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ABSTRACT 

 

Recent developments in sensor networks have led to a number of routing schemes that 

use the limited resources available at sensor nodes more efficiently. Control traffic 

analysis plays a major role in ad hoc sensor networks in optimizing the energy used in the 

network. 

In this research, we present an effective method to estimate the number of nodes 

to be deployed in a given area. We analyze the optimal node degree under different levels 

of mobility. We consider two parameters, packet delivery ratio and control traffic for the 

estimation of optimal node degree. The quantitative and simulation results provide a 

detailed analysis of the working of protocols and they can be used to design efficient 

routing protocols for ad hoc networks. 
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CHAPTER 1  

INTRODUCTION 
 

The emergence of miniature sized wireless communication sensors has initiated a 

new embedded system. These systems are deployed in an environment where there is no 

specific control path. These wireless sensor nodes are attached to circuits and applications 

to monitor and sense their usage. Together they form a multi hopping network which is 

decentralized in nature. An ad hoc network can be described as a network which is 

formed for a particular occasion. The ad-hoc networks consist of nodes which have 

wireless capability and may be mobile without the need of centralized infrastructure. The 

ad hoc networks can quickly self configure to form a network topology. The challenging 

issues in ad hoc networks are the limitation in resource availability like bandwidth and 

battery power. So these devices cannot handle complex routing protocols which are 

deployed in the modern wireless devices which require a good quality of service (QOS). 

One important characteristic of an ad hoc network is that the devices themselves 

are the network.  This allows seamless communication, in a self-organized fashion and 

with easy deployment. This self organizing capability makes ad hoc networks completely 

different from other network solutions.  Ad hoc networks are dependent on the inter-node 

communication and this communication depends on the availability of intermediate 

nodes.  

The dynamic and self-organizing nature of networks makes them useful in 

specific situations where on demand network deployments are required. From the 

network perspective, the main properties of ad hoc networks include: 

• Ad-hoc networks establish connection on the fly. Hence, installing network 

and network management must be dynamic. 
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• They are usually very large networks comprising of thousands or even 

hundreds of thousands of dynamically connected nodes. 

• The communication channel must have the following characteristics: (a) 

handle communication errors which arise due to wireless channel 

impairments, (b) ability to operate in a limited bandwidth as the wireless 

nodes communicate in a limited bandwidth channel and (c) maintain 

connectivity and preserve link qualities among the neighboring nodes which 

change automatically according to the received signal strength. 

• Data has to travel through multiple nodes before reaching the final destination. 

Frequent topological changes are assumed due to mobility of nodes. To manage 

the routing issues for reliable and efficient data communication, there are different 

routing protocols that have been suggested for ad hoc networks like destination-

sequenced distance vector routing (DSDV) [1], dynamic source routing (DSR) [2], ad-hoc 

on demand distance vector routing (AODV) [3]. Most of these ad-hoc routing protocols 

choose routes to based on the destination on some criteria like minimum number of hops 

or by choosing a route that will reach the destination first  with the goal that the route 

being selected will be the shortest in terms of delay or distance from the source.  Recent 

studies with ad-hoc routing protocols have revealed that choosing a route based on the 

first received route request (RREQ) packet without taking into account the stability of the 

route leads to frequent route failures [4] and studies have revealed that choosing routes 

based on signal strength often yields more stable routes [5]. Most of the routing overhead 

in a network is due to the number of control packets generated while maintaining and 

installing new routes. Whenever there is a link break along the path in a route, a route 

maintenance function is called. This function involves the generation of a route error 

packets by the intermediate node which detects the link breakage. When the source is 
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made aware of the route failure through the route error packet (RERR), it invokes the 

route discovery function. Frequent generation of these Control packets leads to increase 

in the routing overhead, thereby decreasing the available bandwidth to other data packets. 

The route discovery process which initiates the route request packets (RREQ) throughout 

the network, results in an increase in control overhead. This results in a delay arising due 

to the route re-establishment, in addition to a considerable decrease in the packet delivery 

ratio.  

The most widely used and powerful wireless access technology, most commonly 

known as IEEE 802.11 or the wirelesses LAN, has given a massive impulse for the 

dissemination of wireless ad-hoc networks. In this type of networks, the stations, namely 

the nodes which are in proximity to each other help each other in acquiring and 

maintaining the route.  The nodes compete for the shared transmission medium. The 

medium access control layer of IEEE 802.11 makes use of distributed coordination 

function (DCF). However, several studies have shown that, the DCF tends to equally 

share the transmission medium among the contending stations [6]. Although this property 

of DCF appears to be a very fine property, this fineness will lead to many undesirable 

situations. For example, if one of the nodes begins to function as a bridge toward each of 

the nodes, group of nodes, or to the worldwide internet which questions the stability of 

the network. Recently, work has been done to improve the QoS - for the IEEE 802.11 

standard, which is so called the EDCA 802.11(“e”) version [7]. In other words, the 

802.11e extension provides mechanisms to prioritize certain traffic patterns (or nodes) 

over others. 

The main objective of this thesis is to propose a mathematical analysis of the 

optimal node degree in ad hoc networks. The analytical and simulation results presented 

in this research work provide an insight to the working of the ad hoc routing protocol. 



