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Abstract 
 
  Much work has been done in simulating traditional cellular networks. But 
with the incoming of ad-hoc network technology, the next generation 
networks will employ hybrid network architectures using both cellular and 
ad-hoc networking concepts. 
 
  We investigate how to create a simulator being able to simulate a hybrid 
wireless network. This involves setting up a cellular network and an ad-hoc 
network respectively. However, the most important thing is how to integrate 
them seamlessly.  
 
  Fortunately, there has already been a simulator called SIMRA which 
simulates a UMTS cellular network. Therefore, this thesis work is greatly 
simplified as how to extend and improve SIMRA to implement a simulator 
for hybrid wireless network. We selected J-sim as the developing platform 
for our simulator and our development was greatly based on the wireless 
package provided by the latest version of J-sim.  
 
  To evaluate the new simulator, different resource allocation algorithms 
were run against it and the results were compared to those generated by 
earlier extensions to SIMRA under the same simulation settings. It showed 
that the resource allocation algorithms behaved similarly under the hybrid 
wireless network environment. Nevertheless, there are some discrepancies in 
behaviors of algorithms used for evaluation that still need to be studied.
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1 Introduction 
 
  This thesis is in partial fulfillment of a 20-points master�s degree in the 
program of Communication and Interactivity at Linköping University. This 
chapter aims to present the topic of this thesis. The main issues to be 
investigated are stated, and how I intend to proceed with them. The outline 
of the thesis is also given to help the reader understand this thesis. 
 
1.1 Background 
 
  A cellular network consists of a collection of mobile stations served by a 
central coordinating entity called the base-station. In a cellular network, 
mobile stations communicate directly with base stations to the wired 
network. Cellular wireless networks have experienced tremendous growth 
over the last decade, and this growth continues unabated worldwide. 
However, there are some disadvantages of cellular wireless network that 
impede the progress of cellular networks: First, it�s hard to provide full 
coverage and dead zones might appear. Second, the availability of network 
is easily downgraded in cells where there are too many mobile stations using 
the network and the system is overloaded. 
 
  To overcome the limitations of cellular wireless networks, an interesting 
solution proposed by some research works is to use a combination of the 
cellular network model with the a peer-to-peer network model called ad-hoc 
networks, which results in a hybrid wireless network. In hybrid wireless 
network, multi-hop paths between mobile nodes and base stations can extend 
the coverage of the network and provide alternatives to communicate via the 
network when the system is overloaded.  
 
  While cellular networks and ad-hoc networks have been extensively 
studied individually, hybrid wireless networks bring new challenges in 
traffic modeling and performance evaluation. Traffic in hybrid networks can 
be both within the ad hoc network, and to or from nodes in the cellular 
network. Similar to cellular network, several parties and applications such as 
conferencing, web browsing and email checking are supposed to share the 
network. Different applications have different configuration and 
performance requirements, so resource allocation is an important component 
of such networks, and proper simulation tools are needed to test and find 
appropriate resource allocation schemes. 
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1.2 Problem Description 
 
  A simulator for evaluating resource allocation algorithms in 3G networks 
has already been implemented by Robert Jonasson at the real-time systems 
laboratory (RTSLAB) within the department of computer and information 
science at Linköping University [13]. 
 
  While 3G networks are based on the wide area cell-based concept, next 
generation networks might follow the hybrid network paradigm that makes 
use of cell based wide area network design along with ad hoc networking 
concepts. To keep up with the latest telecommunication technologies, we 
aim to upgrade the simulator for 3G networks into a new one for hybrid 
wireless networks. 
 
  Moreover, the old simulator was finished under a strict time constraint. The 
focus of the work was to deliver an implemented simulator, which resulted 
in a design that was shown to have some deficiencies. For example, the 
ResourceAllocationAlgorithm component is not self-contained since the 
functionalities of it are not implemented as its methods but distributed over 
RNC and Cell components, which makes the code hard to read or maintain. 
 
  The main goals of this thesis are to: 

• Upgrade the existing simulator to make it a simulator for hybrid 
wireless networks 

• Improve the simulator to make the structure more transparent and 
modular 

 
1.3 Approach 
 
  In order to organize the work and facilitate reaching the goals listed above, 
the thesis work has been divided into several phases: 

1.3.1 In-depth Studies 
      The work addresses the following questions: 

• What is the architecture of hybrid wireless network? How does it 
influence resource allocation? 

• Are there any available packages on top of which we can build our 
hybrid wireless network simulator? 
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• What are previous efforts at traffic modeling for hybrid wireless 
network? 

 

1.3.2 Modeling, Design and Implementation 
     This results in a further decision of the work into the following parts:  

• Propose an effective way of modeling hybrid wireless networks 
• Model the different types of traffic which user equipments in a hybrid 

wireless network can generate 
• Make state transition diagrams for user equipment to verify our design 
• Integrate the ad-hoc wireless network part into the previous simulator  

1.3.3 Evaluation 
     The simulator will be evaluated as follows: 

• Experiment with the new simulator�s behavior with respect to the 
already available resource allocation algorithms for 3G networks and 
compare the output with the results generated by the old simulator 

• Check if we can easily plug in and plug out the resource allocation 
algorithm, monitor and accounting part 

 
1.4 Audience 
 
  This thesis should be of interest to anyone dealing with resource allocation 
in cellular networks or hybrid wireless networks or having interests in 
simulation. However, anyone with a general technical knowledge in 
computer science should be able to read, understand and enjoy the thesis. 
 
1.5 Thesis Outline 
 
  To help the reader understand this thesis, the skeleton of the thesis is listed 
as the following: 
 
  Chapter 1, Introduction is a presentation of the master thesis project and 
gives the background, the problems to be solved and a description of the 
work process. 
 
  Chapter 2, Hybrid Wireless Network presents the architecture of UMTS 
network, ad-hoc wireless network and their combination hybrid wireless 
network. 
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  Chapter 3, Study of J-sim describes the autonomous component 
architecture (ACA) and the wireless package on top of which the ad-hoc 
wireless network part is built. 
 
  Chapter 4, Design and Implementation covers the work at the design and 
implementation phase. Traffic Modeling models the different traffics that 
can be generated by user equipments in hybrid wireless network; message 
flow charts presents message exchanging between different components in 
hybrid wireless network; state transition diagrams shows state transitions of 
user equipments under different traffic scenarios; extension of J-sim wireless 
package reveals the actual implementation work. 
 
  Chapter 5, Evaluation covers results from actual simulations. These are 
given to indicate the accuracy of the new simulator and show the scalability 
in terms of performance and memory usage. 
 
  Chapter 6, Conclusions and Future Work presents the conclusions that 
can be drawn from the work and what needs to be done to improve the thesis 
work in the future.  
 
  Appendix A lists all the acronyms that have been used in this thesis. 
 
  Appendix B gives the source code of the PktDispatcher component which 
is extended in the new simulator. 
 
  Appendix C presents a simulation instance to show how to run the 
simulation and the output from the simulation.
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2 Hybrid Wireless Networks 
 
  This chapter will give the principles of hybrid wireless network by 
presenting the technology and architecture behind it. The purpose is to show 
the difference between UMTS network and hybrid wireless network in traffic 
modeling and resource allocation, which will greatly influence the design 
and implementation of the new simulator. 
 
2.1 General Overview 
  In hybrid networks the concepts of cellular networks and mobile ad-hoc 
networks are mixed. On one side we have a cellular network, on the other 
side there are mobile nodes with routing facilities.  Since UMTS/802.11 ad-
hoc network is a typical representative of hybrid wireless networks, this 
combination will also be adopted in this thesis to implement the simulator 
for hybrid networks. Therefore, we present the technologies of UMTS 
network and 802.11 ad-hoc network in the following sections to give readers 
a basic understanding of hybrid network. 
 
2.2 UMTS Network 
  UMTS is the abbreviation for Universal Mobile Telecommunications 
System. It is one of the third generation (3G) digital cellular networks. A 
UMTS network consists of three interacting domains: Core Network (CN), 
UMTS Terrestrial Radio Access Network (UTRAN) and User Equipment  
(UE). The main function of the core network is to provide switching, routing 
and transmission for user traffic [4]. UTRAN provides the air interface 
access method for User Equipment. Two new network elements are 
introduced in UTRAN: Node B and RNC. Base Station is referred as Node-
B and control equipment for Node-Bs is called Radio Network Controller  
(RNC). UTRAN is subdivided into individual radio network systems 
(RNSs), where each RNS is controlled by an RNC. The RNC is connected to 
a set of Node B elements, each of which can serve one or several cells. 
 
 UMTS defines four new open interfaces: 

• Uu: UE to Node B interface 
• Iu: RNC to Core Network interface 

o Iu-CS for circuit-switched data 
o Iu-PS for packet-switched data 

• Iub: RNC to Node B interface 
• Iur: RNC to RNC interface 
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Figure 1. UMTS Architecture 

 
2.2.1 User Equipment 
  The UMTS UE is based on the same principles as the GSM Mobile 
Station�the separation between mobile equipment (ME) and the UMTS 
subscriber identity module (SIM) card (USIM). The UE is the counterpart to 
the various network elements in many functions and procedures [6]. 
 
  In our simulator, the main task of UE is to establish or release connection 
with base station or other UE. UE also keeps moving around in the wireless 
network according to some mobility model and asks for a handover when it 
crosses cell boundary. 
 
2.2.2 Node B 
  Node B is the physical unit for radio transmission/reception with cells. 
Depending on sectoring, one or more cells may be served by a Node B. 
Node B connects with the UE via the Uu radio interface and with the RNC 
via the Iub interface.  
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  The main task of Node B is the conversion of data to and from the Uu radio 
interface. It also measures quality and strength of the connection, 
transmitting these data to the RNC as a measurement report for handover 
and macro diversity combining.  

    Not all of the functionalities of Node B are implemented in our simulator. 
Instead, Node-B primarily acts as a router forwarding control messages such 
as connection request, connection release, handover request and handover 
response between UE and RNC. Node-B also keeps track of all the 
connections that passes through it and logs specific events for system 
statistics. 

2.2.3 Radio Network Controller 
  The RNC�s main mission is to manage and optimize the radio network 
resources and to control mobility.  It is the equivalent of the base station 
controller (BSC) in GSM networks. 
 
  To this thesis radio resource management is the most interesting task of 
the RNC. In our simulator, the RNC contains the resource allocation 
algorithm as its child component that actually implements the resource 
management functions listed below: 
 
Admission Control 
  Admission control is done to avoid overload in the network. It is 
performed when trying to establish new connections, and when doing 
channel switching. Admission control may block new connections as well 
as deny handovers in situations when the load in the system is too high. 
This is done to preserve the quality of service to users already in the system, 
it is e.g. considered better to deny someone making a new connection, 
rather than dropping a call already in progress. 
 
Channel Switching 
  Within UMTS there are two types of channels: common channels and 
dedicated channels. Several users share common channels while exclusively 
a user uses a dedicated channel. One function of channel switching is 
channel type switching, which is used for switching between common and 
dedicated channels. Another function is channel rate switching. This is 
applied on dedicated channels to increase or decrease the bit rate. Channel 
rate switching is triggered when a user�s bandwidth demand changes. Since 
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the resource allocation in this thesis is limited to bandwidth management, 
only channel rate switching is implemented in our simulator. 
 
RRC Connection Setup and Release 
  A radio resource control (RRC) connection is set up to transfer control 
signals between the RNC and the UE. These signals are used to configure 
the ongoing connection and adapt to current circumstances. The connection 
can also be released to free the code and channel resources it holds. 
 
Handover 
  Handover ensures mobility in the network, that is, a UE with an ongoing 
connection can move from one cell to another without getting interrupted. 
When a UE moves between cells served by the same Node B, a softer 
handover is performed. When the UE instead moves between cells 
controlled by different Node Bs, a soft handover is performed. Finally, 
when the UE moves between cells without an ongoing connection a Cell 
Update is performed. 
 
