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Abstract 

Routing in a multi-hop wireless ad hoc network is not straightforward; simply due to the unreliability of a 

wireless link. To this end traditional routing protocols sending traffic on predetermined paths have failed. A 

new routing paradigm termed opportunistic routing has recently been proposed by researchers, to cope with 

this unpredictability. Opportunistic protocols are unique in that they exploit the spatial diversity and 

broadcast nature of the wireless medium. The goal of this thesis work is to analyze how design elements 

and wireless attributes affect opportunistic routing, and in this context develop a new protocol. The 

algorithm developed aims to improve opportunistic elements in comparison to a well-known opportunistic 

protocol Simple Opportunistic Adaptive Routing (SOAR).  Baseline results, through simulation, have 

shown that the overall transmission delays have been improved in comparison to SOAR. 
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Chapter 1 Introduction 
 

Multi-hop wireless mesh networks have become an attractive way of communication, and are being 

deployed across the world [1]. Routing is amongst the most active fields of research in Wireless Ad Hoc 

Networks (WANETs), and in this context is closely affiliated with different communication layers. Multi 

parameter’s optimization, such as routing overhead, packet bit error rate over the route, and network 

survivability etc. are now the key objectives in contrast to the old approach where minimizing the number 

of hops was the sole priority issue at hand. 

 

Traditional routing protocols that send traffic on predetermined paths face problems due to the unreliability 

of wireless links. In order to cope with this unpredictability, a new routing paradigm has been recently 

proposed by researchers, termed as opportunistic routing. Opportunistic protocols are unique amongst their 

counterparts in that they exploit the spatial diversity and broadcast nature of the wireless medium.  

 

With opportunistic routing [2] route selection differs from traditional methods in that; forwarders are 

selected amongst several nodes in the network after packet transmission. This feature, along with the fact 

that opportunistic protocols utilize the spatial reuse and broadcast nature of the wireless medium allows 

them to unite several weak links into a strong one as well as take advantage of unanticipated long or short 

transmission. The overall effect being that opportunistic protocols cope well with the unpredictable 

wireless medium.  

1.1 Purpose 
 

In recent research complex opportunistic protocols have been proposed. The performance of these 

protocols, however, can’t be characterized by their opportunistic features since they also include features 

that are found with traditional protocols.  

 

This thesis focuses on opportunistic routing techniques for Wireless Ad Hoc Networks (WANETs). To this 

end we develop a new adaptive scheme for WANETs and compare it to a well-known opportunistic 

protocol Simple Opportunistic Adaptive Routing protocol (SOAR) [3] [4]. The simulation platform that we 

use for implementing this adaptive routing scheme is Matlab. The system parameters have been based on 

IEEE 802.11a standard. We discuss the details and the primitives affecting our opportunistic scheme in 

detail in the coming chapters. 
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1.2 Problem Background 
 

Traditional routing protocols that send traffic on predetermined paths face difficulties in terms of 

transmission delays and associated Bit Error Rates (BER) due to the unreliability of wireless links. This 

unreliability of wireless links is due to several factors i.e. interference from nearby terminals, diffraction, 

multi-path propagation etc. In order to overcome this unpredictability; opportunistic routing has been 

proposed by researcher’s. As the name suggests opportunistic protocols are intelligent in the way they 

select the forwarding nodes based on the wireless attributes. Several new protocols have emerged; 

however, key performance indicators such as the delays associated with packet transmissions in wireless 

media can still be improved by coming up with an advanced opportunistic routing protocol. 

1.3 Scope 
 

This thesis work is aimed to improve the overall transmission delays in comparison to a well-known 

opportunistic protocol SOAR. In order to achieve this objective our main focus has been on wireless 

attributes and how these can be utilized to improve delays in ad hoc wireless networks. Most of the work 

comprises understanding the opportunistic protocol SOAR and replicating it in the chosen simulation 

platform i.e. Matlab. Four different opportunistic schemes have been analyzed in terms of transmission 

delays and BER. Out of these four schemes; one scheme termed “cooperative multipoint” has been further 

developed and compared to SOAR. Out of scope is the verification of the new opportunistic scheme in a 

lab setup due to the associated complexity and time required. Furthermore, a comprehensive analysis and 

comparison of other opportunistic schemes with SOAR has also been left out and suggested as future work. 

1.4 Outline 
 

This thesis is divided into seven major chapters. The short introduction of chapter work is presented as; 

 

Chapter 2 – Overview of Ad Hoc Wireless Networks: An introduction to wireless ad hoc networks and 

wireless communication. 

Chapter 3 – Background: A background to the thesis work and problem identification. 

Chapter 4 – Related Work: Discussion about the work done in relation to this thesis and an explanation 

of Simple Opportunistic Adaptive Routing (SOAR) protocol. 

Chapter 5 – Methodology: Discussion about the approach for developing a new opportunistic scheme and 

simulating ad hoc networks. 

Chapter 6 – Simulations and Results: Discussion of the results gathered through implementation and its 

comparison to traditional approaches. 

Chapter 7 – Conclusion and Future Work: Conclusion of the thesis work and future recommendations. 
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Chapter 2 Overview of Ad Hoc Wireless Networks 
 

Ad hoc wireless networks are created by devices which are able to communicate with each other via the 

wireless medium without having to resort to a pre-existing infrastructure. Wireless ad hoc networks also 

commonly known as Mobile Ad Hoc Networks (MANETs) can form stand-alone sets of wireless terminals, 

but at the same time these terminals could also be sometimes connected to a cellular system or to a fixed 

network. A fundamental feature of the ad hoc networks is that they are self-configuring dynamic networks 

that do not require the intervention of a centralized administration. 

 

It should not be confused that terminals within the ad hoc networks can only function as end systems with 

the end station’s only executing the applications (sending data between the source and the destination 

node). In essence, terminals in the ad hoc networks can function as intermediate nodes where they come 

into play by forwarding packets for other nodes. Therefore, the possibility of two nodes communicating, 

even if they reside outside each other’s transmission ranges becomes possible because intermediate nodes 

existing within the ad hoc network can function as routers. It is due to this reason that wireless ad hoc 

networks are termed as “multi-hop wireless networks”. 

 

In comparison to cellular networks (having a pre-existing infrastructure), ad hoc networks are more 

adaptable to changing physical conditions and traffic demands. Also, due to the unpredictability of the 

wireless medium the attenuation characteristics of the media are nonlinear, energy efficiency will be 

superior and increased special diversity will yield superior capacity and hence superior spectral efficiency. 

These features make the ad hoc networks suitable for pervasive communications, a concept that is closely 

affiliated with 4G architectures and heterogeneous networks. However, flexibility at various levels, for 

instance distributed medium access control or dynamic routing poses new challenges in wireless ad hoc 

networks. 

2.1 Classification of Wireless Ad Hoc Networks (WANETs) 
 

Based on the type of applications; wireless ad hoc networks can further be classified into the following 

three network types: 

1. Wireless Mesh Networks (WMNs) 

2. Mobile Ad Hoc Networks (MANETs) 

3. Wireless Sensor Networks (WSNs) 

 

We now give an overview of the three types of ad-hoc networks mentioned above. 
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2.1.1 Wireless Mesh Networks (WMNs) 

 

A Wireless Mesh Network (WMN) is basically a communication network having nodes organized in mesh 

topology. These networks have Access Points (APs) that facilitate intercommunication of wireless clients 

and connectivity through multi-hop paths. The mesh network usually comprises gateways, mesh routers, 

and mesh clients. The mesh routers forward traffic for the clients (laptops, wireless devices etc) to and from 

the gateway, which in turn usually provide connectivity to the Internet (however this is not a compulsion). 

This concept can be seen more clearly in figure 2.1. The main advantage that comes with this type of 

network is that it is reliable and provides redundancy, since if one node can’t operate for some reason the 

other nodes are still able to communicate with each other either directly or via an intermediate node. Other 

associated advantages are that these networks have low up-front costs, provide non line of sight coverage, 

the ease of maintenance associated with them, and the ease of incremental deployment 

 

 

Backhaul

WiFi AP

WiFi AP

WiFi AP

 

Figure 2.1: Wireless Mesh Network (WMN) 

2.1.2 Mobile Ad Hoc Networks (MANETs) 

 

Mobile Ad Hoc Networks (MANETs) are distributed systems comprising wireless mobile nodes that can 

dynamically organize themselves into an arbitrary ad-hoc network topology. This allows clients to 

intercommunicate in areas which do not have a pre-existing infrastructure for communication. Devices 

within the MANET move independently in any direction and as a consequence frequently change their 

links with other devices in the network. Each node in the network can be termed as a router since it 

forwards data depending on connectivity for other nodes; irrespective of to its own use. A core difficulty 

with these types of ad hoc networks lies in the fact that each device should throughout maintain the 

information used for routing the traffic from the clients. From an applications perspective MANETs are 
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rapidly deployed in battle-sight networks, impromptu communications among groups of people, and 

automobile communications etc. Figure 2.2 depicts the architecture for a MANET. 

 

 

Figure 2.2: Mobile Ad Hoc Networks (MANETs)  

2.1.3 Wireless Sensor Networks (WSNs) 

 

Wireless Sensor Networks (WSNs) are dense wireless networks comprising spatially distributed small, 

low-cost autonomous sensors that collect and disseminate environmental data. WSNs comprise nodes 

ranging in numbers from a few to several hundred or may be even thousands, with each node in turn 

connected to one or several sensors. These networks facilitate accurate control and monitoring of physical 

environments from remote locations. However, with sensor nodes there exist several computational and 

energy constraints owing to their ad-hoc method of deployment and inexpensive nature. Today such 

networks are utilized for many customer and industrial applications, such as gathering sensing information 

in inhospitable environments, machine health monitoring, and military purposes etc. Figure 2.3 depicts a 

WSN. 
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Internet

WiFi AP WiFi AP

Sensor nodes Sensor nodes

 

Figure 2.3: Wireless Sensor Network (WSN) 

2.2 Layered View of Wireless Ad Hoc Networks (WANETs) 
 

In contrast to fixed topology wired networks; the performance of a Wireless Ad Hoc Network (WANET) 

owes to interaction amongst various layers of the network. Thus, to establish a detailed view of as to how a 

WANET functions; we shall explain in this section a layered view of a WANET. The order in which we 

proceed is the top down approach, beginning with the application layer. 

2.2.1 WANET Applications and Transport Layer 

 

From an application’s perspective nodes within the ad hoc Internet in turn run the same applications as any 

other device in the internet, and therefore the famous TCP/IP protocol stack has to be extended across such 

a network. As with the Internet’s transport layer; for the applications running at the end systems (desktop) 

the transmission control protocol (TCP) provides reliable communication, deals with the packets lost and 

prevents congestion in the network. For point-to-point wireless links, however, the TCPs adaptive window 

based packet transmission has been a point of concern and issues associated with TCP over multi-hop radio 

links have been in focus for research [5]. 

2.2.2 Network Layer and Adaptive Routing Protocols 

 

In similarity to the TCP/IP protocol suite; for the network layer in a WANET, the data arriving from the 

transport layer is encapsulated into the IP packets known as datagrams. Simply stated a routing protocol 

determine as to how nodes within a network should interact such that a packet can be successfully 

transmitted from a source to a destination. Routing protocols in WANETs are adaptive because there is no 

pre-existing infrastructure, and thus the decision regarding which node is suitable for forwarding a given 

packet is made dynamically based on network connectivity. If for some reason a node fails to forward a 

packet for instance due to interference or link failure etc then the network automatically learns new paths 

that can be used between nodes to communicate and thus forwards the packets on alternative paths. Based 
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on the type of the protocol; the way of handling changes in the network topology varies i.e. for the link 

state routing protocols a simple change in a link state causes the nodes associated to broadcast via flooding 

the change in link state to all other nodes in the network, whereas for routing protocol belonging to the 

distance vector category a change in link state is only communicated by the associated node to its directly 

connected neighbors which in turn then convey this information to their neighbors and the process 

continues till network converges (no more information has to be shared amongst nodes). In later chapters of 

this report we shall discuss the details and the types of such protocols in more detail. 

