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                      (4.13) 

Note that can be calculated from Figure 4.6 as 

                                            (4.14) 

 

 

 

 

 

 

 

Figure 4.6: Coverage area calculation from distance perspective 

 

Likewise, the duplicated area between  and  can be obtained as well as that 

between the forwarding nodes  and , that is 
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Hence, the total broadcasting coverage area can be expressed as 

 

Recall, the idealized case, where the forwarding nodes are exactly located in relaying 

areas without any angle errors. In this case,  

rddd YYYYYY 3
323121 ,,,   

By contrast, the effects of distance error due to the position of  3,2,1  
0),( oitx iY

o
 in the 

relaying area is that  

323121 ,,, YYYYYY ddd  . 

4.4 Node Displacement Worst Case Scenario 

This section presents the worst-case scenario of nodes displacement from ideal 

location. Furthermore, the effect of such node displacement on the overall performance 

is investigated. Figure 4.7 shows the worst case scenario of relaying nodes selection. 

The transmission area is divided into three sectors where the middle line of each sector 

represents 120 angle i.e. the middle line of first sector is at 
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second sector is at 
3

4
and the middle line of third sector is at 360 degrees. Therefore, 

the ideal location for each sector is at transmission boundary of each middle line         

i.e.  r=1.  

As stated in Lemma 3.1, each sector can have only one relaying node. Due to 

the lack of GPS based host node positioning information, the three relaying nodes are 

selected randomly. From Figure 4.7, if the nodes Y1, Y2 and Y3 are selected as relaying 

nodes, then this represents the worst-case scenario of nodes displacement from ideal 

location in terms of horizontal displacement. From the figure, it can be seen that there 

are two major problems. The first problem is that the transmission range of relaying 

nodes in sector 1 and sector 3 are overlapping such that each node is almost covering 

most of the other nodes transmission range. This obviously results in severe contention 

and collision in the network especially in the high density network. Furthermore, this 

may also result in both redundant retransmissions and transmission failures. The 

second problem is the uncovered area between sector 1 and sector 2. This may badly 

affect reachability as the relaying nodes are located in uncovered area so that the packet 

relay is failure. In practice, such problem may not seems to be severe within the first 

few hops but as the number of hops increase the gap increases and it results large 

number of nodes uncovered. To overcome these two problems, some specific 

conditions and guidelines are discussed in the following section to resolve these 

problems. 
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Figure 4.7: Node displacement worst case scenario 

 

4.5 Node Displacement Error Mitigation 

This section discusses conditions to mitigate the problems listed in Section 4.4. 

The major problem is the random selection of relaying nodes especially in worst-case 

scenario in which selected relaying nodes are close to transmission boundary of 

neighboring sector. In order to resolve this problem, this section introduces a new 

concept called gaps.  The main idea of this concept is to introduce a gap between each 

neighboring sectors under the condition that nodes located inside a gap will not act as 

relaying nodes. The gaps between neighboring sectors are able to reduce the relaying 

area sizes and in turn to reduce the overlap between relaying nodes. Figure 4.8 shows 

the proposed solution to overcome the problems listed in Section 4.4. From Figure 4.8, 
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it can be seen that the new concept of gap is able to greatly reduce the overlap between 

the nodes Y1 and Y3. Furthermore, it is also able to reduce the uncovered area as 

compared with the worst-case discussed in Section 4.4. To further reduce the overlap 

and reduce uncovered area it can be done by increasing the gap between relaying 

sectors. However, this scheme has also some drawbacks. Increasing the gap between 

sectors will decrease the relaying area size and which in turn reduce the probability of 

finding a node in relaying areas. This means that as the gap increases the node density 

should also increase in order to ensure some nodes can be found in relaying area. This 

issue will be discussed in details in the following chapter. 

 

Figure 4.8: Node displacement error rectification 
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4.6 Summary 

This chapter presents a theoretical analysis regarding the problem of node 

displacement from ideal location. It has discussed some of the major factors that lead 

to nodes displacement from ideal locations. The discussion has been under the 

following three topics, including the nodes deployment strategy, the low nodes density 

and high nodes mobility, which are known as the three most important factors. Nodes 

displacement form ideal location can be viewed from two different perspective: the 

distance from the source node and the angle. The analysis has shown the effect of these 

two factors on total coverage which are presented by Lemma 4.1 and Lemma 4.2, 

respectively. Furthermore, the worst case scenario of node displacement from ideal 

locations is also discussed by focusing on two major problems. The first problem is 

that the transmission range of relaying nodes located in two neighboring is greatly 

overlapping. This obviously leads to contention, collision and eventually results in 

transmission failure. The second problem is the uncovered area caused by nodes 

displacement from ideal locations. This problem will also greatly affect nodes 

reachability as many nodes will be uncovered. To overcome these two problems, some 

specific conditions and guidelines are presented which help reduce the node 

displacement effect on overall performance in terms of reachability. Finally, this 

chapter proposed to introduce gap between every neighboring sectors so that to shrink 

the relaying areas size. This approach is able to greatly reduce the overlap between the 

relaying nodes located in neighboring sectors and also reduce the uncovered area.  
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Chapter 5: Protocol Development for the Broadcasting Relay in Ad hoc 

Network without Node Positioning 

 

First, this chapter proposes an efficient ad hoc based broadcasting scheme 

called Random Directional Broadcasting Relay (RDBR) scheme based on the 

conditions presented in Lemma 3.1. The proposed scheme utilizes directional antennas 

to provide efficient broadcasting without relying on node position, network topology 

and complex AoA calculations.  Then, this chapter presents an improved version of 

the proposed RDBR scheme which utilizes the conditions presented in Chapter4 to 

mitigate the node displacement problem. The proposed RDBR schemes use ideally 

sectorized multi-beam directional antenna model for transmission which is widely 

used model in the literature. Furthermore, this chapter also discusses the shortcomings 

of the RDBR scheme and the advantages of the improved RDBR scheme over RDBR 

scheme.  

5.1 Overview 

The main challenge related to broadcasting relay in critical ad hoc networking 

environment is how to minimize the number of relaying nodes and reduce end-to-end 

delay while achieving high delivery ratio [1][15][16]. This is due to the fact that 

broadcast relay schemes usually utilize a large number of relaying nodes to guarantee 

high reachability. However, such schemes consume a large portion of network 

bandwidth that may lead to severe contention and collisions in the network due to 

redundant rebroadcasts [15]. From this point of view, broadcasting schemes need to 

utilize less number of relaying nodes in order to reduce the contention and collision in 

the network and hence reduce the bandwidth consumption. However, the shortcoming 
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5.3 Antenna Model 

This section considers a multi-hop ad hoc network with Y mobile nodes 

equipped with directional antennas. Specifically, each node is equipped with a single 

radio transceiver and M switched-beam directional antennas as shown in Figure 5.1. 

Each beam is covering a partial area around the transmitter and together they cover the 

entire area. The multi-beam directional antenna model is widely used in the 

literature [53][56][57][59][74][73]. It is assumed that every node is capable of 

switching any or all the beams to active or passive mode, in which only selective beams 

are allowed to communicate whereas the remaining beams are set to idle state. Note 

that if all beams of a node are turned on at the same time, it can transmit and receive 

signal in all directions like omni-directional antenna. This means that the directional 

antennas can be used as omni-directional antennas if and only if all the beams of a 

node are active. However, turning all the beams of a node on at the same time will 

result in distributing the signal power evenly across all sectors and as a result the 

antenna gain will be reduced.  

In this study, it assumed that the transmission range for both directional and 

omni-directional antennas is the same. The reason behind this assumption is two-fold: 

first, this assumption simplified the calculation of the coverage area. Second, this 

assumption guarantees a fair comparison between broadcasting schemes that use 

directional antennas like the proposed schemes and other schemes that use omni-

directional antennas. Otherwise, it would be unfair to compare broadcasting schemes 

with larger transmission range (i.e. based on directional antenna) with broadcasting 

schemes with shorter transmission range (i.e. based on omni-directional antenna). This 

is due to the fact that the directional antenna based schemes tend to have a longer 
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5.4 Random Directional Broadcasting Relay (RDBR) Scheme Using Directional 

Antenna 

In order to provide efficient broadcasting in a critical ad hoc environment in 

which both the topology and location information are not available, a novel 

broadcasting scheme called Random Directional Broadcasting Relay (RDBR) scheme 

is proposed. In the proposed RDBR scheme, a source node O has Ym (m = 1, 2, …, M) 

where M is the index of directional antenna associated with the source node O) 

neighboring nodes located inside of coverage area by a specific sector of directional 

antenna which has the an azimuthal beamwidth of 360o/M. The source node O is 

searching one suitable neighboring node Ym among Y nodes inside of the coverage area 

of each directional antenna beam, respectively to relay the data packets. Thus the 

problem is how to select only one node as the relaying node. On the other hand, the 

RDBR scheme needs to select the node located farthest away from the source node in 

order to reduce the number of rebroadcasts.  In the following description, it is assumed 

that all nodes are equipped with 3-beam directional antennas with equally azimuthal 

beamwidth of 120o per direction beam. The reason to select 3-beams directional 

antenna is that only three relaying nodes are required to achieve the upper bound of 

transmission coverage as discussed by Lemma 3.1 in Chapter 3. In the RDBR scheme, 

the relaying node is selected on distance - delaying mechanism. That is, each potential 

relaying node is assigned a waiting time inversely proportional to the distance between 

the potential relaying node and the source node. The proposed random directional 

broadcasting scheme is described by the following flow-chart diagram as shown in 

Figure 5.2 
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Figure 5.2: Flowchart of RDBR Scheme  
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Step 1: Packet Broadcasting 

Based on the steps described in Figure 5.2, a source node O  randomly selects a 

direction as reference point )(to


and broadcasts a packet at time t  by three directional 

antenna beams simultaneously. All Ym (m = 1, 2, 3, …, M) nodes located inside of the 

transmission range of directional antenna beams receive the packet. The header of the 

packet sent by the source node O , as shown in Figure 5.3, consists of the following 

parameters: 

a. Packet ID is a unique identifier attached to each data packet which is created by the 

source node. Packet ID is used to detect and drop duplicate packets. 

b. Timestamp specifies the time of packet creation by the source node, and it remains 

unchanged through broadcasting process. Timestamp is used to calculate the data 

dissemination delay. 

c. Source ID is a unique ID that identifies the source node that created the message. A 

source ID can be represented by unique identifier such as the MAC address of the 

source node. The Source ID remains unchanged throughout data dissemination 

process and is not changed by relaying nodes. The combination of Source ID and 

Packet ID are used by the potential relaying nodes to distinguish between different 

messages.  

d. Sender ID is a unique ID that identifies the selected relaying node. The value of this 

field changes every time a message is forwarded by a relaying node. As was the case 

with the source ID, the sender ID can also be represented by the MAC address of the 

relaying node. 

e. Th is a distance threshold to indicate the distance from O beyond which the nodes are 

allowed to rebroadcast the packet where Th ≤ d ≤ r. the symbol d represent the distance 
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between the source node and the receiving node and r is the transmission range of the 

node.  

f. k indicates the id of the beam from which the packet was sent where k = 1,2 or 3. This 

parameter is used to eliminate redundant retransmissions received from other relaying 

areas.  

g. Time-To-Live (TTL) indicates the maximum number of relaying hops a packet can 

travel. The value of TTL decreases as the number of hops increases. 

