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Abstract 

In developing countries there is an increasing demand for telecommuni­
cations and Internet access. The major hurdle for most of these countries 
is the lack of adequate telephone network infrastructure. The current 
problem, especially in Africa, is to find solutitlns which can provide under­
developed countries with a satisfactory network. This requires 8 relatively 
fast roll-out at low-cost. Modern wireless system claim to offer quick and 
easy deployment. However, in many cases the wireless system deployment 
is delayed because adequate radio plans have to be designed, and they are 
not optimized for Internet and computer communications. Multihop packet 
radio can offer computer communication in an easily deployable ad-hoc 
wireless network which does not require frequency p)auuiug. However, 
voice traffic is not easily implemented on packet radio networks due to the 
bursty and delayed traffic characteristcs. A multihop packer radio network 
is proposed which offers voice and Internet communications. 
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Chapter 1 

Introduction 

In developing countries there is an increasing demand for telecommunica­
tions and Internet access. The major hurdle for most of these countries 
is the lack of adequate telephone network infrastructure. The current 
problem, especially in Africa, is to find solutions which can provide 
underdeveloped countries with a satisfactory network. This requires a 
relatively fast roll-out at low-cost because the demand is large yet these 
countries do not necessarily hold large foreign exchange reserves to purchase 
and maintain expensive technologies. Many developing countries use their 
foreign exchange to purchase these technologies abroad as they lack 
the technological capabilities to design and manufacture the equipment 
themselves, although many have the potential. 

Wireline telephone networks (or Plain Old Telephone System - POTS) 
are not suitable for deployment in urban township or rural communities 
because of the expense of the wire and the work required to lay wire 
underground or on support structures overhead. Network pJanning in urban 
townships is difficult because of the system complexity that results from 
the close proximity of houses due to the high density population in these 
areas. In addition to this, deploying the network is difficult logistically 
because there is little space for equipment in the spacing between houses. 
It is difficult hard to prevent theft of the wire. Also, roll-out of wireline 
systems take considerably more time than wireless systems. A wireless 
system overcomes these problems, except for radio planning which can take 
a long time to perform. Many cases wireless systems result in a delayed 
deployment because suitable radio sites have to be located in order to 
achieve good radio coverage of the proposed area. 

Many communities in developing countries tend to be scattered in 
small low density rural communities and/or concentrated in high density 
township-like communities. Thia poses a problem to current standard 
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cellular technology. Current state-of-the-art cellular telephone network 
technology is designed to work in city-like environments and along major 
highways and national roads. City environments usually contain various 
small domains of high density within a larger mainly low density domain. 

Township domains tend to be large high density domains containing 
hundreds of thousands of people in a few square kilometers. For this reason 
it is difficult to achieve a good radio plan in these areas, especially if more 
than one provider intends to compete in the same domain. Designing 
the radio plan requires many measurements of the radio site and takes a 
long time to achieve thus creating delays in providing the local loop. In 
addition, even with the use of very small cell sizes the networks may have 
overcapacity traffic demand. Even if very small cells could be used and 
two or three cellular providers can compete in the same domain, the cost 
of the equipment and installation would be expensive because of the large 
number of base stations that would be required. It would also not be ex­
tremely cost effective to provide every family with one or two cellular phones. 

Cell phones use voice codecs which in many cases prohibits the use of 
the Internet due to there information loss characteristics. However, new 
standards have been made available to overcome this problem, for example 
cellular digital packet data [CDPD] makes packet data connectivity possible 
using existing networks [42]. 

Recently many new systems have been introduced into the market place 
to provide solutions to some of the above problems. A discussion of some 
of the systems considered in Cape Town, South Africa, by the previously 
government owned telecommunications company Telkom, are discussed in 
Chapter 4. Most of these systems require line-of-site (LOS) between the 
base station and the user terminal within the township area. This requires 
the use of tall base station antenna structures. It also usually requires that 
the user's telephone be attached to a raised antenna on a pole. This results 
in public dissatisfaction which usually comes from environmentalists or 
environmental institutions, and often results in deployment delays until a 
suitable compromise is achieved. 

