation of PDC and

ADC in the Contiki OS can be found in [107].
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Chapter 3

Protocol Modeling and Analysis

3.1 Overview

In this chapter, we propose a framework to model a class of duty-cycled data

collection protocols for Linear Sensor Networks (LSNs), such as PDC proposed in

Chapter 2. After the related work, we first analyze the MAC process in the protocol,

and then the queueing behavior with and without retransmission. By combining

the two parts of the model, we can analyze the network performance in terms of

the throughput, energy efficiency, and packet delivery latency. Finally, the model is

validated through extensive OPNET simulations.

3.2 Related Work

The research on LSNs has recently attracted increasing attention due to the vast

requirements on the monitoring and surveillance of a structure or area with a lin-

ear topology, where the linearity is considered to increase the communication qual-

ity and efficiency in routing, network reliability, robustness, fault tolerance, energy

efficiency, and network lifetime [9]. There are various promising applications of L-

SNs, such as pipelines, railroad/subway/bridge, highway traffic, and international

border monitoring. Existing research works on LSNs involve the framework and ar-

chitecture design [10, 11, 108], protocol and algorithm design (including routing pro-

tocol [109–111], node placement and network coverage [112–115], MAC protocol and

scheduling [12,116–119], etc.), and network modeling and analysis [112,114,120–123].

Specifically, for the LSNs modeling and analysis, Phelan et al. [112] studied the
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problem of maximizing the wireless connection lifetime between a stationary trans-

mitter and receiver using mobile relays that are initially placed arbitrarily on the line

between the transmitter and the receiver. In [114], an analytical model is developed to

estimate the impact of the node faults on the network coverage in LSNs. MomČilović

et al. [120] derived the maximum throughput of the network and established the pack-

et arrival process that maximizes the throughput with the proposal of a stochastic

linear network model. Noori et al. [121] analyzed the traffic load distribution over the

nodes randomly deployed in an LSN with the shortest-path routing. With the analy-

sis, the location of the nodes forming the network bottleneck is identified. In [122], an

analytical model with reliability analysis for LSNs is developed. Mohamed et al. [123]

developed an analytical model to estimate the sensing coverage in the presence of n-

ode faults. Overall, however, there is few work on the modeling and performance

analysis for LSNs based on a MAC protocol adopting the duty-cycling mechanism,

which is utilized to alleviate the energy efficiency problem—one of the most crucial

issues in WSNs.

On the other hand, for a WSN without limiting the network topology to a lin-

ear one, there has been some work done for modeling a duty-cycled MAC. Zhang et

al. [124] proposed a model to evaluate the performance of S-MAC [125] under differ-

ent traffic and channel conditions. Yang et al. proposed two Markov models in [126]

to analyze the throughput of S-MAC with and without retransmissions, respectively.

A similar approach is used in [127] for the throughput analysis of X-MAC [128]. The

work was then extended in [129] to analyze the throughput, delay, and energy con-

sumption for both S-MAC and X-MAC. Donmez et al. [130] also derived the expected

throughput and energy consumption for S-MAC, however, under the saturated load

condition. Guntupalli et al. [131] proposed a model to evaluate the performance of

S-MAC for the aggregated packet transmission mode. Lee et al. [132] proposed a

model for RIX-MAC [133] in a fully-connected network without supporting retrans-

mission. Different from the proposed model in this chapter for a multi-hop LSN, all

the above models were applied to a single-hop scenario. In [134] and [135], Luo et

al. proposed a continuous-time Markov chain model to analyze the performance of

a contention-based MAC protocol. A similar approach was adopted to analyze the

performance of S-MAC in [136]. Although the model is for a multi-hop scenario, it is

only applicable to the saturated load condition. Due to this limitation, the number

of contending neighbors of a node is just the number of neighbors within the sensing

range of this node, but this in fact should be determined by the stationary probabil-
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Figure 3.2: There are two nodes respectively in grade i (i ≥ 1) and i + 1, where
pt: the probability of winning the contention for channel access; ps: the probability
of successfully transmitting a packet; pr: the probability of successfully receiving a
packet; pe: the stationary probability that the node transmission queue is empty; λ:
the packet generation rate.

ity of the empty-queue state of each node. The model proposed for the performance

analysis of DMAC [137] in [138] is only applicable to a network with single source

node, while in our model, all nodes in the network can operate as source nodes.

3.3 Modeling and Analysis

3.3.1 System Model and Assumptions

As shown in Figure 3.1, all nodes in the linear topology are divided into H grades

(shown as the dashed circles) according to their minimum hop distances to the sink

node. For example, the sink node is marked in grade zero, its immediate neighbors

are marked in grade one, all these nodes’ unmarked immediate neighbors are marked

in grade two, and so on. Therefore, each dashed circle contains one or more nodes.

All nodes in the network generate data independently following a Poisson process

(which has been justified in [29]) with a rate of λ packets/sec. Except the grade-1

nodes which send packets directly to the sink, each node has one node in the adjacent

lower grade to relay its packets. The capacity of the FIFO queue in each node is set

to K packets. The channel is assumed to be ideal without channel fading and capture

effect as in [129].
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We choose PDC with the pipelined-scheduling feature proposed in Chapter 2 as

the underlaying MAC for a multi-hop LSN. The proposed analytical model contains

two parts, namely, the analysis on the MAC process of PDC (by modifying this

part, we can easily generalize the model to other duty-cycling MACs with the same

pipelined scheduling feature) and the Markov-chain queueing model with and without

retransmission. With the combination of these two parts, we obtain the probabilities

related to the packet transmission at a node (such as the probability of winning

the channel and that of transmitting successfully) and the stationary queue length

distribution. These results are further utilized to analyze the average packet delivery

latency, average active time ratio per cycle per node, and system throughput for the

network model in Section 3.3.1. Figure 3.2 summarizes the probabilities involved in

our model.

3.3.2 Analysis on the Protocol Process

Let pt(i) denote the probability that a node in grade i can transmit, i.e., it wins

the contention for accessing the channel, ps(i) the transmission is successful, pc(i) the

transmission fails due to collision, and pb(i) the channel is sensed busy. For a node in

grade i− 1 (i ≥ 1), suppose there are Ni nodes in grade i within its communication

range. If one of them as an observed node has a packet to send, the probability that

ni (ni ∈ [0, Ni− 1]) out of the other Ni− 1 nodes are also contending for the channel

is

Cni
=

(
Ni − 1

ni

)
· (1− pe(i))

ni · pe(i)
Ni−1−ni

=
(Ni − 1)!

ni!(Ni − 1− ni)!
· (1− pe(i))

ni · pe(i)
Ni−1−ni ,

where pe(i) is the stationary probability that the transmission queue of a node in grade

i is empty when it enters its T period in every cycle. Given that ni (ni ∈ [0, Ni − 1])

nodes are contending, the probability that the observed node wins the contention (no

other nodes in the same grade pick a smaller backoff counter) is

tni
=

W−1∑

w=0

1

W

(
W − w

W

)ni

,
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Figure 3.3: Markov model for the queueing behavior of a duty-cycling node without
retransmission.

the probability that the observed node successfully sends a packet (all other nodes in

the same grade pick a larger backoff counter) is

sni
=

W−1∑

w=0

1

W

(
W − w − 1

W

)ni

,

and the probability that the channel is sensed busy is

bni
=

W−1∑

w=0

1

W

(
1−

(
W − w

W

)ni
)
.

Then we obtain pt(i) and ps(i) as two functions of pe(i), respectively, i.e.,

pt(i) = f(pe(i)) =

Ni−1∑

ni=0

Cni
· tni

, (3.1)

ps(i) = h(pe(i)) =

Ni−1∑

ni=0

Cni
· sni

, (3.2)

pc(i) = pt(i)− ps(i) , (3.3)

pb(i) =

Ni−1∑

ni=0

Cni
· bni

. (3.4)

3.3.3 Queueing Model without Retransmissions

Let random variable Q with value in [0, K] denote the stationary queue length of

an observed node when the node enters its T period of a cycle. Thus, as shown in

Figure 3.3, the discrete-time Markov-chain model formed by Q has K + 1 states in

total, each of which represents the number of packets in the queue at the start of the
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node’s T period. The queue length might be changed cycle by cycle, corresponding

to the state transition in the Markov model. The transition interval with the cycle

duration Tcycle is defined as the interval from the start of the current T period to the

start of the next T.

During a cycle, for the observed node in grade i, 1) one packet is transmitted (i.e.,

removed from the queue) with the probability pt(i) if the queue is not empty; 2) k

packets are generated with the probability ak =
e
−λTcycle (λTcycle)

k

k!
; and 3) one packet is

successfully received with the probability pr(i). Then, the (K + 1) × (K + 1) state

transition probability matrix P could be presented as

P =




P0,0 P0,1 · · · P0,K

P1,0 P1,1 · · · P1,K

...
...

. . .
...

PK,0 PK,1 · · · PK,K



, (3.5)

where Pm,n is the transition probability that the queue length of the observed node

changes from m to n,





P0,0 = a0(1− pr(i)),

P0,m = am−1pr(i) + am(1− pr(i)), m ∈ [1, K − 1]

Pm,n = 0, m ∈ [2, K], n ∈ [0,m− 2]

Pm,m−1 = a0pt(i)(1− pr(i)), m ∈ [1, K]

Pm,m = a0[pt(i)pr(i) + (1− pt(i))(1− pr(i))]

+a1pt(i)(1− pr(i)), m ∈ [1, K − 1]

Pm,n = an−m−1(1− pt(i))pr(i)

+an−m[pt(i)pr(i) + (1− pt(i))(1− pr(i))]

+an−m+1pt(i)(1− pr(i)),

m ∈ [1, K − 2], n ∈ [m+ 1, K − 1]

Pm,K = 1−
K−1∑
n=0

Pm,n, m ∈ [0, K]

,

and

pr(i) = ηi+1(1− pe(i+ 1))ps(i+ 1) , (3.6)

where ηi+1 ∈ [0, Ni+1] is the number of nodes in grade i + 1 that set the observed

node as the next-hop relaying node.

Let B(i) = [b0(i), b1(i), · · · , bK(i)] denote the stationary distribution of bq(i) =
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Pr{Q = q}, (q ∈ [0, K]). For the node in grade i, we have B(i) × P = B(i) and
K∑
q=0

bq(i) = 1. For the nodes in the highest grade, pr = 0 since they cannot relay any

packet for other nodes. Therefore, given that the packet generation information (λ

and ak) is known, there is only one undetermined variable in the transition matrix

P, i.e., pt. Obviously, pe(i) is a function of pt(i), defined as

pe(i) = b0(i) = g(pt(i)) . (3.7)

By using numerical methods (e.g., the binary search algorithm), pt(i), ps(i), and pe(i)

could be jointly determined by (3.1), (3.2), and (3.7). According to (3.6), pr(i − 1)

of the adjacent lower-grade nodes can be obtained with ps(i). Applying the same

methods described above, we also obtain the corresponding pt(i − 1), ps(i − 1), and

pe(i − 1). Therefore, the related probabilities for the nodes in each grade can be

calculated recursively.

3.3.4 Queueing Model with Retransmissions

One of the major differences of our model from [126] is that in this dissertation we

consider the multi-hop transmission scenario where every node can generate packets.

Specifically, let R denote the maximum number of retransmissions supported by the

protocol, leading to R+1 retransmission stages (from zero to R) for a node. Therefore,

the node state is determined by both of its retransmission stage and queue length.

Figure 3.4 shows the 2-D Markov-chain queueing model with (R+1)·K+1 states, each

of which is represented by two indices, i.e., retransmission stage and queue length.

For ease of drawing, note that in Figure 3.4, the states shown as dashed circles in the

last row are the same as those in the first row.

As mentioned above, the probability that k packets are generated at a source

node is ak. Let a≥k denote the probability that there are no less than k packets being

generated in a cycle. Define ak = 0 if k < 0, a≥k = 1 if k ≤ 0, and a≥k = 1 −
k−1∑
i=0

ak

if k > 0. We first examine the transitions from the empty-queue state (0, 0), the

probabilities of which only depend on the newly generated packets and the received

packets from the neighbor sending node in the higher grade. Therefore, for a node in

grade i, we have

P(0,0)→(0,m) = pr(i)am−1 + (1− pr(i))am, m ∈ [0, K − 1] (3.8)
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Figure 3.4: Markov model for the queueing behavior of a duty-cycling node with
retransmission.

P(0,0)→(0,K) = pr(i)a≥K−1 + a≥K . (3.9)

For the transitions between two states in the same retransmission stage, the cor-

responding transition probabilities are shown below. (3.10), (3.11) and (3.12) corre-

spond to the transitions in retransmission stage 0, and (3.13) and (3.14) correspond

to the transitions in a non-zero retransmission stage.

P(0,m)→(0,m−1) = ps(1− pr(i))a0, m ∈ [1, K] (3.10)

P(0,m)→(0,n) = (1− pt(i))pr(i)an−m−1 (3.11)

+ [ps(i)pr(i) + (1− pt(i))(1− pr(i))]an−m

+ ps(i)(1− pr(i))an−m+1, m ∈ [1, K − 1], n ∈ [m,K − 1]

P(0,m)→(0,K) = (1− pt(i))pr(i)a≥K−m−1 + [ps(i)pr(i)+ (3.12)

(1− pt(i))(1− pr(i))]a≥K−m + (1− pr(i))ps(i)a≥K−m+1, m ∈ [1, K]
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P(r,m)→(r,n) = (1− pt(i))pr(i)an−m−1 + (1− pt(i))(1− pr(i))an−m, (3.13)

r ∈ [1, R], m ∈ [1, K − 1], n ∈ [m,K − 1]

P(r,m)→(r,K) = (1− pt(i))pr(i)a≥K−m−1 + (1− pt(i))(1− pr(i))aK−m, (3.14)

r ∈ [1, R], m ∈ [1, K]

For the transitions between two states respectively in two adjacent retransmission

stages, the transition probabilities are shown in (3.15) and (3.16). These transitions

correspond to the cases where a retransmission is necessary after an RTS collision.

P(r,m)→(r+1,n) = pc(i)pr(i)an−m−1 + pc(i)(1− pr(i))an−m, (3.15)

r ∈ [0, R− 1], m ∈ [1, K − 1], n ∈ [m,K − 1]

P(r,m)→(r+1,K) = pc(i)pr(i)a≥K−m−1 + pc(i)(1− pr(i))a≥K−m, (3.16)

r ∈ [0, R− 1], m ∈ [1, K]

Finally, we examine the transitions from a non-zero retransmission stage to re-

transmission stage 0, corresponding to the cases either that a retransmitted packet is

successfully delivered, as shown in (3.17) and (3.18), or that the packet is discarded

when the retransmission limit is reached, as shown in (3.19) and (3.20).

P(r,m)→(0,n) = ps(i)(1− pr(i))an−m+1 + ps(i)pr(i)an−m, (3.17)

r ∈ [1, R− 1], m ∈ [1, K], n ∈ [m− 1, K − 1]

P(r,m)→(0,K) = ps(i)(1− pr(i))a≥K−m+1 + ps(i)pr(i)a≥K−m, (3.18)

r ∈ [1, R− 1], m ∈ [1, K]

P(R,m)→(0,n) = pt(i)pr(i)an−m + pt(i)(1− pr(i))an−m+1, (3.19)

m ∈ [1, K], n ∈ [m− 1, K − 1]

P(R,m)→(0,K) = pt(i)pr(i)a≥K−m + pt(i)(1− pr(i))a≥K−m+1, m ∈ [1, K] (3.20)

For the transitions that are not listed above, the transition probabilities are zero.

Since the Markov chain is irreducible and aperiodic, for the node in grade i, the

transition matrix P with states in the space S = {(0, 0)} ∪ {(m,n)|m = 0...R, n =

1...K} has a unique stationary distribution B(i) = [b(0,0)(i), b(0,1)(i), · · · , b(R,K)(i)].

Then we have B(i) · P = B(i) and
∑

(m,n)∈S

b(m,n)(i) = 1. Similar to the model with-

out retransmission, pr for each grade is calculated recursively according to (3.6).
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Figure 3.6: Absorbing Markov Chain for obtaining D2(i) and D3(i).