2.3 Mobile Ad-hoc Network 
  A mobile ad-hoc network (MANET) is a system of wireless mobile nodes 
dynamically self-organizing in arbitrary and temporary network topologies. 
People and vehicles can thus be internetworked in areas without a pre-
existing communication infrastructure, or when the use of such 
infrastructure requires wireless extension [8]. In a MANET, mobile nodes 
can talk to each other directly via peer-to-peer wireless communication 
when they are within each other�s transmission range. When direct 
communication is not possible between sender and receiver, their packets 
can be forwarded by the intermediate nodes along a multi-hop path. As a 
result, each node in a MANET behaves not only as an end system to the 
users, but also as a router to forward packets for other nodes. There are 
neither fixed routers nor fixed locations for the routers as in cellular 
networks - also known as infrastructure networks. Cellular networks consist 
of a wired backbone that connects the base-stations. The mobile nodes can 
only communicate over a one-hop wireless link to the base-station, multi-
hop wireless links are not possible. By contrast, a MANET has no 
permanent infrastructure at all. All mobile nodes act as mobile routers. A 
MANET is highly dynamic. Links and participants are often changing and 
the quality of the links as well [2]. 
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Figure 2. Ad-hoc Network 
 
2.3.1 IEEE 802.11 standards 
  In 1997 the IEEE adopted IEEE Std. 802.11-1997, the first wireless LAN 
(WLAN) standard. This standard defines the media access control (MAC) 
and physical layers for a LAN with wireless connectivity. It addresses local 
area networking where the connected devices communicate over the air to 
other devices that are within close proximity to each other [9].  
 
Operating modes 
  802.11 wireless networks operate in one of two modes: infrastructure or 
ad-hoc mode. The IEEE standard defines the infrastructure mode as Basic 
Service Set (BSS), and the ad-hoc mode as Independent Basic Service Set 
(IBSS).  
 
  In infrastructure mode, each client sends all of its communications to  
a central station or access point (AP). The access point acts as an ethernet 
bridge and forwards the communications onto the appropriate network� 
either the wired network, or the wireless network. This mode is very similar 
to the cellular network. 
 
  In ad hoc mode, each client communicates directly with the other clients 
within the network. Ad-hoc mode is so designed that only the clients within 
transmission range (within the same cell) of each other can communicate. If 
a client in an ad-hoc network wishes to communicate outside of the cell, a 
member of the cell must operate as a gateway and perform routing, just as 
shown in figure 2. 
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  As mentioned before, for this thesis we need to implement an ad-hoc 
wireless network and integrate it with the existing cellular network to form a 
hybrid wireless network. Therefore in the remainder of this section, we only 
describe 802.11 wireless networks in ad hoc mode since it is the one that 
will be implemented in our simulator. 
 
 
Wireless ad-hoc LAN Architecture 
  The 802.11 architecture is comprised of several components and services 
that interact to provide station mobility transparent to the higher layers of the 
network stack. 
 
Wireless LAN Station 
  The station is the most basic component of the wireless network. A station 
is any device that contains the functionality of the 802.11 protocols, that 
being MAC, PHY, and a connection to the wireless media. In our simulator, 
it is UE that implements the 802.11 protocols and acts as wireless LAN 
station in the ad-hoc network. 
 
Independent Basic Service Set (IBSS) 
  The most basic wireless LAN topology is a set of stations, which have 
recognized each other and are connected via the wireless media in a peer-to-
peer fashion. This form of network topology is referred to as an Independent 
Basic Service Set (IBSS) or an ad-hoc network. 
 
  In an IBSS, the mobile stations communicate directly with each other. 
Every mobile station may not be able to communicate with every other 
station due to the range limitations. There are no relay functions in an IBSS 
therefore all stations need to be within range of each other and communicate 
directly. 
 
  In our simulator, the ad-hoc network is composed of many grids each of 
which roughly represents an IBSS. If there is communication between 
different cells, some wireless stations must work as routers to relay 
messages from the source or destination.  
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Figure 3. Independent Basic Service Set (IBSS) 
 
 
802.11 Media Access Control 
  The 802.11 MAC layer provides functionality to allow reliable data 
delivery for the upper layers over the wireless physical media. The data 
delivery itself is based on an asynchronous, best-effort, connectionless 
delivery of MAC layer data. There is no guarantee that the frames will be 
delivered successfully. 
 
  The 802.11 MAC provides a controlled access method to the shared 
wireless media called Carrier-Sense Multiple Access with Collision 
Avoidance (CSMA/CA). CSMA/CA works by a "listen before talk scheme". 
This means that a station wishing to transmit must first sense the radio 
channel to determine if another station is transmitting. If the medium is not 
busy, the transmission may proceed. 
 
2.3.2 Ad-Hoc Routing Protocols 
  Now that we have learnt how ad-hoc network is constructed and how it 
operates in the MAC layer, it is time for us to move upward to the network 
layer. Specifically, since every node in ad-hoc network must have routing 
capabilities to work as a router, how do wireless nodes collect routing 
information and update it when the network topology changes? The answer 
lies in the routing protocols designed for ad-hoc networks. These routing 
protocols may generally be categorized as table-driven and on-demand 
driven. 
 
  The table-driven routing protocols attempt to maintain consistent, up-to-
date routing information from each node to every other node in the network 
by exchanging messages periodically between the nodes. At all times the 
routes to all destinations are ready to use and as a consequence initial delays 
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before sending data are small. Table-driven protocols do not scale up with 
frequent topology changes. Therefore this strategy is appropriate for a low 
mobility network. 
 
  The on-demand driven protocols were designed to overcome the wasted 
effort in maintaining unused routes. Routing information is acquired only 
when there is a need for it. As on-demand driven routing protocols flood the 
network to discover the route, they are not optimal in terms of bandwidth 
utilization, but they scale well with  frequent topology changes. Thus this 
strategy is suitable for high mobility networks. 
 
Ad-hoc On-Demand Distance Vector Routing (AODV) 
  AODV is an on-demand driven routing protocol that will be used in our 
new simulator. So let us observe in more detail how it obtains and maintains 
routing information. AODV consists of two working phases: route discovery 
and route maintenance. 
 
Route Discovery 
  When a source node desires to send a message to some destination node 
and does not already have a valid route to that destination, it initiates a Route 
Discovery process to locate the other node. It broadcasts a route request 
(RREQ) packet to its neighbors, which then forward the request to their 
neighbors, and so on, until the destination is located. Figure 4a illustrates the 
propagation of the broadcast RREQs across the network.  
 
  During the process of forwarding the RREQ, intermediate nodes record in 
their route tables the address of the neighbor from which the first copy of the 
broadcast packet is received, thereby establishing a reverse path. Once the 
RREQ reaches the destination the destination responds by unicasting a route 
reply (RREP) packet back to the neighbor from which it first received the 
RREQ (Figure 4b). As the RREP is routed back along the reverse path, 
nodes along this path set up forward route entries in their route tables which 
point to the node from which the RREP came.  
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Figure 4. AODV Route Discovery 
 

Route Maintenance   
  To maintain routes the nodes survey the link status of their next hop 
neighbors in active routes. The node detecting a link break sends a ROUTE 
ERROR message to each of its upstream neighbors to invalidate this route 
and these neighbors propagate the ROUTE ERROR to their upstream 
neighbors. This continues until the source node is reached. The ROUTE 
ERROR message contains an infinite metric for the destination and causes 
the receiver to invalidate the route. Now the node must start a new Route 
Discovery for a connection to this destination. 
 
   From the description above, the working process of AODV is very 
complex thus it is not worthwhile to implement it for this thesis. Moreover, 
AODV has already been implemented in the latest J-Sim wireless package 
which will be discussed later in the next chapter. However in our simulator, 
the AODV protocol is only used when a UE tries to connect to base stations 
or other UEs. After the connection is established, another routing protocol 
takes the place of AODV to forward messages and additionally checks link 
status. If and only if the link is broken will AODV protocol again be run to 
find a new ad-hoc path to the destination. 
 
2.4 Hybrid Wireless Network Architecture 
  A hybrid network is formed by placing a sparse network of base stations in 
an ad hoc network. These base stations are assumed to be connected by a 
high-bandwidth wired network and act as relays for wireless nodes. They are 
not data sources or data receivers. Hybrid networks present a tradeoff 
between traditional cellular networks and pure ad hoc networks in that data 
may be forwarded in a multi-hop fashion or through the infrastructure [10]. 
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Figure 5. A hybrid wireless network 
 
  In a hybrid wireless network, a UE contains two primary interfaces: one is 
the UMTS interface that communicates with base stations via the Uu 
interface, the other is the wireless interface that enables it to exchange 
messages with other user equipments by the IEEE 802.11 standards.  
 
2.5 Resource Allocation 
  Resource allocation is done to ensure an efficient use of resources in the 
network. In a 3G network the resources include transmitting power, 
frequency channels and so on. This thesis addresses bandwidth allocation 
only. The simulator could in principle be expanded to include allocation 
schemes that deal with other resources as well. 
 
  Bandwidth for a connection is allocated at connection setup and kept 
through the duration of the connection. Bandwidth is possibly changed when 
the connection is handovered from one cell to another cell, since available 
bandwidth in the new cell might be different from that in the original cell.  
In this thesis, connections are categorized into several types of service or 
application. Different types of service or application have different 
bandwidth requirements. In the existing wireless simulator for cellular 
networks, bandwidth is reserved for a connection by the RNC over the 
cellular link between UE and Node-B. The amount of the reservation is 
determined by the resource allocation algorithm in RNC according to the 
service type of the connection.  
 
  Resoruce allocation is implemented the same way in the new simulator. In 
other words, bandwidth for a connection is only reserved over cellular link, 
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which may be counter intuitive. After all, due to the existence of multi-hop 
connection in hybrid networks, it seems that the bandwidth management in 
the new simulator should be applied not only to cellular links but also to ad-
hoc links. However, in the new simulator, it is assumed that bandwidth of 
ad-hoc links is always much larger than that of cellular links. Thus the 
cellular link becomes the bottleneck of bandwidth management for a multi-
hop connection. As a result, bandwidth management in the new simulator is 
limited to cellular links, just as the existing simulator. 
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3 SIMRA and J-Sim 
 
 Since this thesis work is to extend and improve the existing simulator, it is 
essential that we study the existing simulator to understand its architecture 
and deficiencies. The existing simulator is implemented under J-Sim 
simulation environment. So we will also present some basic aspects of  the J-
Sim simulation environment. 
 
3.1 The Existing Wireless Simulator (SIMRA) 
  As mentioned before, this thesis was originally inspired by the work that 
Robert Jonasson presented in his master thesis earlier in 2002. His work 
focused on implementing a simulator of UMTS wireless networks for 
evaluating resource allocation algorithms. The simulator was later extended 
by Calin Curescu to add some advanced features and this description refers 
to the final version. In the sequel, the existing wireless simulator will be 
referred to as SIMRA (simulator for resource allocation). 
 
3.1.1 Class Structure 
  The structure and relationship of the main classes in SIMRA can be 
demonstrated as the following: 
 

RRCMessage

UE Cell RNC

ResourceAllocationAlgorithm

drcl.comp.Component

1

0..1

ConnectionBroker

Connection0..*

1

 
 

Figure 6. An overview of classes in SIMRA 
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  As shown in figure 6, the nodes in UTRAN were directly mapped to J-sim 
components, the main entities being UE, Cell and RNC. Resource allocation 
algorithm was only invoked by RNC and was thus implemented as a child 
component of the RNC. RRC messages exchanging among UE, Cell and 
RNC were implemented as objects [13]. Each of the classes will be 
explained in more details follows: 
 
UE   
  The UE class mimics the actions and characteristics of user equipment. 
When a UE is run it starts by scheduling when to make its first connection 
based on the connection interarrival rate (CAR) set for this UE. It also 
schedules when to change cell, based on the mobility model. 
   
  The UE always schedules one event ahead: when a connection is set up, it 
schedules the disconnection, when the disconnection is made it schedules 
when to make the next connection etc.  
 