4 
 

Chapter 2 gives a literature survey introducing ad hoc networks and brief description of 

the existing ad hoc routing protocols. In Chapter 3, the proposed mathematical analysis of 

the optimal node degree is analyzed In Chapter 4, an overview of the simulation 

environment and analysis of the results is given. In Chapter 5 gives the conclusions made 

and possible future work. 
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CHAPTER 2  

LITERATURE SURVEY 
 

In this chapter, we provide a summary of the existing literature. This chapter is 

divided into two sections. In the first section, we discuss the ad-hoc networks. In the rest 

of the sections we deal with the review of current ad hoc routing protocols. The last 

section gives a brief overview of the related work done. 

 

2 .1 Ad-Hoc Networks 
 

Mobile wireless networks are put into two broad categories as infrastructure and 

infrastructure less networks. Examples of infrastructure networks are cellular networks, 

which consist of centralized infrastructure with stationary base stations and mobile nodes. 

In order to provide an uninterrupted service, a handoff mechanism is used, when the node 

moves from one base station to another. Other example of infrastructure based networks 

include wireless local area networks (WLAN), which has a centralized base station 

namely router. The second category of network includes the ad-hoc networks, which do 

not require a centralized infrastructure. Each individual node not only acts as a host but 

also as a router forwarding packets to the neighboring nodes. Communication in these 

types of networks are called multi-hop, where all the intermediate nodes between the 

source and destination should forward the data as well as the control packets. We 

assumed that all the intermediate nodes will participate in the forwarding of route packets. 

Figure 2.1 shows multi-hop communication between the source and destination in a 

wireless ad-hoc network. The packet has to traverse through multiple nodes before it 

reaches the destination. The packet traverses through multiple nodes from source A 
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before it reaches the destination O namely B, I, M, O. Data may travel through multiple 

hops to reach destination as in the case of node M. The one good thing about multi-hop 

network is that it increases the overall bandwidth since the spatial domain can be re-

allocated for individual sessions which are physically separated. 

 
 

Figure 2.1 :  Multi-hop Ad-Hoc Networks 
 

Several routing protocols have been proposed for the mobile ad hoc networks [1], 

[2], [3], [4]. The routing protocols can be categorized as the proactive protocols, the 

reactive protocols or the hybrid of the reactive and proactive protocols. The proactive 

protocols are table driven while the reactive protocols are source initiated or demand 

driven. Routing protocols are designed to cooperate with rapid changes in the network 

topology. In fixed networks, when a router or a link becomes invalid, the routing 

mechanism finds an alternative route from source to destination [5]. In ad-hoc networks, 

movement of nodes continuously changes the topology of the network. Some nodes 

become unreachable while new nodes may become available, old links are removed while 

new ones are established. Theoretically, a routing protocol should trace network changes 

and allow nodes to find each other. However, the routing protocols developed for fixed 

networks (like RIP or OSPF [6]) cannot handle rapid changes in the network and create a 

relatively large routing overhead. Therefore, for ad-hoc networks special routing 
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protocols are needed. These protocols, if they are fast and efficient, should solve the 

mobility problem. Routing in ad-hoc networks is basically a compromise between the 

method of dealing with routing overhead and fast topology changes.  

In proactive routing protocols, routing information to reach all the other nodes in a 

network is always maintained in the form of the routing table on all the nodes. When the 

network topology changes which is accompanied by a movement of nodes, creation of 

new links or the removal of existing nodes, such changes in topology are communicated 

to all nodes in the network. Thus, links to all possible destinations are discovered before 

the packet transmissions. However rapid changes in the network flood the network with 

control messages and these overwhelming packets will affect throughput of actual data 

transmissions. The examples of proactive protocols are distance vector (DV) protocol [7], 

WRP (wireless routing protocol) [8], destination sequenced distance (DSDV) protocol 

[9], and FSR (fisheye state routing) protocol [10]. These four routing protocols are also 

called as table-driven protocols, since their routing table will be updated for each change 

in link states of the network. Reactive protocols discover routes only when there is an 

actual transmission. When a node wants to send a message to another node in a network, 

a source node initiates a route-discovery process. Once a route is discovered, it is 

maintained in the route cache at a source node till it is expired or unless some event like a 

link failure happens that requires another route discovery to start over again. Reactive 

protocols require comparatively less routing information at every node, compared to the 

proactive protocols, as there is no necessity to obtain and maintain the routing 

information at all the nodes in a network. Another advantage of reactive protocols is that 

the intermediate nodes do not make the routing decisions. The disadvantage of reactive 

protocols is delay due to route discovery, called the route acquisition delay. However if 

the routing information changes frequently, route discoveries are needed for those 
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changed routes, reactive protocols may result in a huge routing overhead, since route 

recoveries require global broadcasts. The popular reactive protocols are dynamic source 

routing (DSR) protocol [2], ad hoc on demand distance vector (AODV) protocol [3], and 

ABR (associatively based routing) protocol [11]. Since the initial delay due to route 

discovery and high control overhead in reactive protocols, a pure reactive protocol may 

not be the best solution for routing in MANETs, while a pure proactive protocol when 

used for a big network may not be feasible because of the large routing overhead. Hybrid 

protocols are protocols that use the best features of both reactive and proactive protocol 

which may be a better solution for MANETs. An example for such an approach is the 

ZRP (zone routing protocol) [11], although it is not the solution for all the limitations of 

other protocols. 