Therefore, with pc known according to (3.3), and given that the packet generation

information (λ, ak and a≥k) is known, there are two undetermined variables in the

transition matrix P, i.e., pt and ps. Thus pe(i) is a function of pt(i) and ps(i),

pe(i) = b(0,0)(i) = G(pt(i), ps(i)) . (3.21)

Combining (3.1), (3.2), and (3.21), pt(i), ps(i), and pe(i) can be obtained.

3.3.5 Performance Metrics

Average Packet Delivery Latency

With the probabilities obtained above, we derive the average latency of a packet

sent from a source node in each grade to the sink node through multi-hop delivery

with or without retransmissions. Specifically, the latency for a packet (the observed

packet) from grade i (i ≥ 1) being delivered to grade i−1 contains the following three
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parts (see Figure 3.5):

(a) D1(i): the average waiting time from the time when the observed packet arrives

in the current cycle to the beginning of the next cycle. If the node is the source

that generated this packet, the average waiting time is D1(i) = D1s(i) =
Tcycle

2
.

Otherwise, for a relaying node that receives this packet from grade i + 1, the

average waiting time is D1(i) = D1r(i) = W
2
σ + SIFS + durACK.

(b) D2(i): the average waiting time from the beginning of the next cycle after the

observed packet arrives in the current cycle to the beginning of a cycle when the

packet becomes the head of the queue. It depends on the total queueing delay of

the packets in front of the observed packet, including the packet service time of

each head-of-queue packet, denoted by d(i). For calculating d(i), an absorbing

Markov process [139] is shown in Figure 3.6a, where the number in the state

shows the number of retransmissions that the packet has experienced, and ‘W’

means that the packet wins the contention. Therefore,

d(i) = Tcycle




A, R = 0

AR+1pc(i)
R +

R−1∑
r=0

Ar+1 (1− pc(i)) pc(i)
r, R > 0

, (3.22)

where A =
∞∑

c1=1

c1(1− pt(i))
c1−1pt(i) = 1

pt(i)
, c1 is the number of cycles that the

observed packet has experienced when it becomes the head-of-queue packet, and

R is the maximum number of retransmissions the protocol can support. When

R = 0, retransmission is not supported. According to the proposed Markov

model,

D2(i) =
K−1∑

k=0

d(i) · k · bQ,k(i)

1− bQ,K(i)
. (3.23)

(c) D3(i): the service time of the observed packet from the beginning of a cycle when

it just becomes the head of the queue to the time when it is sent successfully.

Similarly, forD3(i), the absorbing Markov process of serving the observed packet

is shown in Figure 3.6b, where ‘S’ means that the packet is successfully sent

out, and ‘F’ means that the packet fails to be sent out and is removed from the

queue. Therefore,

D3(i) = Tcycle

R∑

r=0

Br+1pc(i)
rps(i) , (3.24)
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where B =
∞∑

c2=0

c2(1− pt(i))
c2 = 1−pt(i)

pt(i)2
, and c2 is the number of cycles that the

observed packet has experienced when it is successfully sent out.

Then the average delivery latency of a packet sent from a source in grade h (h ∈ [1, H])

to the sink is

Dh =
h∑

i=1

[D1(i) +D2(i) +D3(i)] . (3.25)

Average Active Time Ratio per Cycle of a Node

The average active time per cycle of a node in grade i is composed of the average

active time Ei[R] in state R and the average active time Ei[T ] in state T. Ei[R] depends

on pr(i). Specifically, considering that a node needs to wait at least DIFS + Wσ +

durRTS time during its R state if it fails in receiving, we have Ei[R] = pr(i)(
W
2
σ +

σ′) + (1 − pr(i))(DIFS + Wσ + durRTS), where σ′ = DIFS + durRTS + durCTS +

durDATA+durACK+3SIFS. For Ei[T ], if the queue is empty, the active time during

T state is zero; otherwise, there are three cases:

1. if the transmission is successful, the active time is ∆s = W
2
σ + σ′,

2. if the transmission fails due to collision, the active time is ∆c = DIFS + W
2
σ +

durRTS + SIFS + durCTS,

3. if the channel is sensed busy, the active time is ∆b = DIFS +
W−1∑
j=1

1
W−1

j∑
k=1

1
j
·

(j − k + 1) · σ.

Therefore, Ei[T ] = (1−pe(i))[ps(i)·∆s+pc(i)·∆c+pb(i)·∆b]. Then the average active

time ratio per cycle of a node in an H hop(s) chain network is ΓH = 1
H

H∑
i=1

Ei[R]+Ei[T ]
Tcycle

.

This analysis is available for the models both with and without retransmission.

System Throughput

The system throughput S is defined as the number of packets received by the

sink per second. In LSNs, the transmissions at the nodes 1-hop away from the sink

determine the throughput. Thus S = N1 · (1 − pe(1)) · ps(1)/Tcycle, where N1 is the

number of nodes in grade one. The analysis is also available for both models.
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Table 3.1: PDC Parameters

DIFS 10 ms SIFS 5 ms
durRTS 11 ms durCTS 11 ms
durACK 11 ms durDATA 43 ms
W 16,32,64,128,256 σ 1 ms

3.4 Validation for the Model without Retransmis-

sions

In this section, we validate our proposed model without retransmission by com-

paring the analytical results derived in Section 3.3 with those obtained from the

simulations based on OPNET1. The comparison is conducted under five scenarios by

varying: 1) the number of nodes N in each grade, 2) the packet generation rate λ, 3)

the sleep factor ξ, 4) the contention window size W , and 5) the queue capacity K.

For simplicity, we assume that all grades contain the same number of node, and all

nodes are set with the same λ, ξ, W and K. Note that it is not necessary for our

model to follow these limits. The network is divided into H = 7 grades (therefore,

there are 7×N sensor nodes in total in the network). Unless otherwise specified, we

set N = 3, λ = 0.03, ξ = 18, W = 64, and K = 15. For each of the five scenarios,

we vary one of these parameters and investigate the performance of PDC in terms of

the system throughput, the average packet delivery latency from a node in nonzero

grade to the sink node, and the active time ratio per cycle per node. The parameters

used in PDC are shown in Table 3.1, which is the same as in [83]. Figures 3.7–3.11

show that our analytical results based on the proposed model match the simulation

results quite well.

3.4.1 Varying the Number of Nodes in Each Grade

Figure 3.7 shows the performance results with N varying from one to five in each

grade. In Figure 3.7a, the system throughput increases as N increases from one to

two (correspondingly, the number of nodes in the network increases from seven to

14), and after then, it starts to decrease. Since all nodes in the network generate

and send data to the sink node, the increase of nodes will contribute to the system

throughput. However, as N becomes larger, there are more collisions occurring in the

1The code can be found in [140]
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Figure 3.7: Performance with the varying number of nodes (N).

network, and as a result the system throughput slightly decreases.

The average active time ratio per cycle of a node is shown in Figure 3.7b, which

indicates the energy consumption of the node. This average ratio is the total active

time during a cycle of all nodes in the network divided by the total number of nodes.

Because each time in the same grade, only one node can win the contention to transmit

data and other failing nodes go to sleep to save energy, the ratio decreases as N

increases. When N = 2, there is only one failing node each time, corresponding to a

slight decrease of the active time ratio. As N becomes larger, there are more failing

nodes in a grade, and thus the ratio decreases more.

From Figure 3.7c, we observe that when there is only one node in each grade, a

node can deliver the incoming packets as soon as they arrive at the node. Hence, there



68

are few packets accumulated in the queue and as a result, the packet delay is very

short. Due to the pipelined-forwarding feature of PDC, the delay difference between

the packets generated at the nodes farther away from the sink and those generated

at the nodes closer to the sink is very small. However, when more nodes are added

to the network as N increases, there are more packets accumulated in the queue due

to a higher contention in the network. Therefore, the packet contending delay and

queueing delay become longer, and as a result, the delivery latency to the sink is

longer, too. We also observe that, as the grade increases, the packet delivery latency

has a linear increase at first and then the increase becomes very slow. This is due to

the fact that the traffic load on the nodes close to the sink is much heavier than that

on the distant nodes. The long queueing delay in these nodes will significantly affect

the delivery latency of the packets from the distant nodes. However, as the grade

increases to a certain point, such an effect becomes weak and there is a turning point

after which the delay increase is not so obvious. In addition, as N becomes larger,

the turning point trends to appear at a higher grade.

3.4.2 Varying the Packet Generation Rate

In this scenario, we vary the packet generation rate λ at each node from 0.01 to

0.05 pkts/sec. Figure 3.8 shows the corresponding performance results. As shown

in Figure 3.8a, when λ is smaller than the system service rate (which is 1
H·N ·Tcycle

≈

0.014), PDC can transmit packets as fast as they arrive at the network without

overflowing the queues, and hence the system throughput increases linearly as the

traffic load increases. However, the throughput remains the same as λ exceeds the

system service rate and PDC saturates, i.e., each node always has a packet to send

in every cycle and thus PDC reaches its delivery limit.

As λ increases, 1) the probability that a node has a packet to send in its active state

increases, hence the active time ratio of each node increases as shown in Figure 3.8b

and meanwhile the contention with other nodes in the same grade increases, leading

to an increasing contending delay; 2) the average queue length increases and hence

each packet has an increasing queueing delay. Therefore, as shown in Figure 3.8c, the

average packet delivery latency at the nodes in each grade increases as λ increases.

However, the amount of the increase decreases, since as λ increases, the average

queue length approaches to the queue capacity, which limits the increase of the packet

queueing delay and hence limits the packet delivery latency. In addition, for the same
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Figure 3.8: Performance with the varying packet generation rate (λ).

reason as shown in Figure 3.7c, there is a linear increase in the latency and then the

increase is not so obvious as the grade increases, and the turning point trends to

appear at a higher grade as λ becomes larger.

3.4.3 Varying the Sleep Factor

Figure 3.9 shows the performance results under the varying sleep factor ξ from

14 to 22. A larger sleep factor means a longer cycle duration. Since in PDC, at

most one packet can be delivered per cycle, a longer cycle duration leads to a lower

throughput. Therefore, the system throughput decreases as ξ increases, as shown in

Figure 3.9a. For the average active time ratio, a longer cycle duration with a larger

ξ leads to almost the same decrease trend as the throughput (see Figure 3.9b).
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Figure 3.9: Performance with the varying sleep factor (ξ).

Note that the packet generation rate in this scenario is set to λ = 0.03, where PDC

has already saturated for all of the sleep factors given according to both analytical

and simulation results. All the nodes in the network can have a packet to send in

every cycle. Therefore, the contention in the network remains almost constant as

ξ increases. In other words, the increase of ξ does not affect the contending delay

but does increase the queueing delay. From Figure 3.9c, we see that the average

packet delivery latency at each grade increases almost linearly as ξ increases, since

the queueing delay of packets increases linearly as the cycle duration increases.
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Figure 3.10: Performance with the varying contention window size (W ).

3.4.4 Varying the Contention Window Size

Figure 3.10 shows the performance results with the contention window size W

exponentially varying from 16 to 256. Similar to ξ, a larger W means a longer

cycle duration, which leads to a lower system throughput. Although increasing W

decreases the probability of packet collision, which benefits the system throughput,

such a decrease cannot dominate the variation of the throughput, as W is large enough

when the total number of nodes that contend with each other at the same time is

only N = 3. Since W increases exponentially, the system throughput also decreases

exponentially, as shown in Figure 3.10a. On the contrary, the average active time

ratio has an exponential increase as shown in Figure 3.10b.

Since the increase of the cycle duration has a dominant impact on the system in
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Figure 3.11: Performance with the varying queue capacity (K).

comparison with the decrease of the packet collision probability as W increases, the

queueing delay dominates the variation trend of the packet delivery latency. A larger

W leads to a longer queueing delay and hence a longer packet delivery latency, as

shown in Figure 3.10c. From Figure 3.10c, we also observe that the delivery latency

at each grade has an exponential increase as W increases exponentially.

3.4.5 Varying the Queue Capacity

In this scenario, we vary the queue capacity K from five to 25 packets. Figure 3.11

shows the corresponding performance results. From Figure 3.11a, we see that the

increase of K cannot benefit the system throughput, as PDC has already saturated

with the settings of other four parameters (i.e., N , λ, ξ, and W ) in this scenario.
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Therefore, the system throughput keeps almost constant as K increases. So does the

average active time ratio as shown in Figure 3.11b.

According to our analytical results, as λ = 0.03, the packet overflow happens

with a certain probability at the nodes near the sink (e.g., about 0.3 at the grade-1

nodes). Therefore, the average queue length of these nodes increases as K increases,

and hence the queueing delay increases. Since the contending delay keeps constant as

PDC saturates, the packet delivery latency increases as the queueing delay increases.

From Figure 3.11c, it shows that, as K increases linearly, the packet delivery latency

at each grade increases linearly as well.

3.5 Validation for the Model with Retransmissions

For validating the proposed model with the support of retransmission, we first

set N = 3, ξ = 18, W = 64, and K = 15. λ is varied from 0.01 to 0.015 pkts/sec,

and the maximum number of retransmissions R, that is supported by the protocol is

varied from zero to four. Then we investigate the network performance in terms of

throughput and average active time ratio, as shown in Figure 3.12a and Figure 3.12b,

respectively, which indicates a good match with the simulation results.

From Figure 3.12a and Figure 3.12b, we observe that the variance of R almost

has no impact on either throughput or active time ratio. This could be explained

as follows. If a node is under a saturated condition such that it always has packets

to send, retransmission will not improve throughput or change the active time ratio

of a node. Conversely, if the node is unsaturated, it still has the capacity to re-

transmit a packet without causing overflow, which benefits the network performance.

From another point of view, however, not being saturated also indicates that there

are fewer packets experiencing collisions and requiring retransmissions. Therefore,

the protocol with retransmissions almost has the same performance as that without

retransmissions.

For evaluating the packet delivery latency, we set W = 64, λ = 0.02. N varies

from two to five, and R varies from zero to four. The results are shown in Figure 3.12c,

where the model results are shown in red curves, which match well with the simulation

results shown in blue curves. The network is unsaturated when N = 2, since the

system service rate 1
H·N ·Tcycle

≈ 0.022 > λ = 0.02, in which collision can hardly happen

and retransmission is not necessary. Thus whether retransmission is supported or not

does not affect the packet delivery latency, as shown in the figure.
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(f) Active Time Ratio (N = 5, W = 8, λ = 0.02)

Figure 3.12: Performance with the support of retransmission.

On the other hand, for the saturated networks with N = 3 and 4, retransmission

does increase the latency. However, it is interesting to see that in Figure 3.12c, the
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latency almost has no change when R varies from two to four for all the networks with

N = 3, 4 and 5. This is because that for all the three networks, the network contention

level when R = 2 is the same as that when R = 4, and thus the average number of

retransmissions that a packet experiences is no larger than two. If we change W = 8

to increase the network contention level for the network with N = 5, it shows that

the variation of R from two to four increases the packet delivery latency, as shown

in Figure 3.12d. The network throughput and node active time ratio are also shown

in Figure 3.12e and Figure 3.12f, respectively. As shown in the figures, the network

throughput decreases and the node active time ratio increases when retransmission

is supported, but the variation of R from two to four still has almost no impact on

them, which has been analyzed above.

Considering that the data redundancy issue is common to see in sensor network-

s [141], and that the variation of R has very slight impact on either the network

throughput or energy efficiency, whereas a larger R may lead to a larger packet de-

livery latency, we show that retransmission will not benefit much in a linear sensor

network.