2.2.3 Multiple Access Mechanism 

 

In context of our work the IEEE 802.11 standard uses the Carrier Sense Multiple Access Collision 

Avoidance (CSMA/CA) multiple access algorithm which in case of a WANET allows the nodes to 

coordinate their transmission in decentralized manner. What happens with CSMA/CA is that a node 

wishing to transmit first listens to the channel for a pre-calculated amount of time to check as to whether 

another node within the range is transmitting on the channel. If the channel is sensed as being idle (no 

transmission) then the node begins its transmission, while on the contrary if the channel is sensed as busy 

then the node refrains from transmitting its data for a random amount of time. Multiple access schemes 

often use the Request To Send (RTS) – Clear To Send (CTS) dialogue. With this dialogue a node sends an 

RTS message to the destination node and transmits when it gets the CTS message, ensuring that the 

destination node is in the receiving mode while transmission from the sender occurs. This also caters 

interference, since other nodes hearing the communication refrain from transmitting their data during this 

span. 

2.2.4 Physical Communication 

 

Several nodes e.g. mobile handsets, laptops, desktops etc are present in a WANET at the physical level, 

with each node having a digital radio unit. However, these nodes only utilize a portion of the radio 

spectrum that does not require complicated spectrum licensing. Therefore, the frequency band used is based 

on the type of standard being used in the WANET; for instance the IEEE 802.11a standard uses the 5GHz 

band whereas the IEEE 802.11b uses the 2.4GHz band. Furthermore, to cater issues such as multipath and 

interference at the physical level; spread spectrum modulation is usually employed. Also, the data rates 

available for transmission are dependent on the type of IEEE 802.11 standard being used. 802.11a supports 

data rates of up to 54Mbps. We discuss the details affiliated with the IEEE 802.11 such as the spread 

spectrum techniques, the supported data rates, the supported ranges, and frequency bands etc in the next 

chapter. 
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2.3 Wireless Communications 
 

Routing in a multi-hop network is not straightforward; simply due to the unreliability of a wireless link. 

This unreliability exists mainly due to the interference and multipath effects and thus poses a challenge for 

route selection. Owing to this unreliability traditional routing protocols have been found inefficient for 

wireless ad hoc networks; because a predetermined path for a wireless network does not ensure that quality 

of the links lying on the path shall be stable throughout multiple packet transmissions in such networks. 

 

In order to elaborate this argument we begin our discussion by giving a basic overview on wireless 

communication and in particular the communication basics that in one way or another are affiliated with a 

wireless link. We first define the fundamental attributes associated with a wireless link and its capacity and 

then build up our discussion by describing the different aspects associated in evaluating a wireless link such 

as channel noise, path loss, and receive sensitivity. Let’s begin with the three fundamental attributes that 

are of great importance while evaluating a wireless link. 

 

1. The available bandwidth: determines the amount of information (data, voice, video or any other 

kind) that can be sent to the receiver over the wireless link at any given time and the speed with which 

the information reaches the receiver [6]. 

2. The available Radio Frequency (RF) power: refers to the power of the transmitter that is delivered 

by the antenna port of the radio and is usually measured in watts. The RF power is essential in 

determining the range of the transmitter. 

3. The required reliability in terms of Bit Error Rate (BER):is a measure of the quality of a signal, 

and is an important figure of merit while performing the link budget analysis of a communication 

system. BER is a function of Eb/No (bit energy per noise density of the signal). BER of a signal is 

related to its Eb/No via a function known as erfc, the complementary error function, describing the 

cumulative probability curve for a gaussian distribution [6].  

 

The capacity of a communication link is bound by the available RF power and Bandwidth. The Shannon’s 

Channel Capacity Theorem [7] defines the upper limit in terms of data rate as:        (    ⁄ )   (1) 

 

Where: 

S/N = SINR = [Signal Power/ (Interference + Noise Power)]                    岫     ⁄ 岻                     岫  岻                   岫     岻               岫     岻 
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The equation provides a mapping of SNR values to achievable data rates. In our thesis work SNR is 

approximated by SINR values. 

2.3.1 Channel Noise 

 

For a given communication system, the channel noise is always coupled with the bandwidth of the system 

as shown by eq (1). All electronic components that produce heat emit RF energy in the form of random 

white noise, also known as Gaussian noise [8], [9]. To measure noise power the following equation is used:         (2) 

Where:               岫     岻                       岫            ⁄ 岻                                                               岫  岻 
 

With a given physical temperature this is the lowest possible amount of noise level for a communication 

system. Temperature is usually assumed equivalent to room temperature (290K) for most applications. 

Equations 1 and 2 reveal that a tradeoff can be made between the bandwidth and RF power in order to 

achieve a specific performance level (as defined by the BER). 

2.3.2 Range and Path Loss 

 

Another key issue affiliated while considering a communication system is its range. When a radio wave 

propagates through free space, the power of the signal falls off as the square of range/distance traversed. 

The power that will reach the receiver antenna will be reduced by a factor of four, for a doubling of range. 

This is due to spreading of radio waves, while they propagate through free space, and can be calculated 

using the following equation:          岫    ⁄ 岻   (3) 

Where:                                                       岫 岻     ⁄                                         岫       ⁄ 岻             岫  岻 
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Equation (3) describes free space propagation. In case of obstructions such as buildings, walls, and ceilings 

propagation losses for indoor communication become significantly higher. For indoor communication the 

line of sight propagation holds for a certain range after which propagation losses increase by up to 30 dB 

per 100 feet for indoor communication in dense office environments. However this just gives an idea about 

the losses seen an indoor environment and can be used as a rule of thumb; actual losses vary depending on 

the layout and construction of the building. 

2.3.3 Receive Sensitivity 

 

The sensitivity of a receiver is simply a measure of how much power Radio Frequency (RF) needs in order 

to be successfully decoded by the receiver. A lower power level that can be successfully processed by the 

receiver corresponds to a better receive sensitivity of the receiver i.e. the lower the power level the better 

the receive sensitivity [10]. Generally, receive sensitivity is stated as a function of data rates mapping to 

network throughput when talking about wireless equipment. Since supporting higher data rates at the 

receiver requires more power thus for a given receiver, the higher the data rate, the lower will it’s receive 

sensitivity be.  

2.3.4 Measuring Receive Sensitivity 

 

Receive sensitivity is expressed in watt (power) and we typically use ‘dBm’. The unit is used for various 

measurements in the fields of science and engineering e.g. control theory, RF engineering, electronics, and 

acoustics etc. 

 

A decibel is the ratio of a physical quantity (usually power) relative to a reference level expressed on a 

logarithmic scale. A ratio of 1:1 is equivalent to 3 dB. A ratio of 2:1 is equivalent to 3 dB while ratios less 

than 1:1 are negative numbers e.g. 1:2 is equal to -3 dB. 

 

Receive sensitivity is usually expressed in dBm. The dBm is used for measurements of radio power with 

the ‘m’ specifying that the reference is set to 1 milliwatt. A power level of 1 mW equals 0 dBm, and a 

power level of 100 mW equals 20 dBm. Power levels that are below 1 mW give negative numbers, for 

instance, 0.1 mW equals -10 dBm. 

 

As mentioned earlier lower power levels correspond to better receive sensitivity, thus a larger absolute 

value of a negative number would correspond to a better sensitivity. For example, a sensitivity of -90 dBm 

is better than a sensitivity of -87 dBm by a factor of 2, or 3 dB. More explicitly speaking, for a given data 

rate, a receiver having a sensitivity of -90 dBm would be able to hear signals that are half as strong in 

comparison to the receiver having a sensitivity of -87 dBm. 
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2.3.5 Link Budget Analysis 

 

We conclude this chapter by giving a general overview of the link budget analysis of a communication 

system. A link budget accounts for all losses and gains in a transmission system. The main idea behind 

performing the link budget analysis of a communication system is to determine all those elements that 

affect the signal strength for the signal that arrives at the receiver. Following are the parameters included in 

a link budget analysis, 

 

1. Transmitter power. 

2. Antenna gains (transmitter and receiver). 

3. Antenna feeder losses (transmitter and receiver). 

4. Path losses. 

5. Receiver sensitivity  

 

Although receiver sensitivity is not an actual part of the link budget analysis, it is necessary to know this in 

order to apply the pass or fail criteria to a wireless link i.e. whether or not the link would work in reality. 

It should also be noted that the losses vary with time, for instance, fading, and therefore allowance must be 

made within the link budget analysis i.e. there should be some margin. Often the worst case is considered 

for making this allowance or alternatively for the case of digital signals acceptance of periods with 

increased BER is taken for making the allowance. Simply the link budget equation can be written as: 

               岫   岻                    岫   岻       岫  岻        岫  岻   (4) 

 

In order to do a comprehensive analysis using a link budget equation; it is obligatory to take into account 

all areas where losses and gains may occur between a receivers and transmitter [6]. For a radio 

communication system such a link budget equation may look like the following:                                  (5) 

Where, 

                    岫   岻                              岫   岻                              岫   岻                           岫   岻                                              岫                    岻 岫  岻                                           岫                    岻 岫  岻                     岫  岻 
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                        岫                                       岻岫  岻 
 

Sometimes link budget equation is expressed using the term Effective Isotropic Radiated Power (EIRP) 

which is no more than the effective power seen at the output of the transmitting antenna or in terms of 

equation it is the transmitter output power, the feeder losses, and the transmitter antenna gain collectively:                              岫   岻            (6) 

For a wireless link to work properly we want,                                                         

However in reality, a margin is required to be on the safe side and ensure that the link would work. A 

margin around 6 to 10 dB is good to have for a reliable link. Figure 2.4 shows a communication system 

along with the link budget parameters. 
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Figure 2.4: Link budget parameters for a communication system 
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Chapter 3 Background 
 

In this chapter we give a detailed background to our thesis work. In particular we discuss the IEEE 802.11 

standard and opportunistic routing. We begin our discussion by giving a general overview of the Institute of 

Electronic and Electric Engineers (IEEE) 802.11 standard, in order to establish the basic principles of 

operation, and the reasoning behind the features provided by the standard. Simply stated IEEE 802.11 is a 

set of standards used for implementing the Wireless Local Area Network (WLAN) computer 

communication in the 2.4GHz, 3.6GHz, and the 5GHz band. The IEEE 802.11 family comprises the 

standards IEEE 802.11a, 802.11b, 802.11g, and 802.11n. These standards are differentiated on the basis of 

operational frequency, coverage, modulation technique, and throughput. Thus, there exists a slight 

difference in the specification of these standards. 802.11a has been used in our thesis for defining the 

system parameters of the nodes in our simulations.  

 

We then move on to the basics of routing and the key components associated with it. Readers are 

recommended to see reference [16] in order to understand the concept of routing. In particular, we discuss 

the difference between static and dynamic routing and then link-state versus distance vector routing 

algorithms. We then detail the Dijkstras algorithm, which is one of the key components in our thesis work. 

Finally we introduce opportunistic routing and explain how opportunistic routing algorithms are used for 

routing in wireless networks. 

3.1 IEEE 802.11 Architecture 

3.1.1 Architecture Components 

 

In order for the reader to develop a better understanding of the IEEE 802.11 architecture; we first present 

the different architecture components that any wireless LAN may have. We believe this bottom-up 

approach will help the reader to understand more specific details that pertain to the network architecture of 

IEEE 802.11 [11]. The following elements can be identified in a wireless network; 

3.1.1.1 Wireless Hosts 

 

Simply stated wireless hosts are the end system devices that run the application i.e. laptops, PDA, desktop 

computer etc. 

3.1.1.2 Base Station 

 

The Base Station (BS) is responsible for receiving and transmitting data (e.g. packets) from and to an 

associated wireless host. The main task of these BSs is to coordinate the transmissions from multiple 
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wireless hosts associated with them. From the IEEE 802.11 perspective example of such BSs is the wireless 

Access Point (AP). 

3.1.1.3 Wireless Links 

 

In order for a wireless host to connect with a BS or another wireless host, it must use a wireless 

communication link. Wireless links have key importance in any architecture since the link technology 

determines the transmission rate and transmit/receive distances. Figure 3.1 depicts the link characteristics 

of the different IEEE 802.11 standards [12]. 

802.11n
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200Mbps
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Figure 3.1: Link characteristics for IEEE WiFi standards 

Figure 3.2 shows a wireless network where wireless hosts connect using wireless links. 

