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ABSTRACT 
 
 

Traditionally, routing protocols for ad-hoc networks have been developed without 
taking into consideration the effects of the surrounding environment. In this thesis, we 
propose and investigate a new approach of terrain and location based routing and its 
effect on the routing layer on sparse ad-hoc networks. This approach is particularly 
important for sparse networks, where relatively large node separations can result in 
periods of disconnectivity. Terrain blockage compounds the problem, as the likelihood of 
inter node communication is further diminished. We anticipate that terrain and location 
based routing would cause significant decrease in latency and would increase the 
throughput of sparse ad-hoc mobile nodes. It would also provide a new area of research 
which would provide more realistic and intelligent view of the surrounding. The use of 
terrain maps from U.S. geographical survey provides a realistic view of the network 
environment, through which a node can determine whether there is a Line of Sight (LOS) 
or Non Line of sight (NLOS) path to another node by combining location awareness and 
terrain data. When nodes are mobile, knowledge of trajectories can be used to predict 
future locations, and combined with terrain information, to forecast link conditions at a 
future time. As an additional feature of our routing protocol; when a node has data to 
send it calculates the stability of the link based on terrain and trajectory information and 
deterministically predicts the duration for which this link is going to be stable.  

For the performance assessment of using location, trajectory and terrain 
information, a simulation model including the terrain map of Yellowstone National Park 
have been developed using the discrete event simulator OPNET Modeler TM 10.5. 
Simulation scenarios have been created for single hop as well as for multi-hop networks 
based on the characteristics of 802.11 wireless technology. From the results, we have 
observed that using the terrain and location information provides nodes with an 
intelligent and realistic view of the network topology. Our approach has proved effective 
in make deterministic routing decisions based on LOS predictability, thus increasing the 
reliability, stability, and throughput of the network. 
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CHAPTER 1 
 
 

INTRODUCTION 
 
 

Introduction to Ad-Hoc Networks 
 
 

Wireless communication has brought some very significant changes in the 

communication networks; it has changed the way we interact, do business, and the way 

we live. It has also provided users with the ability to roam freely and still be able to share 

useful data among themselves. Wireless Ad-hoc networks are self-organizing networks 

without any preexisting fixed communication infrastructure. Key characteristics of these 

networks are the lack of any fixed infrastructure and the existence of dynamic topology 

caused by the continuous movement of nodes. There is also no restriction on the mobility 

of nodes in such networks 
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Figure 1.  Ad-hoc networks. 
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A typical self-organizing ad-hoc network is shown in figure 1. The dotted lines 

between the nodes depict the radio link between these nodes. The positions of these 

nodes may change with time. Various paths exist for the traffic from node A to node D. 

One such multi-hop path is A-B-C-D as shown in figure 1. Dynamic topology, and lack 

of reliance on a fixed infrastructure, results in these networks being cheap, easy to deploy 

and robust. In case, the node B in this network fails, or the link between A and B is 

blocked, there will still be other paths from node A to node D. Each node in the ad-hoc 

network has an additional capability to determine the new path to the destination by 

initiating the route discovery procedure. Ad-hoc networks are autonomous self-

organizing networks, where paths gets broken and new paths are established all the time 

due to the mobility of nodes in such networks. Also, each node updates its routing table 

regularly to avoid any stale routes in the routing table entries.  

There is a huge scope of application of these kinds of networks in specific 

situations where infrastructure can not be deployed or is uneconomical to do so; such as 

military operations, emergency rescue operations, space explorations and inter vehicular 

communications.  

Along with the numerous aforementioned advantages come various research 

challenges. In dynamic topologies, there is a mechanism that can robustly and quickly 

adapt to the changing topology and effectively find a stable route from source to 

destination. Such a mechanism is called a routing protocol [1].  In recent years, there has 

been a lot of research interests in developing various routing protocols for ad-hoc 

networks. Various state-of-the-art routing protocols like DSR [2], AODV [3], DSDV [4] 
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have been designed keeping in mind the dynamic topologies of these kind of networks. 

Traditionally, most of the routing protocols designed for ad-hoc networks are focused 

only on the routing layer/IP layer of OSI reference Model [1] meeting the demand of the 

application in use. However, to design better routing protocols, the interaction or 

feedback with other layers has to be taken into account. Feedback from the Link Layer or 

Physical (PHY) layer provides ability to the routing protocol to adapt quickly, converge 

and scale properly while also meeting the high reliability demands of such kind of 

networks. 

 
Motivation: Sparse Ad-Hoc Networks with Terrain 

 
 

The current trend in design and simulation of wireless ad-hoc networks, of not   

considering the interactions with lower layers is changing, as there have been some 

efforts to feedback the Link layer [5][6] and Physical layer behaviors of wireless 

networks to design a more effective routing protocol. Recently, extensive efforts have 

been directed to develop path loss models for wireless communication channels in 

suburban environments [7] [8] and rural areas [9] [10]. Also, studies have been conducted 

to understand the effects of MAC [1], where MAC is the medium access Control and is a 

method to determine which device can have access at given time parameter tuning, on 

wireless ad-hoc networks [6] 

Utilization of cross-layer interaction of lower layers with the routing layer is an 

approach now used in designing next generation routing protocol for future networks [11] 

[12]. Feedback of values such as link stability, bit error rate, packet loss, or signal to 
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noise ratio (SNR) can help the routing protocol to determine the route stability for the 

duration of time required for application layer data transmission. Cross-layer interaction 

and feedback from lower layers also help routing protocols to make predictions, thus they 

are able to support real time multimedia application over wireless ad-hoc networks 

[13][14[15] by providing Quality of Service (QoS). Various other approaches are also 

being developed, where all nodes are provided with location information about other 

nodes determined by each using Global Positioning System(GPS) techniques or other 

means [16][17][18]. A node is able to determine the location of another node with the use 

of available trajectory information of other nodes in the network. As the nodes are 

mobile, trajectory information is useful in determining exact location of a node at an 

instance of time. Routing protocols like DREAM [19] and LAR [20] use such an 

approach. These methods are discussed below in the section limitation of current 

approaches. 

This motivates us to study more about cross-layer interaction and feedback from 

physical layer, while each node is provided with location information and terrain 

information about other nodes in the network. Terrain information, along with the 

location and trajectory information, offers the potential of realistic view of the network 

topology and connectivity. Each node in such a network is able to determine its position 

and the position of the other nodes in the terrain. If the node has some application data to 

send, it can determine whether there is a LOS or NLOS between it and other nodes and 

can also check the link availability for the duration of transmission assuming trajectories 

of the other nodes are known or that the nodes are stationary in the network.  We also 
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extend our approach to predict the LOS between the nodes at some future interval of time 

during the transmission of data between nodes. This is applicable to moving nodes, but 

trajectory information is necessary. 

 
Limitation of Current Approaches

 
 

Traditionally, most of the routing protocols designed for wireless ad-hoc networks 

are suited for a particular application and network environment and reside in the routing 

layer without any cross layer interaction. If the application or the environment changes, 

corresponding change has to be made in the routing approach to support the application. 

The ad-hoc routing protocols are dependent on the kind of application that will be using 

that routing approach. 

Ad hoc network routing protocols are also optimized for the network 

environment. Typical considerations include node densities and node resources. It is 

often the case that nodes sufficiently close together so  that there are numerous neighbors 

within transmission range, resulting in protocols which need to choose among alternative 

routes based on cost criteria such as number of hops between source and destination, link 

cost, and other factors. Node resources, such as memory, processing power and electrical 

energy are also factors in routing algorithm design. In some instances, there are 

constraints such as low power or small memory that dictate routing based on minimizing 

resource consumption to maximize node life times. These protocols provide a basis for 

our research but do not necessarily address the problems posed by sparsity and terrain 

effects. Our approach focus on the problem of sparsity of nodes in rural environment 
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where nodes are necessary not in the transmission range of each other for long duration 

of time and there may be periods when there is no connectivity at all. Due to sparsity and 

mobility of the nodes, there is a need for each intermediate node to buffer the data 

packets for the next hop node to the destination for a relatively large duration of time till 

they again come in transmission range of each other. Also, route caches are maintained 

for longer periods to decrease the overhead of finding new routes again. Again, due to the 

lower density of nodes, limited number of paths also exists from source to the destination 

node. As transmission power increases the range of the node, this attribute can increase 

the probability of finding the route to the destination in sparse rural networks, assuming 

nodes can able to determine that there is LOS with the node in the transmission range. 

This is achieved by combining the location, trajectory, and terrain information.  

Both proactive and reactive routing protocols have been developed for wireless 

ad-hoc networks. The proactive protocols like DSDV [4] and WRP [21] typically 

maintain routing tables, regardless of whether the nodes have application data to transmit. 

The tables must be maintained, and if the nodes are mobile, a considerable volume of 

route maintenance traffic is generated and can consume valuable resources, such as 

network bandwidth, node electrical and processing power. The reactive routing protocols, 

like DSR [2] and AODV [3], initiate route discovery processes only when a node has 

application data to send. This approach is more efficient, in terms of resources, but the 

route discovery process takes time and introduces delay in the application data 

transmission. In most of the routing protocols, a node with data to transmit sends out a 

packet and waits for the reply before taking any further action. In case it does not get the 
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reply in a finite time interval, it assumes that there is no route to the destination and 

therefore, does not update the routing tables. This procedure is used during route 

discovery and is also done periodically during route maintenance procedures. In the 

wireless communication domain, this approach has some major drawbacks, as there can 

be scenarios where this approach might not be an effective way of determining whether 

there is a link to the next hop neighbor or a route to the destination. The packet or the 

acknowledgement sent may be lost due to a number of factors such as congestion, 

interference caused by other networks, insufficient signal power, low signal to noise ratio 

etc. Also, there could be similar situations where the communication path between the 

two nodes is blocked by physical obstructions like buildings or mountains.  