3.6 Conclusions

In this chapter, we applied a duty-cycled protocol with the pipelined-scheduling

(i.e., PDC) to an LSN, modeled the MAC process with and without retransmission,

and analyzed its performance in the LSN in terms of the system throughput, network

energy efficiency and packet delivery latency. The model has been validated through

the extensive OPNET simulations. By modifying its first part, i.e., the MAC pro-

cess analysis, the model can be easily generalized to other duty-cycled MACs. We

have utilized the model to analyze the network performance under various system

parameters.
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Chapter 4

Approach to Ran2Ran NDD

4.1 Overview

As mentioned before, Nodal Distance Distribution (NDD) can be utilized to char-

acterize most of the performance metrics in WANETs due to their nonlinear relation-

ships with the distances among nodes. In this chapter, we propose a systematic and

algorithmic approach to Ran2Ran NDDs. Based on the approach, we first obtain the

NDDs associated with arbitrary triangles, which are further utilized to obtain the

NDDs with arbitrary polygons, since any polygons can be triangulated.

4.2 Related Work

To achieve analytical tractability with the stochastic geometry tools, most re-

searchers assumed that an infinite number of nodes at any time instant are spatially

distributed as a homogeneous PPP over an infinite area [14–16, 68, 69, 142], which

gives rise to a stationary location-independent performance as seen from the perspec-

tive of each node in the network. Such a PPP model is extremely useful because it

can obtain some insightful results with the tractable mathematical expressions that

can vastly simplify the performance analysis by using Campbell’s theorem [13].

However, the PPP model is inadequate/inaccurate in many practical wireless net-

works where a finite number of nodes are distributed at random in a finite area,

because it assumes an unbounded number of nodes and does not take into account

the effects of the network boundaries. For example, in order to utilize the PPP model

to obtain the distribution of the distance to the n-nearest neighbor for ad hoc and
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sensor networks, both the network area and the number of sensor nodes were assumed

to be infinite in [143], while in reality they are finite. As an another example, with

the stochastic geometry tools in cellular networks, BSs were usually assumed to be

deployed randomly following a PPP model in an infinite area with all cells working

on the same frequency band [68,69], whereas in reality BSs are very possibly deployed

according to cell planning and their locations are not totally random. Especially, in

a cellular system with a higher frequency reuse factor, e.g., seven, where there is no

interference from adjacent cells and thus it only needs to investigate the performance

metrics of a single cell, or with a nearby, nonadjacent cell, or in a sector-partitioned

cell, where the BS is equipped with multiple directional antennas working on different

frequency bands [67] and thus it is of interest to study the performance metrics of a

single sector, the results based on PPP are not applicable directly.

As a result, the approaches based on a BPP had been developed in [17–19,144,145]

for the modeling and analysis of a finite wireless network, called binomial network

where a finite number of nodes are independently and uniformly distributed and

communicating/interfering with a reference receiving node. With the developed BPP

model, Srinivasa et al. [144] analyzed the interference seen at the reference receiver

located at the center of a d-dimensional ball network. The work was then extended

in [17] where the reference receiver could be arbitrarily located within the network.

Torrieri et al. [18] analyzed the BPP outage probability of the reference receiver which

is located at the origin of a circular network, while Guo et al. [145] and Valenti et

al. [19] investigated the BPP outage at an arbitrarily-located reference receiver within

an arbitrarily-shaped network. Although the BPP model can handle finite wireless

networks, it cannot analyze the exterior interference at a reference receiver, i.e., the

reference receiver and the interfering transmitters are not in the same network. For

example, in an uplink scenario of a cellular system with a frequency reuse factor of

one, it is worth investigating the interference at the BS of a cell from the transmitting

cellular users in its neighbor cells [146]; in a two-tier cellular system, the analysis of

the mutual interference at the BSs between femto and macro cells is of significant

importance [20]; and in a finite wireless network with all nodes uniformly distributed

at random, it is also significant to analyze the average performance metrics at any

node instead of at a specific reference node [22, 27, 48], where the BPP model is

inapplicable.

The limitation that the exterior interference at a reference receiver in a finite

wireless network cannot be analyzed with the BPP models can be relaxed by using the
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probabilistic distance-based models with appropriate Ref2Ran NDDs. For instance,

in [47], the NDDs from a BS (as the reference node) to an arbitrary cellular user

(as the random node) in the same hexagonal cell or to the users in its adjacent cells

were derived, based on which the received exterior co-channel interference at a BS

from a transmitting cellular user of any six adjacent cells was explicitly analyzed.

The obtained NDDs were further utilized in [146] to analyze the cumulative exterior

interference at a BS from its all first-layer neighbor cells (note that all cells in the

above cellular systems use the same frequency band).

Recently, there has been a breakthrough made in obtaining the Ref2Ran NDDs

from an arbitrary reference node (i.e., anywhere in the plane) to a random node inside

an arbitrary polygon [58], which eliminates the inappropriate assumptions and limita-

tions that the network area has to be in certain specific shapes (including squares [42],

disks/circles [23], hexagons [43,47], regular polygons [54], and convex n-gons [53]) and

the reference node has to be inside or on the boundary of the network. Specifically,

we first obtain the Ref2Ran NDD from a vertex of an arbitrary triangle to the triangle

using the area-ratio approach, and then based on which the Ref2Ran NDD from an

exterior or interior reference point to the triangle can be obtained through Decompo-

sition and Recursion (D&R) methods. Such NDDs from an arbitrary reference point

to an arbitrary triangle are called Ref2Ran triangle-NDDs.

Based on the obtained Ref2Ran triangle-NDDs, the distribution of the distance

from an arbitrary reference point to an arbitrary polygon can also be obtained through

a D&R method, since any polygon can be triangulated. If a reference point R is

inside a polygon, the polygon can be triangulated from R as shown in Figure 4.1a.

On the other hand, if R is outside, we can just triangulate the polygon as shown

in Figure 4.1b. Then with a weighted probabilistic sum, the CDF of the distance

distribution from R to the polygon is

F (d) =
K∑

i

Si

S
Fi(d) , (4.1)

where K is the number of triangles generated after the triangulation (K = 6 and 4

for the examples shown in Figure 4.1a and Figure 4.1b, respectively), Si is the area

of triangle Ti, S is the area of the polygon, and Fi(d) is the CDF of the distance

distribution from R to Ti, which has been obtained already.

It is possible that a subarea of a network area has a higher node density than
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Figure 4.1: An arbitrary reference point R and arbitrary polygons (unit: m).

other subareas, which is referred to as tiered network structure, due to the reasons

such as the bottleneck nodes near the hotspot under heavy loads run out of energy,

some nodes are physically damaged in a hostile environment, or there are no nodes

being deployed in a specific area which needs not to be monitored. In this case, the

above weighted probabilistic sum is still applicable, but with the weights modified

correspondingly due to the node density difference. Take the tiered structure shown

in Figure 4.1c for example. Assuming the node density ratio between P1 (the white

area) and P2 (the gray area) is λ1 : λ2 (λ1 and λ2 are not zero at the same time),

then the distance distribution from an arbitrary reference point R to the whole area

P3 (P1 plus P2) is

F3(d) =
2∑

i

Siλi∑2
j Sjλj

Fi(d) , (4.2)
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where Si is the area of Pi, and Fi(d) is the distance distribution from R to Pi,

which can be obtained by (4.1). The obtained results have been applied in our recent

work [20] to analyze the outage probability of the macro and femto BSs in arbitrarily-

shaped cells for tiered cellular networks.

The authors in [59] made an algorithmic implementation based on our proposed

approach. Instead of using D&R methods, they modified the shoelace formula to

calculate the area of the intersection between the polygon and the circle centered

at an arbitrary reference point R with a radius of d. Then the probability that the

distance from R to a point uniformly distributed at random within the polygon is

no longer than d is the area of the intersection divided by the area of the polygon.

In the modified shoelace formula, the area of the intersection between the circle and

each triangle generated by triangulating the polygon from R is obtained based on our

approach.

On the other hand, for analyzing the finite wireless networks where both of the

communicating nodes are randomly distributed, the Ran2Ran NDDs are required

to build the probabilistic distance-based models. The Ran2Ran NDDs associated

with disks [46, 51, 60], triangles [52, 55], rectangles [22, 24, 25, 51], rhombuses [44],

trapezoids [50], and regular polygons [22, 27, 45, 48, 49, 56] had been obtained. The

corresponding approaches can be categorized into standard statistics [27], quadratic

product [48], and area ratio [22]. The recent breakthrough is to obtain the explicit

Ran2Ran NDDs within an arbitrary convex geometry based on Chord Length Dis-

tribution (CLD). Specifically, let K denote a convex geometry in the plane and G a

random line intersecting with K. The chord length C = |K∩G| is a random variable,

known as the random chord of K. Let D denote the distance between two points

independently and uniformly distributed within K. The relationship between CLD

of K and the Ran2Ran NDD within K is

fD(d) =
1

S2

∫ cm

d

2d(c− d)ufC(c) dc , (4.3)

where fC(c) and fD(d) are the PDFs of C and D, respectively, cm is the maximum

chord length, and S and u are the area and perimeter of K, respectively. Bäsel

derived the CLDs for regular polygons [56] and right-angled triangles [52], based

on which the corresponding Ran2Ran NDDs were also obtained according to (4.3).

Recently, we derived the Ran2Ran NDDs associated with arbitrary triangles [55]

based on the corresponding CLDs obtained in [147]. Ren [148] obtained the CLDs
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Figure 4.2: Ran2Ran NDD within a convex network, K.

for some special convex polygons (e.g., equilateral triangles, rectangles, and regular

hexagons). However, it becomes too complicated to obtain the CLD for an arbitrary

convex n-gon (n ≥ 4) as n becomes larger. Moreover, the approach cannot obtain the

Ran2Ran NDDs associated with concave, disjoint, or tiered network regions such as

clusters/cells in finite wireless networks, since the chord definition cannot be applied

directly.

4.3 Approach to Ran2Ran NDD

As aforementioned, the constraints of the existing approaches to Ran2Ran NDDs

lead to their limited applicability in modeling and analyzing finite wireless networks.

In this section, we propose a systematic and algorithmic approach based on Kine-

matic Measure (KM) in integral geometry [61,149] to obtain the Ran2Ran NDDs for

arbitrarily-shaped wireless networks, including convex, concave, disjoint, and tiered

networks.

4.3.1 Convex Network Regions

As shown in Figure 4.2a, letK denote an arbitrary convex network with area of S in

the two-dimensional plane, and G a line uniformly distributed at random in the plane

and intersecting with K, which produces a chord with length of |AB| = l. Without

Loss Of Generality (WLOG), define the orientation of G as θ (0 ≤ θ ≤ π) which is the

angle made by the part of the line G above x-axis with the positive direction of the x-
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axis. There are two points, P1 and P2, uniformly distributed at random on the chord

AB. |AP1| = d1 and |AP2| = d2 (0 ≤ d1, d2 ≤ l). Define set H = {G|G ∩ K 6= ∅}

and BG(d) = {(d1, d2)| |P1P2| = |d1 − d2| ≤ d, P1, P2 ∈ G ∩ K}. According to

the KM concept in integral geometry, it is easy to know that the probability that

the distance (denoted as a random variable D) between any two points which are

uniformly distributed at random within K is no larger than d is

FD(d) = Pr(|P1P2| ≤ d) =
1

S2

∫

H

∫

BG(d)

dP1dP2 =
1

S2

∫

H

∫

BG(d)

|d1 − d2| dd1dd2 dG .

(4.4)

Denote the inner integral
∫
BG(d)

|d1 − d2| dd1dd2 as FG(d). With the integral domain

of FG(d) shown in Figure 4.2b, it is easy to know that

FG(d) =

∫

BG(d)

|d1 − d2| dd1dd2 =

∫∫

|d1−d2|≤d

|d1 − d2| dd1dd2 = d2l −
2

3
d3 , (4.5)

where l is determined by G. For the outer integral, there are two tangents with

the same orientation θ, i.e., G1 and G2 as shown in Figure 4.2a, which completely

encompass K and are known as support lines in integral geometry. Therefore, a

line G intersecting with K is determined by θ and its distance p to, WLOG, G1

(0 ≤ p ≤ pm(θ), where pm(θ), a function of θ, is the distance between the two support

lines). Thus, l in FG(d) is a function of θ and p (in what follows, we still use l for the

ease of presentation). Finally, (4.4) can be written as

FD(d) =
1

S2

∫ π

0

∫ pm(θ)

0

FG(d) dpdθ . (4.6)

Let fG(d) = dFG(d)
dd

= 2d(l − d), then the PDF of D is

fD(d) =
1

S2

∫ π

0

∫ pm(θ)

0

fG(d) dpdθ . (4.7)

The closed-form expression of fD(d) depends on a specific network shape. Section 4.4

will show in detail how to obtain the closed-form Ran2Ran NDDs associated with

arbitrary triangles, and based on which how to obtain the Ran2Ran NDDs associated

with arbitrary polygons.
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Figure 4.3: Ran2Ran NDD between two disjoint network regions, K1 and K2.

4.3.2 Concave or Disjoint Network Regions

The above approach only applies to convex networks. However, for the Ran2Ran

NDDs associated with concave or disjoint networks, it has to consider the random

distance between two disjoint regions. Take the case shown in Figure 4.3a as an

example, where there are two disjoint geometries in the two-dimensional plane, i.e.,

K1 and K2 with area of S1 and S2, respectively. G is a line with orientation θ uniformly

distributed at random in the plane and intersecting with both K1 and K2, which

produces two chords with length of |AB| = l1 and |CD| = l3, inside K1 and K2,

respectively, and a segment with length of |BC| = l2 outside. G1 and G2 are the two

lines (also called support lines in this dissertation) which are parallel with G, intersect

with both geometries, and tangent to K1 and K2, respectively. Therefore, G is also

determined by θ and p (0 ≤ p ≤ pm(θ)), where p is the distance from G to one of

the support lines (e.g., G1 in Figure 4.3a) and pm(θ) is the distance between the two

support lines. Similarly, l1, l2, and l3 are also determined by (θ, p)1. P1 and P2 are the

two random points uniformly distributed on AB and CD, respectively. |AP1| = d1,

|AP2| = d2, and |P1P2| = d2−d1. Obviously, 0 ≤ d1 ≤ l1 and l1+ l2 ≤ d2 ≤ l1+ l2+ l3.

To obtain FD(d) = Pr(|P1P2| ≤ d), the key is to obtain FG(d) according to (4.6).

WLOG, assume l1 ≤ l3 and thus l1 + l2 ≤ l2 + l3 (the analysis is the same for

l3 ≤ l1). There are three cases with respect to the range of d for obtaining FG(d).

1Likewise in the following, unless explicitly stated otherwise, li (i ∈ {1, 2, 3}) is equivalent to
li(θ, p) for the ease of presentation.
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The corresponding integral domains for each case are shown in Figure 4.3b. Therefore,

(i) l2 ≤ d ≤ l1 + l2:

F i
G(d) =

∫∫

d2−d1≤d

(d2 − d1) dd1dd2 =
(l2 − d)2(l2 + 2d)

6
,

f i
G(d) =

dF i
G(d)

dd
= (d− l2)d .

(ii) l1 + l2 ≤ d ≤ l2 + l3:

F ii
G (d) =

l1
2

(d+ l1 + l2)(d− l1 − l2) ,

f ii
G (d) =

dF ii
G (d)

dd
= l1d .

(iii) l2 + l3 ≤ d ≤ l1 + l2 + l3:

F iii
G (d) =

1

6
(2l2 + 2l3 + d)(l2 + l3 − d)2 −

1

2

(
(l2 + l3)

2 − d2
)

(l1 + l2 + l3 − d) ,

f iii
G (d) =

dF iii
G (d)

dd
= (l1 + l2 + l3 − d)d .

On the other hand, for the case that P1 is on chord CD and P2 on chord AB, the

same results can be obtained. With a probabilistic sum, we have

FG(d) =





2F i
G(d), l2 ≤ d ≤ l1 + l2

2F ii
G (d), l1 + l2 ≤ d ≤ l2 + l3

2F iii
G (d), l2 + l3 ≤ d ≤ l1 + l2 + l3

. (4.8)

By substituting (4.8) and S1S2 for the FG(d) and S2 in (4.6), respectively, the CDF

of the random distance between two disjoint arbitrarily-shaped geometries can be

obtained. Note that for the two separate geometries sharing a common boundary, l2

is zero if the line G intersects with the both two geometries through the boundary, so

(4.8) can still be utilized.