 

Packet ID Timestamp 
Source 

ID 

Relay 

ID 
Th k TTL 

 

Figure 5.3: The format layout of packet header for broadcasting 

 

Step 2: Packet Relaying 

Upon receiving the packet, node Y inspects the received packet with the following 

procedures: 

a. If the packet has been received more than one time, the packet is discarded. This is 

done by checking the id of the received packet. 

b. If TTL of the received packet is equal to zero, the packet is discarded. 

c. If the distance between Y and ,O denoted as d is less than Th, then the packet is 

discarded. Note that ,d can be obtained using received signal strength. 

d. If and only if when  d ≤ Th then the node Y is located inside of one of three relaying 

areas where
kS indicates the relaying areas.  

e. Each potential relaying node will set a distance based waiting time using the following 

formula:  

waitTime = maxWait.(R2-|d |)/R2 + jitter 
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where maxWait is the maximum waiting time a potential relaying node waits before 

retransmitting the packet, R is the transmission range of the source node, d is the 

distance between the sender and receiver and jitter is a small random waiting time 

used to prevent nodes located at similar distance from the source node to transmit 

concurrently. 

f. When waiting time of a potential relaying node Y expires, the node Y broadcasts the 

packet in three directions using three beams simultaneously. All nodes within the 

transmission range of the node will receive the packet including the remaining 

potential relaying nodes.   

g. Each potential relaying node will examine the received packet. Since the received 

packet is a duplicate packet, each potential relaying node checks the beam number k 

of the packet along with the packet id, if the beam number and packet id are the same, 

all potential relaying nodes within that particular beam will simply drop the packet 

and cancel the waiting process.  

h. If the beam number is not the same then the potential relaying node will simply ignore 

the packet and continue waiting until the timer of one of the potential relaying nodes 

in that particular beam expires. 

 

Step 3: Failure of Recovery 

After the source node O sends out a packet, it should receive the same packet from 

each relaying node within a time of YT  (
propY tT 20  ) as the acknowledgement of 

broadcasting success [50]. Otherwise, the source node needs to rebroadcast the packet 

using the beam from which it does not receive a relaying packet.  
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Sector Number 

 

Figure 5.4: Random Directional Broadcasting Relay Scheme (RDBR) 

 

Figure 5.4 shows an example of the proposed broadcasting scheme with 3-

beam directional antennas with equally azimuthal beamwidth of 120o per direction 

beam. The source node O broadcasts packets using these three beams of the directional 

antenna simultaneously. All nodes within the transmission range of the source node 

receive the packet. The neighboring nodes such as node Y7, Y5 and Y6 that are far 

away from the source node(s) more than the neighboring node such as Y2, Y16 and Y8 

and therefore, will act as relaying nodes. On the other hand, the inner neighboring 

nodes such as node Y14, Y12 and Y9 that are geographically close to the source node(s) 

will be prevented from relaying the packets. This novel defer-time scheme will greatly 

reduce the number of redundant rebroadcast and reduces both contention and collision. 

In summary, the proposed approach has the following features: 
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First of all, the broadcasting relay is performed on demand basis, which does 

not require network topology discovery and maintenance as well as the relevant 

routing algorithm across the entire network. This feature is able to save the resources 

in terms of overhead, bandwidth and energy associated in the process of discovering 

and maintaining network topology and routing table. This feature has great value in 

practice comparing to conventional topology-based broadcasting relay scheme. It is 

extremely important to sensor network, which usually has limited energy, 

communication capacity and computing power. 

Second, the proposed approach deploys angle based broadcasting in three 

directions  1,2,3     ,
3

2
)()(,  oooio iittx

o





 with the transmission angle











3
)(0   ),()(,


 tttx ooio o


 .  Note that both the broadcasting direction and 

transmission angle can be dynamically changed from packet to packet. Therefore, this 

feature is able to significantly reduce the probability that the broadcasting is detected 

by enemy’s electronic warfare system comparing to that conventional geometry-based 

broadcasting relay schemes. 

Third, the proposed scheme does not require node’s location information that 

satisfies the critical environment conditions where GPS is not available or not reliable 

such as in the battlefield due to electronic warfare interference. By contrast, both 

topology-based and geometry-based broadcasting relay schemes are compulsory to 

have pre-known node’s location information for discovering and maintaining the entire 

network topology and routing table.    

The node density distribution function certainly has some effect on the 

performance of the proposed broadcasting relay scheme. Note that this proposed 

broadcasting relay scheme is also capable to be used in an environment where nodes 
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are arbitrary distributed rather than uniformly distributed. In this case, it needs to adjust 

the broadcasting directions )(to


 according to the nodes arbitrary distribution pattern 

with suitable parameters including both the forwarding angle )(to and )(tro in order 

to improve the efficiency. However, the key issue related to this problem is the nodes 

arbitrary distribution pattern. This is the research focus of the Chapter 4. 

5.5 Controlling Redundant Receptions 

A random delaying scheme (RDS) is used to assigns each potential relaying 

node a different defer time according to its distance from the source 

node [15][16][32][50]. The distance between a neighboring node and the source node 

can be estimated from the received signal strength [1][2][12][24][36]. Recall the 

distance based defer time mechanism as described in Chapter 2, the basic idea of RDS 

is that a node located inside the symmetric area waits a calculated amount of time 

before rebroadcasting the packet. This defer time is inversely proportional to the 

distance between the source node and the relaying node. 

In the proposed RDBR scheme, each neighboring node first calculates how far 

it is from the source node and then determines whether it is located inside of a relaying 

area or not. If a neighboring node is not located inside of a relaying area, it will simply 

drop the packet. Otherwise, a neighboring node that is farther away from the source 

node will be assigned a shorter defer time. Generally, the larger the distance between 

the source node and a neighboring node, the shorter the defer time. The idea is to let a 

neighboring node covering more new area to rebroadcast the packet. Note that a 

neighboring node closer to source node will be abandoned from rebroadcasting. That 

is, the farthest neighboring node from the source node rebroadcasts earlier than other 

neighboring nodes. The formula for calculating the defer time is given below: 
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Selected 

Relaying 

Node in 

Sector 1 

 

waitTime = maxWait.(R2-|d |)/R2  

 

where maxWait is the maximum waiting time a potential relaying node waits before 

retransmitting the packet, R is the transmission range of the source node, d is the 

distance between the sender and receiver. 

Figure 5.5 shows the defer time scheme of the proposed RDBR scheme. In 

Figure 5.5, the neighboring nodes such as node Y5, Y6 and Y7  that are far away from 

the source node(s) more than the neighboring node such as Y1,Y2, Y3, Y4, Y8, and Y16 

and therefore, will act as relaying nodes and will be assigned shorter defer time than 

other neighboring nodes. On the other hand, the inner neighboring nodes such as node 

Y9, Y10, Y11 and Y13 that are geographically close to the source node(s) will be 

prevented from relaying the packets. This novel defer-time scheme will greatly reduce 

the number of redundant rebroadcast. 

 

Figure 5.5: Defer time assignment 

Selected 

Relaying 

Node in 

Sector 3 

Selected 

Relaying 

Node in 

Sector 2 
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In order to prevent potential relaying nodes located at similar distance from the 

source node and belongs to the same beam, to retransmit concurrently, a small random 

jitter time is added to the waiting time. This jitter time is used to avoid collisions and 

redundant transmissions by potential relaying nodes located at the same distance from 

the source node. However, when compared to defer waiting time, jitter waiting time is 

much less than defer waiting time and hence its effect on the end-to-end delay could 

be neglected. The amended defer time formula is given below: 

waitTime = maxWait.(R2-|d |)/R2 + jitter 

5.6 Problem Formulation 

The success or failure of each transmission is greatly dependent on the density 

of nodes in the network and the size of relaying area. More specifically, the 

beamforming angle and lower transmission boundary of relaying area, Th, have a great 

effect on the overall performance of the proposed RDBR scheme as these two 

parameters define the size of relaying area. In general, the relaying area size is a trade-

off between transmission failure and communication overhead. It is clear that less 

relaying area reduces packet collision, bandwidth wastage and requires fewer number 

of hops to reach the destination but more prone to transmission failures due to small 

number of nodes. On the other hand, more relaying area is less prone to transmission 

failures due to large number of nodes involved. However, it requires higher number of 

nodes to reach the destination and the performance of the system in terms of collision 

and bandwidth consumption may shrink down.  

As was described on in Section 5.2, the design of the proposed scheme depends 

on two key concepts:  random selection of transmission directions and distance based 
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defer waiting time. However, the proposed RDBR scheme has some limitations. The 

RDBR scheme suffers from the problem of nodes displacement from ideal locations 

as discussed in Chapter 4. Nodes displacement from ideal locations can result in the 

following two critical problems. First, the transmission range of some of the selected 

relaying nodes are overlapping such that each node is almost covering most of the 

other nodes transmission range. This can lead to severe contention and collision in the 

network especially in the high density network. The direct impact of contention and 

collision is both high redundant retransmissions and transmission failures.  

The second problem is the uncovered area between neighboring sectors. This 

will greatly affect reachability as the nodes located in uncovered area will not receive 

the packet. Chapter 4 discusses some conditions to minimize the effect of nodes 

displacement from ideal locations. This is done by introducing a gap between each 

neighboring sectors such that nodes not located inside dedicated sectors are not act as 

relaying nodes. The gaps between neighboring sectors are able to reduce the relaying 

area sizes which will in turn reduce the overlap between relaying nodes. Furthermore, 

the gap will also greatly reduce the uncovered area between neighboring sectors. 

