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Chapter 1

Introduction

With the increasing availability of low cost portable computer over the last years, the demand for wireless computing is starting to develop. Nowadays wireless communications is already deployed through use of “best effort” routing algorithms. However multimedia applications often need guarantees to properly operate instead of best effort. With the introduction of Quality of Service (QoS) routing for mobile communications, different serves can be provided to the user. QoS routing aims at finding a path from the sender to the destination obeying certain constraints (e.g. minimal bandwidth, delay, jitter, packet loss etc.). During the communication period the network has to be able to deliver the QoS.


The background of this project is to investigate the possibility to place one or more servers in a wireless network that would be able to send data to mobile users. In addition one aspect of QoS will be considered: handover. A user with a connection to the server may get disconnected due to a handover. The goal of this report is to investigate what will happen to the links after a handover. 

Quality of Service in mobile Networks

Quality of Service (QoS) is a term frequently mentioned in the design of future networks. A network operator offers different grades of services by varying reservation and network capacity to different customers. The most frequently quoted QoS qualifiers are delay, jitter, packet loss, and minimum bandwidth.


This article deals with handover routing in mobile communications. Handover is the process in which a user in a cell gets out of range of the base station and must be transferred to another base station. If the source and destination are moving, then handover must occur to avoid forced termination of the connection.

In a network the number of hops influences the Quality of Service. Intuitively, one can say that for long paths the QoS constraints will be more difficult to obey than for shorter paths. The chance of failure or blocking for one or more nodes is likely higher for a longer path. Stringent end-to-end QoS requires a low handover failure. This way handover can be seen as an aspect of QoS.

Considering the number of links that changes after handover might give a good indication of the QoS. If a lot of links change after handover, guaranteeing QoS is expected to be more difficult, because new resources have to be allocated and more signaling is involved. The handover must be executed in a short time period, requiring the network resources to act fast. Hence, if the probability density function (pdf) for the number of changed links indicates that a high number of links changes, handover is a critical factor in QoS routing.

Chapter 2

Two mobile data networks: GPRS and Mobile IP

In this chapter two important data networks will be surveyed. Knowledge of the wireless data networks is needed in order to say something about the used model.

2.1 GSM and GPRS

For a clear understanding of the GPRS call routing principle first the GSM architecture and its buildings block will be explained [Tabbane, 2000]:

· Mobile Stations (MS). These are the users with the mobile phones.

· Base Station Transceiver (BTS). The BTS forms the interface between the mobile station and the GSM network. Each BTS covers a cell of a certain size dependent on the configuration of the BTS. Some of its tasks include: modulation/ demodulation, interleaving, coding, ciphering and measuring signals

· Base Station Controller (BSC). The BSC manages the radio resources such as radio-channel setup, handovers, frequency hopping, power control and routing. A BSC supervises a cluster of BTS and forms the communication interface between the BTS and the Mobile Switching Center. When BTS's and BSC's are grouped, they are also referred to as the Base Station Subsystem.

· Mobile Switching Center (MSC). The MSC performs tasks such as routing, handover, and looks after visiting Mobile Stations. It supervises a group of BSC and provides a connection with the Public Switched Telephone Network.

A mobile’s location in GSM is determined uniquely by three codes [Redl et al., 1998]: the Mobile Country Code (MCC), the Mobile Network Code (MNC) and the Location Area Identity (LAI). The MCC represents the country where the network is hosted. Within one country the MNC identifies the different GSM operator networks. Finally the LAI determines the cell where the user is located. Users are often called Mobile Station (MS) and the physical area where they are staying, the paging area.


The updating procedure for the location of a MS is illustrated in Figure 2.1. A GSM network infrastructure is divided into a great number of cells, each served by a Base Transceiver Station (BTS). Periodically a location update procedure has to occur. The mobile station can extracts the current location from the control channel that the BTS transmits. With the information, the mobile station informs the network about the location. In principle there are two registers assigned for storing location data of the MS. First there is the Home Location Register (HLR) meant to store data (such as subscription info, tele-services, etc.) of individual users and their location. Home address and billing information are stored in the billing center elsewhere. Secondly there is the Visitor Location Register (VLR) dealing with temporary data. Users not staying permanently at a certain area are stored in this register together with all the other necessary information (subscription and location). Figure 2.1 illustrate this procedure.
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Figure 2.1: An example of the GSM network infrastructure.
In Figure 2.1 there are two VLR areas shown. The first area equals the area of one cell and the second that of two. Since area 2 is quite large help is needed from the Mobile Switching Center (MSC). Only the MSC connected to the fixed telephone network is called the Gateway Mobile Switching Center (GMSC).

A call from the fixed phone network has to check the HLR first to know the subscriber location and authorization services. When a location update is initialized a mobile station reports its location to the MSC VLR. If the MS is known to the system (the area that is being served by this MSC), the call can be routed to the serving BTS. In the other case the MS is new to the (MSC) system (area) and the VLR has to notify the HLR about the MS location. Necessarily, information has to be exchanged between the HLR and the VLR, resulting in the HLR to know the MS location. Future calls can be routed to the appropriate MSC, which on its turn will forward it to the right BTS, serving the area the MS is staying. 

Routing from a mobile to another mobile
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When a mobile user wants to talk to another mobile user the call has to be routed to the right location to the right BTS. Figure 2.2 shows the routing procedure.

Figure 2.2: GSM routing between two MS.

The call request from the source will first be routed to the GMSC, which holds the called MS (destination) data in the HLR. In a large network more than one GMSC is possible and the sender’s GMSC has to broadcast a location request for the destination’s GMSC to be able to exchange information with the HLR, which holds the destination’s data. Figure 2.2 shows only one GMSC. The HLR reports the location of the destination and the call is routed to the MSC serving that area. Once the call request arrives at the MSC, it has to ask the VLR for the exact location of the destination because the MSC might control quite a lot of BSC and BTS. The final step is to route the call to the right destination.

Ring and star structure
In a star structure the BSC and MSC are ordered like a tree with branches of different sizes, in contrast to the ring structure where the BSC and MSC are linked according to a ring structure. The advantage of a ring structure is that if one link fails the other can be used to re-route the traffic. For reasons of optimization and cost, a mixture of both structures are deployed. The advantage of the star structure is that it requires less equipment and is easier to plan. Ring structures are somewhat more complex to plan in high dense areas. In urban areas more extra links are required, but one has to keep in mind not to use too much equipment than is necessary. Another question is whether to deploy a centralized structure or a decentralized structure. This has a great impact on the way the mobile network is interconnected. Figure 2.3 shows an example of a centralized structure. A BSC controls a cluster of 7 hexagonal cells. The BSC’s on its turn are controlled by the MSC, which has more capacity. Figure 2.4 shows a decentralized structure.
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Figure 2.3: An example of a centralized structure.
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Figure 2.4: An example of a decentralized structure.

General Packet Radio Service network

The General Packet Radio Service (GPRS) network is an extension to the GSM network. In contrast to GSM, which is a circuit switched oriented technology, GPRS is a packet switched oriented technology. Figure 2.5 shows the architecture of GPRS [Walke, 1999], [Salkintzis, 1999].
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Figure 2.5: The GPRS architecture.
To expand the GSM network to a GPRS network three entities are introduced. The Serving GPRS Support Node (SGSN) is in principle a router with some integrated mobility management functions. It is interconnected to MSC's and BSC's. A GPRS Support Node that interacts with other external networks (packet switched or other GPRS network) is called the Gateway GPRS Support Node (GGSN). Both the SGSN and GGSN are connected to the GPRS Register (GR) where network and user data is stored.