The approach can be further extended to obtain the distribution of the distance

between two points uniformly distributed at random within a concave geometry. As

shown in Figure 4.4, there are two cases associated with the segment in the line

passing through the two random points and between them: case 1) the segment is
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completely contained in the geometry, e.g., the segment along line G in Figure 4.4;

case 2) the segment cannot be completely contained, e.g., the segment along line G ′

in the figure. By applying (4.5) to obtain FG(d) for case 1) and (4.8) for case 2), the

intended concave distance distribution can be obtained according to (4.6).

4.3.3 Tiered Network Regions

The proposed approach is further extended to obtain the Ran2Ran NDDs for the

tiered networks. As an example shown in Figure 4.5a, a network area K1 contains

another network K2 inside (could be a void subregion of the network, i.e., a hole area

with no nodes deployed). Denote the gray region inside K1 but outside K2 as K3.

With (4.6), we obtain the CDF of the random distances within K1 and that within

K2, denoted as F11(d) and F22(d), respectively (hereafter, we use Fxx(d) to denote the

CDF of the random distances within Kx, and Fxy(d) or Fyx(d) the CDF of the random

distances between Kx and Ky). Nevertheless, the Ran2Ran NDD in K3 (i.e., F33(d))

and that between two different regions (i.e., F12(d), F13(d), and F23(d)), are also of

great interest and very useful for analyzing some network scenarios where existing
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approaches cannot apply. To this end, we first show how to obtain F23(d) by using

the approach to obtaining the CDF of the distance between two disjoint geometries

as illustrated in Figure 4.3a (a special case where l2 is always zero). The others can

then be obtained by a weighted probabilistic sum with decomposition and recursion.

As shown in Figure 4.5a, a line G with orientation θ and intersecting with K2

produces three segments, i.e., AB and CD inside K3, and BC inside K2. According

to (4.8), one can find, say F a
G (d), associated with the distance between AB and BC,

and F b
G(d) associated with the distance between CD and BC. Then,

F23(d) =
1

S2S3

∫ π

0

∫ pm(θ)

0

(
F a
G (d) + F b

G(d)
)

dpdθ , (4.9)

where Sx is the area of Kx. Meanwhile, with a weighted probabilistic sum,

F11(d) =
S2

S1

(
S2

S1

F22(d) +
S3

S1

F23(d)

)

︸ ︷︷ ︸
F12(d)

+
S3

S1

(
S2

S1

F23(d) +
S3

S1

F33(d)

)

︸ ︷︷ ︸
F13(d)

. (4.10)

With F11(d) and F22(d), and F23(d) obtained based on (4.6) and (4.9), respectively,

F12(d), F13(d), and F33(d) can be obtained through (4.10). There are some remarks

regarding (4.10). First, for obtaining F11(d) with the weighted probabilistic sum, each

of the two random nodes could be in either K2 or K3. If one of them is in K2, the

other one could be in either K2 or K3, and thus (4.10) contains the first part, i.e.,
S2

S1
(S2

S1
F22(d) + S3

S1
F23(d)). Similarly, if one of them is in K3, the other one could also

be in either K2 or K3, so the second part, S3

S1
(S2

S1
F23(d) + S3

S1
F33(d)), is also in (4.10).

Second, the obtained F33(d) is actually the Ran2Ran NDD within the gray area K3

shown in Figure 4.5a (the area of K1 minus K2). Instead of using the probabilistic

sum method as shown above, F33(d) can also be obtained by applying the approach

introduced in Section 4.3.2 for concave or disjoint geometries. With F11(d), F22(d),

and F33(d) obtained, F23(d) can be obtained by using (4.10) instead of (4.9).

Note that if there are nodes uniformly deployed in K2 and K3 but with different

node densities, the above weighted probabilistic sum is still applicable, but with the

weights modified correspondingly due to the node density differences. Specifically,

assuming the node density ratio between K2 and K3 is λ2 : λ3 (λ2 and λ3 are not zero
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at the same time),

F11(d) =
3∑

i=2

3∑
j=2

SidiSjdj

(
∑3

k=2 Skλk)2
Fij(d) ,

F1i(d) =
3∑

j=2

Sjλj∑3
k=2 Skλk

Fij (d) , (i ∈ {2, 3}) .
(4.11)

Especially, if λ2 : λ3 = 1 : 1, i.e., all areas have the same node density, then F11(d)

and F1i(d) (i ∈ {2, 3}) are what shown in (4.10). Therefore, the proposed approach

in this dissertation has a potential of handling the networks with nonuniform nodal

distributions.

The approach can be easily generalized to multi-network cases. For example, there

are two networks in K1, labeled by K2 and K3, respectively, as shown in Figure 4.5b.

The gray area (labeled by K4) plus K2 and that plus K3 are labeled by K5 and K6,

respectively (not shown in the figure). Based on the above approaches, F22(d), F33(d),

F23(d), F26(d), and F35(d) can be obtained directly. Assuming the node density among

K2, K3, and K4 is λ2 : λ3 : λ4 (λ2, λ3, and d4 are not zero at the same time),

F26(d) =
4∑

i=3

Siλi∑4
k=3 Skλk

F2i(d) ,

F35(d) =
∑
i=2,4

Siλi∑
k=2,4 Skλk

F3i(d) ,

F11(d) =
4∑

i=2

4∑
j=2

SiλiSjλj

(
∑4

k=2 Skλk)2
Fij(d) ,

(4.12)

based on which F24(d), F34(d), and F44(d) can be obtained.

4.4 Ran2Ran NDDAssociated with Arbitrary Poly-

gons

Since most of the existing work on the modeling and analysis of wireless commu-

nication networks approximated the network shapes as polygons [20,22–25,27,29,42,

43,47,146,150,151], this section will focus on obtaining the Ran2Ran NDDs associat-

ed with arbitrary polygons. As shown in Figure 4.6, we first apply our approach

to obtain the Ran2Ran NDDs associated with arbitrary triangles (i.e., Ran2Ran

triangle-NDDs), including the Ran2Ran NDD within a triangle, and that between

any two triangles which can be disjoint or share either a common vertex or side. The
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Figure 4.6: Obtain the Ran2Ran NDDs for the arbitrarily-shaped polygonal networks
based on the Ran2Ran triangle-NDDs.
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Figure 4.7: Ran2Ran NDD within an arbitrary triangle.

obtained Ran2Ran triangle-NDDs can be utilized for modeling and analyzing the

wireless communication networks associated with triangle geometries, such as sen-

sor networks with triangle-shaped clusters [152] and triangle-shaped cellular systems

with highly directional antennas [153]. Furthermore, based on the obtained Ran2Ran

triangle-NDDs, we show how to obtain the Ran2Ran NDDs associated with arbitrary

polygons (including the polygons with several smaller polygons embedded inside,

forming a tiered structure) through the decomposition and recursion methods, since

any polygons can be triangulated. Matlab simulations are conducted to verify all of

the obtained results.

4.4.1 Ran2Ran NDD within a Triangle

△ABC is an arbitrary triangle with side lengths |CB| = a, |AC| = b, and |AB| =

c, internal angles ∠A = α, ∠B = β, and ∠C = γ, and area ||△ABC|| = S. WLOG,

a ≥ b ≥ c, and let side CB be on x-axis, as shown in Figure 4.7. For simplicity,

assume a = 1 and other edges are normalized correspondingly. The PDF of the

Ran2Ran NDD, fD(d), can be scaled to any size of triangles with a = s by

fsD =
1

s
fD(

d

s
) , (4.13)
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where fsD is the corresponding PDF of the Ran2Ran NDD of the triangle with a = s.

Such a scaling is applicable to any polygons. According to (4.7), when calculating the

length of the chord produced by a line intersecting with the triangle with orientation

θ with regard to x-axis, there are three cases in terms of the range of θ: (i) 0 ≤ θ ≤ γ,

(ii) γ ≤ θ ≤ π − β, (iii) π − β ≤ θ ≤ π. A systematic and algorithmic procedure

is designed for the numerical integration of (4.7), based on which the corresponding

closed-form expression is also derived, as shown below in detail.

Specifically, let θ increase from zero to π with a fixed small step of δθ (e.g.,

δθ = π
180

). For each θ with a set of lines intersecting with the triangle, G is the

line which produces the longest chord of length b(θ). The distance between the

two tangents parallel with G, i.e., G1 and G2 which completely encompass the whole

triangle, is pm(θ). The distance between G1 and G and that between G2 and G are p1(θ)

and p2(θ), respectively. Obviously, pm(θ) = p1(θ) + p2(θ). With p increasing from 0

to pm(θ) with a fixed small step δp (e.g., δp = 1
1,000

), pm(θ)
δp

chords are generated. For

each chord of length l calculated based on trigonometry, fG(d) is obtained according

to (4.5), based on which the PDF of the Ran2Ran NDD can be obtained according

to (4.7).

Taking the case (i) (shown in Figure 4.7) where 0 ≤ θ ≤ γ for example, the follow-

ing is to show how to obtain the corresponding closed-form expression. Specifically,

for 0 ≤ p ≤ p1(θ), a chord is determined by (θ, p) with length of l = p·b(θ)
p1(θ)

. From

l ≥ d, the integration range of p is [d·p1(θ)
b(θ)

, p1(θ)], and θ ≤ θi1 = arcsin
(

b sin(α)
d

)
− β

or θ ≥ θi2 = π − arcsin
(

b sin(α)
d

)
− β. Meanwhile, for p1(θ) ≤ p ≤ pm(θ), the length

of the determined chord is l = (pm(θ)−p)·b(θ)
p2(θ)

; and from l ≥ d, the integration range of

p ∈ [p1(θ), pm(θ)− d·p2(θ)
b(θ)

], and θ ≤ θi1 or θ ≥ θi2. Therefore,

f i
D(d) =

{
f i
1 γ ≤ π

2
− β

f i
21 + f i

22 otherwise
, (4.14)

where

f i
1 =





H i
1

(
0, θi1

)
+H i

2

(
0, θi1

)
0 ≤ θi1 ≤ γ

H i
1(0, γ) +H i

2(0, γ) θi1 > γ

0 otherwise

,

f i
21 =

{
H i

1

(
0, θi1

)
+H i

2

(
0, θi1

)
0 ≤ θi1 ≤

π
2
− β

0 otherwise
,
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f i
22 =

{
H i

1

(
θi2, γ

)
+H i

2

(
θi2, γ

)
θi2 ≤ γ

0 otherwise
,

H i
1(X ,Y) = 1

S2

∫ Y

X

∫ p1(θ)
d·p1(θ)
b(θ)

2d (l1 − d) dpdθ , (4.15)

H i
2(X ,Y) = 1

S2

∫ Y

X

∫ pm(θ)−
d·p2(θ)
b(θ)

p1(θ)
2d (l2 − d) dpdθ . (4.16)

Similarly, for case (ii),

f ii
D(d) = f ii

1 + f ii
2 , (4.17)

where

f ii
1 =

{
H ii

1 (γ, θii1) +H ii
2 (γ, θii1) γ ≤ θii1 ≤

π
2

0 otherwise
,

f ii
2 =

{
H ii

1 (θii2 , π − β) +H ii
2 (θii2 , π − β) θii2 ≤ π − β

0 otherwise
,

θii1 = arcsin
(

c sin(β)
d

)
,

θii2 = π − arcsin
(

c sin(β)
d

)
,

and for case (iii),

f iii
D (d) =

{
f iii
1 β ≤ π

2
− γ

f iii
21 + f iii

22 otherwise
, (4.18)

where

f iii
1 =





H iii
1 (π − β, π) +H iii

2 (π − β, π) θiii1 < π − β

H iii
1 (θiii1 , π) +H iii

2 (θiii1 , π) π − β ≤ θiii1 ≤ π

0 otherwise

,

f iii
21 =

{
H iii

1 (π − β, θiii2 ) +H iii
2 (π − β, θiii2 ) π − β ≤ θiii2 ≤

π
2

+ γ

0 otherwise
,

f iii
22 =

{
H iii

1 (θiii1 , π) +H iii
2 (θiii1 , π) θiii1 ≤ π

0 otherwise
,

θiii1 = π − arcsin( c sin(α)
d

) + γ,

θiii2 = arcsin( c sin(α)
d

) + γ.

Finally, the PDF of Ran2Ran NDD within an arbitrary triangle is

fD(d) = f i
D(d) + f ii

D(d) + f iii
D (d) . (4.19)
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Similar to H i
1 and H i

2, H
ii
1 and H iii

1 can be calculated using (4.15), and H ii
2 and H iii

2 can

be calculated using (4.16), with different p1(θ), p2(θ) and b(θ) for different cases. The

closed-form expressions of H1(X ,Y) and H2(X ,Y) for each case are shown below,





H i
1(X ,Y) = hi1(Y)− hi1(X ) , H i

2(X ,Y) = hi2(Y)− hi2(X ) ,

H ii
1 (X ,Y) = hii1(Y)− hii1(X ) , H ii

2 (X ,Y) = hii2(Y)− hii2(X ) ,

H iii
1 (X ,Y) = hiii1 (Y)− hiii1 (X ) , H iii

2 (X ,Y) = hiii2 (Y)− hiii2 (X ) ,

where

hi1(θ) = d
2 sin(α)

(d
2

2
sin(β − γ + 2 θ)− d(4 b sin(α) cos(γ − θ)+

dθ cos(β + γ)) + b2

2
ln(− sin(β+θ)

cos(γ−θ)
)(2 sin(β + γ)−

sin(2α + β + γ) + sin(2α− β − γ)) + sin2(α)(2 b2

(γ − θ) cos(β + γ)− b2 ln(tan2(γ − θ) + 1) sin(β + γ))) ,

hi2(θ) = ad
b sin(α)

(d
2θ
2

cos(β)− d2

4
sin(β + 2 θ) + b2θ cos(β) sin2(α)

+2 bd sin(α) cos(θ)− b2 ln(sin(β + θ)) sin(β) sin2(α)) ,

hii1(θ) = bd
4c sin(β)

(d2 sin(γ − 2 θ) + 2 d2θ cos(γ)− 4 c2 sin2(β)

(ln(sin(θ)) sin(γ)− θ cos(γ)) + 8 cd sin(β) cos(γ − θ)) ,

hii2(θ) = d
4 sin(β)

(2 d2θ cos(β)− d2 sin(β + 2 θ) + 4 c2 sin2(β)

(ln(sin(θ)) sin(β) + θ cos(β)) + 8 cd cos(β + θ) sin(β)) ,

hiii1 (θ) = ad
4c sin(α)

(d2 sin(β − 2 θ) + 2 d2θ cos(β) + 8 cd sin(α)

cos(θ) + 4 c2 sin2(α)(θ cos(β) + sin(β) ln(− sin(β − θ)))) ,

hiii2 (θ) = 2d
sin(α)

(d
2

8
sin(β − γ + 2 θ)− θ

4
cos(β + γ)(2 c2 sin2(α) + d2)−

cd cos(β + θ) sin(α)− c2

2
ln(sin(γ − θ)) sin(β + γ) sin2(α)) .

(4.20)

Therefore, the closed-form expression of the PDF of Ran2Ran NDD within an arbi-

trary triangle, i.e., (4.19), has been obtained. The corresponding CDF can also be

obtained by integrating the PDF.

Although the obtained expression looks tedious, note that, for the network per-

formance analysis, we do not use the symbolic expression of (4.19) directly but the

numerical PDF result calculated promptly by (4.19) providing the necessary param-

eters (e.g., three vertexes of a triangle) of an arbitrary triangle. Simulations can

also be utilized for obtaining NDDs. However, conducting simulations for each spe-
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Figure 4.8: CDFs of the Ran2Ran NDDs within arbitrary triangles.

cific triangle is very time-consuming, and requires a large number of runs to obtain

statistically significant results.

The obtained results are verified in comparison with simulation, which is con-

ducted in Matlab as below (the following simulations are all conducted in a similar

way):

(1) Generate a point uniformly at random within a triangle.

(2) Generate another point uniformly at random within the triangle.

(3) Compute the Euclidean distance between the two points and append the distance

to a matrix.