However, this scheme has some drawbacks. Increasing the gap will decrease the 

relaying area size and which in turn reduce the probability of finding a node in relaying 

areas. This means that as the gap increases the node density should also increase in 

order to ensure some nodes will be found in relaying area. Therefore, the gap should 

be selected such that it increases reachability while reducing contention and collision. 

This scheme will only work in high density networks to increase the probability of 

finding nodes in relaying areas after introducing gaps between sectors. In next section, 

the improved Random Directional Broadcasting Scheme (RDBR) which greatly 
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reduces the contention and collision in high density networks and does not require any 

extra cost other than the increased number of directional antenna beams.  

5.7 Improved RDBR Scheme 

An improved broadcasting scheme has been designed to overcome the 

shortcomings of RDBR with respect to nodes displacement from ideal locations. The 

improved RDBR scheme is a directional antenna based broadcasting scheme that 

carefully selects relaying nodes instead of randomly selecting them. The proposed 

scheme relies on received signal strength to estimate the distance between the source 

nodes and the neighboring nodes without requiring any prior knowledge about network 

topology. Furthermore, the improved RDBR scheme chooses a smallest subset of 

neighboring nodes to rebroadcast the message and hence reduces the communication 

overhead and reduces transmission failures. Similar to RDBR, improved RDBR 

scheme attempts to increase packet delivery ratio while reducing the overhead. 

Conversely to the RDBR scheme, the improved RDBR scheme reduces the overlap 

between selected relaying nodes and therefore is able to resolve collisions and 

contentions between selected nodes.  

The improved RDBR scheme is able to achieve higher reachability while 

reducing the number of rebroadcasts by selecting the relaying nodes that are farthest 

away from the source node. For convenience of presentation, the following description 

considers that all nodes are equipped with 6-beam directional antennas. Note that this 

scheme can be applied to other 3m-beam (m = 1,2,3,…,M) directional antennas.  Each 

beam of the directional antenna represents a sector and each sector can only have one 

relaying node. Therefore, the proposed scheme requires only three relaying node i.e. 

one relaying node per beam. The reason behind selecting six beams directional antenna 
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is that only three relaying nodes are required to achieve the upper bound of as was 

discussed in Lemma 3.1 and the remaining three sectors are used as gaps between 

neighboring sectors as was discussed in Lemma 4.2. The relaying nodes are selected 

using a distance based delaying mechanism. Each potential relaying node will be 

assigned a waiting time inversely proportional to the distance between the potential 

relaying node and the source node. A small random jitter is used to prevent potential 

relaying nodes located at similar distance from the source node and belongs to the 

same beam, to retransmit concurrently. The proposed random directional broadcasting 

scheme is described by the following flow-chart diagram as shown in Figure 5.6. 



97 
 

 
 
 

 
 

Figure 5.6: Flow-Chart of improved RDBR scheme 
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Step 1: Packet Broadcasting 

Based on the steps described in Figure 5.6, a source node O  randomly selects a 

direction as reference point )(to


 broadcasts a packet at time t  using three beams out 

of six beams simultaneously. All nodes within the transmission range of source node 

O  will receive the packet. The source node randomly selects three beams such that 

the potential relaying nodes will be only selected from these beams. There are only 

two possible selections: the sectors 1, 3 and 5 or the sectors 2, 4 and 6. The unselected 

sectors will act as gaps to reduce the overlap between selected relying nodes. The 

neighboring nodes are denoted as Y . The header of the packet sent by the source node 

O consists of the following parameters as shown in Figure 5.7. 

a. Packet ID is a unique identifier attached to each data packet which is created by the 

source node. Packet ID is used to detect and drop duplicate packets. 

b. Timestamp specifies the time of packet creation by the source node, and it remains 

unchanged through broadcasting process. Timestamp is used to calculate the data 

dissemination delay. 

c. Source ID is a unique ID that identifies the source node that created the message. A 

source ID can be represented by unique identifier such as the MAC address of the 

source node.  

d. Sender ID; is a unique ID that identifies the selected relaying node. The value of this 

field changes every time a message is forwarded by a relaying node. As was the case 

with the source ID, the sender ID can also be represented by the MAC address of the 

relaying node. 

e. Th is a distance threshold to indicate the distance from O beyond which the nodes are 

allowed to rebroadcast the packet where Th ≤ d ≤ r. 
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f. k indicates the id of the beam from which the packet was sent where k = 1,2,3,…, 6. 

This parameter is used to eliminate redundant retransmissions received from other 

relaying areas.  

g. Time-To-Live (TTL) indicates the maximum number of relaying hops a packet can 

travel. The value of TTL decreases as the number of hops increases. 

 

Step 2: Packet Relaying 

Upon receiving the packet, node Y  inspects the received packet with the following 

procedures: 

a) If the packet has been received more than one time, the packet is discarded. This is 

done by checking the id of the received packet. 

b) If TTL of the received packet is equal to zero, the packet is discarded. 

c) If the distance between Y  and ,O denoted as d is less than Th, then the packet is 

discarded. Note that ,d can be obtained using received signal strength. 

d) If and only if when d ³Th, then the node Y  is located inside of one of three relaying 

areas where
kS indicates the relaying areas.  

e) Each potential relaying node will set a distance based waiting time using the formula 

described in Section 5.5.  

f) When waiting time of a potential relaying node Y expires, the node Y broadcasts the 

packet in three directions using three beams simultaneously. All nodes within the 

transmission range of the node will receive the packet including the remaining potential 

relaying nodes.   

g) Each potential relaying node will examine the received packet. Since the received 

packet is a duplicate packet, each potential relaying node checks the beam number k of 

the packet along with the packet id, if the beam number and packet id are the same, all 
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potential relaying nodes within that particular beam will simply drop the packet and 

cancel the waiting process.  

h) If the beam number is not the same then the potential relaying node will simply ignore 

the packet and continue waiting until the timer of one of the potential relaying nodes 

in that particular beam expires. 

 

Step 3: Failure Recovery 

After the source node O sends out a packet, it should receive the same packet from 

each relaying node within a time of 
YT  ( propY tT 20  ) to acknowledge the 

broadcasting was successful. Otherwise, the source node will rebroadcast the packet 

using the beam from which it didn’t receive an acknowledgment.  

 

 Figure 5.7: Improved Random Directional Broadcasting Relay Scheme 
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Figure 5.7 shows an example of the improved RDBR broadcasting scheme 

with 6-beam directional antennas. The source node O randomly choses three sectors 

out of six sectors in this example the selected sectors are 1, 3 and 5. The remaining 

sectors 2, 4 and 6 acts as gaps between neighboring sectors. The source node then 

broadcasts a packet using all beams of the directional antenna simultaneously. All 

nodes within the transmission range of the source node receive the packet. The nodes 

located in gaps (the idle sectors) will receive the broadcast but will not rebroadcast the 

packet. The neighboring nodes such as node Y15, Y9 and Y6 that are far away from the 

source node(s) more than the neighboring node such as Y18, Y5 and Y3 and therefore, 

will act as relaying nodes. On the other hand, the inner neighboring nodes such as node 

Y7, Y10 and Y12 that are not located inside any relaying area will be prevented from 

relaying the packets. This novel defer-time-scheme will greatly reduce the number of 

redundant rebroadcast and reduces both contention and collision. The figure also 

shows that the overlap between neighboring sectors such as sector 3 and sector 5 

greatly decreased and the uncovered area between neighboring sectors also decreased. 

5.8 Summary 

By introducing the concept of relying area and by the usage of directional 

antennas, the proposed RDBR scheme can significantly reduce the total number of 

hops required to transmit a packet. The proposed RDBR scheme greatly reduces the 

number of redundant retransmissions and achieving high delivery ratio using only 

three relaying nodes per hop. Furthermore, in order to reduce the effect of nodes 

displacement from ideal locations on the performance of RDBR scheme, an improved 

RDBR scheme was proposed. The improved RDBR scheme reduces the effect of 

nodes displacement by utilizing the concept of gaps that was proposed in Chapter 4. 
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The proposed scheme achieves better reachability than the RDBR scheme in high 

density environments. It is worth noting that both of the proposed RDBR schemes can 

achieve high reachability and reduce latency, without degrading the system 

performance in terms of delivery ratio and overhead compared to other existing 

schemes. The detailed simulation based performance evaluation of the proposed 

RDBR schemes with existing broadcasting schemes are presented in next Chapter. 
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Chapter 6: Performance Evaluation 

 

This chapter presents a comprehensive performance evaluation of the proposed 

RDBR schemes using network simulations. The performance of these proposed 

schemes are compared with the Flooding and Distance-based scheme. The proposed 

schemes are implemented using NS-2 network simulator and the simulations are 

conducted by a number of different scenarios to investigate the performance under 

different network conditions. First of all, the performance evaluations focus on the 

efficiency in terms of capability for achieving high reachability while reducing both 

the number of retransmitting nodes and end-to-end delay. Second, the performance 

evaluations focus on the impact of the theorems of Lemma 3.1 and Lemma 4.2 on the 

different types of broadcasting relay schemes, especially in critical environments. The 

details of simulation environment, mobility model, performance measures and 

simulation results are presented in the following sections. 

6.1 Simulation Model 

The simulation used for the performance evaluations of the RDBR schemes is 

developed by the NS-2 network simulator version 3.5 [80][81]. The NS-2 is an open 

source discrete event simulation platform widely used for simulating both wired and 

wireless networks. Also, the NS-2 is a scalable simulation environment based on C++ 

and OTcl programming languages. Moreover, NS-2 is the most widely used network 

simulator for simulating mobile ad hoc networks [3][32][41][42][43][44][49][55][57]. 

The simulation platform developed for the evaluation of the proposed schemes 

considers a homogeneous mobile ad hoc network, in which all nodes are identical and 

have the same configuration. Two nodes can communicate with each other directly if 

and only if they are within the transmission range of each other. Therefore, the 
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Euclidean distance between these two nodes is at most the transmission range R. In the 

broadcasting process, a node is randomly selected to initiate a broadcasting message. 