Routing in GPRS

Consider figure 2.6, which illustrate the packet routing between two mobile stations and between a mobile station and a fixed station.
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Figure 2.6: Routing in GPRS. Source: [Salkintzis,  1999].

Packets from a MS to a fixed host are first routed to the SGSN serving the area, where the MS is staying. After decapsulating the packets to find the destination address, the SGSN routes the packets to the appropriate GGSN. The GGSN on its turn sends the packets to the desired packet switched data network. Every packet-switched data network has their own routing methods to make sure the packets will arrive at the right address.


Data send by the fixed host to the MS is send to the right GGSN by checking the address of the destination. Once the packets arrives at the GGSN, the GGSN will encapsulate the packets before sending it to the SGSN serving the MS. Finally the SGSN will look after the packets and delivers it to the MS.


Communication between the SGSN and GGSN takes place through the IP-based GPRS backbone. Two GPRS networks can transfer data traffic usually through use of an inter-Public Land Mobile Network (inter-PLMN). In fact a GPRS network is an example of a PLMN.

2.2 Mobile IP

The classic Internet Protocol (IP) is not able to support a mobile user traversing different sub-nets [Perkins, 1998]. Every IP address is directly linked with a physical location representing an area in the world. For instance, mobile users of the same sub-net have the same NETID, the first numbers of the IP address. In this way hierarchical routing is obtained. The disadvantage of the fixed IP addresses is that when a mobile user is in another sub-net, the network will not recognize his IP address. Mobile IP, an improvement of IP, solves this problem. Figure 2.7 shows the working of Mobile IP.
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Figure 2.7: Triangular routing in Mobile IP. FA is the Foreign Agent and HA the Home Agent.

When a mobile moves to a foreign network it has to register to a Foreign Agent (FA). A FA is a router of the foreign network that forwards the packets coming from the Home Agent. It periodically broadcasts advertisements to announce itself to visitors. With the information from the advertisement, the visiting mobile user can register with the FA to obtain a care-of-address, a temporarily address. In order to let the HA know where the mobile users is, the mobile users sends a registration request to the HA. A Home Agent is a router that redirects packets (tunneling) of the mobile user to the host, visited by the mobile user. If the registration (concerning authentication) is done correctly the request will be acknowledged. As a result, all packets destined for the mobile user will be forwarded by the HA to the FA, which on its turn sends it to the care-of-address.


An improvement to Mobile IP is Route Optimization Mobile IP (ROMIP) [Dell’Abate et al., 1998]. Figure 2.8 illustrates the fundamental idea.
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Figure 2.8: Route Optimization Mobile IP.

The first steps of Route Optimization Mobile IP are the same as basic Mobile IP. After the mobile user successfully registers by the FA as well as the HA, the HA updates everyone that is trying to communicate with the mobile user. The sender caches the obtained updated address and sends his packets directly to the corresponding FA.


Mobile IP can be deployed in a cellular system like GPRS. Every BTS or BSC can serve as a HA and FA where the mobile user can get his temporary care-of-address. All addresses could be stored in a large database like the GPRS Register (GR). If a request for call forwarding arrives at the GPRS network, the address of the corresponding destination can be looked up in the GR and forwarded to the destination.

Chapter 3

Ad hoc networks

Currently there are several ad hoc routing protocols proposed. An ad hoc network is a network in which the mobile users form a network without a fixed infrastructure. Each user is supposed to be equipped with a laptop or other device containing antennas for sending and receiving messages. Since each user has limited ranged due to the antenna, intermediate users within range have to forward the data packets to the destination. Forwarding packets in an orderly fashion involves a protocol both efficient as well as simple. Efficient because the bandwidth is scares and simple to save the batteries of the laptop or else no one likes to forward the packets.

Ad hoc routing protocols can be divided in [Royer and Toh, 1999]:

· Table driven protocols

· On demand driven protocols

Table driven routing protocols is characterized by the fact that every topology change is being propagated through the network. This requires every mobile users to maintain one or more tables with routing information and periodically exchange information with other nodes. In this way the whole networks is being updated about the topology changes.

On demand driven protocols on the other hand, searches for a route only if one is needed. Tables are not exchanged to reflect the topology changes.

3.1 Destination-Sequence Distance Vector (DSDV)

The DSDV protocol [Perkins and Bhagwat, 1996] is inspired and based on the Bellman-Ford (BF) routing algorithm. This algorithm belongs to the distance vector family in which every node maintains a table of distances for every destination it knows. The neighbor with the smallest distance to the destination is chosen as the next forwarding hop.


The basic idea is as follow. Each mobile user agrees to forward other packets. In order to do this every mobile has to have a routing table containing all available mobile destinations with the number of hops to reach it. The entries in the table are being tagged by the destination with a sequence number to be able to recognize most recent route. In order to cope with the changing topology each mobile transmits periodically updates. However, important changes have to be reported immediately and do not require to wait.

Routing Table

The updating messages for new or modified route must contain the following parts [Perkins and Bhagwat, 1996]:

· Sequence number of the update broadcast stamped by the associated destination

· The address of the destination

· The number of hops to the destination

The route with the most recent sequence number is preferred. When more possible routes are available the one with the smallest number of hops is being chosen. After receiving an update the mobile can decide to save the routing information or not. It can also advertise the update but has to increment the routing metric (number of hops) with one before sending.

Coping with a dynamic topology

A dynamic topology often results in broken links due to the fact that moving mobiles get out of range of their former neighbors. Broken links are indicated with the infinity symbol, 
[image: image8.wmf]¥

, as the routing metric. Detecting mechanisms for broken links include layer-2-protocol or time out for update messages.


Between broadcast messages new topology changes can occur. To reduce network overhead two updates can be transmitted. The “full dump” is an update that is being broadcast periodically and can carry all routing information. Besides the full dump there exist the “incremental packet”, used for propagating important changes and suitable to carry only one Network Protocol Data Unit (NPDU). A criteria should be developed to separate important topology changes from insignificant changes.

Selecting a route

Every mobile has to decide upon receiving an update whether or not to update their tables. New routes with a more recent sequence number and shorter metric are preferred. In the case of the same sequence number the one with the larger metric is discarded or can be saved as less preferable in case the first route fails. Once a new route has been selected the new information will be scheduled for transmission to the neighbors.


In some cases it is possible for a mobile to keep updating his neighbors. This occurs when two updates are received after each other, thereby receiving the path with the worst metric first. When the second one is received (with a better) metric it has to update its neighbors again. This can continue through the entire network. The proposed solution is to introduce a certain delay into the update dependent on the settling time for the regarding route. The settling time is calculated by use of a running weighted average over the past-received updates. Of course the most recently received updates are getting a higher weight than the older ones.

Example of DSDV

The end of this section will deal with a simple example of [Perkins and Bhagwat, 1996] of how DSDV works. Figure 3.1 illustrate a network in which mobile 3 is moving.
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Figure 3.1: Ad hoc network in which mobile 3 is moving.