 
Error! Reference source not found. 
 

Figure 2.2 :  Types of ad-hoc routing protocols 
 

   

2.2 Ad-Hoc on Demand Distance Vector Routing Protocol (AODV) 

Ad-hoc on demand distance vector (AODV) protocol [3] is a reactive routing 

protocol that has a characteristic of providing a compromise between reactive source 

routing protocols and proactive protocols. The trade-off AODV addresses is the one 

between high messaging overhead due to periodic link updates states in proactive 

protocols and the large packet header to contain the entire route information to reach a 

destination in source routing protocols. Unlike other distance vector protocols, routes are 

discovered and maintained on demand in AODV. Unlike DSR, AODV maintains a 

distributed approach, meaning that source nodes do not maintain a complete sequence of 

intermediate nodes to reach a destination. Different from distance vector and WRP, each 
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path is established as a pair of two streams of pointers chained between a source and a 

destination node which eliminates the need of broadcasting an error packet on a route link 

failure. Similar to DSR, AODV uses the route discovery and route reply mechanism to 

initiate and maintain a route. 

2.2.1 Route Discovery Mechanism 
 
 When a source node needs to send a data packet to a destination node, it first 

verifies in its own routing table that no route exists between the source and the destination 

node. In the absence of a valid route, the source node initiates the route discovery 

mechanism by broadcasting a route request (RREQ) packet across the network. The 

RREQ in turns sets up a timer for the reception of the reply. The RREQ packet contains 

the source ip address, source sequence number, destination ip address, last obtained 

destination sequence number, broadcast identifier, and number of hops. The globally 

broadcasted RREQ packets are uniquely identified by the combination of the source 

address and the broadcast address. Any node that receives the route request packet which 

either has a valid route to the destination with a sequence number at least as great as that 

contained in RREQ packet or is the destination node itself will respond to route request 

message. If either of this condition is satisfied the node will respond with a route reply 

(RREP) packet. Otherwise, the packet is rebroadcasted to the other nodes as shown in 

figure 2.3a. Also, each node which receives the route request packet will maintain a 

reverse route to the source in the routing table. 

The route discovery mechanism can be visualized as a pair of pointers namely a 

forward pointer and the backward pointer. When the route request message is broadcasted 

a series of forward pointers are set up between the source and the destination. Identically, 

a series of back pointer are set up, while the route reply packet travels from either the 

destination to source or from the node, which has a valid route to the destination. Thus, 



10 
 

all the intermediate nodes in a route contain a pair of the forward pointer and the back 

pointer for every control packet that pass through them. If the route encounters a 

duplicate set of intermediate node in the routing table, then the route request message will 

be discarded. Thus a loop free routing is guaranteed.  

The working principal of the AODV protocol can be better understood by the 

following figure 2.3. When the source node ‘a’ wishes to transmit data to destination node 

h’, the aodv protocol will check its routing table for the route. In the absence of a route 

the destination, it will initiate a route discovery process by sending the RREQ packet to 

all its neighbors. The propagation of RREQ packet is shown in Figure 2.3 (a). When the 

intermediate node receives the RREQ packet and if it finds that it is not the destination, it 

will first check its routing table for a path to the destination. If found, it will forward the 

RREP packet back to the source else it will broadcast the RREQ packet in the network. 

When the RREQ packet finds its way to the destination, the destination node will initiate 

a RREP packet back to the source. Figure 2.3 (b) shows the propagation of RREP packet 

to the source node ‘a’. In this case it is assumed that the RREQ takes the path via g-f 

since it reaches the destination before the other paths, the obvious reason being the 

shortest path and the least number of hop counts. The RREP packet travels to the source 

on a hop by hop basis along the reverse path that has been discovered during the process 

of RREQ propagation. When the source node ‘a’ receives the RREP packet, it will start 

transmitting the data, and update its routing table with the new route. 

Error! Reference source not found. 

      (a)       
 
 
 
 
 
 
 

    b 

    e 

Source  Destination      h 
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      (b) 
 

 
a) Propagation of RREQ. 
 b) Data path of RREP. 

Figure 2.3 :  Route Discovery Mechanism 

 

 

 

 

 

 
 
 
 
 
 

 

2.2.1.1 Route Request Packet Format 
 

     32 bits     
  

Type J R G D U Reserved Hop Count 

RREQ  ID 

Destination IP Address 

Destination Sequence Number 

Originator IP Address 

Originator Sequence Number 

 
 

Figure 2.4:   RREQ packet format in AODV 

    f 
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• Type: This field represents the type of the packet in AODV. It is 1 for RREQ 

• J,R,G,D,U: These flags indicate the join flag, repair flag, gratuitous reply flag, 

destination only flag and unknown sequence flag 

• Reserved: This field is unused and set to 0 

• Hop Count: Number of hops from the source node to the node which handles the 

request 

• RREQ ID: A sequence number which uniquely identifies the RREQ packet while 

taking into account the originating node's IP address 

• Destination ip Address: This is the ip address of the destination node for which the 

data is intended. 