The nodes are randomly deployed in a square area of 1000mx1000m. The transmission 

range of all nodes is equal to 250 meters, for both omni-directional and directional 

antenna models [56]. A Constant Bit Rate (CBR) traffic generator is used to generate 

traffic for data communication. CBR traffic is very well known and widely used traffic 

model for mobile Ad-hoc network. The MAC layer protocol used in the simulations is 

the IEEE standard 802.11 Distributed Coordination Function (DCF) [82] with no 

RTS/CTS/ACK mechanisms. 

The popular two-ray ground reflection model is adopted as the radio 

propagation model. In the simulations, all packets have the same length of 1024 bytes 

and network bandwidth is 2 Mb/sec. However, the packet sequence generated by each 

individual node is independent random process. The maximum waiting time, denoted 

as maxWait, for a node to rebroadcast a packet is setup as 0.01s. This value of 

maximum waiting time has been used quite often in MANET 

literature [32][42][43][44][49]. The number of nodes in the network is varied from 20 

to 200 nodes to evaluate the impact of node density (i.e. sparse and dense nodes 

distribution) on the performance. The average node degree (the number of 

neighbouring nodes within the transmission range of each node) varies approximately 

from 4 to 39 nodes1, representing low density and high density respectively. The 

duration of each simulation run is 100 seconds plus 30 seconds as the warm up time 

period, which is not taken into account in the performance evaluation.  

  

                                                           

1 𝜆 = (𝑁 − 1)
𝜋𝑟2

𝐴
, where A is network area (1000mx1000m) 
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Table 6.1: Simulation Parameters 

Simulation Parameter Value 

Simulator NS-2 (version 2.35) 

Network Area 1000mx1000m 

Transmission range 250m 

Bandwidth 2 Mbps 

Interface queue length 50 

Packet size 1024byte 

Traffic type CBR 

Packet rate 10 packets/sec 

Number of nodes 20, 40, 60,…, 200 

Number of trials 10 

Mac Layer Protocol IEEE 802.11 

Simulation Time 100 sec 

Confidence Interval 95% 

 

Since each simulation run is driven by independent pseudorandom process, 

then the numerical results obtained from different simulation runs are different from 

each other. Therefore, each scenario has performed by 10 independent simulation runs 

and the actual mean is within the range of said interval. In most cases, the error bars 

have been found to be quite small. The confidence intervals are not included in the 

graphs to avoid clutter. In the simulation set up, all nodes are equipped with ideally 

sectorized multi-beam directional antennas of 3, 6, 9 or 12 beams. Note that the 

simulations ignore the effect of both side lobes and the overlap between sectors 

because their impact on overall performance is negligible [54][69][70][83]. The 

simulation experiments described in this chapter are performed on a machine with Intel 

Core i7 @2.90 GHz processor and 6 GB RAM running Linux Ubuntu 12.04. It is worth 

to mention that the simulation setup and the parameter values used for evaluation are 

quite common and widely used in the literature [42][44][52][55][56] [57][84]. Table 

6.1 shows the detailed simulation environment and parameters values that have been 
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used in the evaluation of the proposed RDBR schemes. The network parameters listed 

in Table 6.1 remain fixed for all simulations. 

6.2 Broadcasting Scenarios and Their Measurements 

Extensive simulations are performed to study the benefits of the proposed 

RDBR schemes and comparing them with other broadcasting schemes, including 

Flooding and Distance-based broadcasting schemes both of which use omni-

directional antennas. To ensure fair comparison, these chosen ad hoc based 

broadcasting schemes can operate in the same critical environment. Furthermore, 

realistic simulation scenarios were generated which ensure equal conditions between 

the compared schemes. It makes no sense to compare the proposed RDBR schemes 

with location-based schemes, topology-based schemes and complex broadcasting 

schemes under the lack of both location and topology information, particularly when 

energy is a limited resource, as these broadcasting schemes would not operate properly 

in such a critical environment. The proposed RDBR schemes are the only integrated 

broadcasting schemes that use directional antennas to communicate omni-directionally 

and therefore can operate without any assumptions about location and topology 

information.  

The performance of the proposed RDBR schemes is compared with Flooding 

and DB scheme [12][13] using the following performance metrics: 1) Reachability, 2) 

Number of retransmitting nodes, and 3) End-to-end delay. These metrics are the most 

popular and widely used performance metrics currently being used in evaluating ad 

hoc based broadcasting schemes [42] [44][52][49][55][56] [57]. 
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1) Reachability, defined as r/e, where r is the number of nodes in the network that 

receives a broadcast packet and e is the number of nodes in the network that are 

reachable, directly or indirectly, from a source node. 

2) Number of Retransmitting Nodes, the number of nodes in the network that 

received the broadcast packet and retransmitted it i.e. the average number of 

nodes in the network which take part in broadcasting the packet. 

3) End-to-End Delay, the interval from the time the broadcast packet was sent by a 

source node to the time the last retransmitting node finished rebroadcasting the 

packet. 

6.3 Mobility Model 

In this section, an overview of the mobility model that is used in the 

performance evaluation of the proposed schemes is given. The mobility model used in 

this study is the Random Waypoint Mobility Model [76][77], which is one of the most 

widely used mobility models in simulating mobile ad hoc 

networks [32][42][43][44][49]. In this mobility model, nodes are randomly distributed 

over a given network area. Each node at the beginning of the simulation remains 

stationary for a certain period of time called pause time before starting a new 

movement. A node randomly selects a destination in the area and starts moving 

towards it with a constant speed. The speeds of the nodes were randomly selected from 

a uniform distribution in the range of [0, Vmax], where Vmax is the maximum allowable 

speed for every mobile node. After reaching the destination, the node waits for a 

certain pause time; it then selects a new random destination and speed. The mobile 

node then moves towards the newly selected destination with constant speed. This 

process continues until the simulation ends.  
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Node mobility is simulated using mobility scenes that are generated using the 

setdest utility of NS-2 simulator. The setdest utility is a popular mobility scene 

generator which generates node movement file according to the random waypoint 

mobility model. The continuous node mobility model has been used in the simulation, 

in which nodes are continuously moving until they reach their destination. As a result, 

the pause time of all mobility scenarios is set to zero. Many previous studies have 

shown that pause times of 20 seconds or above makes dynamic networks significantly 

stable [32][86][87]. Since this thesis considers broadcasting relay in a critical 

environment, the pause time is fixed to zero. This represents continuous node mobility 

without added stability.  

All nodes in the network are mobile nodes, including the source nodes, the 

destination nodes, as well as the relaying nodes; however, mobile nodes may not 

always be on move. Nodes may move at any time in any direction with different 

speeds, and may even sometimes move continuously without stop. This may in some 

cases result in loss of communication between neighboring nodes due to high speed 

and different directions, but in this work it is assumed that the communication time is 

much less that the time it takes a node to change its positions. It is worth noting that 

the mobility model and mobility parameters mentioned in this section have been 

widely used in simulation studies of MANET broadcasting 

schemes [32][41][42][43][49].  
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6.8.2 Delivery Ratio  

Figure 6.10 shows delivery ratio for each broadcasting scheme in each trial. As 

the severity of the network increases, each broadcasting scheme has a “breaking point” 

in terms of its ability to deliver packets. As can be seen from Figure 6.10, Flooding 

achieves the highest delivery ratio among all broadcasting schemes for Trial 1 and 

achieves the third highest delivery ratio for Trial 2. However, the Flooding scheme 

collapses after Trial 2 and delivery ratio decreases until it reaches 40% for Trial 5. This 

is due to the fact that as the number of trial increases, the severity of the network 

increases in terms of number of nodes, traffic load and node mobility. Flooding 

schemes suffer from both contention and collision due to increased number of nodes, 

high mobility and redundant retransmissions. This indicates that the Flooding is not an 

efficient broadcasting scheme and it can’t operate under extreme condition due to 

broadcast storm problem.  

The DB scheme achieves the second highest delivery ratio for Trial 1 and the 

highest delivery ratio for Trial 2. Likewise Flooding scheme, DB scheme also 

collapses after Trial 2. This is due to the fact that the DB scheme generates redundant 

retransmissions and therefore suffers from contention and collision. However, DB 

scheme achieves slightly better reachability than Flooding scheme. This is because DB 

scheme generates less redundant retransmission compared to Flooding. The RDBR-3 

scheme achieves the third highest delivery ratio for Trial 1 and second highest delivery 

ratio for Trial 2. Unlike both Flooding and DB schemes, RDBR-3 scheme does not 

collapse after Trial 2. It achieves the highest delivery ratio for Trial 3. However, the 

delivery ratio of RDBR-3 scheme starts to slightly decrease after Trial 3. The RDBR-

3 scheme achieves the second highest delivery ratio for Trial 4 and fourth highest 
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delivery ratio for Trial 5. The delivery ratio of RDBR-3 scheme for Trial 5 is above 

80% which is much more than both Flooding and DB schemes. The reason why 

RDBR-3 scheme achieves the third highest delivery ratio for Trial 1 is because of low 

connectivity in the network (low node density). Furthermore, the reason why the 

delivery ratio of RDBR-3 scheme starts to decreases after Trial 3 is due to increased 

collision and contention as result of increased node density, node mobility and traffic 

load. This indicates that the proposed RDBR-3 scheme is scalable and energy efficient 

broadcasting scheme which is able to achieve a delivery ratio of more than 80% in 

very severe network conditions.  