(4) Repeat steps (1)–(3) 50, 000 times (the more repeats, the more accurate the

result). Then using the Matlab function “ecdf” with the matrix as its input,

we can obtain the empirical CDF of the Ran2Ran NDD within the triangle.

Three triangles are selected, all of which have the longest side length of 1, which can be

scaled to any nonzero size as introduced before: [a]
(
60π
180
, 60π
180
, 60π
180

)
, [b]

(
80π
180
, 70π
180
, 30π
180

)
,

and [c]
(
130π
180

, 30π
180
, 20π
180

)
. In [56], the CLD for an equilateral triangle was utilized to

obtain the corresponding Ran2Ran NDD according to (4.3), and in our previous

work [55], the CLD for an arbitrary triangle was utilized. Both are compared with

our developed approach as well as simulation results, as shown in Figure 4.8.
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Figure 4.9: Ran2Ran NDD between two triangles K1 and K2.

4.4.2 Ran2Ran NDD between Two Triangles

Our approach can also be utilized to obtain the Ran2Ran NDD between two

network geometries (e.g., two clusters in ad-hoc networks or two cells in cellular

systems). As illustrated in Section 4.3.2 by using Figure 4.3a, the key is to calculate

the length of the two chords (l1 and l3) respectively within the two geometries and

the one segment (l2) between the two geometries, which are produced by any line

intersecting with the both two geometries. In this subsection, we show how to obtain

the Ran2Ran NDD between any two triangles which are either disjoint or share a

common vertex/side.

For illustration, Figure 4.9 shows an example of two arbitrary triangles K1 and K2

with area of S1 and S2, respectively. Define a line setH = {G|G∩K1 6= ∅ and G∩K2 6=

∅}. H(θ) is a set of parallel lines with the same orientation θ (0 ≤ θ ≤ π) and

intersecting with the both triangles. Note that H(θ) can be empty, if there is no

line with orientation θ intersecting with the both triangles at all (e.g., H(θ′) = ∅);

otherwise, two support lines can always be found from H(θ), such that all the other

lines in H(θ) are between them. So a line G ∈ H(θ) is determined by θ and its

distance to, WLOG, any one of the two support lines, denoted as G(θ, p), where

0 ≤ p ≤ pm(θ) and pm(θ) is the distance between the two support lines, i.e., G(θ, 0)

and G(θ, pm(θ)). Note that it is possible that the two support lines are the same one

for some orientations. For example, in Figure 4.9, H(θ′′) only contains one line, i.e.,

G(θ′′, 0) (so pm(θ′′) = 0). With the above analysis and based on (4.6) and (4.8), we

can design an algorithmic approach to obtain the Ran2Ran NDD between any two
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ure 4.10.

triangles which are either disjoint or share a common vertex/side.

Figure 4.10 shows an example with four triangles, K1(△ABF ), K2(△BEF ),

K3(△BCE), and K4(△CDE). With the developed approach, the CDFs of the

Ran2Ran NDDs between any two out of the four triangles can be obtained, which

have a close match with the simulation results, as shown in Figure 4.11.

4.4.3 Ran2Ran NDD Associated with Arbitrary Polygons

With the triangle-NDDs obtained above, the Ran2Ran NDDs associated with

arbitrary polygons can be obtained through D&R, since any polygon can be triangu-

lated. Therefore, the Ran2Ran NDD-based performance metrics of wireless networks
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Figure 4.12: CDFs of the Ran2Ran NDD within the polygon shown in Figure 4.10.
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Figure 4.13: An example of tiered polygons, where a polygon K1 contains another
polygon K2, with the ring area labeled as K3.

associated with arbitrary polygons can be quantified properly.

Take the irregular polygon ABCDEF with the triangulation shown as in Fig-

ure 4.10 for example. Assuming the node density ratio among K1, K2, K3, and K4 is

λ1 : λ2 : λ3 : λ4 (λ1, λ2, λ3, and λ4 are not zero at the same time), through D&R, the

CDF of the Ran2Ran NDD within the polygon is given by a probabilistic sum,

F (d) =
4∑

i=1

4∑

j=1

SiλiSjλj

(
∑4

k=1 Skλk)2
Fij(d) ,

where Sx is the area of triangle Kx, and Fij(d) or Fji(d) is the CDF of the Ran2Ran

NDD within triangle Ki if i = j, or between two triangles Ki and Kj if i 6= j,

which have been obtained above. The results compared with simulation are shown in
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Figure 4.12.

Figure 4.13 shows an example of tiered polygons, where a polygon K1 contains

another polygon K2, with the ring area (the area of K1 minus the area of K2) labeled

as K3. K3 can be triangulated as shown in the figure. With the triangle-NDDs

obtained based on the above approach, the CDFs of the Ran2Ran NDDs within K1,

K2, and K3, i.e., F11(d), F22(d), and F33(d), can all be obtained. Then the CDF of the

Ran2Ran NDD between K2 and K3, i.e., F23(d), can be obtained according to (4.11),

through which the CDF of the Ran2Ran NDDs between K1 and K2 (F12(d)) and that

between K1 and K3 (F13(d)) can also be obtained. Given that the node density ratio

between K2 and K3 is λ2 : λ3 = 1 : 1 or 10 : 1, Figure 4.14 shows the corresponding

results in comparison with the simulation results.

4.5 Conclusions

In this chapter, we have developed a novel, systematic and algorithmic approach

to obtain the Ran2Ran NDDs associated with arbitrarily-shaped networks. The pro-

posed approach fills the gap in the literature such that the network shape can be

approximated more accurately based on the realistic scenarios, and the NDD-based

analysis associated with concave, disjoint, and tiered networks can be conducted. We

also surveyed the state-of-the-art approaches to the Ref2Ran NDDs with arbitrary

shapes and nonuniform densities. The implementation of the proposed approach in

Matlab can be found in [154].
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Chapter 5

Physical Interference Modeling

and Analysis

5.1 Overview

In this chapter, we first categorize the existing NDD applications in the current

literature into different levels in Section 5.2. Then we propose a physical interference

model framework based on NDD to analyze the cumulative interference at a receiver

and link outage probability for an LSN running the PDC protocol in Section 5.3. Not

just for linear networks, the framework is further utilized to analyze 2D networks, as

shown in Section 5.4.

5.2 Categorizing NDD Applications in WANETs

NDDs (including both Ref2Ran and Ran2Ran NDDs) can be utilized to char-

acterize most of the performance metrics in finite WANETs due to their nonlinear

relationships with the distances among nodes. In this section, we categorize the

existing applications in the current literature into different levels, including graph,

transceiver, link, path, and network levels. We also show the efficacy of the proposed

approach on some selected performance metrics with arbitrary shapes/densities, in

comparison with previous approaches/approximations such as using average density,

ignoring border effect (e.g., in PPP), and so on.
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5.2.1 Graph Level

There are several representative performance metrics at the graph level, such

as kth Nearest Neighbor (k–NN) distance, node degree (just k–NN below a certain

threshold), etc. Especially, 1–NN and (n− 1)–NN (n is the total number of nodes in

the network) correspond to the nearest and farthest neighbor distances, respectively,

which are useful for routing protocol design in ad hoc networks [48,53]. For example,

in a sparse network where the network size is much larger than the communication

range of the nodes, a nearest-neighbor routing is beneficial to reducing energy con-

sumption and increasing network throughput. On the other hand, in a small dense

network, choosing the farthest node for packet relay, the routing overhead can be

alleviated by reducing the number of transmissions. In addition, the nearest neigh-

bor distance distribution was also utilized in [28,29] to evaluate the nearest-job-next

service discipline for mobile collectors or chargers (known as mobile elements).

Suppose there are n nodes uniformly distributed at random in a network area.

For a node i (either a random or reference node), the distances from the other n− 1

nodes to node i are ordered as d1 ≤ d2 ≤ · · · ≤ dn−1. Let ∆k denote the random

variable which represents the k–NN distance to node i. The PDF of ∆k according to

order statistic is

f∆k
(d) =

(n− 1)!

(k − 1)!(n− 1− k)!
[F (d)]k−1[1− F (d)]n−1−kf(d) , (5.1)

where F (d) and f(d) are the CDF and PDF of any NDD obtained in Section 4.4,

respectively.
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Suppose there are n = 10 nodes randomly distributed in P3 shown in Figure 4.1c.

For λ1 : λ2 = 1 : 1 (i.e., uniform distribution) and 10 : 1 (nonuniform distribution),

Figure 5.1 shows the corresponding Ran2Ran nearest neighbor distance distributions,

compared with the result obtained based on the PPP model. Since PPP ignores the

network border effect and due to the different node density ratios, there exist gaps

among the comparisons shown in Figure 5.1. Also in the nonuniform case where P1

has a higher density, surrounded by P2 with a lower density, nodes are more likely

closer to each other in P1, with nearer nearest-neighbors than the uniform case, as

shown in Figure 5.1.

5.2.2 Transceiver Level

The performance metrics at the transceiver level include path loss [23], received

signal strength for a given transmission power, transmission energy consumption to

ensure a certain received power [27, 53,155], etc.

Path Loss and Signal Strength

Let us assume a general path-loss model, where the path loss of the transmission

power at distance d is

L(d) = βdα0d
−α , (5.2)

where β is a path-loss constant determined by the hardware features of transceivers,

d0 is a given reference distance, and α is the path-loss exponent. As a result, the

received signal strength at distance d is just

Pr(d) = L(d)Pt , (5.3)

where Pt is the transmission power. Therefore, given a distance distribution, the

distributions of path loss and received signal strength can also be obtained by using

the change-of-variable technique. The model can be readily extended to include the

shadowing and fading effects of wireless channels. For example, log-normal shadowing

and Rayleigh fading can be considered. For the Rayleigh fading channel, we have the

PDF of the channel power gain as

fX(x|d) =
1

Pr(d)
e

−x
Pr(d) . (5.4)
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Figure 5.2: Nearest neighbor energy consumption (K vs. α).

Then the PDF of the signal strength at the receiver is

fX(x) =

∫ dmax

dmin

fX(x|d)f(d)dd , (5.5)

where f(d) is the PDF of any NDD, and dmin and dmax are the minimum and maximum

distances between the transmitter and receiver, respectively. In addition, log-normal

shadowing and Rayleigh fading can also be modeled as independent random variables

that are not related to inter-node distances. As shown in [156], the shadowing effect

follows a log-normal distribution with standard deviation σ (typically between zero

and eight dB), and Rayleigh fading follows an exponential distribution of mean 1.

Therefore, the extension of the path-loss model along with shadowing and fading is

the multiplication of independent random variables and can still be analyzed based

on the NDD-based model.

Transmission Energy Consumption

The energy consumed by a radio transmitter is proportional to the αth power of

the distance to the receiver. In a simplistic model with wide applicability [27, 155],

the average one-hop energy consumption of the radio transmitter can be formulated

as

ETx = ǫ

∫
dαf(d)dd = ǫK , (5.6)

where ǫ is a constant related to the environment, f(d) is the PDF of any relevant

NDD, and K can be viewed as the normalized average bit-energy consumption. Based
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Figure 5.3: Cumulative interference at R shown in Figure 4.1c.
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Figure 5.4: SINR achieved at R shown in Figure 4.1c.

on the obtained NDDs shown in Figure 5.1, Figure 5.2 shows the variations of K

as α increases. Due to the nonlinear effect of the path loss exponent, even a small

difference in distance distributions can lead to a big difference in energy consumption.

Again, PPP-based model differs from the reality due to the ignored border effect, and

nonuniform node distribution also has a great effect.

5.2.3 Link Level

The interference [21, 22], SINR [22], outage (just SINR below a certain thresh-

old) [23], link capacity [22], etc., achieved at either a random or fixed receiver are

link-level performance metrics. Assuming that all the transmitters in the network

have the same transmission power Pt, the cumulative interference at the receiver
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from all its interfering nodes is

I = Pt

∑

i

L(di) , (5.7)

where L(di) is given in (5.2), and di is the distance from the receiver to the ith

interfering node. So the SINR achieved at the receiver is

SINR =
PtL(d)

NoW + I
, (5.8)

where d is the distance from the receiver to its transmitter, W is the communication

bandwidth, and N0 is the one-sided spectral density of additive white Gaussian noise.

Given a modulation and coding scheme, outage probability represents the chance that

the SINR achieved at a receiver is no larger than a specified threshold so that the

reception is considered unsuccessful. Therefore, the CDF of the received SINR is sig-

nificant to determine the link outage probability. Meanwhile, according to Shannon’s

theory, the capacity of the link between the transmitter and receiver is

C = W log2(1 + SINR) . (5.9)

Since I, SINR, and C are all functions of distance, given the corresponding NDD, their

distributions can also be obtained, which are significant for statistically analyzing the

performance of ad hoc networks. For the network shown in Figure 4.1c with n = 10

nodes randomly distributed in P3, Figure 5.3 and Figure 5.4 show the cumulative

interference from the other 9 interferers and SINR at R, respectively, for both λ1 :

λ2 = 1 : 1 and 10 : 1, in comparison with the result obtained based on the PPP model

(Pt = 2 mWatt, L(d) = −38− 20lg(d) (dB), W = 5 MHz, and N0 = −174 dBm/Hz).

Higher density in P1, surrounding R, thus causes a higher interference and yields a

lower SINR at R, as shown in the figures.

5.2.4 Path Level

The metrics at the link level shown above are utilized to investigate the perfor-

mance of single-hop communications (i.e., via a direct link). For analyzing multi-hop

transmissions at the path level, NDD can still be utilized. For example, hop distance

is crucial to the route discovery delay, the reliability of message delivery, and the

minimization of multi-hop energy consumption. The authors in [25] investigated the
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distribution of the minimum hop distance H between a random source and destina-

tion pair based on NDD. The closed-form expressions for the probability that two

nodes can communicate within H = 1 hop or H = 2 hops were derived. Analytical

bounds were provided for the paths with H > 2 hops. In [157], the NDD between a

fixed source and destination pair with a single relay uniformly distributed at random

in between is utilized to obtain the distribution of the capacity of the two-hop relay

communication.

5.2.5 Network Level

The analysis on the network capacity belongs to this level. Network capacity can

be investigated from the perspective of either concurrent links or flows. For example,

in a clustered ad hoc network, there are concurrent single-hop communications be-

tween cluster members and their heads in several clusters, where the network capacity

can be obtained based on the link capacity. On the other hand, in an ad hoc mesh

network, there might be several multi-hop communications (referred to as flows) hap-

pening concurrently. The network transport capacity in this case can be investigated

based on the capacity studied at the path level.

As shown above, ignoring border effect or using average density often in PPP and

existing work skews results greatly, which highlights the need for NDDs to analyze

performance metrics accurately in finite ad hoc networks.

5.3 Analyzing LSNs Running PDC

For the PDC protocol proposed in Chapter 2 and modeled in Chapter 3, the sleep

factor ξ in (2.2) is set to at least two based on the assumption that interference

is about twice the range of transmission, which is to ensure that the communication

between two adjacent grades will not be interfered with by their upper or lower grades.

It defines location-based conditions, i.e., transmission and interference ranges, for

successful communications between a pair of nodes, and does not take into account the

cumulative interference from the transmitters which are out of the interference range

of a receiver. In this section, we propose a physical interference model framework

based on NDD to analyze the cumulative interference at a receiver and link outage

probability for an LSN running the PDC protocol.
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5.3.1 System Model

We consider a linear sensor network running the PDC protocol. With PDC, the

network is divided into NG (NG ∈ N and NG ≥ 2) grades based on the locations of the

monitored areas. Sensor nodes are independently and uniformly distributed within

the area of each grade. A node can only send data to one of its adjacent lower-grade

nodes, with a transmission power of Pt. Meanwhile, two nodes can communicate with

each other only when their distance is within a predefined range [dmin, dmax]. We will

carry out interference analysis for the communication between grades one and two.

The same way can be applied to the communications between other two adjacent

grades. Assume at the moment, the nodes in grade 1 + i(ξ + 2) are in state R and

those in grade 2 + i(ξ + 2) (i ∈ N
0) are in state T, and there is one communication

successfully established between the two adjacent grades. Therefore, the receiver in

grade one will be interfered with by the transmitter in grade 2 + i(ξ + 2) (i ∈ N
+).