The mobile ad-hoc routing protocols designed earlier were application and 

environment specific and blindly determined whether there was a communication link 

between the nodes or not. Routing protocols like DSR [2] & AODV [3], which are source 

initiated routing protocols, are more suitable for mobile ad-hoc networks as they scale 

well and are adaptable to mobility of the nodes. Source initiated protocols are more 

responsive to change in topology compared to table driven routing protocols [4][21]. 

Figure 2 shows the route discovery procedure for the DSR protocol. When node A has 

some application data to send to node D, it broadcasts its request to all one hop 

neighbors, with a unique ID, 2 in this instance, and the destination node IP address. 

 

 
Figure 2.  DSR route discovery [8]. 
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When this message, in the form of a packet reaches node B, which is not the destination 

node, node B will check the unique identifier and also append its IP address in the source 

path route header and will rebroadcast this packet again. Now, when this packet reaches 

node D, node D will send the reply packet back to node A including the source to 

destination complete route information. Inclusion of the source to destination route 

information in the packet header works well if the number of nodes in the path from 

source node to the destination node is small. If the number of intermediate nodes 

increases, it would lead to overhead as the size of packet header increases, which would 

lead to inefficient utilization of wireless network bandwidth; a scarce resource. Routing 

tables are maintained and updated in each node, which provides each node with the 

overall topology of the network. The best route to the destination is selected on the basis 

of a metric, a measured value which is taken into consideration while selecting routes. 

DSR uses hop count, a measure of distance between any two nodes, as metric for 

selecting the route to the destination. In ad-hoc networks a hop count of n means there are 

n-1 ad-hoc nodes between the source and the destination. Again, this approach suffers 

from the same drawback of blindness as in most of the traditional routing approaches, 

because nodes have no way to determine LOS with other nodes for the duration of 

transmission of data. Nodes have no way to determine the reason of packet loss due to a 

blocked path with the next node. Using our approach, each node uses trajectory and 

location information of other nodes to determine the exact position of the node during the 

time required for transmission. Another problem with DSR results when the nodes are 

highly mobile or sparse. Intermediate nodes might move out of range before the route 
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discovery procedure is completed, resulting in the source node having to reinitiate the 

procedure. Similarly, node mobility can result in a properly established end-to-end route 

breaking before the application data transmission is completed. In our approach, 

trajectory and location information is used to determine the exact location of a node at 

any future interval of time, which can be used to determine the link condition at some 

future interval of time. Our routing approach takes these factors into consideration while 

establishing routes. 

Another state of the art routing protocol is DSDV [4], which is a proactive 

distance vector protocol. In DSDV protocol, routing tables are periodically updated and 

maintained by broadcasting the whole routing table to the next hop neighbor, regardless 

of whether a node has application data to send. To avoid stale route information in the 

network, the routing tables of each node are broadcast periodically, which leads to an 

inefficient use of the bandwidth, power and other scarce resources. There is still a 

possibility of having a stale route in the network as the routing tables may not be updated 

quickly enough when node mobility is high or there may be stale information still 

propagating in the network due to regular broadcast and rebroadcast of routing 

information. Besides these drawbacks, this routing protocol also resides in the routing/IP 

layer and does not use terrain or other link information. The decisions made by this 

protocol are again done blindly, without obtaining a realistic view of the network.  

Designers of ad-hoc routing protocols have explored including node location 

information to improve performance and reliability. Node location information is an 

effective means of determining the approximate proximity of other nodes at a particular 
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instant of time. State-of-the-art routing protocols like DREAM [19] use the location 

information as part of the routing strategy. This routing algorithm makes use of two 

approaches; distance effect and the mobility of the node. Distance effect is the 

phenomenon of two nodes appearing to move slower, relative to each other depending on 

the distance between the two nodes; the greater the distance between the two nodes, the 

slower they appear to be moving relative to each other [19].  

The rate of update for the location information in the routing tables is dependant 

on these two factors, where a node farther from another node or slower nodes needs to 

update their routing tables relatively infrequently. On the other side, a node closer to 

another node or a fast moving node needs to update its routing information more 

frequently to avoid bad routes in the network. This routing protocol uses a better 

approach and can approximately determine the location of a node in a particular time 

interval. However, there is still an overhead associated with the periodic distribution of 

location data among nodes. But with this location data, a node can use this information to 

perform directional forwarding to other nodes in the direction of the destination node. 

Location Aided Routing protocol (LAR) is an another approach in this category, where 

the routing protocol limits the search for a new route to a zone referred in the literature as 

the request zone, which significantly reduces the amount of routing messages [20]. Each 

node initiates a new route discovery by approximately calculating the location of other 

nodes using location information acquired by GPS. Using the velocity and GPS-based 

information about a node, other nodes can approximately determine the radius of the 

circle where the node will be at some future time. Although LAR and DREAM make use 
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of location information to decrease the overhead of route discovery and thereby also 

adding predictability to the routing approach by approximating the location of other 

nodes; but they still lack the ability to make use of terrain information to provide an 

intelligent and realistic view of the accessibility of other network nodes. The major 

drawback in this case is that if the sending node does not get a reply back from a node, it 

assumes that there is no path to that node, without considering the possibility of LOS or 

NLOS. 

Cross layer interaction in the TCP/IP layer stack can produce deterministic and 

predictable routing approach. This approach also eases the pressure from the routing 

protocol to decide on the best route to be taken to the destination. Also feedback from the 

lower layers helps the routing protocol to make more deterministic decisions based on the 

information received from the layers beneath it. Routing protocol developers have 

successfully used this approach and showed results such as increase in throughput, 

decrease in latency in dense wireless ad-hoc networks where nodes are close to each 

other, well connected network with multiple paths from source to destination. Various 

routing approaches have been designed which requires feedback from other layers in 

order to provide this service. Also noteworthy is that the protocols designed for wired 

networks will not work for wireless ad-hoc networks. For example, protocol like 

Transmission Control protocol (TCP) [1], designed for wired networks, is very sensitive 

to congestion in the link and uses certain packet loss as an indication of network 

congestion. Unfortunately, this does not work for wireless network as the packet loss due 

to congestion and interference is not uncommon. One approach [13] adopted in wireless 
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ad-hoc networks is adding the capability to each node of notifying and analyzing the 

quality of link with its one hop neighbor and  feeding back this information to the routing 

protocol to make new routing decisions. This can be done by analyzing the Signal to 

Noise Ratio (SNR), ratio of magnitude of signal (meaningful information), and the 

magnitude of the background noise, for recent packets received from the neighboring 

nodes. SNR information is useful to detect the likely failure of the link and to provide an 

optimal time interval to the source node to discover a new route to the destination. This 

approach is somewhat useful to provide an intelligent view of the network, by providing 

feedback from the link layer to the routing protocol, but again suffers from blindness as 

the nodes do not have the terrain view of the network. Other protocols [23] [24] [25] have 

been designed with same approach. Broadly speaking, our approach also falls into the 

same category of cross layer interaction. Again, these approaches assume that the nodes 

are in dense network and there is a good connectivity from source to destination. In rural 

sparse ad-hoc networks, there is a need for more robust routing approaches which utilizes 

the idea laid down by approaches developed for dense network but also modified to take 

into account the requirements for sparse networks. Nodes in the sparse rural ad-hoc 

networks are spread out over large terrain and sometime do not come in communication 

range of each other for a long duration of time. Sparse wireless ad-hoc networks have 

characteristics like limited bandwidth, changing topology due to node mobility, 

intermittent connectivity, delay, and heterogeneous nodes. Researches experience with 

cross layer interaction in dense ad-hoc networks can prove useful to design routing 

approaches which are robust to support such kind of networks. In urban areas the terrain 
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can also be an effective factor while determining the best route to the destination. 

Predictions about LOS with next hop neighbor for duration of time of transmission of 

data can provide intelligent, realistic view and if feed backed to routing protocol can 

prove effective in designing routing approach which is more suitable for rural sparse ad-

hoc networks. Our routing approach falls into the same category of cross layer 

interaction. We propose a routing protocol which utilizes the LOS feedback about node’s 

next hop neighbor to make effective routing decisions based on location and terrain 

information about other nodes. This approach is tested and implemented for both static 

and mobile nodes in rural areas. Our approach provides intelligence to each node by 

integrating the terrain information along with location information, which provides a 

better view of the topology, enabling the node to make more deterministic routing 

decisions and thus providing virtual eyes to the nodes. 

 
Organization of the Thesis 

 
 

The thesis is organized as follows. Chapter 2 provides the overview of the IEEE 

802.11b, Physical Layer, MAC layer, and provides a background of Global Positioning 

system (GPS). It also provides a summary of the DSR routing protocol which is used for 

our simulation using OPNETTM 10.5[27]. It includes the integration of Terrain and 

location information with DSR routing protocol in spare ad-hoc networks. Various 

scenarios have been developed to integrate this information when sparse nodes are static 

and mobile. Chapter 3 discusses the OPNET model and the implementation of proposed 

routing mechanism using OPNET network modeler 10.5. It also provides simulation 
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results for both static and mobile implemented scenarios. Chapter 4 puts forth the 

conclusion and also lays out the direction for future work. 
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CHAPTER 2 
 
 

BACKGROUND 
 
 
Wireless ad-hoc network is a network of autonomous nodes communicating with each 

other over a wireless communication link. This chapter introduces the technology used to 

deploy such a network. In this work, we assume that 802.11 wireless technologies are 

used. Other wireless technologies can and have been used in ad hoc networks. The 

selection of 802.11 does not limit the applicability of our results, but provides a concrete 

basis for the inclusion of specific physical and link layer behavior in the overall routing 

procedures that are developed. 