The RDBR-6 scheme achieves the fourth highest delivery ratio for both Trial 

1 and Trial 2. Furthermore, it achieves the second highest delivery ratio for Trial 3 

with the delivery ratio slightly less than RDBR-3 scheme. As for Trial 4 and 5, RDBR-

6 scheme outperform RDBR-3 scheme by achieving the highest delivery ratio among 

all broadcasting scheme. The reason why RDBR-6 scheme outperform RDBR-3 

scheme in severe network conditions (for Trial 4 to 5) is due to the fact that RDBR-6 

scheme has more sectors than RDBR-3 and therefore the relaying area size of RDBR-

6 is smaller than that of RDBR-3 scheme. The benefit of this in severe network 

conditions is that density of nodes is high and therefore the probability of finding a 

node at ideal location is very high. As a result, the collision among the nodes is less 

because the overlap is decreased as stated in Lemma 3.1. This indicates that the RDBR-

6 scheme is even more efficient than RDBR-3 scheme in very severe network 

conditions. Furthermore, this also proves the Lemma 4.2 in which it is that stated 

increasing the number of sectors and node density will ensure high delivery ratio even 

in severe network conditions.  
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As for RDBR-9 and RDBR-12 schemes, the most remarkable observation is 

that both schemes outperform Flooding and DB scheme for Trial 3 and above. The 

RDBR-9 and RDBR-12 schemes also outperformed RDBR-3 scheme for Trial 5. This 

indicates that RDBR-9 and RDBR-12 schemes are efficient broadcasting schemes. The 

reason why the delivery ratio of RDBR-9 and RDBR-12 scheme was low for Trial 1 

and Trial 2 is due to low connectivity and large number of sectors. Furthermore, the 

reason why RDBR-9 and RDBR-12 schemes outperformed RDBR-3 for Trial 5 is the 

same justification for RDBR-6 when it outperformed RDBR-3 scheme. However, the 

delivery ratio of RDBR-12 is less than RDBR-9 which is in turn less than RDBR-6 

scheme for all trials and specifically for Trial 4 and 5. The is due to the fact that the 

number of sectors of RDBR-9 and RDBR-12 schemes are more than that of RDBR-6 

and therefore the probability of finding a node at ideal location for a given node density 

is higher in RDBR-6 than both RDBR-9 and RDBR-12. In order for RDBR-9 and 

RDBR-12 scheme to achieve the same level of reachability of RDBR-6 or even 

outperform it, the number of nodes in the network must be beyond 200 nodes. 

However, this is a special condition and whenever this condition is met both RDBR-9 

and RDBR-12 scheme probably outperform RDBR-6 scheme.  
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 Figure 6.10: Delivery ratio as severity of network increases 

 

6.8.3 Number of Retransmitting Nodes 

Figure 6.11 shows the number of retransmitting nodes for each trial. The 

number of retransmitting nodes required by each broadcasting scheme increases as the 

severity of the network increases. This should be expected because as network severity 

increases the node density in the network increases and therefore the number of 

required retransmitting nodes by each broadcasting scheme also increases. The main 

observation about the number of retransmitting nodes for Flooding and DB is that as 

network severity increases the number of retransmitting nodes increases until it 

reaches Trial 3. After Trial 3, the level of increment in number of retransmitting node 

is less than the level of increment in Trials from 1 to 3. The reason is that the delivery 

ratio of both Flooding and DB scheme decreases as network severity increases (as 

shown in previous section) which in turn affect the number of retransmitting node. 
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Another reason is as stated earlier, the increased contention and collision due to 

increased node density, node mobility and traffic load.  

As for RDBR schemes, the number of retransmitting nodes also increase with 

increasing network severity. RDBR-3 scheme required more retransmitting node 

followed by RDBR-6, RDBR-9 and RDBR-12, respectively. As stated earlier, RDBR 

schemes use fixed number of retransmitting node for each broadcast rely. However, 

the reason of increment in the number retransmitting node is due to increment in node 

density. This is already explained in Section 6.8.1.1. There are two main observations 

about RDBR schemes: First, the number of retransmitting node required by RDBR-3 

scheme increases with increasing network severity until it reaches Trial 4 after which 

the number of retransmitting node decreases. Second, the number of retransmitting 

node required by RDBR-6, 9 and 12 are less than that of RDBR-3 given that these 

schemes outperformed RDBR-3 in terms of delivery ratio (see previous section). The 

reason why the number of retransmitting node required by RDBR-3 scheme decreases 

after Trial 4 is because the delivery ratio of RDBR-3 scheme was dropped after Trial 

4 as shown in previous section.  

Furthermore, one of the reasons why other RDBR schemes require less number 

of retransmitting node than RDBR-3 scheme despite the fact they achieve higher 

reachability than RDBR-3 scheme is due to the minimum overlapping between 

neighboring nodes. In fact, RDBR-6, RDBR-9 and RDBR-12 schemes didn’t 

outperform RDBR-3 scheme by achieving higher reachability instead they managed 

to overcome the effect of contention and collision. All RDBR schemes other than 

RDBR-3 scheme are less susceptive to collision and contention because these schemes 

use less number of retransmitting nodes due to low density. This can be seen in Figure 

6.11 in which all RDBR-6, RDBR-9 and RDBR-12 schemes achieved high 



139 
 

 
 
 

reachability but not 100% reachability due to low node density whereas other nodes 

achieved almost 100% reachability due to absence of high traffic load.  This indicates 

that RDBR-6, RDBR-9 and RDBR-12 schemes are more efficient than the remaining 

broadcasting schemes and even more efficient that RDBR-3 in severe networks 

conditions. 

 

 
 Figure 6.11: The number of retransmitting nodes as severity of network increases 

 

6.8.4 End-to-end Delay  

Figure 6.12 shows end to end delay as network severity increases. The end-to-

end delay results follow the trends shown in Figure 6.12. The end-to-end delay by each 

broadcasting scheme increases as the severity of the network increases. This should be 

expected because as network severity increases, contention and collision in the 

network also increases and as a result the end-to-end delay of each broadcasting 
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scheme also increases. However, the main observation from Figure 6.12 is that the 

end-to-end delay of both Flooding and DB schemes increase exponentially with 

increasing network severity whereas the end-to-end delay of RDBR scheme is much 

less than both the schemes. The end-to-end delay of both Flooding and DB schemes 

starts to exponentially increase after Trial 2. This is due to the fact that as trials increase 

the number of nodes, mobility and traffic load also increases in the network. As a 

result, contention and collision increases in the network which eventually results in 

increased delay.  

 

Figure 6.12: End-to-end delay as severity of network increases 

 

As stated earlier, Flooding and DB schemes rely on redundant retransmissions 

to achieve high reachability and when network severity increases the situation gets 

worsen. More nodes try to rebroadcast at the same time which causes both contention 
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and collision. On the other hand, RDBR schemes are less susceptive to contention and 

collision as shown in previous two sections and generate less delay. This indicates that 

RDBR schemes are more robust in severe network conditions than both Flooding and 

DB schemes. Among the RDBR schemes, RDBR-6 and RDBR-9 and RDBR-12 are 

the best performers as they achieved the highest reachability among all broadcasting 

node whiling requiring less retransmitting nodes and reduced delay. Furthermore, 

RDBR-6 scheme is the most robust among all broadcasting scheme due to high 

reachability and low end-to-end delay. 

In summary, the proposed RDBR schemes were able to outperform both 

Flooding and DB scheme in extreme network conditions with high node density, high 

node mobility and high traffic load. However, the main observation was that the 

proposed improved RDBR-6 scheme was able to outperform RDBR-3 scheme in terms 

of delivery, number of retransmitting nodes and end-to-end delay in Trials 4-5. The 

reason behind this is that the proposed improved RDBR-6 scheme was originally 

designed to reduce contentions and collision in the system by reducing the overlap 

between neighboring nodes. This was possible by using the concept of gaps which was 

proposed in this research work.  
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Chapter 7: Conclusion and Future Work 

 

In this dissertation, the broadcast storm problem and conventional ad hoc based 

broadcasting schemes were studied in details. New efficient ad hoc based broadcasting 

schemes have been proposed to overcome problems with existing broadcasting 

schemes such as higher redundant retransmissions, higher end-to-end delay, 

contention, collision, bandwidth consumption and energy consumption. The RDBR 

schemes have been proposed to provide efficient broadcasting in critical ad hoc 

environment without relying on topology, location and AoA information using 

directional antennas. Unlike RDBR scheme, the improved RDBR scheme was able to 

solve the contention and collision problems in high density, mobility and traffic 

environments. Some important findings and future work are also presented in this 

chapter.  

7.1 Conclusion 

Mobile ad hoc networks have gained increasing attention lately by both 

academia and industry to utilize MANET in critical environments such as military, 

sensor networks and disaster recover. This is not surprising, given the ability of ad hoc 

networks to construct efficient networks without requiring any pre-configurations or 

physical infrastructure. The performance of mobile ad hoc networks greatly depends 

on the message dissemination technique being used. Broadcasting forms the basis for 

many message dissemination techniques in MANET. Therefore, in order to increase 

the delivery ratio and decrease packet loss, it is crucial to design an efficient 

broadcasting scheme that can suppress the broadcast redundancy significantly while 

maintaining high reachability. However, achieving high reachability while reducing 

both redundant retransmission and end-to-end delay is a challenging problem. The 
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problem gets even more sophisticated in absence of topology, location and AoA 

information.  

The major focus of this research dissertation is to investigate an efficient ad 

hoc based broadcasting scheme for critical environments using directional antennas 

without relying on node location, network topology and AoA calculations. In this 

dissertation, an efficient ad hoc based broadcasting scheme, called Random 

Directional Broadcasting Relay (RDBR), is proposed. The RDBR scheme is able to 

reduce the number of rebroadcasting nodes and end-to-end delay while achieving high 

reachability. In order to further improve the performance of the proposed RDBR 

scheme in complex environments with high node density and high traffic load, an 

improved RDBR scheme is proposed. Both proposed schemes focus on the reduction 

of the number of redundant retransmissions, end-to-end delay, bandwidth consumption 

and energy consumption by selecting a subset of neighboring nodes to relay the packet 

using directional antennas without relying on node location, network topology and 

complex angle-of-arrival (AoA) calculations. The improved RDBR scheme uses a 

concept of “gaps” to minimize the overlap between selected relaying nodes in high 

density environments. The concept of “gaps” is able to reduce both contention and 

collision and at the same time achieve high reachability in high density environment.  

The proposed RDBR schemes use the fixed beam directional antenna model to 

transmit messages among neighboring nodes. However, any other directional antenna 

model can be used such as single beam or adaptive beam directional antenna models. 

Directional antennas have shown their ability in better utilization of scare network 

resources such as bandwidth and energy consumption. Furthermore, directional 

antennas also showed their ability in minimizing wireless interferences between 

neighboring nodes when compared to omni-directional antennas. In this work, the 



144 
 

 
 
 

directional antennas are only used to overcome the absence of GPS location, i.e. other 

features of directional antenna such as longer transmission range are not used.  