So, totally there are NI = ⌊NG−2
ξ+2
⌋ interfering transmitters. Figure 5.5 shows four

LSNs given four different ξ (0, 1, 2, and 3) for illustration. Note that the grade region

in the figure is shown as a square just for the ease of presentation, and it can be in

arbitrary shape.

Considering that wireless signal power is attenuated with distance, a general path-

loss model is applied and according to (5.8) and (5.9), the received SINR at the

receiver in grade one and link capacity, respectively, are

SINR1 =
KPtd0

αd12
−α

N0W + I1
, (5.10)
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and

C12 = W log2(1 + SINR1) , (5.11)

where K is the antenna- and processing gain-related parameter, d0 is the reference

distance, α is the path-loss exponent, d12 is the distance between the receiver and

transmitter in grades one and two, respectively, W is the communication bandwidth,

N0 is the one-sided spectral density of additive white Gaussian noise, and I1 is the

cumulative interference at the receiver in grade one from all the NI interfering trans-

mitters and we have

I1 = KPtd0
α

NI∑

i

d1i
−α , (5.12)

where d1i is the distance between the receiver and the ith interfering transmitter.

From (5.10)–(5.12), it is obvious that the distances, i.e., d12 and d1i, play significant

roles. Since signal and interference are non-linear functions of inter-node distances,

not only their mean values but also their distributions are needed to obtain the

statistics of SINR using (5.10), all based on the distributions of the distances. With

the obtained SINR statistics, the performance metrics of the network, such as outage

probability and link capacity, can be quantified effectively.

5.3.2 Approaches to Distance, Interference, SINR, and Link

Capacity Distributions

Distance Distributions

With the approach to Ran2Ran NDD proposed in Section 4.3.2 for disjoint net-

works, the required distance distributions between two grade regions can be obtained.

Interference Distribution

With the obtained distance distributions, the SINR distributions can be obtained

according to (5.10)–(5.12). To this end, we first obtain the distribution of d−α using

the change-of-variable technique, based on which the distribution of the signal or

interference from one source achieved at a receiver can be obtained. Specifically, let D

be an Random Variable (RV) of a distance with PDF fD(d) defined over d1 ≤ d ≤ d2.

A new RV, D−α, is introduced. Let I = D−α = u(D), and D = I−
1
α = v(I). Then
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the CDF FI(i) defined over u(d2) ≤ i ≤ u(d1) is

FI(i) = Pr(I ≤ i) = Pr(u(D) ≤ i) = Pr(D ≥ v(i)) = 1−

∫ v(i)

d1

fD(d) dd . (5.13)

Thus, the PDF is

fI(i) = F ′
I(i) = fD(v(i)) · |v′(i)| . (5.14)

To obtain the distribution of cumulative interference from multiple sources, e.g., NI

interfering transmitters, the convolution operator is used for the PDF of the sum of

independent RVs, as shown below in general,

I(x) = ψ(N)(x) , (5.15)

where I(x) represents the distribution of the total interference from all NI interfering

transmitters, and ψ(z)(·) is the z-fold convolution of ψ(·).

SINR Distribution

In this subsection, we show in detail the analysis of the SINR distribution at the

receiver in grade one. Specifically, let the SINR obtained in (5.10) in dB be

S = 10 lg(SINR1) . (5.16)

Obviously, S depends on the distance from the receiver to its transmitter (denoted as

D, within the communication range [dmin, dmax]) and the cumulative interference from

all interfering transmitters (denoted as I, I ∈ [Imin, Imax]). Let fD(d) and fI(i) denote

the PDFs of D and I, respectively, which can be obtained following the approaches

explained above.

Let fS(D, I) represent the received SINR at the receiver given that the distance

between the receiver and the transmitter is D and the cumulative interference from all

interfering transmitters to the receiver is I, fD(S, I) be the distance given the received

SINR S and interference I, and fI(S,D) be the interference given the received SINR

S and distance D. Thus, fS(dmax, Imax) ≤ S ≤ fS(dmin, Imin). Then the CDF of the

received SINR in dB at the receiver is:
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if fS(dmax, Imin) ≤ fS(dmin, Imax), then Pr(S ≤ s) =





∫ Imax

fI(s,dmax)

∫ dmax

fD(s,i)
fD(d)fI(i) dddi,

if fS(dmax, Imax) ≤ s ≤ fS(dmax, Imin),
∫ Imax

Imin

∫ dmax

fD(s,i)
fD(d)fI(i) dddi,

if fS(dmax, Imin) ≤ s ≤ fS(dmin, Imax),

1−
∫
fI(s,dmin)

Imin

∫
fD(s,i)

dmin
fD(d)fI(i) dddi,

if fS(dmin, Imax) ≤ s ≤ fS(dmin, Imin).

, (5.17)

otherwise, Pr(S ≤ s) =





∫ Imax

fI(s,dmax)

∫ dmax

fD(s,i)
fD(d)fI(i) dddi,

if fS(dmax, Imax) ≤ s ≤ fS(dmin, Imax),
∫ dmax

dmin

∫ Imax

fI(s,d)
fD(d)fI(i) didd,

if fS(dmin, Imax) ≤ s ≤ fS(dmax, Imin),

1−
∫
fI(s,dmin)

Imin

∫
fD(s,i)

dmin
fD(d)fI(i) dddi,

if fS(dmax, Imin) ≤ s ≤ fS(dmin, Imin).

. (5.18)

With the developed numerical algorithm based on (5.17) and (5.18), we can obtain

the corresponding numerical results promptly and accurately according to different

network settings and parameters.

Link Capacity Distribution

With the SINR distributions obtained above, the link capacity distributions can

be obtained with (5.11) by using the change-of-variable technique. Specifically, let

S be an RV of SINR with PDF fS(s) defined over s1 ≤ s ≤ s2. A new RV, C =

W log2(1 +S), is introduced. Let C = u(S), and S = 2
C
W − 1 = v(C). Then the CDF

FC(c) and PDF fC(c) defined over u(s1) ≤ c ≤ u(s2) are respectively shown as

FC(c) = Pr(C ≤ c) = Pr(u(S) ≤ c) = Pr(S ≤ v(c)) =

∫ v(c)

s1

fS(s) ds , (5.19)

fC(c) = F ′
C(c) = fS(v(c)) · |v′(c)| . (5.20)
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5.3.3 Performance Evaluation

In this subsection, the obtained analytical results from the framework are vali-

dated in comparison with simulations in terms of cumulative interference and outage

probability. It can provide insights into tuning the protocol parameters, such as ξ,

given the outage probability of sensor nodes. There is an obvious tradeoff in setting

ξ in PDC. A smaller ξ may lead to more concurrent transmissions, while the cumu-

lative interference to the receiver of each communicating node pair increases as well,

which more likely results in unsuccessful communications. The proposed physical

interference modeling and analysis can help select a proper ξ.

Considering the network model shown in Section 5.3.1, for the ease of presentation

and WLOG, each grade has an identical square area, with the side length of
√

r2

5
,

where r is the length of the diagonal of the rectangle formed by two adjacent squares

(so, dmax = r). Note that the proposed framework does not impose any constraints on

the shapes of the grade region, since the proposed approach to distance distributions

in Chapter 4 can handle arbitrarily-shaped networks. NG = 10, dmax = r = 30 m,

dmin = 1 m, Pt = 1 mWatt, W = 250 Kbps, N0 = −174 dBm/Hz. A log-distance

path-loss model is applied, with the path-loss ratio set as L(d) = −38−20lg(d) (dB),

so the path-loss exponent α = 2. The numerical results are obtained based on our

analytical framework directly; on the other hand, the simulations are conducted in

Matlab as follows,

(1) Generate one sensor node uniformly at random for each grade region.

(2) Compute the received interference and SINR at the grade-1 node with the above

network parameters and append the computed results to the interference and

SINR matrixes, respectively.

(3) Repeat steps (1)–(2) 50, 000 times (the more repeats, the more accurate the

result). Then using the Matlab function “ecdf” with each matrix as its input,

we can obtain corresponding empirical CDFs.

Given a modulation and coding scheme, outage probability represents the chance

that the SINR achieved at a receiver is no larger than a specified threshold and

the reception is considered unsuccessful. Therefore, the CDF of the received SINR

(as analyzed in Section 5.3.2) is significant to determine the outage probability of a

communication link.
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Figure 5.6: Distributions of the interference and SINR at the grade-1 receiver with
ξ = 0, 1, 2, and 3.

With ξ varying from zero to three, the CDFs of the cumulative interference and

SINR received at the grade-1 receiver are shown in Figure 5.6a and Figure 5.6b, re-

spectively. Both figures show a good match between the analytical and simulation

results. With a smaller ξ, there are either more or closer interfering transmitters,

imposing higher interference on the grade-1 receiver. So for the cumulative interfer-

ence distribution shown in Figure 5.6a, a smaller ξ corresponds to the CDF curves

located on the right-hand side; while for the SINR distribution shown in Figure 5.6b,

it corresponds to the CDF curves located on the left-hand side.

The communications between other grades can be investigated in the same way.

Given a bounded outage probability of the receiving nodes, a proper ξ can be selected

for PDC to ensure a successful communication with high probability between each

two grades respectively in state R and T, with as many concurrent communications

as possible.

5.4 Analyzing Underlaying Ad Hoc D2D Commu-

nications

Not only for linear networks, but NDD can also be utilized to analyze 2D net-

works. In this section, the physical interference model framework is further applied

to analyze the ad hoc D2D communications underlaying a cellular network to inves-

tigate the cumulative interference and outage probabilities for both cellular and D2D
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communications.

5.4.1 Background

There have been great research efforts in obtaining the performance metrics for

D2D communications in cellular networks based on interference analysis. For exam-

ple, Cheng et al. [63] studied the uplink capacity gain when a D2D link is enabled in

an FDD CDMA-based cellular network. In [64], an Interference-Limited Area (ILA)

control scheme for an uplink reusing scenario was proposed to manage the interfer-

ence from the CUE to a D2D transmission when multiple antennas are used by the

BS. By analyzing the coverage of the ILA for one D2D pair, a lower bound of the

ergodic capacity was derived. After that, an extended approach was proposed in [65]

to take into consideration a downlink reusing scenario. Overall, these works assumed

that there is only one D2D pair in a cell to avoid harmful interference to the cellu-

lar transmissions in the cell, and thus their results cannot be directly applied to the

scenario with multiple concurrent D2D pairs.

Recent works begin to consider the interference from multiple D2D pairs accumu-

lated at the BS in a cell. For example, Ma et al. [68] studied the effect of the Successive

Interference Cancellation (SIC) technique, aiming to reduce/control interference and

improve network capacity, in a D2D-enabled, multi-cell cellular network. By using

the tools from stochastic geometry, the successful transmission probabilities for both

the cellular uplinks and D2D links with SIC were derived. In [69], an uplink reusing

scenario in a multi-cell, OFDMA-based cellular network was considered. Both the

Guard Regions (GRs) approximated as circles centered at each BS and an open-loop

fraction power control scheme were adopted to mitigate the D2D-to-cellular inter-

ference. Also with stochastic geometry, the outage probabilities of both CUEs and

DUEs and the area spectral efficiency of the whole hybrid network were explored. To

simplify the analysis, the model assumed that the D2D transmitter and its intended

receiver in a pair have a constant distance, which might be impractical due to the ran-

domness of DUE locations. In summary, these works considered a large-scale cellular

system with multiple cells working on the same frequency band (i.e., the frequency

reuse factor is one). With the tools from stochastic geometry, BSs were assumed to

be deployed randomly following a Poisson point process, whereas in reality BSs are

deployed according to cell planning and their locations are not totally random. Es-

pecially, in a scenario with a higher frequency reuse factor, e.g., seven, where it needs
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to investigate the performance metrics of a single cell, or for a sector-partitioned cell

where the BS is equipped with multiple directional antennas [67], their results are

not applicable directly.

As an another example with stochastic geometry, Syu et al. [158] analyzed the

spatial constraints of DUEs in a single-cell, uplink reusing scenario. Depending on

whether there is a GR for the BS and the BS serving zone is infinite or not, four

kinds of network models were discussed. Both the cell and GR were modeled as

circles. For the cumulative interference to the BS, only the D2D transmitters located

at a fixed distance from the BS were considered. To analyze the success probability

of D2D transmissions, the model assumed that the transmission power of the CUE is

no larger than that of DUE, which might be impractical since the DUE transmission

power is usually much smaller than the CUE’s. In addition, for the finite coverage

case, the model only worked out the success probability of the CUE transmission.

For the D2D throughput bound analysis, a geometrical-based method was pro-

posed in [66] considering an uplink reusing scenario. Three guard distances from a

DUE, respectively to the BS, to the CUE, and to the other communicating DUEs

were obtained by considering the SINR requirements for both cellular and D2D trans-

missions. Then the maximum number of concurrent D2D pairs was approximated,

and further the D2D throughput bound was derived. The bound analysis was then

extended in [67] to analyze the interference accumulated at the BS and receiving

DUEs.

Recently, there are increasing studies on the utilization of distance distributions

for performance analysis in wireless networks. In [146], the total interference received

at a BS in a cell from the transmissions in its neighbor cells was obtained based on the

distance distributions associated with regular hexagons. A general framework based

on the distance distributions associated with arbitrary shapes was proposed in [145] to

analyze the outage probability in finite wireless networks. For tiered cellular networks,

our recent work [20] utilized distance distributions to analyze the outage probability

for the macro and femto BSs in arbitrarily-shaped cells. Overall, they are all based

on the distribution of the distance between a given reference point (e.g., the BS or

a given reference receiver) and a random point. For analyzing the underlaying D2D

communications in cellular networks, however, the above approaches/results are not

applicable, since all DUEs are randomly distributed and thus the distribution of the

distance between two random points has to be involved.
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Figure 5.7: System model consisting of several D2D pairs (shown as circles) underlay-
ing a cell (shown as an irregular polygon) with one CUE (shown as a square, which
can be anywhere in the cell region) in an uplink reusing scenario, where the solid black
arrow lines show the transmission between two DUEs or between the CUE and BS,
and the dashed red arrow lines show the interference at a receiver from an unintended
transmitter. Note that not all of the unintended transmitters’ interference is shown
for a receiver.

5.4.2 System Model

The system model considered in this chapter is shown in Figure 5.7, where the

UEs are independently and uniformly distributed within a polygonal cell (the non-

uniform UE distribution can also be considered as discussed in Section 5.4.4). A

higher frequency reuse factor is considered, so that the neighbour cells are in orthog-

onal channels. To ensure the generality and applicability of our approach, the cell

is shown with an arbitrary polygonal shape. CUEs communicate with the BS in ei-

ther uplink or downlink mode with a transmission power of PC . In the uplink mode,

CUEs transmit to the BS, while the direction is reversed in the downlink mode. On

the other hand, DUEs exchange data directly by utilizing either the uplink or down-

link cellular resources with a transmission power of PD. Since uplink resources are

more likely to be shared than downlink resources due to the asymmetric uplink and

downlink service loads, under-utilization of uplink spectrum, and stronger abilities at

BSs to process interference than at CUEs [70–72], this chapter focuses on an uplink

reusing scenario, in which one CUE and N concurrent D2D pairs are transmitting

simultaneously reusing the uplink resource of the CUE. Note that the active CUE

location is random at a given time. For multiple CUEs in orthogonal channels, the

proposed framework applies to each of them. For a downlink reusing scenario, our
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approach still applies, as explained in Section 5.4.4. A D2D connection will be es-

tablished only when the distance between two DUEs is within a predefined range

[dD2D
min , d

D2D
max ]. Depending on whether or not there is a GR set for the BS to guarantee

the successful transmission from the CUE to the BS, two scenarios are considered: 1)

no GR set for the BS, as shown in Figure 5.7a; 2) a GR set for the BS, as shown in

Figure 5.7b. For the latter case, the D2D communications only happen outside the

GR, whereas the active CUE can be anywhere within the cell. In this chapter, we

will conduct a physical interference model-based performance analysis, which focuses

on the cumulative interference at a specific receiver.