 

Backhaul
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Figure 3.2: Elements of a wireless network 
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3.1.2 IEEE 802.11 Architecture Model 

 

The IEEE 802.11 LAN has a cellular architecture with the system being subdivided into cells. A single cell 

itself is referred to as the Basic Service Set (BSS) in the 802.11 nomenclature. The BSS comprises one or 

more wireless hosts and a central Base Station (BS) known as the Access Point (AP). Although a wireless 

LAN can be formed by a single BSS (where the stations communicate only peer-to-peer and the BSS is 

termed as an Independent BSS), most installations are formed via several cells with the BSSs 

interconnected by some kind of backbone called the Distribution System (DS). Typically this backbone is 

Ethernet, however, in some cases the backbone itself can be wireless. The whole interconnected network 

(WLAN) including several BSSs interconnected via DSs, is seen as a single network by the upper layers in 

the Open System Interconnect (OSI) model [13] and is termed as an Extended Service Set (ESS). Figure 

3.3 depicts a typical 802.11 LAN including the mentioned network components. 

 

WiFi AP WiFi AP

Distributed System

 

Figure 3.3: A typical 802.11 LAN 

3.2 IEEE 802.11 Layers 
 

IEEE 802.11 covers the Physical and the MAC layer of the OSI protocol stack as shown in figure 3.4. At 

the moment the standard defines a single MAC layer that interacts with three PHYs; which are the 

Frequency Hopping Spread Spectrum (FHSS) in the 2.4GHz band, Direct Sequence Spread Spectrum 

(DSSS) in the 2.4GHz band, and InfraRed. Furthermore, the 802.11 MAC layer also performs other upper 

layer functions i.e. packet retransmissions, fragmentation, and acknowledgements [14]. 
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FH DS IR PHY LAYER

Data Link Layer802.2

802.11 MAC

 

Figure 3.4: 802.11 MAC interacts with three PHYs 

3.3 Rate Adaptation in 802.11 
 

For a given 802.11 protocol if the modulation technique between the user and the BS does not change, the 

BER becomes unacceptable (very high BER) as the SNR decreases, causing none of the transmitted frames 

to be correctly received by the receiver. Due to this reason different 802.11 protocols have rate adapting 

capabilities where by the underlying physical layer modulation technique is adaptively selected based on 

the channel characteristics. In the IEEE 802.11-based wireless networks rate adaptation is a link layer 

mechanism which is critical to the performance of the system. Yet this rate adaptation phenomenon has 

been left unspecified by the 802.11 standards.  

 

The current specifications for 802.11 mandate multiple rates of transmission at the physical layer (PHY) 

that use different coding and modulation schemes. For instance, 802.11a PHY supports eight rates (6-

54Mbps), 802.11b PHY supports four transmission rates (1-11Mbps), and 802.11g PHY supports twelve 

rates (1-54 Mbps). To exploit this multi rate capability, a sender must dynamically adapt its decision to the 

location-dependent and time varying channel quality and select the best transmission rate, without using an 

explicit information feedback from the receiver. Given the large span of available options amongst the 

different rates, rate adaptation plays a very crucial role on the overall system performance in the 802.11 

wireless networks, such as the emerging mesh networks and the widely deployed WLANs. Different 

algorithms for rate adaptation in 802.11 have thus been proposed. 

3.4 Power Management in 802.11 
 

WLANs are typically related to mobile applications, and power is a precious resource in mobile devices. 

Thus 802.11 provides power management capabilities that allow nodes in a 802.11 wireless network to 

minimize the amount of time needed by their transmit, receive, and sense functions. 802.11 directly address 
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the power saving issue and defines an entire mechanism that enables work stations to go in the sleep mode 

for long time spans without any information loss. 

 

The main concept behind the power saving mechanism is that an AP maintains a continuously updated 

record of the nodes that are currently in the power saving mode. While these nodes are in the power saving 

mode the AP also buffers the packets addressed to these nodes until either they change their mode of 

operation, or the nodes specifically requests the packets by sending polling requests. 

 

The AP also transmits periodically the information about which power saving nodes have their frames 

buffered at the AP, as a part of its beacon frames, so that these nodes wakeup in order to receive the beacon 

frame. In case that an indication is present that a frame has been stored at the AP waiting for delivery; the 

node stays awake and gets these frames by sending a polling message to the AP. Broadcasts and multicasts 

are stored and transmitted by the AP at a pre-known time, when all power saving nodes that are awake 

wish to receive this kind of frames. 

3.5 IEEE 802.11a 
 

The IEEE 802.11a standard details an OFDM physical layer (PHY) which splits a signal (information) 

across 52 separate subcarriers to achieve transmission rates of 6, 9, 12, 18, 24, 36, 48, or 54 Mbps. Data 

rates of 6, 12, and 24 Mbps have been specified as mandatory in the IEEE 802.11a standard. Amongst the 

52 separate subcarriers; four subcarriers are pilot subcarriers that are used by the systems as a reference to 

disregard phase shifts or frequency of the signal during transmission. To prevent the generation of spectral 

lines a pseudo binary sequence is sent through the pilot sub-channels. 48 of the remaining subcarriers are 

used to provide separate pathways for transmitting information in a parallel fashion. As a result, the 

subcarrier frequency spacing is 0.3125 MHz (for a 20 MHz channel with 64 possible subcarrier frequency 

slots) in IEEE 802.11a. 

 

In 802.11a the main purpose of the OFDM PHY is the transmission of MAC Protocol Data Units (MPDUs) 

as directed by the 802.11 MAC layer. The OFDM physical layer of 802.11a is divided into two elements: 

Physical Medium Dependent (PMD), and the Physical Layer Convergence Protocol (PLCP) sub-layers. 

 

The MAC layer in 802.11a communicates with the PLCP sub-layer via specific primitives through a 

physical service access point. When instructed by the MAC layer PLCP prepares MPDUs for transmission. 

Incoming frames from the wireless medium are also delivered by the PLCP sub-layer to the MAC layer. 

Furthermore, by mapping MPDUs into a frame format suitable for transmission by the PMD; the PLCP 

sub-layer minimizes the dependence of the MAC layer on the PMD sub-layer. 
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The PMD provides actual reception and transmission of the PHY entities between two stations through the 

wireless medium, under the direction of the PLCP sub-layer. In order to provide this service the PMD 

interfaces directly with the air medium, and allows modulation and demodulation of the transmission 

frames. In order to govern the transmission and reception functions the PMD and PLCP sub-layers 

communicate using service primitives. 

 

With the use of OFDM modulation in 802.11a, the binary serial signal is divided into groups of one, two, 

four, or six bits, depending on the chosen data rate, and then converted into complex numbers that represent 

applicable constellation points. For instance, if a data rate of 24 Mbps is chosen, this implies that the PLCP 

sub-layer maps data bits to a 16QAM constellation. 

 

PLCP normalizes the complex numbers after mapping to achieve the same average power for all mappings, 

in 802.11a standard. The PLCP assigns each symbol (with duration of 4 microseconds) to a particular 

subcarrier. Before transmission an Inverse Fast Fourier Transform (IFFT) combines the subcarriers. 

 

The PLCP sub-layer also implements a clear channel assessment protocol by reporting a medium clear or 

busy to the MAC layer via a primitive through the service AP. This is in line with the other 802.11 based 

PHYs. The MAC layer, in turn, uses this information to decide whether instructions regarding the actual 

transmission of an MPDU should be issued or not. The 802.11a standard, based on the chosen data rate 

requires receivers to have a sensitivity ranging from -82 to -65dBm. 

3.5.1 IEEE 802.11a Overview 

 

802.11a is an OFDM system which is very similar to Discrete Multi Tone (DMT) modems transmitting 

several subcarriers in parallel using Inverse Fast Fourier Transform (IFFT), and receiving the subcarriers 

through Fast Fourier Transform (FFT).  

 

802.11a has a wireless transmission medium and an operational frequency band of 5GHz. OFDM in 

802.11a systems provides a Wireless LAN with data payload communication capabilities of up to 54 Mbps. 

The support for transmission and reception data rates of 6, 12, and 24 Mbps is compulsory in the standard. 

52 subcarriers are used in the 802.11a systems that are modulated using either Binary or Quadrature Phase 

Shift Keying (BPSK/QPSK), 16 Quadrature Amplitude Modulation (QAM), or 64 QAM. Forward Error 

Correction (FEC) convolutional coding is used with a coding rate of 1/2, 2/3, or 3/4. 

 

The OFDM PHY comprises two protocol functions 

 

1. A physical layer convergence function, which basically adapts the capabilities of Physical 

Medium Dependent (PMD) system to the PHY service. The Physical Layer Convergence 
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Procedure (PLCP) supports this function, which in turn defines a method for mapping the PHY 

Sub-layer Data Units (PSDU) into a framing format appropriate for transmitting and receiving 

management information and user data between two or more stations using the affiliated PMD 

system. 

2. A PMD system whose functionality defines the methods and characteristics of transmitting and 

receiving data over a wireless medium between two or more stations (using the OFDM system). 

 

The modulation parameters that are used dependent on data rate are set according to table 3.1. 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.2 lists timing parameters associated with 802.11a OFDM PLCP. 

 Parameter 

 

Value 

NSD: Number of data subcarriers 48 

NSP: Number of pilot subcarriers 4 

NST: Number of subcarriers, total 52(NSD + NSP) 

∆F: Subcarrier frequency spacing 0.3125 MHz (=20 MHz/64) 

TFFT: IFFT/FFT period 3.2 µs (1/∆F) 

TPREAMBLE: PLCP preamble duration 16 µs (TSHORT + TLONG) 

TSIGNAL: Duration of the signal BPSK-OFDM symbol 4 µs (TGI + TFFT) 

TGI: GI duration 0.8 µs (TFFT /4) 

TGI2: Training symbol GI duration 1.6 µs (TFFT /2) 

Data 

Rate 

(Mbps) 

Modulation Coding rate 

(R) 

Coded bits per 

Subcarrier 

(NBPSC) 

Coded bits per 

OFDM symbol 

(NBPSC) 

 

Data bits per 

OFDM symbol 

(NDBPS) 

 

6 BPSK ½ 1 48 24 

9 BPSK ¾ 1 48 36 

12 QPSK ½ 2 96 48 

18 QPSK ¾ 2 96 72 

24 16 QAM ½ 4 192 96 

36 16 QAM ¾ 4 192 144 

48 64 QAM 2/3 6 288 192 

54 64 QAM ¾ 6 288 216 

Table 3.1: Rate dependent parameters of 802.11a 
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TSYM: Symbol interval 4 µs (TGI + TFFT) 

TSHORT: Short training sequence duration 8 µs (10 ×TFFT /4) 

TLONG: Long training sequence duration 8 µs (TGI2 +2×TFFT ) 

Table 3.2: Timing related parameters for 802.11a 

3.5.2 Modulation and Mapping 

 

Depending on the requested rate; OFDM subcarriers are modulated using BPSK, QPSK, 16 QAM, or 64 

QAM. The encoded and interleaved binary serial input data in 802.11a are divided into groups of NBPSC (1, 

2, 4 or 6) bits and converted to complex numbers that basically represent constellation points for BPSK, 

QPSK, 16 QAM or 64 QAM. Gray coded constellation mappings is used for this conversion [15]. 

 

An OFDM modulated fixed waveform is used to transmit the PLCP preamble of 802.11a. The SIGNAL 

field in 802.11 (BPSK OFDM modulated with 6 Mbps) indicates the coding rate and modulation that is 

used for MPDU transmission. The transceiver initiates the modulation (demodulation) coding rate and 

constellation according to the RATE indicated in the SIGNAL field. The transmission rate for the MPDU is 

set by the DATARATE parameter. 

3.6 Routing 
 

Routing is the act of moving information from a source to a destination across an internetwork. Often the 

analogy used for routing is that it’s a way of building a map and then using the map to give directions. 

Typically, at least one intermediate node is encountered, as information flows across the network. Routing 

is often contrasted with bridging, which to a casual observer might seem to accomplish the same thing. The 

primary difference, however, is that bridging is a Layer 2 (link layer) attribute [17] of the OSI reference 

model, whereas routing is a Layer 3 (network layer) attribute. In this way the distinction can be made 

between routing and bridging in the way the two utilize information for the process of moving information 

across a network from a source to a destination. 