Extensive simulation based performance evaluations have been conducted to 

investigate the performance of the proposed RDBR schemes using Random Walkway 

mobility model. The performance of the proposed RDBR schemes is compared with 

flooding and Distance-based schemes both of which utilize omni-directional antennas 

for transmission. Simulation results show that both proposed RDBR and improved 

RDBR schemes achieve high reachability while reducing end-to-end delay and the 

number of retransmitting nodes especially in high density environments. In addition to 

the performance improvements achieved by RDBR schemes over existing schemes, 

the main observation however is that the performance improvements of RDBR 

schemes do not come at the cost of extra overhead whether it is communication cost 

or computing power. This feature represents the key achievement of this research work 

and proves the efficiency of the proposed RDBR schemes. The main contributions of 

this research work can be summarized as follows: 

 
(1) Investigation of the efficiency of broadcasting relay in critical ad hoc network 

environment using theoretical modeling and analysis basis. Note that the most 

research works in this field are evaluated by simulations. The theoretical model and 

analytical evaluations presented in this dissertation are able to provide an alternative 

approach for future research work in this field.    

(2) This research work has investigated the impact of node location and broadcasting 

angle on the efficiency of broadcasting relay in critical ad hoc environment using 

theoretical analysis. Furthermore, the impact of nodes displacement from ideal 

locations on the total coverage area in terms of distance and angle has also been 

investigated theoretically. 



145 
 

 
 
 

(3) In this research work, two efficient ad hoc based broadcasting schemes are proposed 

i.e. RDBR and improved RDBR schemes. The proposed schemes are more suitable 

to be deployed in hostile environments such as disaster evacuation and military 

operations. 

(4) In this work, different directional antennas models have been discussed and the 

widely multi-beam directional antenna model has been used in this study. The 

proposed RDBR schemes do not put any condition on the type of antenna to be used. 

Any directional antenna model can be used. The directional antennas model was 

implemented in NS-2 environment.  

(5) The performance of the proposed schemes has been compared with flooding and 

distance-based schemes in terms of reachability, end-to-end delay and number of 

retransmitting nodes. Furthermore, simulation evaluations are associated with the 

theoretical analysis as the justification, especially the impact of host mobility, host 

location and broadcasting angle.  

7.2 Future Work 

The theoretical analysis and simulation results presented in this dissertation 

have demonstrated the efficiency of the proposed RDBR scheme and its improved 

version. However, several future works open up to improve the performance of the 

proposed RDBR schemes. This section briefly discusses some of the possible future 

works to improve the proposed RDBR schemes. This research work can be extended 

along the following research directions. 
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7.2.1 Considering disconnected network problem: 

Even though this work uses directional antenna for transmitting packets among 

neighboring nodes, it does not consider the disconnected network problem. This 

problem can arise due to several factors such as battery drainage, high mobility and 

low node density. Directional antennas have the capability to reach out far nodes by 

concentrating the signal to specific direction. In the future, we are planning to extend 

this work to tackle the disconnected network problem by utilizing long range of 

directional antennas. This can be done by using sweeping feature of directional 

antennas. Instead of using all beams of directional antennas together which equally 

distribute the energy of the antennas, sweeping of beams can be used to reach out far 

away nodes by concentrating energy in each direction. Unlike existing schemes which 

may face sweeping delay due to large number of antennas beams being used, the 

proposed RDBR scheme may require the least delay due to the limited number of 

antennas beams.  

To further improve the performance of the proposed RDBR schemes in terms 

of improving the bandwidth utilization and reducing the interference between 

neighboring nodes. We plan to enhance the proposed RDBR schemes by utilizing an 

adaptive directional antenna model in which the beamforming angle θ is dynamically 

adjusted to make it more suitable to the local node density environment. In fact, 

adaptive directional antennas have the capability of adjusting the width of beams as 

well as changing the direction of beams towards the intended destination.   

 

  



147 
 

 
 
 

7.2.2 Considering non-uniform distribution of nodes: 

In this research work, the proposed RDBR schemes were tested in ad hoc 

network environment in which nodes were uniformly distributed. However, it would 

be an interesting future work to test the proposed RDBR scheme in more sophisticated 

ad hoc environments were nodes are distributed arbitrary i.e. nodes are not evenly 

distributed in the network. This represents a diverse network topology in which part 

or parts of the network significantly differ in mobile nodes density volumes. Several 

factors such as node mobility, battery drainage, and node destructions may lead to 

nodes to be non-uniformly distributed. The proposed original RDBR scheme might 

not face a big problem tackling this problem due to the large transmission range of 

each directional antenna beam. However, the main problem occurs in improved RDBR 

scheme in which the number of directional antennas is six or even more.  

In improved RDBR scheme, the node randomly selects 3 sectors out of 6 

sectors are potential relaying sector. The remaining sectors on the other hand just drop 

the packet and does not rebroadcast. The problem here is that the random selection of 

sectors may lead in selection of sectors with no nodes or sectors with few nodes which 

are located at close distance to the source node. This will greatly affect the performance 

of the proposed improved RDBR scheme in terms of delivery ratio. In future work, we 

are planning to further investigate this problem and come up with better solution to 

solve this problem. One possible solution would be selecting the gaps as relying sectors 

in case the source node does not hear back from a particular directional antenna beam. 

It would be interesting to investigate the effect of selecting a neighboring gap as 

relaying sector instead of the original sector which does not contain any node.  
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7.2.3 Considering different mobility models: 

In this research work, only the widely used Random Walkway Mobility 

(RWM) model was used to measure the performance of the proposed schemes. The 

proposed schemes were able to remain stable under different mobility levels. It would 

be interesting to measure the performance of the RDBR schemes using different 

mobility models. This could be an important future work as different ad hoc 

environments may need different mobility model which suits that particular 

environment.  

7.2.4 Considering different network settings: 

In this research work, the proposed schemes were developed assuming a unit 

disk representation of the transmission range. It would be interesting to consider a non- 

disk representation of the transmission range where obstacle are present. Furthermore, 

in the proposed distance-based defer time, only the distance was considered as the 

criteria to select the relaying nodes. However, this might lead to a situation where the 

same node will be selected as relaying nodes several times which will greatly consume 

the limited battery power of that particular node. Therefore, it would be interesting to 

include the remaining battery power of the node as a criteria to select relaying nodes. 

Other important parameters that need to be considered in the future work include: Fault 

tolerance, QoS and opportunistic networks.  

 

 



149 
 

 
 
 

Bibliography 

 

[1] Chen, X., Faloutsos, M., & Krishnamurthy, S. (2002). Distance adaptive (dad) 

broadcasting for ad hoc networks. In MILCOM 2002. Proceedings (Vol. 2, pp. 

879-883). IEEE. 

 

[2] Cao, Z., Ji, Z. Z., & Hu, M. Z. (2007). An energy-aware broadcast scheme for 

directed diffusion in wireless sensor network. Journal of Communication and 

Computer, 4(5), 28-35. 

 

[3] Kathiravan, K., Thamaral, S., & Reshm, R. (2007). Efficient Broadcasting in 

MANETs Using Directional Antennas. Ubiquitous Computing and 

Communication Journal, 2(2), 1-7. 

 

[4] Tilak, S., Murphy, A., & Heinzelman, W. (2003). Non-uniform information 

dissemination for sensor networks. In Proceedings of the 11th IEEE International 

Conference on Network Protocols (ICNP'03), (pp. 295-304).  

 

[5] Reina, D. G., Toral, S. L., Barrero, F., Bessis, N., & Asimakopoulou, E. (2011). 

Evaluation of ad hoc networks in disaster scenarios. In Third International 

Conference on Intelligent Networking and Collaborative Systems (INCoS), (pp. 

759-764). 

 

[6] Frater, M., & Ryan, M. J. (2001). Communications Electronic Warfare and the 

Digitised Battlefield. Land Warfare Studies Centre. 

 

[7] Boukerche , A. (2008). Algorithms and Protocols for wireless and mobile ad hoc 

networks, Wiley&Sons, 2008. 

 

[8] Hoebeke, J., Moerman, I., Dhoedt, B., & Demeester, P. (2004). An overview of 

mobile ad hoc networks: applications and challenges. Journal of the 

Communications Network, 3(3), 60-66. 

 

[9] Basagni, S., Conti, M., Giordano, S., & Stojmenovic, I. (Eds.). (2004). Mobile ad 

hoc networking. John Wiley & Sons. IEEE Press, New York. 

 

[10] John, H. (2012). NGL Advanced Tactical Jamming for Next-Generation 

Warfare. Journal of Electronic Defense, 35( 6), p32-45. 

 

[11] Schilling, D. L., Chang, S., Lomp, G. R., & Lundberg, L. A. (1990). High Data 

Rate Meteor-Burst Communications. IETE Journal of Research, 36(5-6), 471-476. 

 



150 
 

 
 
 

[12] Ni, S., Tseng, Y., Chen, Y. & Sheu, J. (1999). The Broadcast Storm Problem 

in a Mobile Ad Hoc Networks. In: Proc. of the Annual ACM/IEEE International 

Conference on Mobile Computing and Networking (MOBICOM), pp. 151–162. 

IEEE Computer Society Press, Los Alamitos.  

 

[13] Sun, M. T., Feng, W., & Lai, T. H. (2001). Location aided broadcast in wireless 

ad hoc networks. In Proc. of Global Telecommunications Conference, 

GLOBECOM'01. IEEE (Vol. 5, pp. 2842-2846). 

 

[14] Lim, H., & Kim, C. (2001). Flooding in wireless ad hoc networks. Journal of 

Computer Communications, 24(3), 353-363.  

 

[15] Tseng, Y. C., Ni, S. Y., Chen, Y. S., & Sheu, J. P. (2002). The broadcast storm 

problem in a mobile ad hoc network. Wireless networks, 8(2-3), 153-167. 

 

[16] Tseng, Y.-C., Ni, S.-Y., & Shih, E.-Y. (2003). Adaptive Approaches to 

Relieving Broadcast Storms in a Wireless Multihop Ad Hoc Networks. IEEE 

Transactions on Computers. 52(5), 545–557. 

 

[17] Peng, W., & Lu, X. C. (2000). On the reduction of broadcast redundancy in 

mobile ad hoc networks. In Proceedings of the 1st ACM international symposium 

on Mobile ad hoc networking & computing (pp. 129-130). IEEE Press. 

 

[18] Lim, H., & Kim, C. (2000). Multicast tree construction and flooding in wireless 

ad hoc networks. In Proceedings of the 3rd ACM international workshop on 

Modeling, analysis and simulation of wireless and mobile systems (pp. 61-68). 

ACM. 