• Destination Sequence Number: The latest sequence number received  

      By the originator for any route to the destination 

• Originator IP Address: The ip address of the source that initiated the route request 

• Originator Sequence Number: The sequence number pointing towards the 

originator of the route request. 

2.2.1.2 Route Reply Packet Format 

The RREP packet generated by the destination is a unicast packet to the source as 

the destination. Each intermediate node in the network along will forward the packet back 

to the source using the path discovered during the propagation of RREQ packet. Figure 

2.5 shows the packet structure of the RREP packet in AODV. Once the source node 

receives the RREP the data transfer is initiated from the source to the destination. Unlike 

the route discovery process in DSR the RREP does not have the full route or path 

information in the packet, but it has information of the next hop at each intermediate 

node, in the routing table.  
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     32 bits 
 

Type R A Reserved Prefix Size Hop Count 

Destination IP Address 

Destination Sequence Number 

Originator IP Address 

Lifetime 

 
Figure 2.5: Format of a RREP in AODV. 

 

• Type: This field indicates the type of the packet in AODV. It is 2 for a route reply 

• R: The repair flag is used for multicasting 

• A: This flag is required for acknowledgement 

• Reserved: This field is unused and is set to 0 

• Prefix Size: If this bit is non zero then it indicates that the next hop may be used 

for any nodes with the same routing prefix as that of the requested destination 

• Hop Count: The number of hops traversed from the source IP address to the 

Destination  IP address 

• Destination IP address: The IP address of the destination node for which the data 

is intended. 

• Destination Sequence Number: The destination sequence number associated with 

the destination node 

• Originator IP address: The IP address of the node of originator of RREQ packet 

• Lifetime: The time to live field for the route reply packet for which the route is 

valid. It’s measured in milliseconds. 

2.2.2 Route Maintenance Mechanism 
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 Route maintenance is initiated when there is a breakage in the link along the path 

to the destination node. This is achieved by using the Route Error (RERR) packets. Figure 

2.6 shows the format of the RERR packet. The link breakage can be detected by two 

mechanisms. The first one is by the retransmissions of wireless MAC layer and 

acknowledgments. The other method is by generating a periodic HELLO messages to the 

surrounding nodes. In the first method, when there is a linkage break, it will generate a 

RREP packet with an infinite hop count and larger sequence number to all the nodes in 

the reverse direction. Hence each route that has the broken link will be invalidated. In the 

HELLO messages method, each node will periodically send HELLO messages with all its 

next hop nodes. If the HELLO message is not received in a particular route for an 

extended period of time, the node will assume that the route no longer exists and a route 

maintenance mechanism is initiated.  

       
32 bits 

 
Type N Reserved DestCount 

Unreachable Destination IP Address (1) 

Unreachable Destination Sequence Number (1) 

Additional Unreachable Destination IP Address (if needed) 

Additional Unreachable Destination Sequence Number (if needed) 

Figure 2.6 : Packet format of RERR in AODV 
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CHAPTER 3 

PROPOSED MODEL 
 

Wireless ad-hoc networks are characterized by highly varying wireless 

channels frequent node movements. The nodes may have direct links with their neighbors 

and each node acts as a relay node for routing traffic to destination. At any instant of 

time, regardless of the mobility model and the topology involved the ad hoc network can 

be represented as a graph with a set of nodes representing the network and set of edges 

representing the links between the nodes. We assume that the link between the nodes is 

bi-directional. Two nodes are connected, if a signal transmitted at one end is received at 

the other end above minimum power thresholds. 

3.1 Modeling Ad hoc Networks 

Wireless ad hoc network consist of radio nodes spread over a geographical area. 

The ad hoc network can be modeled as a graphical representation using the graph theory. 

At any instant an ad-hoc network can be represented as a graph with a set of vertices 

indicating nodes and a set of edges consisting of the links in the network. A graph,  

G = (V, E) is defined as a set of vertices V and a set of edges E. The vertices and edges 

are always assumed to be finite. An edge is a connection between two vertices. An edge 

(i, j) denotes the link between vertices i and j. The vertices i and j are the end points of 

this edge. If an edge exists between two vertices, then they are said to be adjacent or 

neighboring vertices of G. Two edges are called adjacent if they have exactly one 

common end point 
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Figure 3.1: Graphical Representation of ad hoc model  

 

3.1.1 Random Graph Model 
 
A random graph with N vertices and K edges can be constructed by starting with 

N vertices and zero edges. Then K edges are chosen randomly and independently from 

the N (N − 1)/2 possible vertices. In total, there are  !
"
#$

%
& '1)/2N(N

L

 equally probable random 

graphs with N vertices and K edges. The expected value of edges in the random graph is 

thus given by equation 

2

)1(
][

!
=

NpN
KE          (1) 

 where p is the probability that the vertices pairs are connected. 

3.1.2 Calculation of the Average Hop Count 
 

A random graph is denoted as Gp(N) , with an assumption that the presence or 

absence of one link does not affect the presence and absence of another link. The degree 

of a node ‘a’ can be defined by using the binomial distribution [19] 
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Equation (2) approximates to the Poisson distribution.  

In this equation, w denotes the average degree of the node, i.e., 

                  w = E[da = k] = (N-1)p.      (3) 

The variance of w is given by (N-1)p(1-p).  