 
Overview of IEEE 802.11 

 
 

This section briefly reviews some of the relevant details of the IEEE 802.11 

standard [28] for wireless networks, which describes the set of protocols for the Physical 

and MAC layers. The 802.11 protocol supports both infrastructure and ad hoc network 

topologies. Wireless networks operating in ad-hoc mode communicate with each other 

without the support of a central, controlling access point. 

 
Physical Layer (PHY)

 
 

The IEEE 802.11 wireless local area network (LAN) [28] standard defines the 

specifications for the physical channel for wireless networks. The standard defines 

specifications on channel characteristics including frequency of operation, channel 



16 
 

bandwidth, transmission power (range of the node depends on it), and modulation 

scheme. The IEEE 802.11 standard was specified to use either Frequency hopping spread 

spectrum (FHSS) or Direct Sequence Spread Spectrum (DSSS). The IEEE 802.11b 

standard, also called as wi-fi, is widely deployed and uses the frequency range of 2.400-

2.4835GHz. The band is divided into 11 overlapping channels, each 30MHz wide. The 

allowed data rates specified in the standard are 1Mbps, 2Mbps, 5.5Mbps and 11Mbps. 

The data rates are dependant on the types of modulation scheme being used such as 

BPSK, QPSK, etc. The standard also has an adaptive modulation scheme wherein the 

underlying modulation scheme (data rates) used for transmission can be changed 

depending on the symbol error rate. The IEEE 802.11b standard is now widely deployed 

in various organizations to support applications like emails, file sharing, and internet 

access. Recently, the IEEE 802.11 standard was extended to include higher data rates and 

to provide higher throughput, defined in the IEEE 802.11a standard. The IEEE 802.11a 

standard is designed to provide high throughput of up to 54Mbps, which is achieved by 

using Orthogonal Frequency Division Multiplexing (OFDM) and operates at 5.8GHz.  

The IEEE 802.11g standard supports a maximum bandwidth of 54Mbps compared to 

11Mbps in the 802.11b standard.  The IEEE 802.11g is backward compatible to 802.11b, 

using the same 2.4GHz band but the inter node range or range from access point is 

decreased. The typical range of IEEE 802.11b standard is around 400m [28], whereas the 

range for 802.11g is typically 90m. 
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Medium Access Control (MAC) Layer for the IEEE 802.11 Standard 
 
 

The IEEE 802.11 medium access control sub layer used Carrier Sense Multiple 

Access with Collision Avoidance (CSMA/CA) for acquiring the channel. The IEEE 

standard defines two coordination functions; Distribution Coordination Function (DCF) 

and Point Coordination Function (PCF). We will only consider 802.11 in ad-hoc mode 

which uses DCF. The IEEE 802.11b DCF provides a standard Ethernet-like contention 

based service. If there are multiple nodes, DCF allows them to contend for the time slot 

and transmit in that allocated time slot. Each node first detects whether the medium is 

free and then transmits; it is like listening before starting to talk, to avoid collision with 

other nodes. The DCF mode specifies two types of Inter Frame Spacing (IFS), namely 

Distributed Inter frame Spacing (DIFS) and Short Inter frame Spacing (SIFS). In DCF 

these two different kinds of IFS are used to prioritize traffic. SIFS is used for high 

priority traffic like Request to Send / Clear to send (RTS/CTS) is used to establish the 

link for desired time and is also used to avoid hidden terminal problem, and positive 

acknowledgments. High priority begins when the SIFS elapses. DIFS is the minimum 

time a node waits before transmission; if the medium is free it may transmit [28]. Figure 

3 shows the relationships between various Inter Frame Spacing. If two or more nodes 

have a packet to send, each node first senses the medium for the duration of DIFS, and if 

medium is idle, one of the node may attempt to transmit its packets. Otherwise, if a node 

senses that the medium is busy it starts the back-off counter, in which it chooses a 

randomly uniform back-off value from a collection of values known as the contention 

window (CW). Collision occurs if two or more nodes intend to transmit at the same time; 
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both nodes will then back-off for a random amount of time from a preset collection of 

values. Also mentioned in the standard that the contention window size is 2n-1 (eg. 31, 

63,255), where n is 1,2,3 and so on. There is also a minimum and maximum limit to the 

contention window. More information about MAC layer can be found in [28] 

 
 

Figure 3.  IEEE 802.11 DCF function. 
 
 
A node having a back-off counter continues to listen to the medium until it finds out the 

idle period of DIFS, it then decrements the counter after every time slot. When this back-

off timer becomes zero, the node attempts to transmit the packet. After every 

unsuccessful attempt to transmit a packet, the size of the contention window is doubled 

and the node will back-off for that time interval before retrying. Undoubtedly, the node 

with the lowest random back-off timer gets the chance to send. Nodes in the ad-hoc 

network use the above described mechanism to acquire use of the communication 

medium to transmit data to other nodes. 
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Introduction to Global Positioning System (GPS) 
 
 

In this section, we will provide a brief introduction to Global Positioning System 

(GPS). The location information derived from the GPS is used in our routing protocol to 

select the best path. Each node in our network will have GPS-based information about all 

other nodes. This information is distributed among nodes via a control channel that also 

uses wireless links. We do not consider the specifics of this procedure here, but assume 

that the nodes will be able to periodically exchange location and other control data in a 

manner similar to that used for application data communication. We provide each node 

with the ability to determine the existence of LOS with other nodes in the network by 

using this location information and the terrain information about the surrounding area. 

Each node can determine its own location by an on-board GPS receiver, and there are 

other means of determining location, but we do not consider them here.  

GPS is a system of satellites that communicates with terrestrial computers and 

receivers enabling them to accurately determine longitude, latitude, and elevation as a 

function of time as shown in figure 4. GPS works by calculating location based on the 

time of arrival differences for signals received from several satellites with known orbital 

characteristics. Applications of GPS include military use, cheap car receivers for car 

navigation systems, navigation aid in airplanes and ships, and various industrial and 

university projects [16].  
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Figure 4.  GPS navigation system [12]. 
 

 
Static Scenario for Sparse Wireless Ad-Hoc Nodes 

 
 

In wireless ad-hoc networks, nodes communicate with each other without the 

need of any infrastructure. The nodes in such networks can be static or mobile. Sparse 

wireless ad-hoc networks are networks in which nodes are not always in communication 

range of each other. For networks using the IEEE 802.11b standard, the maximum range 

is about 400 meters [28]. Various research challenges are posed by such networks as each 

node, while acting as host and router for other nodes, must transmit packets in a multi-

hop scenario. Ad hoc routing protocols designed for dense networks typically assume that 

inter node links are readily available and that packets will be briefly buffered at 

intermediate nodes. Time outs for repeat transmissions and buffer sizes are optimized 

based on these considerations. For sparse networks, the amount of time a packet can stay 

in an intermediate node’s buffer should be set to a higher value as in a sparse network the 

next hop node may not be in direct communication range of the sending node for long 
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duration. Also, as the network is not dense, the number of routes from source to the 

destination is also limited. Also, determining the route stability for the interval of time 

during the transmission of data will improve the network performance as source may 

choose an alternate route with better stability. In mobile scenario, it is important to focus 

on this attribute when the nodes are mobile and the link is changing over time. In the 

static scenario, the nodes are not moving and thus eliminating consideration to this 

attribute because the link characteristics remain constant. Transmission power is another 

important attribute for wireless ad-hoc networks as the range increases with power. This 

attribute is defined to be 0.005 W for the IEEE 802.11b standard, and the Federal 

Communication Commission (FCC) has specified this value as the constraint on the 

maximum transmission power. This regulation is essential as higher transmission power 

might raise the noise floor for other networks in the vicinity. Although in a special 

scenario such as in sparse rural environment, increasing the transmission power of nodes 

in the network does not necessary raise the noise floor for other networks as there may 

not be any other network in the vicinity.  

In our scenario, we use the Dynamic Source Routing (DSR) protocol [2], a source 

initiated routing protocol, in which a route discovery is initiated when a node has 

application data to send to the destination node. The DSR protocol, being a reactive 

protocol, is more adaptable to topology change than any of proactive protocols. Also, 

each node is required to determine the LOS when it has some data to send. Furthermore, 

due to the mobility of nodes over the terrain there may be no LOS at some later time 

instance. Proactive protocols maintain routing table entries which may be outdated, and 
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each node has to determine LOS with all other nodes in the network regardless whether 

node has data to send. On the other hand, DSR a reactive protocols initiates the route 

discovery procedure when it has some data to send, thus needs to determine the LOS. 

Various attributes of DSR routing protocols such as Request table size [33], which is the 

size of the table that can hold a maximum number of destinations, should be set to some 

finite value to hold the routes from source to destination. The maximum request 

retransmission attribute denotes the maximum number of attempts to be made to a 

specific destination [2] [33]. This attribute should be set to a higher finite value, because 

in a sparse network the nodes might not be in the transmission range of each other for 

long periods of time. Also, route cache expiry time should be kept to some higher finite 

value to avoid overhead due to regular route discovery procedure. In our approach, 

terrain information is used by each node to get a realistic view of the network. Rather 

than determining the availability of a link just on the basis of the DSR routing protocol 

attributes like maximum request period. Each node can determine whether there is a LOS 

or NLOS path to a neighboring node. If there is NLOS then the node will not send a 

packet to that node and choose some alternate route to the destination.  