The following notations are chosen. Mj indicates mobile j and SNN_Mj sequence number SNN stamped by mobile Mj. Table 3.1 shows for example how a table can look like for M4 (Mobile 4). When M3 moves in the neighborhood of M5 and out of range of M1 and M2 update messages has to be sent by M5 about the arrival of M3.

Destination
Next hop
# hops
Sequence nr.
Install
Stable data

M1
M2
2
S23_M1
T01_M4
Ptr1_M1

M2
M2
1
S10_M2
T02_M4
Ptr1_M2

M3
M2
2
S76_M3
T01_M4
Ptr1_M3

M4
M4
0
S34_M4
T01_M4
Ptr1_M4

M5
M5
1
S43_M5
T02_M4
Ptr1_M5

Table 3.1: Simple example of the routing table for mobile 4.

Typically an update can for instance contain a table with the columns: destinations, #hops, and sequence number. After updating M4, the routing table might look like table 3.2.

Destination
Next hop
# hops
Sequence nr.
Install
Stable data

M1
M5
2
S33_M1
T45_M4
Ptr1_M1

M2
M2
1
S20_M2
T02_M4
Ptr1_M2

M3
M2
2
S86_M3
T01_M4
Ptr1_M3

M4
M4
0
S44_M4
T01_M4
Ptr1_m4

M5
M5
1
S53_M5
T02_M4
Ptr1_M5

Table 3.2: The updated routing table of M4 after movement of M3.

The install fields give an estimate of the settling time of the available routes. For example T02_M4 means that it takes 2 units of time (which can be ms, sec or another unit) before the route settles. In the stable data field, received routes might be stored which could compete with the existing one. For example Ptr1_M1 is a pointer to a structure where a next hop, number of hops and settling time might be stored of an alternative route from M4 to M1. In a small sample network like this with very small number of alternative routes the structures will contain nulls, in contrast to larger network with more possible paths from source to destination.

Clusterhead Gateway Switch Routing (CGSR)

An extension to the DSDV protocol is the Cluster Gateway Switch Routing described by [Chiang, 1997]. The main difference is that this routing algorithm uses a hierarchical network structure instead of a flat structure. Clusters are assigned together with a cluster head by means of a distributed algorithm. The reason for using this scheme is the fact that the authors state that a framework will be achieved for bandwidth allocation, routing etc. Figure 3.2 illustrate the hierarchical structure and different nodes when using CGSR.
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Figure 3.2: An example of routing in CGSR.
When a source sends something to the destination it always will send it first to the cluster head, a node in charge of one cluster. Then the cluster head will send it to the appropriate gateway, a mobile node in range of two cluster heads, which on its turn propagate it to the next cluster head. This will continue until the final cluster has been reached with the destination. If source and destination are in the same cluster the cluster head will immediately forward it to the destination. Topology changes are reported using DSDV. Therefore each node has to maintain a table for the destination cluster head for every nodes in the network. In an ad hoc network of N nodes, node j has N-1 entries for every other N-1 nodes. In those N-1 entries the corresponding cluster head is listed to which the packets should be forwarded. Updates are transmitted periodically just like in DSDV to every neighbor. Another table, stores the next hop to reach the destination. Due to mobility a cluster head might get out of range of its cluster and a new one has to be selected. In a fast changing topology this might occur quite often, hence consuming bandwidth.

3.2 Wireless Routing Protocol (WRP)

The Wireless Routing Protocol (WRP) [Murthy and Garcia-Luna-Aceves, 1996] needs to maintain tables to function properly. Bi-directional links with positive weights are assumed. To enable reliable transmission positive acknowledgements (ACK) is used to verify the reception of an update. When no updates are available for transmission then within certain intervals (“hello intervals”) hello messages are send to check the neighbors.

Routing Table

Every node has to maintain the following tables:

· Distance table

· Routing table

· Link cost table

· Message retransmission list

In the distance table the distance from a node i to destination j through neighbor k of i is stored. Routing table entries of a node contains the following information regarding the known destination:

· The identifier of the destination

· The distance to the destination

· The predecessor of the shortest path to the destination

· The successor of the shortest path to the destination

· A qualification (tag) of the update (three possibilities: simple path, loop or not marked destination).

Link cost tables store information about the cost of sending data through a specific neighbor. Also the time is saved since the last error free message expressed in number of update periods. Just like in DSDV a broken link is indicated with an infinity symbol. Message retransmission list entries contain the following fields:

· An update message’s sequence number

· A counter to be decremented whenever an update has been send

· An ACK flag to verify which node has acknowledged the retransmission or update

· An update list of transmitted updates

In short the message retransmission list keeps a record of the update messages to be retransmitted and which neighbor should sent an acknowledgement.

Updating the network
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To inform each other of the topology changes, every nodes transmit update messages to their neighbors. Update messages typically contains an update list together with a so-called response list of nodes, which must acknowledge the updates. When for the first time an update message is sent to the neighbors, all of them are asked to acknowledge. In case a node has nothing to report concerning network changes it sends an empty update message as to confirm connectivity (hello messages). When a new node is added to the network, a hello message is send to let the neighbors know of its existence. Every node can update its tables after receiving and processing update messages or detecting link changes to a neighbor. The consistency of the predecessor of a node is being checked by analyzing the received update messages. A node i elects a path through one of its neighbors, n, if the path does not already contain node i and if the distance to the destination and the intermediate nodes is the shortest of all the neighbors. A new node, k, is being added to the routing table of an existing node when it receives a hello message of the corresponding node. All paths through k are assumed to be infinite until the new node has transmitted its update messages of all the neighbors. In case a link, f, fails, node i has to recalculate all the shortest paths that included link f and modify it before informing its neighbors.
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Figure 3.3: An example of the wireless routing protocol.

Example of wireless routing protocol.

Figure 3.3 depicts a sample situation in a five-node network where the propagation delay of the nodes and links are assumed to be the same. Node A is the source and B the destination. The link cost are indicated next to the link. Near the nodes are the link cost and the next forwarding hop to the destination. Arrows indicate update messages, send to the neighbor. This figure does not illustrate all the update messages but only the one regarding to the destination, B. Acknowledgements, every update has to be acknowledged, are not illustrated to prevent an overcrowded picture. At first (Figure 3.3a) everything is working and the nodes indicate the link cost together with the next forwarding hop to reach destination B. Figure 3.3b depicts the situation in which link BC fails. Both nodes have to inform their neighbors but since in this example node C is part of the shortest path to B and only updates to B are considered, it has to change its label to infinity. When node A and D receive node C’s update message it processes the update by comparing it with all neighbors for the shortest path to B and replace entry k. Each node has a complete view of the topology because changes are propagated to update the routing tables. The result is that node A (Figure 3.3c), node E selects as its next hop to B while node D transmits all its packets directly to B itself. After A has updated its table, it will receive an update message from node C (figure 3.3d) informing that it can reach node B in 13 link costs.

3.3 Dynamic Source Routing (DSR)

Dynamic Source Routing (DSR) [Johnson and Maltz, 1996] belongs to the family of “on demand driven protocols”. This means that no tables are exchanged and that only a route will be searched when one is needed. Basically it contains two operation phases: route discovery and route maintenance.