All nodes in the random graph are interconnected by w other nodes. It can be 

approximated that all nodes will be reached in wh. The average hop count is calculated by 

Newman and Strogatz [20]. 
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The above equation (4) can be further approximated as equation (5) 
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  Where‘d’ is the random variable which denotes the degree of node and E(d) is the 

average degree of the node. 

3.1.3 Link Density of Ad Hoc networks 

We model the ad hoc networks based on the geometric random graph model. In 

this graph model, the connections between two nodes are based on the geometric distance 

between the nodes. An undirected geometric random graph with N nodes can be 

represented as G )( abrp (N) , where )( abrp is the probability that there is a link between a 

and b. The ‘N’ nodes are considered to be distributed in the entire service area. 

 In this graph model the expected number of links (L) is give by the following 

equation 
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 In order to estimate the link density, we use a dissection technique. The N nodes 

are considered to be distributed in an areaΩ. This area is assumed to be covered with m > 

N squares and each ΔΩ square can hold only one node.  The total number of combination 

that can be formed by N nodes in the area is  !
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 The average number of bi directional links is given by [23] as follows:   
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Link density (ρ) is the ratio of average number of links to the maximum number 

of bi- directional links. 

ρ =  E[L] / Emax        (8) 

where Emax is the maximum number of bi-directional links n(n-1)/2 

The average degree of node is defined as the product of number of available nodes 

(n-1) and link density (ρ) 

  E[d] =    (n-1) ρ =   2E[L]/n.    (9)  

3.2 Mobility Model Ad-Hoc Networks 

In our thesis we assume that the nodes are uniformly distributed. Let us assume 

that the nodes a and b are travelling with a velocity Va and Vb. The relative velocity can 

be calculated as difference of the two velocities.  

                                           Vd  = Va – Vb.                                                (10) 
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Figure 3.2 Relative velocity between nodes a and b 

Let  (x,y), (x1,y1) and (x2,y2) are the Cartesian coordinates of the vectors Va, Vb and Vd. 

Hence the Cartesian and Polar coordinates can be calculated as follows 
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3.2.1 Link Availability Time 

The link available time is defined as the probability that the link is available after 

a time‘t’ seconds. Let two mobile nodes Mn1 and Mn2 are separated by a distance d.  

 

Figure 3.3 Time of Link Availability 
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The link availability time [21].  can be expressed by the following equation  

p (d , Ψ , t )  =1- Fa (d , Ψ , t ) .                                  (12) 

3.2.2 Path Availability Model 

We use random ad hoc mobility model in which nodes are considered to move in 

sections of random length intervals. These random length intervals are called ‘mobile 

epochs’. The speed and direction of a node ’a’ are given by i

a
V  and i

a
! , which is random 

and different for each epochs.  

 

 

Figure 3.4 Random Ad hoc Mobility Model 

The parameters involved in the random mobility model are λa, σa
2 and µa. The following 

assumptions are considered for calculating the path availability 

• The epoch length Ta
i are independent and exponentially distributed with mean λa  

• The speed i

a
V  are distributed randomly with mean µa and variance σa

2.and 

constant for the entire duration of the epoch 

• The direction of the node i

a
!  is informally distributed over an angle (0,2π) and is 

constant for a particular epoch length.  
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The link availability model is used to determine the probabilistic status of a 

wireless link. The status of a link may depend on many conditions like atmospheric 

change and the range of transmitter and receiver. The transmission range of node ‘a’ may 

be approximated to a circle with radius Req. If the node ‘b’ is within the transmission 

range it will be able to intercept the transmission from node ‘a’. The Link availability 

between the nodes ‘a’ and ‘b’ is defined as the probability that there is a link at time (t+t0) 

provided that there is a link at t0. The probabilistic equation can be estimated based on 

[22].  
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where Φ(a, b, z) is the Kummer-Confluent Hypergeometric function. 

  Req is the radius of the transmission range 

 t – time after which the link status is to be estimated. 

 By assumption the nodes maintain a mean speed (µ), variance (σ) and the length 

of the epoch (λ). Hence equation (13) and (14) can be rewritten as equation (15) and (16)  
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3.3 Calculation of Control Traffic 

In this section, we estimate the total number of control traffic generated 

during a route discovery process. The route discovery process involves the generation of 

RREQ, RREP and RERR as discussed in the literature review. We use AODV routing 

protocol to support our research work. At the beginning all the nodes in the network have 

zero caches. As the route discovery process is initiated, the network learns the routes and 

populates the caches. 

3.3.1 Number of RREQ generated 

As the network learns the routes, the number of hops taken by the nodes 

decreases, based on the knowledge gained by the intermediate nodes. The number of 

RREQ is calculated based on [24]. It is a function of degree of node based on equation 

 (9) and average hop counts given by equation (18). 

Nrreq  =  E[d] + E[d]2 + E[d]3 + … E[d]E(h).   (17) 

.)(][
max

1

hhphE
h

h

kcacherouteafter !
=

=     (18) 

Where pk(h) is the probability of an intermediate node at a distance ‘h‘hops away 

from the source. 