 
Mobile Scenario for Sparse Wireless Ad-Hoc Nodes 

 
 

Ad-hoc networks with mobile nodes have dynamic topology. This presents 

tremendous research opportunities and challenges to design an effective routing protocol 

for these nodes. The routing protocol has to be designed in such a manner that it can 

adapt itself to the changing topology and dynamic nature of the links. It is also the job of 
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routing protocol to deterministically find out a route to the destination, to deliver packets 

with a high delivery to loss ratio.  

Sparse mobile wireless mobile ad-hoc networks are networks where the nodes are 

in continuous motion and are not always in range of each other. The task of the routing 

protocol can be made easier if each node has location information of the other nodes and 

is able to deterministically find out the location of other nodes in the network at any 

instant of time. Each node can have information about all other nodes in the network and 

can establish route to the destination while integrating the route discovery procedure with 

location and terrain information. As nodes are mobile and location changes with time, 

trajectory information is used to determine the exact location of the node on the terrain. 

Each node is assumed to have trajectory information of other nodes in the network. 

Trajectory information is also used to determine the future location of any node in the 

network. This approach will reduce extra overhead of routing table updates after every 

specified interval of time and also the overhead associated with route maintenance.  

Approaches like DREAM [19] and LAR [20] are being designed to use to location 

information and integrating this data with route discovery procedures. Determination of 

the link stability (route stability) between the source node and next hop neighbors will 

improve the network predictability and the throughput. This provides nodes with the 

ability to choose an alternate path to the destination, if it is able to predict the link failure.  

Predicting the availability of the link requires the location information of the node 

and its approximate location after some time interval. In our mobile scenario, an 

approach is taken where the node will determine the goodness of the link when it has 
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some data to send and choose the link with the best goodness value. Our approach to 

determine  goodness is used when the node, which has data to send, able to determine 

whether there is LOS with its first hop neighbors for the duration of time it requires to 

send the application data to the destination node. The node utilizes the location 

information along with the terrain information to determine the LOS.  When an 

application packet arrives at a node, the node determines if there is a LOS for the 

duration of time, it needs to transmit the application data to the destination. The details of 

this approach are discussed in section TRAIN Scenario for Static nodes in Sparse Ad-hoc 

Networks. 

Integration of the terrain and location information in sparse wireless mobile ad-

hoc network provides a realistic view of the network, which increases the network 

efficiency and throughput and thus helps in decreasing the overall latency of the network. 

This approach will also be very useful in dense ad-hoc networks, besides sparse 

networks, where each node has multiple paths to the destination, provided the overhead 

associated with the location and terrain calculation is not excessive. The nodes can use 

this realistic view of the network to determine the best route to the destination. Our 

approach opens up a new research area for the ad-hoc research community, to design 

more effective routing protocols with intelligent nodes. 
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CHAPTER 3 
 
 

MODEL AND SIMULATION 
 
 
This chapter describes the model, simulation, and scenarios we developed to test the 

Terrain based routing protocol for Sparse Ad-hoc Intermittent Network (TRAIN) using 

OPNET ModelerTM 10.5. OPNET provides rich libraries for network modeling and 

simulation. It also provides ease to design and study network simulations with flexibility 

due to object oriented modeling approach. OPNET’s graphical editors and their 

hierarchical structure provide an efficient mechanism to develop new models. We 

developed our simulation using OPNET’s Terrain Modeling Module (TMM). TMM has 

flexibility to model wireless networks and has a mechanism to determine the LOS if local 

information about the nodes is provided. This capability was not implemented in the ns-2 

simulator, also widely used to model wireless networks Also, OPNET provides a 

graphical DSR model, which can adapt to develop extended models based on DSR. The 

ns-2 simulator also has an implementation of DSR but could not easily support the 

integration of terrain modeling. OPNET provided us the environment with effective tools 

and editors to implement TRAIN routing protocol by modifying and extending the 

standard DSR process model.  

 
OPNETTM Modeler: Introduction to OPNET 

 
 

The objective of our simulation studies is to test the design and performance of 

our TRAIN routing protocol for ad-hoc networks in scenarios with mobile and static 
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nodes. All the simulations are developed using the discrete event simulator OPNET 

ModelerTM 10.5 [27]. In this chapter, we provide a brief discussion of the modeling 

environment and simulation methodology used in OPNET Modeler. OPNET supports 

model specification, which is the task of developing a representation of the scenario to be 

studied, using the tools called editors [33].The modeling specifications are based on the 

set of editors that address the different aspect of the model.  The hierarchy of these 

editors is defined in OPNET. The project editor makes use of the node editor, and the 

programmer in the node editor makes use of the various process editors. The next few 

sections will briefly describe these editors, which provide the framework for modeling in 

OPNET.  We will also discuss the concept of transceiver pipeline stages of OPNET, 

which are used to determine the quality of packets and signals at the receiver and the 

transmitter, along with how they are used in our simulations. The sections TRAIN static 

scenario implementation and TRAIN mobile scenario implementation illustrates, in detail, 

the implementation of our routing algorithm and development procedure of various 

scenarios for static and mobile nodes. We will also provide simulation results for these 

scenarios. In the end, we discuss some of the limitations of our approach. 

 
OPNETTM Project Editor 

 
 

In OPNET, the main area for creating simulation models is the project editor. 

This area is used to create simulation model scenarios, using models from the standard 

library or user-defined models, collect statistics about the simulation model, run the 

simulation, and view results. The project editor can provide a geographical context for 
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the network model development [33]. The location of the model can be chosen anywhere 

in the world to break down the complexity and simplify the network protocol 

development. Many large networks make use of an abstraction known as subnetwork or 

subnet. A subnet is usually a part of the larger network, where nodes form an 

interconnected, but independent domain using wired or radio links. The subnet can form 

a nested network, but at the bottom of the hierarchy are the independently communicating 

nodes. Modeling wireless networks is complicated, as the subnet can change its position 

and the topology and number of nodes in a subnet can change any time during the 

simulation. We address mobility in the model using predefined trajectories for the nodes 

in the simulation environment. A mobile subnet consists of nodes whose positions change 

with time e.g., vehicles, mobile robots, or airplanes. We are focusing on mobile networks 

that move relative to the earth, and objects are connected to each other with wireless 

communication links. A radio link might exist between any radio transmitter-receiver 

pair, and it is established during the simulation [33]. In a real world scenario, there are 

various factors that can affect the behavior of radio links, such as propagation effects, 

frequency, transmitter power, distance between nodes, and antenna height. These factors 

are taken into consideration while performing calculations on the characteristics of the 

radio link between the receiver and the transmitter pair. In OPNET, all calculations are 

completed in real time while the simulation is running. These attributes are attached to 

the data packet as it is received and transmitted by nodes. 

The wireless module in OPNET 10.5 adds radio communication links used for 

inter node communications. To enable wireless communication of packets, OPNET uses 
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the Radio Transceiver Pipeline construct. The Radio Transceiver Pipeline consists of 

fourteen stages, and each stage of the pipeline performs specific calculations on the 

packets received and transmitted. The first six pipeline stages (0-5) are associated with 

the transmitter, and the following eight stages (6-13) are associated with the radio 

receiver. Stage 0 (receiver group) is called only once during the start of the simulation to 

establish a static link between transmitter and receiver. This stage is invoked only once 

for each pair of transmitter and receiver channels in the scenario.   

 
 

 

Figure 5  Radio transceiver pipeline. 
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Figure 5 shows the fourteen stages of the pipeline, and each stage is denoted by a 

number. Stage 1 calculates the transmission delay associated with the transmission of the 

packet. Stage 2 is the third stage of radio transceiver pipeline and is specified by the 

closure model attribute for radio transmitter. The dra_closure process model is used for 

our simulations. The dra_closure process defined is capable of dynamically determining 

LOS between the transmitter and receiver pair by utilizing the terrain data of the Digital 

Elevation Maps (DEM), which provide altitude information at every point on the terrain. 

The DEM data can be obtained from the U.S. Geographical Survey (USGS) [35]. The 

simulation environment expects an integer value to be provided by this stage. This integer 

value is set to either true (return value as 1) or false (return value as 0) depending on 

whether there is a closure between transmitter and receiver. The ability of the 

transmission to reach the receiver channel is referred to as closure between transmitter 

channel and receiver channel. [33]. If there is NLOS, there is no need to calculate signal-

to-noise ratio, or bit error rates on the packets as they cannot be accepted by the receiver 

group. These calculations are done by the later stages of the transceiver pipeline. At the 

later stages (stages 3, 4, 5), more calculations on the transmitter channel are performed, 

including channel match, gain of the transmitter antenna, and propagation delay. These 

factors affect the wireless communication channel significantly and must be calculated 

for each transmitted packet.  

On the receiver side, stages (6-13) provide mechanisms to do various calculations 

on received packets and the ability to discard the packets if the packets do not meet the 

minimum requirements of the above-mentioned stages. Calculations such as received 
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power of the signal, background noise, interference noise, signal-to-noise ratio, bit error 

rate (BER), are preformed on all incoming radio transmissions [33]. In the IEEE 802.11b 

standard for wireless networks, which is used in our simulation, the minimum acceptable 

received power of the packet is -95dBm [28]. These factors significantly affect the 

reception of packets in the wireless domain and are calculated before accepting each 

packet. Valid packets are those which meet the criteria of the channel for proper 

reception. The default values of the transmitter and receiver channel are defined in the 

radio-transceiver pipeline. The propagation delay between the transmitter and the 

receiver also affects wireless transmission. Figure 6 depicts the default attributes for 

transceiver for specifying the pipeline stages. 