Route discovery

When a source tries to connect to a destination first a route has to be searched. This must be initialized by the source. In order to do this, the source broadcast a route request to all its neighbors (nodes within range of the source). If there exists a route between source and destination the search will be successful and a route reply will be send back to the source. A route request contains the following:

· Target or destination (address) that the source tries to reach

· Source address

· Route record

· Request id

A route record stores the history of the hops that has propagated this route request during a route discovery. The unique request id is determined by the source and has the task to avoid duplicates. Preventing duplicates requires each node to maintain a table of the pairs <source address, request id>.


Upon receiving a route request each node performs the following procedure:

1. Check the <source address, request id> with the list for recently seen request. If they are already on the list discard it because it has already been processed.

2. Otherwise the node has to check if its own address already appears on the route record, if so then discard it.

3. Otherwise the node has to check if its own address matches that of the destination. If so then the node is the requested destination and a route reply with the route record will be send back to the destination.

4. If step three is not the case then the node has to append its own address to the route record in the route request and propagate it.

Sending a route reply back from destination to source requires the destination to have a route cache to the source. A route cache contains the latest route to a specific destination. Otherwise the route record can be used to send the route reply, but this implies the wireless links to be bi-directional. If neither of the two solutions helps the destination has to initialize a route request to the destination.

Route maintenance

In contrast to table driven protocols, on demand driven protocols require no periodically updates to be sent. Instead once a route has been set up it will be closely monitored. When a link fails this will be reported to the source. This counts for all other routing errors as well. Errors between two hops can be detected using data link layer protocols. So when the data link layer detects an error its sends a route error to the source. The error message contains the node that was trying to transmit and the node to which it was sending. Based on the reported error the regarding route cache for the node in error will be truncated.


One can thus rely on the data link layer but if for some reason this may not be available other alternatives can be deployed. First a node can hear its successor forwarding the packet. When the successor uses an omni-directional antenna the packets can be received by the sender. If for instance node 1 is sending to 3 with help of an intermediate node 2, then node A can try to hear node B forwarding it (also called promiscuous mode). Figure 3.4 illustrates this.
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Figure 3.4: Promiscuous mode, where node 1 might hear node 2 forwarding.

The situation shown in Figure 3.4 is known as passive acknowledgement. Of course explicit acknowledgement can be requested to test a link when a node hasn’t heard from another (end to end or hop to hop acknowledgement).

Optimizations

To enhance the operation [Johnson and Maltz, 1996] also introduce some optimizations. One of the optimizations include smart use of the route cache:

· During a route reply, route request or forwarding, intermediate nodes, forming the path from source to destination, can by investigating the route record, discover routes to other nodes and add them to their own route cache. So if for instance in Figure 3.4 node 1 transmits to node 4 through node 2 and 3 then note 2 discovers (because it has to forward the packets) it can reach node 4 through node 3 and adds a route cache for node 4 through node 3.

· In promiscuous mode a node can add any new learnt routes to its route cache.

· During a route request the node with a route cache to the destination doesn’t have to propagate the request to the destination. By simply adding its route cache to the route record a complete path from source to destination is found. If in Figure 3.4 node 5 searches a route to node 3 it sends a request to for instance node 1. Node 1 has a route cache to node 3 and can append the route to the route record. Then it sends a route reply back to node 5.

· To avoid collisions during a route request a delay (based on the hop count, a constant number and a random number) will be introduced.

· To avoid loops during route request, each node will discard the request when the route records contains a loop. This can be determined by examining the route request.

· It is possible for the source to demand a maximum hop count for the route.

3.4 Signal Stability-Based Adaptive Routing (SSA)

The fundamental idea of this routing strategy [Dube et al.,1997] is to use “stable nodes”. Although this is an on demand driven protocol, it requires two tables:

· Signal stability table (table 3.3a)

· Routing table (table 3.3b)

An example of how it may look like is illustrated in table 3.3 [Dube et al., 1997].

Host
Signal strength
Last
Clicks
Set

Y





Z





(a)

Destination
Next hop

Y


Z


(b)

Table 3.3: (a) Example of a signal stability table. (b) Example of routing table. Source: [Dube et al., 1997].
Every node is expected, periodically, to broadcast a beacon (called a click) to its neighbors. The signal strength of the beacon is measured and stored in the signal stability table. If for the last couple clicks the signal strength has been strong the neighbor is classified as being strong (strong connected set) otherwise it will be categorized as weak (weak connected set) and stored in the signal stability table. Both the strong and weak connected set are stored in the routing table. The fields Last in the signal stability table indicates that a beacon was received within the last click and a field Click to count the number of strong clicks that have been received.


Two protocols are used to successfully interchange information. The first one is the Forwarding Protocol (FP) used for forwarding the packets to the destination by looking at the destination and next hop pair in the routing table. If no entry is found the Forwarding Protocol will initialize a route search for the requested destination. The route search contains just like in Dynamic Source Routing a route records of the hops taken. All necessary processing is done by the second protocol: Dynamic Routing Protocol. Some of the Dynamic Routing Protocol tasks include determining the average received signal, the address of the sender, removing loops in the route record during a search, adding a address to the route record etc. Based on all the available information the Dynamic Routing Protocol updates the two tables.


After a route discovery the route request to arrive first at the destination will be the most preferred route since this route is probably short. Routes with strong received average signal are preferred over the weak received signal. But the weak received signal is also stored as a backup solution when the main route fails.


Link failures are detected by neighbors when no beacons are received anymore. The dynamic source routing protocol updates the signal stability table and the routing table accordingly. An error message will be sent to the source. If there is another route available it can be used directly or else the source can initialize a new route discovery.

3.5 Comparison of the different ad hoc routing protocol

To evaluate the different ad hoc routing techniques, table 3.4 [Royer and Toh, 1999] compare them based on time and space complexity and routing metric. Here the time complexity indicates the number of steps that is needed to operate the protocol and the communication complexity the number of messages (both worst case).

Parameters
DSDV
WRP
DSR
SSR

Time complexity
O(d)
O(h)
O(2d)
O(d+z) initialization O(l+z) post failure

Communi-cation complexity
O(x=N)
O(x=N)
O(2N)
O(N+y) initialization

O(x+y) post failure

Routing metric
Shortest path
shortest path
Shortest path
Signal strength of the beacons

N = number of nodes in the network

d = network diameter

h = height of routing tree

x = number of nodes affected by a change in the network

z = diameter of the directed path where the reply packets transits

l = diameter of the affected network segment

y = total number of nodes forming the directed path where the reply packets transits



Table 3.4: Ad hoc routing techniques compared with each other. source [Royer and Toh, 1999]

To determine which routing protocol performs the best is not easy because each protocol has advantages and disadvantages. Table driven protocols have the advantage that every topology change is propagated through the entire network. Of course the disadvantage is more bandwidth overhead and energy consumption. On demand driven protocols reduces the overhead but not every node has an up to date view of the entire network. Whenever a link fails usually an alternative local path has to be found, bypassing the failing node. In case of on demand driven protocols it is more difficult to find an alternative path because not ever node knows the entire network topology.

Chapter 4

Simulation set-up and results for the random graph and Waxman graph

This chapter will discuss the simulation set-up and present the simulation results obtained for the simple random graph and the Waxman graph.

4.1 Simulation set-up

The source node is assumed fixed and the destination node assumed to move. The movement of the destination is modeled by handover. When the mobile destination moves out of range of its original base station, the connection can be lost. Handing the user over from the original base station to another new base station, in range of the user solves this. Since the mobile user belongs to the interaction sphere of a base station, only routing between base stations is considered. The wireless link between the base station and the mobile user is not considered as additional hop. From a graph’s perspective, handover consists of a re-routing to the new Base Station.

