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ABSTRACT 
 

 

 

 

Demand for decentralized, wireless, ad-hoc systems, where hosts are free to leave or join, to 

replace wired communication systems has seen a phenomenal growth. Such networks need little 

or no infrastructure support to operate. Deploying these networks such as in wireless sensor 

networks (WSN) enables new frontiers in developing opportunities to collect and process data 

from remote locations. The large number of nodes in these wireless networks invariably results 

in higher node densities and increased levels of network interference. Interference mitigation is 

therefore crucial in ensuring these networks operate efficiently. Often the lack of network 

planning and regulations for such networks require the targeted access strategy to be adaptive to 

network conditions and distributed. 

  

The goal of this research is to design an algorithm employing mathematical tools in optimizing 

spatial reuse among nodes in the ad hoc network so that multiple communications between nodes 

can proceed simultaneously thereby maximizing the network throughput. To maximize spatial 

reuse, the IEEE 802.11 Medium Access Control (MAC) protocol would be modified so that each 

transmitting node can fine-tune its data rate and carrier sense range adaptively depending on 

minimal receiver response local data. All nodes must be able to detect and communicate with 

their neighbors in order to determine the network structure, to execute network functions and 

transmit collated information back to the remote node. The network topology will be discovered 

using clustering schemes such as the K-means technique that minimizes the Euclidean distance 

between random nodes. Each cluster will have a cluster head that would keep track of local 

information about nodes in its cluster. A further goal of this research would be to demonstrate 

that the physical carrier sensing incorporated in the 802.11 MAC protocol can adaptively 

optimize the sensing threshold of the nodes and minimize interference within the network 

without the benefit of the request-to-send and clear-to-send handshake of the virtual carrier 

sensing. Considerable nodal energy and packet overhead would be saved by turning off the 

RTS/CTS handshake process. An analytic design will be presented for acquiring the optimal 

sensing threshold given a network topology; data rate and transmit/receive power of the nodes. 

 



xv 

 

 Two major issues to be addressed in improving spatial reuse are:  

1. The optimal range of transmit data rate/ carrier sense threshold for maximum network 

capacity  

2. The relationship between the carrier sense threshold and contention window.  

 

Furthermore, results from this research will show that tuning the carrier sense threshold and 

contention window offers several advantages including delivering considerable aggregate 

throughput more than that obtained from a static carrier sense threshold network with no 

previous knowledge of the network topology. This will enable nodes sustain a high data rate, 

while maintaining the adverse effect of collision on other neighboring simultaneous 

communications at minimum. In the end, the communication protocol will be improved to 

achieve better utilization of the scarce wireless spectrum. The simulation and performance 

evaluation tools required for this work would be Network Simulator-2 (NS-2) simulator, AWK 

and PERL programming languages. 
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CHAPTER 1 

1. INTRODUCTION 
 

 

1.1 Overview 
  

 

 

Wireless communications have been important aspect of modern life, allowing users to maintain 

network and Internet access dynamically. As the bandwidth and throughput of wireless 

technologies have increased, it has become possible to support multimedia applications such as 

voice and video traffic, hence the need to optimize the throughput performance of such networks. 

 

Carrier Sense Multiple Access (CSMA) has been one of the fundamental MAC mechanisms in 

wireless networks. For instance, the IEEE 802.11 standard includes Carrier Sense (CS) both in 

its Basic Access mechanism and in its Collision Avoidance version. In contrast, the issue of 

spatial reuse in multihop ad hoc networks had received a significant deal of attention in recent 

past. CS plays a key role for spatial reuse and this work found that the optimal CS threshold that 

enhances aggregate throughput does depend on various parameters including in particular the 

density of nodes in the network.  

 

One of the main techniques used to regulate medium access control in wireless networks relies 

on the Carrier Sense (CS) principle. In the wired world this idea coupled with Collision 

Detection (CD) proved to be so efficient to reduce collisions almost to zero, especially when the 

propagation delay is negligible with respect to the packet duration. Conversely, in the wireless 

world, CD would require full duplex radios on the same frequency. Unfortunately, these radios 

are not yet technically feasible to handle CD and so far IEEE 802.11 falls back on either a pure 

CSMA access control or more sophisticated CSMA/CA (Collision Avoidance) which includes 

RTS/CTS packet handshakes. CS tries to avoid simultaneous transmissions of interfering 

packets. This is particularly important in a scenario with a single access point (AP) and other 

nodes which exchange data with it. In this case, only a single node should be allowed to transmit, 

because a collision would occur otherwise. 



2 

 

 

However, if several APs are deployed in the same area, the question of whether multiple 

transmissions can occur simultaneously naturally arises. The key challenge is to keep under 

control the level of mutual interference. Accordingly, CS provides a tool to achieve this goal, 

because a terminal can assess if there is room for additional transmission. The multiple AP 

scenarios is representative of two types of networks which are focus of intense research: ad hoc 

networks (where every node is both a router and a traffic generator) and the Internet “hot-spot” 

(the distribution of the Internet throughout an extended area). These systems must support the 

communications of multiple users at the same time and have to face the challenge of doing that 

in spite of scarce bandwidth. Spatial reuse is indeed a primary concern in this case, but without 

the technology of multiple antennas (which increases the capacity of the system by means of the 

separation of the signal spatial signatures) admission control is one of the main ways to control 

mutual interference. The carrier sense principle works towards this direction (in the MAC layer), 

because it avoids broadcasting new packets if the medium is already sensed to be busy. 

 

A key question is how to choose the carrier sense threshold that discriminates whether a node is 

allowed to send a packet or not. This threshold determines a tradeoff between spatial reuse and 

interference. In most cases this threshold is set to a low value, thus conservatively reducing 

bandwidth reuse and medium access. This eventually lowers the data rate and increases the delay 

that affects the performance of the upper layers. For instance, TCP depends on the timely 

receptions of ACKs that inhibited in a wireless scenario because of an excessively conservative 

CS threshold. 

 

The main contribution of this work is to develop an interference model for arbitrary ad hoc 

networks that can quickly predict the value of the carrier sense threshold that maximizes the 

aggregate throughput. The decentralized and self-organized nature of wireless ad hoc networks 

makes them applicable to variety of environment where there is no pre-existing hardware such as 

base stations in traditional cellular networks or any centralized mechanism managing the 

network. The application of wireless ad hoc networks include the monitoring of herds of animals, 

supporting communication in military battle-fields and civilian disaster recovery scenarios or 

emergency warning system for vehicles. As opposed to those centralized networks, the 
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scalability of wireless ad hoc networks is substantially improved, and this has been identified 

through both theoretical and practical [1] studies of the overall capacity of such networks. 

 

In a wireless ad hoc network, individual nodes share the channel through a distributed 

mechanism. Therefore, it is vital for network standards to support an efficient Medium Access 

Control layer protocol. Currently, the distributed coordination function (DCF) of the IEEE 

802.11 is the most widely used MAC protocol for wireless multihop ad hoc environment due to 

its simple implementation and distributed nature. 

1.2 Motivations 

In most applications of ad hoc networks, where the IEEE 802.11 MAC protocol is used to 

control access to the wireless medium, the optimization of the aggregate throughput and spatial 

reuse of the wireless medium are key in getting the most performance of the network.  Hidden 

and exposed terminal problems as described in many literatures on wireless networks adversely 

affect the throughput and efficiency of these networks.   

 

Exposed terminal issue arises when a node’s transmission is suppressed because it senses an 

ongoing transmission around it, even though that node’s transmission would not impact on the 

ongoing transmission. Spatial reuse is an important benchmark that characterizes the overall 

network performance because it determines the number of concurrent transmissions available in 

a given area. Although increasing the spatial reuse can improve the overall system performance 

by allowing multiple concurrent transmissions, it also raises the level of interference in the 

network. Consequently, this may cause severe increase in the rate of transmission failures, which 

is another important metric in determining the capacity of a multihop wireless network, resulting 

ultimately in throughput degradation. This interference phenomenon is caused by hidden 

terminals. 

 

Therefore, the optimal system performance can only be achieved through balancing the tradeoff 

between the level of spatial reuse and collision probability, through controlling the level of 

access to the channel. However, obtaining this optimal trade-off is not trivial in IEEE 802.11 
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DCF based multihop networks, since the amount of spatial reuse and collision probability are 

severely affected by two prominent problems common in wireless networks viz: exposed 

terminals and hidden terminals [2]. 

 

In a MAC layer with the traditional carrier sense multiple access (CSMA) protocol; multihop 

packet relaying introduces the hidden terminal and exposed terminal problems. The hidden 

terminal problem occurs when signals of two (or more) nodes, say A and C, that are out of each 

other’s transmission ranges (but their transmission ranges are not disjoint) collide at a common 

receiver, say B as shown in Figure 1.1. 

 

Using the same nodal configuration, an exposed terminal problem will result from a scenario in 

which a permissible transmission from a mobile node (sender) to another node has to be delayed 

due to the irrelevant transmission activity between two other mobile nodes within the sender’s 

transmission range. Figure 1.2 depicts a typical scenario in which the exposed terminal problem 

may occur. Suppose node C attempts to transmit data (to some node other than A or B) while 

node B is transmitting to node A. In such a case, node C is exposed to the transmission range of 

node B and thus defers its transmission though it would not interfere with the reception at node 

A. the exposed terminal problem often results in considerable loss in throughput. 

 

 

 

Figure 1.1: The Hidden terminal problem 
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To recap, the hidden terminals problem is the main source of collision while exposed terminal 

problem results in low spatial reuse. Thus, in order to achieve the optimal trade-off between 

spatial reuse and collision probability, it is mandatory to effectively resolve the hidden and 

exposed terminal problems. 

 

To maximize the network throughput, we must determine an ideal carrier sensing threshold of 

the network among other factors that affect the network performance. Figure 1.3 depicts the 

effects of optimal carrier sensing threshold on the network performance. Carrier sensing range is 

a tunable parameter that can significantly affect the MAC performance in multihop ad hoc 

networks. It balances the trade-off between the amount of spatial frequency reuse and the 

likelihood of packet collision. 

 

 

Figure 1.2: The Exposed terminal problem 
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Figure 1.3: Ideal Carrier Sensing Range 

 

1.3 Research Goals 

The main thrust of this research effort is to determine the limits of the IEEE 802.11 MAC 

protocols in multihop ad hoc networks. Network and environmental factors that affect the carrier 

sensing range would be examined and the results and insights obtained would be used to 

optimize the carrier sensing range of a given ad hoc network that maximizes the network 

throughput. 

 

Mathematical concepts that target the effective utilization of the wireless spectrum in 

IEEE802.11 multihop –based ad hoc networks would be proposed. These models would study 

the interplay between transmit power, data rate adaptation and tuning the contention window and 

carrier sensing threshold in maximizing network performance. 

 

Spatial reuse is considered one of the most dominant performance issue related to wireless ad 

hoc networks. This is because as a metric value of MAC protocol performance, it determines the 

number of simultaneous communications allowed in a network at any given time. Hidden 

terminals which are potentially interfering nodes outside the carrier sense range of the transmitter 

reduce the performance of the networks by increasing the number of collisions of packets. Thus 
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the optimal spatial reuse and hence optimal performance can be achieved through a balance 

between the exposed and hidden terminals. 

 

To date, various mechanisms have been proposed to improve the capacity of IEEE 802.11-based 

multihop wireless networks. These mechanisms, as shown in Figure 1.4 can be classified into 

two main groups: Temporal and Spatial according to their focus on optimization on the channel 

bandwidth. The temporal methods [3]-[4] attempt to better utilize the channel along the time 

dimension by optimization or improving the binary exponential backoff algorithm (BEB) of the 

DCF protocol. In contrast, the spatial methods attempt to spatial reuse while keeping the chances 

of collisions to the minimum. These mechanisms include the tuning of the carrier sensing 

threshold, the data rate adaptation, the use of directional antennas and the transmission power. 

 

 

 

 

Figure 1.4: Techniques for Performance Enhancement of IEEE 802.11 multihop Networks 

 

The research goals are outlined as follows: 

1. Determine the performance impact of sensing threshold levels on network throughput 

particularly for multihop networks. 

2. Determine primary factors affecting ideal sensing threshold levels 

3. Propose and implement MAC protocol improvements that take advantage of these 

factors by 
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a. Using the k-means clustering algorithm for topology discovery for random 

networks 

b. Development of a distributed algorithm for jointly matching carrier sense 

threshold with appropriate data rate 

 

Given the nature of the CSMA protocol, it is expected that the presence of both hidden and 

exposed nodes will be the primary factor affecting the protocol efficiency. The presence of 

hidden and exposed nodes is in turn determined by the network topology and the transmission 

range of each node.  The degree of the effect of hidden and exposed nodes is a function of 

network traffic. When these factors combine to create several hidden and exposed nodes, and the 

load is high enough to make them significant, it is expected that a large carrier sensing range will 

cause a significant number of avoidable deferrals which consequently results in lower throughput 

performance. Conversely, by decreasing the sensing range, the number of avoidable deferrals 

will decline, thus enhancing the network throughput. 

1.4 System Boundaries 

The area of focus of this research in the first two lower layer of the OSI model viz: physical layer 

and the medium access control (MAC) component of the data link layer of the wireless nodes.  

All wireless nodes in the different topology scenarios run the same protocols using the same 

settings. Thus the system under test (SUT) is the MAC and the physical layers of all the network 

nodes. The component under test (CUT) is the carrier sensing threshold (CST) level specified in 

the MAC protocol. These bounds are depicted in Figure 1.5. 

 

There are extra methods that could be actualized at the MAC and the physical layers to solve the 

problems outlined in section 1.2. For instance, transmission signal strength can be varied 

dynamically to reduce exposed node problems. Nevertheless, investigation of power control 

methods is not the subject of this research and would not be exhaustively covered. Instead, the 

research concentrates on providing solutions to the issues raised by varying the carrier sensing 

threshold alone. 
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Figure 1.5: System Boundaries 

 

1.5 Performance Metrics 

To measure the performance of the networks used in the analyses of this research, some metrics 

defined below are deployed: 

- Average Network Throughput : Throughput T is defined by       

 Where b is the number of successfully transmitted bits and t is the period of observation 

in seconds. This calculates the average number of data bits transmitted per second. 

Network throughput calculates the number of bits passed to the link layer, without 

including the MAC layer control bits. 

 

For this metric, the higher the value, the better the performance of the network since it 

provides a measure for network efficiency. An efficient network transmits multiple 

packets simultaneously when possible, resulting in higher throughput. For a fully 

connected network, only one node may transmit at a time and T has a maximum value 

equaling the node transmission rates. When network topologies take advantage of spatial 

reuse, higher throughput rates results. 
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- Average Collisions Per Packet: average collisions per packet    is defined as  

              

Where    is the number of collisions suffered by the i
th

 packet, and P is the total number 

of transmitted packets. A collision is registered when the transmission of another packet 

causes interference. It is possible for two packets to collide, yet one or both are 

successfully received due to capture effect of the radio receivers. Such collisions are 

included in the statistical analysis done in this research. 

- Average Deferral Slots per Packet – Average deferral slots per packet    is 

defined as                

Where    is the total number of deferral slots at the nth node and P is the total number of 

transmitted packets. A deferral occurs whenever a node refrains from transmitting a 

packet due to a busy medium. This results in the node backing off randomized number of 

slots. A deferral can occur multiple times for a single packet if the medium remains busy 

when the node in exits the back-off state. 

1.6 Network Parameters 

Network performance in this research is affected by a number of parameters which are grouped 

into two categories: system and workload. 

 System Parameters 

- Antenna Type: Omni-directional antennas are used by the nodes in the analyses of 

this research. 

- Node Topology: This represents the physical connection between nodes in a 

network. This factor contributes to the ability of the MAC protocol to take 

advantage of the spatial reuse where it exists. 

- Node Density: This is the measure of number of nodes in a particular network 

coverage area trying to gain access to the wireless medium. 
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- Signal Strength: This is the wireless signal transmitted power and is a significant 

factor in node communication range. Signal strength of nodes partially determines 

the presence of hidden and exposed nodes. 

- Routing Protocol: Routing protocol resides in the network layer and ensures the 

correct and efficient route establishment between a pair of nodes so that messages 

may be delivered reliably and in a timely manner. The routing protocol can be a 

source of significant overhead in an ad-hoc network.  

- MAC Protocol: MAC protocol defines how a node in the network negotiates 

medium access. This protocol lies within the data link layer and consists of two 

sub-parameters 

o Sensing Threshold: this is the energy level at which a node considers the medium 

busy. The impact of this factor is the component under study (CUT). 

o Other MAC options that may be varied for network performance include 

exponential backoff mechanism and the amount of time a node listens to a 

channel before transmitting. 

 

 Workload Parameters 

- Offered Load (bits/sec): this parameter is rate at which packets arrive at the MAC 

layer of each node. 

- Packet size (bytes): Packet size can either be variable or constant.  
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CHAPTER 2 

2. BACKGROUND AND RELATED WORK 
 

 

2.1 The OSI Model  
 

 

 

The focus of this research is in the layers 1 and 2 of the OSI (Open System Interconnection) 

model. OSI model defines a networking framework for implementing protocols in seven layers. 

Control is passed from one layer to the next, starting at the application layer in one node, 

proceeding to the bottom layer, over the channel to the next node and back up the hierarchy. 

Therefore a basic background of the OSI model is briefly reviewed in this section. The OSI 

model consists of 7 layers whereas the rival TCP/IP model has 4 layers. In the OSI model, shown 

in Figure 2.1, better defines the tasks each layer is to accomplish and is thus a great 

communication model for research purposes. The model is divided into two groups namely: the 

media layers and the host layers. The media layers tend to focus on the electrical engineering 

aspects of communications. The upper layers comprise application specific processes, session 

requirements and end –to-end transport matters. 

 

The layer 1 of the OSI model is the physical layer and it handles how the communication takes 

place over the communication medium. The medium could either be wired (such as fiber cable) 

or wireless (over the air) as in this research. It also deals with the modulation schemes used, the 

voltages used for transmission and reception of bits and the type of interface. This layeralso 

handles modulation schemes, adjusts the transmission and reception voltages to control the 

communication rages of the nodes. Modulation schemes such as the CDMA, OFDA are some of 

the best schemes available for this work. 

 

Layer 2 is the data link layer. The transmission of the data over the communication medium is 

the responsibility of this layer. The 0's and 1's that are used in the communication are grouped 

into logical encapsulation. This encapsulation is called frames. The data is transported in frames. 
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The responsibility of these frames is that of the data link layer. This layer deals with many issues 

regarding the usage and sharing of medium. 

Layer 3 is the network layer. Worldwide today, there are many different types of ethernets. 