 

 

Figure 6.  Default attributes for transceiver pipeline stages [33]. 
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OPNETTM Node Editor 
 
 

Each node is defined and edited with the node editor. Node editors are used to 

create models of nodes. Internally, OPNET has modules interconnected with packet 

streams and static wires. Using these packet streams and static wires, the status and data 

can be transferred and shared between modules. Each module has some specific 

functionality, such as generating packets, queuing packets, routing packets, processing 

packets, and transmitting and receiving packets. Each module represents a particular 

layer of the OSI network protocol stack. In our simulation scenarios, we use 

mobile_manet_station from the MANET (Mobile Adhoc NETworks) [34] object palette 

provided in OPNET. The node functionality can be represented by the node editor, where 

each module performs a specific function. Figure 7 shows the Node Model for MANET 

mobile_manet_station node while running the DSR routing protocol in the IP module of 

the Node Model. Figure 7 shows the wlan_port_tx_0_0 and wlan_port_rx_0_0, which is 

the transceiver pair for any node in a mobile ad-hoc network. The blue and red lines in 

figure 7 indicate the packet streams, which allow the packets and status information to be 

exchanged between modules in both directions. 

The IP node module, in the node model of the mobile_manet_wireless node, is the 

core of the network model. It consists of a process model that runs the underlying DSR 

protocol. 
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Figure 7.  Node model for OPNET. 
 

 
OPNETTM Process Editor

 
 

The OPNET process editor defines process models in terms of a language called 

Proto-C. Proto-C facilitates the development of new protocols and algorithms by 

providing a State Transition Diagram (STD), kernel procedures, and the standard 

functionality of C/C++. The Process Model’s STD defines the model states such as init 

state and wait state. Each process can enter and leave the particular state. During the 

simulation, a process starts by entering the init state and remains in that state until some 

condition occurs, which then forces it to change the state. The condition defined for the 

state change to the intended destination is called a transition. The following STD in 
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figure 8 shows the relationship between states and diagrams for the Dynamic Source 

Routing (DSR) protocol. 

The first state which gets called in the dsr model is init state (green) with the 

black arrow. During this state, the process registers all the variables, different states, and 

statistics, and it initializes the log handles. The state is then changed to the wait state (red 

color) which handles the arriving packets. Function dsr_rte_received_pkt_handle(), as 

shown on the transition link (blue line), handles all the packets that hit this process 

module. They can be application packets, control packets to exchange location 

information or routing packets for other nodes. We do not consider the specifics of 

exchanging location information here, but assume that the nodes will be able to 

periodically exchange location and other control data in a manner similar to that used for 

application data communication. 

 

 

Figure 8.  Process model of DSR protocol. 
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OPNETTM Packet Editor 
 
 

The internal structure of the packet can be defined as a set of fields by using the 

packet editor. Each packet field format specifies a unique name, type, default value, and 

optional comments. Each field in a packet editor is denoted by a colored rectangular box. 

The size of the box is proportional to the number of bits specified in the field’s size. 

Figure 9 depicts the internal structure of a DSR routing packet.  

 

 
 

Figure 9.  Internal structure of a DSR packet. 
 
 

TRAIN Implementation 
 
 

Terrain based Routing protocol for sparse Ad-hoc Intermittent Network routing 

(TRAIN) protocol is a deterministic, realistic, routing protocol and provides intelligence 

to the nodes in the network. We adapted DSR and added a realistic view to the protocol 

by including terrain information along with location information of other nodes in the 
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network. Our approach provides nodes with a capability to determine LOS or NLOS with 

other nodes in the network. The nodes in our scenario are sparse and not in immediate or 

continuous range of each other. Providing terrain information to a node gives it the 

additional capability to determine its surroundings and establish a connection, which is 

more stable and predictable. To determine the stability of the link, we have developed an 

approach to predict the existence of LOS between nodes at some future interval of time 

during the transmission of data between two nodes.  The key idea of our approach is an 

ability to determine LOS at any time instance during the transmission of data and thus to 

predict the stability of the link in future. We have developed numerous scenarios to 

illustrate and study the effects of terrain along with location information. We have also 

extended simulation scenarios for static as well as mobile nodes in sparse wireless ad-hoc 

networks. We will discuss the details of the implementation and development of static 

and mobile scenarios. 

 
TRAIN Scenario for Static Nodes in a Sparse Ad-Hoc Network

 
 

Static nodes are not uncommon in ad-hoc networks, and there have been certain 

routing protocols developed to serve only static ad-hoc nodes. Efforts such as the MIT 

Roofnet [36] protocol with MIT Click [37] are fine examples of this approach. In 

addition, various real world ad-hoc networks have been created where nodes are mobile 

and static. Examples include the Motorola Mobile Mesh [38] and Microsoft Wireless 

mesh networking [39]. These routing approaches generally assume that the node density 

is high and source-destination routes can be readily found.  
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To illustrate the completeness of our approach, it is worthwhile to examine the 

effects and benefits of TRAIN on static nodes in sparse ad-hoc networks. We have 

developed a scenario consisting of a five node static network where the nodes are not all 

within range of each other. The five nodes are manet_station nodes selected from the 

MANET object palette. The MANET object palette consists of many different kinds of 

objects like WLAN routers, Mobile MANET nodes, mobility domains, etc. Figure 10 

shows different kinds of objects that constitute the MANET object palette. 

 

 

Figure 10.  MANET object palette. 
 
 

In OPNETTM 10.5, each node has a set of attributes including ad-hoc routing 

parameters, IP interface information, and Wireless Local Area (WLAN) network 

parameters. The IP interface information consists of the IP address, subnet mask, etc., 

while the WLAN parameters include data rate, channel settings, transmitted power, etc. 



37 
 

All these parameters are configuration data and may be different for different nodes. In 

our scenario, nodes are set with default settings while running the DSR routing protocol, 

but also certain node parameters are tuned to increase the efficiency of the routing 

protocol. As the nodes are not all the time in range of each other, some of the parameters 

are altered to increase the throughput and efficiency of the network. In sparse networks, 

each node is required to buffer the data until it gets in range of the next node. Transmitted 

power is another attribute, which is important for our sparse network. According to the 

FCC regulations for IEEE 802.11b, the upper limit to the transmitted power of the node is 

0.005W. The range of the node is directly dependant on the power of transmission. 

Greater transmission power increases the transmission range and the power arriving at the 

receiver’s end. Hence the receiver can successfully accept the packet because the packet 

received has greater power than the required power threshold for IEEE 802.11b standard 

(-95dbm) [28].  

In our static scenario, manet_station_1 transmits at the power of 1.8W. This 

exceeds the FCC limit by a factor of 360 and is used to illustrate the potential that higher 

power systems would offer in rural areas. In special scenarios, such as ours where nodes 

are sparse and are in rural areas, this power could be used without causing any 

interference with other networks in the vicinity. Also, MANET traffic generating 

parameters are set for manet_station_1, because in our simulation, it is the only node in 

the five-node network, which generates application data traffic. The packets are 

generated after 100.0 seconds from the start of simulation, with a packet size of 1024 bits. 

Also, the packet inter arrival time is set as an exponential with value of 1. In other words, 
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it means that the packet is received once per second on average with exponential 

distribution of time between the arrivals of packets. Traffic is generated with destination 

nodes as node2, node4, and node3.  We have also changed the packet inter arrival time to 

constant value of 1 second. This means that one packet is generated at a constant rate of 

one per second. Results were found consistent with the change. 

Each node is assigned a static IP address of 192.0.1.x with the subnet mask of 

255.255.255.0. For instance, node1 has the IP address of 192.0.1.1 with subnet mask of 

255.255.255.0. Packets generated by node1 are delivered to other nodes based on their IP 

address; this requires a routing mechanism. Each node maintains routes to the destination 

and these routes are formed and updated in the routing tables regularly, therefore, the 

routing table will not contain any stale routes to the destination and hence packet loss. 

The DSR routing protocol is used with modifications for our simulations. The send buffer 

is an important attribute for sparse ad-hoc networks. The nodes are not always in a direct 

communication link with other nodes and must buffer packets until a stable route to the 

destination is found and packets can then be delivered to the next hop neighbors. When a 

communication link is down, the nodes should buffer packets for the time interval when 

the link is unavailable.  The DSR send buffer is set to a value of 30 seconds, which is the 

default for the DSR routing protocol. The send buffer attribute is not useful for static 

sparse networks as the nodes are not moving and established routes to the destinations are 

not changing with time. On the other hand, the send buffer is an important attribute for 

mobile sparse networks as the established routes break due to node mobility. There may 
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not be a continuous communication link or there will be intermittent connectivity due to 

the sparseness and mobility of nodes.  

 

 
Figure 11.  Static node1 attributes. 

 
 

Figure 11 shows the various attributes like send buffer, route maintenance, and 

MANET traffic for the manet_station node1. The elevation data contained in the DEM 

files is in ASCII format. The longitude, latitude, and elevation fields are used to describe 

every point in the file. These files are imported into our simulation scenario to provide 

required terrain information. The OPNETTM TMM Module adds capability to the wireless 

simulations such as earth curvature, mountains, and other environmental factors like 

ground and surface refractivity, which are used to calculate the signal loss due to 

scattering. For our simulation, we are using the free space propagation model, and hence, 

the path loss due to ground surface reflections is not relevant. The free space model 

represents signal propagating through open space with no effects from the outside 
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environment. The free space path loss model calculates the difference in the power 

between the receiver and transmitter as a function of their separation. 