3.7 Components of Routing 
 

Two basic activities are always affiliated with routing; 

1. to determine an (optimal) routing path, and  

2. transport information (typically groups of packets) through an internetwork using these paths 

 

Seen from the context of a routing process the latter is referred to as packet switching. Furthermore, the 

process itself “packet switching” is relatively straightforward, however, finding optimal paths or path 

selection can be very complex. 



 

21 

 

3.7.1 Path Determination 

 

Metrics of different types are used by routing protocols [18] in order to evaluate the best possible path for a 

packet to travel. The metric itself is a standard for measurement. It can be bandwidth, Bit Error Rate 

(BER), Speed etc. Seen from a node’s perspective routing algorithm’s initialize and maintain routing tables 

to aid the process of path determination. The information used in calculating these paths varies, mainly 

depending on the routing algorithm used. 

3.7.2 Switching 

 

Algorithms for switching are relatively simple; being almost the same for different routing protocols. 

Often, a host simply determines that it must send a packet to another host having acquired the router’s 

address through some means. The source host then sends a packet that is specifically addressed to the 

router’s physical Media Access Control (MAC) layer [19] address, using the protocol (network layer) 

address of the destination host. 

3.8 Routing Algorithms 
 

Routing algorithms or protocols can be differentiated based on several key characteristics. On a very high 

level a very basic distinction could be that whether the algorithm is for a wireless or a wired medium. On a 

more detailed level the particular goals of the designer of the algorithm affects the operation of the resulting 

protocol. Furthermore, various types of algorithms exist for routing and every single one of them has a 

different impact on the network and the nodes that utilize it [20]. Finally, as mentioned earlier; the metrics 

used by these routing algorithms are unique and this in turn affects the optimal path calculation for each 

protocol. 

3.8.1 Algorithm Types 

 

Key differentiators for routing algorithms include: 

 Static versus dynamic 

 Link-state versus distance vector 

 Single-path versus multipath 

 Flat versus hierarchical 

 Intra-domain versus inter-domain 

 Host-intelligent versus router-intelligent 

 Opportunistic Routing 

 

In this report we shall only discuss the first two stated above i.e. the distinction between static versus 

dynamic routing and link-state versus distance vector routing algorithms. 
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3.9 Static versus Dynamic Routing 
 

Static routing algorithms are hardly algorithms at all; they are basically table or route mappings that the 

network administrator enters in a routers routing table. These mappings don’t change unless varied by the 

network administrator, and hence the name static. Algorithms that use static routes are relatively easier to 

design and are suited for smaller networks that are stable and where the network design is relatively simple. 

The cons associated with static routing are scalability, and adapting to network changes. That is however 

the case, with today’s networks that are changing constantly based on new traffic demands. This makes 

dynamic routing more dominant in comparison to static routing, and most of the algorithms used today are 

dynamic routing algorithms which basically adjust to the changing network circumstances by analyzing 

update messages. In particular, if a change occurs in a network due to a link failure, then these dynamic 

routing algorithms recalculate routes automatically and update the routing tables for themselves and also 

propagate this information to other nodes in the network. 

3.10 Link State versus Distance Vector Routing 
 

Link-state routing algorithms (also known as shortest path first routing algorithms) flood information 

across all nodes in the same administrative domain.  However, each router sends a portion of information 

(routing) describing the state of its own links. In link-state algorithms, each node in the network builds a 

complete picture of the entire network by exchanging routing information.  

 

Distance vector routing algorithms (also known as Bellman-Ford algorithms) call for each node (router) to 

send all or some portion of its information (routing table), but only to its neighbors. In a nut shell, link-state 

routing algorithms send updates to all nodes in the network, while on the contrary distance vector 

algorithms send updates to neighboring nodes (routers) only.  

 

Link-state routing algorithms are less prone to routing loops since they converge quickly, in comparison to 

their counterpart algorithms. A disadvantage, however, associated with link-state routing algorithms is that 

they put more CPU processing capabilities on the nodes (routers) than distance vector routing algorithms. 

This makes link-state routing algorithms more expensive to implement and support on a systems level. 

Scalability is however better with link-state routing algorithms; making it possible to scale large networks. 

Scalability, however, is an attribute that is associated with network stability as well. 

 

The work that we present later on in this report is somewhat more affiliated with dynamic routing and in 

particular link-state protocols. To build up an understanding for the readers; we shall now explain some 

details associated with link-state routing protocols. Link-state routing protocols utilize a term “cost” which 

is usually based on the bandwidth, to calculate a router’s metric. This metric is then utilized in calculating 
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the shortest path towards a destination node. The algorithm used for this purpose is the Dijkstra’s 

algorithm. We explain this algorithm in detail in the next section. 

3.など.な Dijkstra’s Algorithm 

 

The main purpose of dijkstra’s algorithm is to find the shortest distance between a selected source and a 

chosen destination. More than one destination can be selected implying that the algorithm can find shortest 

possible route to multiple destinations. 

3.10.1.1 Working of the Algorithm 

 

Let us start by defining some of the terms we are going to use very frequently while explaining the 

algorithm. A graph is made up of vertices or nodes. Edges are used to connect different nodes or vertices 

together. These edges are directed and have a cost or a distance assigned to them. The distance between 

two nodes ‘A’ and ‘B’ is written as [A, B] and is always a positive value. Figure 3.5 depicts nodes and their 

distance or cost labeled on the edges. 

 

 

Figure 3.5: Direct links with distance 

The algorithm divides nodes into two different sets Settled Nodes and Unsettled nodes. At initialization of 

the algorithm all nodes are termed as unsettled nodes, and these nodes settled as the algorithm proceeds.  

Let us further define some key terms used in the explaining the algorithm 

d: d stores the best estimate of the shortest distance from source to each node. 

p: p stores the predecessor of each node on the shortest path from the source. 

S: S contains the set of settled nodes. 

U: U contains the set of unsettled nodes. 

 

We shall now explain the flow of the algorithm by means of an example. Let us consider a node ‘A’ as the 

source node in the graph shown in figure 3.6:  

 

B CA
[A,B] = 3

[B,A] = 1

[B,C] = 5
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Figure 3.6: Graph with nodes and their costs 

The algorithm begins by adding the node ‘A’ to the set of unsettled nodes ‘U’ which is not empty at the 

start. The cost of reaching the node ‘A’ from itself is 0 since the node ‘A’ itself is the source node. The 

algorithm extracts the node with minimum cost or distance from the source node ‘A’ and thus picks node 

‘A’ and adds it to the set of Settled nodes ‘S’. Figure 3.7 depicts this step:  
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Figure 3.7: Node A as a settled node and Node B and C as its neighbors 

The neighbor nodes directly connected to node ‘A’ are nodes ‘B’ and ‘C’. The algorithm then calculates the 

best distance estimate from ‘A’ to ‘B’ and from ‘A’ to ‘C 

 

d(B) = d(A) + [A,B] = 0 +4 = 4 

d(C) = d(A) + [A,C] = 0 +2 = 2 

 

The algorithm then adds a predecessor to node B on the shortest path p(B)=A and the node ‘B’ itself is 

added in the set of unsettled nodes ‘U’. Similarly for node ‘C’ p(C)=A and node ‘C’ is itself added in the 

set ‘U’ as well. 
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As of this point in the example the set U contains ‘B’ and ‘C’; the node with the minimum distance to 

source node is then extracted which in this case is clearly node ‘C’ with a cost of 2 in comparison to the 

cost of ‘B’ which is 4. 
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Figure 3.8: Node B and D neighbors of newly settled Node C 

As show in figure 3.8 node C is added to the set of settled nodes ‘S’ and then observe the neighbor nodes 

directly connected to node ‘C’. These are nodes ‘A’, ‘B’ and ‘D’. However, the neighbor ‘A’ is ignored 

since it already exists in the set of settled nodes ‘S’ 

 

d(B) = d(C) + [C,B] = 2 + 1 = 3 

d(D) = d(C) + [C,D] = 2 + 5 = 7 

 

The shortest path to node ‘B’ has now been established via node ‘C’ since (d = 3) < (d = 4). Therefore the 

predecessor of node ‘B’ is updated such that p(B)=C. The distance is also updated such that d(B) = 3 and 

add the node B in set ‘U’ again. The algorithm also adds the node D in set ‘U’ as well and its predecessor 

p(D) = C with distance d(D) = 7. Figure 3.9 depicts this step: 
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Figure 3.9: Node D as a neighbor of newly settled Node B 
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As of this point there are again two nodes in set ‘U’ and the algorithm extracts the one with the minimum 

distance which is node ‘B’. The neighbors of ‘B’ are ‘A’ ‘C’ and ‘D’. However, nodes ‘A’ and ‘C’ are 

ignored since they are already settled. 

 

d(D) = d(B) + [B,D] = 3 + 1 = 4 

 

As a consequence of the calculation above the distance for node ‘D’ gets updated such that d(D) changes 

from 7 to 4 and its predecessor is also updated as p(D) =B. Furthermore add ‘D’ in set ‘U’ again. 

 

The only node in the set U is now the node ‘D’. Thus the algorithm extracts ‘D’ and adds it into the set ‘S’. 

However, all neighbors of the node ‘D’ are already settled. This indicates to end the algorithm. Figure 3.10 

depicts the final results where the arrow heads in red color display the updated predecessor’s and their 

affiliated costs. 
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Figure 3.10: Final results with updated cost and predecessors 

3.11 Opportunistic Routing 
 

Traditional routing protocols that send traffic on predetermined paths face problems due to the unreliability 

of wireless links. To cope with this unpredictability of the wireless medium, a new routing paradigm has 

been recently proposed by researchers, termed as opportunistic routing [2],[3],[4]. Opportunistic routing is 

different from the traditional routing schemes in that it exploits the spatial diversity and broad cast nature of 

the wireless medium. It also differs in its route selection after packet transmissions i.e. forwarders of a 

packet are chosen amongst the recipients after the packets transmission. These features allow opportunistic 

routing to unite several weak links into a strong one as well as take advantage of unanticipated long or short 

transmission, thus allowing to cope well with the unpredictable wireless medium [20]. 
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Figure 3.11: Opportunistic routing combining multiple weak links into a strong one 

In order to understand how opportunistic routing combines weak links to make stronger ones consider the 

system in the figure 3.11. A wireless network source node (A) is connected to five intermediate nodes (B-

F) via wireless links. Because of the unpredictable nature of the wireless medium we assume that each of 

the five intermediate links are weak and have different delivery rates. Let these delivery rates be 5, 10, 15, 

20 and 25 percent for links A-B, A-C, A-D, A-E, and A-F respectively. To simplify the scenario we assume 

independent loss rates for each link. Furthermore, each intermediate link has 100 percent delivery rate to 

the destination i.e. node G. 

 

A traditional routing protocol would commit to a predetermined shortest and reliable path for the above 

system. A traditional protocol would select only one node; amongst the five intermediate nodes as the relay 

node. Since the link A-F has the highest delivery rate the obvious choice for the traditional routing protocol 

would be the node F as the intermediate node for the next hop. Thus, on average, four transmissions would 

be required for transmitting a packet from node A to node F. The packet then needs to be forwarded once 

from node F to node G for the packet to reach its intended destination. Therefore, all in all, for an end-to-

end packet delivery a total of five transmissions are required. On the contrary, opportunistic routing can 

combine the five weak intermediate links into a strong one that jointly forwards the packet to its 

destination. The success rate of the combined link is given by the following equation [3], 

   岫岫     岻岫     岻岫      岫     岻岫      岻岻       (7) 

 

Thus, for opportunistic routing, on average only 1/0.564 = 1.77 transmissions are required for the packet to 

reach an intermediate node. Since all intermediate nodes have a 100 percent delivery rate to the destination; 

only one further transmission is required by the intermediate node so that the packet is delivered to its 

destination. Therefore, a total of 2.77 transmissions are required with opportunistic routing for the end-to-

end delivery of the packet. 
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Chapter 4 Related Work 
 

In this chapter we discuss the previous work associated with the field of opportunistic routing. In particular 

we discuss Extreme Opportunistic Routing (ExOR), Resilient Opportunistic Mesh Routing (ROMER), 

Destination Attractor and Directed Transmission, and Simple Opportunistic Adaptive Routing (SOAR). 