3.3.2 Number of RREP generated 

A RREP packet is sent when the packet reaches the destination or the intermediate 

node which know the path to the destination. AODV uses sequence numbers to prevent 

duplicates. There is only one RREP packet generated for each route and other RREPs are 

discarded based on sequence number. The sequence number reduces the number of 

RREP’s generated. Therefore, for each route discovery process the number of route 
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replies Nrrep generated will be equal to the number of hops between the node generating 

the RREP and the source 

Nrrep  =  c(Δt) E[h] after- route cache .    (19) 

Where c(Δt) is the number of session in a time interval (Δt). 

3.3.3 Number of RERR generated 

A RERR is generated when the packet does not reach the destination. It is based 

on the number of link failures. Whenever there is a link failure between the neighbors, 

AODV protocol transmits a RERR to the source node which is using that link. Based on 

link availability defined equation (13), we determine the probability of link failure (plf (t)) 

as follows: 

  plf (t)  =  1 – A(t).      (20)  

The number of link failures (Rlf (t)) is defined as the product of the probability of link 

failure and the expected number of total number of links in a network with n nodes.  

   Rlf(t)  =  plf (t) nEmax.      (21) 

where Emax  is the total number of bi directional links given by equation (9). 

 The total number of Route Errors is given by equation (22) based on [24] as follows: 

   Nrerr(t)  =  E[h] Rlf(t)   .     (22) 

3.4 Packet Delivery Ratio 

The packet delivery ratio is defined as the ratio of successfully delivered packets 

to the total number of packets delivered. The Number of packets delivered will change 

based on the traffic in the network.  

 

Packet delivery ratio (γ)                =       .
generated packets ofnumber  Total

delivered packets ofnumber  Total  
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CHAPTER 4 

Simulation Environment and Results 
 

In this Chapter, we give an overview of the simulation environment and the results 

of different scenarios simulated in the estimation of optimal node degree with respect to 

AODV protocol. We start with an introduction of the simulator used and its functions. 

The chapter also gives the details of the implementation and the values of the parameters 

involved. 

4.1 Glomosim Simulator 
 

The network simulator we have used for simulation is Glomosim. Glomosim is an 

acronym of global mobile information system simulator [22] which is a scalable network 

simulation environment for wireless networks, which was developed in the University of 

California (UCLA) at the parallel computing laboratory. Glomosim is built using the 

parallel discrete even Simulation Library (PARSEC) [23]. The parallel execution of 

Glomosim helps in scalability and to reduce the simulation time. GloMoSim can be used 

to simulate thousands of mobile nodes without abstracting the details of the lower layer 

protocols.  

Glomosim can be used in the simulation of variety of wireless network protocols 

including ad-hoc networks, traditional routing protocols and asymmetric satellite 

communication protocols. Glomosim is built using a layered approach that is based on the 

seven layer network architecture of OSI. It uses a similar API for communicating between 

the layers. Table 1 gives a detail view of the layered architecture of Glomosim. This 

layered architecture of Glomosim facilitates the easy up gradation of different network 

layer protocols written by different people. 
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Layers Protocols 

Mobility 
 
 
 Radio Propagation  
 
 
Radio Model  
 
 
Packet Reception Models 
 
 
 
Data Link  
 
 
Network (Routing) 
 
 
 
Transport  
 
Application  

Random waypoint, Trace model 
 
 
2 ray, Free space 
 
 
Noise 
  
 
SNR based , BER based with 
BPSK/QPSK 
modulation 
 
(MAC) CSMA, 802.11 and MACA 
 
 
AODV, Bellman-Ford, DSR, Fisheye, 
LAR 
ODMRP, WRP 
 
TCP, UDP 
 
FTP, CBR,  HTTP and Telnet 

  
Table 1: Layers of Glomosim 

 
 

 

4.2 Glomosim Architecture 
 
 The layered architecture of Glomosim facilitates the implementation and 

improvement at various layers. The detailed layered architecture of Glomosim at each 

API layer is given in figure 4.1. The layered API provides a solid platform for different 

people to modify and implement new protocols in the existing layers without affecting the 

other layers. 
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Application Traffic Generator

Transport Layer: TCP, UDP

IP,Mobile IP

Wireless Network Layer VC support

Wireless Network Layer : Routing 

Clustering [optionoa

Radio Model

Propagation/ model / Mobility model

MAC

DATA LINK

 

Figure 4.1: Layered architecture of Glomosim 
 
 
GloMosim is coded using C compiler and it makes use of the PARSEC. The academic 

version is shipped with the sequential version of PARSEC which can run discrete event in 

parallel simulations and makes use of parallel programming language. The parallel 

executions are handled by the PARSEC and the end user does not have to worry about the 

logic behind the parallel executions. Since PARSEC is almost transparent to the 

programmer, the end user need not worry about learning the PARSEC compiler. 

Glomosim is called a discrete-event simulator since the entire simulation is modeled as 

different events occurring throughout the course of the simulation. We define the event as 

an incident, which causes the system to change from one form to another. A definite 

event or a group of events may trigger other events and this process is regenerative and 

this is how the simulation continues. The event can range from a simple packet reception 

to the mobility of the node. Discrete events are allowed to occur during a definite period 

of time and are restrained between time units. 
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4.3 Glomosim Configuration  

 The following are the parameters which is included in the configuration file, 

which is built inside the glomosim. 