 

 

Figure 12.  Free space path loss formula. 
 
 

Figure 12 shows the formula denoting the receiver power as a function of distance 

between the receiver and transmitter.  

In this equation,  Pt is the transmitted power, Pr(d) is the received power which is a 

function of T-R separation, Gt is the transmitter antenna gain, Gr is the receiver antenna 

gain, d is the T-R separation distance in meters, L is the system loss factor not related to 

propagation (L>= 1), and  is the wavelength in meters. 

In our simulation setup for the wireless ad-hoc static network scenario, node1 is 

selected to be the traffic-generating node, and packets are destined for node2, node3, and 

node4. Terrain data along with the free space model are used to calculate the LOS 

between two communicating nodes. In our example, if terrain data is not taken into 

consideration, node1 and node3 have LOS communication links. On the other hand, 

when terrain data is taken into consideration, node1 and node3 do not have closure and 

no routing table entry is made as direct transmission between them is blocked by terrain. 

In this case, an alternate route to the destination node (node3) is considered, which is a 

multi-hop (more than one hop) route with node2 and node6 as intermediate nodes. The 
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path loss and LOS calculations are done in the radio-transceiver pipeline stage on the 

transmitting node. 

 

 

Figure 13.  Terrain profile between node1 and node3. 
 

 
Figure 13 shows that the path between node1 and node3 is blocked by the terrain 

of height greater than the node altitude, which is the height of the node plus the antenna 

above the sea level. It can also be seen that signal strength (dBm) from node1 fades away 

before it reaches the receiver’s antenna as the terrain is blocking the signal. Node1 cannot 

have closure with node3; hence, node1 chooses an alternate path to the destination. 
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Figure 14.  Simulation scenario setup for five-node static network in OPNET. 
 
 

Figure 14 displays the route taken by the packets from node1 to various 

destination nodes. The use of terrain files provides the realistic view of the surrounding 

area, and provides intelligence to the routing protocol, as only those routes, which have a 

closure are added to the routing table. Hop count criteria to select the best route only 

applies where hops satisfy the criteria of closure. In other words, if there are multiple 

routes to the destination, which satisfy the criteria of closure, then the route, which has 

minimum hop count, is selected. 
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Figure 15.  Route table for node1 at 300 simulation seconds for TRAIN. 
 
 

For instance, in our scenario the direct route from node1 to node3 is the best route 

by the metric hop count as the hop count is 1, but the routing table of node1 is updated 

only with the route entry of node1  node2  node6  node3, which has hop count of 3. 

This is done because there is no closure between node1 and node3. With unmodified 

DSR, node1 would have taken the direct route to the destination and hence waited for 

acknowledgement back from node3, which would never have occurred causing latency in 

the network. Also, node1 has no intelligence to determine the closure with the other 

nodes, as it does not make use of the terrain or location information about other nodes. 

With our approach, the routing table will not have a route entry with no closure. We 

manually validate this by exporting the routing table at the end of simulation. By setting 

the route cache parameter to export at the end of the simulation, we can validate that the 
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direct route to the destination node3 is never added to the routing table entry of node1 as 

shown in figure 15 for the TRAIN routing approach. Instead, the alternate route to node3 

is added which has node2 and node6 as intermediate nodes. 

 

 

Blocked route >

Figure 16.  Route table for node1 at 300 simulation seconds for unmodified DSR. 
 
 

Figures 16 shows the routing table entries for node1 using unmodified DSR 

routing protocol It shows the routing table for node1 using the direct route to node3. As 

mentioned earlier the direct route from node1 to node3 is blocked by a mountain or 

mountains and there is no LOS. The entry into this routing table is stale and should have 

been removed from the routing table. This is an example of the blindness of unmodified 

DSR routing protocol.  On the other hand, the TRAIN approach avoids this blindness as 

shown in figure 15. Terrain and location information are used, and the best route with 
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closure is realized and added to the routing tables. Node1 has a genuine view of the 

network, and it determines and adds an alternate path to the destination.  

Figure 16 shows the routing table for node1 for unmodified DSR routing protocol. 

Various entries provide information about routes at different times. The column entry 

labeled as destination node name points to the destination nodes in the network. The 

Time installed column displays time when the routing entry was installed. The column 

labeled hop count displays the number of hops to reach the particular destination. The 

routes entry column in the routing table displays various routes to reach the destination. 

The best route is selected, if there are multiple routes to the destination, based on 

minimum hop count as the metric. The columns labeled first hop external and last hop 

external have entries of FALSE which means that the next node is in the DSR network. It 

is some arbitrary route and this entry is always set to FALSE for route request and route 

reply option as all the nodes in the present scenarios are in same subnet. 

We have also generalized our simulation and tested the TRAIN protocol by 

selecting other nodes (e.g., node2, node3, and node4) as nodes with data traffic to send to 

other nodes in the network, and verified that the results were consistent. Routing table 

entries are made only for links with closure. We have tested all combinations of source 

and destination nodes in our network and results were found to be consistent by 

examination of the routing tables generated. Furthermore, we have adjusted the position 

of all nodes in the network so that there is no closure possible among any pair of nodes, 

and hence no routing table entries are made. 
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Simulations were run while recording various individual statistics for nodes in the 

network. Several statistics related to various modules in the node model and individual 

node can be selected and can also be viewed in real time by choosing the live statistics 

for the particular node. To record statistics related to the underlying DSR routing 

protocol, the DSR routing protocol attributes are selected. Statistics for a particular node 

such as request table size, route discovery time, total traffic sent (packets/second), and 

various other statistics are recorded to obtain a detailed understanding of how the routing 

protocol is working. 

 

 
 

Figure 17.  Individual statistics for nodes. 
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Figure 17 shows the various statistics that can be selected for a module. Relevant 

values include Request Table Size, Route Discovery Time, Total Packets Dropped, 

Signal/Noise Ratio (SNR) received, Throughput (packets/second), and Bit Error Rate 

(BER). All these calculations were done in the radio-transceiver pipeline, recorded, and 

fed into the individual node statistics during the simulation. Simulations were run with  

and without dra_closure included into the closure stage of the radio transceiver pipeline. 

The results were compared to understand and illustrate the performance of TRAIN (DSR 

with TMM) and unmodified DSR routing protocol. 

 

 

Figure 18.  DSR(bottom) verses DSR with TMM(Top) (a) Average Throughput 
(b) BER. 

 
 

Figure 18(b) shows simulation results while recording the statistics of Bit Error 

Rate (BER) for the packets received at node3. The upper trace in figure 18(b) shows the 
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BER for TRAIN (DSR_with_TMM), and the lower trace show unmodified DSR. 

Similarly, figure 18(a) shows the total traffic received, which can be control or 

application data packets, per second at the destination node. Again, the upper trace is for 

TRAIN (DSR_with_TMM) and the lower trace is for the unmodified DSR routing 

protocol. As anticipated, the new route taken using TRAIN (DSR with TMM) for the 

packets from node1 destined to node3 is more stable, hence a lower value of BER and 

also a higher value of throughput.   

 

 
  

Figure 19.  Node1 routing table with only DSR protocol. 
 
 

If there are multiple routes to the destination, the route with the best metric is 

selected. The metric for the DSR protocol is selected to be the number of hops to the 

destination. As shown in figure 19, there are multiple routes to the destination node4, 
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which has an IP address of 192.0.1.4. The route with minimum hop-count is selected. So, 

the route 192.0.1.1<-> 192.0.1.4 is selected with hop count as one rather than the two hop 

routes to the destination node4. In the static part of this TRAIN implementation, the 

mobility of the nodes is not considered. The mobility of the nodes creates major research 

challenges and implementation issues. 

 
 

Figure 20.  DSR(bottom) verses DSR with TMM (Top) module for (a) Route Discovery; 
(b) SNR. 

 
 

Figure 20 shows the simulation results for route discovery time, which is the time 

between when the route discovery request is sent out to the destination node until the 

route reply is received from the destination node, and the average signal-to-noise ratio 

(SNR) for node3. Figure 20(a) shows the route discovery time for static node1, as it 

initiates the route discovery procedure when the simulation starts and the application 

packets arrive at the node. As anticipated, the route discovery time using TRAIN is 
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greater than for unmodified DSR. In our approach, node1 has to determine an alternate 

path to the destination. The route discovery time for node1, while running TRAIN is 

0.015 sec., while the DSR protocol has a route discovery time of only 0.009 sec. The 

upper trace in figure 20(a) shows the route discovery time for TRAIN 

(DSR_with_TMM), and the lower trace is for unmodified DSR. Figure 20(b) shows the 

received signal to noise ratio (SNR) at the destination node3. In our simulations, node3 is 

the most affected by our approach as there is no closure between node1 and node3. The 

multi-hop route is more stable with intermediate routes through node2 and node3 

exemplified in the TRAIN module as it has better average signal to noise ratios 

throughout the simulation. Figure 20(b) shows that the direct route to node3 has lower 

average signal to noise ratio in the unmodified DSR routing protocol without the line of 

sight calculations compared with the TRAIN protocol. 

We extend our approach to include and develop scenarios using OPNETTM 10.5 

where nodes are in continuous motion. The next section will describe details of the 

TRAIN implementation when the nodes are mobile, and there is no limit to the mobility 

domain. 

 
TRAIN Scenario for Mobile Nodes in a Sparse Ad-Hoc Network

 
 

We have developed an ad-hoc mobile network scenario extending our previous 

static network scenario using OPNETTM10.5 as a network modeler to illustrate the 

combined effects of terrain and location information in an ad-hoc network with mobile 

nodes. The nodes for the scenario are mobile_manet_station nodes selected from the 
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MANET object palette. Each node in the network runs a source driven DSR routing 

protocol. The metric for the DSR protocol is again selected to be the number of hops to 

the destination. 