Cell 
  The Cell class represents a Node B and its associated cell(s) in the 
UTRAN. A Cell component is quite “dumb”- it merely acts as a router 
forwarding messages between the UE and the RNC. It keeps a list of the 
current UEs camping on it, and the connections associated to these UEs. It 
also contains information on for example the bandwidth of the cell. The cell 
is physically thought to be a hexagonal area, and therefore it has six 
neighboring cells. The cell keeps track of the probability of moving into 
each of the neighbors. Initially these probabilities are all the same, so 
moving into any one of the cells is equally as probable as any other cell. 
However, the probabilities can be altered to model sinks and sources within 
the network. In this way “hotspots”, where a lot of UEs gather, can be 
represented. 
 
RNC 
  The RNC class implements the functionalities of Radio Network Controller 
described in the previous chapter. It receives requests sent from UEs in the 
network. After processing the requests, either through a resource allocation 
algorithm or by other means, it replies to the UE with the result. The RNC 
also keeps a count of the number of different requests as well as the outcome 
of them. This is used for outputting the statistics at the end of a simulation. 
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ResourceAllocationAlgorithm 
  Since the idea with the simulator is to evaluate several different resource 
allocation algorithms they need to be interchangeable in a relatively easy 
way. Therefore it is possible to switch between available algorithms in the 
RNC.  
 
RRCMessage     
  A radio resource control message (RRCMessage) represents the super class 
of messages that are exchanged among UE, Cell and RNC. These messages 
are directly inspired by the Radio Resource Control Messages as defined in 
the 3G standard, for more information see [22]. 
 

RRCMessage

Cel lUpdate Cel lUpdateConfirm

RRCConnec t i onReques t

RRCConnec t i onRel eas e

RRCConnectionSetup

RRCReleaseRequest

HandoverRequest HandoverResponse

 
 

Figure 7. RRCMessage class and its subclasses 
 
ConnectionBroker 
  In order to be able to easily switch traffic models connections are provided 
to the UE through the ConnectionBroker. The connection broker can be set 
up to deliver connections according to different traffic models, for example 
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the mixture of services for the connections and the bandwidth characteristics 
for these services. 
 
Connection 
  A Connection object contains information that illustrates a connection. This 
is for example requested bandwidth, granted bandwidth and Quality of 
Service class. 
 
3.1.2 Traffic Modeling 
  This section describes how traffic is modeled for UMTS networks in 
SIMRA, such as what types of connection a UE could make and how 
frequent a UE asks for a new connection. Traffic modeling will be extended 
in the new simulator since there are much richer types of connections in 
hybrid networks. 
 
3.1.2.1 Connection Type 
  In SIMRA, the connections can be divided into two types: direct 
connection (UE to Node-B), 2-UE connection (UE to UE). 
 
Direct Connection (UE to Node-B) 
  Direct connection is generated when a UE wants to do some work related 
to the Internet such as Internet surfing or email checking. In this case, the 
UE tries to connect directly to the Cell where it currently resides in by 
sending RRCConnectionRequest message. However, whether the connection 
should be admitted or rejected has to be determined by the resource 
allocation algorithm in RNC. Thus the RRCConnectionRequest is forwarded 
by the Cell to the RNC, which will process the request and give the response 
by sending back a RRCConnectionSetup message. The 
RRCConnectionSetup message will be processed by both the Cell and the 
UE. If the RRCConnectionSetup is positive, the requested connection will 
be established between the UE and the Cell. Otherwise, the connection will 
be aborted. 
 
  Figure 8 depicts the messages that will be exchanged between the nodes 
during a direct connection. 
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source UE Destination Cell RNC

1. RRCConnectionRequest
2. RRCConnect ionRequest

3. RRCConnectionSetup

4. RRCConnect ionSetup

 
Figure 8. Message flow for direct connection 

 
2-UE Connection (UE to UE) 
  We call it a 2-UE connection when a UE wants to make a connection to 
another UE.  In SIMRA, this type of connection is treated as two distinct 
connections from the source UE and the destination UE respectively. The 
source UE and the destination UE both send the RRCConnectionRequest 
message via their host cells (the cells which they currently reside in) to the 
RNC. The RNC processes the requests separately and sends corresponding 
replies to the UEs. 
 
  Figure 9 depicts the messages that will be exchanged between the nodes 
during a 2-UE connection (for clarity, cells are omitted here). 
 
 

source UE RNC desination UE

1. RRCConnectionRequest
2. RRCConnect ionRequest

4. RRCConnect ionSetup

3. RRCConnect ionSetup

 
 

Figure 9. Message flow for 2-UE connection 
 
3.1.2.2 Connection Interarrival Rate 
  When modeling the arrival of new connections the concept of interarrival-
time is important. Connection interarrival-time means the time passing 
between two consecutive connection requests. Very often, the connection 
interarrival-time is modeled as following an exponential distribution. For 
example, if a connection is to arrive every 15 minutes an exponential 
distribution with the mean 1/15 will model this quite accurately. 
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3.1.3 Mobility Modeling 
  Mobility modeling determines how the movement of a UE is simulated. 
The mobility model in SIMRA is designed for a cellular network and thus 
will be extended in the new simulator to simulate a hybrid network. 
  In SIMRA, the UMTS network is modeled as a number of hexagonal cells. 
UEs keep moving around from one cell to another cell. When a UE crosses 
the cell boundary, a handover event takes place. 
 
  Two factors are important for mobility modeling: one is determining how 
long a UE should stay in a certain cell before moving on, the other is 
choosing which neighboring cell to move to. The former one is modeled as a 
geometric distribution following ElKadi [14], while the latter one is 
determined by the handover probabilities of the current cell where the UE 
resides. To control the movement of a UE through the network, one can 
adjust the probability of moving in certain directions, e.g. as in Figure 10.  
 

 
Figure 10. Example of a cell grid with equal probability of moving into any of the 
neighboring cells 

 
  By adjusting the handover probabilities it is possible to model a road 
passing through the grid, or a cell acting as a hot spot. 
 
3.2 Preliminaries for Extension 
  One goal of this thesis is to extend SIMRA from a simulator for cellular 
networks to a simulator for hybrid networks. The main part of the extension 
is to implement an ad-hoc wireless network. As described earlier in Chapter 
2, a lot of components are required in the new simulator to construct an ad-
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hoc network, such as ad-hoc routing protocol (e.g AODV), IEEE 802.11 
protocol and so on. 
 
  One way to do the extension is to write all the components by ourselves. 
However, it will be a time-consuming and error-prone work. Fortunately, all 
these components are provided by the wireless package in the latest version 
of J-Sim released in 2004. In this thesis, the decision was made to use as 
much as possible of this wireless package in extending SIMRA. In the next 
sections, an overview of J-Sim and its wireless package will be presented to 
help readers understand the extension work. 
 
3.2.1 Overview of J-Sim 
  J-sim is a component-based simulation environment provided by the 
Distributed Computing Laboratory at Ohio State University. It was first 
released in 2001 and still has a rather limited user base. J-sim is an 
implementation of Autonomous Component Architecture (ACA) in Java, 
which makes it available for almost any platform today. It is mainly aimed at 
research in wired networks, but the latest version released in February 2004 
has included extension to wireless/mobile networks, which makes it an ideal 
programming tool for wireless network modeling and simulation. 
 
The Autonomous Component Architecture 
  In the autonomous component architecture, a basic entity is a component. 
Each component owns one or more end points, called ports. We envision an 
application as a composition of components. The components in J-Sim are 
loosely coupled, communicate with one another by "wiring" their ports 
together, and are bound to contracts.  Contracts specify the causality of data 
sent/received between components, but do not specify the components that 
participate in the communication.  Contracts are bound at design time and 
components are bound at system integration time. One immediate advantage 
of this separation is that different components can be developed 
independently and integrated later [11].  



 24

 
Figure 11. The component-based architecture 
 
  Now let us step back to see how this autonomous component architecture is 
employed in SIMRA. As described earlier in section 3.1.1, there are three 
core components in SIMRA: UE, Cell and RNC. These components have 
their ports wired together and interact with each other by passing messages 
through these ports. The messages exchangeable among UE, Cell and RNC 
should comply with the contract � RRCMessage, which determines the 
format and semantics of these messages. 
  
3.2.2 J-Sim Wireless Package 
  The J-Sim wireless package includes a set of components which facilitate  
some basic studies of wireless/mobile network simulation. Figure 12 depicts 
the schematic of a wireless node in the J-Sim wireless architecture. 
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 Figure 12. Schematic of a wireless node in J-sim 
 
  As shown in figure 12, these components interact with each other by wiring 
their ports together. The components can be divided into two parts: 
 

1. Components above the dashed line compose a mobile node. Among 
these components, AODV, ARP, LL and Mac_802_11 forms the 
protocol stack in a mobile node that supports mobile communications. 
WirelessPhy, MobilityModel and RadioPropagationModel simulate 
the physical characteristics of a mobile node. 

2. Components under the dashed line simulate a shared medium on 
which each mobile node is working. This set of components includes 
a shared Channel component and a NodePositionTracker component 
which keeps track of the positions of all mobile nodes for later query. 

 
  In the following text, we will explain these components in more detail 
separately. 

 
AODV 
  The AODV component works just as the AODV protocol described in 
chapter 2. As shown in Figure 13, the AODV component provides routing 
service via the �.ucastquery� port. When AODV receives a unicast request, 
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it queries the RT (Routing Table) component to see if there is a 
corresponding entry for the destination in the routing table. If not, AODV 
forwards the request to its neighboring nodes. The forwarding process will 
continue until the request reaches its destination (the Identity component is 
used for this purpose). The destination node will send a reply back to the 
source node, which then generates an entry for the destination and stores it 
in the routing table. In addition, AODV also handles �link broken� event 
which comes from the underlying Mac_802_11 component. 
 

AODV

RT
PktDispatcher Identity

MAC_802_11

.service_id

.ucastquery

.ucastquery

down

103

.linkbroken

.linkbroken

.service_rt

.service_rt

.service_id

 
 

Figure 13. AODV component 
 
PktDispatcher 
  The PktDispatcher implements the network layer functions. When it 
receives unicast packets from the upper layer, it generates a unicast request 
and sends it to the AODV component to get the network address of the next 
hop according to the destination address in the packet. After it gets the reply 
from the AODV component, it sets the IP address of next hop in the packet 
and sends it to the LL component through the queue associated with it. 
When PktDispatcher receives packets from the LL component, it first checks 
if the packet is destined to itself or some other mobile nodes. If the packet 
reaches the destination, PktDispatcher dispatches the packet to the 
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appropriate upper component according to the protocol number specified in 
the packet. Otherwise, PktDispatcher does some necessary modification to 
the packet (e.g. decreasing TTL value) and forwards it to the next hop of the 
packet. 
 
ARP 
  The ARP component implements Address Resolution Protocol (ARP). It 
maintains an ARPTable, and each entry in that table records the IP address 
of a mobile node and the MAC address of the receiving wireless interface 
card of that mobile node. ARP probes and collects the mapping of MAC 
address and IP address by sending/receiving ARP request and reply packets 
to/from the neighboring nodes. 
 
LL 
  The LL (Linker Layer) component implements some link layer functions. It 
provides ARP resolve service to the upper layer. When an packet is received 
from the PktDispatcher, the LL component queries the ARP component to 
get the Mac address of the next hop node, encapsulates the packet and sends 
it to the lower layer. Meanwhile, the LL component dispatches the packet 
received from the Mac_802_11 component according to the packet�s type. 
 
Mac_802_11 
  Mac_802_11 component runs IEEE 802.11 MAC protocol to determine 
when an IEEE802.11 mac frame should be sent out through the wireless 
interface card (WirelessPhy). The payload of the received IEEE802.11 data 
frame is forwarded to the LL component through the llPort of the 
Mac_802_11 component.  Mac_802_11 also sends link failure notification 
message to the AODV component in case of link failures. 
 