The focus, however, is on the SOAR protocol since it’s a well-known opportunistic protocol. We detail the 

pseudo code for SOAR, so that the readers can understand how this opportunistic protocol selects 

forwarding nodes based on link characteristics. The explanation of the protocol also goes on to show the 

complexity associated with opportunistic protocols. Later discussions in the results chapter show how our 

opportunistic scheme “cooperative multipoint” improves the transmission delays compared to SOAR. 

4.1 Extreme Opportunistic Routing (ExOR) 
 

ExOR is an opportunistic routing protocol [23] which has been developed for multi hop wireless networks. 

This routing protocol integrates the routing and MAC protocols; but all the packets are broadcasted at layer 

3. It increases the routing performance by the opportunistic and dynamic approach for selection of the 

links; when the links on the default path become unstable. 

 

After having a batch of packets, which have an identifier ‘BatchID’ the source node broadcasts each packet 

in the queue to the list of its forwarding nodes which exist in a priority order depending on the cost metric 

or ETX metric [22]. Different metrics can be used in different algorithms such as distance between the 

nodes or it can be the achievable signal to noise ratio between the nodes.  The forwarding list of the source 

node contains only those nodes which are closer to the destination as compared to the distance between 

source node and the destination. Each packet contains marking packets that have been received by the 

sending node or the nodes with higher priorities. A forwarder in a list transmits a packet only if no other 

forwarder with higher priority in a list has acknowledged receipt of the same packet.   

 

It is less probable that a forwarder will receive the entire group or batch of packets correctly, so the nodes 

that have the stored fragments of the batch will need to schedule their transmissions. For this reason each 

forwarder in the list uses a forwarding timer that ExOR has set to five packet durations times the number of 

higher priority nodes in the forwarder list, and this is an estimation of the time at which the node should 

start forwarding packets from its queue. After each schedule cycle the batch maps need to be updated by 

means of negative acknowledgments and when the destination has received ninety percent of the whole 

batch of packets, the rest of the batch is sent using traditional routing as the overhead would be forbidding 

otherwise. 
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The most necessary feature of this scheme is centralized coordination and scheduling between the 

forwarders as well as the destination. This results in high overhead when the group of packets to transmit is 

small since burst and short lived flows, or the number of candidate forwarders is large [24]. 

4.2 Resilient Opportunistic Mesh Routing (ROMER) 
 

In the opportunistic scheme ROMER [25], a forwarding mesh topology is built depending on the links that 

have the minimum costs. One of the aims of this scheme is to avoid the retransmission of the packets over 

persistently poor routes. Each packet is assigned a number of credits which is equal to the amount needed 

to reach the destination along the actual default path (minimum cost path) and some extra slack that allows 

the packet to deviate slightly from the shortest path if there is congestion on that link.  

 

Before forwarding a packet the transmitting node calculates the remaining credit for the packet which it 

should have if forwarded over that link and then compares it with the threshold value. If the remaining 

credit is less the packet isn’t transmitted [24]. This scheme enables multiple forwarders to emerge near the 

source to ensure route diversity if there are poor links. At the same an important feature is to secure the 

convergence near the destination which is dependent on the slack that is added to packet in order to allow it 

to slightly deviate from the shortest possible path. This scheme favors the high quality links over the poor 

quality links by selecting higher random probability for these links. However, it does not take into account 

the resource conversation and catering of multiple flows. 

4.3 Destination Attractor and Directed Transmission 
 

The parametric probabilistic sensor network routing scheme [4] proposes two protocols that forward a 

single packet with changing retransmission probability through a network of sensor nodes. The distance 

attractor assigns a higher probability to the packet as it gets closer to the destination and vice versa if it 

moves further away from the destination. Distance is monitored by comparing the distance of the source 

node in terms of hops from the destination to the distance of the node currently holding the packet. The 

reason of this approach is to deliver as many copies of a single packet to the destination as possible without 

accounting for resource usage and delays. Directed transmission improves probabilistic routing 

performance by assigning the higher transmission probability to the nodes existing on the shortest path. 

This gives lower resource consumption in comparison to the destination attractor [24]. 

4.4 Simple Opportunistic Adaptive Routing (SOAR) 
 

We now explain how a simple opportunistic routing protocol works to route a packet from a source to the 

intended destination, and how the protocol supports multiple flows in wireless mesh networks. Being an 

opportunistic protocol SOAR uses adaptive path selections, based on network conditions to route a packet, 

thus allowing for path diversity while avoiding duplicate transmissions. It also recovers lost packets locally 
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and retransmits them efficiently. SOAR takes into account the current network conditions to select the data 

rate at which the packets should be transmitted, attributing adaptive rate control, and only allows the best 

suitable nodes to forward the packet using a forwarding timer. All these attributes allow SOAR to achieve 

high throughput and fairness, thus making it extremely efficient for wireless mesh networks [21]. 

We know explain how SOAR works by presenting a pseudo code. 

 

In order to explain how SOAR works; let us begin by describing the cost metric used for calculating the 

shortest path. 

4.4.1 Estimated Transmission Cost 

 

The cost metric used for calculating the shortest path in SOAR is the Estimated Transmission Cost (ETX) 

metric [22]. The following steps are involved in calculating this metric: 

1. distance between the two nodes being considered 

2. SINR based on distance 

3. transmission rate allowed based on path loss (distance) 

4. Bit Error Rate (BER) based on 1, 2, and 3 

 

The following equation then defines how the ETX is calculated: 

ETX = 1/(1-BER)2 (8) 

From a node’s perspective this calculation is done based on whether the nodes being considered are within 

communication range: 

if distance > range, 

ETX = inf 

else 

ETX = 1/(1-BER)2 

 

Where range specifies the distance in meters between a single transmitter and a receiver at which the signal 

from the transmitter is detectable at the receiver i.e. a data rate of 6Mbps, path loss function defined by d4, 

and considering no interference.  

 

Having defined the ETX cost metric; the shortest path is then calculated by using this metric as an input to 

the dijkstras algorithm for each node to the destination. 

 

We now detail how SOAR works by considering an analogy of a matrix with nodes randomly distributed 

on it and using a pseudo code to explain the steps involved.  
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Let us consider a matrix defined by two coordinates (x, y). Nodes (routers) are distributed randomly on this 

matrix with the position of each matrix defined by its coordinates. Figure 4.1 presents an example of such a 

matrix with the red boxes representing the nodes:  

 

 

 

Figure 4.1: Two dimensional matrix representing randomly distributed nodes  

We now define the term default path and the actual default path and explain the difference between them: 

 

Default path: is the shortest path from a node to another node in the matrix. 

Actual default path: the default path which is actually being used by two nodes (transmitter and receiver) 

to send information. 

 

Each node within the network pre-empts and calculates the shortest path to every other node in the matrix 

based on the ETX metric. Each of these paths is termed as a default path. However, these multiple default 

paths might not be used (no traffic traverse these paths). The default path that actually does have traffic 

traversing it is termed as the actual default path. Figure 4.2 explains this: 
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Figure 4.2: Default path between three nodes 

Figure 4.2 explains the concept of default for three nodes. The node “a” in figure 4.2 has calculated default 

(shortest) paths to only two other nodes in the matrix. The node “a” also calculates default paths to all other 

nodes (remaining red spots) in the matrix, however, for the sake of simplicity we do not illustrate this in 

figure 4.2. The same is also true for every other node in the matrix. For instance the node “b” will also 

calculate default paths to all other nodes in the matrix using the dijkstra’s algorithm. On the contrary, the 

concept of an actual default path is illustrated in figure 4.3: 

 

 

 

Figure 4.3: The actual default path between two nodes exchanging information 

Figure 4.3 illustrates the concept of an actual default path. In figure 4.2 the node “a” had already calculated 

default paths to every other node in the matrix, including node “d”. However, these default paths just 
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represent shortest paths calculated by the nodes and are not necessarily used for sending data. However, 

node “a” sends traffic (data) over its default path to “d” implying that this path is now an “actual default 

path”. Having described the concepts of a default path and an actual default path; each node makes its 

forwarding list based on either of the following two cases: 

1. A node “i” lies on the actual default path 

2. A node “i” does not lie on the actual default path 

 

Case 1: A node “i” lies on the actual default path 

 

 

Figure 4.4: Node さiざ lies oﾐ the actual default path 

Note: For the sake of simplicity only one node has been shown to be on the default path between the source 

and destination in figure 4.4 and is termed as “i”; in actual there can be several such nodes based on the 

how the matrix has been defined and how nodes are spread over the matrix. 

 

forward list (); 

 

if “i” is on the shortest path to the destination, then for each node “j” in 
the topology 

if ETX(j, destination) < ETX(i, destination) &&ETX’(i,j) < 4*ETX’ (i, 
default next hop) 

  {add j to the forward list} 

 end 

end 
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Figure 4.5: さiざ selects it’s forwarders froﾏ the ﾏatrix 

Figure 4.5 shows how nodes not on the actual default path are added to the forwarding list of node “i”. As 

shown in figure 4.6 further pruning is required in the forwarding list to ensure that the selected node’s ETX 

to each other are within a threshold. To achieve this; bubble sort the nodes in the forwarding list in terms of 

their ETX to the destination. The threshold is defined as; 

Threshold prune = 1/(1-ETX prune)2  (9) 

Where: 

 ETX prune = BER value for the distance, and SINR of a 6Mbps link 

 

for all nodes added to the forwarding list so far pick each pair of nodes, 

if ETX_pair of forwarders > ETX threshold, 

  remove node with higher ETX to the destination 

 end 

end 

 

X

Y

LEGEND

Source node

Destination node

Other node j

Node i

ETX (j, destination) < ETX (i, destination)
ETX metric for ”i” and this ”j” based on BER 

is < 4*ETX metric of ”i” and a node at max 
supported distance i.e. max range when ”i” 

transmits at 6Mbps

All other nodes (j) not on the 

default path calculate their ETX 

metric to the destination based 

on SINR

When both conditions are true ”i” adds 
this ”j” to it’s forwarding list
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Figure 4.6: Pruﾐiﾐg the forwardiﾐg list for さiざ 

Else if “i” is not on the actual default path, 
 

Find a node “j” such that it’s ETX to “i” is smallest among all nodes in 
the default path, or in other words, among all nodes on the shortest path 

“i” finds the one that has the smallest ETX’ to “i” and denotes this node 
as “j” 
 

if ETX(j, destination) < ETX(i, destination) 

  {“i” adds “j” to its forwarding list} 
 

In addition: 

  if  ETX(k, destination) < ETX(i, destination) && 

 ETX’(i, k) < 4*ETX(i, default next hop) 
   

 

X

Y

LEGEND

Forwarding pair 1

ETX_pair of forwarders > ETX threshold

Compare forwarder’s ETX to destination and 
remove the one with higher metric

Forwarding pair 2

Forwarding pair 3
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{“i” adds a node from the forwarding list of “j” denoted 
“k” as it’s own candidate forwarding node “k”} 

 

  end 

      end 

end 

 

 

 

Figure 4.7: Forwarding lists for nodes not on the actual default path 

Note: For the sake of simplicity only one node not on the actual default path has been shown in figure 4.7.  

 

In order to optimize the forwarders even more, further pruning of the forwarding pairs is done according to 

the following algorithm: 

 

 

 

 

X

Y

LEGEND

Nodes not on the actual default path

”i” finds the one with the smallest ETX to 
itself and denotes this node as ”j”

”i” checks j’s forwarding list for more 
forwarders ”k”

j

i

Nodes on the actual default path
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final forwarding list (); 

 

for i = 1: num_nodes, 

 

 min ETX virtual = inf, 

 for j = 1: max forwarders, 

 

  if forwarders exist i.e. forwarding list is not 0 

   ETX virtual = ETX (current node, candidate node) 

   Virtual link threshold = 20 (set globally) 

 

   if  matrix (current node) sum ETX + ETX virtual < 

virtual link threshold  

 

       {add candidate forwarder to find forwarding  

list of current node} 

current node sun ETX = current node sum ETX+ETX virtual 

    

else 

 replace the last forwarder added to the final list  

with the forwarder which has min ETX to current node 

(not destination) 

   end 

end 

end  

end 
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Chapter 5 Methodology 
 

In this chapter we discuss our approach for developing the new opportunistic scheme “cooperative 

multipoint”.  To begin with; four different opportunistic schemes were analyzed in terms of transmission 

delays and BER. Initial simulations and research indicated that amongst the four proposed schemes; 

“cooperative multipoint” clearly improves the transmission delays. This has been explained further in the 

following chapter. Having identified the opportunistic scheme to develop; we then simulated a wireless ad 

hoc network in order to realize a live network with similar attributes. Both SOAR, and cooperative 

multipoint protocols were then tested in the simulated environment to determine which protocol is better in 

terms of overall transmission delays. 