Nodes in the mobile network are continuously in motion and in a rural ad-hoc 

network where they are spread out over a large terrain. To simulate TRAIN with mobile 

nodes, we had to modify various node attributes like Send Buffer, Route Discovery, and 

Route Maintenance to increase throughput and efficiency. For our simulation, we also 

modified Route cache expire time, which defines duration for which routes are kept in the 

route cache. This avoids an overhead of repeatedly finding a route from source to 

destination. The node attribute send cache buffer also plays an important role for a 

mobile sparse network. Unlike in a static scenario, where nodes are not in constant 

motion and established links to the neighbor nodes do not change with time, the links in a 

mobile network are constantly changing. In a mobile sparse network, the established links 

may change or break due to node mobility or there may not be any communication links 

between nodes for a long duration of time. This creates a requirement that the 

intermediate nodes should buffer packets for other nodes for an extended duration of time 

to increase the percentage of packets delivered to the destination node. Figure 21 shows 

various attributes for the mobile_manet_station node1 for a mobile sparse network 

scenario. The send buffer, route maintenance, and wireless LAN parameters are shown. 

Other node parameters for a mobile sparse network are set the same as for static network. 
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Figure 21.  Mobile node1 attributes. 

 
 

To simulate working of our TRAIN algorithm for mobile nodes, we set up a five-

node network with predefined trajectories for the nodes in the simulation environment. 

Each node is assumed to have location information about other nodes in the network. 

Node1 is assumed to be the packet-generating node, although we have tested our model 

with other nodes as the packet-generating node and obtained similar results  

 

 
 

Figure 22.  MANET traffic generation parameter. 
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Similar to the static scenario, 1024 bit packets are generated for a particular 

destination node by node1 with 0.25 seconds as the inter arrival time between two 

packets. We also tested TRAIN routing with different packet inter-arrival times, and the 

results were found to be consistent. Figure 22 shows the MANET Traffic Generation 

parameters for node1 set for the simulation. As the TRAIN routing protocol was tested 

with various combinations of source and destination nodes, only the destination IP 

addresses in MANET traffic generation parameter set are changed accordingly.  

The major difference between the attribute settings for the nodes in the mobile 

and static TRAIN simulation scenarios is the introduction of mobility. Mobility is 

described by well-defined trajectories. Trajectories are well-defined paths for a mobile 

node during the simulation. We utilize segment-based trajectories that define the 

movement of the mobile node in terms of a set of predefined points. Segment-based 

trajectories are a well-defined set of points in the simulation environment with each point 

consisting of a set of values (X position, Y position, and altitude) that define the mobile 

node’s path. Segment based trajectories are stored in ASCII format text files with a .trj 

extension and are assigned to the mobile node using the trajectory attribute [28]. During 

the simulation, each mobile node follows these well-defined sets of points with reference 

to the simulation time. Segment-based trajectories specify the location of the node at a 

particular instance of simulation time.  

In our setup for the TRAIN routing protocol for mobile nodes, the simulation 

scenario contains trajectories for all mobile nodes, and each node has access to the 

trajectory file of the other nodes to predict the location of each node at a later simulation 
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time. Each node is assumed to exchange location information using control packets and 

uses this location information along with trajectory information to determine LOS with 

other nodes. The trajectories of these nodes are defined as sets of sixteen points with 

almost equal distance from each other. Each point is defined after a gap of 60 simulation 

seconds. The ground speed of each node is determined by the distance traveled divided 

by the fixed interval time of 60 seconds. These points were defined using the OPNET 

trajectory editor. Figure 23 shows the format of the trajectory file for node3. 

 

 

Figure 23.  Mobile node3 trajectory with relative values. 
 
 

The ground speed of node3 lies in the range of 15 miles/hour to 29 miles/hour, 

and the traversal time between each point is 60 seconds. The X coordinate (longitude), 

the Y coordinate (latitude), ground speed, wait and traverse time are shown in the figure 

23. The altitude of each node at a particular point on the terrain can be obtained by 

providing longitude and latitude parameter values in the function tmm_elev_point_get () 



55 
 

in the TMM module. This function returns the float value of altitude of the node using 

double values of longitude and latitude values as its parameters.   

The underlying algorithm and data structure used to determine LOS for a node at 

any interval of time is described below. For the application packets, the node will 

determine the LOS with a one-hop neighbor node. The simulation set and the trajectories 

are shown by light green lines in the figure 24 show the trajectories for node1, node2, and 

node3.  

 

 
 

Figure 24.  Scenario setup for five-node static network in OPNET. 
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We modified the standard DSR routing algorithm to simulate our mobile TRAIN 

algorithm. These modifications define the mechanism used by nodes to determine the 

LOS with any other node at any instance of time. We also extended the capability of each 

node to predict the LOS with other nodes during the time of simulation. 

To implement this functionality, the Packet Arrival Function 

dsr_rte_received_pkt_handle() of the DSR routing protocol is modified. We added 

function Load_Terrain_Data()  which provides the capability to any node in the network 

to determine LOS at a specific time. Figure 25 shows the source code for the function 

Load_Terrain_data(). The first part of the source code defines the variables needed to 

add the capability of determining LOS with other nodes. Structure TmmT_Position 

defines the position of the node at any time interval on the terrain; it defines the values of 

latitude, longitude, and the elevation of the node. Structure TmmT_Elev_Profile stores the 

profile of the terrain in between the nodes. The pointer variable to this structure is used to 

store the intermediate profile between two points defined by TmmT_Position. This profile 

is used to determine the LOS with other nodes in the network for a particular instance of 

time. This function Load_Terrain_Data()  is called by each node in the network which 

receives  an application packet for another node in the network and intends to determine 

the LOS for the duration of transmission. 

When a packet arrives at the node, the node will call the above-defined function 

to determine the LOS at a certain simulation time. Node will also try to predict the LOS 

of a link for future. In our simulation setup, node1, the only packet-generating node, will 

determine the LOS with node2, node3, and node4 at the simulation time of 120 seconds, 
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the time when node1 begins generating application packets for other nodes. Routing 

tables entries are populated only with the entries of nodes that have closure at that 

particular simulation time.  

 

 

Figure 25.  Code for determining LOS in dsr_rte process. 
 

 
Simulations were ran while recording various individual statistics for nodes in the 

network. Compared to static simulation, additional statistics were gathered to understand 

completely the behavior of the underlying routing protocol. Simulation results were 

gathered to evaluate the performance of TRAIN routing protocol compared to standard 

DSR routing protocol. To compare TRAIN with standard DSR routing protocol, 
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parameters for standard DSR, such as MANET traffic generation, route cache, buffer 

cache and other node parameters, were kept the same as in the TRAIN routing protocol. 

Simulations were run for the same duration for both routing protocols.  

We integrated terrain, location, and trajectory information into the standard DSR 

routing protocol to develop the simulation for our TRAIN routing protocol. We start with 

evaluating the total throughput of the system from source to destination. In our setup, 

node1 is the traffic-generating node and sends to node2, node3, and node4. In this case, 

node2, node3, and node6 are the nodes of interest and we will focus more on them to 

explain the simulation results and the performance of the TRAIN routing protocol. We 

further discuss the recorded statistics for TRAIN and compare them with the results for 

the standard DSR protocol. 

Route discovery time is the time needed by the source node to find the route to the 

destination node. The DSR protocol sends out the request to determine the path from 

source to the destination. In sparse mobile networks, as the nodes are far from each other 

and there may not be many routes to the destination, applying the above approach does 

not create extra overhead on the routing protocol. We further minimize the overhead of 

route discovery and maintenance procedures by setting the route cache expiry time to a 

higher value of 3000 seconds, default being 30 seconds. Figure 26 shows that the initial 

time to discover a route by node1using TRAIN is greater than when the unmodified DSR 

routing protocol is used. It was expected as the TRAIN routing protocol does extra 

processing in route discovery by integrating location, trajectory, and terrain information 
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before adding an entry into the routing table. The initial route discovery time for node1 

for the TRAIN routing protocol is 0.04 seconds as compared to 0.015 seconds for DSR  

 

 

Figure 26.  Node1 route discovery time. 
 

Using the TRAIN and DSR routing protocols, figure 27 shows the total traffic received at 

the destination node3. For our simulation setup, the traffic received using the TRAIN 

routing protocol is more than the traffic received using the DSR routing protocol. In our 

example using DSR, node1 choose the direct route to the destination node3. On the other 

hand, the TRAIN routing protocol node1has an intelligent idea of terrain and knows that 

the direct route to the destination node3 is blocked by the terrain. Node1 then determines 

an alternate route to the destination, which is node1<->node2<->node6<->node3. 
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Figure 27.  Node3 total traffic received for TRAIN vs. DSR. 
 

Figure 27 shows that the throughput of node3 for the TRAIN routing protocol is greater 

than that of node3 for the DSR routing protocol. This is because the path selected using 

the TRAIN routing protocol is more stable in terms of LOS based decisions. Figure 28 

shows the signal to noise ratio of node6 for the TRAIN and DSR routing protocols. 

Node6 is a node in the alternate route node1<->node2<->node6<->node3 to the 

destination node3, as the direct route from node1 to node3 is blocked by terrain. This 

route has better SNR for TRAIN compared to unmodified DSR routing protocol. The red 

and blue line shows the SNR for node6 over the simulation time for TRAIN and DSR 
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routing protocol respectively. As shown in figure 28, the SNR for DSR is lower than 

TRAIN because in the DSR case, terrain blockage is not considered whereas in the 

TRAIN case, terrain effects shield node6 from receiving interfering signals from other 

nodes, thereby increasing its SNR.  