Similar to the analysis shown in Section 5.3.1, the received SINR at the BS from

the CUE is

SINRB =
KPCd0

αdCUE ,BS
−α

N0W + IB
, (5.21)

and the corresponding link capacity is

CB = W log2(1 + SINRB) , (5.22)

where K is the antenna- and processing gain-related parameter, d0 is the reference

distance, α is the path-loss exponent, dCUE ,BS is the distance between the CUE and

the BS, W is the communication bandwidth, N0 is the one-sided spectral density of

additive white Gaussian noise, and IB is the cumulative interference at the BS from

all DUE transmitters and we have

IB = KPDd0
α
∑

i

dDUEi TX ,BS
−α , (5.23)

where dDUEi TX ,BS is the distance between the DUE transmitter in the ith D2D pair

and the BS.

Likewise, the received SINR at the DUE receiver of the ith D2D pair from the

DUE transmitter in the same pair is

SINRDi =
KPDd0

αdDUEi TX ,DUEi RX

−α

N0W + IDi

, (5.24)

and the corresponding link capacity is

CDi = W log2(1 + SINRDi) , (5.25)
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where dDUEi TX ,DUEi RX
is the distance between the DUE transmitter and receiver of

the ith D2D pair, and IDi is the cumulative interference received at the DUE receiver

of the ith D2D pair, which consists of two parts, namely, the interference from the

CUE, I ′Di, and the cumulative interference from all other D2D pairs except pair i,

I ′′Di, and we have

IDi = I ′Di + I ′′Di , (5.26)

I ′Di = KPCd0
αdCUE ,DUEi RX

−α , (5.27)

I ′′Di = KPDd0
α
∑

j 6=i

dDUEj TX ,DUEi RX

−α , (5.28)

where dCUE ,DUEi RX
is the distance between the CUE and the DUE receiver of the ith

D2D pair, and dDUEj TX ,DUEi RX
is the distance between the DUE receiver of the ith

D2D pair and the DUE transmitter of a D2D pair other than i.

With the approach to Ran2Ran NDD proposed in Chapter 4 and the approach to

Ref2Ran NDD proposed in [58], all the distributions of the distances involved in our

model can be obtained, including

• the distribution of the distance from a reference point (e.g., the BS) to a random

point (e.g., a CUE/DUE), for obtaining the distribution of the SINR at the BS,

• the distribution of the distance between two random points (e.g., DUE–DUE

or CUE–DUE), for obtaining the distribution of the SINR at a DUE receiver,

and

• the distribution of the SINR at either the BS or a DUE receiver based on the

obtained distance distributions.

5.4.3 Approaches to Distance and SINR Distributions

According to our model, the RVs shown in Figure 5.7 for the distances in (5.21)–

(5.28) are listed in Table 5.1, along with their cumulative distribution functions (CDF-

s). Depending on whether or not there is a GR set for the BS to guarantee its recep-

tion from the CUE, all the involved distances will have different distributions except

dCUE ,BS , since the GR only affects the locations of DUEs. For the case without GR,

considering the randomness of the locations of all the UEs in the cell, the distance

between the CUE and BS and that between a DUE transmitter and the BS can be



115

Table 5.1: RVs and their CDFs for the distances in (5.21)–(5.28)

Distance
RV (CDF)

No GR With GR

SINR at

the BS

dCUE ,BS in (5.21) X (FX(d)) X (FX(d))

dDUEi TX ,BS in (5.23) X (FX(d)) W (FW (d))

SINR at a

DUE

receiver

dDUEi TX ,DUEi RX
in (5.24) Z (FZ(d)) Q (FQ(d))

dCUE ,DUEi RX
in (5.27) Y (FY (d)) V (FV (d))

dDUEj TX ,DUEi RX
in (5.28) Y (FY (d)) U (FU(d))

viewed as i.i.d. RVs (both denoted as X), and the same for the distance between the

CUE and a DUE receiver and that between a DUE transmitter and a DUE receiver

which are in different D2D pairs (both denoted as Y ). For the two DUEs that can

communicate with each other and form a D2D pair, the distance between them (RV

Z or Q) has a different distribution from that of Y or U , due to the D2D communica-

tion range limit, i.e., [dD2D
min , d

D2D
max ]. As mentioned above, the SINR at the BS involves

the distance from a reference point to a random point, and that at a DUE receiver

involves the distance between two random points. With such a classification, we next

show in detail how to obtain the CDFs of the above RVs.

Distance from a Reference Point to a Random Point

1) FX(d): As introduced in Chapter 4, FX(d) can be obtained by (4.1).

2) FW (d): Due to the effect of the GR for the BS, FW (d) is different from FX(d).

Given that the GR has also a polygonal shape as shown in Figure 5.7b, we can first

obtain the CDF of the distribution of the distance from the BS to a random point

inside the GR, denoted as FG(d), by also using (4.1). Let SGR denote the area of the

GR and S
G̃R

the area of the region (or ring, denoted as G̃R) which is beyond the

GR but within the cell. The area of the cell is S. The possibility that the random

point appears in the GR is SGR

S
, while

S
G̃R

S
in the G̃R. Therefore, with a weighted

probabilistic sum, we have

FX(d) =
SGR

S
FG(d) +

S
G̃R

S
FW (d) . (5.29)
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Thus, FW (d) can be obtained.

Note that if there are nodes deployed uniformly at random in the GR and G̃R but

with different node densities, the above weighted probabilistic sum is still applicable,

but with the weights modified correspondingly due to the node density differences.

Specifically, assuming the node density ratio between the GR and G̃R is λ1 : λ2 (λ1

and λ2 are not zero at the same time),

FX(d) =
SGRλ1

SGRλ1 + S
G̃R
λ2
FG(d) +

S
G̃R
λ2

SGRλ1 + S
G̃R
λ2
FW (d) , (5.30)

Especially, if λ1 : λ2 = 1 : 1, i.e., both areas have the same node density, then FX(d)

is just what shown in (5.29). Therefore, the proposed approach in [58] has a potential

of handling the networks with non-uniform nodal distributions.

Distance between Two Random Points

It becomes much more challenging to obtain the corresponding distance distri-

bution due to the randomness of both points, especially for the case where the cell

has an arbitrary irregular shape in our model, and a GR may be set for the BS, i.e.,

another arbitrarily-shaped void area inside (hereafter, we call a geometry containing

a void area a “ring”). Nevertheless, with the approach proposed in Chapter 4, we

can obtain the corresponding distance distributions.

1) FY (d) and FZ(d): FY (d) in our model can be obtained according to (4.6). Mean-

while, FZ(d) can be obtained based on FY (d) by considering the D2D communication

range,

FZ(d) =
FY (d)− FY (dD2D

min )

FY (dD2D
max )− FY (dD2D

min )
. (5.31)

2) FU(d), FV (d) and FQ(d): FU(d) and FV (d) can be obtained through (4.10). By

considering the D2D communication range, FQ(d) can be obtained based on FU(d)

using (5.31). If there are nodes uniformly deployed in K2 and K3 but with different

node densities, (4.11) should be applied.

Interference and SINR Distributions

The approach shown in Sections 5.3.2—“Interference Distribution” and 5.3.2—

“SINR Distribution” can be utilized to obtain the corresponding interference and

SINR distributions, respectively.
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Figure 5.8: System model for the downlink reusing mode. The RVs, X, Y , and Z ,
are the same as those shown in Figure 5.7.

5.4.4 Framework Applicability

Downlink Reusing Scenario

In an uplink reusing scenario, the D2D communications which are close to the BS

may cause significant interference to the cellular communications due to the near-

far effect [159]. Therefore, reusing downlink resources is also very important. The

proposed framework can also be applied to a downlink reusing scenario, where concur-

rent D2D pairs will reuse the downlink resource of the BS, and thus the transmitting

DUEs and BS can interfere with the reception at the CUE and the DUE receivers,

respectively, as shown in Figure 5.8. Accordingly, the received SINR at the CUE from

the BS is

SINRC =
KPBd0

αdCUE ,BS
−α

N0W + IC
, (5.32)

where PB is the transmission power of the BS, and IC , the cumulative interference at

the CUE, is

IC = KPDd0
α
∑

i

dDUEi TX ,CUE
−α . (5.33)

Meanwhile, the received SINR at a DUE receiver in an arbitrary D2D pair, say pair

i, can still be obtained according to (5.24), except that one of the two interference

components in IDi, i.e., I ′Di in (5.27) should be changed to

I ′Di = KPBd0
αdBS ,DUEi RX

−α , (5.34)
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to represent the interference from the BS.

There are also two cases depending on whether a GR is set for the CUE to mit-

igate the interference from DUEs or not. For the case where there is no GR (e.g.,

Figure 5.8a), all the distributions of the distances involved can be obtained using the

approaches explained in Section 5.4.3. As shown in Figure 5.8, the RVs, X, Y , and

Z, are the same as those shown in Figure 5.7.

However, if there is a GR for the CUE and hence the D2D communications can

only happen outside the GR (e.g., Figure 5.8b), it becomes much more challenging

to obtain the distributions of the distances involved in (5.24), (5.34), and (5.28),

i.e., dDUEi TX ,DUEi RX
, dBS ,DUEi RX

and dDUEj TX ,DUEi RX
, respectively, due to the ran-

domness of the location of the GR for the CUE. Thus, it is difficult to obtain the

distribution of the received SINR at a DUE receiver. But the distribution of the

distance, dCUE ,BS , is still the same as that in the no-guard-region scenario, since the

GR only affects the distribution of DUEs. Meanwhile, in a simple assumption where

the GR is approximated by a circle with radius of R and centered at the CUE, the

CDF of dDUEi TX ,CUE , FV ′(d), can be obtained based on FY (d),

FV ′(d) =
FY (d)− FY (R)

1− FY (R)
. (5.35)

Therefore, the distribution of the received interference and SINR at the CUE can still

be obtained.

Inter-cell Interference in A Multi-cell Network

If the frequency reuse factor in a cellular system is one, i.e., all cells are using the

same resources, it needs to take into consideration the interference from the UEs in

neighbor cells. Then, we need to obtain the distributions of the distances from a BS

in a cell to a UE in a different cell and from a DUE in a cell to a UE in a different

cell. To obtain the former, the approach proposed in [58] still applies. For the latter,

our approach proposed in Chapter 4 also applies, as illustrated in Figure 4.3a. As a

result, the proposed framework in this chapter can handle inter-cell interference in a

multi-cell network.
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Figure 5.9: An example of irregular cell K1 and GR K2, with the ring area labeled
by K3 (N: BS).

Sector-Partitioned Cells

To increase the network capacity of a cellular system, equipping BSs with mul-

tiple directional antennas is a promising solution and has been actively studied and

modeled for the throughput bound analysis on the underlaying D2D communications

in [67]. With directional antennas, a cell can be divided into several smaller sections

or so-called sectors, where it is possible for multiple CUEs to communicate with a

BS simultaneously. Similarly, with the approaches proposed in [58] and Chapter 4

to the required distance distributions, the proposed framework can deal with sector-

partitioned cells, whereby not only a single sector but also the inter-sector influence

can be investigated, for both cellular and D2D communications, which would be a

much further step compared to the D2D bound analysis in [67].

Irregular Cells and GRs

For the ease of presentation, in Section 5.4.5, the network performance is evalu-

ated with a hexagonal cell and circular GR. However, as explained above, the pro-

posed framework applies to the scenarios with irregular polygon-shaped cells and

GRs. This is because both the underlying approaches to obtaining the distributions

of the distance between a given Reference point and a Random one (Ref2Ran), and

that between two Random points (Ran2Ran), can handle irregular polygons.

Figure 5.9 shows an example of irregular cell and GR for illustration. To obtain

the required Ref2Rand distance distributions, as shown in Section 5.4.3, the trian-

gulation with respect to the BS is adopted. For example, in Figure 5.9, the area
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Figure 5.10: Distributions of the distance from the BS to a random point associated
with the irregular cell and GR shown in Figure 5.9. λ1 : λ2 in (5.30) is set to 1 : 1 or
10 : 1.
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Figure 5.11: Distributions of the distance between two random points associated with
the irregular cell and GR shown in Figure 5.9. λ1 : λ2 in (4.11) is set to 1 : 1 or 10 : 1.

K2 is triangulated with respect to the BS with dashed black lines into five triangles.

Then based on (4.1), the distribution of the distance from the BS to a random point

in K2 is obtained (denoted as FBS→K2(d), i.e., FG(d)). In the same way, FBS→K1(d)

(i.e., FX(d)) can be obtained. Then based on (5.30), FBS→K3(d) (i.e., FW (d)) can

be obtained, assuming that the CUE appears in the areas of GR and G̃R with the

same possibility (i.e., λ1 : λ2 = 1 : 1 in (5.30)). The obtained results are shown in

Figure 5.10.

To obtain the required Ran2Ran distance distributions, such as F13(d) (for ob-

taining FV (d)) and F33(d) (for obtaining FU(d) and FQ(d)), the ring area K3 is trian-

gulated with dashed red lines into 11 triangles named by a number inside as shown
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in Figure 5.9. As demonstrated in Chapter 4, with the proposed approach we can

obtain Ran2Ran distance distributions associated with arbitrary triangles, including

the Ran2Ran distance distribution within an arbitrary triangle and that between two

arbitrary triangles. Then with a probabilistic sum,

F33(d) =
11∑

i=1

11∑

j=1

SiSj

(
∑11

k=1 Sk)2
Fij(d) , (5.36)

where Sx is the area of triangle x, and Fxy(d) or Fyx(d) is the CDF of the Ran2Ran

distance distribution within triangle x if x = y, or between two triangles x and y if

x 6= y. F11(d) and F22(d) can be obtained in the same way. Then based on (4.11),

F23(d) and further F13(d) can be obtained, assuming that the CUE appears in the

areas of GR and G̃R with the same possibility (i.e., λ1 : λ2 = 1 : 1 in (4.11)). The

obtained results are shown in Figure 5.11.

Non-Uniform UE Distribution

If UEs are non-uniformly distributed in a cell, the cell area can be viewed in a

different way, so that the non-uniform distribution can be considered as layers of

uniform distributions, each of which can be addressed by the proposed framework.

As an example, referring to the system model where a GR is set for the BS, DUEs are

distributed in the cell but outside the GR. Therefore, the distribution of the DUEs is

non-uniform in the entire cell, but is uniform in the cell minus the GR hole. On the

other hand, it has a higher possibility that the UEs inside GR will choose the CUE

mode than those inside G̃R. Assuming such a probability ratio is λ1 : λ2 = 10 : 1,

based on (5.30) and (4.11), we can obtain the corresponding distributions, which are

different from those obtained when the probability ratio is λ1 : λ2 = 1 : 1, as shown in

Figure 5.10 and Figure 5.11, respectively. Therefore, the proposed framework can also

analyze the performance of the cellular network underlaying D2D communications

with the non-uniform UE distribution described above.

5.4.5 Performance Evaluation

In this subsection, the proposed framework is evaluated in terms of two impor-

tant network metrics: cumulative interference and outage probability. The obtained

numerical results from the framework are verified in comparison with simulations.
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Figure 5.12: Distributions of the interference and SINR at the BS, with R = 100 m
and N = 1, 6, 11, 16, and 21.

Meanwhile, the effect of several system parameters on the performance metrics are

investigated. The framework can provide insights when tuning the system parame-

ters, e.g., the GR area for the BS and the number of concurrent D2D pairs, given the

outage probability thresholds of both the BS and DUE receiver.

Considering the system model described in Section 5.4.2, for the ease of presen-

tation and WLOG, the cell is approximated as a regular hexagon with side length of

225 m and the GR for the BS as a circle with radius of R and centered at the BS.

Again, the proposed approach does not impose any constraints on the shapes of the

cell or GR. PD = 2 mWatt, PC = 0.2 Watt, dD2D
min = 2 m, and dD2D

max = 15 m. The

path-loss ratios are set as LB(d) = −128.1 − 20lg(d/1000) (dB) for the BS–UE link,

and LD(d) = −38− 20lg(d) (dB) for the DUE–DUE link [66]. Next, both the distri-

butions of the cumulative interference and SINR at either the BS or a DUE receiver

are shown, with the numerical results of our approach and the Matlab simulation

results compared.