WirelessPhy 
  The WirelessPhy component mainly simulates some features of the 
physical layer of a wireless card. It calculates the receiving signal strength of 
each frame by consulting the installed radio propagation model and 
determines whether it can be decoded correctly or not. 
 
MobilityModel 
  The MobilityModel component simulates the movement of the wireless 
node in the ad-hoc network. Two mobility models have been implemented: 
Random Waypoint Mobility Model and Trajectory Based Mobility Model. If 
a trajectory array is installed, the MobilityModel component automatically 
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simulates the node movement according to the specified trajectory. If no 
trajectory array is installed, Random Waypoint mobility model is used to 
simulate the movement of mobile nodes. 
 
  Random WayPoint mobility model works as the following: after the 
MobilityModel component is started, it randomly chooses a destination to 
move to (the destination must be within the movable range which is 
previously specified in the setTopologyParameters function) and a moving 
velocity (the velocity can not be greater than the max speed which is already 
specified in the setPosition function). Thus the time it takes for the mobile 
node to move from current position to the destination is calculated by this 
formula: changeDestinationPeriod = dist / speed where the dist is the 
distance between the current position and the destination, which means the 
mobile node moves at constant speed during this period. After the amount of 
changeDestinationPeriod passes, the mobile node randomly chooses a new 
destination and the previous process starts over and over. 
 
RadioPropagationModel 
  RadioPropagationModel is used to predict the received signal power of 
each packet. At the physical layer of each wireless node, there is a receiving 
threshold. When a packet is received, if its signal power is below the 
receiving threshold, it is marked as error and dropped by the MAC layer. Up 
to now there are three propagation models in J-Sim Extension: Free Space 
Model, Two-ray Ground Model and Irregular Terrain Model. 
 
Channel 
  The Channel component simulates a shared channel. All mobile nodes 
should connect to the �.node� port of the Channel component to 
communicate via the wireless network. When a mobile node transmits a 
frame, that frame is received by the Channel component from the �.node� 
port. The Channel component queries the NodePositionTracker to get a list 
of all "neighboring" nodes, whose wireless interface card should "hear" and 
process that frame. Then that frame is duplicated and sent "up" to those 
nodes. 

 
NodePositionTracker 
  The NodePositionTracker tracks the position of each mobile node and 
determines the neighboring relationship of each node pair. The 
NodePositionTracker periodically receives the position update report from 
the mobility model component of each node. When the Channel queries the 
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neighbors of a sender node, the NodePositionTracker first determines the 
position of the sender, then it retrieves out all nodes located within the 
neighboring range of the sender and sends the node ids back to the Channel 
component.  
 
3.3 Extensions and Improvement 
  The extension of SIMRA is not just the implementation of an ad-hoc 
network. In fact, with the extension of ad-hoc network, the traffic model and 
the mobility model of SIMRA also have to be extended to adapt to the 
hybrid wireless network since they are originally designed for UMTS 
cellular networks. 
 
  Moreover, there are some deficiencies in the design of SIMRA which also 
needs to be improved. For example, although ResourceAllocationAlgorithm 
is designed as a child component of RNC for easy switching between 
different resource allocation algorithms at run time, the functionalities of 
ResourceAllocationAlgorithm are not implemented as methods of 
ResourceAllocationAlgorithm component but distributed among RNC and 
Cell components, which makes it hard to maintain or add new resource 
allocation algorithms. In addition, there are some redundancies in SIMRA 
that need to be removed. 
 
  The design of a new simulator for hybrid wireless network will be 
presented in the next chapter, which covers the extension and improvement 
work discussed so far. 
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4 Design and Implementation 
  This chapter presents the requirements of the new simulator and discusses 
how to fulfill these requirements. The design of the simulator is given, as 
well as a few notes on the implementation. 
 
4.1 Requirements 
  As mentioned before, this thesis work is to extend and improve SIMRA to 
make it a new simulator for hybrid wireless networks. Accordingly, the 
requirements can be categorized as the following: 
 
  Extensions 

• implementing an ad-hoc network and integrating it into SIMRA to 
simulate a hybrid wireless network 

• extending the traffic model and the mobility model to adapt to the 
hybrid wireless network 

 
   Improvements 

• provide a clean message passing scheme by several state transition 
diagrams to expose the inner working to the user of the simulator for a 
good understanding and correct expectation 

• removable component such as the resource allocation algorithm in the 
RNC component should be self-contained and provide a clean 
interface 

 

4.2 Design of The New Simulator 
  In the following sections, we will first describe how the hybrid wireless 
network is modeled in the new simulator. From the description, we will find 
out what is not present in SIMRA and needs to be extended. Then we will 
discuss the design process of the new simulator: what choice we have made 
and why we made it.  
 
  For simplicity, the new simulator will be called HYBSIM since it is a 
simulator for hybrid networks. 
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4.2.1 Hybrid Wireless Network Modeling 
  The hybrid wireless network combines the concepts of cellular network and 
ad-hoc network. Cellular network is implemented as a number of cells in 
SIMRA while ad-hoc wireless network is implemented as many small grids 
(IBSS) in J-sim. To integrate these two networks, the hybrid wireless 
network in the new simulator is modeled as a number of rectangular cells 
each of which in turn is composed of many grids, as shown in figure 14. 
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Figure 14. Topology of hybrid wireless network in the new simulator 
 
  From the beginning base stations (Node-B) are located at the center of the 
corresponding cells and UEs are uniformly distributed over the network. 
RNC connects through wire line with all the base stations and is treated as a 
logical component. Base stations are fixed and stay at the center of the cells 
for the whole simulation. On the other hand, UEs keep moving around in the 
network according to the Random Waypoint mobility model which can be 
queried by the UE to get its current position in the network. 
 
  UE is the only traffic source that can generate connections to other UEs or 
base stations. When a UE wants to establish a connection, it randomly 
chooses a partner (either a base station or another UE). If the partner is a 
base station (an Internet connection), the UE sends a connection request to 
the RNC which processes the request and sends back a response. If it is a 
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positive response, the connection is established between the UE and the base 
station. A connection between two UEs is a little more complex than an 
Internet connection. The source UE sends a connection request to the RNC 
which forwards the request to the destination UE. RNC doesn�t respond to 
the source UE until it gets reply from the destination UE. In both cases, there 
is no real data flow between source and destination for the duration of the 
connection except control packets.  
 
  Due to the existence of ad-hoc network, a UE can also connect to its 
partner through other UEs when the closest base station to the UE is 
overloaded and cannot allocate bandwidth to any new coming connections. 
The UE collects all available ad-hoc paths to its neighboring cells with 
AODV routing protocol and finds out the best path by path-choice 
algorithm. Then the UE tries to establish a connection to the neighboring 
base station via the chosen ad-hoc path in the same way as an Internet 
connection. After the connection is successfully established, things are more 
interesting. One may expect AODV to be used as the routing protocol for the 
lifetime of this connection. However, it does not work that way. The reason 
can be described as follows: as part of resource management, bandwidth 
need to be reserved along the ad-hoc path for this connection, which means 
packets should go along the same ad-hoc path for the duration of this 
connection. However, AODV routing protocol is a dynamic routing protocol 
which makes no guarantee that continuous packets make their way to the 
destination through the same route. Thus, to ensure that packets follow the 
same route after the connection is established, the UE uses another routing 
protocol which periodically sends out specific packets to the destination to 
check if the ad-hoc path is broken until the connection is terminated. If the 
path is broken, the UE will again use the AODV protocol to find a new path 
for this connection. 
 
  Base stations keep track of all the UEs within its coverage and act as a 
router between these UEs and the RNC. They receive messages from UEs 
via the Uu interface, forward them to RNC via the Iub interface and vice 
versa.  
 
  Resource management is done by the RNC which periodically runs the 
resource allocation algorithm to allocate bandwidth. The resource allocation 
algorithm is run independently for each cell. For each cell, resource 
allocation algorithm analyses the bandwidth requirements and other 
bandwidth-related attributes of all connections (new connections and 
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ongoing connections) and allocates bandwidth to each connection according 
to some given criteria (e.g. in such a way that the system utility is 
maximized). 
 
  Originally, resource management should be deployed both in the cellular 
network and the ad-hoc network. For example, when a UE connects to base 
station through other UEs, the bandwidth management for this connection 
includes two parts: one part is the bandwidth management for the cellular 
link between UE and base station, the other part is the bandwidth 
management for the ad-hoc path. However, in this thesis, it is assumed that 
the bandwidth allocated for the ad-hoc path is always much larger than the 
bandwidth of the cellular link. Thus, in the current implementation of our 
simulator, the bandwidth management is only effective in the cellular link. 
 
4.2.2 Extension of UE 
  From what has been described in section 4.2.1, we can see that in the 
hybrid network a UE contains two wireless interfaces: one is the Uu 
interface to communicate with base stations in the UMTS network, the other 
is the ad-hoc interface to communicate with other UEs in the ad-hoc 
network. The Uu interface has already been implemented in SIMRA. Thus, 
only the ad-hoc interface needs to be incorporated into UE in HYBSIM.  
 
  Although we can write all the code to implement the ad-hoc interface by 
ourselves, such components are provided by the wireless package in the 
latest version of J-Sim. Since one principle in section 3 was to reuse this 
wireless package as much as possible, we decided to implement the ad-hoc 
interface by the J-Sim wireless components. In HYBSIM, a new component 
WirelessCard which consists of those wireless components is incorporated 
into a UE as the ad-hoc interface.  
 
  With the addition of WirelessCard, the structure and relationship of the 
main classes in HYBSIM can be depicted as the follows: 
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Figure 15. Class Diagram of HYBSIM 
 
4.2.3 Traffic Modeling 
  As in SIMRA, UE is still the only source that can generate connections to 
base stations or other UEs. However, for direct connection and 2-UE 
connection in SIMRA, the source UE can only establish a connection via a 
single-hop path to the closest base station. If there is not enough bandwidth 
in this base station and the cell is overloaded, all that the source UE can do is 
to give up this connection and wait until there is enough bandwidth. With 
the extension of ad-hoc network in HYBSIM, if the closest cell is 
overloaded, the source UE can now make the connection via multi-hop paths 
to other base stations, as said earlier in section 4.2.1. Therefore, in 
HYBSIM, when a UE wants to make a connection, it first collects all the 
available paths to all the neighboring base stations (how a UE finds out the 
paths to all the base stations is another problem and will be addressed when 
we discuss the routing protocols in section 4.2.4). It then chooses one path 
from these available paths by some path choice algorithm. If the chosen path 
is a single-hop path, the process to establish and release the connection is the 
same as that in SIMRA. If the chosen path is a multi-hop path, the process 
will be a little different, which will be presented in the next section.  
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  Moreover, in a hybrid wireless network, a UE can connect to other UEs 
only via ad-hoc paths without the participating of the UMTS network. Thus 
in HYBSIM, the connections can be divided into three types: direct 
connection  (UE to Node-B), 2-UE connection (UE to UE) and ad-hoc 2-UE 
connection (UE to UE in ad-hoc operating mode). Now let us discuss these 
three types of connections one by one. 
   
Direct Connection (UE to Node-B) 
  This type of connection is much similar to the �direct connection� in 
SIMRA. However, in SIMRA, the UE can only connect to the cell where it 
currently resides in (single-hop). If the cell is overloaded or malfunctioning, 
the connection request will be rejected. In HYBSIM, the UE can also 
connect to other cells reachable via multiple hops, which increases the 
connectivity in the wireless networks. The message flow chart is the same as 
Figure 8. 
 