Other factors which affect the practicality and useability of current 
wireless technologies, such as power sources and suitable areas within the 
house for placing equipment, are discussed in more detail in Chapter 4. 

The new wireless technologies use various channel access protocols 
which enable communications between the user terminal and base station. 
These access protocols are usually TDMA, FDMA or CDMA. For these 
multiple access schemes to function they rely on pre-allocated channel 
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assignments. This means that a channel (in time and/or frequency) is 
reserved for a particular user throughout the duration of the call. The 
channel exists between the user and the base station, which has the result 
that that cha:nnel is not available to any other user in the coverage area 
between the user and the base station. This is a limitation for these 
systems, and also has the requirement that large antennae be used to cover 
the distance between user and base station. These systems require a signal 
to cover the distance between user and base station, thus increasing the 
power requirement of the equipment. This may be problematic when power 
breakdowns occur, and the backup batteries used (discuseed in Chapter 4). 

The emphasis of Chapter 3 is placed on the cha:nnel access schemes used 
and there overall effect on the outcome of current system design. 

As a different approach to providing a siroiJar service like the new wire­
less systems, packet radio used in a multihop network is proposed for use in a 
wireless local loop system. Various aspects of such a hypothetical system are 
presented, such as: physical connectivity, cha:nnel access, data link control, 
traffic throughput, routing, acknowledgement schemes, etc. Packet radio 
offers some advantages over the current systems. Fbr example: reduced 
power requirements for user equipment, smaller antennae, removes need for 
direct line-of-site of the base station, almost completely removes the need for 
radio planning, enables quic.k deployment. However, multihop network has 
inherent traffic del~ and does not guarantee a high grade of service (GOS). 

Thesis development 

The original aim of this thesis was to investigate self-ol'.'ganising wireless 
networks. But the application of the networks were to provide digital voice 
and Internet access to rural and township communities with previously 
little or no communication infrastructure. The networks proposed were to 
be local networks only serving the "last mile" connections to a wireline 
or wireless local loop system. The reason that self-organising networks 
were originally of interest is that they were thought to be quick and easy 
to deploy, requiring little management due to their self-organising ability. 
It was thought that a multihop packet radio network would be ideal for 
providing Internet capability because packet radio information transport is 
based on digital packet routing and tra,nsmiSS\On. 

There were two problems with the original ideas. First, wireless 
telecommunications systems aimed at developing rural markets are only 
recently emerging markets. They are specifically optimized for providing 
digital voice communication, with little direct support for Internet traffic. 
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Thus, their computer networking ability is limited. In addition, they are 
not self organising, although some "last mile" DECT systems avoid this 
problem with dynamic channel allocation. Secondly, most packet radio and 
multihop packet radio systems were design to cover relatively long distances 
of the order of kilometers (ground based} or tens of kilometers (satellite 
based), we are interested in radio over a distance of the order of a hundred 
meters, say between houses in a local rural community. 

Their function was specific to computer networking for carrying data 
traffic (which is generally not delay critical) and not digitised voice traffic 
which is delay critical. 

Multihop networks have been investigated. They can be made eas­
ily deployable and self-organising. However, they are subject to delay, 
throughput, and routing constraints. These characteristics and others have 
been researched for the past decade, and are now better understood. The 
multiple access protocols of multihop networks have also matured, and have 
been applied to wireless Internet gateways[2], and community computer 
networks such as the Rooftop Community Network (18]. 

With the advent of Internet phones enabling people to communicate 
across continents, it may be pOBBible, in the future, for localised wireless 
internets to carry prioritised digitised voice traffic at an acceptable grade 
of service ( GOS) as well as provide global Internet access. The convergence 
of these two technologies seems more probable as radio and microprocessor 
prices decrease throughout the industry and processing speeds increase. 