 
• PROPAGATION-LIMIT: The strength of the radio signal becomes week as the 

stations moves away from the origin. In free space the attenuation can be computed as 

twice the distance travelled. This parameter informs the simulator, when the signal 

should be ignored by the simulation as the signal becomes too weak. The propagation-

limit is measured in dBm.  

• PROPAGATION-PATHLOSS: The mitigation of the radio signal may arise due to 

number of factors in the surrounding atmosphere. Factors like frequency, obstacles, 

indoor or outdoor environment, long and short-term fading etc affects the attenuation 

of a radio signal. In order to capture properties of the network model in specific 

environment we have to make use of different propagation path models. For instance 

the free space model is describing the attenuation in an open environment with no 

obstacles. 

• NOISE-FIGURE: The noise figure refers to the noise arising due to the background 

noise, which is most commonly found in the simulation environment. The origin of 

noise may be from electronic devices like wireless routers, microwave oven and 

wireless transmitters. Other sources of interferences include cosmic background 

radiation and thermal noise. 

• TEMPARATURE: This parameter is directly proportional to the thermal noise, which 

is caused by the agitation of electrons. Most of electronic devices and transmission 

units have thermal noise and is difficult to eliminate. 

• RADIO-TYPE: This parameter takes into account interferences from other sources 

when considering the radio type RADIO-ACCNOISE. The strength of the signal must 
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be sufficiently higher than the noise level to be received apparently without any error. 

The radio type considers interference from other transmitters in the simulation when 

deriving the received SNR (Signal to Noise Ratio). The RADIO-NONOISE is an 

abstract model, which does not take care of interference. 

• MAC-PROTOCOL: The Medium Access Protocol is the protocol which we use in 

MAC access layer. 

• RADIO-FREQUENCY: This is the frequency in which we transmit and receive 

packets. The parameter is measured in hertz. (Hz) 

• RADIO-BANDWIDTH: The parameter gives the maximum bandwidth supported by 

the channel. The value of the radio bandwidth is in bits per second 

• RADIO-RX-TYPE: The radio receiver type is the reception model of a packet. It is 

expressed in terms Signal to Noise Ratio (SNR). SNR is a ratio between the received 

signal strength to the interference in dB. A higher value of SNR signifies a strong 

signal and less interference due to noise. A higher SNR value signifies a higher 

probability for packet reception. When the radio receiver type is set to use BER-

BASED, the probability is derived using an SNR based BER (bit error rate) table for 

calculating the packet reception. In the table SNR values are mapped to BER values. 

For a specific SNR value there is a certain bit error rate. 

• RADIO-RX-THRESHOLD: This parameter is the minimum power for a received 

packet. The power of the received packet must be more than this threshold for the 

receiver to sense the packet. Radio receiver threshold is measured in dBm. 

• RADIO-ANTENNA-GAIN:  It is a ratio of the intensity of radiation in a specific 

direction to the intensity of radiation averaged for Omni direction. It is a measure of 

the directivity of an antenna in dB.  
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• RADIO-RX-SENSITIVITY:  It is minimum sensitivity of the receiver to sense the 

weak signals. The lesser the value of sensitivity, the lesser is the signal sensed by the 

receiver. The value of the sensitivity in dBm.  

• RADIO-TX-POWER: This gives the maximum power the transmitter can send a 

signal. The radio transmission power is measured in dBm. The power is usually 

expressed as milliwatt (mW) but in this Glomosim simulator dBm is used. The dBm 

is a ratio between the expressed powers in milliwat to one milliwatt. 

4.3.1 Calculating the Radio Range 

In Glomosim the transmitted power is expressed in terms of dBm. This poses a 

difficulty in finding the transmission, which is usually expressed in terms of meters. 

Glomosim makes use of two propagation models namely free space and two ray models. 

We make use of the free space model for our simulations. We calculate the transmission 

range based on this equation 

.)
4
(

rt

n

tr
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d
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!

"
=  

Where 
r
P  - Received power in milliwatts 

 
t
P - Transmitted Power in milliwatts 

 ! - Receiver wavelength in meters 

 d – distance between the transmitter and reciever 

n – Path loss coefficient 

t
G - Gain at the antenna transmitter 

r
G - Gain at the antenna receiver 

Glomosim is shipped with a program called radio_range which is used to calculate 

the transmission range. The name of the configuration file has to be given as a argument 



30 
 

while calculating the transmission range. The following syntax is used to calculate the 

transmission range.  

%/radio_range config.in 

4.4 Simulation Configuration 
 
 We chose the values for the configuration file in Glomosim based on the values 

we used in the mathematical analysis.  

• The radio transmission range is set as 300 m using the program radio_range.  

• The mobility is defined using random way point mobility model and mean speed 

is selected as 10 kph (2.78m/s).  

• The simulation area is selected as 1000 mx1000 m. 

•  The node placement was done randomly over the simulation area. 

• 802.11 is used as the MAC protocol.  

• The propagation model is free space. 

• Bandwidth of radio channel is 2 mbps. 

• Radio model used is RADIO-ACCNOISE. 