2-UE Connection (UE to UE) 
  This type of connection also exists in SIMRA. However, in SIMRA, when 
a UE wants to establish a connection to another UE, the source UE first 
checks if the destination UE is busy. If the destination is idle, the source UE 
and the destination UE both send out connection requests to the RNC. 
Otherwise, the source UE gives up this connection and tries to find another 
UE that is idle. At first sight, it seems good. However, in SIMRA, the 
process of destination UE sending out its connection request is implemented 
by having the source UE call a function of the destination UE. The 
destination UE has no idea that it is in the process of accepting a connection. 
Thus, problems might happen after the source UE gets the �IDLE� status of 
the destination UE and before the destination UE sends out its connection 
request. For example, since the destination UE doesn�t know that another 
UE who wants to establish connection with it has already checked its status, 
it establishes a direct connection with a cell. The source UE now calls the 
function of the destination UE to let it make a connection. As a result, the 
direct connection between the destination UE and the cell is interrupted by 
the 2-UE connection and is terminated prematurely. 
 
  One way to solve this problem is that the source UE sets the status of the 
destination UE to busy right after it learns the destination is idle. Although 
this method works, it is not good to have a UE call so many functions of  
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another UE since it results in a messy interface hard to understand and 
maintain.  
 
  Therefore in HYBSIM, another method is used to deal with this problem: a 
new RRC message PassiveConnectionSetup is introduced in the new 
simulator. When a UE wants to establish connection to another UE, it first 
sends RRCConnectionRequest to the RNC, the RNC processes this request 
and sends a new RRCConnectionRequest message to the destination UE. 
When the destination UE receives the RRCConnectionRequest message  
(which will never happen in SIMRA), it checks if it is in IDLE mode (in this 
case, the connection will be admitted by the destination) or it is already in a 
session (the connection will be rejected by the destination) and sends back a 
positive or negative PassiveConnectionRequest message. The RNC won�t 
respond to the source UE until it receives the PassiveConnectionRequest 
message from the destination UE. Only after the RNC receives the 
PassiveConnectionRequest from the destination will it decide whether the 
resource in the system could accomodate this connection and send back 
corresponding replies to both the source UE and the destination UE. 
 
  Figure 16 shows the message passing among source UE, RNC and 
destination UE for a traditional 2-UE connection. 
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Figure 16. Message flow for traditional 2-UE connection 

 
 
 
Ad-hoc 2-UE Connection (UE to UE) 
  Ad-hoc 2-UE connection is a new type of connection that only exists in 
HYBSIM. Is this connection necessary? One may wonder about this since 
we already have the 2-UE connection. The answer is yes. For example, if 
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two UEs reside in the same cell but the cell is overloaded, a pure ad-hoc 
connection between these UEs is better than a UE-BS-UE connection. Why? 
There are two reasons. First, it is typical that when a cell is overloaded, its 
nearby cells are probably also overloaded. Thus it is hard to find such a base 
station in this UE-BS-UE connection. Second, even if a base station is 
available for this UE-BS-UE connection, the multi-hop paths from these 
UEs to the base station is much longer than the ad-hoc path between the 
UEs, which means that the multi-hop paths are much fragile and easier to be 
broken than the ad-hoc paths.  
 
  In HYBSIM, ad-hoc 2-UE connection happens only when the UE is 
operated in ad-hoc mode. Only UEs take part in this type of connection, no 
Cells or the RNC is concerned. This connection has nothing to do with the 
cellular network. It is a pure ad-hoc connection. 
 
  The main difference between this connection and the other two connections 
is that in this connection, there may be no ad-hoc path from the source UE to 
the destination UE. To solve this problem, a new message 
AdHocConnection and a timer are introduced into HYBSIM. When a UE 
running in ad-hoc mode wants to establish a connection to another UE, it 
sends out an AdHocConnection message to the destination UE and starts the 
timer. If the AdHocConnection message arrives the destination UE, the 
destination just sends back this message to the source. If the source receives 
the AdHocConnection message before the timer expires, the ad-hoc 
connection is successfully established. Otherwise, it means that there is no 
ad-hoc path to the destination and the source gives up this connection. 
 
  The message flow for a successful ad-hoc connection is depicted in the 
following figure: 
 

destination UE

AdHocConnection

AdHocConnection

intermediate UEsource UE

state=IDLE

state=AD_HOC state=AD_HOC

state=IDLE

 
 

Figure 17. Message flow for a successful ad-hoc 2-UE connection 
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4.2.4 Routing Protocols   
  As mentioned in the previous section, with the extension of an ad-hoc 
network, a UE can now establish connections via multi-hop ad-hoc paths. In 
HYBSIM, if a UE wants to make a connection (no matter what type of 
connection it makes), it first collects all the available paths to all the 
neighboring base stations. It then chooses the best path from these available 
paths by some path choice algorithm. If the chosen path is a multi-hop ad-
hoc path, the UE will do some additional work over the ad-hoc link before 
sending out those messages described in section 4.2.3 and after the 
connection has been established.  
 
  Now comes an interesting question: how does a UE collect the available 
ad-hoc paths to its neighboring cells? The answer lies in the routing protocol 
of the WirelessCard component which has been described earlier. AODV is 
the only ad-hoc routing protocol that has been implemented in J-Sim, which 
means that it is the only choice unless we develop other routing protocols by 
ourselves. Since one principle of this thesis is to reuse the J-Sim wireless 
package as much as possible, AODV becomes the routing protocol initially 
used in HYBSIM. For a UE to communicate to a base station via ad-hoc 
path, base station should also have routing capability. Therefore, in 
HYBSIM, not only UE but also Node-B is treated as mobile nodes. The 
difference between UE and Node-B in this aspect is that UE is free to move 
around in the ad-hoc network while Node-B is fixed at the center of the 
corresponding cell all over the time, as described in section 4.2.1.  
 
  Another problem is raised by the fact that AODV is a dynamic routing 
protocol. In the J-Sim wireless package, AODV is implemented as the 
following: after AODV finds a route to a destination, it records this route in 
the routing table and sets a timeout value for this route (timeout value is just 
a few seconds). If the route timeouts, AODV will finds a new route for 
future packets to the destination. In other words, it is highly possible that 
continuous packets of the same session are routed by AODV via different 
paths even though the previous path is still valid. Although it is a reasonable 
design for AODV because of the unstable network topology of ad-hoc 
network, this dynamic property of AODV is not suitable in HYBSIM. As 
mentioned earlier in section 4.2.1, the bandwidth reservation along the ad-
hoc path requires that UE routes packets through the same route as long as 
possible. Thus, the routing protocol needs to be extended in HYBSIM. Now 
AODV is only used to find an ad-hoc path at the beginning of a connection. 
After the connection is established, a source routing protocol takes place to 
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ensure the traffic of this connection go along the same route from the source 
to the destination. Due to the unstable property of the ad-hoc path, the source 
routing protocol in the source periodically sends out specific packets to the 
destination to check if the path is still valid and usable. That is, we use only 
the route discovery mechanism of AODV and the work of route maintenance 
is moved to the source routing protocol. The extension work of routing 
protocols will be described in detail in the following text. 
 
Source Routing Protocol 
  For the source routing protocol to work, we should get the route from the 
source to the destination first. In HYBSIM, this work is accomplished by the 
use of two specific packets: RT_REQUEST and RT_RESPONSE which 
keeps track of the route found by AODV (RT_REQUEST and 
RT_RESPONSE packets are specially developed for the source routing 
protocol, please do not confuse them with the RREQ and RREP packets of 
AODV).  

 
Before a UE makes a connection, it first collects all available paths to its 

neighboring base stations. This path collection process works as the 
following: the UE sends out a RT_REQUEST packet to each of the base 
stations. This packet contains an empty hop list to record the ad-hoc path 
from the source to the destination. When an intermediate UE receives a 
RT_REQUEST packet, it adds its own information (such as the time it 
receives this packet, its IP address and so on) into the hop list and forwards 
the packet. When the RT_REQUEST packet reaches the destination, the 
destination adds its information to the hop list and sends back a 
RT_RESPONSE packet with the completed hop list to the source UE. The 
hop lists fetched from all received RT_RESPONSE packets are thus the 
available ad-hoc paths from the UE to its neighboring cells. 

 
The message flow during the path collection process can be depicted as 

the following figure: 
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Node-B

RT_REQEUST packet

RT_RESPONSE packet

intermediate UEsource UE

 
Figure 18. Message flow during path collection process 

 
 
When a UE makes a connection, it chooses the best path from all the 

available paths (single-hop and multi-hop) by some path choice algorithm. If 
the chosen path is single-hop, the message flow is the same as what 
described in section 4.2.3. If the chosen path is multi-hop, the source routing 
protocol will be used by the UE to detect if the ad-hoc link is broken or not 
periodically after the connection has been successfully established. As in the 
path collection process, two specific packets are used by the source routing 
protocol in the link detection process: RT_SOURCE and RT_SUCCESS.  
 

After establishing the connection, the source UE periodically sends a 
RT_SOURCE packet to the destination which contains the hop list obtained 
during the path collection process. A timer runs for the RT_SOURCE packet 
since there may be no replies back if the ad-hoc path is no longer available. 
The RT_SOURCE packet should be forwarded to the destination by the hops 
in the order specified in the hop list. Every intermediate node forwarding 
RT_SOURCE packet checks if it is the expected hop. If not, the 
RT_SOURCE packet is discarded. Otherwise the RT_SOURCE packet is 
forwarded to the next hop in the hop list. When RT_SOURCE packet 
reaches its destination, the destination sends back a RT_SUCCESS packet to 
indicate that the ad-hoc path is still valid. If the source UE does not receive 
any RT_SUCCESS packet before the timer expires, the ad-hoc path is 
thought to be no longer available and the source UE will try to find a new 
path to the destination. The message flow during the process described 
above is illustrated in figure 19. 
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Figure 19. Message flow during link detection process 

 
Extension of J-sim PktDispatcher Component 
  As mentioned above, with the extension of source routing protocol, there 
are four types of route packets that will be forwarded along the ad-hoc path: 
RT_REQUEST, RT_RESPONSE, RT_SOURCE and RT_SUCCESS. 
Among them, RT_REQUEST and RT_SOURCE packets have special 
requirements on the forwarding capability of a UE. To keep track of the 
route during the path collection process, RT_REQUEST packet requires 
intermediate UEs add their information into its hop list before forwarding it. 
As for the RT_SOURCE packet, it should be strictly forwarded to its 
destination according to the order specified in its hop list as described in the 
link detection process. 
   
  In J-sim wireless package, PktDispatcher is the component that implements 
the routing and forwarding functionalities of network layer. PktDispatcher 
receives packets from the upper layer and forwards these packets to their 
destinations. However, PktDispatcher just forwards packets according to the 
routing table. Since we want source routing, we modify PktDispatcher so 
that for RT_REQUEST packet it will record all the hops in the hop list while 
for RT_SOURCE packet it will forward it according to the hop list and not 
to the routing table. The source code of the extended PktDispatcher 
component will be listed in appendix B. 
 
4.2.5 Mobility Modeling 
  In SIMRA, the mobility model is rather primitive: At the beginning a UE is 
assigned to a specific cell according to some distribution policy. It pauses for 
a random period of time in this cell and jumps to another cell randomly 
selected. Then this pause-and-jump process continues until SIMRA is 
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terminated. Thus the mobility model of SIMRA is implemented as random 
hops at random times between cells.  
 
  In HYBSIM, there are new requirements of the mobility model with the 
extension of ad-hoc network. The system needs to know the neighborhood 
relationship of all the UEs so that when a UE sends out a packet the system 
can determine which UEs are within the transmission range of the source UE 
and thus can �hear� this packet. Although we can develop this mobility 
model by ourselves, such a mobility model has already been implemented in 
the J-Sim wireless package. Since one decision in this thesis is to reuse the J-
Sim wireless package as much as possible, the mobility model provided in J-
Sim will be used in HYBSIM. Since it is troublesome and unnecessary to 
install a trajectory array for each UE, the Random Waypoint mobility model 
is chosen as the new mobility model.  This mobility model works as follows: 
After a UE is initially located in the network, it selects a random destination 
in the network and a random speed distributed uniformly between 0 and 
Vmax (Vmax is specified by UE at the beginning of the simulation). After 
reaching its destination point, the UE chooses a new speed and destination to 
move to. At any time, the UE can query the mobility model to get its current 
position. The neighborhood relationship of two UEs is decided by the 
current positions of these UEs. If the distance between them is less than the 
ad-hoc transmission range, these UEs are neighbors and can �hear� each 
other.  
 