 

[19] Wei, P., & Xicheng, L. (2001). Efficient broadcast in mobile ad hoc networks 

using connected dominating sets. Journal of software. 12, 4, 1265–1275. 

 

[20] Lou, W. & Wu, J. (2002). On reducing broadcast redundancy in ad hoc wireless 

networks. IEEE Transactions on Mobile Computing, vol. 1, no. 2, pp. 111–123. 

 

[21] Sun, M. T., & Lai, T. H. (2002). Location aided broadcast in wireless ad hoc 

network systems. In IEEE Wireless Communications and Networking Conference, 

(WCNC2002). (Vol. 2, pp. 597-602). 

 

[22] Ko, Y. B., & Vaidya, N. H. (1997). Using location information to improve 

routing in ad hoc networks. Technical Report 97-013, CS Dept, Texas AM 

Univeristy. 

 



151 
 

 
 
 

[23] Dommety, G., & Jain, R. (1998). Potential networking applications of global 

positioning systems (GPS). arXiv preprint cs/9809079.  

 

[24] Capkun, S., Hamdi, M., & Hubaux, J.P. (2001). GPS-free positioning in mobile 

ad-hoc networks, Proceedings of the Hawaii International Conference on System 

Sciences. pp. 3481-3490. 

 

[25] Wisitpongphan, N., & Tonguz, O. K. (2006). Scalable broadcast strategies for 

ad hoc routing protocols. In 1st International Symposium on Wireless Pervasive 

Computing, (pp. 6-pp). 

 

[26] Perkins, C. E., & Bhagwat, P. (1994). Highly dynamic destination-sequenced 

distance-vector routing (DSDV) for mobile computers. In Proc. of the ACM 

SIGCOMM computer communication review (Vol. 24, No. 4, pp. 234-244). 

 

[27] Ho, C., Obraczka, K., Tsudik, G., & Viswanath, K. (1999). Flooding for 

reliable multicast in multi-hop ad hoc networks. In Proceedings of the 3rd 

international workshop on discrete algorithms and methods for mobile computing 

and communications (pp. 64-71). 

 

[28] Ko, Y. B., & Vaidya, N. H. (2000). Location‐Aided Routing (LAR) in mobile 

ad hoc networks. Wireless networks, 6(4), 307-321. 

 

[29] Qayyum, A., Viennot, L., & Laouiti, A. (2002). Multipoint relaying for 

flooding broadcast messages in mobile wireless networks. In Proceedings of the 

35th Annual Hawaii International Conference on System Sciences, HICSS. (pp. 

3866-3875). 

 

[30] Perkins, C., Belding-Royer, E., & Das, S. (2003). Ad hoc on-demand distance 

vector (AODV) routing (No. RFC 3561). IETF, Internet Draft, draft-ietf-manet-

aodv-00.txt. 

 

[31] Reina, D. G., Toral, S. L., Jonhson, P., & Barrero, F. (2013). Hybrid flooding 

scheme for mobile ad hoc networks. IEEE Communications Letters, 17(3), 592-

595. 

 

[32] Williams, B., & Camp, T. (2002). Comparison of broadcasting techniques for 

mobile ad hoc networks. In Proceedings of the 3rd ACM international symposium 

on Mobile ad hoc networking & computing (pp. 194-205). 

 

[33] Wu, J., & Lou, W. (2003). Forward‐node‐set‐based broadcast in clustered 

mobile ad hoc networks. Wireless Communications and Mobile Computing, 3(2), 

155-173. 



152 
 

 
 
 

 

[34] Yi, Y., Gerla, M., & Kwon, T. J. (2003). Efficient flooding in ad hoc networks: 

a comparative performance study. In Proc. of IEEE International Conference on 

Communications. ICC'03. (Vol. 2, pp. 1059-1063).. 

 
[35] Stojmenovic, I., & Wu, J. (2004). Broadcasting and activity scheduling in ad 

hoc networks. In. Mobile Ad Hoc Networking, IEEE Press and John Wiley & Sons, 

New York. Chapter 7. 205-229. 

 

[36] Dube, R., Rais, C. D., Wang, K. Y., & Tripathi, S. K. (1997). Signal stability-

based adaptive routing (SSA) for ad hoc mobile networks. IEEE Personal 

communications, 4(1), 36-45. 

 

[37] Ruiz, P., & Bouvry, P. (2015). Survey on Broadcast Algorithms for Mobile Ad 

Hoc Networks. ACM Computing Surveys (CSUR), 48(1), 8. 

 

[38] Keshavarz-Haddad, A., Ribeiro, V., & Riedi, R. (2006). Color-based 

broadcasting for ad hoc networks. In 4th International Symposium on Modeling 

and Optimization in Mobile, Ad Hoc and Wireless Networks, (pp. 1-10). 

 

[39] Chen, C., Hsu, C. K., & Wang, H. K. (2005). A distance-aware counter-based 

broadcast scheme for wireless ad hoc networks. In Military Communications 

Conference, MILCOM 2005. (pp. 1052-1058). 

 

[40] Al-Humoud, S. O., Mackenzie, L. M., & Abdulai, J. (2008). Neighbourhood-

aware counter-based broadcast scheme for wireless ad hoc networks. In 

GLOBECOM Workshops, (pp. 1-6). 

 

[41] Liarokapis, D., & Shahrabi, A. (2009). A probability-based adaptive scheme 

for broadcasting in manets. In Proceedings of the 6th International Conference on 

Mobile Technology, Application & Systems (p. 46). 

 

[42] Mohammed, A., Ould-Khaoua, M., & Mackenzie, L. (2007). An efficient 

counter-based broadcast scheme for mobile ad hoc networks. In Formal Methods 

and Stochastic Models for Performance Evaluation (pp. 275-283). Springer Berlin 

Heidelberg. 

 

[43] Mohammed, A., Ould-Khaoua, M., Mackenzie, L. M., & Abdulai, J. (2007). 

Improving the performance of counter-based broadcast scheme for mobile ad hoc 

networks. In Proc. of International Conference on Signal Processing and 

Communications, ICSPC, (pp. 1403-1406). 

 



153 
 

 
 
 

[44] Mohammed, A., Ould-Khaoua, M., & Mackenzie, L. M. (2008). Improvement 

to efficient counter-based broadcast scheme through random assessment delay 

adaptation for MANETs. In Second UKSIM European Symposium on Computer 

Modeling and Simulation, EMS'08. (pp. 536-541). 

 

[45] Mohammed, A., Ould-Khaoua, M., Mackenzie, L. M., & Abdulai, J. (2008). 

An adjusted counter-based broadcast scheme for mobile ad hoc networks. In Tenth 

International Conference on Computer Modeling and Simulation, UKSIM. (pp. 

441-446). 

 

[46] Cartigny, J., & Simplot, D. (2003). Border node retransmission based 

probabilistic broadcast protocols in ad-hoc networks. In Proceedings of the 36th 

Annual Hawaii International Conference on System Sciences (pp. 10-pp). 

 

[47] Kasamatsu, D., Shinomiya, N., & Ohta, T. (2009). A broadcasting method 

considering battery lifetime and distance between nodes in MANET. In 29th IEEE 

International Conference on Distributed Computing Systems Workshops, ICDCS 

Workshops' 09. (pp. 406-411). 

 

[48] Kokuti, A., & Simon, V. (2012). Adaptive multihop broadcast protocols for ad 

hoc networks. In 8th International Symposium on Communication Systems, 

Networks & Digital Signal Processing (CSNDSP), (pp. 1-6). 

 

[49] Liarokapis, D., Shahrabi, A., & Komninos, A. (2009). DibA: An adaptive 

broadcasting scheme in mobile ad hoc networks. In Seventh Annual 

Communication Networks and Services Research Conference, CNSR'09. (pp. 224-

231).  

 

[50] Leng, S., Zhang, L., Yu, L. W., & Tan, C. H. (2005). An efficient broadcast 

relay scheme for MANETs. Computer Communications, 28(5), 467-476. 

 

[51] Liarokapis, D., Shahrabi, A., & Raeburn, C. (2008). Constant-width zones 

broadcast algorithm in mobile Ad-hoc networks. In Network-Based Information 

Systems (pp. 159-168). Springer Berlin Heidelberg. 

 

[52] Kim, J. S., Zhang, Q., & Agrawal, D. P. (2004). Probabilistic broadcasting 

based on coverage area and neighbor confirmation in mobile ad hoc networks. In 

Global Telecommunications Conference Workshops, GlobeCom. (pp. 96-101). 

 

[53] Ramanathan, R. (2001). On the performance of ad hoc networks with 

beamforming antennas. In Proceedings of the 2nd ACM international symposium 

on Mobile ad hoc networking & computing (pp. 95-105).  

 



154 
 

 
 
 

[54] Shen, J., Zheng, W., Wang, J., Xia, Z., & Fu, Z. (2013). Routing Protocols 

using Directional Antennas in Ad Hoc Networks: A Comparative Review. 

International Journal of Grid and Distributed Computing, 6(5), 39-50. 

 

[55] Dai, F., & Wu, J. (2006). Efficient broadcasting in ad hoc wireless networks 

using directional antennas. IEEE Transactions on Parallel and Distributed 

Systems, 17(4), 335-347. 

 

[56] Hu, C., Hong, Y., & Hou, J. (2003). On mitigating the broadcast storm problem 

with directional antennas. In International Conference on Communications, 

ICC'03. (Vol. 1, pp. 104-110). 

 

[57] Joshi, T., Cordeiro, C., Vogety, S., Yin, J., Gossain, H., & Agrawal, D. P. 

(2004). Broadcasting over switched single beam antennas. In Proc. of the 12th 

IEEE International Conference on Networks. (ICON 2004). (Vol. 2, pp. 671-675). 

 

[58] Garg, A., & Garg, M. (2012). Node Selection Based Broadcast in Manets to 

Improve the Efficiency. International Journal of Computer Technology and 

Applications, 3(1), pp. 87-89. 

 

[59] Shen, C. C., Huang, Z., & Jaikaeo, C. (2006). Directional broadcast for mobile 

ad hoc networks with percolation theory. IEEE Transactions on Mobile 

Computing, , 5(4), 317-332. 

 

[60] Cartigny, J., Simplot-Ryl, D., & Stojmenović, I. (2004). An adaptive localized 

scheme for energy-efficient broadcasting in ad hoc networks with directional 

antennas. In Personal Wireless Communications (pp. 399-413). Springer Berlin 

Heidelberg. 