• We use constant bit rate (CBR)  traffic to make ten different nodes to 

communicate with ten other nodes throughout the simulation with 512 kb of data 

 

4.5 Simulation Results 

 We find the optimal node degree based on two cases. For the first scenario we use 

the packet delivery ratio and for the second case we use the total control traffic (RREQ, 

RREP and RERR) under different mobility scenarios to calculate the optimal node 

degree. 



31 
 

4.5.1 Case 1  

 The packet delivery ratio can be as the ratio of the number of packets delivered to 

a destination to those originated by the sources. This is a measure of the efficiency of the 

routing protocols such as AODV or DSR. The packet delivery ratio of AODV protocol is 

shown in fig 4. We have shown three mobility models and their graphs are illustrated in 

the sub figures. It has been shown that for smaller degree of nodes, less data packets are 

delivered due to the limited availability of routes. However, when the mobility of the 

nodes increases, the number of packets delivered increases rapidly. This is because as the 

mobility of the node increases, the availability of the routes increases. However, as the 

density of the network increases the network becomes saturated and hence the rate of 

increase is nearly linear. 
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   a) Mobility 8 ms. 

        b) Mobility 2.78 ms. 
     c) Mobility: none. 

Figure 4.2: Packet Delivery Ratio of AODV. 

 
 

4.5.2 Case 2 
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  In this scenario we compare the total control traffic generated i.e.  total of RREQ, 

RREP and RERR with different degrees of node. In figure 4.2 we have illustrated the 

variation of control traffic with different mobility patterns. It is seen that the total control 

packets generated is less at optimal node degree of six. However, the optimality shift 

towards the right as the mobility increases. The graph also shows that at higher densities 

the total number of control packets tend to be linear as the networks get saturated the total 

number of control packets generated also remains the same.  
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   a) Mobility 8 ms. 
        b) Mobility 2.78 ms. 

   c) Mobility:none. 
Figure 4.3:  Total Control Packets generated by AODV Protocol 

 
 
 



35 
 

From the above two cases, we observe that for optimal performance of the ad hoc 

sensor network the degree of the node changes. We have observed that for stationary 

networks the degree of the node is 5. For higher mobility networks the degree of the node 

moved towards 8 and in between for less mobile networks. As packet delivery ratio and 

control packets are the basic criteria for measuring the performance of ad hoc sensor 

networks, we can prove that the degree of node plays a vital role in saving energy in 

sensor networks which have a limited infrastructure. 

 We have generalized the result based on the observation that packet 

delivery ratio is high at higher mobility and total control packets generated is less at 

higher mobility. The reason being at higher mobility the packet delivery ratio is high and 

due to more availability of routes the control traffic generated is less.  
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CHAPTER 5 

Conclusions and Future Work 
 
The Ad hoc networks are becoming popular nowadays and are slowly being used in the 

day to day life apart from military applications. As the demand keeps rising, it is crucial 

that we take into consideration optimal performance of the protocol. The parameter 

degree of a node is vital information in calculating the optimal performance of the 

network. 

In this thesis we have proposed optimal node degree estimation for ad hoc networks. We 

used on demand distance vector protocol AODV for our analysis. We have considered 

two parameters total control packets and packet delivery ratio for estimating the optimal 

node degree for the network. We have proved that for optimal performance the degree of 

separation varies from 5 to 8 based on the mobility and load on the network. The degree 

of the node seems to shift towards the right as the mobility of the node increases.  

Although this can be generalized for any algorithm, the optimum level may change for 

reactive protocols. Also we need more simulation to be more precise regarding the 

optimum degree of the node. Also we have done the simulations in free space, which is 

not ideally the case when it comes to real world as we have to take into consideration 

terrain and atmospheric conditions. These factors may affect the performance and 

connectivity of the network. 
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APPENDIX A 
 

RESULTS 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Table A. 1 Packet Delivery,                                                 Table A. 2 Packet Delivery                                          
Ratio mobility: 8ms Case 1                                                  Ratio mobility: none Case 1 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Table A. 2 Packet Delivery        
  Ratio mobility: 2.78ms Case 1                            
   
 
 
 
 
 
 
 
 
 
 
 

Degree Delivery Ratio 

3  0.35 

4  0.36 

5  0.38 

6  0.4 

7  0.36 

8  0.35 

9  0.34 

Degree Delivery Ratio 

3  0.3 

4  0.31 

5  0.33 

6  0.35 

7  0.36 

8  0.37 

9  0.34 

Degree Delivery Ratio 

3  0.32 

4  0.32 

5  0.33 

6  0.36 

7  0.37 

8  0.34 

9  0.32 



43 
 

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Table A. 3 Total Control Packets,                            Table A. 2 Total Control Packets,                                                                           

mobility: 8ms Case 2                                                 mobility: none Case 2 
 

 
 
 
 
 
 
 
 
 
 
 
 

Table A. 4 Total Control Packets, 
                    mobility: 2.78ms Case 2                           
   
 
 
 
 
 
 
 
 

Degree Total control Packets 

3  120 

4  134 

5  145 

6  124 

7  123 

8  121 

9  120 

Degree Total control Packets 

3  140 

4  157 

5  178 

6  191 

7  204 

8  170 

9  175 

Degree Total control Packets 

3  131 

4  146 

5  150 

6  148 

7  145 

8  143 

9  141 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