Midway through this investigation a decision had to be made be­
tween concentrating on the technical aspects of self-organising multihop 
networks or researching aspects of providing wireless telecommunications 
to developing communities which have low teledensity. A substantial 
amount of literature research on multihop packet radios and technical 
aspects has been covered. Most published work on multihop packet 
radio state that performance of these networks is very difficult to study 
due to there being few closed form solutions to the various network 
and protocol derivatives, and because they demand substantial time to 
simulate because of all the issues that have to be taken into account [29] (47]. 

Already, solutions are being marketed for the problem of providing 
communications to rural and developing communities. Telkom, a privatised 
telephone company in South Africa, has began a project to provide a 
wireless local loop DECT phone system (produced by Alcatel} to residents 
of Khayelitsha, a densely populated township community in Cape Town. 
Vodacom have developed the "phone shop" concept using a prepaid GSM 
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system. 

Many developing rural and township communities lack a robust electri­
cal power infrastructure. Power supply and electrical safety considerations 
are briefly discussed. 

Another important aspect of wireless voice communication networks is 
billing. Vodacom, a local cellular network provider, has developed a new 
prepaid billing system to deal with cultural issues that affect payment. 

This thesis is specific to the subject of providing township and rural 
communities with telecommunications. Issues are approached from various 
angles, providing the reader with a more holistic view to understanding the 
current state-of-t~art, and the many technical issues related to the problem 
at hand. The thesis can be seen as a distillation of knowledge gleaned from 
various published works, applied to aspects of rural and township wireless 
communications. 

Thesis Chapter Structure 

Chapter 2 describes the thesis objectives. Chapter 3 describes fundamen­
tal principles used in radio channel signalling. It introduces duplexing and 
multiple access techniques. Chapter 4 describes the GSM and DECT wire­
less networks used for providing telephone services to a township commu­
nity. Some of the problems related to these networks are discussed. It 
also mentions the possible use of LEO satellites for communication in rural 
communities. Chapter 5 discusses the fundamental principles of multihop 
packet radio networks. These principles are used in Chapter 6 to propose a 
multihop packet radio network, which is applicable to developing township 
and rural communities, for providing Internet and voice service. Chapter 7 
highlights conclusions from the research and mentions recommendations for 
future study. 
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Chapter 2 

Issues Relating to Wireless 
Local Loop 

The term 'developing communities' is a broad term. Here it is used to 
refer to rural and township communities, which are highly prevalent in 
South Africa. Insufficient teledensity is a general characteristic of these 
communities. In many cases these communities also have underdeveloped 
water, sewage and electrical power facilities. Studies have shown that 
increasing teledensity in these communities by rolling out telephone and 
related communication systems has resulted in increased commercial 
activity with the result that the communities financial income increases 
allowing other necessary services such as water and electricity to be further 
financed and developed. 

The prerequisite to fast rollout is ease of deployment, and therefore 
wireless technology is the first choice. 

Most of this thesis serves as a distillation of knowledge from various 
published works on wireless communication. It is an objective of this thesis 
to introduce the fundamental radio and channel access techniques which 
are used throughout the text. The techniques are used to describe GSM 
and DECT wireless networks which are used for the purpose of providing 
communications to developing communities which have been previously 
underdeveloped. Various problems are associated with these systems. A 
multihop packer radio network is proposed to solve some of the problems 
that are associated with the GSM and DECT networks. 

The main objective of this thesis is two fold: 1) to describe two 
connection-oriented wireless network technologies that are used in South 
Africa to provide telephone service, and 2) to introduce the reader to packet 
radio and propose a multihop packet radio network that can be used to 
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provide Internet and/or telephone service. 

We can break the problem into several aspects: 

• Technology 

• Scenario 

• Services 

• Economics 

• Radio requirements 

• Timing requirements 

These aspects must be considered when designing a telecommunications 
system as they have far reaching consequences on capacity, network appli­
cation, and services the network can render. 

2.1 Technology 

The decision of which appropriate wireless technology to use in the design of 
a modern wireless network can be either to use state-of-the-art technology 
or a mature an well know technology. The technology may be required to 
be manufacture independent such as a wireless DECT handset {Chapter 4). 