In the simulation a destination and a source are picked uniformly, out of the N nodes that constitute the network. The shortest path from source to destination is computed. To simulate handover, the new handover base station is elected uniformly out of the direct neighbor nodes of the destination node. Once the new destination Base Station is determined the shortest path is calculated again (using Dijkstra’s algorithm) initiated by the source. Figure 5 illustrate the simulation procedure.
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Figure 4.1: A graph representing the simulation setup. Node 1 is the source and node 6 the destination. 

The set of black nodes represents the neighbors of node 6. These are the nodes that have a link to node 6. When handover is simulated one of the neighbors of node 6 is chosen uniformly. In this case node 7 is picked as the handover node. The figure shows the path before handover (consisting of node 1-2-4-5-6) and after handover( path: 1-2-4-9-7) The removed links are link 4-5 and 5-6. The new links are link 4-9 and 9-7. The common links are link 1-2 and 2-4.
Three probability density functions (pdf) are determined. After the new shortest path is computed the number of links belonging to the original path but absent in the new shortest path after handover is determined and labeled as “removed links”. In Figure 4.1 the removed links are link 4-5 and 5-6. Simultaneously the pdf for the number of “new links” is calculated. The new links are links not part of the original path but that after handover appear in the new path. From Figure 4.1 links 4-9 and 9-7 are the new links. Finally the pdf of the total number of changed links is determined by summing up the removed and new links.

Summarizing, the following random variables are used:

· number of common links = Lcom
· number of links in old path before handover = Lbefore
· number of links in new path after handover = Lafter
With these three variables the following three random variables are calculated:

· Lbefore – Lcom = number of old links that does not appear in the new path = Lrem
· Lafter – Lcom = number of new links in the new path = Lnew
· Lafter + Lbeore – 2Lcom = number of total changed links = Ltotal
4.2 Simulation results in the simple random graph and Waxman graph

The first set of simulations generates a random network of the class Gp(N) [Bollobas, 1985] with link density p = 0.6 (the probability for the link) and seven different number of nodes N: 10, 20, 30, 40, 50, 100 and 200 nodes. For each scenarios 106 connected random graphs are generated. The results are shown in figure 4.2.
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Figure 4.2: The probability density function for the total changed links after handover in a random graph with link density p=0.6. Hereby is l the number of links that have changed and Pr[ho=l] the probability that after handover the total number of links that have changed equals l.

As verified from figure 4.2, if N is large the pdf shifts towards a Poisson like distribution. More precisely, section 4.4 will demonstrate that the pdf is well modeled by the pdf of the hopcount of the shortest path as proposed in Van Mieghem et al. [2000]. Figure 4.3 shows the mean and variance of the total number of changed links after handover.
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Figure 4.3: The mean, variance and the mean divided by the variance of the number of changed links after handover for different values of N in a random graph with link density p=0.6.
The mean and variance increases logarithmically with increasing N. In a large network, after handover more links can change because there are more different paths possible from source to destination. For N = 10 or 20 the probability that 1 or 2 links changes is high in contrast to N = 200 where it drops drastically. Of course a link density of p = 0.6 results in a lot of links and possible paths. The question arises whether the same shape will be applicable when there are only a few number of paths. Therefore the next simulation is carried out for a link density two times the disconnectivity threshold Pc:
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in which N is the number of nodes in the graph. At the disconnectivity threshold, Pc~
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N

ln

 for N((, the graph is with high probability disconnected. Multiplication of a factor two is introduced to speed up simulations. Figure 4.4 shows the results for N = 10, 20, 30, 40, 50, 100, 200 and p = 2ln(N)/N in a random graph.
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Figure 4.4: The probability density function for the total number of changed links in a random graph with p=2ln(N)/N in which l is the number of changed links. Pr[ho=l] is the probability that after handover precisely l links were changed.

Just like in figure 4.3, figure 4.4 resembles the same pattern except for the high probability that only 1 link change. Intuitively, this can be expected. Due to the small link density, there are fewer links in the graph leading to fewer possible paths from one arbitrary node to another. Thus when handover occurs most of the time one link is added to the path or one link is removed from the path. Figure 4.5 illustrates this scenario.
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Figure 4.5: Example of a graph with low link density, resulting in very few possible paths and possible handover candidates.

Let, for instance, node 1 be the source and node 9 be the destination. When node 9 searches for an handover candidate, node 6, 7 and 8 are available. When node 6 is chosen as handover node, 1 link changes. The same applies for node 8 only here a link is added while in the other case one link was removed. If node 9 picks node 7 as the handover node then three links will be removed from the old path and two new links will be added to the old path to form a new one. Thus the total changed links will be five in this case and one in the other two cases. This example explains the high probability that only one link changes for link densities near the threshold value while other values of l have a lower probability of occurring.


The next series of simulations involves Waxman graphs. A Waxman random graph is a graph in which the link probability is a function of the distance. If the distance between the nodes increases, then the probability that they have a link decreases exponentially. In a normal random graph the probability of a link between two nodes, close or far away from each other are equal. The Waxman graph resembles the reality better than a normal random graph. Figure 4.6 shows the results for a Waxman random graph for N = 10, 20, 30, 40, 50, 100 and 200. Waxman graphs are characterized by the parameter a [Van Mieghem, 2000] which directly relates to the link density p. To compare a Waxman graph with the results for a normal random graph of class Gp(N), a value of a = 0.7145 is chosen corresponding to p ( 0.6.
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Figure 4.6: The probability density function for the total number of changed links after one handover in a Waxman graph. Parameter a=0.7145 and equals a link density of p ( 0.6.

Comparing Figure 4.6 with Figure 4.2 one notice that there is hardly any difference between the two, which is remarkable since the Waxman graph is quite different from the Gp(N) random graph. The mean and variance in Figure 4.7 verifies the resemblance with figure 4.3.
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Figure 4.7: The mean and the variance of he number of changed links after 1 handover for different values of N in a Waxman random network with a=0.7145 corresponding to a link density p=0.6.

Because the simulations for a Waxman graph and the Gp(N) random graph are nearly similar, one might conclude that the details in topology of these random graphs is irrelevant.


Until now only the total number of changed links is considered, existing of the removed links and new links. Figure 4.8 shows all three in one figure for one handover.
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Figure 4.8: The probability density function for the number of removed links, new links and total changed links after one handover. Simulations were carried out for N=100 in a Waxman graph with a=0.7145. Removed links are links part of the original path from source to destination but after handover were absent in the new path. New links are the opposite of the removed links, they are not part of the original path but after handover were added to the new path to the destination.

From figure 4.8 the pdf for the new links and the removed links are almost the same. At first sight this is counter intuitive but section 4.3 will explain this results.