These networks are connected to each other through various media. When a data packet wants to 

reach a particular destination, it has to traverse through these networks. Essentially, there are lot 

of operations that are taking place between the connected networks. Also, the packet data which 

is traversing has to choose an optimum route, and the addressing of these packets has to be 

proper. The various operations between the networks, packet data issues, addressing and routing 

are handled by this network layer. 

 

The next four layers make up the host layers (not the focus of this research) and their functions 

are listed below. 

 

Layer 4 is the transport layer. The transport layer ensures quality and reliability of the 

communication. The data packet switching is entirely handled by the transport layer. There are 

basically two types of packet switching. They are connectionless packet switching and 

connection oriented packet switching. In connectionless packet switching, the packet data is 

allowed to choose the route in which it is going to reach the destination. Obviously, the packet in 

itself cannot do this. Physical devices like routers are mainly responsible for the behavior of 

packets, but the packets formed from the same datum can reach their destination in different 

ways. Whereas, in connection oriented packet switching, once the route is decided, then all the 

packets have to follow the same route. Examples of connectionless packet switching are text 

messages in mobile phones, and the example of connection oriented switching is a direct voice 

call. 

 

Layer 5 is the sessions layer. The sessions layer is mainly responsible for creating, maintaining 

and destroying the communication link. PDU (Protocol Data Unit), in which various protocols 

are defined, that have to be followed during communication, are the responsibility of the sessions 

layer. The applications that use RPC's (remote procedure calls) are taken care of by the sessions 

layer.  
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Layer 6 is the presentation layer. There are various techniques of data compression which are 

used to send and receive the optimized data. For example, if certain data is repeating itself for a 

number of times, then it is logical to send the data only once, and specify the number of times it 

is repeated. This bundling of the repeated data is one of the techniques of compressions. The 

compression and decompression of the data is handled by the presentation layer. Also, 

encryption and decryption techniques used to thwart malicious attacks on data are handled by the 

presentation layer. 

 

Layer 7 is the application layer. This is the topmost layer of the OSI reference model. This layer 

comes into picture when there is a process to process communication. Whenever a user invokes 

any application, all the associated processes are run. Many a times, when an application wants to 

communicate with another application, then there has to be communication between these 

associated processes. The application layer is responsible for this interprocess communication. 

Figure 2.1: OSI Model 
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2.2  IEEE 802.11 Wireless Standard 

With recent advances in wireless communications technologies, wireless networks are becoming 

increasingly indispensible in use and application. In wireless networks, nodes are equipped with 

wireless transmitters and receivers using antennas which may be omni-directional, highly-

directional, or some combination of both. Nodes are move about randomly and arrange 

themselves offhandedly as obtainable in ad-hoc networks; thus, the wireless network’s topology 

may be subjected to change frequently and unpredictably [2]. Many types of wireless networks 

exist, and can be categorized in various ways depending on the criteria for their classification. 

Based on network formation and underlining network architecture, wireless networks are broadly 

classified into two major categories [5], namely:  

 

 Infrastructure-based network: A network with existing infrastructure that is made of fixed 

and wired network nodes and gateways, with, typically, network services delivered via 

these preconfigured infrastructures. Examples include, cellular networks built from PSTN 

backbone switches, MSCs, base stations and mobile hosts. Wireless Local Area Networks 

(WLAN) belong to this group since nodes in such network communicate with each other 

via access points (APs).  

 

 Infrastructureless (ad hoc) network: In this case a network is dynamically formed by a 

group of wireless nodes that communicate with one another in a collaborative way, over 

multihop wireless links, without any stationary infrastructure or centralized management, 

using protocols such as IEEE 802.11 (Wireless Fidelity), IEEE 802.15(Wireless Personal 

Area Network) and IEEE 802.16 (WiMax). For example, two PCs equipped with wireless 

adapter cards can set up a peer-to-peer network as long as they are within each other’s 

transmission range. In this network, nodes behave as routers and take part in discovery 

and maintenance of routes to other nodes. No central access point is present to grant 

permission to access the wireless medium. This is achieved using the independent basic 

service set (IBSS) of the IEEE 802.11.  
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2.3  Wireless local Area Networks 

Wireless local area networks (WLANs) extend the boundaries of traditional wired local area 

networks (LANs) by unleashing the constrained flow of wire-line data to saturate the 

surrounding area. Wireless communication offers significant advantages to both users and 

network designers [6]. Users gain flexible mobility to work anywhere within radio 

communication range of a network access point and seamlessly retrieve network resources. 

Roaming around the network, pervasive devices discover each other and permit users to benefit 

from context aware applications. Network designers gain tremendous advantages in rapid 

network building, upgrading, and reconfiguration [5].  

 

WLANs provide cost-effective network solutions be deployed without the hassles of installing 

wires and cables and maintenance costs obtainable with traditional expansions and changes 

experienced in the wired LAN networks [7]. Offices, homes, coffee shops, and airports represent 

the typical hotspots for wireless LAN installations. 

 

WLAN networks are implemented using IEEE 802.11 standard compliant devices. Wireless 

LANs can operate in infrastructure-based or in ad hoc mode. In the infrastructure mode, the 

wireless nodes connect to the wireless access points that function as hub relaying data between 

nodes and an adjacent wired LAN. In ad hoc mode, various wireless nodes within a limited area, 

such as a conference room, can form a temporary network without using access points. Because 

of the minimal configuration and quick deployment of these networks, they are apt for 

emergency situations such as search and rescue operations. In order to meet the demands of users 

of ad hoc networks comparable to those of the wired networks, certain challenges and constraints 

unique to wireless networks have to be overcome to provide excellent quality of service to the 

consumers.  

 

 Interference: interference in wireless communications, when two or more nodes share the 

same frequency band, interference invariably results from the concurrent transmissions of 

the nodes involved. Collisions are typically the result of multiple nodes waiting for the 

channel to become idle and then beginning transmissions at the same time. Packet 

collisions regularly occur in wireless networks as a result of the hidden and exposed 
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terminal problems (more discussion on this later) and there is a much higher percentage 

of packet losses due to errors compared to wireline networks.  

 

 Security: For a wired network security to be breached, a malicious attacker has to 

overcome the physical constraint of tapping into the network cables to gain access. 

However in a wireless network, packets can be intercepted easily and the network 

security compromised by anyone within the transmission range of the wireless 

transceiver. This complicates network security in wireless networks particularly for ad 

hoc networks where a centralized security control would be impossible to implement. 

Data privacy and integrity can be achieved over a radio medium using encryption and 

denial of service techniques. This is normally acquired at the expense of increased cost 

and decreased performance.  

 

 Mobility: unlike wired terminals, which are static and the network topology does not vary 

in time, wireless nodes move about arbitrarily within the network resulting to frequent 

changes in network topology, unpredictable route changes and network partition and 

packet losses especially in ad hoc networks. Therefore, system designs must incorporate 

handoff between transmission boundaries and route traffic to mobile nodes.  

 

 Throughput: The capacity of WLANs (typically 1-54Mb/s) is not as fast compared to the 

slowest wired network (usually 100 Mb/s up to several Gb/s). Because of the nodes 

operate via bandwidth-constrained, error-prone and insecure wireless channels; the 

throughput from such networks is considerably lower than those of their wired 

counterparts. To support multiple transmissions simultaneously, spread spectrum 

techniques are frequently employed. The latest IEEE 802.11n standard, however, 

addresses this limitation by offering peak throughput within the range of 100-200 Mb/s.  

 

2.4  IEEE 802.11 Architecture  

Like any 802.x protocol, the 802.11 protocol covers the MAC and physical layers. At present, 

the standard defines a single MAC which interacts with five PHYs as follows: frequency 



18 

 

hopping spread spectrum and infrared in the 2.4 GHz band (IEEE 802.11 legacy), direct 

sequence spread spectrum in the 2.4 GHz band (IEEE 802.11b), orthogonal frequency division 

modulation in the 2.4 GHz band (IEEE 802.11g) and multiple-input multiple-output (MIMO) in 

the 2.4 GHz band (IEEE 802.11n). All the above-mentioned PHY layer standards operated in the 

unlicensed Industrial Scientific Medical frequency band at 2.4 GHz in the US. The other two 

PHY layers use Orthogonal Frequency Division Modulation (OFDM) and operate in the 

unlicensed bands of 3.6 GHz (US) and 5 GHz (Europe) frequency bands. These standards are 

IEEE 802.11y (expected release date 2009) and IEEE 802.11a respectively. It must be noted that 

much of the standardization efforts have been geared towards the infrastructure-based WLANs, 

while little or no attention has been given to the ad hoc mode. The basic service set (BSS) is 

basic building block of the IEEE 802.11 architecture. Figure 2.2 shows a typical BSS topology. 

In infrastructure mode, a BSS is defined as a group of nodes that are associated with one access 

point (AP). The geographical area covered by the BSS is known as the basic service area (BSA), 

which is similar to a cell in a cellular communications network [8]. An ad hoc network is a 

planned arrangement of nodes to form a single BSS for the purposes of internetworked 

communications without the aid of an infrastructure network or centralized control. Figure 2.3 is 

an illustration of an independent BSS (IBSS), which is the formal name of an ad hoc network in 

IEEE 802.11 standard. Any node can initiate a direct communication session with any other node 

in the BSS after a synchronization phase. Access point is not required; nodes maintain the 

network connectivity as long as they are within the transmission range of one another.  

 

Table 2.1: Protocol Stack of IEEE 802.11 

 

 

 

802.2 LLC Layer 

PCF  MAC layer 

DCF 

FHSS DSSS IR OFDM PHY Layer 
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The IEEE 802.11b standard commonly used to implement the single-ad hoc networks due to its 

simplicity and widespread. To extend the network and enable multihop capability, routing 

protocols such as Ad Hoc On-Demand (AODV) are implemented at the nodes so that they can 

forward packets toward the intended destination. The network is therefore stretched beyond the  

transmission radius of the source node. These routing protocols are well-suited for ad hoc 

environment since they can adapt to the dynamic nature of the topology. Unlike the ad hoc 

network, WLANs provide wireless users with specific services and range extension. 

Infrastructure networks in the context of IEEE 802.11 are created using multiple APs. The AP 

forms structures similar to the base station in a cellular communications network by providing 

hotspots (coverage area) for internet connectivity for participating nodes. The AP supports range 

extension by providing the integration points necessary for network connectivity between 

multiple BSSs, thus forming an extended service set (ESS). The ESS looks like one large BSS to 

the logical link control (LLC) sublayer of each node. One drawback of the infrastructure-based 

network is the cost associated with the purchasing and installation of the infrastructure which is 

not suitable for dynamic situations (emergency search and rescue) in which people need to be 

Figure 2.2: BSS network topology  
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connected temporarily in areas without preexisting infrastructure. In such situations ad hoc 

networks are a more efficient solution.  

The protocol stack of IEEE 802.11 is shown in Table 2.1. 

 

 

2.4.1.  IEEE 802.11 PHY (Layer 1) 

The IEEE 802.11 is a set of standards performing wireless local area network (WLAN) computer 

communication in the 2.4, 3.6 and 5 GHz frequency bands. The 802.11 family includes over-the-

air modulation techniques that use the same basic protocol. 802.11b and 802.11g are the most 

widely used protocols which are amendments to the original standard. Others include the IEEE 

802.11 a/n/y. Table 2.2 [2] summarizes the feature of the current IEEE PHY layer protocols. 

 

 

 

 

Figure 2.3: Sketch of an Ad Hoc Network [2] 
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Table 2.2: Wireless Local Area Network Standards 

 

 

 

Abbreviations:  

 FH: Frequency Hopping  

 DSSS: Direct Sequence Spread Spectrum  

 OFDM: Orthogonal Frequency Division Modulation  

 CCK: Complimentary Code Keying  

 

An interesting observation can be made from Figure 2.4 [2] concerning the relationship between 

the different data rates and range of 802.11 based products from an access point. As a node 

moves further away from the access point, the 802.11 protocol maintain network connectivity by 

progressively reducing the data rates. 802.11 b and g have the same propagation characteristics 

because they transmit in the same frequency band and tend to maintain the same maximum range 

at the same data rates. 802.11a-based products offer shorter maximum ranges of comparable data 

rates with the 802.11g because at the 5GHz band the signal suffer more attenuation and 

degradation. 

IEEE 

Standard 

Date 

Approved 

Maximum 

data rate 

(Mbps) 

Modulation Data rates 

(Mbps) 

Frequencies 

(GHz) 

802.11 

Legacy 

1997 2 Infrared/FH/

DSSS 

 2.4 

802.11a 07/1999 54 OFDM 6,9,12,18,24

,36,48,54 

5.15-5.875 

802.11b 07/1999 11 DSSS/CCK 1,2,5.5,11 2.4-2.497 

802.11g 06/2003 54 OFDM and 

CCK 

CCK: 

1,2,5.5,11 

OFDM: 

6,9,12,18,24

,36,48,54 

2.4-2.497 

802.11n 03/2010 600 OFDM 54-600 2.4 and/ or 5.0 

802.11y 2008 54 OFDM 23-54 3.65-3.7 
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2.4.2  IEEE 802.11 MAC (Layer 2) 

The MAC sublayer functions include channel allocation procedures, protocol data unit (PDU) 

addressing, frame formatting, error checking, and fragmentation and reassembly. The 

transmission medium can function in the contention mode alone, requiring all nodes to compete 

for access to the channel for each packet transmitted. The MAC layer defines two different 

access methods, the distributed coordination function (DCF) and point coordination function 

(PCF). In the DCF mode, every node accesses the medium in a distributed way. But in the PCF 

mode, a node is required to operate as a point coordinator (PC) to schedule the medium access 

for all the nodes. So basically DCF is a contention-based method while PCF provides contention-

free data transfer. However, they can coexist in the network and control the medium access 

alternatively. PCF resides on the top of DCF. That means 802.11 MAC provides PCF through 

the services of DCF. Also, because of the requirement of the PC usually PCF is only usable in an 

infrastructure network such WLAN where the AP acts as the PC. Conversely, DCF does not rely 

on the availability of a PC and is well suited to the decentralized multihop architecture of mobile 

ad hoc networks (MANET) where there is no central infrastructure. 

Figure 2.4: Data Rates of IEEE 802.11 b vs. IEEE 802.11a vs. IEEE 802.11g [2] 
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2.5 Distributed Coordination Function  

The DCF provides the basic access method of the original 802.11 MAC protocol and is based on 

a Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) scheme [5]. CSMA/CD 

(collision detection – protocol used in wired LANs) is not used because a node is unable to listen 

to the channel for collisions while transmitting. As identified in the protocol stack, all nodes 

must support the DCF. Because of the unreliability associated with wireless links, an 

acknowledgement frame (ACK) from the receiver is required in order to make sure that the data 

frame is successfully delivered. In the case the ACK is not received, the sender will assume 

packet delivery failure and schedule for retransmission. IEEE 802.11e enhances the DCF and the 

PCF, through a new coordination function called the Hybrid Coordination Function (HCF). It 

provides Quality of Service (QoS) mechanisms for bandwidth-sensitive applications like video 

and voice through traffic prioritization. Just like the 802.11 legacy standard, HCF defines two 

methods of channel access namely: HCF Controlled Channel Access (HCCA) and the Enhanced 

Distributed Channel Function (EDCF). In EDCF, data traffic is prioritized with the introduction 

of traffic categories (TCs). Each node has eight priority levels and transmits data after detecting 

an idle after for a period of time defined by Arbitration Interframe Space (AIFS) corresponding 

to the traffic category. These levels of priority are assigned a Transmit Opportunity (TXOP). 

Within a TXOP interval, a node can send as many frames as possible. If a frame is too large to be 

transmitted in a single TXOP, it will be fragmented into smaller frames. High-priority data (e.g. 

Video) are assigned shorter AIFS and have to wait for a shorter time compared to low-priority 

data (e.g. text) before accessing the wireless medium.  

 

The HCF is similar to the polling concept in the PCF, however under the HCF, the superframe is 

split into the Contention Free Period (CFP) that initiates polling with every beacon and the 

Contention Period (CP). The EDCF governs access during the CP although the in an access point 

the Hybrid Controller can initiate HCF access at any time. During the CFP, the HC polls a 

particular node to give it a TXOP that contains the start time and maximum duration. Other 

nodes are barred from gaining access to the medium until they receive a CF-Poll. HCF enables 

the base station to initiate a CF-Poll according to the transmission sequence within the CP, if it 
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so desires. Further discussion on PCF and HCF will be discontinued since it does not support ad 

hoc networking mode.  

2.5.1  Carrier Sense Multiple Access  

In 802.11, carrier sensing is performed at both the physical layer, referred to as Physical Carrier 

Sensing (PCS), and optionally at the MAC sublayer (or Network Allocation Vector- NAV), 

referred to as Virtual Carrier Sensing (VCS) via Request to send/ Clear to send (RTS/CTS) 

control frames. Physical carrier sensing detects the presence of other IEEE 802.11 WLAN users 

by sampling all detected packets, and also detects activity in the channel via relative signal 

strength from other sources. In the basic access scheme, when a node has a unicast MAC frame 

to transmit, it listens first to see whether the channel is idle or busy. If the medium is busy, the 

transmission is deferred until after the end of the ongoing transmission. Otherwise if the medium 

is found to be idle for an interval longer than the Distributed InterFrame Space (DIFS), the node 

continues with its transmission. A positive acknowledgement (ACK) is transmitted by the 

receiver after a 32-bit cyclic redundancy code (CRC) is computed over the received packet and 

the CRC indicates that the entire packet is error-free. If an ACK packet is not received by the 

sender, the data packet is presumed to have been lost, and a retransmission is scheduled. After 

several failed delivery attempts, the data packet is dropped. Figure 2.5 is a timing diagram 

illustrating the successful transmission of a data frame without the RTS/CTS scheme. When the 

data frame is transmitted, the duration field of the frame is used to let all nodes in the BSS know 

how long the medium will be busy. All nodes hearing the data frame adjust their network 

allocation vector NAV (indicator of the amount of time that must elapse until the current 

transmission is complete) based on the duration field value, which includes the short interframe 

space (SIFS) interval and ACK following the data frame. The RTS/CTS access scheme is an 

extension of the basic access scheme. An RTS/CTS exchange (shown in Figure 2.6) is performed 

before transmission of a data packet. The RTS and CTS control frames are used for virtual 

carrier sensing to mitigate the hidden terminal problem [9]. When a node has a unicast data to 

send to its neighbor, it first broadcasts an RTS control packet. If the neighbor receives this RTS 

packet, then it responds with a CTS packet. After the sender receives the CTS, it transmits the 

data packet. However, collisions can still occur when two nodes send RTS frames concurrently. 



25 

 

In this case both senders wait a random timeout using a binary exponential backoff algorithm 

and then try again.  