Distributions of Interference and SINR at the BS

We first evaluate the effect of the number of concurrent D2D pairs on the dis-

tributions of the interference and SINR received at the BS. With the GR radius R

fixed to 100 m and the number of concurrent D2D pairs N varying from one to 21,

the CDFs of the interference and SINR received at the BS are shown in Figure 5.12a

and Figure 5.12b, respectively. Obviously, given that the size of the GR is the same,
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Figure 5.13: Distributions of the interference and SINR at the BS, with N = 11 and
R = 50, 100, and 150 m.

more D2D pairs transmitting simultaneously can impose a higher interference on the

BS, and thus the received SINR at the BS becomes lower, which increases its outage

probability. As a result, for the interference distribution shown in Figure 5.12a, the

CDF curves located on the right-hand side correspond to a larger N ; while for the

SINR distribution shown in Figure 5.12b, the CDF curves located on the left-hand

side correspond to a larger N . Moreover, a good match between the simulation and

analytical results can be observed in both figures. The results obtained based on the

PPP model with the same node density are also shown for comparison. The imple-

mentation of the PPP model in Matlab is similar to the simulation implementation

shown in Section 5.3.3, except that the number of nodes over all simulations follows

a Poisson distribution. The comparison shows large gaps for both the interference

and SINR achieved at the BS. Due to the border effect, PPP is inapplicable for the

system model of finite networks used in this section. In what follows, the comparison

with PPP will be omitted.

The effect of the GR size is also investigated. Specifically, with the number of

concurrent D2D pairs fixed to N = 11 and the radius of the GR R varying from 50 to

150 m, Figure 5.13a and Figure 5.13b show the corresponding interference and SINR

distributions, respectively. Intuitively, as the area of the GR for the BS increases,

DUE transmitters are “pushed” farther away from the BS, and their cumulative

interference to the reception at the BS decreases, and thus the received SINR at the

BS becomes high, which decreases the outage probability of the BS, as shown in the
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Figure 5.14: Distributions of the interference and SINR at a DUE receiver, with
R = 100 m and N = 1, 6, 11, 16, and 21.
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Figure 5.15: Distributions of the interference and SINR at a DUE receiver, with
N = 1 and R = 50, 100, and 150 m.

figures.

Distributions of Interference and SINR at a DUE Receiver

In this subsection, the distributions of the interference and SINR received at a

DUE receiver in an arbitrary D2D pair are investigated. First, with R = 100 m and

N varying from one to 21, the corresponding CDFs are shown in Figure 5.14. When

there is only one D2D pair, i.e., N = 1, the interference at the DUE receiver only

comes from the CUE. As N increases, besides the interference from the CUE, a DUE
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Figure 5.16: Distributions of the interference and SINR at a DUE receiver, with
N = 11 and R = 50, 100, and 150 m.

receiver in a pair will also receive the interference from the DUE transmitters in all

other D2D pairs, which leads to a shift of the CDF curves shown in Figure 5.14a

towards the arrow direction. Thus, the received SINR decreases, which increases the

outage probability of the D2D communications, as shown in Figure 5.14b.

The effect of the GR size on the D2D communications is then investigated. We first

fix N = 1, so only the CUE will interfere with the reception at the DUE receiver. As R

increases from 50 to 150 m, the probability that there is a large distance between the

CUE and the DUE receiver becomes higher, and thus the interference received at the

DUE receiver decreases, as shown in Figure 5.15a, which correspondingly increases its

received SINR and thus decreases the outage probability of the D2D communication,

as shown in Figure 5.15b. In addition, from Figure 5.15, we can observe that the GR

size has a low impact on the D2D communication, as the DUE is less likely affected

by a single CUE. Especially, when R = 50 and 100 m, the corresponding CDF curves

of the SINR shown in Figure 5.15b almost overlap with each other.

Then, we fix N = 11, so besides the interference from the CUE, an arbitrary D2D

pair will also receive the interference from other 10 D2D pairs. The results are shown

in Figure 5.16. In contrast to the previous case where N = 1, as R increases, the

cumulative interference to a D2D pair increases as well, as shown in Figure 5.16a,

and thus the received SINR decreases, which increases the outage probability of D2D

communications, as shown in Figure 5.16b. The results indicate that, with more

concurrent D2D pairs, the interference to a D2D pair from all other D2D pairs will
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Figure 5.18: Distributions of the interference at the BS from DUE transmitters with
the Rayleigh fading effect considered (R = 0 m and N = 1, 6, 11, 16, and 21).

increase as the GR area increases, and such an increase dominates over the decrease

of the interference from the CUE. Also, the CDFs for R = 50 and 100 m shown in

Figure 5.16 almost overlap with each other when DUEs are still sparsely spread out

in the cell.

Figure 5.17 shows that distributions of the interference at the BS (Figure 5.17a)

and a DUE receiver (Figure 5.17b), with R = 100 m, N = 11, and path-loss exponent

α = 2, 2.3, and 2.5. Since the BS–UE link and DUE–DUE link have different path-

loss ratios due to antenna heights, the interference changes differently for the BS and

a DUE receiver as α increases.
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All the results shown above in a close match with the simulation results demon-

strate the accuracy of our approach. Based on our performance studies, the proposed

analytical framework in this section can be used to guide the planning and dimen-

sioning at the system level, e.g., on average, how large N is allowed to be and how

R is set by considering the bounded outage probabilities for both cellular and D2D

communications systematically and comprehensively.

As mentioned in Section 5.2.2, the proposed model can be readily extended to

include the shadowing and fading effects of wireless channels. Take the interference

from DUE transmitters to the BS in the uplink resource reusing scenario for example.

With the Rayleigh fading effect considered by using (5.5), Figure 5.18 shows the CDFs

of the interference received at the BS.

5.5 Conclusions

This chapter applied NDD to carry out physical interference modeling and analy-

sis in WANETs. We first analyzed an LSN running PDC. Different from the protocol

modeling and analysis conducted in Chapter 3, the NDD-based modeling and analysis

considers the accumulative interference at a receiver. Specifically, utilizing the dis-

tance distributions obtained in Chapter 4, we derived the distributions of interference

and SINR. Given the outage probability of sensor nodes, the protocol parameters of

PDC can be well tuned based on the obtained results. A similar framework is also ap-

plied for the performance analysis in a cellular network with underlaying ad hoc D2D

communications. Based on the obtained results, the interference and outage proba-

bilities for both the cellular and D2D communications in an uplink reusing scenario

were thoroughly investigated. The accurate analysis demonstrated the promising po-

tentials of the proposed framework, which is a significant complement to the existing

approaches and results, and can provide meaningful insights and guidelines for the

design and optimization of D2D communications in next-generation cellular networks.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this dissertation, we have investigated various important and fundamental as-

pects of protocol design and performance evaluation in WANETs. We first proposed

a data collection protocol for WSNs. Then we modeled the proposed protocol in

multi-hop LSNs. The model cannot consider the cumulative interference from al-

l concurrent non-dedicated transmitters due to the assumption that each node has

fixed interference and transmission ranges. Therefore, we further developed a physi-

cal interference model framework to consider cumulative interference. The framework

relies on Ran2Ran NDD, which can be obtained with the systematic and unified ap-

proach proposed in this dissertation. Specifically, this dissertation contains:

1. Design of a practical data collection protocol for duty-cycled ad hoc

sensor networks. We have proposed PDC which adopts a cross-layer integra-

tion design by only relying on PRTS/PCTS handshake. All the components

of PDC are integrated in a natural and seamless way, including duty-cycled,

pipelined scheduling, schedule synchronization, data-gathering tree establish-

ment, topology control and maintenance, etc. We further propose ADC based

on PDC with two additional features being integrated, i.e., free addressing and

dynamic duty-cycling. Such integrations are beneficial to simplifying the proto-

col implementation and achieving high energy efficiency and low packet delivery

latency, as well as improving network heterogeneity and load adaptivity. We

have implemented both PDC and ADC in Contiki OS and built a testbed based

on two hardware platforms to evaluate their performance.
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2. Modeling and analysis of a class of duty-cycled, multi-hop data col-

lection protocols for LSNs. The model consists of two parts, i.e., protocol

process analysis and queueing behavior analysis. The model is general for both

saturated and unsaturated scenarios, with and without retransmission. Differ-

ent from existing models, the relaying nodes in our model can also generate their

own packets as in reality. With the model, we have thoroughly investigated the

PDC performance in an LSN in terms of the system throughput, energy efficien-

cy, and packet delivery latency. The accuracy of the model has been validated

under various scenarios compared with extensive OPNET simulations.

3. A systematic and algorithmic approach to Ran2Ran NDD. The ap-

proach is developed based on the concept, called kinematic measure in integral

geometry. With decomposition and recursion methods, it can handle arbitrarily-

shaped networks, including convex, concave, disjoint, and tiered networks, as

well as non-uniform nodal distributions. Therefore, a wide range of new and

significant NDD-based network modeling and performance analysis can be con-

ducted. Based on the proposed approach, this dissertation has obtained and

validated the NDDs associated with arbitrary polygons.

4. Physical interference modeling and analysis based on NDD for LSNs

and underlaying ad hoc D2D communications. Different from the PDC

design and modeling in Chapter 2 and Chapter 3, respectively, where location-

based conditions are defined for successful communications between a pair of

nodes, a physical interference model framework based on Ran2Ran NDD is

proposed to analyze an LSN running the PDC protocol, taking into account

the cumulative interference at a receiver. With the obtained results from the

framework, the protocol parameters can be well tuned. In addition, utilizing

both Ref2Ran and Ran2Ran NDDs, the framework is further utilized to analyze

ad hoc D2D communications underlaying a cellular network. The proposed

framework has no limitations on the network shapes. The presented results

can provide important insights and guidelines for protocol parameter setting

and network planning and dimensioning at the system level, by considering the

bounded outage probabilities for inter-node communications systematically and

comprehensively.
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6.2 Future Work

For the future work that plans beyond this dissertation, there are still various open

issues of importance. This section provides directions and ideas which we believe will

appear and attract more attention.

1. In the current design of PDC, the sleeping schedules between two adjacent

grades are staggered to achieve spatial diversity, so that inter-grade interference

can be alleviated to some extent. The future work can also consider alleviat-

ing intra-grade interference by adopting time, spatial, and channel diversity to

further improve the performance of the protocol for data collection. Although

there have been several works recently utilizing multiple channels for data col-

lection in WSNs [160–162], there is few work on comprehensively considering

duty cycling, pipelined scheduling, schedule synchronization, and multi-channel

communications, which we believe deserves more attention and critical study.

Furthermore, the current PDC is designed based on omnidirectional antennas.

It is also interesting to consider the design based on directional antennas, which

can increase the potential of spatial reuse, provide longer transmission with the

same amount of power and improve security [163].

2. In the work on modeling and analyzing a class of duty-cycled, multi-hop data

collection protocols for LSNs in Chapter 3, we do not consider some practi-

cal issues in LSNs, such as the priority when queueing different packets (e.g.,

self-generated packets and forwarded packets), delay constraint/bound, energy

balance, etc. In addition, the dynamic duty-cycling in ADC and multi-channel

communication currently are not supported by the proposed model. Further-

more, we are also interested in comparing the modeling results with the exper-

imental results. All these considerations can be included in the future work.

Last but not least, a more general model is necessary for modeling a general

multi-hop 2D network scenario. In general, either the model or the protocol

could be improved in the future work.

3. NDD plays a significant role in the physical interference model framework pro-

posed in Chapter 5. Although the relevant research on both types of NDD has

achieved remarkable breakthroughs, there are still several open issues which are

challenging to be solved. For both Ref2Ran and Ran2Ran NDDs, the approach-

es we proposed based on decomposition and recursion can handle the case where
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nodes are uniformly distributed with different node densities in different subar-

eas of a network, which leads to a discrete nonuniform node distribution. It is

necessary to consider a more general, continuous nonuniform node distribution.

In addition, the Ref2Ran NDDs can be easily extended to consider a reference

point with height by the Pythagorean theorem; while for obtaining either Re-

f2Ran or Ran2Ran NDDs in a more general 3D scenario, there is few work on

the approaches in the current literature.
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[105] Joakim Eriksson, Fredrik Österlind, Niclas Finne, and et al. COOJA/MSPSim:

Interoperability testing for wireless sensor networks. In Proc. Simutools, pages

27:1–27:7, 2009.

http://www.contiki-os.org/hardware.html


142

[106] Michael Buettner, Gary V. Yee, Eric Anderson, and Richard Han. X-MAC:

A short preamble MAC protocol for duty-cycled wireless sensor networks. In

Proc. ACM SenSys, pages 307–320, 2006.

[107] PDC and ADC implementation in the Contiki Operating System. https://

github.com/fei-tong/PDC-ADC-in-Contiki.

[108] Imad Jawhar, Nader Mohamed, Jameela Al-Jaroodi, and Sheng Zhang. An ef-

ficient framework for autonomous underwater vehicle extended sensor networks

for pipeline monitoring. In Proc. IEEE ROSE, pages 124–129, 2013.

[109] Marco Zimmerling, Waltenegus Dargie, and Johnathan M Reason. Energy-

efficient routing in linear wireless sensor networks. In Proc. IEEE MASS, pages

1–3, 2007.

[110] Marco Zimmerling, Waltenegus Dargie, and Johnathan M. Reason. Localized

power-aware routing in linear wireless sensor networks. In Proc. ACM Inter-

national Conference on Context-awareness for Self-managing Systems, pages

24–33, 2008.

[111] Imad Jawhar, Nader Mohamed, and Liren Zhang. A distributed topology dis-

covery algorithm for linear sensor networks. In Proc. IEEE ICCC, pages 775–

780, 2012.

[112] Brian Phelan, Peter Terlecky, Amotz Bar-Noy, Theodore Brown, and Dror

Rawitz. Should I stay or should I go? maximizing lifetime with relays. In

Proc. IEEE DCOSS, pages 1–8, 2012.

[113] Nader Mohamed, Jameela Al-Jaroodi, Imad Jawhar, and Abdulla Eid. Using

mobile sensors to enhance coverage in linear wireless sensor networks. In Proc.

IEEE NCA, pages 1–6, 2013.

[114] Nader Mohamed, Jameela Al-Jaroodi, Imad Jawhar, and Sanja Lazarova-

Molnar. Failure impact on coverage in linear wireless sensor networks. In

Proc. SPECTS, pages 188–195, 2013.

[115] Nader Mohamed, Haya AlDhaheri, Khadeijah Almurshidi, Mahra Al-

Hammoudi, Salama Al-Yalyali, Imad Jawhar, and Jameela Al-Jaroodi. Using

UAVs to secure linear wireless sensor networks. In Proc. IEEE BigDataSecurity,

IEEE HPSC, and IEEE IDS, pages 424–429, 2016.

https://github.com/fei-tong/PDC-ADC-in-Contiki
https://github.com/fei-tong/PDC-ADC-in-Contiki


143

[116] An-Feng Liu, Xian-You Wu, Zhi-Gang Chen, and Wei-Hua Gui. An energy-

balanced data gathering algorithm for linear wireless sensor networks. Interna-

tional Journal of Wireless Information Networks, 17(1-2):42–53, 2010.

[117] Daniele De Caneva and Pier Luca Montessoro. A synchronous and deterministic

MAC protocol for wireless communications on linear topologies. International

Journal of Communications, Network & System Sciences, 3(12):925–933, 2010.

[118] Chiara Buratti and Roberto Verdone. P-CSMA: A priority-based CSMA pro-

tocol for multi-hop linear wireless networks. In Proc. European Wireless Con-

ference, pages 1–8, 2013.

[119] Zhong Shen, Hai Jiang, and Zhongjiang Yan. Fast data collection in linear duty-

cycled wireless sensor networks. Vehicular Technology, IEEE Transactions on,

63(4):1951–1957, 2014.
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