4.2.6 State Transition Diagrams 
  The message-passing scheme for hybrid wireless networks is very 
complicated. To enable a careful review of the correctness of the message 
passing and the interaction between the nodes, an important improvement 
made in HYBSIM is to provide a clean message passing scheme by several 
state transition diagrams to illustrate all the states that a UE could be in and 
the valid transition between the states triggered by message exchange. 
 
   In the new simulator, a UE could operate in two modes: SIMRA mode and 
ad-hoc mode. Direct connection and 2-UE connection can happen in both 
modes while ad-hoc 2-UE connection can only be generated by UE running 
in ad-hoc mode. 
 
UE in SIMRA mode 
  The state transition is performed as follows: After the UE is started, it 
remains in IDLE state until a �new connection� event occurs (active 
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connection) or it receives a RRCConnectionRequest message (passive 
connection). In the former case, the UE becomes the traffic source and sends 
out a RRCConnectionRequest message to the selected destination. In the 
later case, the UE is the traffic sink and replies with a 
PassiveConnectionRequest message. In both cases, the UE first collects all 
the available paths to its neighboring cells and chooses the best path for this 
connection by some path choice algorithm. It then sets the state variable 
expConnReqReply to true and waits for RRCConnectionSetup message 
from the RNC. If the RRCConnectionSetup reply is positive, the UE moves 
to PS_DCH or CS_DCH state (which state depends on whether the 
connection is packet-switched or circuit-switched). If the reply is negative, 
the UE returns to the initial state to wait for next connection request. During 
the connection, there are two events that might be treated as a handover. One 
is the UE moving around and crossing the boundary of one cell into another 
cell. The other happens only if the best path chosen for this connection is a 
multi-hop path. In this case, the UE periodically checks if the link is broken. 
If a link broken event is detected, the UE chooses a new path for this 
connection from the available paths it collected earlier and asks for a 
handover to the base station of the new path. In both cases, a handover event 
occurs and the UE sends a HandoverRequest message to notify the RNC that 
it wishes to transfer the ongoing connection into a new cell. If the amount of 
free resource of the new cell allows it to accommodate the connection, the 
RNC sends back a positive HandoverResponse message. Otherwise, RNC 
responds with a negative HandoverResponse message. The UE remains in 
the XXX_DCH state if the HandoverResponse is positive, or it returns to the 
initial IDLE state after finishing a CellUpdate operation.   Figure 20 
illustrates the process just described. 
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Figure 20. State Transition Diagram for UE in SIMRA mode 

 
UE in Ad-hoc Mode 
  In this mode, the state transition process is totally different. Moreover, the 
state transition for the source UE and the destination UE will be separated 
for clarity. 
 
  Like UE in SIMRA mode, the source UE in ad-hoc mode starts in the IDLE 
state and moves to the �expecting ConnectionRequest Reply� state after the 
�new connection� event occurs. However, unlike the SIMRA mode, the UE 
does not send out RRCConnectionRequest message, but AdHocConnection 
message. In addition, the UE starts a timer for the AdHocConnection 
message in case the reply is lost on the way. If the UE receives 
AdHocConnection reply before the timer expires, the connection is 
established and the UE moves into the AD_HOC state. If the timer times out 
and there is no reply yet, the connection is aborted and UE returns to the 
initial IDLE state. During the connection, several events may occur. First, 
the UE may cross the cell boundary. Because the ongoing connection is a 
pure ad-hoc connection, there is no handover performed. The UE just 
notifies the RNC that it moves into a new cell by sending a CellUpdate 
message and remains in the AD_HOC state. Second, after the ad-hoc 
connection is established, the UE periodically tests if the ad-hoc link is 
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broken or not. If the ad-hoc link is broken, the source UE does the same 
thing as in the �new connection� phase: It sends out a AdHocConnection 
message to find a new ad-hoc path to the destination. If it finds a new path, 
the connection proceeds on the new ad-hoc path. If not, the source UE calls 
removeConn() to release the connection from all the UEs along the previous 
ad-hoc path. It then returns to the initial IDLE state to wait for next �new 
connection� event. The process described above is depicted in Figure 21. 
   

State=IDLE

State=IDLE
expConnReqReply

State=AD_HOC State=AD_HOC
expHOReqReply

timerConnection/
send AdHocConnection

adhocTimeout

link broken event/
send AdHocConnection

adhocTimeout/
removeConn()

timerDisconnection/
removeConn()

State=AD_HOC
expCellUpdateReply

recv AdHocConnection

handover event/
send CellUpdate recv CellUpdateConfirm

State=IDLE
expCellUpdateReply

handover event/
send CellUpdate

recv CellUpdateConfirm

recv AdHocConnection

Figure 21. State Transition Diagram for source UE in ad-hoc mode 
 

  Compared to source UE in ad-hoc mode, the state transition process for 
destination UE is much simpler. The destination UE enters the AD_HOC 
state after it receives an AdHocConnection message and replies with the 
same AdHocConnection message. It stays in the AD_HOC state till its 
removeConn() function is called by the source UE either because the ad-hoc 
link is broken or the connection is scheduled to terminate. Figure 22 shows 
the state transition diagram for destination UE running in ad-hoc mode. 
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State=AD_HOC
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Figure 22. State Transition Diagram for destination UE in ad-hoc mode 
 
4.2.7 Modification of ResourceAllocationAlgorithm 
  The second improvement made to SIMRA is the modification of the 
ResourceAllocationAlgorithm component. The modification mainly involves 
correct placement of the function code, which makes the simulator more 
transparent and modular. 
 
  As mentioned before, ResourceAllocationAlgorithm is implemented as a 
child component of the RNC. Therefore it is possible to switch between 
available algorithms in the RNC. However, in SIMRA, the functionality of 
ResourceAllocationAlgorithm is implemented as several functions of the 
RNC while the ResourceAllocationAlgorithm component is only used to 
identify which resource allocation algorithm is currently in use. As a result, 
the ResourceAllocationAlgorithm component was not self-contained but 
entangled with the RNC component in SIMRA. 
 
  In HYBSIM, the ReourceAllocationAlgorithm is still implemented as a 
child component of the RNC but the functions related to resource allocation 
are moved from the RNC to the ResourceAllocationAlgorithm component, 
which makes the ResourceAllocationAlgorithm both switchable and self-
contained. The ResourceAllocationAlgorithm component provides a message 
interface to the RNC by the �query� port through which the RNC sends 
requests and receives responses. 
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5 Evaluation 
 
  In order to judge if the work has been successful or not, some comparisons 
are needed. This chapter focuses on comparing results from simulations 
done by the new simulator (HYBSIM) with those previously generated by the 
old simulator (SIMRA). Performance tests and memory issues are also 
discussed in an attempt to measure the use of HYBSIM. 
 
5.1 Evaluation Criteria 
 
  Once HYBSIM was implemented and simulations could be performed, an 
evaluation of the results was performed. To give a clear picture of the 
results, a number of questions regarding HYBSIM need to be answered. 
 

• Does HYBSIM run and produce correct results? 
  A very basic requirement is that HYBSIM runs and produces results. 
To be of any use, the results of the simulation should be correct. To 
confirm this, an implementation of an algorithm with known 
characteristics is done. The results produced by HYBSIM are 
compared to those generated by SIMRA. 
 

• Is it useful? 
  The properties that contribute to the usefulness of HYBSIM are 
listed as following: 
 
! Flexibility 
! Scalability 
! Extendibility 

           
  To prove the flexibility of HYBSIM, it will be shown that HYBSIM 
can correctly simulate several different resource allocation 
algorithms. In particular, it works with Rate-Based Borrowing 
Scheme and Time-Aware Resource Allocation algorithms. Scalability 
will be discussed in terms of execution time and memory 
consumption depending on the size of simulation scenario. 
Extendibility includes issues such as modifying and extending the 
simulator.   
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5.2 Result Validation 
  For the purpose of evaluation, the results are compared between SIMRA 
and HYBSIM under the same simulation settings. However, in HYBSIM, a 
UE can communicate to base station in two ways: single-hop and multi-hop. 
In a single-hop communication, the UE talks directly to the base station 
where it resides. In a multi-hop communication, the UE talks to all the base 
stations where there is an ad-hoc path. Consequently, HYBSIM can be 
differentiated into two simulators: one without the ad-hoc feature and the 
other with the ad-hoc feature. The former only allows single-hop connection 
between UE and base station while the latter allows both. Therefore, to 
prove the correctness of HYBSIM, we compare it with SIMRA as follows: 
 

1) First we compare the changes between SIMRA and HYBSIM without 
ad-hoc feature, using the new complex mobility model. We don�t 
expect big differences if we keep the average handover rate similar.  

2) In the next set of experiments, we use the ad-hoc connectivity feature 
of HYBSIM. Due to the fact that there is the possibility of connecting 
to different base stations, we expect in this setting to have strictly 
better results. 

   
  Before we go on presenting the simulations we first shortly present the 
used resource allocation algorithms. 
 
5.2.1 Resource Allocation Algorithms 
  As said before, to show the flexibility of the simulator, two different 
resource allocation algorithms are used to evaluate the simulator: Rate-
Based Borrowing Scheme (RBBS) and Time-Aware Resource Allocation 
(TARA).  
 
Rate-Based Borrowing Scheme 
  El-Kadi et al. present a scheme for resource allocation in wireless networks 
called the Rate-Based Borrowing Scheme which combines a scheme for 
reserving bandwidth and a fair borrowing scheme. In the event of a new 
connection or a handover the scheme tries to allocate the desired bandwidth 
in the cell. If the available bandwidth is insufficient, the scheme attempts to 
temporarily borrow bandwidth from existing connections. When bandwidth 
becomes available, the scheme returns the bandwidth to connections that 
have lent bandwidth [14].  
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  Connections are divided in two classes. Class I are real-time connections 
and are prioritized by reserving a certain amount of bandwidth to be used 
exclusively by this class during handovers. Class II applications have only 
best effort requirements.  
 
Time-Aware Resource Allocation 
   Curescu and Nadjm-Tehrani proposed a resource allocation algorithm 
based on maximizing the utility gained from the system called Time-aware 
Resource Allocation (TARA). In this scheme, each connection is associated 
with a Resource-Utility function (R-U function) which describes how much 
utility the connection gives the end user depending on allocated bandwidth. 
Different type of connections will have different R-U functions [15].  
 
  In TARA, the connections are divided into three categories. Class I are 
non-adaptive real-time connections. Once the connection is admitted at 
certain bandwidth level, it should not lose bandwidth or all gained utility is 
lost. Class II represents semi-adaptive connections. The lowest bandwidth 
experienced during a connection determines the utility of the whole duration. 
Class III are fully adaptive connections � connections with no real-time 
requirements. The utility is calculated by adding up all momentary utilities 
throughout the connection duration.  
 
5.3 Simulation Setup 
  Table 1 shows the connection categorization used in our simulations [15]. 
The simulated traffic is based on typical applications seen on existing 
networks. The applications can be divided into six groups, each with its own 
properties of bandwidth requirements and duration estimations. The two 
columns from right represent the different application groups are mapped 
according to the different connection classes. 
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App 
Group 

Bandwidth 
Requirement (kbps) 
min       max         avg 

Connection Duration 
(sec) 
min      max       avg 

Examples RBBS 
class 

TARA 
class 

1 30 30 30 60 600 180 Voice service & 
Audio Phone 

I I 

2 256 256 256 60 1800 300 Video-phone & video 
conference 

I II 

3 1000 6000 3000 300 18000 600 Interact. Multimedia 
& Video on Demand 

I II 

4 5 20 10 10 120 30 E-mail, Paging & Fax II III 
5 64 512 256 30 36000 180 Remote Login & Data 

on Demand 
II III 

6 1000 10000 5000 30 1200 120 File Transfer & 
Retrieval Service 

II III 

Table 1. Traffic mix used in the experiments 
 

  We have simulated a rectangular cell-gird of 4 cells. Each cell has a 
capacity of 30 Mbp/s, of which 5% is reserved for handovers. UEs move in 
the network according to the Random Waypoint mobility model. 
Connections arrive on the user equipments (UE) in the network following an 
exponentially distributed inter-arrival time. All the 6 application groups 
arrive with equal probability. For all the schemes the bandwidth 
allocation/reallocation has been performed with a period of 2 seconds. The 
accounting of bandwidth management is executed by cells which check all 
the messages that pass through it and log resource allocation related 
activities. At the end of the simulation, the logged statistic data of each cell 
is accumulated and calculated to generate a system wide report. 
 