 

Other neighbors of the sender and receiver that receive the RTS and CTS packets defer packet 

transmissions to avoid collisions by updating their NAVs. For successively received unicast data 

packet (indicated by verifying the CRC), the receiver sends an acknowledgement (ACK) to the 

sender. This ACK signifies that the packet was correctly received. If an ACK (or CTS) is not 

received by the sender within a short time limit after it sends a data packet (or RTS), the sender 

attempts to retransmit the packet. If no ACK (or CTS) is received after multiple retries, an error 

is issued by the hardware via link layer feedback signaling that that the transmission was 

corrupted. The RTS and CTS packets may not be used because of the overhead introduced 

especially for small data packets and real time applications. 

 

 

 

Figure 2.5: Basic Access Mechanism 
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Broadcast data packets are handled differently than unicast data packets. Broadcast packets are 

sent without the RTS, CTS or ACK control packets. These MAC layer control frames are not 

needed because the data is simultaneously transmitted to all neighboring nodes. Broadcast 

packets are also sent at a low data rate, either 1 or 2 Mbps to ensure backward compatibility 

among 802.11 standards. These data rates must be supported by all IEEE 802.11 devices. The 

problem of exposed terminals is yet another issue in CSMA. In this case, a node that hears a CTS 

will not reply to an RTS and waits until the communication has finished before transmitting its 

own CTS even though the parallel communication would not have interfered with the previous 

one. As we can see, IEEE 802.11 DCF is a good example of best-effort type control algorithm. 

 

2.5.2 Inter-Frame Space (IFS)  

WLAN interframe spacing provides access priority for various classes of messages used in both 

DCF and PCF operations. For access fairness and congestion control, nodes must wait a 

particular interval after sensing an ideal channel before attempting access. As shown in Figure 

Figure 2.6: RTS/CTS Access Scheme 
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2.7 [10], the shorter the deference interval, the higher the priority the node has to gain control of 

the channel. IEEE 802.11 specifies four distinct time intervals between successive transmissions: 

 

 

2.5.2.1 SIFS: The Short InterFrame Spacing (SIFS) represents the highest priority and is 

typically used to separate successive messages in a single message exchange sequence. Once a 

node gains control of the medium, SIFS spacing between source and destination nodes allows 

them to maintain control until completion. SIFS are typically used before the acknowledgement 

(ACK), request to send (RTS), and clear to send (CTS) control messages. Additionally, SIFS are 

used before follow-on message fragments. IEEE 802.11 defines the SIFS interval spacing as the 

time between the last symbol of one frame to the first symbol in the preamble of the next frame 

or the time in which a node can receive and respond to a message:                                                                    (1) 

where:  

 RxRFDelay represents the delay for processing the signal through the radio receiever,  

 RxPLCPDelay represents the physical layer convergence protocol (PLCP) delay,  

 MACPrcDelay represents the MAC processing delay, and  

 RxTxTurnaround represents the time required to switch the radio from receive to 

transmit.  

 

Figure 2.7: Interframe Spacing 
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2.5.2.2 PIFS: The PCF interframe spacing (PIFS) represents the next to highest priority 

access deference time. PIFS are used for nodes participating in PCF during non-contention 

periods. Many research protocols also use PIFS to provide an intermediate priority between SIFS 

and DIFS.                                 (2)                                                                               (3) 

where CCATime represents the time for the radio to perform a clear channel assessment (CCA) 

 

2.5.2.3 DIFS: DCF interframe spacing (DIFS) is lower than the PIFS priority and 

represents the standard contention deference time. Upon the initial attempt to gain medium 

access, a node must sense the medium as idle for a complete DIFS period before attempting 

access. If the channel was not idle prior to the DIFS, all nodes must execute the contention 

backoff algorithm to prevent collisions and promote fair access.                                       (4) 

 

2.5.2.4 EIFS: Extended interframe spacing (EIFS) is the spacing used once a node has 

detected a frame error reported by the PHY layer when a frame fails the frame check sequence 

(FCS).  It is used only when there is an error in transmission. This time interval provides the 

receiving node the opportunity to respond with an ACK if it correctly received the frame.                                                                                     (5) 

 

2.5.3 Exponential Backoff  

Exponential contention backoff is a DCF mechanism which reduces the probability of frame 

collisions and stabilizes the network during heavy congestion periods. When a node senses a 

busy channel, it defers access until the channel is clear for a complete DIFS. Once clear, the node 

calculates a random number of slot times to wait before attempting to access the channel. If 

another node calculates a lower random number and seizes the channel before the waiting node’s 
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countdown is complete, the waiting node suspends the countdown counter until the channel has 

been clear for another DIFS. Once clear, the countdown resumes. At the end of the countdown, 

the node attempts to access the channel by transmitting its frame. The IEEE 802.11 MAC layer 

uses the parameters aCWmin and aCWmax to provide the random number boundaries in 

calculating the exponential backoff. The minimum contention window (aCWmin) is the smallest 

range of possible backoff slots used in the first backoff. For example, the first backoff interval is 

Random(0 to aCWmin ) * slotTime. If a node experiences a collision during transmission, it 

increases the size of the contention window by a power of 2, hence the name exponential 

backoff. 

2.6 Radio Propagation Model 

Radio propagation in mobile wireless is described by means of three effects: attenuation due to 

path loss, shadowing due to obstacles, and fading due to multiple paths. These three effects are 

described by path loss model, shadowing model and fading model respectively. This section will 

introduce the following propagation models viz: Free-space, Two Ray Ground and Shadowing 

models. 

2.6.1 Free Space and Two Ray Ground Propagation Model 

In this model the path loss          where   is the distance and   is the path loss exponent. 

The path loss exponent varies in different environments [11]. Table 2.3 sows the variations: 

 

Table 2.3: Path Loss Exponent for various Environments 

 

 

Free Space Propagation and Two-Ray Ground Reflection Propagation model are two common 

models describing path loss. Free space propagation is regarded as an ideal model, which 

Environment Path Exponent,   

Free Space 2 

Urban cellular radio 2.7 to 3.5 

Shadow urban cellular radio 3 to 5 

In building with LOS 1.6 to 1.8 

Obstructed in building 4 to 6 
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assumes that the transmitter and the receiver are both located in free space and there is only one 

clear line-of-sight (LOS) path between them. This model does not consider other sources of loss 

such as reflection, cable, etc. The receive power is not dependent on antenna heights. The signal 

is attenuated slowly ( =2). The following equation is used to estimate the receive power [12]. 

                    (6) 

 

Where       is the receive power with distance  .    is the transmit power,    and    are the 

gains of the transmitter and the receiver respectively, and   is the wave length. As the single 

LOS is rarely the only path between the transmitter and the receiver, the Two-Ray Ground 

Reflection Propagation Model considers both the direct LOS path and a ground reflection path. 

According to this model, the antenna heights are taken into account and the receive power is 

estimated using the following equation. 

 

                      (7) 

 

Where    and    are the antenna heights of the transmitter and the receiver respectively.  

Notice that the Two-Ray Ground Reflection Propagation Model shows a quicker path loss than 

the Free Space Propagation Model as the distance increases. It gives more accurate results when 

the distance is long, but does not give good predictions when the distance is short because of the 

oscillation caused by the constructive and destructive combination of the two rays. When   is 

small the Free Space Propagation Model is used instead.  

 

Therefore, there is a cross-over distance   . When     , the free Space Propagation model is 

used. Otherwise, the Two-Ray Ground Reflection Propagation Model is employed. Combining 

equations 6 and 7,    is computed as the following equation: 

            (8) 

According to the path loss model, given the  , the receive power is deterministic 
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2.6.2 Shadowing Model  

Either the free Space Propagation or the Two-Ray Ground Model estimates the receive power as 

a deterministic function of the distance. But in reality the receiver power at a given distance is 

random because of multipath propagation effects. To describe this randomness the Shadowing 

model is proposed [13]. 

 

According to the Shadowing Model, the receive power consists of two parts. The first one is 

known as path loss model, which predicts the mean received power at distance  , denoted by              is computed relative to        as follows 

                            (9) 

 

Where         is the relative receive power, which is estimated by using the Free Space Model 

or the Two-Ray Ground Model according to the referred distance    

                                  (10) 

 

The second part of the Shadowing Model reflects the variation of the received power at the given 

distance. It is a log-normal distribution superimposed with the path loss in the wireless network; 

that is of Gaussian distribution if measured in dB. The overall shadowing model is represented 

by 

                                  (11) 

 

Where     is a Gaussian random variable with zero mean and standard deviation    .     is 

called the shadowing deviation and the above equation is also known as a log-normal shadowing 

model. 
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Radio propagation in indoor environment is a complex phenomenon. There are three main 

factors that play a role in determining the received signal strength. They are path loss, shadowing 

and multipath fading. In our models, only path loss and shadowing are accounted for because the 

multipath fading is very complex and the impact is small in spatial scales. 

2.7  Ad Hoc Networks  

Ad hoc networks are envisioned to become key components in the next-generation wireless 

network functionalities. In general, ad hoc networks are dynamically, self-organized, self-

configured nodes that are connected through wireless links without using an existing network 

infrastructure or centralized control [7] using protocols such as IEEE 802.11 and IEEE 802.16 

(WiMAX protocol standard). Depending on the particular application scenarios, all, some or 

none of the nodes may be mobile. All nodes operate cooperatively both as hosts and routers to 

forward packets on behalf of other nodes that may not be within immediate transmission range of 

their transmission. A multihop ad hoc network is dynamically self-configured, self-organized 

and self-healing, with the nodes in the network automatically establishing and maintaining 

connectivity among themselves. Each node will able to communicate directly with other nodes 

that reside within its transmission range. For communicating with nodes that reside beyond this 

range, intermediate nodes are used to relay packets by a hop-by-hop basis. 

2.7.1 Characteristics and Advantages of Wireless Ad Hoc Networks 

  

Figure 2.3 illustrates a typical ad hoc network configuration. Ad hoc networks inherit common 

characteristics found in wireless networks in general, in addition to other characteristics specific 

to ad hoc networking. The general and specific characteristics are indicated in [5] and are listed 

as follows:  

 Wireless: the medium has neither absolute nor readily observable boundaries outside of 

which nodes are known to be unable to receive network frames.  

 Ad-hoc-based: a mobile ad hoc network is a temporary network formed dynamically in 

an arbitrary manner by a collection of nodes as needs arises.  
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 Autonomous and Infrastructureless: Ad hoc network does not depend on any established 

infrastructure or centralized administration. Each node operates in a distributed peer-to-

peer mode, acts as an independent router, and generates data independently.  

 Multihop routing: No dedicated routers are necessary; every node acts as a router and 

forwards each others’ packet to enable information sharing between mobile hosts.  

 Mobility: each node is free to move about while communicating with other nodes. The 

topology of such an ad hoc network is dynamic in nature due to constant movement of 

the participating nodes, causing the intercommunication patterns among nodes to change 

continuously.  

Ad hoc wireless networks bypasses the challenges of setting up network infrastructure and 

enable wireless devices to create and join networks seamlessly – anytime, anywhere- for 

virtually any application. 

2.8  Ad Hoc Network Applications  

Since ad hoc networks are flexible networks that can be set up anywhere at any time, without 

infrastructure, including preconfiguration or administration, people have come to realize the 

commercial potential and advantages that mobile ad hoc networking can bring. It is well-known 

that ad hoc networks have been used mainly for tactical network-related applications to improve 

battlefield communications and survivability. The dynamic nature of military operations 

guarantees that reliance on access to a fixed preplaced communication infrastructure on the 

battlefield is not possible. Pure wireless communications also has the limitations that radio 

signals are subject to interference and radio frequencies higher than 100 MHz rarely propagate 

beyond line of sight (LOS) [14]. A mobile ad hoc network creates a suitable framework to 

address these issues, provides a mobile wireless distributed multihop wireless network without 

preplaced infrastructure and provides connectivity beyond LOS. 
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Table 2.4: Ad Hoc Network Applications 
 

 

Applications Descriptions/Services 

Tactical networks Military communications, operations 

Automated battlefields 

Sensor networks [15] Collection of embedded sensor devices used to 

collect real-time data to automate everyday 

functions. Data highly correlated in time and 

place, e.g. remote sensors for weather, earth 

activities, sensors for manufacturing 

equipment. 

Can have between 1000-100000 nodes, each 

node collecting sample data and then 

forwarding the data to centralized host using 

low homogeneneous rates. 

Emergency services Search-and-rescue operations as well as 

disaster recovery: e.g., early retrieval and 

transmission of patient data (record, status, 

diagnosis) to/from hospital. 

Replacement of a fixed infrastructure in case of 

earthquakes, hurricanes, fire etc. 

Commercial environments Business: 

- Dynamic access to customer files 

stored in a central location on the fly 

- Provide consistent databases for all 

agents 

- Mobile office 

 

Vehicular Services: 

- Transmission of news, road conditions, 

weather, music 

- Local ad hoc network with vehicles for 

road/accident guidance 

Educational applications Set up virtual classrooms or conference rooms 

Set up ad hoc communication during 

conferences, meetings, or lectures 

Entertainment Multiuser games 

Robotic pets 

Outdoor Internet access 

Location-aware services Follow-on services, e.g., automatic call 

forwarding, transmission of actual workspace 

to the current location 
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Although early Ad hoc applications and deployment were military oriented, nonmilitary 

applications have grown considerably ever since and have become the main focus today. The 

introduction of new technologies such as Bluetooth and IEEE 802.11 family of standards has 

greatly expedited the deployment of ad hoc technology beyond the military scope. As a result, 

many new ad hoc networking applications have since been conceived to help enable new 

commercial and personal communications beyond the tactical networks domain, including 

personal area networking, home networking, law enforcement operations, search-and-rescue 

operations, commercial and educational applications, and sensor networks and so on. Table 2.4 

shows the classification of the present and future applications as well as the example services 

they provide. 

2.9 Technical Issues with Ad Hoc Networks  

The successful deployment of mobile ad hoc networks (MANETs) revolves around solving 

problems related to three areas: mobile wireless networking, multihop communications, and 

support for real time applications. Simply put, the challenge is on how to ensure the reliable 

transmission of various applications over the inherently unreliable wireless channel, possibly via 

several intermediate hops and varying topology. The wireless channel is noisy, bandwidth-

constrained, time-varying and interference-prone. As a signal from a radio propagates through 

the environment, it is dramatically attenuated and distorted by physical phenomenon such as path 

loss, shadowing, and fading. The degree and nature of that depends on many factors, such as the 

operating frequency, the characteristics of the terrain, and the mobility of the participating 

wireless nodes. Most MANETs operate in unlicensed spectrum and since the channel must be 

shared among many competing devices with no single entity controlling its use, a distributed 

mechanism is required. Additional constraints and complexities associated with ad hoc network 

deployment include:  

2.9.1  Physical layer limitation  

The radio interface at each node uses broadcasting for transmitting traffic and usually has limited 

wireless transmission range, resulting in specific mobile ad hoc network problems like hidden 
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and exposed terminal problems. Collisions are inherent to the medium, and there is a higher 

probability of packet losses due to transmission errors compared to wired networks.  

 

2.9.2  Variation in Link and Node Capabilities  

Each node may be equipped with one or more radio interfaces that have varying 

transmission/receiving capabilities and operate across different frequency bands. This diversity 

in node radio capacity can result in possibly disproportional links. In addition, each mobile node 

might have a dissimilar software/hardware configuration, resulting in variability in processing 

capabilities. Designing network protocols and algorithms for this heterogeneous network can be 

tedious, requiring dynamic adaptation to the changing power and channel conditions, traffic 

load/distribution variations, load balancing, congestion and service environment.  

2.9.3 Energy Constrained Operation  

Because batteries carried by each mobile node have limited power, processing power is limited, 

which in turn limits services and applications that can be supported by each node. This assumes a 

weightier issue in mobile ad hoc networks because each node is acting as both an end system and 

a router at the same time, additional energy is required to forward packets from other nodes. 

2.9.4 Hidden and Exposed Terminal Problems  

In a MAC layer with the traditional carrier sense multiple access (CSMA) protocol; multihop 

packet relaying introduces the hidden terminal and exposed terminal problems. The hidden 

terminal problem occurs when signals of two (or more) nodes, say A and C, that are out of each 

other’s transmission ranges (but their transmission ranges are not disjoint) collide at a common 

receiver, say B as shown in Figure 2.8. Collision has high effect on increasing energy 

consumption and declining capacity throughput. 
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Using the same nodal configuration, an exposed terminal problem will result from a scenario in 

which a permissible transmission from a mobile node (sender) to another node has to be delayed 

due to the irrelevant transmission activity between two other mobile nodes within the sender’s 

transmission range. Figure 2.9 depicts a typical scenario in which the exposed terminal problem 

may occur. Suppose node C attempts to transmit data (to some node other than A or B) while 

node B is transmitting to node A. In such a case, node C is exposed to the transmission range of 

node B and thus defers its transmission though it would not interfere with the reception at node 

A. The exposed terminal problem often results in considerable loss in throughput and reduces 

spatial reuse. 

 

 

 

Figure 2.9: Exposed Terminal Problem 

Figure 2.8: Hidden Terminal Problem 
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To resolve the various hidden terminal, exposed terminal and similar problems, virtual carrier 

sensing mechanism based on the RTS/CTS mechanism has been included in the 802.11 standard 

as described in section 2.5.1. 

To investigate the behavior of hidden terminals and the effect of the RTS/CTS scheme, a set of 

simulations were performed. In the simulations, the network was configured as shown in Figure 

2.10 in which two consecutive nodes have the same distance as the transmission range, and the 

carrier sensing range is larger or equal than the transmission range but does not make node 0 to 

be aware of node 2. To achieve this, a 250m X 100m topology was used and the transmission 

and carrier sensing ranges of the 802.11 nodes set to 100m. The three nodes are deployed on a 

chain topology spaced equidistantly in the x-y coordinates at 100m viz: (25, 50), (125, 50) and 

(150, 50) respectively. The constant bit rate (CBR) data sources over UDP layers were used, 

which were attached to the sender nodes: 0 and 2. We schedule the sources such that node 0 

starts at       , then followed by node 2 at       . The simulation last for 100s. Figures 

2.11 and 2.12 represent the throughput and received packets graphs with the basic mode 

(RTS/CTS turned off) and with the RTS/CTS virtual carrier sensing enabled. CBR traffic from 

node 2 to node 1 suffered severe degradation in performance without the RTS/CTS scheme. 

However, the overhead introduced with the scheme had a small effect in the maximum 

achievable throughput from node 0 to node 1, which was slightly lower in the case without 

RTS/CTS. 