4.3 Fitting the simulation results.

The probability density function (pdf) of the total number of changed links from figures like 4.2 resembles the pdf for the hop count in the Internet [Van Mieghem et al., 2000]. Therefore, in this section the results will be fitted on the one reported in [Van Mieghem et al., 2000]. They state that the pdf of the hopcount and the for large N is:
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(4.2)

in which k is the number of hops the path consists of, N the number of nodes in the network, ((x) the gamma function and cm the Taylor coefficient 
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 around z = 0. For large N, o(1) will tend to zero and to a first approximation can be neglected. This equation is fitted. When curve fitting, the factor k (hop count) in formula (4.2) will be used to indicate the number of changed links. Figure 4.9 shows the results for curve fitting equation (4.2) with the results obtained from a random graph with p = 0.6 and N=200. For smaller N equation (4.2) gives worse result when fitted on the results.
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Figure 4.9: Fitting the results of equation 4.2 with the data obtained by simulations in a Gp(N) random graph, N=200 and p=0.6. The letters l and k in the figure are the total links that have changed after one handover. The parameter k=20 means that a maximum of 20 links can change in a N node network.
Equation (4.2), giving the pdf for the hop count, seem surprisingly to be able to describe the pdf for the total number of changed links after handover. The first strategy to let equation (4.2) fit better with the simulations is to introduce a multiplication factor into the equation:
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(4.3)

where k is the number of hops, N the number of nodes in the network and factor the multiplication factor. Manually probing learns that a factor around 20 gives the best match. Figure 4.10 and 4.11 gives curve fitting results of equation (4.3) on a Waxman graph for a factor of 20. Smaller values than N = 50 are expected not to give a good match (after all equation (4.2) applies to large N), but for N = 50 or larger the match becomes better. Of course for every different simulation scenario (different N and p) there is a different optimum factor. The optimum factor can be determined by calculating the least mean square (LMS) difference between the data points from the simulations and the data points calculated from equation (4.3):
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Here L is the number of samples, datai is the ith data point from the simulation (in Figure 4.10 these points are indicated by a * and fiti the ith data point computed from equation (4.3) (in Figure 4.10 indicated by a square). Figure 4.12 gives for several different factors the absolute LMS based on equation (4.4) for a Waxman graph with  N = 200 and a = 0.7145. 
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Figure 4.10: Equation (4.3) with factor 20 fitted on the results of the simulation on a Waxman graph for N=50 and a=0.7145. The letter l indicate the total number of changed links, k the maximum number of changed links and Pr[ho=l] the probability that after one handover the number of changed links will be l.
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Figure 4.11: equation (4.3) with factor 20 fitted on the results of the simulation on a Waxman graph for N=200 and a=0.7145. The letter l indicate the total number of changed links, k the maximum number of changed links and Pr[ho=l] the probability that after one handover the number of changed links will be l.
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Figure 4.12: Graph showing the leas mean square (LMS) error for various factors (f) between the simulation results of a Waxman graph (N=200, a=0.7145) and equation (4.3). The smallest LMS (0.0039) occurs for f=23.

Table 4.1 gives an indication of the match based on the LMS error for N = 50, 100 and 200 between simulation results in a Waxman graph with a = 0.7145 and equation (4.3).


Optimum fitting factor
Absolute LMS

N=50
2
0.0063

N=100
6
0.0043

N=200
23
0.0039

Table 4.1: Least mean square error between the fitting function equation (4.3) and simulation results in a Waxman graph with a = 0.7145.

Indeed the larger N the better equation (4.3) fits on the results. However one drawback of using equation (4.3) is that the optimum factor is different for different N. If some means can be found to relate N to the optimum fitting factor equation (4.3) could be very useful to predict link changes after handover in a Waxman or Gp(N) random graph.

Another way to describe the results is by assuming that the total changed links can be split up into two independent stochastic processes: the number of removed (X) links and the number of new links (Y). If these two processes are indeed independent then the pdf of the sum of both processes (Z = X + Y) is given by [Leon-Garcia, 1994]:
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(4.5)

In fact equation (4.5) represents a discrete convolution that can be best solved through use of transformation methods. Figure 4.13 shows the results for fitting the formula of the hopcount, equation (4.2), with the removed links after one handover.
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Table 4.13: Equation (4.2) is fitted on the pdf for the number of removed links. Also equation (4.2) is convolved with itself to fit on the total changed links after one handover in a Waxman graph with N=100 and a=0.7145.

From Figure 4.13 the hopcount fits almost perfectly onto the number of removed links. Since the distribution of the removed links and the new links are almost the same (Figure 4.8) it implies that the hopcount fits very well on the new links distribution as well. Earlier on the assumption is made that the removed links and new links were independent processes. Thus, a convolution of the removed links and new links should give the total changed links after one handover. Therefore equation (4.2) will be convolved with itself followed by fitting it on the total number of changed links. The result is shown in Figure 4.13. Except for a shift the hopcount convolved with itself gives a reasonable approximation of the total number of changed links.

Astonishing was the fact that the removed links distribution and the new links distribution were somewhat the same. However [Van Mieghem et al., 2000] proved that the hopcount was given by a certain random variable H. Suppose that the number of removed links is given by R, the number of new links by S and the number of links that stayed the same before and after handover by F, then:
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(4.7)


where   means equal in distribution and H the number of links the path consists of. With F and H the same in equation (4.6) and (4.7) this implies:



(4.8)

In other words the distribution of the number of removed links and new links should be the same. This is exactly what the result, shown in Figure 4.8, illustrates. 


The generating function of the hopcount is given by [Van Mieghem et al., 2000]:
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in which N is the number of nodes in the network and ((x) denotes the gamma function. With equation (4.9) this will lead to:
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with Pr[hN=k]*Pr[hN=k] the convolution of the hop count with itself. However equation (4.10) is hard to transform back. A good approximation of equation (4.9) for large N is [Van Mieghem et al., 2000]:


[image: image34.wmf])

1

)

(ln(

1

1

)

1

(

-

+

-

×

@

+

G

g

N

x

x

e

N

x

N


(4.11)

with 
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 the Euler constant (= 0.5772156…). With equation (4.11), equation (4.10) becomes:
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where 
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 is the generating function of the sum of the hopcounts of independent paths. For instances when M = 1 this will lead to equation (4.11), the generating function for the hop count, while M = 2 will give the hopcount convolved with itself. Finally expanding the right side of equation (4.11) into a Taylor series around x = 0, gives:
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where C is a constant (
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). Equation (4.13) will be used to described the distributions of the removed and new links (M = 1) and the total changed links (M = 2) after one handover. Figure 4.14 shows the removed links, new links, total changed links and equation (4.13) fitted on them. Because equation (4.11) looks like the Poisson distribution equation (4.13) is called the Poisson fitting function in Figure 4.14.
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Figure 4.14: The probability density function for the removed links, new links and total changed links in a Waxman graph with N=100 and a=0.7145. Equation (4.13) is used to fit on the three curves, indicated in the legend with Poisson fitting. M=1 means that the hop count formula is fitted on the new and removed links while M=2 means that the hop count convolved with itself is fitted on the total changed links.

Considering only the shape of the distributions, equation (4.13) seems to fit the simulation results, at least the number of new and removed links. The difference between the total number of changed links and the hopcount convolved with itself is larger. The absolute LMS as defined in equation (4.4) between the new links and equation (4.13) with M = 1 gives 0.0044. The LMS for the total changed links and equation (4.13) with M = 2 on the other hand is bigger: 0.0253. A plausible explanation is that equation (4.13) is an approximation of equation (4.2). More over equation (4.2) is a limit law for N(
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. They match better when N is larger. Table 4.2 show shows some absolute least mean square values for a Waxman graph.
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Table 4.2: Least mean square values for simulation data in a Waxman graph and the equations (4.2) and (4.13).