5.1 Alternative Opportunistic Schemes 
 

In this section we introduce the four different opportunistic schemes considered during our thesis study. 

The intention being to come up with an opportunistic scheme that improves transmission delays in wireless 

networks with unreliable links and varying transmission patterns. A comprehensive comparison has been 

made amongst the schemes being considered in terms of BER and transmission delay. Results for the four 

opportunistic schemes based on the scenario depicted in figure 5.1 have been shown in the next chapter. 

 

 

Figure 5.1: Simulation scenario for alternative opportunistic schemes 

For all supported data rates (802.11a) each of the two transmitters and the corresponding supported 

distances from the receiver; we consider the four different opportunistic schemes to calculate the Bit Error 

Rate (BER) [13] and delays. We now define the four types of cooperative behavior. 

 

1. No cooperation: given the two transmitters have data to send in the same time frame; the two 

transmitters do not cooperate with each other and simply transmit data over their respective link. 

2. Basic cooperation (Route Selection): given the two transmitters have data to send in the same 

time frame; the two transmitters cooperate with each other and bring down their data rates based 

on interference from each other. 
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3. Advanced Cooperation-Type1 (Basic multiple access coordination): given the two transmitters 

have data to send in the same time frame; the two transmitters cooperate such that the 

node/transmitter with higher data rate transmits first over its link with the receiver mean while 

asking the other transmitter to delay its transmission. The second transmitter then transmits data to 

the receiver once transmitter 1 is done with its transmission. 

4. Advanced Cooperation-Type2 (Cooperative multipoint): given the two transmitters have data 

to send in the same time frame and in addition the two transmitters have the same data/packet to 

send the two transmitters transmit the packet simultaneously enabling a higher supportable data 

rate without interfering with each other. 

 

The implication of the first opportunistic scheme “No cooperation” is that the BER worsens at the receiver. 

This is simply due to the fact that the two transmitters have no communication between them and, 

whenever both transmitters have data to send they will interfere with each other. Basic cooperation 

introduces this concept i.e. whenever the transmitters have data to transmit they communicate and try to 

bring down their data rates in order to avoid interference. The cooperation between the two transmitters has 

been further increased in “basic multiple access coordination” to improve the BER. This is due to the fact 

that at a given time either one of the transmitter transmits data based on the data rate. This implies that 

there is no interference at all for this particular scenario which in turn improves the BER. The last 

opportunistic scheme aims to improve transmission delays by utilizing the broadcast feature. By 

simultaneously transmitting packets together and achieving higher data rates this opportunistic scheme 

reduces the delay for a single wireless hop. This concept can then be utilized and replicated by all nodes in 

a wireless ad hoc network to achieve higher data rates whenever possible, implying that the overall 

transmission delays can be improved. 

5.2 Implementation 
 

In order to analyze and compare SOAR and cooperative multipoint in terms of transmission delays; the first 

step was to realize a simulated environment that resembles a real wireless ad hoc network. To achieve this 

we implemented a grid in our simulation environment with a dimension of 2000x2000 m2. Wireless access 

points were then simulated through node structures in our simulation. System parameters i.e. frequency, 

transmitter power, channel bandwidth etc were assigned to each node based on the 802.11a standard. These 

nodes were then dispersed randomly over the grid. To realize a live network with interference and a 

varying transmission pattern we then gave each node in the network a 10% transmission probability i.e. 

given a transmission time of 100sec each node can transmit 10 times (max) in the time slot.  

Having defined the node’s structure and they should be dispersed over the grid; we then analyzed the 

transmission patterns and how interference affects the data rates in ad hoc wireless networks. Results 

shown in the next chapter clearly indicate that varying transmission patterns introduce interference in the 

network which results in reduced data rates, causing ambiguity in terms of link selection for transmitting 
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data. This is where the opportunistic protocols are better and can be utilized for determining optimal paths. 

Both SOAR and cooperative multipoint were implemented in our simulations to see which protocol 

performs better in terms of transmission delays. 
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Chapter 6 Simulations and Results 
 

In this chapter we highlight different design elements and wireless attributes that affect opportunistic 

routing, and show how these characteristics have been improved in our work to achieve a new 

opportunistic scheme. All simulations and results that we discuss in the coming sections have been 

performed in Matlab. Results at the end of the chapter indicate that the new opportunistic scheme 

“cooperative multipoint” in comparison to SOAR improves the overall transmission delay over multiple 

wireless hops. 

 

We begin the discussion by explaining system parameters used for the simulations, and then discuss 

different attributes associated with the opportunistic schemes that were considered i.e. link distances etc. 

Four different opportunistic schemes were considered in our thesis study. A comprehensive comparison has 

been made for the considered opportunistic schemes, and results clearly show that cooperative multipoint 

performs better in terms of BER and the overall transmission delays.  

6.1 Transmission in Wireless Networks 
 

In this section we simulate a wireless network in order to develop an understanding of the transmission 

patterns associated with real life wireless networks. A randomly created system of nodes is simulated. Each 

node is assigned an equal transmission probability, and each transmitter transmits at random instances of 

time using the assigned transmission probability. The results show the unpredictability of wireless links due 

to varying transmission patterns; highlighting the importance of the need for an opportunistic scheme to 

improve transmission delays in such networks. Table 6.1 and table 6.2 indicate the system parameters, data 

rates, and receive sensitivities used for simulations.  

  

System Parameter 

 

Value (Unit) 

 

Frequency 5.8 (GHz) 

Lamda 0.06 (meter) 

Transmitter Power 17 (dBm)/0 (dBm) 

Transmitter Gain 3 (dBi) 

Receiver Gain  3 (dBi) 

Thermal Noise -100.3 (dBm) 

System Noise 2 (dB) 

Total Noise -98.3 (dBm) 

Bandwidth 20 (MHz) 

Table 6.1: System Parameters (802.11a) 
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Rate (Mbps) 6 9 12 18 24 36 48 54 

Receive Sensitivity (dBm) -93 -93 -92 -90 -87 -84 -79 -79 

Table 6.2: Rates and Sensitivities for 802.11a 

In order to develop an understanding of how wireless primitives get affected in a real life scenario with 

randomly distributed Access Points (APs) forming a wireless ad hoc network; we simulate a two 

dimensional matrix with dimensions of 2000X2000 m2, and then distribute 200 nodes randomly over this 

matrix. In total hundred links are formed with each transmitter being connected via a unique link to a 

receiver. Figure 6.1 shows this random distribution. 

 

 

Figure 6.1: Random distribution of the nodes over the matrix 

For the created links table 6.3 gives the minimum, median, and maximum link distances along with the 

associated nodes: 

 

 Link distance (meters) Node id (tx) Node id (rx) 

Minimum link distance 58.3095 47 1047 

Median link distance 504.8237 17 1017 

Maximum link distance 783.413 33 1033 

Table 6.3: Link distaﾐces aﾐd correspoﾐdiﾐg ﾐode id’s iﾐ a 2 diﾏeﾐsioﾐal ﾏatrix 

We now depict the Probability Density Function (PDF) for the distance metric of the system presented; 

having hundred randomly created unique links. Figure 6.2 shows the PDF for the distance metric of the 

created links. 

m 

 m 
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Figure 6.2: Histogram for link distances created in the matrix 

Finally for the described system we introduce interference in the system to simulate unreliability of 

wireless links due to varying transmission patterns. This is achieved by assigning each transmitter a 

transmission probability of 10%. 

 

Figure 6.3: Transmission probability of a random transmitter over a time slot of 100 sec 

Figure 6.3 indicates the transmission pattern for a randomly selected transmitter in the matrix. The 

transmission pattern is depicted for a total of hundred time slots(sec); each slot being an opportunity to 

transmit given that the node has data to send. As shown in figure 6.3, the transmitter transmits 7 times 

during the time period of transmission in a random fashion. The same is true for all transmitters in the 

matrix. 

Link distance (m) 

# of links 



 

44 

 

 

We conclude this section by presenting table 6.4 which summarizes the transmission patterns in the 

simulated environment. Table 6.4 summarizes the results showing the supported data rates with and 

without interference (each transmitter in the system has a 10% probability of transmission).  

 

Link 

type 

Link 

distance 

(m) 

Supported 

rate (no 

interference) 

Supported rate (with interference) Node IDs 

(Interferers 

within 500 

m) 

Shortest 

link 

58.3095 54 54  54 24 54 x 54 54 54 x 24 39, 23, 21, 51 

Median 

link 

504.8237 18 0 x 12 0 0 9 x 6 0 0 34, 46, 100, 

82, 25,12, 50, 

93 

Longest 

Link 

783.413 9 0 9 x 0 6 0 x 0 0 x 2, 41,78,29, 

52,62,1,11,14 

Table 6.4: Transmission pattern with and without interference 

Note: The supported rates in the presence of interference in table 6.4 have been summarized for a 10% 

transmission probability. Each segment represents a time slot (1sec); with the transmitter having a 

possibility to either transmit or not depending on whether the transmitter has data to send. For each 

segment if the transmitter had some data to transmit (active transmitter) the corresponding supported rate 

has been shown i.e. a value between 6-54Mbps or “0” indicating that the interference encountered was so 

high that data could not be transmitted with an acceptable BER. The variable ‘x’ in table 6.4 indicates that 

for a particular segment the transmitter had no data to transmit (inactive transmitter). 

6.2 Opportunistic Schemes 
 

Based on the scenario and discussions in chapter 5; we now present the results for the four opportunistic 

schemes. 

6.2.1 Case 1 – No cooperation 

 

Table 6.5 shows the results when two transmitters transmit without any coordination i.e. simultaneous 

transmissions. “BER1”and “BER2” correspond to the Bit Error Rates associated with the first and second 

transmitter respectively. “ARV1” and “ARV2” shows the time taken (seconds) for a complete packet to be 

transmitted by either transmitter. Data rates in the first column are for transmitter 1 and the data rates in 

first row are for transmitter 2. 
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DATA 

RATES 

(Mbps) 

TX-1 

DATA RATES (Mbps) TX-2 

6 9 12 18 24 36 48 54 

6 

BER1: 0.1015 

BER2: 0.1015 

ARV1: 0.0013 

ARV2: 0.0013 

BER1: 0.0683 

BER2: 0.1015 

ARV1: 0.0013 

ARV2: 

8.8889E-4 

BER1: 0.0824 

BER2: 0.2414 

ARV1: 0.0013 

ARV2: 

7.4074E-4 

BER1: 0.0748 

BER2: 0.1072 

ARV1: 0.0013 

ARV2: 4.44E-4 

BER1: 0.0977 

BER2: 0.0241 

ARV1: 0.0013 

ARV2: 4.44E-4 

BER1: 0.0850 

BER2: 

5.8293E-5 

ARV1: 0.0013 

ARV2: 2.963E-

4 

BER1:0.1055 

BER2: 0 

ARV1: 0.0013 

ARV2: 2.963E-

4 

BER1:0.0536 

BER2: 0 

ARV1: 0.0013 

ARV2: 

1.4815E-4 

9 

BER1:0.1015 

BER2: 0.0683 

ARV1: 

8.8889E-4 

ARV2: 0.0013 

BER1:0.1015 

BER2: 0.1015 

ARV1: 8.89E-4 

ARV2: 8.89E-4 

BER1: 0.1227 

BER2: 0.2414 

ARV1: 

8.8889E-4 

ARV2: 

7.4074E-4 

BER1: 0.1114 

BER2: 0.1072 

ARV1: 

8.8889E-4 

ARV2: 4.44E-4 

BER1: 0.1457 

BER2: 0.0241 

ARV1: 8.8889E-

4 

ARV2: 4.44E-4 

BER1: 0.1266 

BER2: 

5.8293E-5 

ARV1: 