 

Figure 2.10: Wireless Communication Distances 
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Network simulations were performed to further observe the RTS/CTS effects in a chain topology 

of transmitter-receiver pairs. A network consisting of three sender-receiver pairs was created, as 

shown in Figure 2.13. The transmission and carrier sensing ranges of the 802.11 nodes were set 

to 150m while the spacing between two successive nodes was 25m making all the nodes to be 

within the carrier sensing range of each other. The x-y coordinates of the nodes were (25, 50), 

(50, 20) … (150, 50). The CBR sources, over UDP layers, which are attached to the sender 

nodes: 0, 2 and 4. Each CBR source sends 1000-byte packet each 5ms and are scheduled to start 

at times       ,        and         respectively. The stop time of the simulation is 140s. 

Since all nodes are in the same transmission range, no ad hoc routing protocol is needed. 

 

 

 

Figure 2.11: Throughput plot for Basic Mode (No RTS/CTS) 
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Figure 2.12: Throughput plot for RTS/CTS Scheme 

 

The throughput plots are shown in Figures 2.14 and 2.15. The graphs show that the throughput 

and received packets decrease when more nodes start to access the wireless medium at times = 

60s and 100s, however there is more retardation of throughput performance when the RTS/CTS 

is activated. 

 

 

 

Figure 2.13: Chain Topology of Ad Hoc Network 
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Figure 2.14: Throughput plot for chain topology with Basic Access Scheme 
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Figure 2.15: Throughput plot for chain topology with RTS/CTS Scheme 
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CHAPTER 3 

3.  BACKGROUND ON THE SIMULATION ENVIRONMENT 
 

 

 

 

Wireless and networking research often involve real world tests and/or simulation study. 

However, simulation is the research tool of choice for a majority of the mobile ad hoc network 

(MANET) community. There are several variables in the PHYSICAL and MAC layers of the 

wireless protocols that need to be studied, tuned and optimized before real world deployment. 

While real world tests are vital for understanding the performance of mobile wireless network 

protocols, simulation provides an environment with specific advantages over real world studies 

and implementations. These benefits include repeatable scenarios, isolation of network variables 

or parameters and exploration of various metrics. With the aid of repeatable scenarios, a protocol 

developer is able to refine the protocol and retest it under same scenario. This is crucial to 

understanding how the changes impact the performance results. Simulation also provides for 

parameter isolation in which the effect of a single network parameter such as transmission range, 

mobility or traffic pattern is studied while others metrics are kept constant. Furthermore, 

simulation allows a wide variety of scenarios and network configurations to be studied. All of 

these benefits might not be feasible with real world experiments. For the simulation of wireless 

networks, it is vital for the environment to provide support for the physical channel, MAC layer, 

mobility, and communication traffic models, amongst others. We decided to use publicly 

available and popular network simulation software for our study. NS-2 [16] came out to be the 

most popular simulator used in the MANET community. It is an object-oriented, discrete event 

driven network simulator developed at University of California, Berkeley written in C++ and 

OTcl. 

3.1 Simulation Environment  

The simulations in this research will be carried using the discrete event network simulator, NS-2 

version 33, which includes the wireless extensions to model the IEEE 802.11 PHY layer, MAC 

layer, node mobility, radio network interfaces. The radio model uses characteristics similar to a 
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commercial radio interface, Lucent’s WaveLAN. WaveLAN is modeled as a shared25 media 

radio with a nominal bit rate of 2 Mb/s and a nominal radio range of 250 m, a typical value for 

WLAN in a free area without any obstacles. However, it is possible and sometimes desirable to 

change the default settings such as the transmission range, carrier sensing range and bandwidth. 

The Distributed Coordination Function (DCF) of IEEE 802.11 for wireless LANs is used as the 

MAC layer protocol. An unslotted carrier sense multiple access (CSMA) technique with 

collision avoidance (CSMA/CA) is used to transmit the data packets.  

 

The protocols maintain a send buffer of 64 packets. It contains all data packets waiting for a 

route, such as packets for which route discovery has started, but no reply has arrived yet. To 

prevent buffering of packets indefinitely, packets are dropped if they wait in the send buffer for 

more than 30s. All packets (both data and routing) sent by the routing layer are queued at the 

interface queue until the MAC layer can transmit them. The interface queue has a maximum size 

of 50 packets and is maintained as a priority queue with two priorities each served in FIFO order. 

Routing packets get higher priority than data packets. 

3.2 Mobile Node Model  

The wireless model in NS-2 essentially consists of the Mobile Node at the core, with additional 

supporting features as shown in Figure 3.1. In NS2, mobile nodes are implemented in the Mobile 

Node class, which is derived from the parent class node. Mobile Node has with added 

functionalities like movement and the ability to transmit and receive on a channel that allows it 

to be used to create mobile, wireless simulation environments. The network stack for a mobile 

node consists of a link layer (LL), an ARP (Address Resolution Protocol) module connected to 

LL, an Interface Priority Queue (IFQ), a MAC layer, a network interface (NETIF), all connected 

to a common wireless channel. A packet sent down the stack flows through the link layer (and 

ARP), the Interface queue, the MAC layer, and the physical layer. To complete this model, 

channel and propagation modeling are necessary to simulate the physical and wireless nature of 

radio communication. At the receiving node, the packet then makes its way up the stack through 

the MAC, and the LL. 
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Each mobile node makes use of a routing agent to calculate routes from source to destination. A 

service, such as CBR packet, is bound to a particular node and together with the routing agent; a 

path is determined to direct the data packet to its destination. On receiving the application 

packet, the routing agent decides a path that the packet must travel in order to reach its 

destination and stamps it with this information. This packet is then passed onto the link layer, 

which uses ARP to determine the hardware, physical or MAC addresses of neighboring nodes 

and map IP addresses to their correct interfaces. After obtaining this address, the packet is then 

queued at the IFQ until a positive signal is received from the MAC layer for transmission to the 

channel. The MAC layer fetches the packet from the queue and delivers it to the network 

interface which in turn sends the packet onto the radio channel. This packet is duplicated and 

sent to all network interfaces at the time at which the first bit of the packet would begin arriving 

at the interface in a physical system. 

 

Figure 3.1: NS-2 Mobile Node Model 
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Each network interface stamps the packet with the receiving interfaces properties and then 

invokes the propagation model. The propagation model uses some thresholds to determine the 

power with which the interface will receive the packet. The receiving network interfaces then use 

their properties to determine if they actually successfully received the packet, and sends it to the 

MAC layer if appropriate. If the MAC layer receives the packet error- and collision- free, it 

passes the packet to the mobiles entry point. From there it reaches a demultiplexer, which 

decides if the packet should be forwarded to another node, or if it has reached its destination. If 

the destination node is reached, the packet is sent to a port demultiplexer, which decides to what 

application the packet should be delivered. But if the packet needs to be forwarded again, the 

routing agent will be called and the procedure will be repeated. Each component is briefly 

described here. 

• Link Layer: The link layer performs queuing and link-level retransmission, amongst 

other functions. The link layer for mobile node has an ARP module connected to it which 

handles all IP to hardware (MAC) address conversions. Usually, for all outgoing (into the 

channel) packets, the packets are handed down to the LL by the Routing Agent. The LL hands 

down packets to the interface queue. For all incoming packets (out of the channel), the MAC 

layer hands uppackets to the LL which is then handed off at the entry point. 

• Address Resolution Protocol: The ARP module receives queries from LL for 

translating IP addresses to MAC addresses. If ARP has the hardware address for destination, it 

writes it into the MAC header of the packet. Otherwise it broadcasts an ARP query, and caches 

the packet temporarily. For each unknown destination hardware address, there is a buffer for a 

single packet. Incase additional packets to the same destination is sent to ARP, the earlier 

buffered packet is dropped. Once the hardware address of a packet's next hop is known, the 

packet is inserted into the interface queue. This takes place before the packets are sent down to 

the MAC layer.  

• Interface Queue:  The IFQ is implemented as a priority queue, which gives priority to 

routing protocol packets, inserting them at the head of the queue. It supports running a filter over 

all packets in the queue and removes those with a specified destination address.  

• MAC 802.11: The MAC layer handles carrier sensing, collision detection, 

fragmentation and acknowledgements. 802.11 is a CSMA/CA (Carrier Sense Multiple Access 

with Collision Avoidance) protocol. It avoids collisions by checking the channel before using it. 
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If the channel is free, it can start sending, if not, it must wait a random amount of time before 

checking again. The IEEE 802.11 distributed coordination function (DCF) MAC protocol has 

been implemented by CMU. It uses a RTS/CTS/DATA/ACK pattern for all unicast packets and 

simply sends out DATA for all broadcast packets. The implementation uses both physical and 

virtual carrier sensing.  

• Network Interface:  The network interface is a model of the hardware that actually 

transmits the packet onto the channel with a certain power and modulation scheme. This 

interface, subject to collisions and the radio propagation model, receives packets transmitted by 

other nodes’ interfaces to the channel. The interface stamps each transmitted packet with the 

information related to the transmitting interface like the transmission power. This information in 

packet header is used by the propagation model in receiving network interface to determine if the 

packet has minimum power to be received and/or captured and/or detected (carrier sense) by the 

receiving node. The Network interface in NS approximates the DSSS (direct-sequence spread-

spectrum) radio interface.  

• Radio Propagation Model:  These models are used to predict the received signal 

power of each packet. At the physical layer of each wireless node, there is a receiving threshold. 

When a packet is received, if its signal power is below the receiving threshold, it is marked as 

error and dropped by the MAC layer. NS-2 implements several propagation models, Free Space, 

Two Ray Ground, and Shadowing models to predict the signal power received by the receiver. 

The signal strength is used to determine whether the frame is transmitted successfully. Free 

Space model is used to simulate path loss of wireless communication when line-of-sight path 

exists between transmitter and receiver. Two Ray Ground model is used when line-of-sight path 

exists and reflection of ground is considered. Shadowing model simulates shadow effect of 

obstructions between the transmitter and receiver. It mainly is used to simulate wireless channel 

in in-door environment. 

• Antenna:  An Omni-directional antenna having unity gain is used by mobile nodes to 

radiate signals.  
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3.3 Simulation Overview  

NS-2 simulation studies all start with a given scenario that describes the size of the simulation 

area, number of nodes, node positions, node mobility (speed and pause time), traffic patterns 

(packet source and destinations), transmission range, and duration. These parameters are built 

into the oTcl (object-oriented Tool command language) code. A typical simulation carried out 

with the simulator involves the steps in Figure 17. Basically it consists of generating the input 

files to NS-2 such as the mobility model that defines the movement pattern of the nodes and 

communication model that describes the traffic type and pattern used in the network. It is 

necessary to verify the output of the mobility model using the iNSpect toolkit and make 

necessary modifications to suit the scenario. After running the simulation, traces are output. The 

trace files can then be visualized, parsed and analyzed for various parameters of interest. The 

resulting values are then used for graphing with tools such as TraceGraph [17]. 

3.4 Trace File Analysis  

Network simulators allow researchers to analyze the behavior of wireless protocols at every 

level. As a result, these simulations are capable of producing very large amounts of data. Trace 

files recording the traffic and node movements are generated after each simulation. These files 

need to be parsed, visualized and analyzed in order to extract the information needed to evaluate 

the performance of the protocols under study. The new wireless trace format has an output of the 

form shown in Figure 3.3: 



49 

 

 

Figure 3.3: Typical Simulation Process in NS-2 

Figure 3.2: One-line output of NS-2 trace file from wireless simulation 



50 

 

In this example, a packet was sent (s) at time (t) 0.267662078 sec, from source node (Hs) 0 to 

destination node (Hd) 1. The source node id (Ni) is 0, its x-co-ordinate (Nx) is 5.00, its y-co-

ordinate (Ny) is 2.00, its z-co-ordinate (Nz) is 0.00, its energy level (Ne) is 1.000000, the trace 

level (Nl) is RTR and the node event (Nw) is blank. The MAC level information is given by 

duration (Ma) 0, destination Ethernet address (Md) 0, the source Ethernet address (Ms) is 0 and 

Ethernet type (Mt) is 0. The IP packet level information like packet id (Ii), source address, source 

port number is given by (Is) while the destination address, destination port number is (Id). 

 

The trace events can be logged at the application level, routing layer, MAC layer as well as the 

node’s movements at specific intervals. It should be noted, however, that logging of traces are 

CPU-intensive jobs and consume quite a significant amount of memory. A typical trace file with 

all events logging turned on can generate up to 400 MB of data for each 600s simulation run. 

This value will vary from one routing protocol to another. As mentioned earlier, the parsing of 

the files would typically be done using codes written in Java, Awk, Perl or C languages. Some 

publicly available tools like Tracegraph [17]  could also be used for parsing small trace file sizes. 

NAM trace could also be enabled to obtain limited visual appreciation of the nodes’ location and 

movement when playing back the NAM trace file. However, playback in the animation screen is 

limited to node movements and emitting a circular pattern to represent the node’s transmission 

signal. The concepts of links and queues are not supported in the NAM wireless animations, 

because links and queues represent a permanent relationship between two nodes in NAM which 

do not exist in mobile wireless networks. In other words, NAM does not show the wireless links. 

In this dissertation, we made use of both NAM and iNSpect [18][ to allow direct visualization 

and/or analysis of NS-2 wireless simulations. 
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CHAPTER 4 

4. INVESTIGATING THE ACHIEVABLE THROUGHPUT OF 

SIMPLE TOPOLOGIES 
 

 

4.1 IEEE 802.11 Communication Models  
  

 

 

Numerous performance modeling analyses of the MAC protocols focusing on the single hop 

wireless networks originated from the analytical principles proposed for the ALOHA protocol 

[19] and the CSMA protocol [20].  One of the approaches to model the IEEE 802.11 was 

proposed in [21]. This model lacked the exponential backoff principle and does not capture 

accurately the true number of hidden nodes in a network. 

 

In [22], the author pioneered the efforts to model the IEEE 802.11 DCF in WLAN environment. 

Using the Markov Model, the author studied the behavior of a single node and subsequently 

obtained the stationary probability the node transmits a packet in a randomly chosen slot time. 

Additionally, he showed that RTS/CTS scheme operation can lead to a significant performance 

enhancement, in comparison with the basic scheme. In [23], analytical models were derived to 

represent the system capacity under the p-persistent version of IEEE 802.11. in the mode, the 

authors, defined the capacity as the maximum fraction of channel bandwidth used for successful 

packet transmission. 

 

In [24], the authors showed that the RTS/CTS handshake for data rate of 2 Mbps is not effective 

when the transmitter-receiver distance is larger than 0.56 times the transmission range. 

Examination of the saturation throughput of collision avoidance protocols in multihop ad hoc 

networks was analyzed in [25]. The effect of the hidden terminals were investigated only when 

transmitting an RTS or CTS packets, however the hidden terminals that may interfere with the 

DATA/ACK packets were not included. Also there were no discussions on the interaction 

between physical carrier sensing and the exponential backoff mechanism. In [18], the authors 

determined the system throughput by accounting for the effect of hidden terminals on the 
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reception of all control and data packets by studying the physical carrier sensing attribute and 

capturing the exponential backoff scheme. 

4.2 Communication Ranges in IEEE 802.11 

In CSMA/CA based wireless networks such as IEEE 802.11 networks, a transmitter relies on 

carrier sensing to determine if the air medium is available so as to avoid interference. Physical 

carrier sensing (PCS) requires a node to sample the energy level in the air before starting a 

packet transmission. A transmission is only started if the energy level is below a threshold called 

the PCS threshold. This section discusses the properties of the radio communication that 

determine the effectiveness of the carrier sensing and points out several shortcomings of the 

carrier sensing techniques commonly used in MAC protocols such as 802.11. Path loss models 

are commonly used to describe the radio propagation property in wireless networks [26] [27]. A 

typical path loss model expresses the average power received at the receiver as a function of the 

T-R (transmitter-receiver) separation distance. 

 

                 

 

(12) 

Where   is the path loss exponent that characterizes how quickly a signal fades in a particular 

network environment.     denotes the transmit power of the transmitter which is at distance d 

away from the receiver. Finally,   represents gains of the transmit and receive antennas. 

 

The aggregate energy detected by a receiver consists of signal (from intended transmitter), 

interference from unwanted transmitters and background noise. A node can receive a packet with 

high probability of success only if the receiving strength of the intended signal is greater than a 

threshold (denoted by   ), and the Signal-Noise-Interference-Ratio (SNIR) is above a threshold 

(denoted by  0). 

                                 
 

(13) 
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Where    is the strength of the ambient noise, and         denotes the signal strength from 

interference sources i at the distance   . In a multiple data rate network such as the 802.11 

narrowband network, a higher data rate normally requires a higher  0. 

Assume a sender TX transmits to its receiver RX and another node B (hidden node) unaware of  

 

 

the transmission of TX, may begin transmission to its intended receiver as shown in Figure 4.1. 

Whether the signal from TX can be correctly decoded depends on the capture effect, which 

means the stronger signal will capture the receiver modem, while the weaker signal will be 

rejected as noise. The receiver RX can correctly decode the signal if the SINR exceeds a certain 

Figure 4.1: Illustration of Communication Distances in a Wireless Ad Hoc Network [30] 
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predetermined threshold denoted by    .  The value of    is determined according to the data rate 

at which a packet is received at the receiver. 

 

From Equation (13), a successful reception depends on the receiver power as well as the runtime 

SNIR. Hence there does not exist a static transmission range irrespective to the network 

environment and runtime traffic pattern. Nonetheless, when there is no interference, the 

reception sensitivity (i.e.   , usually    is set high enough to satisfy         ) will determine 

the maximum distance for the reception. Let transmission range denote that distance. For each 

network, we can assume such transmission range exists. 

 

Figure 4.1 shows a segment in a typical mesh network with a reference transmission from a node 

TX to a node RX and four other neighboring nodes (A,B,C and E). The same transmission power 

is used by every node in the network. The following notations are defined: 

 Transmission range, Rt, represents the range in which a frame can be successfully 

received if there is no interference from other nodes. The value is determined by 

transmission power, receiver sensitivity and radio propagation properties. In Figure 4.1, 

node B is considered to be in the transmission range of node TX if packets from node TX 

are received at node RX with power higher than the minimum reception power of node 

RX, given as   . 

 

               
 

(14) 

  

 Carrier sense range,  , represents the range in which a transmission can trigger carrier 

sense detection at radio interface of the node. This value is determined by the receiver’s 

sensitivity and also the transmission power and radio propagation properties.  Unlike the 

transmission range, the carrier sense range is independent of the transmission rates. A 

node E in Figure 4.1, is considered to be in the carrier sense range of node TX if packets 

coming from node TX are received at node E with power higher than minimum detection 

power of node E. 
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 (15) 

      is the carrier sense threshold 

 Interference range,  , represents the range in which the node in receive mode will be 

interfered by other transmitter and thus lead to a packet loss. Unlike the transmission 

range and the carrier sense range, the interference range is central to the receiver RX. 

This range is dependent on the received powers of noise and signal. 

           
(16) 

 

4.3 Throughput Analysis in Chain Network 

Figure 4.2, using a simple chain topology, the nominal capacity of a network can be analyzed 

and extrapolated to more complex network and arbitrary scenarios. 