Examination of table 4.2 leads to the conclusion that the Least Mean Square (LMS) error is smaller when the network, N, is larger. As expected, using equation (4.13) instead of equation (4.2) to fit on the simulated data, results in a larger LMS error.

4.4 Multi-handover simulations in a Waxman graph

So far only one handover is considered. The next step would be to consider multiple handovers instead of one. Figure 4.15 illustrates the new set-up, which is just a small extension to the old situation.
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Figure 4.15: Multi hop setup environment. Path 0 is the original path from source node 1 to destination node 2. After the first handover the destination changes to node 3. Then again one handover later node 4 is the destination. After the simulations two paths will be compared to each other: path 0 and 1 followed by path 1 and 2.

Figure 4.16 compares the result of the first handover with the third. Removed and new link distributions after one and three handovers are the same. This also applies to the total changed links. Thus the conclusion may be drawn that that each handover in a Gp(N) is almost independent from its past handovers. To verify this, the results are also verified for 10 handovers, leading to the same graphs as depicted in Figure 4.16.
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Figure 4.16: The removed, new and total changed links distribution after 1 and 3 handovers for a Waxman graph with N=100, a=0.7145.
In all previous simulations we have used random link weights. In the next simulation we will assign a constant link weights of 1 on all the links instead of a random number. The results are shown in Figure 4.17. The simulation was carried out for a Waxman graph with N = 100 and a = 0.7145. As can be seen, the number of total changed links is limited to 4 with a high probability that only one link will change. Apparently only one link is added and or one link is removed. This is what one would expect when a handover has occurred.
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Figure 4.17: The removed, new and total changed links distribution after 1 and 3 handovers for a Waxman graph with constant link weights, N=100 and a=0.7145.
Chapter 5

Cell deployment scenarios

Routing in mobile communication depends greatly on the cellular infrastructure. Since no service area are identical there exists no universal cell deployment scenario. Therefore each area has to have its specific cell planning strategy. Usually a cell infrastructure consists of a combination of some basis cell deployment scenarios. A number of them will be discussed in this section.

Basis cells

In GSM systems the are three different kind of cells: macrocell, microcell and picocell. The macrocell covers a large area but cannot handle a lot of traffic per square area. Microcells on the other hand cover a smaller area but is able to handle more traffic per square area. These two are used for outside areas while the picocell is more suitable for indoors. With these three kind of cells one can build several cell deployment scenarios.

5.1 Manhattan cell plan

The first type of cell plan is the so called Manhattan square plan, named after the square block model of Manhattan. It can be applied to every city with more or less the same structure. Figure 5.1 illustrate the Manhattan model.


[image: image49.wmf]
Figure 5.1: Manhattan cell plan model. The square represents one block or one or more buildings while the space in between represents the streets and pavement.

In a Manhattan model there are three ways to plan the cells [Gudmundson, 1992]. The first possibility is to use the half square cell plan in which the Base Station (BS) are placed at the intersection with omni-directional antennas (Figure 5.2). The cell size of this plan is supposed to be a microcell. In this way every “half square area” represents a microcell. The second scenario is the full square cell plan depicted in Figure 5.3. This scenario uses less BS compared to the half square but has to be able to handle more traffic. The last one is called the rectangular cell plan in which every BS covers an entire block length but only in the horizontal or vertical direction (Figure 5.4).


[image: image50.wmf]
Figure 5.2: Half square microcellular cell plan deployed in a Manhattan environment. The black dots are the Base stations

[image: image51.wmf]
Figure 5.3: Full square microcellular plan deployed in a Manhattan environment.
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Figure 5.4: Rectangular microcellular plan deployed in a Manhattan environment.

In areas where there is no “Manhattan structure” other scenarios have to be deployed. An macrocell/microcell overlay structure can be implemented. It is a mix between a macro and microcell architecture, sometimes also known as an umbrella cell [Nishith et al.,1998]. Figure 5.5 shows the cell plan structure.
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Figure 5.5: Umbrella cell architecture.

The idea is to use the macrocell for wide coverage and better inter-cell handover while the microcells cover the “hot spots” (areas with large traffic density). This structure can be further subdivided by including picocells to achieve a hierarchical multi-layer system [Mahboubeh et al., 1999]. Figure 5.6 illustrates this.


Figure 5.6: A hierarchical multi-layer system.

When a handover has to be performed a horizontal or vertical handover can occur. A horizontal handover means for instance a handover from a microcell to another micro cell. But when there is no microcell in range the macro cell will take over if it has enough capacity. A example of a layered structure is given in [Ortigoza-geurrero and Aghvami, 2000] in which an Manhattan grid is over-layed with an hexagonal macrocell.

Basically these scenarios are the basis building block for planning the cellular system. For urban areas the Manhattan model is used. Suburban areas requires umbrella cells. Rural areas can quite often be dealt with help of macrocells.

5.2 City-rural topology model

Characteristic for a rural area is that few cells cover a large area., whereas in a city many cells cover a small area. Tabbane [2000] gives an example of how Base Station Controllers (BSC) and Mobile Switching Centers (MSC) can be interconnected in a ring structure for rural and city areas. The idea is illustrated in Figure 5.7 where only the network of BSC’s and or MSC’s are drawn. Note that a BSC controls a cluster of Base Station cells.
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Figure 5.7: Example of a city rural topology. The nodes can be a Base Station Controller (BSC) or a Mobile Switching Center (MSC).

With a topology model like Figure 5.7 routing on BSC and MSC level is considered. Due to the star topology between BSC and BS, the routing from a BS to BSC is assumed error free.

Chapter 6

Simulation results in a Manhattan grid and city-rural model

This section will described the simulations done for the Manhattan floor plan and a city-rural topology. In section 6.1 the simulation results for the Manhattan grid are presented. Then section 6.2 will introduce the simulation results for a city surrounded by rural areas.

6.1 Manhattan grid simulation

A Manhattan grid is regular and suitable for large cities with rectangular building blocks. The corresponding graph will be a rectangular grid, with each node having four links except for the borders (Figure 6.1).


[image: image55.wmf]1

N

N


Figure 6.1: NxN rectangular Manhattan grid.

In the first series of simulations the same handover strategy will be adapted as described in chapter 4. The links weights in the Manhattan grid are uniform distributed. Source and destination will be picked randomly. The distribution of the new links, removed links and total changed links are shown in Figure 6.2 for a Manhattan grid of 10x10 nodes, for one and ten handover.

As can be viewed from the graph the new and removed links resemble a negative exponential behavior. The most important observations from the results are that the total number of changed links is odd. Results after one and ten handovers are very similar. Again, one might conclude that they are almost independent processes. Notice also the high probability that only one link changes due to the structure of the Manhattan grid.
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Figure 6.2: The pdf for the removed, new and total changed links in a Manhattan grid (10x10) for one and ten handovers. In this simulation the source and destination are randomly selected.

Below, we will prove the observation that the total number of changed links in a Manhattan grid is odd, from simulations.

Property 1: Every loop in a two dimensional lattice has an even number of links.