Usually wireless communications systems which offer a telephone service 
require that the system offer voice quality output. This is not always true, 
the GSM system favours relatively high-speed handset mobility in favour of 
excellent voice quality {Chapter 4). 

2.2 Scenario 

The scenario for wireless networks are generally categorized into rural, 
urban and business (city), or suburban communities. Each scenario will 
have significantly different traffic capacity requirements. 

Rural communities present difficulties because of their location relative 
to a telephone circuit switching center. For example rural communities 
can be found more than 100 km from a switching center. This presents a 
problem to network planners. It is expensive to supply a microwave link or 
wire based link to these communities which are characteristically small and 
of low income. The process of laying the wire would require a relatively 
long time compared to a wireless option and would slow down network 
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deployment. This means that the traffic offered by these communities 
is small and not sufficient to pay ( over a long period of time) for the 
extended connection from the rural community to the switching center. 
One method to over come this problem may be the use of low Earth orbit 
satellites discussed in Chapter 4. There are two feasible choices for wireless 
connection of rural communities to an exchange. Either a terrestrial 
microwave link or a satellite link can be used. 

Many African rural communities tend to have informal housing. This 
can be a problem for mounting equipment and may require special mounting 
platforms to be built, adding time and cost to installation. 

In densely populated township communities, like Khayelitsha, minimal 
space is available for allowing trenches to be dug for laying wire for wire line 
services. This is an obstacle to quick deployment which results in a logistics 
problem. Wireless services overcome this problem by removing the need to 
have the whole network connected by wire. 

2.3 Services 

Various communications services are available, the most common is POTS 
(plain old telephone service). Fax and modem (Internet) service are 
increasing in tiemand in many businesses and homes. ISDN service is used 
by many businesses. The public pay phones is another important service 
provided in many cities. The most modern service available is the mobile 
telephone. 

When designing a system the type of service has to be determined in 
order to specify technical requirements of the system. It is the objective of 
this thesis to describe the wireless telephone service supplied to a township 
community. Its objective is also to propose a packet radio network which 
can provide a telephone service and an Internet service. 

2.4 Economics 

The economics of a network are affected by the network reliability, operation 
and maintenance costs, and installation costs, as well as payment for service 
which involves billing. 

We are primarily interested in installation costs, and operation and main­
tenance costs. The objective in this regard is to design the proposed packet 
radio network very simply, with a minimal amount of support hardware, in 
order to reduce system complexity, and operation and maintenance costs. 

8 



2.5 Radio Requirements 

A radio network is usually designed to work in a specific part of the radio 
spectrum. GSM uses the 800 MHz and 900 MHz part of the spectrum. 
Many new systems are designed to use the 1.8 GHz and 1.9 GHz part of 
the spectrum. 

For a system to become internationally used it should have a part of 
the spectrum dedicated exclusively for it. This was the approach used 
in Europe when the DECT system was designed. The whole of Europe 
aeeigned the 1880 - 1900 MHz part of the spectrum solely for DECT usage. 
Therefore all DECT systems built for Europe will work in this frequency 
band. 

In the design of the proposed packet radio network we are more 
concerned with the concept of the network (i.e. design concept) and less 
with the actual physical aspect of the operating frequency of the system. 
The system will need to work at least in the 1 GHz to 10 GHz region of the 
spectrum. 

Wireless Internet gateways {WINGs) [2] use the 905 MHz to 925 MHz 
frequency band. They have been demonstrated to deliver a channel bit rate 
of 298 kbps. 

2.6 Timing Requirements 

Timing requirements relate to the network deployment time, the time 
for the network to adapt to demand, the planning time, and network 
penetration forecasts. 