 

 

 

Figure 4.2:  A 12 – node Chain network topology 

 

 

 

 

11 12
l

Let k = number of nodes within a carrier-sensing range, X

And l = the uniform distance between nodes

X = CSR, 550m
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4.3.1 Assumptions: 

- For the simple chain topology, one source (generating) node and one sink node (gateway) 

is assumed. For multiple sink nodes such as in a grid network, the topology can be broken 

into multiple simpler chains associated with one gateway node. 

- Each node always has data packet to send, i.e. every node in the network has infinite 

amount of data to be send or forwarded within the network. This assumption also holds 

for networks with occasional idle nodes or nodes that send data for a certain percentage 

of the time 

- It is assumed that there is a mechanism in place to enforce fairness for all nodes sending 

data the same destination node. In other words, the throughput of nodes in the network is 

the same for any node for any offered load. Using the fairness condition, all nodes in the 

network will receive an equal share of bandwidth available in the network. 

- The RTS/CTS scheme is employed at the MAC layer to minimize the collision of packets 

among contending nodes. The wireless links among nodes are also symmetric. If the links 

are asymmetric, the analysis here will still work but the link constraints have to be 

carefully defined for each traffic direction. 

- Traffic is unidirectional from source node to the gateway node. For bi directional links, 

additional constraints will be needed. 

Nodes in the network are stationary. This is because with mobility comes added complexities as 

a result of topology changes. 

4.3.2 Chain Topology: 

In the chain of 12 nodes with node 1 generating the traffic at an offered load G, and node 12 is 

the gateway node (destination), nodes in between only forward packets received from its 

immediate neighbors.  

 

Firstly, the traffic forwarded by each link is computed. Intuitively, nodes closer to the destination 

node 12 have to forward more packets than nodes further away. The last link 11-12 has to be 

able to forward traffic equal to G. 
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The next step is constructing the collision domain of every link in the network. For a specific 

MAC layer model, link constraints can be calculated for every of the eleven (11) links of the 

chain. In Figure 4.2, for example link 9-10 transmission is constrained by transmissions of four 

other links namely: 7-8, 8-9, 10-11, and 11-12 because there are all within the carrier sensing 

range of node 9. Similar constraints can be determined for every link in the network. Each link in 

the chain is constrained to transmit only when the other links in its vicinity are inactive. 

Since every collision domain has to be able to forward the sum of the traffic of its links. For the 

collision domain of 9-10 link, the total traffic to be forwarded is: 

 

              

 

(17) 

 

The collision domain corresponding to each link cannot forward more than the maximum 

capacity T, allowable by the MAC layer; therefore there exists a collision domain that controls 

the capacity of the entire network. Not all collision domains transfer the same amount of traffic 

along the network links. Links with the most collision domains in the network (that have to 

transfer the most traffic) are known as the bottleneck collision domain. Link 9-10 in the chain 

network under consideration is a bottleneck collision domain. 

 

In more complex networks like a grid network, there may be more than one bottleneck collision 

domain that has to transfer the most traffic in the network. For a chain of length   , it can be 

seen that the link 9-10 corresponds to the bottleneck collision domain as shown in Figure 

4.2.Therefore for n = 12 the throughput available to each node      is bounded by: 

 

         

 

(18) 

 

Where   is the MAC layer throughput. All traffic across collision domains in the network can be 

expressed in similar inequalities. By the definition of the bottleneck collision domain, the 

maximum throughput      obtained by solving the inequality for the bottleneck collision 

domain will satisfy all the other inequalities. 
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4.3.3 Chain Network with multiple transmitting nodes 

Unlike in the first chain with one transmitting node, here all nodes between the end nodes 

generate traffic in addition to forwarding packets from neighboring nodes. So if G is the offered 

load at each node in the chain, then nodes closer to the destination will forward more traffic than 

other nodes. For example node 11 will (11-1) = 10 times the number of traffic it generates. So 

counting down to node one gives each node (n-1) times traffic over the preceding node. 

For our reference link 9-10, the collision domain has to forward the following amount of traffic: 

 

                      

 

(19) 

 

So for the chain of 12 nodes as shown in Figure 4.2, if all the the nodes are transmitting as well 

as forwarding data with the exception of the end node, the throughput available to each node      is bound by 

 

          
(20) 

 

4.4 Throughput Analysis in Grid Network 

4.4.1 Grid Network 

The analysis from the simple chain networks can be extended to analysis the throughput analysis 

of more complex networks like the grid network where nodes are equidistant from one another in 

form of a square. 

 

Using a 10 X 10 nodes spaced evenly at 200 meters apart in a square grid. The traffic pattern in 

the network is horizontal traffic flows moving from the left edge to the right edge. The collision 

domain corresponding to the first chain in the grid is similar to that of the simple chain and 

therefore given as  
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(21) 

 

To account for interflow interference, only every third chain is active because these active chains 

are separated vertically by a distance equal to the interference range (550 meters). This implies 

that every third chain is able to transmit without interfering with one another generating the                  capacity derived for the single chain. 

 

Thus for a 10X10 grid network, each flow may be expected to achieve a throughput,          , 

given as : 

 

                            

 

(22) 

 

The expected maximum throughput is about 
    of the total capacity of the network. 

For a 1500-byte packet, the fraction of time used to transmitting the data packet is: 

 

                            

 

(23) 

 

Therefore a 10X10 grid network with 1500-byte packets and 11 Mbps data rate has the 

maximum capacity per flow of as collaborated in Figure 4.6. 

                                    

 

(24) 

4.5 Simulation Results 

To validate the results of the analyses, all the different topologies discussed earlier were 

simulated using NS-2 simulator. The two major traffic types were used to model traffic flow:  

- Constant bit rate (CBR) User Datagram Protocol 

The different scenarios considered are as follows: 
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- 10-node chain topology (UDP Traffic) using the following packet sizes: 512Bytes, 1000 

Bytes and 1500 Bytes 

- Different Square Grid Networks containing 9 nodes to 100 nodes (UDP traffic) 

4.5.1 Simulation Results from 10-node chain: 

A 10-node chain was set up according to the parameters in Table 4.1, the per-hop throughput was 

measured and plotted as shown in Figure 4.3.  The result from Figure 4.4 when compared against 

the result of a 2-node chain (Figure 4.5) shows a progressive depreciation in throughput until a 

steady state is achieved.  

 

 

 

Figure 4.3: Chain network with node 1 as source and node 10 as the destination node 

 

 

Table 4.1: Simulation parameters for 2-node network 

 

Number of nodes 2, 10 

Data rate 11 Mbps 

Transmit rang, Carrier Sense range 250m, 550m 

Routing protocol AODV 

Packet size 1500 bytes 

Capture threshold 10dB 

Distance between nodes 200m 

 

Figure 4.4 shows the per-hop throughput of a 10-node flow acquired from simulations in the NS-

2 simulator. The per-hop throughput is plotted by averaging over 0.1-second intervals. 

In Figure 4.4, node 1 can sense transmissions from nodes 2 and 3. This means that node 1 must 

contend for the wireless channel and share the network capacity with these two nodes. 
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Consequently, the first-hop throughput is approximately 1/3 (2.9Mbps) of the total network 

capacity of a 2-node network as shown in Figure 4.5 (7.4Mbps).  

 

As for node 2, it has the potential to interfere with or be interfered by 3 other nodes namely 

nodes 1, 3 and 4 since they are all within node’s 2 carrier sense range. As a result the second hop 

throughput is approximately ¼ of the total channel capacity. After the second hop, subsequent 

per-hop throughput (from the 3
rd

 to the last hop) stabilizes at approximately 1/5 of the total 

channel capacity. The fist and the second nodes pump more packets to the following nodes than 

they can forward. This results in excessive packet loss at the second and the third node. 

So the maximum utilization Tmax in a chain of nodes given the above simulation parameters and  

 

             
 

(25) 

                                                           

Then the maximum utilization of the chain      

 

           
(26)                                                                    

From the above simulation, since K = 4, 

               
 

(27) 
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Figure 4.4: Per hop throughput of a 10-node flow 
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Figure 4.5: Throughput of a 2-node flow 

 

 

Figure 4.6: Average per flow throughput in regular grid network 
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4.6 Analysis and Implementation of Carrier Sensing Threshold Adjustment 

using Nodal Density 

The optimal value of a common CS threshold for all nodes in an ad hoc network is certainly 

affected by the network density. This phenomenon is depicted by the simulation result depicted 

in Figure 4.7. The relationship between the CS threshold and nodal density can be explained as 

follows: the denser the network, the shorter its hops, because all of a node’s neighbor will be 

closer on average. For further analysis we focus on a specific node a with transmission range of 

radius p while that of the entire network is R meters from a. All nodes whose distance is between 

p and R cannot directly communicate with N and their transmissions only generate interference 

to it. 

The power received at a distance r given a certain transmit power    is given by 

            (28) 

 

Where α is the path loss exponent. Since the interferer position is uniformly distributed in the 

circular annulus of radii p and R and that the ration       is fixed, the average values of      
can be computed as the integral from 0 to infinity of the cumulative distribution function of      
itself which is 

 

                                 
                                      

 

 

(29) 

Since      , then             with a probability of 1. Then again,      cannot exceed 
     . 

Therefore the average power received value of      can be calculated thus: 

 

                                
     (30) 
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If α=2, for free space propagation, 

 

                              (31) 

 

For α>2 

 

                                           (32) 

 

For given α and R. 

From equations (31) and (32) above,            decays as     . Therefore the average interference 

for a particular transmitting node is proportional to       (generalized nodal density) where N is 

the number of nodes in the network. As the nodal density increases, the CS threshold must be 

increased because the value of the interference in the network intensifies. This concept of CS 

threshold linearity with nodal density is verified by means of NS-2 simulations. The MAC 

protocol used is IEEE 802.11b at data rate of 11 Mbps using the CSMA mode without the 

RTS/CTS scheme. Networks with 30, 40, 100, 150 and 200 nodes are located in square areas, 

whose size ranges between 30 and 1400 meters, thus the nodal density varies between 0.75 and 

450 nodes/hectare. The path loss exponent used was 4.  Results from Figure 4.7 show that the 

optimal CS threshold for each network topology linearly increases with respect to the network 

density. The trends for these results hold true for different packet sizes and data rates.   
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Figure 4.7: Optimal CS density with respect to the node density 

 

4.7 Simulation of CS Threshold Adjustment 

The exploitation of the behavior of linear relationship of CS threshold with nodal density in ad 

hoc networks is explained. A distributed algorithm is designed where in each transmitting node 

estimates the local nodal density according to the algorithm in [28], [29], and sets its own CS 

threshold by choosing from a set of matching value from Figure 4.7. That means, given a certain 

estimated node density,   , the CS threshold,      (W) is equal to    , where   is the scaling 

constant that depends on the data rate. From our simulations, for a data rate of 11 Mbps and Two 

Ray Ground propagation model,   was computed to be 84pW (nodes/hectare). The process 

described above essentially performs a local optimization of the CS threshold. The optimal CS 

threshold varies for different data rates supported by the IEEE 802.11. Also the selected CS 

thresholds are not necessarily equal and vary from node to node according to the nodal density of 

the transmitting node. The number of ACK packets collected by transmitting nodes at the end of 

a suitable period is used in the algorithm to update the CS threshold. For instance if a certain 

number of ACK packets received are in error, the CS threshold is increased to compensate for 

the packet collisions being experienced 
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Table 4.2: Simulation Parameters for Section 4.7 

 

Parameter Value 

Frequency 2.4 GHz 

Transmit Power 108 mW 

11.0 Mbps Sensitivity -67 dBm 

Routing Protocol AODV 

Packet Size 1500 Bytes 

Node Speed 0 m/s (Static) 

Propagation Model Two Ray Ground 

Data Rate 11.0 Mbps 

Capture Threshold 10 dB 

Distance between nodes in chain and grid = 200m 

 

 

The distributed CS threshold based on nodal density is compared against the conventional IEEE 

802.11 network where the CS threshold was set to 5 dB above the noise floor for different 

topology of the ad hoc networks. The test network comprises 30 or 50 nodes uniformly 

distributed in a square area of 30, 40 or 80 meters. The throughput is computed and averaged 

over 10 simulations. The complete simulation parameters used is shown in Table 4.2. From the 

results from Figure 4.8, the throughput results show from the distributed algorithm shows a 30% 

improvement over the conventional IEEE 802.11 protocol. This is due to the flexibility of the 

approach in responding to the nodal density and balancing the tradeoff between interference and 

spatial reuse. The difference between the distributed algorithm for setting the CS threshold and 

the conventional IEEE protocol is that CS thresholds are allowed to have different values at 

different nodes that respond to the local interference and congestion levels as opposed to having 

the same CS threshold for all nodes all the time. 
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Figure 4.8: Adaptive CS Threshold method vs. Legacy IEEE 802.11 protocol 

 

4.8 Bounds of Carrier Sense Threshold values in Regular Network 

Topologies 

In wireless ad hoc network setup, whether a propagated signal from a transmitter is valid at the 

receiver or not mainly depends on the received power of the signal      at the receiver. Path loss 

models are commonly used to determine the average received power of the signal, i.e.      of the 

a signal from a sender d meters away can be modeled as 

 

                 (33) 

 

Where   is the path exponent which varies from 2 (free-space model) to 4 (two-ray ground 

model).      is the reference signal power measured at    which is usually 1 meter. 

 

The physical carrier sensing (PCS) utilizes a Carrier Sensing Multiple Access (CSMA) scheme. 

In simulation studies of ad hoc networks, a circular transmission range centered at the transmitter 
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is defined for the transceiver radio model. The PCS is successful if the following conditions in 

Equations (34, 35) are fulfilled: 

 

-    at the receiver is above a predefined power threshold      

         (34) 

  

- Signal –to-interference-Noise-Ratio (SINR) of the received signal is greater than 

or equal to a predefined SINR threshold       

              (35) 

 

From (33), the maximum separation distance between the transmitter and the receiver     is 

given as  

 

                    
 (36) 

 

Where    is power of the interference signal and    is the ambient noise. Since    is negligible 

compared to    in an open space environment. Under the assumption of homogeneous radios, i.e. 

every node uses the same type of antennas, transmit power, then 

 

          
          
                        

            

 

 

(37) 
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Where   denotes the distance between the receiver and the interfering node. By implication, for 

successful packet reception, interfering nodes must be at least           meters away from the 

receiver. 

 

Thus the interference range    of a receiver within which any new transmission may interfere 

with current one is: 

              (38) 

 

4.8.1. Enhanced PCS with Tunable Carrier Sense Range 

The effectiveness of tuning     as a consequence of different transmitter-receiver distance d to 

get the maximum aggregate network throughput can be analyzed as follows: 

 

                    
 

 

(39) 

     represents the carrier sense range within which no other node can initiate transmission 

interfering with the current one. For this reason     specifies the minimum distance between two 

simultaneous transmitters and determines how much interference a communication can afford by 

suppressing simultaneous transmissions that will lead to packet collisions, while allowing other 

simultaneous transmissions that do not conflict with receive SINR requirements and thus 

maximize spatial reuse.      can easily be tuned by adaptively choosing the        of the 

wireless ad hoc networks. 

4.8.2. Estimating Optimal Carrier Sense Range for Interference Mitigation 

The main source of interference in ad hoc networks is the presence of hidden terminals. As 

shown in Figure 18. To minimize this problem,     should cover the entire    to avoid all 

interferences. Transmissions from all potential interfering nodes in    can be eliminated by 

enlarging     to   to cover the whole interference area, such that 
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(40) 

Any node within   of the transmitter will be able to detect the ongoing transmission between the 

transmitter and receiver and will not initiate any new transmission. 

From (..) the optimal carrier sense range for mitigating interference   is given as 

                             (41) 

 

From the above equation, it can be seen that   is dependent on d. However the presence of 

exposed terminal nodes reduces the spatial reuse of the wireless ad hoc networks. 

4.8.3. Estimating Optimal Carrier Sense Range for Improving Spatial Reuse 

Spatial reuse in wireless systems allows multiple communications to proceed simultaneously 

resulting in improved aggregate network throughput. Reducing the effect of exposed terminals 

improves the spatial reuse of the wireless ad hoc network. Having exposed terminals can 

potentially be reduced by effectively choosing    . To analyze optimal carrier sense range for 

increasing spatial reuse, the term alpha is defined as a ratio of the exposed terminal area to the 

whole carrier sense area, i.e. 

 

                            (42) 

 

Maximum spatial reuse can be attained when   approaches zero, which means     almost 

overlaps with    and the portion of exposed terminal area is negliglible. From (42), it can be 

deduced that to totally eliminate exposed terminal area, i.e. we have 

        (43) 

 

Combining (38) and (43), optimal carrier sense range for maximizing spatial reuse   can be 

defined as 
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            (44) 

  

4.8.4. Estimating Optimal Carrier Sense Range for Maximizing Aggregate Network 

Throughput 

While   gives the optimal value for mitigating interferences, it cannot show the highest 

aggregate network throughput because of the exposed terminal problem. Conversely,  , is 

destined for the highest spatial reuse, with which the whole interference area will not be covered 

and some concurrent transmissions from the hidden nodes are permitted. To obtain the highest 

aggregate network throughput in an ad hoc network, which depends on the number of successful 

packet transmissions and number of concurrent transmissions, a tradeoff between these extremes 

is needed. 

 

Therefore, the optimal carrier sense range (   ) balances the two factors of spatial reuse and 

number of successful transmission and therefore lies between the upper bound values of  

equations (41, 44). i.e. 

                                (45) 
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CHAPTER 5 

5. SPATIOTEMPORAL CONFLICT RESOLUTION 

ALGORITHM 

 

 

 

  

As stated earlier, spatial reuse in an ad hoc network can allow multiple concurrent transmissions 

separated by a safe distance to proceed, thereby proportionally improving the overall network 

throughput. To improve spatial reuse in a multihop network, the IEEE 802.11 MAC protocol 

must enable simultaneous transmitters to maintain the minimal separation distance that is 

sufficient to avoid interference and data rate. In [30], the author demonstrates that physical 

carrier sensing enhanced with a tunable sensing threshold is effective at avoiding minimizing the 

throughput in 802.11 ad hoc networks without requiring the use of virtual carrier sensing (VCS). 

However this research effort shows that tuning the carrier sense threshold and contention 

window adaptively substantially improves the network performance. The MAC-based dynamic 

algorithm which employs limited information obtained by means of CSMA mechanism to 

estimate the network conditions and jointly tune the carrier sense threshold and contention 

window. 