Proof:

1) Four nodes connected to form a fundamental rectangular loop have an even number of links

2) Every rectangular loop has an even number of links:

m • fundamental rectangular - 2 • (m-1) common sides of a fundamental rectangular = even

3) Arbitrary loop in two dimensional lattice has an even number of links:
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{common sides of rectangulars} = even

where the links of rectangulars are the links forming the rectangulars and the common sides of rectangulars are the sides that the rectangulars have in common (Figure 6.3). Since the number of links of a rectangular is even, the number of links of the sum of rectangulars is also even. The common sides of the rectangulars are always even. Thus an arbitrary loop in a two dimensional lattice is always even.


[image: image59.wmf]
Figure 6.3: A rectangular grid. The thick solid lines represents the loop, the thin solid lines the common sides of a fundamental square forming a rectangular and the dashed lines the common sides between rectangulars.

A degenerated loop is a loop where the links of the old and new path, when combined, coincide in the loop. Figure 6.4 illustrate a scenario with a degenerated loop.


[image: image60.wmf]
Figure 6.4: A scenario of a degenerated loop. Here the dashed lines represent the arbitrary loop (in this case a fundamental rectangular) and the solid lines the links of the single path.

Property 2: Every degenerated loop in a rectangular grid has an even number of links.

Proof:
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{links of arbitrary loop} + 2 • links of single path = even

The links of arbitrary loop is even (property 1) and the number of links in the single path multiplied by two is always even.
Theorem: The number of the total changed links is always odd.

Proof:

1) One link is added to the path after handover or the last link is deleted (Figure 6.5). By combining the old and the new path we get either a degenerated loop in combination with one link added / removed or only the situation were only one link is added or removed while the rest of the path stays the same. Obviously if only one link is added or removed the total number of links will be odd. From property 1 we know that a degenerated loop has an even number of links. Thus the sum of the degenerate loop plus the one added or removed link is odd. 


[image: image62.wmf]degenerated loop


Figure 6.5: A rectangular grid. In this scenario only one new link is added or one link is removed from the path after handover. The thin lines are links of the old path, the thick lines are links of the new path and the double thin line is the link that is part of the old path as well as the new path.

2) If parts of the old path or the whole path change then we can combine the old and the new path to form an unclosed loop. An unclosed loop is a path that lacks one link to form a closed loop (Figure 6.6).
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Figure 6.6: Left is an example of an unclosed loop and right an example of an degenerated unclosed loop. The arrows indicate the handover, the thin lines the new path, the thick lines the old path and the double thin lines the links that are the same before and after handover.

In property 1 we show that a closed loop has even links, hence an unclosed loop has an odd number of links. From property 2 we know that a degenerated loop has an even number of links. Therefore the sum of the links formed by a degenerated and a closed loop will be odd. QED.

6.2 City-rural topology simulation

In a city-rural topology, the city and rural areas will be modeled using a random graph and a ring structure respectively. We can redraw the graph to place the city nodes surrounded by the rural nodes. Figure 6.7 shows how the city-rural structure is modeled. In that figure the number of nodes of the random graph is given by the parameter Ncity, while Nrural represents the number of nodes that forms the ring. The probability that there is a link between two city nodes is given by p, whereas q specifies the probability for a link between a rural node and a city node. Link weights are assigned using a random number uniformly distributed between zero and one.
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Figure 6.7: City-rural topology. Ncity (10 in this case) represents the number of nodes in the random graph used to model the city and Nrural (3 in this case) the number of nodes modeling the rural area. The probability that there is a link between two city nodes is given by p and the probability that there is a link between a rural node and a city node by q.

The parameters for the simulation of the city-rural topology are as follows: Nrural = 10, Ncity = 90, p = 0.6 and q = 0.2. Just like in the other cases 106 iterations were carried out and for each iteration 5 handovers were initiated. Node 1, a rural node, is selected as the source and node N, a city node, as the destination. It is not desirable to choose a random nodes as source and destination because the probability would be high that the two nodes will be a city node. When this is the case, the results will be much the same as the one obtained with the random graph, since the city is modeled as a random graph. Results are given in Figure 6.8.

The graph looks almost exactly like a copy of the results obtained for the random graph (for N = 100) and Waxman graph (N = 100) in Figure 4.8. An explanation could be that the parameter q is quite high. 90*0.2 will lead to an mean of 18 links from city to rural, which is quite high so that one can considers city and rural as a random graph. Therefore in the next simulation a smaller value of q is chosen: q = 0.01. The mean number of links from rural to city will be 0.9 links. However Figure 6.9, which shows the results for q = 0.01, is almost the same as Figure 6.8 for q = 0.2. It appears that introducing some regularities by ordering 1/10 in a random graph in the form of a ring, doesn’t affect the random graph much. The whole city-rural topology still can be seen as a random graph because the city nodes form the majority and mask the rural nodes. Even if the number of rural nodes is increased (to 50) and the number of city nodes decreased to 50, the distribution changes only slightly.

The next step is to simulate the same scenarios but with constant link weights. In the simulations a constant link weight of 1.0 is chosen for all the links (Figure 6.10). The result shown in Figure 6.10 resembles the results obtained with the Waxman graph in Figure 4.17. Note that the probability that only one link is added or remove is higher in Figure 6.10 than in Figure 4.17.
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Figure 6.8: Removed, new and total changed links probability density function in a city-rural topology for one and five handovers. In this scenario p=0.6, q=0.2, Ncity=90 and Nrural=10.
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Figure 6.9: Removed, new and total changed links probability density function in a city-rural topology for one and five handovers. In this scenario p=0.6, q=0.01, Ncity=90 and Nrural=10.
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Figure 6.10: Removed, new and total number of changed links after 1 handover in a city-rural topology. The simulation were carried out for Ncity=70, Nrural=30 and Ncity=60, Nrural=40 with p=0.6, q=0.01 and constant link weight of 1.0.

Chapter 7

Conclusions

In this report simulations have been performed for three different scenarios of a wireless data network. The number of new, removed and total changed links in a random graph and Waxman graph after handover leads to almost exactly the same results, although they are different in topology. Assigning random link weights on the links in a random graph or Waxman graph leads to a distribution of the number of new or removed links that show much resemblance with the formula for the hopcount in Internet. When the equation for the hopcount of the Internet is convolved with itself we get a coarse representation of the total number of changed links after handover.

If we assign constant weights on the links the simulation results show that a very small number of links changes. This indicates that there is a very strong correlation between the number of links that can change and the fact that a neighbor of the destination is selected as the new handover node. Assigning random weights on the links shows that the correlation is much weaker. The links will not change completely randomly though, because the handover node is a direct neighbor of the destination and not another arbitrary node.


In a Manhattan grid the simulation results show another distribution than in a random graph. The number of the new and removed links after handover show a high peak for one link before it exponentially decreases. The total number of changed is proved to be always odd. In more than two third of the cases the total changed links will be either 1 or 3 links. 


In the proposed city-rural topology with random links the results are more or less the same as for the random graph or Waxman graph. Even when we divide the city and rural nodes equally, the city nodes represented by a random graph dominate. Assigning constant link weights on the city rural topology leads to similar result as for the random graph.


In all three scenarios, simulations pointed out that every handover is almost independent of the past handovers. Another conclusion is that in all three scenarios, when random link weights are used, the distributions for the number of new and number of removed links are almost the same.


Future work should compare the simulation results with real wireless data network like Mobitex, GPRS, Mobile IP, etc. Further more realistic link weights should be investigated to put on the links. Recently a lot of research is going on in ad hoc network. We believe that our results based on random graphs are more suited for ad hoc networks due to the higher degree of randomness.
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