8.8889E-4 

ARV2: 2.963E-

4 

BER1: 0.1574 

BER2: 0 

ARV1: 

8.8889E-4 

ARV2: 2.963E-

4 

BER1: 0.0796 

BER2: 0 

ARV1: 

8.8889E-4 

ARV2: 

1.4815E-4 

12 

BER1: 0.2414 

BER2: 0.0824 

ARV1: 

7.4074E-4 

ARV2: 0.0013 

BER1: 0.2414 

BER2: 0.1227 

ARV1: 

7.4074E-4 

ARV2: 

8.8889E-4 

BER1:0.3200 

BER2: 0.3200 

ARV1: 

7.4074E-4 

ARV2: 

7.4074E-4 

BER1:0.2638 

BER2: 0.1788 

ARV1: 

7.4074E-4 

ARV2: 4.44E-4 

BER1: 0.3190 

BER2: 0.0621 

ARV1: 7.4074E-

4 

ARV2: 4.44E-4 

BER1: 0.2567 

BER2: 

9.2003E-4 

ARV1: 

7.4074E-4 

ARV2: 2.963E-

4 

BER1: 0.2942 

BER2: 0 

ARV1: 

7.4074E-4 

ARV2: 2.963E-

4 

BER1: 0.1518 

BER2: 0 

ARV1: 

7.4074E-4 

ARV2: 

1.4815E-4 

18 

BER1: 0.1072 

BER2: 0.0748 

ARV1: 4.44E-4 

ARV2: 0.0013 

BER1: 0.1072 

BER2: 0.1114 

ARV1: 4.44E-4 

ARV2: 

8.8889E-4 

BER1: 0.1788 

BER2: 0.2638 

ARV1: 4.44E-4 

ARV2: 

7.4074E-4 

BER1: 0.3067 

BER2: 0.3067 

ARV1: 4.44E-4 

ARV2: 4.44E-4 

BER1: 0.4273 

BER2: 0.1660 

ARV1: 4.44E-4 

ARV2: 4.44E-4 

BER1: 0.3819 

BER2: 0.0152 

ARV1: 4.44E-4 

ARV2: 2.963E-

4 

BER1: 0.4728 

BER2: 0 

ARV1: 4.44E-4 

ARV2: 2.963E-

4 

BER1: 0.2365 

BER2: 0 

ARV1: 4.44E-4 

ARV2: 

1.4815E-4 

24 

BER1: 0.0241 

BER2: 0.0977 

ARV1: 4.44E-4 

ARV2: 0.0013 

BER1: 0.0241 

BER2: 0.1457 

ARV1: 4.44E-4 

ARV2: 

8.8889E-4 

BER1: 0.0621 

BER2: 0.3190 

ARV1: 4.44E-4 

ARV2: 

7.4074E-4 

BER1: 0.1660 

BER2: 0.4273 

ARV1: 4.44E-4 

ARV2: 4.44E-4 

BER1:0.2996 

BER2: 0.2996 

ARV1: 4.4E-4 

ARV2: 4.4E-4 

BER1: 0.3292 

BER2: 0.0785 

ARV1: 4.44E-4 

ARV2: 2.963E-

4 

BER1: 0.4610 

BER2: 

1.9089E-12 

ARV1: 4.44E-4 

ARV2: 2.963E-

4 

BER1: 0.2305 

BER2: 

1.9089E-12 

ARV1: 4.44E-4 

ARV2: 

1.4815E-4 

36 

BER1: 

5.8293E-5 

BER2: 0.0850 

ARV1: 2.963E-

4 

ARV2: 0.0013 

BER1: 

5.8293E-5 

BER2: 0.1266 

ARV1: 2.963E-

4 

ARV2: 

8.8889E-4 

BER1: 0.3211 

BER2: 

6.3567E-5 

ARV1: 2.963E-

4 

ARV2: 

7.4074E-4 

BER1: 0.0152 

BER2: 0.3819 

ARV1: 2.963E-

4 

ARV2: 4.44E-4 

BER1: 0.0785 

BER2: 0.3292 

ARV1: 2.963E-4 

ARV2: 4.44E-4 

BER1:0.2945 

BER2: 0.2945 

ARV1: 2.963E-

4 

ARV2: 2.963E-

4 

BER1: 0.6422 

BER2: 

6.3567E-5 

ARV1: 2.963E-

4 

ARV2: 2.963E-

4 

BER1: 0.3211 

BER2: 

6.3567E-5 

ARV1: 2.963E-

4 

ARV2: 

1.4815E-4 

48 

BER1: 0 

BER2: 0.1055 

ARV1: 2.963E-

4 

ARV2: 0.0013 

BER1: 0 

BER2: 0.1574 

ARV1: 2.963E-

4 

ARV2: 

8.8889E-4 

BER1: 0 

BER2: 0.2942 

ARV1: 2.963E-

4 

ARV2: 

7.4074E-4 

BER1: 0 

BER2: 0.4728 

ARV1: 2.963E-

4 

ARV2: 4.44E-4 

BER1: 

01.9089E-12 

BER2: 0.4610 

ARV1: 2.963E-4 

ARV2: 4.44E-4 

BER1: 

6.3567E-5 

BER2: 0.6422 

ARV1: 2.963E-

4 

ARV2: 2.963E-

4 

BER1: 0.2923 

BER2: 0.2923 

ARV1: 2.963E-

4 

ARV2: 2.963E-

4 

BER1: 0.1461 

BER2: 0.2923 

ARV1: 2.963E-

4 

ARV2: 

1.4815E-4 

54 

BER1: 0 

BER2: 0.0536 

ARV1: 

1.4815E-4 

ARV2: 0.0013 

BER1: 0 

BER2: 0.0796 

ARV1: 

1.4815E-4 

ARV2: 

8.8889E-4 

BER1: 0 

BER2: 01518 

ARV1: 

1.4815E-4 

ARV2: 

7.4074E-4 

BER1: 0 

BER2: 0.2365 

ARV1: 

1.4815E-4 

ARV2: 4.44E-4 

BER1:  

1.9089E-12 

BER2: 0.2305 

ARV1: 1.4815E-

4 

ARV2: 4.44E-4 

BER1: 

6.3567E-5 

BER2: 0.3211 

ARV1: 

1.4815E-4 

ARV2: 2.963E-

4 

BER1: 0.2923 

BER2: 0.1461 

ARV1: 

1.4815E-4 

ARV2: 2.963E-

4 

BER1: 0.2923 

BER2: 0.2923 

ARV1: 

1.4815E-4 

ARV2: 

1.4815E-4 

Table 6.5: BER and delay for no cooperation 
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Table 6.5 indicates that the time taken (delay), and the BER is less for packets transmitted by transmitter 

with a higher data rate. However at similar transmission rates, both parameters i.e. delay and BER are equal 

for the two transmitters. 

6.2.2 Case 2 – Basic cooperation (route selection) 

 

Given the system parameters and the size of the matrix, it was not possible for the two transmitters to 

coordinate such that they bring down the transmission rate and transmit simultaneously. The resulting 

interference did not allow attaining minimum possible transmission rate i.e. 6Mbps. 

6.2.3 Case 3- Advanced Cooperation 1 (basic multiple access coordination) 

 

Table 6.6 shows results similar to those indicated by table 6.5. However, for the said case the cooperation 

scheme between the two transmitters is different. In contrast to “no cooperation” where the transmitters did 

not communicate; the cooperation in this case is such that the transmitter with a higher data rate transmits 

first given that both transmitters have data to transmit in the same time slot. 

DATA 

RATES 

(Mbps) 

TX-1 

DATA RATES (Mbps) TX-2 

6 9 12 18 24 36 48 54 

6 

BER1: 0.0017 

BER2: 0.0017 

ARV1: .0013 

ARV2: 0.0027 

BER1: 0.0017 

BER2: 0.0017 

ARV1: 0.0022 

ARV2: 8.89E-

4 

BER1: 0.0017 

BER2: 0.0094 

ARV1: 0.0021 

ARV2: 

7.4074E-4 

BER1: 0.0017 

BER2: 

2.4806E-4 

ARV1: 0.0018 

ARV2: 4.44E-

4 

BER1: 0.0017 

BER2: 

2.3480E-7 

ARV1: 0.0018 

ARV2: 4.44E-

4 

BER1: 0.0017 

BER2:  

ARV1:  

ARV2: 

2.963E-4 

BER1: 0.0017 

BER2: 0 

ARV1: 0.0016 

ARV2: 

2.963E-4 

BER1: 0.0017 

BER2: 0 

ARV1: 0.0015 

ARV2: 

1.4815E-4 

9 

BER1: 0.0017 

BER2: 0.0017 

ARV1: 8.89E-

4 

ARV2: 0.0022 

BER1: 0.0017 

BER2: 0.0017 

ARV1: 8.89E-

4 

ARV2: 0.0018 

BER1: 0.0017 

BER2: 0.0094 

ARV1: 0.0016 

ARV2: 

7.4074E-4 

BER1: 0.0017 

BER2: 

2.4806E-4 

ARV1: 0.0013 

ARV2: 4.44E-

4 

BER1: 0.0017 

BER2: 

2.3480E-7 

ARV1: 0.0013 

ARV2: 4.44E-

4 

BER1: 0.0017 

BER2:  

ARV1: 0.0012 

ARV2: 

2.963E-4 

BER1: 0.0017 

BER2: 0 

ARV1: 0.0012 

ARV2: 

2.963E-4 

BER1: 0.0017 

 BER2: 0 

ARV1: 0.001 

ARV2: 

1.4815E-4 

12 

BER1: 0.0094 

BER2: 0.0017 

ARV1: 

7.4074E-4 

ARV2: 0.0021 

BER1: 0.0094 

BER2: 0.0017 

ARV1: 

7.4074E-4 

ARV2: 0.0016 

BER1: 0.0094 

BER2: 0.0017 

ARV1: 

7.4074E-4 

ARV2: 0.0015 

BER1: 0.0094 

BER2: 0.0094 

ARV1: 0.0012 

ARV2: 4.44E-

4 

BER1: 0.0094 

BER2: 

2.3480E-7 

ARV1: 0.0012 

ARV2: 4.44E-

4 

BER1: 0.0094 

BER2:  

ARV1: 0.001 

ARV2: 

2.963E-4 

BER1: 0.0094 

BER2: 0 

ARV1: 0.001 

ARV2: 

2.963E-4 

BER1: 0.0094 

BER2: 0 

ARV1: 

8.8889E-4 

ARV2: 

1.4815E-4 

18 

BER1: 

2.4806E-4 

BER2: 0.0017 

ARV1: 4.4E-4 

ARV2: 0.0018 

BER1: 

2.4806E-4 

BER2: 0.0017 

ARV1: 4.44E-

4 

ARV2: 0.0013 

BER1: 

2.4806E-4 

BER2: 0.0094 

ARV1: 4.44E-

4 

ARV2: 0.0012 

BER1: 

2.4806E-4 

BER2: 

2.4806E-4 

ARV1: 4.4E-4 

ARV2: 8.89E-

4 

BER1: 

2.4806E-4 

BER2: 

2.3480E-7 

ARV1: 

8.8889E-4 

ARV2: 4.44E-

4 

BER1: 

2.4806E-4 

BER2:  

ARV1: 

7.4074E-4 

ARV2: 

2.963E-4 

BER1: 

2.4806E-4 

BER2: 0 

ARV1: 

7.4074E-4 

ARV2: 

2.963E-4 

BER1: 

2.4806E-4 

BER2: 0 

ARV1: 

5.9259E-4 

ARV2: 

1.4815E-4 

24 

BER1: 

2.3480E-7 

BER2: 0.0017 

ARV1: 4.4E-4 

BER1: 

2.3480E-7 

BER2: 0.0017 

ARV1: 4.44E-

BER1: 

2.3480E-7 

BER2: 0.0094 

ARV1: 4.44E-

BER1: 

2.3480E-7 

BER2: 

2.4806E-4  

BER1: 

2.3480E-7 

BER2: 

2.3480E-7 

BER1: 

2.3480E-7 

BER2: 0 

ARV1: 

BER1: 

2.3480E-7 

BER2: 0 

ARV1: 

BER1: 

2.3480E-7 

BER2: 0 

ARV1: 



 

47 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

 

Comparing the results of table 6.5 and table 6.6; we can see that the BER for both transmitters improves 

significantly in basic multiple access coordination (advanced cooperation 1) since the transmitter with a 

lower data rate waits for the transmitter with the higher data rate to complete its transmission; hence 

avoiding interference. On the other hand the time taken (delay) increases in this coordination scheme.  