 

By appropriately tuning the carrier sense threshold, a node may detect strong interference and 

therefore avoid unnecessary transmissions that will result in packet collisions, thereby 

minimizing hidden nodes. Additionally, selecting the right carrier sense threshold reduces the 

exposed terminal problem and improves the channel spatial reuse. To resolve collisions as result 

of simultaneous collisions, adapting the contention window will be required. Therefore it is 

critical for the proposed algorithm to be able to distinguish the causes of frame loss when 

deciding which of these parameters to tune in order to improve the network performance. 

5.1 Introduction:  

In the last few years, wireless LANs in various network environments has grown abundantly. 

The demand for higher data rates and improved coverage has led to at least two potential 
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solutions to large-scale WLANs – multicell networks where each cell is serviced by its own 

access point (AP) and networks where nodes work in ad hoc mode and use multihop routing to 

relay each other’s traffic. In both cases, the overall network throughput is proportional to the 

available simultaneous communications that can be supported in the network. Co-channel spatial 

reuse allows simultaneous communications to reuse the same channel in spatially separated 

locations without interfering with each other.  

 

A multi-cell WLAN is comparable to a conventional cellular network whereby spatial reuse is 

achieved through careful site planning and engineered channel assignment for each cell. Since in 

ad hoc networks, access point or base station infrastructure does not exists, engineered channel 

assignment is not feasible. Furthermore, because of the arbitrary nature of the ad hoc network 

topology, detecting and avoiding interference is more challenging.  

 

In [31], spatial reuse was demonstrated to depend on various characteristics of the network, 

including the type of radio, network topology, channel rates, contention window size and traffic 

patterns and signal propagation environment. For each network configuration, there exists a 

minimum separation distance such that when simultaneous transmitters are separated by that 

distance, the maximum number of concurrent transmissions can be accommodated, leading to 

maximum network throughput. However, achieving maximum spatial reuse would need an ideal 

MAC protocol that schedules communication to maintain the optimal transmitter separation 

distance in a fully distributed manner while minimizing interference from other nodes. Nodes 

using the IEEE 802.11 MAC protocol [24] use carrier sensing to determine if the shared medium 

is idle before attempting to transmit and prevent packet collisions. As already discussed in 2.5.1, 

802.11 MAC supports two carrier sensing schemes viz: Physical Carrier Sensing (PCS) and the 

Virtual Carrier Sensing (VCS) that uses the RTS/CTS handshake. It has been shown that virtual 

carrier sensing has fundamental limitations in avoiding interference from hidden terminals in ad 

hoc networks [32] [33]. There are many scenarios where VCS is conservative and fails to 

suppress packet collisions as intended. Trying to resolve this by making RTS/CTS more 

aggressive exacerbates the exposed terminal problem, whereby feasible parallel transmissions 

that do not interfere with the reference one are suppressed. 
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The above necessitates a re-evaluation of the role and effectiveness of PCS in managing 

interference especially in ad hoc networks where the nodal density is high. This research effort 

will show that when properly tuned, PCS effectively minimizes the influence of interference in a 

multihop wireless ad hoc network, without requiring the VCS. With PCS, a node assesses the 

channel condition before transmitting to make ensure that no interference occurs. To initiate 

transmission, a node measures the energy level in the wireless medium and starts a packet 

transmission only if the reading is lower than the carrier sensing threshold, indicating that no 

current transmissions are taking place that could result in interference to the desired 

transmission. When RF pathloss models are employed, the carrier sensing threshold may be 

translated into an effective minimum allowed distance between simultaneous transmitters. As 

earlier explained, this optimal distance depends on various network properties. Thus the carrier 

sensing threshold together with the corresponding data rates should be tuned to match changing 

network conditions. However, most implementations of 802.11 MAC use a static threshold, or 

do not allow the threshold to be adaptive to the network conditions. As a result, the PCS often 

results in transmitters being either too conservative or too aggressive due to improper setting of 

the carrier sense threshold and is the likely reason why use of PCS has not attracted much 

attention.  

 

In this research effort, the case for a tunable carrier sensing threshold for multi rate ad hoc 

networks is described. Some analyses will be used to derive the appropriate carrier sensing 

threshold for a given network topology. Furthermore, an estimation-based adaptive PCS scheme 

to automatically tune the threshold to near-optimal value would be proposed. To improve the 

performance dense ad hoc networks involves the enhancement to various aspects of the 802.11 

MAC protocol, and it has been the subject of extensive research [32] [34] [20]. For any given 

network environment, the solution to maximize the networks performance must be an analytical 

combination of approaches addressing multiple aspects (e.g. collisions, fairness, data rate 

adaptation etc) of the network performance. Recommending that perfect combination for general 

networks is beyond the scope of this work. The focus of this work is on leveraging the spatial 

reuse of the ad hoc network to enhance the throughput performance through physical carrier 

sensing, which is an essential requirement for achieving optimal aggregate throughput in a dense 

wireless network. 
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5.2 Proposed Solution for Tuning Carrier Sensing Threshold 

Modern 802.11 ad hoc networks have the physical carrier sensing scheme configured with a 

fixed threshold, which is often very low such that even a remote communication would generate 

a signal strong enough to make a node withhold its transmission. As a consequence of this, very 

little spatial reuse is leveraged. Moreover, the fixed threshold cannot be dynamically tuned 

according to different environments and as wireless conditions changes. As wireless networks 

are deployed at higher densities and/or in multihop ad hoc topologies the potential for spatial 

reuse increases. However, the current PCS scheme with fixed threshold limits the ability to make 

full use of the spatial capacity in these dense wireless network scenarios. 

 

Virtual carrier sensing (VCS) schemes just like PCS scheme [35] are also used in wireless 

networks. In the VCS scheme, other nodes within the transmission range of a transmitting node 

are aware of the length of period the medium is busy by reading the value of the NAV. Each 

node that receives the broadcast updates its NAV. For VCS scheme to work effectively, 

participating nodes in the network must be able to receive and decode the RTS/CTS frames from 

any other node within the network to mitigate the hidden/exposed terminal issue. Unfortunately, 

this requirement is difficult to achieve in most dense wireless networks including mesh networks 

[33]. Figure 4.1 shows the limitations of the VCS scheme for preventing interference, as also 

explained in [33]. Since nodes A and B are within the transmission range of TX and RX 

respectively, deploying the VCS scheme can adequately prevent them from starting a 

transmission that would interfere with the one between TX and RX. So while node C cannot 

receive RTS/CTS packets because of its far from both TX and RX, it may still constitute a 

hidden node problem by interfering with the packet reception at RX. 

 

Tuning the physical carrier sensing threshold (    ) has been proposed as an efficient 

mechanism to enhance the network throughput in an IEEE 802.11 multihop ad hoc networks. 

Deploying the physical carrier sensing mechanism, mitigates the probability of packet collisions 

by holding off simultaneous transmissions of nodes in the vicinity of one another, at the same 

time allowing nodes that are spatially separated by a safe margin to engage in concurrent 

transmissions. 
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In [36], the authors pioneered efforts in the concepts of tuning the      for throughput 

improvement. By setting the physical silence range,   , such that it covers the interference range 

(i.e.      ), the adverse consequence from the hidden nodes are minimized significantly. 

Given a predetermined transmit rate and Signal-to-Interference-plus-Noise-Ratio (SN, the 

authors were able to get optimal      for simplified topologies such as chain topology. However, 

the MAC overhead analysis was not investigated in their work. 

 

The authors in [37], developed the ECHOS architecture which dynamically tunes the      to 

allow multiple transmissions in hotspot wireless networks. The hot spot deployment operates as 

an infrastructure-based system where an Access Point (AP) coordinates communications among 

multiple clients. ECHOS adjusts      based on interference measured at both AP and client side. 

The clients report measured interference to their APs. Each AP then approximates the maximum 

acceptable future interference for the clients and set its      to prevent hidden terminals. 

 

Additionally, the authors of [38] examined the interplay between MAC and PHY layers and 

studied the impact of MAC overhead on the choice of optimal carrier sense range and the 

collective throughput performance. They concluded that the optimal      depends on the degree 

of the channel contention, MAC overhead and the packet size. 

 

The authors of [39], [30] and [40] proposed heuristic algorithms for tuning the      based on the 

network performance. Here a transmitter periodically measures the SINR  or frame error rate 

(FER) as described in [30]. The node then compares the value with pre-defined thresholds and 

decides accordingly whether or not to adjust the     . These proposed schemes do not 

completely avoid collisions from hidden terminals. This is due to the fact that a node adjusts its      only in order to improve its own throughput performance, (not a global optimization), 

without considering whether such an adjustment may adversely impact the transmission of 

neighboring nodes. 

 

In [41], the transmitter collects the RTS/CTS success ratio and signal strength, and builds a 

mapping table between the two. This mapping table is updated after every access request. Before 

each transmit attempt, the sender looks up the mapping table with the current sensed signal 
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strength to obtain the estimated success ratio. If the obtained success ratio is higher than certain 

threshold, the transmitter starts transmission. Otherwise, it blocks itself until it decides the 

channel is clear. 

5.3 Rate Adaptation 

In IEEE 802.11 wireless networks, a wide range of transmission rates between 1 and 54 Mbps 

are supported. The different rates are characterized by different sets of modulation and channel 

coding schemes. For example, the IEEE 802.11a supports 4 PHY channel rates ranging from 1 

Mbps to 11 Mbps based on different modulation schemes and coding rates. 

 

To take advantage of the multiple rate capacity of the IEEE 802.11 protocol, several DATA rate 

adaptation schemes have been proposed for throughput improvement. The basic idea for rate 

adaptation is to select the right transmission rate according to the channel condition. In these 

schemes, good channel conditions are exploited by using higher rates for improved efficiency 

and improve the transmission reliability by lowering the rate when channel impairments arise. 

 

In [42], ,[43] and [44] analytical models were proposed to investigate the throughput under rate 

adaptation for 802.11a-based WLANs. The authors in [44] examined the CTS/RTS mechanism 

in the absence of hidden terminals and concluded that the collision time reduction is practically 

vanished whenever the control rate is lower than that of the data rate and deduced that the 

approach of using RTS/CTS for network improvement is questionable. Additionally, the authors 

in [43] proved that CTS/RTS mechanism is effective against hidden node interference only for 

low transmission rates. When high rates are used, both schemes achieve similar performance. 

However, the authors considered collision-free transmissions and only considered interference 

from node placed just outside the maximum CTS coverage range of the receiver.  

 

In [45], the authors showed that for multi-rate environment that as the data transmission time 

increases the RTS/CTS handshake becomes less and less beneficial due to the added overhead. 

For a rate adaptation scheme to work, two process have to be satisfied, viz: 

 Estimation or probing of the channel condition 
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 Rate selection according to the estimated channel condition 

In [46], a Receiver-Based Auto-Rate (RBAR) protocol was proposed. In this protocol, the SINR 

measured at the receiver is used to estimate the channel conditions, and consequently the 

receiver selects the DATA rate based on this information. The chosen rate is sent back to the 

sender via the CTS packet. 

 

The authors in [47] proposed a model to examine the effect of the rate switching thresholds (i.e. 

when to switch from higher rate to lower rate and vice versa) on the performance. Consequently 

they showed that dynamic adjustment of thresholds in an effective way enhances the throughput. 

As a result of these observations, they came up with a rate adaptation scheme that adjusts the 

rate-increasing and decreasing parameters based on the link layer measurements. The 

measurement based rate adaptation mechanism in [47] is targeted to select the optimal 

transmission rate corresponding to varying channel conditions. Lowering the transmission rate 

can reduce the size of the interference range, allowing more concurrent transmissions to 

simultaneous occur without violating each other transmission as shown in Figure 5.1. 

5.3.1 Interaction among tunable parameters in ad hoc networks 

Different variants of access methods have been proposed to optimize the output of the DCF’s 

operation. 

Concurrent transmissions are successful Concurrent transmissions interfere 

with each other 

Figure 5.1: Rate Adaptation enhances spatial reuse 
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Such variants include contention window and transmission probabilities which may lead to a 

decrease in collision among contending hosts and ultimately minimize both the collision and idle 

periods. The authors of [48] proposed turning off Binary Exponential Back-off (BEB) and 

suggested a new method to dynamically tune the contention window size. In this new access 

method, Idle Sense, each host measures the average number of conservative idle slots between 

transmission attempts and make sure that this number is close to an optimal number that 

maximizes the throughput. This is done by either increasing or decreasing the contention window 

size in an additive increase multiplicative decrease (AIMD) manner. In like manner, the authors 

also studied the impact of rate adaptation and noted that a node should switch to a lower 

transmission rate only if the throughput achieved at the lower rate is at least equal to that 

obtained at higher rate. Subsequently, a frame error rate exists, above which it is beneficial to 

switch the transmission rate. For instance, in IEEE 802.11b, one needs to switch from 11 Mbps 

to 5.5 Mbps when the frame rate exceeds 50%. 

 

 

In [49], the authors observed that the space occupied by each transmission can be adjusted by 

tuning some protocol parameters such as the transmission rate and      leading them to propose 

the idea of spatial backoff. Certainly, in order to have more concurrent transmission to coexist,      should be increased. Alternatively, to support these transmissions concurrent without 

corrupting each other, the interference range size of nodes need to be reduced by lowering their 

Figure 5.2: Spatial Backoff [4] 
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transmission rates. To conclude, a lower rate and higher      result in smaller occupied space. 

Accordingly, the authors proposed an algorithm for improving spatial reuse by dynamically 

adjusting the      and transmission rate as shown in Figure 5.2. The Y axis represents the 

different transmission rate levels, which are in increasing order, while the X axis represents the 

different      levels in a decreasing order. A node at point                  means the node is 

deploying carrier sense threshold       and transmitting rate        . Assuming that the 

interference at the transmitter equals the interference at the receiver, the authors calculated a 

minimum       corresponding to each transmission rate as shown in Figure 5.2. A node adjusts 

its transmission rates and the      based on the network performance. More specifically, when a 

node faces certain number of consecutive transmission successes, it increases its transmission 

rate by one (1) step but the      remains the same. This process is presented by the solid arrow 

in Figure 5.2. Conversely, when a node faces certain number of sequential transmission failures 

and the      does not reach the minimum value for the present transmission rate, the node 

downgrades the      by one (1) step, and the transmitting rate remains the same as depicted by 

the dotted arrows in the Figure 5.2. When the transmission fails and the      has already reached 

the minimum value for the current rate, the node decrease the transmission rate by one (1) step, 

and increases the      to the one it used with the lower rate before  as shown by the dashed 

arrows in the Figure. 

5.4 Throughput Improvement through Power and Rate Control 

In multihop, multi-rate wireless networks, concurrent transmissions can disrupt with one another 

and jeopardize correct frame reception.  Therefore, obtaining high network capacity in these 

networks requires a balance between the transmission quality and spatial reuse. Spatial reuse can 

be increased by tuning the carrier sense threshold to reduce the carrier sense range or by 

managing the transmission power. To achieve a tradeoff between spatial reuse and transmission 

quality, a decentralized power and rate control algorithm (PRAS) was proposed in [46]. PRAS 

allows a sender and receiver pair, using the four way access method to adjust the transmit power 

and rate for their frames according to the level of interference in the network. The algorithm 

outlines the rules for performing power and rate assignment so that higher performance is 
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obtained. Simulations were carried out to compare the performance of the proposed algorithm to 

other heuristics. The results would be shown later in the chapter. 

5.5 Enhancing Spatial Reuse in Multihop Wireless Networks 

As previously mentioned, physical carrier sensing (PCS) in wireless ad hoc networks is key to 

determining whether or not a node may access the medium. Usually, a node senses the medium, 

before beginning any transmission and defers its communication if the channel is sensed busy, i.e 

if the strength of the received signal exceeds a carrier threshold     . The PCS mechanism 

reduces the likelihood of collision by preventing nodes in the vicinity of each other from 

transmitting concurrently, while allowing nodes that are separated by a safe margin (called 

carrier sensing range) to engage in simultaneous transmissions. The former is referred to as 

collision avoidance while the latter is called spatial reuse. 

 

Traditional MAC protocols utilize temporal mechanisms, such as the Binary Exponential 

Backoff of the DCF access method, to resolve contention among simultaneous transmissions. A 

node intending to transmit first senses the channel for a DIFS period and then transmits only 

after sensing that the channel is idle. Otherwise, the node waits until the channel is sensed free 

for another DIFS interval and waits for a random contention time: it chooses a backoff b, an 

integer distributed uniformly in the window [0, CW] (where CW is the contention window) and 

waits for b idle time slots before attempting to transmit. When a node detects a failed 

transmission, it doubles its CW until the maximum value       is reached. By separating 

transmissions in time, successful transmission is achieved and several methods have been 

proposed to optimize the performance of these temporal mechanisms in single hop networks so 

that an optimal output is obtained, [3] [48]. 

 

To resolve the contention among conflicting nodes and hence improve channel utilization, spatial 

separation is proposed. This is achieved by adjusting the space occupied by each transmission, 

spatial backoff controls how the channel usage is shared over space that a suitable number of 

simultaneous transmissions can exist while an apt temporal contention level around each 

transmitter is achieved. In order to moderate the space occupied by each transmission, a joint 

control of       and transmission rate is proposed by authors in [51]. In addition to tuning the 
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     , one can also increase the level of spatial reuse by reducing the transmit power so that 

multiple transmissions can exist side-by-side without causing interference on one another. Here, 

a combination of lower transmit power and higher       leads to a large number of simultaneous 

transmissions with each transmission sustaining a lower data rate. 

 

The throughput performance of multihop wireless networks is constrained both by the level of 

contention among contending hosts and by the level of interference caused by neighboring 

transmissions. In this Section 5.5, the goal is to improve the performance of multihop wireless 

networks through developing methodologies to deal with the interference caused by hidden 

nodes as well as containing complexities occasioned by frame collisions resulting from 

simultaneous transmissions. This will involve developing a MAC-based dynamic adaptation 

scheme that will jointly control the carrier sense threshold, contention window (CW) and nodal 

density. 

 

By appropriately tuning the     , strong interference can be detected and hence unnecessary 

transmission attempts that could result in a failure are avoided (i.e., eliminate collisions from 

hidden terminals). Additionally, when selecting a suitable carrier sense threshold, the exposed 

terminal problem is reduced and the channel spatial reuse is enhanced. During a time period of 

excessive collisions due to concurrent transmissions adapting CW with the appropriate nodal 

density helps in reducing collisions as a result of simultaneous transmissions.  

5.6 Motivating Issues and Solutions 

Although the goal of algorithms proposed in [30, 39, 40, 52] is to search for a suitable       that 

will improve the spatial reuse and minimize hidden terminals the solutions resulting from these 

algorithms give local results or are purely localized. In addition, none of these methods 

distinguish between collisions from contending nodes and those from hidden terminals. This 

leads to unwanted decrease of      , or increase of CW or both which leads to diminished 

performance instead of improving the network throughput. The deficiencies of these algorithms 

in resolving either the contentions or hidden terminal problems are highlighted in this section 

using illustrative examples and also provide the motivation of this chapter is provided as well. 
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Illustrative Examples 

 

 

In Figure 5.3 node A is transmitting a data packet to node B and node C is hidden from A (i.e. 

both nodes A and C cannot hear each other’s transmission). Also node F lying in the intersection 

of the interference area of node B and the carrier range of node A. Below are three different 

scenarios in which node A may experience a transmission failure. 