 

[61] An, X., & Hekmat, R. (2009). Probabilistic-based message dissemination in 

ad-hoc and sensor networks using directional antennas. In 6th International 

Conference on Mobile Adhoc and Sensor Systems, MASS'09. (pp. 432-438). 

 

[62] Nasipuri, A., Ye, S., You, J., & Hiromoto, R. E. (2000). A MAC protocol for 

mobile ad hoc networks using directional antennas. In Wireless Communications 

and Networking Conference, WCNC. (Vol. 3, pp. 1214-1219). 

 

[63] Ko, Y. B., Shankarkumar, V., & Vaidya, N. H. (2000). Medium access control 

protocols using directional antennas in ad hoc networks. In Proc. of Nineteenth 

Annual Joint Conference of the IEEE Computer and Communications Societies. 

INFOCOM. (Vol. 1, pp. 13-21). 

 



155 
 

 
 
 

[64] Ueda, T., Masayama, K., Horisawa, S., Kosuga, M., & Hasuike, K. (2002). 

Evaluating the performance of wireless ad hoc network testbed with smart antenna. 

In 4th International Workshop on Mobile and Wireless Communications Network, 

(pp. 135-139). 

 

[65] Wang, Y., & Garcia-Luna-Aceves, J. J. (2003). Broadcast traffic in ad hoc 

networks with directional antennas. In Global Telecommunications Conference, 

GLOBECOM'03. (Vol. 1, pp. 210-215). 

 

[66] Choudhury, R. R., & Vaidya, N. H. (2004). Deafness: A MAC problem in ad 

hoc networks when using directional antennas. In Proceedings of the 12th IEEE 

International Conference on Network Protocols, ICNP 2004. (pp. 283-292). 

 

[67] Nasipuri, A., Mandava, J., Manchala, H., & Hiromoto, R. E. (2000). On-

demand routing using directional antennas in mobile ad hoc networks. In 

Proceedings. Ninth International Conference on Computer Communications and 

Networks, (pp. 535-541). 

 

[68] Choudhury, R. R., & Vaidya, N. H. (2002). Ad hoc routing using directional 

antennas. In Illinois Computer Systems Symposium (ICSS) May 2002, UIUC. 

 

[69] Kang, I., Poovendran, R., & Ladner, R. (2003). Power-efficient broadcast 

routing in adhoc networks using directional antennas: technology dependence and 

convergence issues. University of Washington, Washington, USA, Tech. Rep. 

UWEETR-2003-0015. 

 

[70] Qian, L., Zhang, H., Wu, D., & Wang, J. (2014). A Novel Approach for 

Efficient Route Request Flooding in MANETs with Directional Antennas. In 

International Conference on Soft Computing in Information Communication 

Technology (pp. 107-112). 

 

[71] Kathiravan, K., Thamaral, S., & Reshm, R. (2007). Efficient Broadcasting in 

MANETs Using Directional Antennas. Ubiquitous Computing and 

Communication Journal, 2(2). pp. 1-7. 

 

[72] Li, M., Ding, L., Shao, Y., Zhang, Z., & Li, B. (2010). On reducing broadcast 

transmission cost and redundancy in ad hoc wireless networks using directional 

antennas. IEEE Transactions on Vehicular Technology, 59(3), 1433-1442.  

 

[73] Yang, S., Wu, J., & Cardei, M. (2008). Efficient broadcast in MANETs using 

network coding and directional antennas. The IEEE 27th Conference on Computer 

Communications, pp. 1499-1507.   

 



156 
 

 
 
 

[74] Yang, S., Wu, J., & Dai, F. (2007). Efficient backbone construction methods 

in manets using directional antennas. In 27th International Conference on 

Distributed Computing Systems, ICDCS'07. (pp. 45-45). 

 

[75] Clark, B. N., Colbourn, C. J., & Johnson, D. S. (1990). Unit disk graphs. 

Discrete mathematics, 86(1-3), 165-177. 

 

[76] Broch, J., Maltz, D. A., Johnson, D. B., Hu, Y. C., & Jetcheva, J. (1998). A 

performance comparison of multi-hop wireless ad hoc network routing protocols. 

In Proceedings of the 4th annual ACM/IEEE international conference on Mobile 

computing and networking (pp. 85-97). 

 

[77] Navidi, W., Camp, T., & Bauer, N. (2004). Improving the accuracy of random 

waypoint simulations through steady-state initialization. In Proceedings of the 

15th International Conference on Modeling and Simulation (MS'04) (pp. 319-326). 

Marina Del Rey, California, USA, 2004. 

 

[78] Fisher, M. L. (1985). An applications oriented guide to Lagrangian relaxation. 

Interfaces, 15(2), 10-21. 

 

[79] Guignard, M. (2008). Lagrangian relaxation: A tutorial. Retrieved from 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.155.1317&rep=rep1&

type=pdf. 

 

[80] The Network Simulator NS-2: www.isi.edu/nsnam/ns/ 

 

[81] Breslau, L., Estrin, D., Yu, H., Fall, K., Floyd, S., Heidemann, J., Helmy, A., 

Huang, P., McCanne, S., Varadhan, K. & Xu, Y. (2000). Advances in network 

simulation. IEEE Computer, (5), 59-67. 
 

[82] ANSI/IEEE Std 802.11: Wireless LAN Medium Access Control (MAC) and 

Physical Layer (PHY) Specification, 1999. 

 

[83] Wieselthier, J. E., Nguyen, G. D., & Ephremides, A. (2002). Energy-limited 

wireless networking with directional antennas: the case of session-based 

multicasting. In Proc. of Twenty-First Annual Joint Conference of the IEEE 

Computer and Communications Societies. (Vol. 1, pp. 190-199). 

 

[84] Zhang, X. M., Wang, E. B., Xia, J. J., & Sung, D. K. (2011). An estimated 

distance-based routing protocol for mobile ad hoc networks. IEEE Transactions 

on Vehicular Technology, 60(7), 3473-3484. 

 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.155.1317&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.155.1317&rep=rep1&type=pdf
http://www.isi.edu/nsnam/ns/


157 
 

 
 
 

[85] Barritt, B. J., Malakooti, B., & Guo, Z. (2006). Intelligent multiple-criteria 

broadcasting in mobile ad-hoc networks. In Proc. of 31st IEEE Conference on 

Local Computer Networks, (pp. 761-768). 

 

[86] Boleng, J. (2001). Normalizing mobility characteristics and enabling adaptive 

protocols for ad hoc networks. In Proceedings of the local and metropolitan area 

networks workshop (LANMAN) (pp. 9-12). 

 

[87] Bani-Yassein, M., Ould-Khaoua, M., Mackenzie, L. M., & Papanastasiou, S. 

(2006). Performance analysis of adjusted probabilistic broadcasting in mobile ad 

hoc networks. International Journal of Wireless Information Networks, 13(2), 127-

140. 

 

[88] Kim, K. W., Kim, K. K., Han, C. M., Lee, M. M. O., & Kim, Y. K. (2008). An 

enhanced broadcasting algorithm in wireless ad-hoc networks. In International 

Conference on Information Science and Security, ICISS. (pp. 159-163). 

 

[89] Scott, D. and Yasinsac, A. (2004). Dynamic Probabilistic Retransmission in 

Ad Hoc Networks.  Proc. Int'l Conf. Wireless Networks (ICWN), pp. 158-164. 

 

[90] Peng, W., & Lu, X. (2001). AHBP: An efficient broadcast protocol for mobile 

ad hoc networks. Journal of computer science and technology, 16(2), 114-125. 

 

[91] Lou, W., & Wu, J. (2004). Double-covered broadcast (dcb): A simple reliable 

broadcast algorithm in manets. In Twenty-third Annual Joint Conference of the 

IEEE Computer and Communications Societies, INFOCOM. (Vol. 3, pp. 2084-

2095). 

 

[92] Ruiz, P. and Bouvry, P. (2010). Enhanced distance based broadcasting protocol 

with reduced energy consumption. In Workshop on Optimization Issues in Energy 

Efficient Distributed Systems (OPTIM), part of the 2010 International Conference 

on High Performance Computing and Simulation (HPCS), 2010, pp. 249–258. 

 

[93] Ruiz, P., & Bouvry, P. (2010b). Distributed energy self-adaptation in ad hoc 

networks. In GLOBECOM Workshops (GC Wkshps), (pp. 524-528). 

 

 

 

 

 



158 
 

 
 
 

List of Publications 

 

Journal Articles:  

 Ahmed Karam and Liren Zhang. Topology Discovery in Multi-hop Clustering 

Vehicular Networks, Computer Applications: An International Journal (CAIJ), 

Vol.2, No.3/4, November 2015. 

 

 Ahmed Karam and Liren Zhang. Novel Random Directional Broadcast Relay 

Approach in Support of Wireless Ad Hoc Sensor Network with Serious 

Interferences. [Forth Coming] 

 

 Ahmed Karam and Liren Zhang. A Novel Directional Antenna Based Broadcasting 

Scheme for Critical Ad hoc Environments. [Under Preparation] 
 

 

Conference Papers: 

 Ahmed Karam and Nader Mohamed. Middleware for mobile social networks: A 

survey. In System Science (HICSS), 2012 45th Hawaii International Conference 

on (pp. 1482-1490). IEEE, 2012. 

 

 Ahmed Karam, Liren Zhang and Abderrahmane Lakas. An efficient broadcasting 

scheme in support of military ad hoc communications in battlefield. in Innovations 

in Information Technology (IIT), 2013 9th International Conference on. IEEE, 

2013, pp. 78–83.  

 

 Ahmed Karam, Liren Zhang and Abderrahmane Lakas. An Efficient Broadcasting 

Scheme for Military Operations Using Directional Antennas. The 5th International 

Conference on Connected Vehicles & Expo (ICCVE 2015), Oct. 2015. 

 

 Liren Zhang and Ahmed Karam. UAV tracking moving target scene using on-

board ISAR sensor. Innovations in Information Technology (INNOVATIONS), 

2014 10th International Conference on, Al Ain, 2014, pp. 88-92. 

 

 Ahmed Karam and Liren Zhang. An Efficient Broadcasting Scheme for Critical 

Environments Using Directional Antennas. [Under Preparation] 

 
 

 