5.4 Evaluation 
    A number of different measures are used when evaluating the 
performance of an algorithm. 
 

• Connection blocking probability (CBP) – the probability that new 
connections are blocked due to lack of bandwidth 

• Connection dropping probability (CDP) – the probability that 
handover connections are dropped due to lack of bandwidth 

 
  These measures are usually plotted as a function of connection arrival rate  
(CAR) which is the arrival rate of new connections measured as the average 
number of new connection requests per second per cell. The aim of using 
resource allocation algorithms is to keep connection dropping and blocking 
probabilities low. For simplicity, these measures are compared between 
SIMRA and HYBSIM using RBBS algorithm in the following sections. 
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5.4.1 Comparing SIMRA and HYBSIM 
  The main difference between SIMRA and HYBSIM without the ad-hoc 
feature is the mobility model. The mobility model of SIMRA is rather 
primitive: UE pauses in a cell for a random amount of time and then 
performs handover to another cell. In HYBSIM, UE moves around in the 
network by using the J-sim�s Random Waypoint mobility modelWhile UE 
moves around, it periodically queries the mobility model to get its current 
position. If UE crosses the cell boundary, an event is triggered to indicate a 
handover. To simulate similar handover rate between SIMRA and HYBSIM, 
the maximum speed of UE is carefully chosen in HYBSIM to make the 
average time a UE stays in a cell roughly the same as that of SIMRA. In 
addition, HYBSIM runs at different maximum speeds  (e.g. 2v, v, and v/2) 
to show the effects of moving speed on CBP and CDP  (SIMRA runs with 
the corresponding pausing time). 
 
Connection Blocking Probability (CBP) 
  The connection blocking probability (shown in figure 24) represents the 
probability that a connection is rejected at setup time due to insufficient 
bandwidth in the corresponding cell. As we can see, at the beginning the 
CBP of HYBSIM is lower than SIMRA. However, with the increase in 
CAR, the CBP of HYBSIM grows faster than SIMRA. Moreover, CBP data 
remains the same for both SIMRA and HYBSIM running at different speeds 
(that is also the reason why there are only two curves in figure 24), which 
shows that moving speed or pausing time has no effect on CBP.  
CBP
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Figure 24. Connection Blocking Probability 
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Connection Dropping Probability (CDP) 
  In figure 25, the CDPs of SIMRA and HYBSIM running at different 
pausing time or moving speed are given. CDP remains the same for SIMRA 
regardless of different pausing time settings (shown in figure 25 as the solid 
line), which is counter intuitive. For HYBSIM, CDP changes at different 
moving speeds, higher speed causes greater CDP. However, they all present 
the same behavior: CDP grows up with the increase in CAR until it reaches 
some limit. From this point on, CDP of HYBSIM drops down while CDP of 
SIMRA keeps growing. The results of HYBSIM are closer to those given in 
the RBBS paper experiment. However, the difference between SIMRA and 
HYBSIM can not be explained right now and further study is needed. 
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Figure 25. Connection Dropping Probability 

 
5.4.2 The Effect of Ad-hoc Feature 
  As mentioned before, the difference between HYBSIM without ad-hoc 
feature and HYBSIM with ad-hoc feature lies in the fact that HYBSIM 
without ad-hoc feature only allows single-hop connection between UE and 
base station while HYBSIM with ad-hoc feature allows both single-hop 
connection and multi-hop connection. Thus, in HYBSIM with ad-hoc 
feature, UE can communicate with base stations through ad-hoc paths. In our 
implementation, before a UE sends out a connection request, the UE gathers 
all available paths to base stations and chooses the best path for the 
connection to optimize system resource utilization. 
 
  Due to the possibility of UE connecting to different base stations in 
HYBSIM with ad-hoc feature, we expect it to have strictly better results than 
those of HYBSIM without ad-hoc feature. So is proved by the results of the 
experiments, which is illustrated in the following figures.  
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Connection Blocking Probability (CBP) 
  As we can see from figure 27, at the beginning the CBPs of HYBSIM with 
the ad-hoc feature is very close to those of HYBSIM without ad-hoc feature. 
However, with the increase in CAR, CBPs of HYBSIM with ad-hoc feature 
grows slower than the other one.  
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Figure 27. Connection Blocking Probability 

 
 
Connection Dropping Probability (CDP) 
  In figure 28, the CDPs of HYBSIM with ad-hoc feature and HYBSIM 
without ad-hoc feature are given. The same as CBP, at the beginning, the 
CDPs of HYBSIM with the ad-hoc feature is very close to those of 
HYBSIM without ad-hoc feature. However, from some point on (CAR = 0.2 
in this case), CDPs of HYBSIM with ad-hoc feature become less than the 
other one.  
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Figure 28. Connection Dropping Probability 
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5.4.3 Reflections 
  From what have been discussed above, it can be seen that under the same 
simulation settings, HYBSIM behaves differently than SIMRA, which could 
mainly be attributed to the extension of hybrid networks in HYBSIM (new 
mobility model is considered as part of the extension). It is hard to tell which 
simulator is better. However, SIMRA does not change with respect to 
different pausing time settings while HYBSIM presents different connection 
dropping probabilities  (CDP) according to different moving speeds.  
 
  Moreover, the extension of hybrid networks plays a more important role in 
the new simulator than the ad-hoc feature, which can be drawn from the fact 
that the results of HYBSIM with ad-hoc feature are very close to HYBSIM 
without ad-hoc feature while the deviation between the results of HYBSIM 
and those of SIMRA is obvious.  
 
  Last, when the network begins to be overloaded HYBSIM with ad-hoc 
feature always works better than HYBSIM without ad-hoc feature. However, 
the difference between these two simulators is not that large, which might be 
contributed to the fact that traffic load is uniformly distributed among cells 
in the current version of HYBSIM. That is, as the load on one base station 
increases, the other base stations are also overloaded. If �hot-spot� could be 
simulated, greater gap between HYBSIM without ad-hoc feature and 
HYBSIM with ad-hoc feature might be seen. 
 
5.5 Scalability and Extendibility 
  Scalability in terms of execution time and memory consumption is 
interesting if very large simulations are to be run. Extendibility means the 
ease of modifying the simulator and extending it for other algorithms. 
 
5.5.1 Execution Time 
  Compared to SIMRA, HYBSIM uses much more J-sim components and is 
more complicated. To implement the ad-hoc wireless network, each UE 
possesses a WirelessCard component to communicate with other UEs with 
the IEEE 802.11 protocol. The WirelessCard is not a simple component. It is 
composed of  AODV, RT, Identity, PktDispatcher, Queue, LL, 
Mac_802_11, WirelessPhy, MobilityModel and RadioPropagationModel 
components. In other words, each UE consists of about 10 J-sim wireless 
components. As a result, for a simulation of 400 UEs, SIMRA contains 
about 400 components while HYBSIM contains about 4000 components. 
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Worst of all, the execution time under J-sim environment is mainly spent in 
the communications between components. Thus, it is necessary that the 
interaction between components in HYBSIM be reduced as much as 
possible. 
 
  In HYBSIM, the process that produces the most inter-component 
overheads is the �path collection� when a UE tries to establish a new 
connection for the first time or when it hands over to a new cell during an 
ongoing connection. In both cases, the UE first attempts to collect all the 
available paths (single-hop or multi-hop) to its neighboring cells. It then 
chooses the best path from the collected paths with some path choice 
algorithm and sends out request to establish or hand over the connection. 
 
  During the development of HYBSIM, �path collection� was first 
implemented by a UE multicasting a �path collection� packet to other UEs 
in the network. If an intermediate UE received the �path collection� packet, 
it sent back a reply which contains the information of the ad-hoc path so far 
and forwarded the packet to further UEs. Although this version did work, the 
speed of the simulator was so slow that it was unacceptable. 
 
  To solve this problem, HYBSIM is modified as the following: a cell is also 
treated as a mobile component by including WirelessCard component. Thus, 
when a UE attempts to find the ad-hoc path to a neighboring cell, the AODV 
component inside WirelessCard does all the work for the UE. As expected, 
the new version runs faster than the multicasting version. However, with so 
many components and component interactions, the execution time of the 
new version is still much longer than SIMRA with the same simulated 
parameters. 
 
  The execution time for a number of simulations is plotted below. 
Compared to HYBSIM, the execution time of SIMRA is almost negligible, 
which is shown in figure 30 that the execution time of SIMRA is very close 
to the x-axis. In HYBSIM, at the beginning, the execution time is rather 
linear, but starts to grow dramatically fast when the number of UE reaches 
some point (600 in our simulation). When the number of UE exceeds 800, 
the simulation takes so much time that it is almost worthless. 
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Figure 30. Execution Time 
 
5.5.2 Memory Consumption 
  In the same way as execution time, HYBSIM consumes more memory than 
SIMRA because of the added wireless components in HYBSIM. 
Fortunately, memory consumption of HYBSIM grows much slower than the 
execution time. The memory consumption is shown in figure 31. 
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Figure 31. Allocated Memory 
 
  From what have been discussed above, the scalability of HYBSIM is much 
more limited than SIMRA. In case of a very large simulation, HYBSIM is so 
slow and consumes so much resource that it is almost useless. Thus, one 
should be very careful when selecting simulation parameters to make a 
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reasonable trade-off between simulation scale and execution time. The 
fundamental improvement might be implementing our own ad-hoc routing 
algorithm or replacing J-sim with other simulation development software 
such as GloMoSim. 
 
5.5.3 Extendibility 
  As mentioned before, one goal of the new simulator is too easily plug-in 
and plug-out the resource allocation algorithm. To fulfill this requirement, 
the ResouceAllocationAlgorithm component is improved in the new 
simulator: the message passing interface is changed from method calls in 
SIMRA to communication ports in HYBSIM and the functionality of 
resource allocation is moved from RNC to ResourceAllocationAlgorithm, 
which makes the ResourceAllocationAlgorithm component self-contained 
and easily plugable. Thus, implementing other resource allocation 
algorithms than RBBS and TARA is not a problem. If an algorithm is to 
make decisions based on other system resources such as CPU load or radio 
interference, the entity must be modeled in the system. 
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6 Conclusions and Future Work 
  In this chapter, the conclusions drawn from the work are presented and 
commented. New questions that have arrived during the work but do not fit 
into the scope of this thesis are proposed as future work. 
 
6.1 Conclusions 
  The initial task of this thesis is to upgrade the SIMRA simulator to a 
simulator for hybrid wireless network and improve the structure of the old 
simulator to make it more transparent and modular.  
   
  As for the first goal, the concepts of UMTS network and ad-hoc wireless 
network are studied to have a general understanding of the hybrid wireless 
network. To facilitate the thesis work, the wireless package of J-sim is 
adopted as the base for our development. Unfortunately, the wireless 
package was just released by J-sim and the documentation for it is very 
brief. Much effort has been put here to make the wireless component work. 
The mobility model has been modified from fake �handover� based on 
geometric distribution to real movement with the J-sim wireless component.  
  To fulfill the second goal, the software architecture of the SIMRA 
simulator is studied exhaustively and improvements have been made in the 
new simulator. The ResourceAllocationAlgorithm remains as a child 
component of the RNC. However, all the resource allocation related 
functions have been moved from the RNC to the 
ResourceAllocationAlgorithm component and the communication method 
between RNC and ResourceAllocationAlgorithm is not function call any 
more but message passing between component ports, which makes the 
ResourceAllocationAlgorithm really independent of the RNC component and 
easily plugable.  
 