 Scenario 1: Node C begins its transmission its intended receiver (not displayed) first. 

Since node C is outside the carrier sense of A, node A senses the channel as idle (i.e., the 

level of energy detected is below the      ) and starts a packet transmission to node B. 

Since node B suffers from the interference of the current transmission of node C, it is 

incapable of correctly receiving the packet transmission by node A. Therefore, node A 

experiences a transmission breakdown, which will be referred to as     . 

 Scenario 2: Node A initiates its transmission to node B first. Node C which is oblivious 

of this communication (since it is outside node A’s carrier sense range), initiates a 

transmission and thereby disrupts the transmission of node A. This collision event is 

labeled as     . 

Figure 5.3: Carrier Sensing Range (X), Transmit Range (Rtx) and Interference Range (I) 
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 Scenario 3: Nodes A and F start their transmission (assuming node C is not participating 

in any other transmission) in the same slot. Since node F resides in the interference range 

of node B, it will disrupt the transmission of A. This type of collision event is represented 

by     . 

For each of the above collision scenarios, a solution is proposed to mitigate the effect of the 

collisions. 

5.6.1 Solution to Scenario 1: Adaptively adjusting       based on the network 

performance 

In scenario 1, a collision of the type      is prevented when a node adjusts its       based on the 

network performance, as recommended in [39], [30] and [30, 40]. Precisely, node A can decrease 

its       (that is increase of its carrier sense) when it encounters a transmission failure such that 

if node C transmit in the future, A will be able to sense this transmission this transmission and 

will abstain from initiating any transmission. Consequently, a collision of the type (    ) may be 

prevented. Besides, a node may need to differentiate this type of failure from others such as     -

type and     -type so that a corresponding reactive scheme can be created. The method to 

appraise the packet error rate as a result of this type of failure will be presented thereafter. 

 

5.6.2 Solution to Scenario 2: Finding the Upper bounds of       

Problems with Existing Solutions 

While the algorithms in [39], [30] and [49] can anticipate and prevent collisions of type     , 

none of them address the hidden terminal problem that results from      type transmission loss. 

If node C initiates a transmission (after node A’s) and disrupts the ongoing transmission of node 

A, the schemes proposed in [39], [30] and [49] suggest that node A should decrease its       in 

response to the transmission failure. However, node C will increase its       unaware that its 

transmission has corrupted that of node A. This leads node A retransmitting and while node C 

will still sense the channel status as idle and proceed to initiating a new transmission. Therefore 

the algorithms proposed in [39], [30] and [49] cannot avoid      type collisions. Furthermore, 

since the transmission from node C is expected to be successful, the node will consequently 
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increase its       for resulting transmissions and transmit more competitively. Therefore, the 

transmission from node C will always disrupt that of node A. This invariably leads to node A 

continually decreasing its       until its chance of transmission is lost. These schemes have also 

shown to hamper fairness among nodes. 

Authors in [48] showed in their analysis that there exists an optimal mix of transmission rate and       that maximizes the system throughput. The value of such mix is obtained from the network 

topology and channel conditions. Since topology and channel conditions are changing 

constantly, it is difficult to adjust the transmission rate together with       to achieve optimal 

combination based solely on transmission success/failure history.  

 

Additionally, neighboring nodes may unnecessarily be suppressed for much longer time since the 

transmission period becomes much longer with lower transmission rates. Consequently the 

exposed terminal problem (such as node E depicted in Figure 5.3) is worsened. Another 

shortcoming of the algorithm proposed in [48] is that it affected by the unfairness problem, as 

well for the same reasons as stated hitherto for [39], [30] and [49]. 

Proposed Solution in this work 

A solution for preventing collisions in scenario 2 is presented, clearly, if node C can by some 

means detect the ongoing transmission from node A. Then node C will defer its transmission to 

yield to that of A (assuming node C falls in the interference range of node A’s receiver). 

However, C would be able to sense a busy channel when A is transmitting, only when it falls 

inside the carrier sense range of A or alternatively when its carrier sense range is large enough to 

include A. Lets denote        (to be derived later) as the maximum allowed carrier sensing 

threshold that can be employed by node C. This maximum threshold ensures that node C hears 

node A’s transmission and accordingly defers its own. However, evidently it is not possible for 

node C to determine whether its transmission may disrupt that of A only based on its own 

transmission success/failure history. Node C would need some information regarding the 

transmission between A and B. The main idea is to allow the receiver (which is B in this 

scenario), through the CTS packet, to distribute necessary information to potentially interfering 

nodes. With the benefit of this information, all potential interfering nodes (node C in our 

scenario) can adjust their        and limit their       not to exceed that value. Possible 
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interferers will, therefore block their own transmission in order to allow for the current 

transmission to complete successfully. The complete algorithm for finding and dynamically 

adjusting the       is introduced later on. 

 

The CTS/RTS packet exchange used in the proposed algorithm for resolving      collisions is 

not used for quiet neighboring nodes, instead these packets are exclusively used to set their      . That is, nodes receiving RTS or CTS packets will not be prevented from transmitting for a 

four-way handshake duration as outlined in the IEEE 802.11 protocol, but rather be used for only 

EIFS duration. This process increases the spatial reuse by preventing unnecessary suppression of 

neighboring nodes that lie in the transmission range of the RTS/CTS packet but outside the 

interference range of the receiver such node E in Figure 5.3. 

 

 To counter the effect of large overhead induced by RTS/CTS packets, a dynamic scheme that 

switches between the 2-way and 4-way handshake will be discussed later. 

Deriving       

In this section, a method for deriving a suitable value for       is presented. From Figure 5.4, 

node A initially transmits an RTS frame to node B. Upon the packet receipt, node B is able to 

estimate the distance from node A,    , using the following equation: 

 

              
 (46) 

 

Where     is the transmission power
1
 and    is the received power at node B from A’s 

transmission. Using the equation for calculating interference range for receiving DATA packets 

from node A, results in 

 

                                                           
1
 The proposed algorithm assumes that all the nodes use the same transmission power. 
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 (47) 

 

Where       is the SINR threshold for DATA packets and     represents the current noise 

measured at node B. 

 

Next, node B captures and packages necessary information about the ongoing transmission from 

A (such as     and     ) in the CTS packet so that all nodes in its interference range are 

informed about the ongoing communication. This announced information is used to estimate an 

upper bound on the       to force interfering nodes to defer their transmission. To ensure all 

neighboring nodes in B’s range get the CTS frame, it is transmitted at a rate that will produce a 

transmission range       , large enough to cover the entire interference range of node B. Note, 

however, that since the transmission rate is selected from a set of discrete values, we may well 

have            , which results in some nodes will be outside the interference range of B and 

still receive the CTS packet.Upon getting the CTS packet, node C calculates the distance to node 

B,                 
where      is the power of the received CTS frame. C then checks whether it 

lies in the interference range of node B, by comparing     with the value of      in the CTS 

packet. If          , C concludes that it is outside the interference range of B and subsequently 

does not need to limit the      . In this case node disregards this CTS packet and waits for EIFS 

period to contend for the channel again. Otherwise, node C determines that it lies in the 

interference range of B and accordingly has to bound its      , to ensure that node A’s 

transmission completes successfully. In other words, C including other interfering nodes, upon 

getting the CTS frame should adjust its      , such that its carrier sense range includes A and 

accordingly any transmission from node A will be sensed by the interfering nodes.  

Now, in order for node A to be within the carrier sensing range of C, the following need to be 

fulfilled: 
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              (48) 

  

Where      represents the carrier sense range of node C; the minimum carrier sense range 

corresponds to              , and this occurs when node C uses the maximum allowed 

carrier sense threshold         . For a              selected by C, C’s carrier sense range is 

guaranteed to sense the transmission of A making         the upper bound. The minimum 

carrier sense range should be equal to the carrier sense range of node A and is defined thus: 

 

                         
 (49) 

 

 

 

 

Figure 5.4: Scenario with Hidden Nodes 

Rc,A 
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Combining equations (48) and (49),         can be calculated to be: 

 

                       (50) 

 

If the current carrier sense threshold of node C is above         , it should limit its threshold (to 

be lower than        ). Otherwise, node C maintains the same value and records that of         

which will be used for future adjustment. The computed value of         prevents node C from 

transmitting when node A is transmitting. However, in a multihop environment a node is 

surrounded by multiple transmissions (spatially separated) from more than one node pair. 

Accordingly, every interfering node (for instance node C) maintains a table for its neighboring 

transmissions. Every entry                       in the table corresponds to a node pair i 

currently communicating.          is the upper bound on the       a node determines for a node 

pair i (estimated using Equation 50 upon getting a CTS frame the receiver of node pair i). The 

maximum carrier sense node C ultimately uses is found as                       .          is 

a pre-defined expiration duration for node pair i. If for any reason, a node does not get any CTS 

packet for same node pair i for a          duration, the corresponding entry is deleted from the 

table. 

 

This solution improves the spatial reuse as depicted in the following scenario. Suppose node A 

transmits a packet to node B, and node C accordingly bounds its       in order not to interfere 

with A’s transmission. If node A has no more packets to transmit to B, bounding C’s carrier 

sense threshold becomes unnecessary because it forces node C to become too conservative when 

sensing the medium to transmit its packet, which ultimately reduces the spatial reuse. So, once 

node A stops sending frames to B for some time, node C has to delete the entry corresponding to 

this node pair and recalculate the upper bound for its      . 

 

As explained earlier, communications involving the 4-way handshake is an efficient solution to 

avoid      collisions. Conversely, it adds extra overhead (due to the RTS/CTS exchange), which 

eventually reduces the throughput performance. To curtail this problem, a policy that 
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dynamically switches the basic access mode and the 4-way handshake is adopted. Initially, a 

node will transmit using the 4-way handshake, if this transmission is successful, the next frame 

transmission will use the basic access scheme. If the transmission in unsuccessful, a node 

continues transmitting using the 4-way handshake until the transmission is successful and 

thereafter switches to the basic access mode. Finally, a node operating using the basic access 

mode switches back to the 4-way handshake only upon a packet loss due to     -type collision. 

5.6.3 Solution to Scenario 3: Increase CW 

Recall in scenario 3, a packet loss is as a result of simultaneous transmission of more than one 

node in the same time slot. A simple solution to recover from such frame loss is to increase the 

contention window which will separate transmissions from these contending nodes in time. For 

each of the above categories of collisions named above, a possible solution has been proposed. 

However, in a multihop network environment, where a node faces a transmission failure, it is 

complicated to distinguish the exact cause (    ,      and       of that failure. An algorithm will 

be presented, which adopts different solutions, in order to balance the trade-off between frame 

collision and spatial reuse to enhance the network throughput performance. 
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CHAPTER 6 

6. ALGORITHM EVALUATION: RESULTS AND ANALYSIS 
 

 

6.1 Related Loss Differentiation Algorithms 
 

 

 

 Many methods have recently been proposed for CSMA-based single hop networks [53], [54], 

[55], [56] as well as multihop networks [57]. In [58] introduced a new NAK packet to distinguish 

between channel error and packet collision. A receiver node sends a NAK packet to the 

transmitter if it actually receives the MAC header but unable to receive the packet payload. Upon 

receiving the NAK, the sender acknowledges that this transmission failure is due to channel 

errors but not collisions and accordingly adapts the transmission rates. 

 

The scheme proposed by authors in [55], differentiates between collisions and error based on the 

transmission time information for lost packets.  The authors in [57] proposed a Collision-Aware 

Rate Adaptation (CARA). CARA uses RTS probing to distinguish between packet collision or 

packet error. To reduce the RTS/CTS overhead, CARA switches between turning off and on the 

RTS/CTS mechanism. When consecutive packet successes exists, the RTS/CTS is turned off, 

otherwise it is switched on. In [54], two algorithms that estimate the packet loss ratio due to 

collisions and channel errors based on MAC layer measurement are proposed. Also, the authors 

in [56] proposed an algorithm in which nodes differentiate interference according to their energy 

and timing relative to the desired signal and measure Packet Error  Rate (PER) locally at the 

transmitter for each type of collisions. Apart from the work in [56], no other methods can 

effectively differentiate the frame loss due to interference from hidden nodes or due to collisions. 

In this research effort, a spatiotemporal conflict resolution algorithm which effectively 

differentiates packet losses due to interference from hidden nodes and collisions will be 

introduced. 
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6.2 Spatio-Temporal Conflict Resolution (STCR) Algorithm 

6.2.1 Possible Conditions 

 

A flowchart illustrating the STCR algorithm is shown Figure 6.8. The flowchart details the steps 

and corrective measures taken when a packet loss occurs. In order to distinguish the possible 

cause of a packet loss upon a transmission, the transmitter (node A) will check to see if the 

following conditions or a combination of these conditions are fulfilled. 

 Condition 1: The ensuing transmission is an RTS transmission 

 Condition 2: The reference transmission is initialized at time  , given that                        . The       denotes the most recent time the transmitting node 

(node A in Figure 5.4) received the CTS packet from its receiver (node B in Figure 5.4). 

Also at       all possible interfering nodes receive nodes B’s CTS packet and 

accordingly obtain information to limit their      

 Condition 3: During the initialization of transmission, the sender determines whether its 

carrier sensing range covers the interference range of the receiver; that is            , 

where       is the carrier sense range of A,      is the interference range of B and   is the 

distance between nodes A and B. in other words, the carrier sense threshold        , 

where                     
 which is easily derived from Equation 48 while the value of      can be obtained using equation 50. 

 

Hence, the status of any transmission can be represented by a variable               where      if condition                      is satisfied and      otherwise. For instance,              if all conditions are satisfied for the existing transmission. Table 6.1 shows all 

the possible values of  , each representing a transmission status. Recall that a transmission 

failure may be caused by either of the following events          or    . In the event of any 

transmission failure, the sender determines which class (as stated above) the transmission 

belongs and accordingly performs some analysis to determine which event caused the failure. 
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For example, for those types of transmission where    (i.e., the ensued frame is RTS) is satisfied 

(e.g.,             ), the caused by interference of resulting transmission failure is not likely     

type (where the interfering signal comes after the reference signal and causes a frame loss) for 

the following reason; indeed when A sends out its RTS packet, there is a vulnerable period 

during which if any interfering node (that is outside the carrier sense range of A) attempts to 

transmit, and corrupts the reception at the receiver B. this vulnerable period corresponds to the 

transmission duration of the frame, including header and payload. With an RTS frame that is 

transmitted at 11 Mbps, the vulnerable period is very small, and hence the RTS collision of type     becomes negligible. 

 

Table 6.1: The possible Sources of Packet Losses of Each type 

 

Type of transmission Possible causes of packet loss            
3

SC             
3

SC             
31

,SCSC             
31

,SCSC             
3

SC             
32

,SCSC             
31

,SCSC             
321

,, SCSCSC  

 

 

In addition, for a failed transmission where condition 2 is satisfied, all nodes lying within the 

interference range of the receiver had been notified, through the CTS frame, to bound their       

in order to sense the transmissions. Consequently, these hidden nodes could not initiate any 

transmission while the sender is transmitting and hence     – type collisions are also unlikely. 

For those transmissions where condition 3 is fulfilled (                   ), the sender would 

pass up sending out its packet if at least one transmission in the vicinity of the receiver is 

ongoing, which may in effect corrupt the sender’s frame (here the sender’s carrier sense range 

covers the interference area of the receiver). Therefore,     - type collision is unlikely for a 

transmission failure where condition three is satisfied. In Table 6.1 the correspondence between 

a transmission category and the possible cause of failure is presented. 
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6.2.2 Solutions 

 

Type                transmissions 

When a node encounters a failed transmission of type               both     and     type 

collisions are not likely. The more probable reason for packet loss is that of having multiple 

senders transmitting in the same slot (i.e.,    -type collision, with no hidden nodes). In this case, 

temporal contention resolution such as BEB is adopted while the      is maintained at a 

constatnt value to preserve the spatial reuse in the network. In addition, for    transmission 

category, a node does not switch to the 4-way handshake (to mitigate overhead costs) upon a 

failure since already hidden nodes have limited their     . 

  

Type                transmissions 

For these three types of transmission, a failure happens when either    -type or    -type 

collision occurs. Intuitively, one may decide to increase CW or decrease     . Increasing CW 

resolves the former type and decreasing the      resolves the latter type by allowing more nodes 

to transmit more conservatively. 

 

However, the authors of [59], using an appropriate analytical model, illustrated that in a wireless 

multihop network, the attempt probability is jointly determined by both CW and     , while the 

optimal attempt probability (that maximizes the network throughput) can be obtained using a 

smaller contention window at the expense of a higher collision ration. This is so because a larger 

attempt probability promotes the spatial reuse by reducing the channel idle time (there is indeed 

a tradeoff between collisions and spatial reuse from concurrent transmissions).  

 

In order to decide which parameter (CW or     ) should be tuned, the cause of the frame loss 

needs to be determined. In [57] for example, the authors proposed to use the RTS/CTS frames to 

differentiate packet loss due to either collision (     or interference from hidden nodes (such as     and     . However, their method strongly depends on the assumption that the RTS/CTS 

exchange completely silences hidden terminals, which according to the results shown in [60] 

does not always hold true. Additionally, their method cannot differentiate    -type and    -type 
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collisions and requires the RTS/CTS exchange to be active for all frames which leads to large 

overhead. 

 

In this research effort, the packet error rate     is measured for both    -type and    -type 

collisions via periodic measurement as follows. Among the eight (8) categories identified earlier,              transmissions can only be corrupted by either     or    . Therefore, during a 

predetermined measurement period, the sender counts the number of packet transmissions (for 

each category) that have been made as well as the number of failed transmission.  

 

                                            

                                                         

                                            

                                                         

 

Let        denote the collision probability from    -type collision, and        denote the collision 

probability from    -type collision. To estimate        and       , it is assumed that the 

transmission failures caused by     and     are independent [56]. Therefore, the following 

equation results 

                             
 

(51) 

 

And with the independence assumption,        can be estimated as: 

             (52) 

 

Merging  Equations (51) and (52), we get: 
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                  (53) 

 

The values of        and        are updated during intermittent measurements of   ,   ,    and   . 

Based on the estimates of        and       , the sender decides whether it should increase CW or 

adjust     .  