We are primarily interested in the network deployment time and planning 
time. Rapid network deployment is necessary because of the large popula­
tions that need to receive basic telephone services. If network deployment is 
slow then it means that many people will have to wait months maybe even 
more than a year to receive service. We propose a self-organising network 
that can set itself up within a day. Anyone who wants to get access to the 
service would have to buy a network node (radio terminal) and they can 
connect almost immediately if they have no problems with power supply or 
mounting. The fact that it is self-organising means that minimal planning 
is required for frequency plane. 
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Chapter 3 

Multiple Access Techniques 

In todays world of telecommunications the radio spectrum is increasingly 
being used as a result of growing ma.rkets and new technologies, resulting 
in increased demand of a finite amount of usable radio resourse. The result 
is increased cost for radio spectrum usage. Multiple access schemes are 
used to allow many users, mobile or stationary, to simultaneously share 
a common part of the radio spectrum. Manufactures of communication 
equipment, especially wireless telephone systems, need to utilize the radio 
spectrum more efficiently, thereby "squeezing in" as many usable channels 
as possible into as little radio spectrum as possible. Multiple access schemes 
enable sharing the spectrum to achieve high utilisation by simultaneously 
allocating available bandwidth to multiple users. 

This chapter explains the fundamental concepts of multiple access tech­
niques. It serves as a distilation of information about common wireless 
access techniques. It contains detailed information about how these tech­
niques are used in a network to achieve multiple access. The way in which 
these techniques are used has a signifi.C&llt effect on the capacity and easy of 
deployment of wireless networks. We discuss GSM and DECT networks in 
Chapter 4, and see how there multiple access schemes affect there ability to 
offer Internet and voice communications. Before looking at multiple access 
some fundamental ideas need explanation. 

3.1 Physical and Data Link Layers of Radio Net­
works 

This section serves to introduce the reader to the basic practical consider­
ations of a radio network. In particular, we focus on layer one and layer 
two of the OSI network model, namely the physical layer and the data link 
layer, respectively. 
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3.1.1 Physical Connectivity of Radio Connections 

The physical layer in any network establishes the link (or connectivity) 
among network nodes so that information (data) paths can be established 
between traffic sources and their destinations. In any network making 
use of wireless technology to transport information link connectivity must 
be robust in order to transfer error free information at a satisfactory 
data throughput rate. What follows is a general discussion of frequency 
considerations in networks using radio links. 

The link connectivity from node A to node B is B's ability to correctly 
receive data transmitted by A at a specified minimum rate. The quality of 
a radio link depends on radio propagation parameters, such as the radio 
frequency, the distance between nodes, the type of terrain traversed, and 
the transmission power (signal strength). 

The radio frequency is usually regulated by governmental institutions. 
The distance between nodes determines the propagation time which directly 
contributes to network delay. The type of terrain can be, for example, 
the sea, or the forrest, or a heavily built-up city, or a densely populated 
township, and can give rise to signal fading such as llician fading which is 
the most common in static networks and terrains. 

The transmit power falls off as the radio signal propagates making 
the information contained in the signal more vulnerable to intereference 
as distance is traversed. The stronger the transmit power the better the 
signal-to-noise ratio (SNR) at the receiver. 

As stated above, link connectivity is also qualified in terms of a min­
imum data rate which is directly affected by the channel radio frequency 
(RF) bandwidth, and the data encoding and modulation schemes. For 
example, a 16 QAM modulation scheme will be less effective than a GMSK 
scheme in a typical gaussian radio channel due to its amplitude modulation 
characteristic which is more susceptable to noise than frequency modulation 
orientated systems, such as GMSK. 

The physical layer defines the bounds of the network in terms of data 
rate and data accuracy, which ultimately defines the networks possible ap­
plication in a broad sense. We see that given the type of environment and 
terrain the network is to operate in, the users location, their requirements 
in terms of traffic rate and noise immunity, the main design parameters are: 

• radio frequency band position 

• RF bandwidth 
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• sign · , encoding, and modulation schemes 

• network topology 

Usually connectivity between nodes is represented in graph form. The 
vertices represent nodes and the edges represent link connectivity. Due to 
fading effects, nodal mobility, wheater conditions, etc., variations in link 
connectivity may render the network topology graph representation as a 
probabilistic one [17] due to the fact that the probability of a particular 
link existing under specific channel conditions may vary. 