  To evaluate the new simulator, experiments are made on both SIMRA and 
the new simulator and the results are compared. Due to the different network 
modeling implemented in SIMRA and the new simulator, the evaluation 
becomes complicated: for one evaluation parameter, SIMRA behaves better 
than the new simulator; for another evaluation parameter, the new simulator 
generates better results than SIMRA. However, the quality of the results of 
the new simulator is still worth studying. The difference between these two 
simulators is not fully explained and needs to be studied further. On the 
other hand, it can be concluded that the new simulator with ad-hoc feature 
works better than the new simulator without ad-hoc feature since connection 
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blocking probability (CBP) and connection dropping probability (CDP) of 
the former are always lower than those of the latter. It is just what we would 
like to see from the ad-hoc feature since the connectivity increases because 
of a UE can still communicate with other cells via the multi-hop ad-hoc path 
when the cell where the UE resides is overloaded. However, due to the fact 
that traffic load is evenly distributed among cells in the current version of 
the new simulator, the effect of ad-hoc feature is not apparent.  
 
  In terms of scalability, the new simulator drops far behind SIMRA because 
many components (10 wireless components per UE) are added in the new 
simulator to implement the hybrid wireless network. Thus, the new 
simulator greatly suffers from the inter-component communication 
overhead. Since the inter-component communication overhead is inherent in 
J-sim, it might be better to implement the simulator with other simulation 
environments with good scalable property. 
 
6.2 Future Work 
  In the current simulator, after the connection is established, there is no real 
data flow between the source and the destination except the packet purposed 
for link detection mechanism. For simulation accuracy, real traffic can be 
implemented by sending packets back and forth between the source and the 
destination through out the duration of the connection. Moreover, the size 
and the frequency of the data flow can be adjusted according to the 
bandwidth requirements of the corresponding connection. 
 
   The bandwidth management in the current version is only limited to 
cellular links. Each cell has its own capacity and the RNC manages the 
bandwidth allocation and reallocation with the resource allocation algorithm. 
However, for a hybrid wireless network, the bandwidth management should 
also apply to ad-hoc links. An intermediate UE on an ad-hoc link should 
keep track of all the connections that pass through it and allocate bandwidth 
to a connection according to the attributes of the connection such as the 
bandwidth requirements and QoS class. Unlike the bandwidth management 
in the RNC, the bandwidth allocation in UEs is multi-hopped, which means 
it should be treated as an atomic transaction in DBMS: if any intermediate 
UE rejects the connection, the connection is rejected; if and only if all 
intermediate UEs admits the connection will the connection be admitted. 
The final bandwidth granted to the connection should be the minimum 
bandwidth granted by all the intermediate UEs along the ad-hoc path. 
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  The statistical data is gathered per cell in the thesis work. The data is 
summed up and the average is given as the final result of the simulator. 
However, in some cases, we also need the statistics per UE (e.g. how many 
connections has a UE requested during the simulation period, how many of 
the connection requests have been rejected, how many requests accepted, 
etc.) This produces more accurate data and possibly more conclusions can be 
drawn from simulations. To implement statistics per UE, UE should be 
extended to include a logger which records resource allocation related data 
when specific event happens. With the experience of current logging 
mechanism used in cells, it should not be a big change. 
 
  Compared to SIMRA, the new simulator employs a different mobility 
model with which the UEs really move around in the wireless network. 
However, this mobility model is a little simple for the simulator: a UE just 
keeps moving around randomly in the network without any rest between two 
continuous destinations. What is more, no preference can be made among 
the possible directions to neighboring cells. Thus, �hot-spot� cannot be 
simulated in the current version of the new simulator. However, with a little 
work, a more powerful mobility model could be realized to model different 
simulation scenarios such as �hot-spot�. One way to do this is to extend the 
Random Waypoint mobility model in the J-Sim wireless package, adding 
new attributes such as the handover probabilities to all neighboring cells and 
overriding some methods to make the mobility model work as expected. 
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Appendix A: Acronyms 
 
3G   Third Generation 
ACA   Autonomous Component Architecture 
CAR   Connection Arrival Rate 
CBP   Connection Blocking Probability 
CDP   Connection Dropping Probability 
CN   Core Network 
HYBSIM               Simulator for Hybrid Wireless Networks 
OSI   Open Systems Interconnect 
QoS   Quality of Service 
RBBS   Rate-Based Borrowing Scheme 
RNC   Radio Network Controller 
RRC   Radio Resource Control 
RTSLAB  Real Time Systems Laboratory 
SIMRA  Simulator for Resource Allocation 
TARA  Time-Aware Resource Allocation 
UE   User Equipment 
UMTS  Universal Mobile Telecommunications System 
UTRAN  UMTS Terrestrial Radio Access Network 
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Appendix B: Source Code of MyPktDispatcher 
 
  As described in chapter 4, to fulfill the special routing requirements of 
RT_XXX packets, the PktDispatcher component in the J-Sim wireless 
package is extended in the new simulator. The source code of the extended 
PktDispatcher is listed as the following: 
 
public class MyPktDispatcher extends drcl.inet.core.PktDispatcher { 
    /* the mac equipment where the wireless card resides */ 
    private MacEquipment me; 
   
    public MyPktDispatcher(String id_) 
    { super(id_); } 
 
    /* bind the mac equipment with this component */  
    public void bind(MacEquipment me_) 
    { me = me_; } 
 
    /* overrides the forward function called by the standard PktDispatcher class */ 
    protected void forward(InetPacket p_, int incomingIf_) { 
        long src_ = p_.getSource(); 
        long dest_ = p_.getDestination(); 
        boolean traceRoute_ = p_ instanceof MyTraceRTPkt; 
     
        if (traceRoute_) { 
     MyTraceRTPkt p = (MyTraceRTPkt) p_; 
     int type_ = p.getType();     
     
 if (type_ ==MyTraceRTPkt.RT_SOURCE) { //source route packet 
     if (dest_ == me.getIpAddress()) {  
                    //arrive the destination, send back success reply 
         p.setDestination(src_); 
         p.setSource(dest_); 
                    p.setTTL(255); 
          p.setType(MyTraceRTPkt.RT_SUCCESS); 
     } 
     else { 
              //intermediate router, get next hop 
        MacEquipment nextHop = p.removeHop(); 
        if (nextHop == null) { 
                       //if no next hop in the list, send back fail reply 
            p.setDestination(src_); 
            p.setSource(dest_); 
            p.setTTL(255); 
            p.setType(MyTraceRTPkt.RT_FAIL); 
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        } 
        else { 
           p.setNextHop(nextHop.getIpAddress()); 
           int[] ifs = {0}; 
           super.forward(p_, incomingIf_, ifs); 
            return; 
         } 
     } 
           }       
 else if (type_ == MyTraceRTPkt.RT_REQUEST && !id.query(src_)) { 
               //trace route packet 
    //add myself into the hop list 
    p.addHop(getTime(), me);       
    if (dest_ == me.getIpAddress()) { 
        //arrive the destination, send back reply 
        p.setDestination(src_); 
        p.setSource(dest_); 
        p.setTTL(255); 
        p.setType(MyTraceRTPkt.RT_RESPONSE);   
    } 
 } 
        } 
        super.forward(p_, incomingIf_); 
    } 
}
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Appendix C: A Simulation 
 
This appendix describes how a simulation is performed. 
 
Preparations 
  A simulation is configured in a TCL script file and some cofigurations such 
as number of UEs, which path choice algorithm to use, etc. are given as 
command line parameters. Below is an example of a TCL script file. 
 
#simra.tcl 
 
#get command line parameters 
if {$argc > 0} {  
    set type [lindex $argv 0] 
    set lambdaeff [lindex $argv 1] 
    set initSeed [lindex $argv 2] 
    set nUEs [lindex $argv 3] 
    set xCells [lindex $argv 4] 
    set yCells [lindex $argv 5] 
    set maxX [lindex $argv 6] 
    set maxY [lindex $argv 7] 
    set dX [lindex $argv 8] 
    set dY [lindex $argv 9] 
    set maxSpeed [lindex $argv 10] 
    set rampUpTime [lindex $argv 11] 
    set simTime [lindex $argv 12] 
} else { 
    error "Error: wrong number of arguments" 
    error "usage: java drcl.ruv.System <script> type lambaeff initSeed nUEs xCells 
yCells maxX maxY dX dY maxSpeed rampUpTime simTime" 
    exit 
} 
 
# create a root component 
cd [mkdir drcl.comp.Component /network]  
 
# different initial seeds 
if {[string compare $initSeed "random"] == 0} { 
    set initSeed [[java::new java.util.Random] nextLong] 
    puts -nonewline "Random Seed = " 
    puts $initSeed 
    set su [java::new rtslab.simra.SimraUtil su $initSeed $simTime] 
} else { 
    puts -nonewline "Seed = " 
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    puts $initSeed 
    set su [java::new rtslab.simra.SimraUtil su $initSeed $simTime] 
} 
mkdir $su su 
 
#overlay: 
if {[string compare $type "lp"] == 0} { 
    java::field $su lpAlloc true 
} elseif {[string compare $type "tara"] == 0} { 
    java::field $su useOverlay false 
} else { 
    java::field $su pathChoiceAlgo $type 
} 
java::field $su lambdaeff $lambdaeff 
 
# create wireless channel 
puts "create wireless channel" 
 
mkdir drcl.inet.mac.Channel channel 
! channel setCapacity [expr $nUEs+$xCells*$yCells] 
 
mkdir drcl.inet.mac.NodePositionTracker tracker 
! tracker setGrid $maxX 0.0 $maxY 0.0 $dX $dY 
 
connect channel/.tracker@ -and tracker/.channel@ 
 
# create UEs 
puts "create UE" 
$su createUEs [! .] $nUEs [! channel] [! tracker] $maxX $maxY $dX $dY 
puts -nonewline "Nr. of UEs = " 
puts $nUEs 
 
#set UE operating mode 
#! ue* setAdHocMode true 
 
# create cells 
puts "create cells" 
$su createCellTopology [! .] [! channel] [! tracker] $maxX $maxY $dX $dY 2000 
2000 [java::new {double[][]} 4 {{0 0} {2000 0} {0 2000} {2000 2000}}] 
puts -nonewline "Nr. of Cells = " 
puts -nonewline $xCells 
puts -nonewline " x " 
puts $yCells 
 
#distribute UEs in the network 
$su placeUEsUniformly [! ue*] $maxX $maxY $maxSpeed 
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# setRampUpTime 
! cell* setRampUpTime $rampUpTime 
! rnc setRampUpTime $rampUpTime 
 
$su printSetupTime 
 
puts "simulation begins..." 
 
#attach the simulation engine 
set sim [attach_simulator .] 
 
#start the simulation 
run * 
 
#stop the simulation after the specified simulation time 
$sim stop [expr $simTime + 1] 
 

Figure 1. An example TCL script file 
 
Running the simulation 
 
  The simulation is executed by running a Java program: 
 
> java drcl.ruv.System simra.tcl reqload 1 100 400 2 2 4000 4000 300 300 10 0 
400 
 
  At the end of the simulation the results is printed: 
 
CAR: 0.090625 (new connection requests / s / cell) 
CDP (simple): 0.0, CDP (adv): 0.0 
rejHOs: 0, nHOReq: 1, rejOngoingConns: 0 
CBP: 0.0 
rejConns: 0, accConns: 145, nConnReqs: 145 
 
Avg bwUtil: 0.4242975086828126 
Avg reqBwUtil: 0.446855850625 
Avg maxReqBwUtil: 0.8941335416666666 
sysTotalBw: 1.2E8 (sysUsedBw: 9.7848505974E7, sysReservedBw: 6000000.0) 
simTime: 400.0 
 