6.2.4 Case 3 – Advanced Cooperation 2 (cooperative multipoint) 

 

Table 6.7 shows the results when two transmitters cooperate in such a way that if they have the same 

packet to send; the transmitters transmit simultaneously with an increased power, enabling a higher data 

rate. Two more parameters have been added to the results shown below; Rate 1 and Rate 2 indicate the new 

data rates at which the two transmitters transmit simultaneously. 

 

DATA 

RATES 

(Mbps) 

TX-1 

DATA RATES (Mbps) TX-2 

6 9 12 18 24 36 48 54 

6 

BER1: 0.0012 

BER2: 0.0012 

ARV1: 4.44E-4 

ARV2: 4.44E-4 

RATE1:18 

RATE2:18 

 

BER1: 

0.0012 

BER2: 

0.0017 

ARV1:   

4.44E-4 

ARV2:  

4.44E-4 

RATE1:18 

RATE2:18 

BER1: 

3.0401E-4 

BER2: 

5.4721E-4 

ARV1:   

4.44E-4 

ARV2: 

4.44E-4 

RATE1:18 

RATE2:18 

BER1:8.663E-6 

 BER2: 

2.5999E-5 

ARV1:   4.44E-

4 

ARV2:    4.44E-

4 

RATE1:24 

RATE2:24 

 

BER1:5.7741E-9 

 BER2: 1.7322E-8 

ARV1:   2.963E-4 

ARV2:    2.963E-4 

RATE1:36 

RATE2:36 

 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:   

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:   

1.4815E-4 

ARV2: 1.4815E-

4 

RATE1:54 

RATE2:54 

ARV2: 0.0018 4 

ARV2: 0.0013 

4 

ARV2: 0.0012 

ARV1: 4.44E-

4 

ARV2: 

8.889E-4 

ARV1: 4.4E-4 

ARV2: 8.89E-

4 

7.4704E-4 

ARV2: 

2.963E-4 

7.4704E-4 

ARV2: 

2.963E-4 

5.9259E-4 

ARV2: 

1.4815E-4 

36 

BER1: 0 

BER2: 0.0017 

ARV1: 

2.963E-4 

ARV2: 0.0016 

BER1: 0 

BER2: 0.0017 

ARV1: 

2.963E-4 

ARV2: 0.0012 

BER1: 0 

BER2: 0.0094 

ARV1: 

2.963E-4 

ARV2: 0.001 

BER1: 0 

BER2: 

2.4806E-4 

ARV1: 

2.963E-4 

ARV2: 

7.4074E-4 

BER1:0  

BER2: 

2.3480E-7 

ARV1: 

2.963E-4 

ARV2: 

7.4074E-4 

BER1: 0 

BER2: 0 

ARV1: 

2.963E-4 

ARV2: 

5.9259E-4 

BER1: 0 

BER2: 0 

ARV1: 

5.9259E-4 

ARV2: 

2.963E-4 

BER1: 0 

BER2: 0 

ARV1: 4.44E-

4 

ARV2: 

1.4815E-4 

48 

BER1: 0 

BER2: 0.0017 

ARV1: 

2.963E-4 

ARV2: 0.0016 

BER1: 0 

BER2: 0.0017 

ARV1: 

2.963E-4 

ARV2: 0.0012 

BER1: 0 

BER2: 0.0094 

ARV1: 

2.963E-4 

ARV2: 0.001 

BER1: 0 

BER2: 

2.4806E-4 

ARV1: 

2.963E-4 

ARV2: 

7.4074E-4 

BER1: 0 

BER2: 

2.3480E-7 

ARV1: 

2.963E-4 

ARV2: 

7.4074E-4 

BER1: 0 

BER2: 0 

ARV1: 

2.963E-4 

ARV2: 

5.9259E-4 

BER1: 0 

BER2: 0 

ARV1: 

2.963E-4 

ARV2: 

5.9259E-4 

BER1: 0 

BER2: 0 

ARV1: 4.44E-

4 

ARV2: 

1.4815E-4 

54 

BER1: 0 

BER2: 0.0017 

ARV1: 

1.4815E-4 

ARV2: 0.0015 

BER1: 0 

BER2: 0.0017 

ARV1: 

1.4815E-4 

ARV2: 0.001 

BER1: 0 

BER2: 0.0094 

ARV1: 

1.4815E-4 

ARV2: 

8.8889E-4 

BER1: 0 

BER2: 

2.4806E-4 

ARV1: 

1.4815E-4 

ARV2: 

5.9259E-4 

BER1: 0 

BER2: 

2.3480E-7 

ARV1: 

1.4815E-4 

ARV2: 

5.9259E-4 

BER1: 0 

BER2: 0 

ARV1: 

1.4815E-4 

ARV2: 4.44E-

4 

BER1: 0 

BER2: 0 

ARV1: 

1.4815E-4 

ARV2: 4.44E-

4 

BER1: 0 

BER2: 0 

ARV1: 

1.4815E-4 

ARV2: 

2.963E-4 

 

 

Table 6.6: BER and delay for advanced cooperation-1 
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9 

BER1: 0.0017 

BER2: 0.0012 

ARV1: 4.44E-4 

ARV2: 4.44E-4 

RATE1:18 

RATE2:18 

 

BER1: 

0.0017 

BER2: 

0.0017 

ARV1: 

4.44E-4 

ARV2: 

4.44E-4 

RATE1:18 

RATE2:18 

 

BER1: 

4.5601E-4 

BER2: 

5.4721E-4 

ARV1: 

4.44E-4 

ARV2: 

4.44E-4 

RATE1:18 

RATE2:18 

 

BER1:   

1.2999E-5 

BER2:  

2.5999E-5  

ARV1: 4.44E-4 

ARV2: 4.44E-4 

RATE1:24 

RATE2:24 

 

BER1: 8.6611E-9 

BER2: 1.7322E-8 

ARV1: 2.963E-4 

ARV2: 2.963E-4 

RATE1:36 

RATE2:36 

 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

12 

BER1: 5.4721E-

4 

BER2: 3.0401E-

4 

ARV1: 4.44E-4 

ARV2: 4.444E-4 

RATE1:18 

RATE2:18 

 

BER1: 

5.4721E-4 

BER2: 

4.5601E-4 

ARV1: 

4.44E-4 

ARV2: 

4.44E-4 

RATE1:18 

RATE2:18 

 

BER1: 

1.4554E-4 

BER2: 

1.4554E-4 

ARV1: 

4.44E-4 

ARV2: 

4.44E-4 

RATE1:18 

RATE2:18 

 

BER1:  

4.2715E-6 

BER2:  

7.1191E-6 

ARV1: 4.44E-4 

ARV2: 4.44E-4 

RATE1:24 

RATE2:24 

 

BER1: 2.9136E-4 

BER2: 4.8561E-9 

ARV1: 2.963E-4 

ARV2: 2.963E-4 

RATE1:36 

RATE2:36 

 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

18 

BER1:   

2.5999E-5 

BER2:8.6663E-6 

ARV1: 4.44E-4 

ARV2: 4.44E-4 

RATE1:24 

RATE2:24 

BER1: 

2.5999E-5 

BER2: 

1.2999E-5 

ARV1: 

4.44E-4 

ARV2: 

4.44E-4 

RATE1:24 

RATE2:24 

BER1: 

7.1191E-6 

BER2: 

4.2715E-6 

ARV1: 

4.44E-4 

ARV2: 

4.44E-4 

RATE1:24 

RATE2:24 

BER1: 

2.1951E-7 

BER2: 

2.1951E-7 

ARV1: 4.44E-4 

ARV2: 4.44E-4 

RATE1:24 

RATE2:24 

BER1: 1.5682E-10 

BER2: 1.5682E-10 

ARV1: 2.963E-4E-

4 

ARV2: 2.963E-4E-

4 

RATE1:36 

RATE2:36 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

24 

BER1: 1.7322E-

8 

BER2:5.7741E-9  

ARV1: 2.963E-

4E-4 

ARV2: 2.963E-

4E-4 

RATE1:36 

RATE2:36 

BER1: 

1.7322E-8 

BER2: 

8.6611E-9 

ARV1: 

2.963E-4E-4 

ARV2: 

2.963E-4E-4 

RATE1:36 

RATE2:36 

BER1: 

4.8561E-9 

BER2: 

2.9136E-9 

ARV1: 

2.963E-4E-4 

ARV2: 

2.963E-4E-4 

RATE1:36 

RATE2:36 

BER1: 

1.5682E-10 

BER2: 

1.5682E-10 

ARV1: 2.963E-

4E-4 

ARV2: 2.963E-

4E-4 

RATE1:36 

RATE2:36 

BER1: 1.7719E-13 

BER2: 1.7719E-13 

ARV1: 2.963E-4E-

4 

ARV2: 2.963E-4E-

4 

RATE1:36 

RATE2:36 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

36 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  1.4815E-4 

ARV2:  1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

48 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  1.4815E-4 

ARV2:  1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 
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54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  1.4815E-4 

ARV2:  1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

BER1: 0 

BER2: 0 

ARV1:  

1.4815E-4 

ARV2:  

1.4815E-4 

RATE1:54 

RATE2:54 

Table 6.7: BER and delay for advanced cooperation-2 

Table 6.7 indicates improved results in terms of time taken (delay), and BER in comparison to the previous 

coordination schemes.  

 

Using the results from table 6.5, table 6.6, and table 6.7; we have made an overall comparison in terms of 

BER and the total time taken for a complete transmission. Figure 6.4 shows the comparison for different 

cooperative schemes such that the data rate of the first transmitter is fixed at 12 Mbps while the data rate of 

the second transmitter varies between 6-36Mbps. 

 

Figure 6.4: Transmission time and BER comparison for different cooperative schemes 

Figure 6.4 shows that better BERs and delays are achieved when using cooperative multipoint. As for basic 

multiple access coordination; the BER values are similar to those achieved via cooperative multipoint, 

however, there is more delay. The difference becomes significant when the second transmitter has a data 

rate higher than 12 Mbps. In essence, cooperative multipoint has an overall advantage in both aspects i.e. 

BER, and transmission time in comparison to the other cooperation schemes. 
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6.3 SOAR versus Cooperative Multipoint 
 

In this section we conclude our discussions by making a final comparison between SOAR and cooperative 

multipoint. We have simulated SOAR using the algorithm described earlier in chapter 4, and compared it 

with cooperative multipoint. Figure 6.5 shows the comparison between cooperative multipoint and SOAR. 

 

Figure 6.5: Comparison between SOAR and Cooperative Multipoint 

The comparison has been made in terms of overall transmission delay for both opportunistic schemes 

against the number of wireless hops required for successfully transmitting data to its final destination. The 

graph clearly shows that cooperative multipoint improves the transmission delays in comparison to SOAR 

for multiple wireless hops. The overall improvement in terms of delay, however, cannot be measured in 

terms of wireless hops. This again attributes to the unpredictability of wireless links and random 

distribution of wireless ad hoc nodes resulting in variable transmission patterns. We have however been 

able to establish through simulations that an overall improvement in terms of transmission delays can be 

achieved through cooperative multipoint. 
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Chapter 7 Conclusion and Future Work 
 

In our thesis work we have successfully been able to analyze different wireless and opportunistic attributes 

that need to be considered for routing in a wireless ad hoc network. To this end we have been able to come 

up with an opportunistic scheme that improves the overall transmission delays in comparison to a well-

known opportunistic protocol SOAR. Results shown in the previous chapter clearly indicate that under 

variable transmission conditions cooperative multipoint improves the transmission delays over multiple 

wireless hops. 

Other realizations to our opportunistic scheme can be made in the future. Towards more realism, a practical 

lab setup for a wireless ad hoc network using routers can be established where cooperative multipoint can 

be implemented to test and analyze the performance of the opportunistic scheme. This could not be 

achieved in our work due to the available time, and the scope of the thesis. However, we see this as an 

opportunity for other researchers in this field to further improve the work, and optimize the protocol. 
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