Lower frequencies results in better propagation because low frequency 
signals can travel longer distances with less disruption from the terrain. 
However, lower frequencies restrict the channel to lower data rates. ff 
the user data requirement is satisfied by relatively slow channels then 
full link connectivity may be achieved and network equipment designe 
simplified. For higher data rates, higher frequencies and larger bandwidths 
are required. The power of high frequency RF signals falls off quickly 
relative to lower frequency signals and they usually requires line-of-sight 
(LOS) propagation between antennas. 

As mentioned before, data rate and accuracy broadly defines the net­
works range of applications. The higher level network functions define the 
network application. Initial network design may proceed with an estimate 
of the range for the required link data rates given user traffic and delay 
requirements, independently of higher level protocols. This is the approach 
to initial network design, as design proceeds, the higher levels are further 
developed. 

Frequency Allocation and Bandwidth Issues 

When making these estimates, the first issue addressed is the frequency 
allocation to be used. The decision of using low or high frequency de­
termines the bound on data rate, propagation effects due to terrain, and 
the LOS requirement. The decision determines the degree of connectivity 
between the network nodes and additional functional support requirements. 
With high frequency applications radio signal repeaters may be required to 
achieve good link connectivity over distances. 

The other important consideration mentioned above is signal bandwidth. 
The required bandwidth is determined by the user data requirement. Also, 
spreading the signal, as in spread spectrum or CDMA systems, may be 
required for improved network performance and operation, and ease of 
network deployment. The cost of high frequency equipment is decreasing 
due to improved mass production. This enables the higher end of the radio 
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spectrum to be more usable, and is attracting the attention of many wireless 
systems manufacturers. Already we see the use of the 1. 9 GHz spectrum 
for personal communication systems (PCS) [14] use in the United States 
of America, and other locations throughout the world. CDMA and other 
systems using spread spectrum technology are becoming widely used. It is 
forecast that by the year 2000, CDMA subscriber units (wireless terminals) 
will comprise 31 percent of the total subscriber unit sales [l] in the United 
States of America. 

The dynamics of the network topology, such as in mobile terminal net­
works, which requires network traffic control, also sets a requirement on data 
bandwidth and therefore the minimum frequency band. Networks with slow 
changing connectivity, for example, fixed-site amateur packet radio can af­
ford limited control traffic. However, cellular modile networks, such as the 
GSM and mobile DECT networks, require considerably more control traffic 
and therefore increased control data bandwidth, due to the rapidly chang­
ing connectivity of subscriber units to base stations. This is important in 
cellular networks that provide a roaming facility which require handofFs [42] 
between the base stations and subscriber units (mobile terminals) that move 
between cells. 

Propagation and Interference Issues 

Link connectivity also depends on the quality of the radio channel. This is 
significantly affected by terrain type, antenna type, antenna directionality 
and focus, transmit power and distance between nodes ( a node can be a base 
station and subscriber unit, radio transceiver station in a packet radio net­
work, etc.). Given the terrain, antenna parameters, and node locations, link 
connectivity is achieved by appropriate selection of data--encoding scheme 
and transmitter power. For example, in a city enviromo.ent characterised by 
high multipathing it is expected that some sort of forward error correction 
(FEC) be used in the data-encoding scheme, and that the tranmitter power 
be relatively strong to propagate through buildings. When the radio channel 
is shared by many nodes, as in a GSM network, multiuser interference and 
the near-far problem [42] [17] are introduced. 

3.1.2 Bandwidth-Time-Space Management 

Once frequency allocation and RF bandwidth have been selected, the 
method for managing the frequency spectrum must be decided upon. The 
four most common techniques available for allocating bandwidth in time 
and space are: Frequency division, time division, code division, and space 
division (or spacial reutilisation) of the bandwidth (section 3.3). Figure 3.1 
illustrates this in tenns of frequency, time and code division multiple access. 
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Figure 3.1: (a) Frequency Division, {b) Time Division, and (c) Code Division 

Frequency division refers to the partitioning of the bandwidth into 
sparate radio channels, orthogonal in the frequency domain. Time division 
refers to the allocation of a given radio channel to different users at different 
time slots. Code division relies on orthogonal spreading codes, each user 
of the channel uses a different code, so that users can use the channel si­
multaneously. Spacial reutalisation of the bandwidth-time resource enables 
users in different parts of the network to use the same frequencies without 
interference. This is achieved by keeping users of the same frequencies far 
enough apart so that their signal strengths are low enough to prevent sig­
nificant interference from other users. In GSM networks a frequency reuse 
factor describes the number of times a frequency is reused between' base 
stations. 