 

 

Figure 28.  Node6 average SNR for TRAIN vs. DSR. 
 

 
In OPNET, routing tables can be exported at any time during the simulation, 

providing the information about nodes that are reachable from any node at any time in the 

simulation. Nodes utilize this information to forward the packets appropriately. This 

information should be up to date, as routing tables are the basis of packet forwarding and 
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network traffic to reach destination. Control frames transmit this information, and each 

node that receives these frames updates its routing tables. If the information is not correct 

or routing tables contain stale routes, it may cause unnecessary packet delivery delays 

and thus increases the end-to-end latency. In sparse mobile networks, it is particularly 

important to maintain up-to-date routing tables as the number of routes to the destination 

are fewer compared to a dense network. 

The DSR routing protocol lacks the ability to understand or determine LOS with 

other nodes, and hence it relies on time-outs of the packet sent to a one-hop neighbor to 

decide the availability of the path. If the DSR routing protocol does not receive any 

acknowledgement within a specific duration of time, it sends another route discovery 

packet for a particular destination. The Initial request period defines the time interval 

between route discovery attempts, and this value is doubled between the successive route 

discoveries for a particular destination up to a maximum of maximum request period, 

which is the maximum amount of time route discovery is made for a particular target.  

Also, in the DSR routing protocol a node, while forwarding packets, confirms 

whether the next hop neighbor is reachable or not. This is done by a mechanism called 

Route maintenance mechanism. Although these mechanisms are important for the DSR 

routing protocol to maintain and discover routes, they cause unnecessary delays in the 

network. These unnecessary delays are avoided in our TRAIN routing approach, which 

looks at the surrounding terrain and has location information about the nodes in the 

network. TRAIN uses terrain and location to determine LOS at any particular time and 

updates the routing tables with accurate information, thus giving a realistic idea of 
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whether a node is reachable or not. Route discovery and maintenance in our approach do 

not cause any extra overhead and delay in the network as they are based on LOS. The 

TRAIN routing protocol-forwarding table entries are based on a more deterministic and 

robust LOS approach. The TRAIN routing protocol avoids the blindness of the DSR 

protocol, which incorporates delay in the network. 

 

 

Blocked Route >

 
Figure 29.  Node1 route table at 539 seconds DSR (a); TRAIN (b). 

 
 

Figure 29(a) shows the route table entries for node1 for the unmodified DSR 

protocol, and figure 29(b) shows the route table entries for the TRAIN protocol. At 539 

seconds, node1 has no closure with node3 as the direct path is blocked by terrain. Hence, 

there is no entry made in the TRAIN route table shown in figure 29(b). But there is a 

direct route entry for unmodified DSR routing protocol, as shown in figure 29(a). This 

clearly indicates the blindness of unmodified DSR approach and ability of the TRAIN 

protocol to make entries based on terrain, location, and trajectory information. The 
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TRAIN routing table has an entry for node2 and node4 but the unmodified DSR routing 

table contains an entry for node3. In reality, there is no LOS between node1 with node3 

at 539 simulation seconds.  

At 900 seconds, as shown in figure 30(a) for unmodified DSR routing protocol 

node1 again has a direct route entry for node3. But at this time, the TRAIN node1 routing 

table, as shown in figure 30(b), also has an entry for node3. This means that there is 

closure between node1 and node3, and they are in range for direct communication. The 

route entry for node3 has changed for the TRAIN routing protocol as it has been 

determined that at 900 seconds there is a closure between node1 and node3. DSR lacks 

this ability, so it has a route entry for node3 even at 539 seconds, which is a stale entry. 

 
 

 

CLOSURE 
at 900 Sec. 

Figure 30.  Node1 route table at 900 seconds DSR (a); TRAIN (b). 
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CHAPTER 4 

 
CONCLUSIONS 

 
 
In this thesis, we examined the incorporation of terrain and location information in the 

routing protocol for wireless ad-hoc networks. The objective of this thesis was to propose 

a novel routing protocol, namely the TRAIN protocol incorporating location and terrain 

awareness, and to simulate its behavior for sparse wireless ad-hoc networks. We 

simulated the behavior of the TRAIN protocol for static and mobile nodes.  We 

specifically examined scenarios where the node density was low. This is reflective of 

wireless networks in sparse, rural areas. Through our simulation, we observed that using 

terrain and location information adds a predictability factor to the network routing. This 

reduces the latency in the long-term, and thus, improves the overall throughput of the 

system. Integrating terrain information with location information allows the nodes to 

acquire a realistic and intelligent view of the network and helps the routing protocol to 

make more appropriate routing decisions. Terrain and trajectory information add to the 

nodes the ability to determine the LOS or NLOS between any other nodes at any time 

during the transmission of data. A goodness factor, based on LOS calculation determined 

in real time, is also calculated for links to help predict the goodness of the link at a later 

time during the transmission of data by the node. Each node calculates the goodness 

factor to ensure the availability of LOS for the duration of data transmission. 

Node mobility is incorporated in the model by including trajectory information 

for each node in the network. This information, along with terrain information, is utilized 
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by a node using the TRAIN approach to determine the LOS at any simulation time. A 

transmitting node determines the LOS to a receiving node at the start and the end of data 

transmission. This method is different from the other state of the art routing protocols, 

such as DSR and DSDV which do not use terrain information to determine the LOS.  

TRAIN utilizes the embedded intelligence of terrain, location, and trajectory 

information in real time to effectively update routing tables with accurate information. 

The protocol behavior was validated by exporting the routing tables generated at various 

times in the execution of the simulation and examining the table entries. This method 

showed that the tables for the TRAIN case contained only those routes that could be 

supported by LOS paths. 

TRAIN has the added capability at a node to determine LOS when it has data to 

send. Unlike DSR, the nodes in TRAIN do not blindly rely on routing tables and route 

maintenance procedures. In TRAIN, routing tables are based on intelligent information 

about the network, and hence, there are no stale routes in the routing table. This decreases 

overall delay in the network. In our network, simulations were run with all combinations 

of source and destination nodes, and the results were found to be consistent. This was 

ensured by the examination of the generated routing tables. 

Unlike other routing protocols, TRAIN is targeted for the sparse mobile rural 

environment. In sparse mobile rural environments, high node density cannot be assumed. 

This limits the number of routes available to the destination. Additionally, the bandwidth 

is limited, the connectivity is intermittent, the nodes are heterogeneous, and thus, there is 

significant delay. We adapt TRAIN to work in sparse rural environment with limited 
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resources by changing key attributes such as route cache, send buffer parameters, and 

transmission power. Route caches are maintained for longer periods in order to decrease 

the overhead of finding new routes again. Due to the lower density of nodes, a limited 

number of paths exist between the source node and the destination node. As the 

transmission power increases, so does the transmission range of the node. Thus, 

increasing this attribute can increase the probability of finding the route from the source 

to the destination in sparse rural networks. This assumes that the nodes are able to 

determine that there is LOS with a neighbor node in the transmission range.  

Another key attribute for sparse ad-hoc networks is the send buffer. This is 

important because the nodes are not always in a direct communication link with other 

nodes. When a direct communication link between two nodes is unavailable, the nodes 

should buffer packets for the duration of time the link is unavailable. The significance of 

our approach is that it opens up a new area of research where the nodes are provided with 

terrain and location information, thereby erasing the blindness of the nodes in such 

networks. Moreover, nodes can make more intelligent decisions based on the information 

about the terrain, trajectory or location information of other nodes in sparse wireless ad-

hoc networks. The routing table maintained in each of these nodes, using the TRAIN 

routing protocol, is intelligently maintained and updated with more up to date and 

realistic information.  
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Future Directions 
 
 

Terrain based routing for sparse ad-hoc intermittent networks (TRAIN) offers a 

novel approach to providing an intelligent, realistic, and effective view of the network. 

As stated earlier, ad-hoc routing is an  active research area in MANET, and many routing 

protocols have been proposed, each focusing on solving some specific problems in the 

routing domain and suitable for specific ad-hoc networking environments. Further 

research is required to provide more scalable, robust, and adaptive approaches that can 

support dynamic topology of wireless ad-hoc networks. These research techniques should 

also focus on optimizing the performance of these protocols to control delay, throughput, 

and control overhead. Some initiatives have been taken in this area to design location-

aided routing. Location aided routing aims at using mobile node’s positioning 

information provided by GPS to provide information about other nodes in the vicinity, 

thereby reducing control overhead and improving the routing mechanism. Our approach 

introduces an innovative idea to include terrain information along with location 

information thereby providing an intelligent view of the network to the nodes and thus 

improving the underlying routing mechanism with intelligent solution to determine LOS 

and routes. Besides using location or GPS information, it opens the possibility to include 

terrain information to design the most promising routing protocols by integrating this 

information in route discovery and maintenance procedures for better throughput, better 

scalability, and improved efficiency of the routing mechanism. The goodness of the link 

can also be determined for the duration of the transmission, and thus, can be further 

extended by including factors like diffraction and other propagation effects. We have 
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used the free space propagation model for our simulation of the TRAIN routing protocol. 

This model can be extended to include propagation models developed specifically for 

suburban or rural environments to simulate the multi-path or interference effects of this 

type of propagation environment. The TRAIN protocol can also be extended to integrate 

routing and path selection procedure, based on location and terrain information, with 

adaptive radio transmission techniques including power control, adaptive modulation 

schemes, and directional antennas.  
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