 

Specifically, a node compares the projected       value with two predefined thresholds (say          ). If        is higher than   , the node progressively decreases its      (to the next 

lower value) to transmit more conservatively; and if        is below a specific threshold   , a 

node steadily increases its      (to the next higher value) to encourage more simultaneous  

transmissions. Otherwise, a node will maintain its     . The values of    and    can be obtained 

analytically [40]. In addition, as earlier stated, in a multihop wireless network, the transmission 

attempt probability ( ) is jointly determined by the physical carrier sense as well as the 

contention window (       , where    is the attempt probability given that the medium is 

sensed idle and    is the probability that the medium is idle given that no node transmits in the 

sender’s carrier sensing range). Evidently, a smaller      yields a smaller    which results in a 

smaller  . However, it has been shown the optimal attempt probability should remain 

comparatively high to improve the system throughput [59]. Therefore, we suggest to just 

increase the CW when        is bigger than       . 

 

Finally for a failed transmission of type   , a node does not switch to RTS/CTS handshake since 

the        collisions are not expected to take place.  

 

Type    transmission 

When a node encounters a failed transmission of type   , it changes to the 4-way handshake 

(RTS/CTS scheme) for the next transmission attempt and keeps its      and CW untouched, 

which is clarified here. Clearly, the frame loss is not to be caused by     interference and thus 

reducing the      produces no benefits but rather needlessly depreciates the spatial reuse by 

forcing nodes to transmit more conservatively. When collisions from     and     exit (which is 
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the case of   ), it has been shown (both from analytical studies [61] as well as simulations [40] 

that the frame loss from    -type interference dominates that from C. Therefore, changing to 4-

way handshake along with the solution proposed for Scenario 2, presented earlier on can 

effectively resolve the contention. Furthermore, since      is smaller than       , CW should 

not be increased in order to keep a high transmission attempt probability and consequently a 

higher channel performance. So when the next re-transmission fails, the node raises its CW to 

resolve the contention temporally. 

 

Type    transmission 

When a failed transmission of type    occurs, a node switches to 4-way handshake for the next 

re-transmission and reduces its      to the next lower level. For these transmissions, hidden 

terminals significantly damage the frame reception and clearly either the transmitter was too 

conservative estimating the hidden nodes’ transmissions or the hidden nodes were too 

conservative estimating the sender’s transmission resulting in a    -type collision. To avoid 

these types of packet collisions, the      for both the sender and the interfering nodes must be 

tuned as previously explained, to guarantee a safe spatial separation among simultaneous 

transmissions. In this scenario the CW is fixed in order to maintain higher attempt probability. 

Note that, since the next sender will retransmit using the 4-way scheme, a retransmission failure 

would be resolved by appropriately tuning CW. 

 

Table 6.2: Transmission Rate Levels Used in Simulation 

 

Rate (Mb/s) Receiver sensitivity (dBm) SINR threshold (dB) 

11 -94 6.99 

5.5 -91 5.98 

2 -89 1.59 

1 -85 -2.92 

 

6.3 Performance Assessment 

In this section, a simulation-based study is presented to assess the performance of the proposed 

scheme. Additionally, we present comparisons with three other schemes: the IEEE 802.11 
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standard, the dynamic CCA adaptation scheme proposed in [39] and the spatial back off scheme 

recently proposed in [49]. 

 

6.3.1 Simulation Setup 

The simulations were carried out using NS-2 simulators [16]. The two-ray model has been 

adopted as the channel propagation model. The transmission power for all nodes is set to 15dBm. 

Each data point in the result is the average of 5 simulation runs using different seeds each time. 

The available transmission rates and the corresponding SINR and receiver sensitivity thresholds 

for each transmission rate are shown in Table 6.2. In the IEEE 802.11 standard, the dynamic 

CCA adaptation scheme and the basic (2-way handshake) scheme, all the packets are transmitted 

at 11 Mbps. In the proposed scheme, the transmission rate for RTS, DATA and ACK packet is 

fixed to 11Mbps. The transmission rate varies in spatial back off scheme. The default      for 

IEEE 802.11 standard is set to -84dBm. Alternatively, for other schemes that adjust     , the 

adaptation step for      is set to 1dBm. Moreover for the proposed scheme     and    are set to 

0.05 and 0.1 respectively. 

 

In this research study, the performance of the STCR algorithm on two network topologies is 

examined. The first topology is a 12-node chain network with nodes equally spaced by 200 meter 

distance and a 100-node topology with nodes randomly scattered using the pseudorandom 

generator over a 1000m X 1000m area; we consider constant bit rate (CBR) flows arbitrarily 

scattered between source-destination pairs and the packet size is assumed fixed to 512 bytes. The 

CBR flows running over User Datagram Protocol (UDP) are used because they are faster than 

TCP flows and no flow control or error correction. A summary of simulation parameters is listed 

in Table 6.3. 

 

The following metrics are collated to evaluate simulated schemes: 

 Throughput, which is the sum of the bytes correctly received by the receivers per time 

unit (in KB/sec) in the whole network. However the aggregate throughput is the sum of 

the data rates that are delivered to all nodes (terminals) in the network. 
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 Collision probability (
C

P ) which calculate the ratio of total number of transmission 

failures over the total number of transmission efforts that have be made. 

 

Table 6.1: Simulation Parameters 

 

Packet Size 512 bytes 

Network Area 1000m X 1000m 

Traffic Flow Type CBR 

Data Rate 11 Mbps 

Number of Nodes 100 randomly placed nodes 

Receiver Sensitivity -94 dBm 

Radio Propagation Model Two Ray Ground 

Transmit Power 15 dBm 

 

 

6.3.2 Results and Discussions 

Impact of      and CW 

In this section, a deeper understanding of the impact of      and CW on system performance 

through simulation study is presented. In the simulation, the number of CBR flows is fixed to 25 

and the traffic load was set to 400 packets/second. Figure 6.1 shows that cumulative throughput 

gotten for the IEEE 802.11 when varying both      and CW. Here, the BEB is disabled and the 

back off is always selected from the interval [0, 
max

CW ]. 

 

Clearly, a larger contention window (e.g., 512 and 1024) results in a serious throughput 

degradation regardless of the value of the carrier sense threshold.  Indeed, although a very large 

CW gets rid of the    -type collisions, it results in longer idle periods, which ultimately severely 
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suppresses the spatial reuse of the wireless channel. Recall that the transmission attempt 

probability     is collectively determined by both CW and      i.e. (       , as mentioned 

earlier) and large CW leads to a small   , which in turn results in a smaller attempt probability. 

As a result, the transmitter nodes become too conservative accessing the medium, causing 

serious throughput deterioration. 

 

Conversely, larger throughput is obtained when the contention window is small; more 

specifically, when CW = 32, the largest system throughput is obtained when smaller carrier sense 

thresholds are used (transmitting with CW=32 achieves 9% to 13% of throughput improvement 

over CW =64 and CW =128). Here, a smaller contention window assures s a higher access to 

channel and a smaller carrier sense threshold guarantees a safe spatial separation among 

simultaneous transmissions.  Observe that the optimal network throughput depends on the values 

of both CW and     ; for larger      (more forceful transmitters), the contention windows CW 

= 64 and CW = 128 result in a slightly better throughput than CW = 32. From the results and 

discussions above, we can conclude that there exists a balance between the spatial reuse and the 

collisions due to contentions, and thus the optimal transmission probability,  , which results in 

optimal throughput performance is achieved by the proper selection of the contention window 

and the carrier sense threshold. 

 

Impact of multiple traffic flows 

The impact of multiple traffic flow (several number of CBR flows) on the aggregate network 

throughput by is studied by varying the number of CBR flows in the network. As depicted in 

Figure 6.2 in comparison with the IEEE 802.11 standard, the proposed scheme, the dynamic 

CCA adaptation scheme and the spatial back off scheme, all result in higher throughputs, simply 

because the IEEE 802.11 does not adopt any adjustment mechanism apart from the binary 

exponential back off implemented in response to any packet loss. 

 

The basis for the better performance of the dynamic CCA adaptation scheme of the spatial back 

off scheme is as a result of the ineffective adaptive metrics used in the latter. Spatial back off 

uses consecutive transmission successes/failures in order to estimate the network performance 

and performs tuning of the PHY transmission rate and carrier sense threshold, while the dynamic 
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CCA adaptation scheme uses periodic measurements of packet loss ratio. It is important to note 

that the use of consecutive transmission successes/failures as a metric may lead to frequent 

fluctuations and inaccurate estimation due to its dependence on the network topology under 

investigation [62]. Additionally, the spatial back off performs premature decrease of the 

transmission rate even when the collision probability is low, which indeed affects the throughput 

since that results in busier periods for the wireless channel, as explained in [48]. 

In the dynamic CCA adaptation scheme, a node facing a transmission failure cannot distinguish 

between the causes of the transmission failure and therefore correspondingly responds by 

decreasing      and increasing CW at the same time. as a result, this may needlessly require 

nodes to hold back their transmissions either by waiting for longer back off period (result of 

larger CW) or presuming a high level of interference before initiating a transmission (result of 

lower      ). For instance, as the network becomes more saturated, the collisions from    -type 

grow and become more dominating [59]. However, when encountering    -type collisions, 

either decreasing       or increasing CW cannot reduce the collision; instead, this may reduce 

the transmission attempt probability and lead to deterioration of the spatial reuse. In comparison, 

the proposed method searches for the best operating point by initially differentiating the type of 

losses and secondly reacting to frame loss by properly adapting either CW or       so that the 

transmission probability is optimized, leading to more simultaneous transmissions and leading to 

a better spatial reuse. 

 

Another main reason for the throughput enhancement obtained by the proposed scheme is that it 

queries the network for the level of interference and dynamically switches between being 

conservative and aggressive in accessing the channel, in order to reduce the frame corruption due 

to    - type collisions. Moreover, it efficiently eliminates the collisions from hidden terminals 

by limiting the       of potential interferers (i.e. eliminating    -type collisions), while the 

dynamic CCA adaptation and the spatial back off scheme do not completely address    -type 

collisions. This is depicted in Figure 6.3 which shows the collision probability under different 

multiple traffic flow. Evidently, the proposed scheme has the lowest collision probability among 

all the simulated methods. Indeed, it is this property of the proposed scheme that leads to about 

25% of throughput improvement compared with dynamic CCA adaptation; particularly as the 

network becomes denser (for instance more than 20 flows). It can be observed that as the 
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network becomes denser, the measured collision probability of the proposed method 

approximates that of the dynamic CCA adaptation scheme, due to its aggressive nature. 

Nonetheless, this impact has been surmounted by the high level spatial reuse and transmission 

attempt probability, which is realized by efficiently jointly adjusting       and CW upon 

differentiating among failures. Therefore, the proposed scheme continues to be more favorable in 

obtaining better throughput when evaluated against other simulated schemes, as the network gets 

denser. 

 

Impact of traffic load 

Next the impact of load traffic on network performance is studied by varying the packet 

generating rate of the CBR flows from 200 to 1000 packets/seconds. The results are depicted in 

Figure 6.4 the number of CBR flows is set at 10. The network throughput behaves in a similar 

way to that of Figure 6.2. initially, when the traffic is light (200 packets/sec)for the network to be 

able to support all flows, the collision probability is small (less than 16%) and the flows are 

easily separated in time without the need to tune       or CW. Therefore, all algorithms show 

about the same throughput. As the load traffic rises (≥ 400 packets/sec), the collisions from RTS 

packets increase and the IEEE 802.11 starts manifesting its limitations in sharing the channel. 

The dynamic CCA adaptation and spatial back off both achieve better throughput than the IEEE 

802.11 as a result of the improvement of spatial reuse achieved by tuning      . Nevertheless, 

because neither of them conclusively resolves the hidden terminal problem, as the network load 

increases, the collisions from hidden terminals start to impact the throughput (Figure 5.5). 

Conversely, the proposed scheme is able to differentiate between transmission failures and 

consequently adjust both       and CW to avoid collision from hidden terminals while 

maintaining a high level of transmission attempt to yield a high channel utilization. With this 

functionality, the proposed scheme outperforms the dynamic CCA adaptation and spatial back 

off. 

 

Impact of node mobility 

The impact of node mobility on the network performance was also studied. The Random Way-

Point mobility model was selected to represent maximum node speed varying from 2 m/s to 10 

m/s. The number of concurrent traffic flows was 10 and the packet generating rate selected was 
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400 packets/s. From Figure 6.6 the cumulative throughput of all simulated schemes under 

varying mobility steps is shown. It can be observed that from the figure, at low speeds (e.g. 2 

m/s), the proposed scheme still produces a leading performance since the network topology does 

not change quickly. However, as the speed increases, it can be observed from the figure that all 

schemes suffer a severe drop in throughput performance. This is largely due to the source and 

destination nodes being outside of each other’s transmission range resulting to more transmission 

failures. Alternatively, routing table entries may become unstable due to high nodal mobility and 

may require frequent updates which add extra overhead and congestion to the network.  

 

 

 

 

 

Figure 6.1: Throughput as a function of 
th

CS  and CW 

 

Performance of STCR Algorithm in Chain Network 

A 12-node chain network was used to evaluate how the STCR algorithm performed in simple 

topologies. In Figure 6.7, each of the algorithms was used in the simulation with an initial carrier 
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sense range. This was done to verify the throughput performance at various carrier sensing 

thresholds. The throughput performance is best for the STCR and the Spatial Backoff algorithms 

since they have the ability to adjust the carrier sense range of the nodes based on the network 

conditions. The throughput performance especially for STCR remained fairly constant at 1200 

Kbps. Conversely, IEEE 802.11 and Dynamic CCA adaptation algorithms produced the least 

throughput performance due to their little or no ability to adapt the carrier sense range to changes 

in network conditions such as packet collisions. 

 

 

 

 

 

Figure 6.2: Effect of Multiple Traffic Flows on Aggregate Throughput 
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Figure 6.3: Effect of Multiple Traffic Flows on Collision Probability 
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Figure 6.4: Effect of Traffic Load on Aggregate Throughput 
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Figure 6.5: Effect of Traffic Load on Collision Probability 
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Figure 6.6: Impact of Node Mobility on Aggregate Throughput 
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Figure 6.1: Throughput of chain network vs. CSR 
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Figure 6.2: Flowchart describing the STCR Algorithm 

 

6.4 Conclusion 

In this chapter, an innovative adaptive scheme that optimizes the tradeoff between spatial reuse 

and collision in multihop wireless networks has been introduced. Using this novel method, a 
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node dynamically adjusts its CW and       to minimize collisions from hidden terminal and 

improve spatial reuse by mitigating the effect of the exposed terminals. In the same vein, the 

proposed scheme diminishes the collisions from among contending nodes while maintaining the 

level of transmission attempt probability through careful selection of the contention window. in 

addition and unlike the 802.11 DCF access mode, the RTS/CTS handshake does not silence 

neighboring nodes but instead only informs them to bound their       to defer to on-going 

transmission. To reduce the overhead from the RTS/CTS handshake using information obtained 

about the network performance, the proposed scheme attempts to adaptively enable or disable the 

RTS/CTS exchange. Simulation results and comparisons with other methods prove the efficiency 

of the proposed method in enhancing the network performance. 
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CHAPTER 7 

7. CONCLUSION AND FUTURE WORK 
 

  

 

In wireless multihop ad hoc networks where decentralized MAC such as IEEE 802.11 DCF is 

deployed, spatial reuse has an immense influence on the channel reservation. This has an impact 

on the number of concurrent communicating nodes and invariably affects the throughput of the 

network. In this dissertation the efficiency of the spatial reuse in improving the network 

throughput has been studied. 

 

First, the effects of data rate adaptation and tuning carrier sensing threshold on network 

throughput have been analyzed and the interaction between them has been examined. To 

accomplish this, a practical diagnostic model was developed to evaluate the performance in 

simple network topologies such as the chain and grid network. The results showed that adjusting 

the carrier sensing threshold had an impact on the network performance. While reducing the CS 

threshold impacts the spatial reuse, a larger CS threshold will yield serious interference among 

concurrent transmissions. Furthermore, an optimal CS threshold that strikes a balance between 

spatial reuse and collisions resulting from interfering nodes has been observed. Additional 

analysis showed that the smaller the size of the data frame the more benefit gained in tuning the 

CS threshold to improve network throughput. The model also proved conclusively that the 

RTS/CTS access scheme, even while the use of the control messages may slightly reduce the 

collision among contending nodes, their impact on spatial reuse and added overhead costs far 

outweigh their benefits especially at higher data rates. Our comparative analyses showed that the 

basic access always outperforms the RTS/CTS access method. 

 

The results from the simple network topology analyses were extrapolated unto more complex 

and random networks. A novel dynamic spatiotemporal scheme that balances the tradeoff 

between collision and spatial reuse in multihop networks has been presented. When this 

approach is deployed, a node dynamically adjusts its      to eliminate collisions from hidden 
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terminals and enhances spatial reuse by minimizing the effect of exposed terminals. At the same 

time, the presented scheme reduces the collisions from among contending hosts while 

maintaining the level of transmission attempt probability through carefully selecting the 

contention window. Unlike in the legacy DCF access mode where the RTS/CTS handshake 

silences potentially interfering nodes, the RTS/CTS rather inform the nodes to bound their      

to yield for the on-going transmissions. To minimize the overhead cost from the RTS/CTS 

handshake, and based on the network performance policy, a policy has been proposed wherein a 

node can adaptively enable/disable the RTS/CTS exchange. Simulation results and comparisons 

with other recent methods have shown the efficiency of the proposed method in method in 

improving the network performance. 

 

The analysis and results presented in this research effort presents appreciable improvement in 

network performance of ad hoc networks. However, there are several future directions that can 

provide additional benefits. 

 

A future direction beyond this dissertation is to characterize the collisions resulting from 

contending nodes and hidden nodes as dependent variable. In the algorithm described in 

Chapters 5 and 6, the assumption made was that these collisions were independent. Thus, 

applying mathematical analysis to further exactly characterize more accurately the different 

packet loss is one possible expansion of this work. 

 

The impact of random packet loss due to time-varying channel gains limits the performance of 

the algorithm in improving the network throughput. As currently designed, the algorithm is not 

set up to identify random packet loss not due to collision or interference. A future extension of 

the algorithm will be to formulate a Kalman filtering problem with partial observation losses and 

derive the Kalman filter updates with partial observation measurements. The Kalman filter and 

its error covariance matrix iteration become stochastic, since they now depend on the random 

packet arrivals of the sensor measurements, which can be lost or delayed when transmitted over a 

communication network. The communication network needs to provide a sufficient throughput 

for each of the sensor measurements in order to guarantee the stability of the Kalman filter, 

where the throughput captures the rate of the sensor measurements correctly received. 
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Another future direction will be to apply intelligent schemes such as neural networks and fuzzy 

logic to select which feature among rate adaptation, CW, power control or      needs to be 

adjusted based on collision probability, SINR and receiver sensitivity. 
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CHAPTER 8 
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