Frequency Design Considerations and Tradeoff's 

The radio spectrum is an important resource which is increasingly in 
demand. We therefore want to use it efficiently by minimising unused 
bandwidth. The use of frequency division for providing a channel to be used 
by a node or node pair may be adaquate if the channel is used for sustained 
p~riods of time and the channel is used often and regularly, i.e. the channel 
utilisation is high resulting in non-bursty and predictable demand. H this 
is not the case then the bandwidth is being underutilised resulting in low 
bandwidth efficiency. 

Frequency division is useful because it enables provision of several chan­
nels which can be shared in the time and code domains by many users 
(section 3.2.1 and section 3.3). In general however, network deployment, 
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resource allocation and management are easier if all users are tuned to the 
same frequency band and time or code division techniques are used. Radio 
channel sharing in the time and code domains is discussed in section 3.2. 
Spacial reutilisation of the bandwidth-time resource achieves a higher overall 
utilisation by allowing multiple transmissions to take place simultaneously 
and with the same code in different areas of the same network. Spacial re­
utilisation is commonly employed in cellular mobile networks, packet radio 
multihop networks, and satellite networks which use directed antennae. The 
antennae at many GSM base stations are sectored in three using directional 
antennas to increase capacity via frequency reuse. 

3.2 Duplexing 

In ordinary wireline telephone systems it is possible to hear the person at 
the other end of the line and to be heard simultaneously. This results from 
using a full-duplex cbarrnel. A half-duplex channel allows two-way communi­
cation, but uses the same radio cbanueJ for both transmission and reception, 
thereby allowing one person to be heard at a time. Full-duplexing allows 
simultaneous two-way traffic while a half-duplex channel only enables traf­
fic flow in one direction at any one time. Duplexing is achievable using 
frequency or time domain techniques~ 

3.2.1 Frequency Division Duplexing 

Frequency division duplexing {FDD) is achived using two simplex channels. 
Each user is assigned two frequency bands, a forward band ( or uplink) and 
a reverse band {or downlink). The forward band provides traffic from the 
base station to the subscriber unit, while the reverse band provides traffic 
from the subscriber unit to the base station. Each users wireless telephone 
unit has a device called a duplexer which allows simultaneous reception and 
transmission on the duplex channel. 

Basically, a simplex channel allows communication in one direction. For 
example a paging system, where the pager receives a broadcast but cannot 
acknowledge the reception, uses simplex channels. The frequency split (or 
separation) between the forward and reverse simplex channels is equal for all 
chauueJs. Each transceiver has to simultaneously transmit and receive radio 
signals which can vary by more than 100 dB [42], therefore frequencies used 
for the forward and reverse cbauuels must be carefully allocated to roiuiroi?'-e 
interference from out-of-band users that use the frequency spectrum near the 
forward and reverse bands. Also, the frequency separation allocation must 
permit the use of inexpensive radio frequency {RF) technology. 
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3.2.2 Time Division Duplexing 

Time division duplexing (TDD) shares time instead of frequency to provide 
full-duplexing. ff the time split between the forward and reverse channels is 
small enough then transmission and reception of data appears to be simul­
taneous and continuous to the user. In TDD, communication is achieved on 
a single channel and does not necessitate a duplexer as in FDD. However, 
there is a time latency in TDD because it is not full-duplex in the truest 
sense [42]. 

3.3 Multiple Access 

Multiple access techniques enables users to share the radio spectrum to 
achieve high capacity. Frequency division multiple access {FDMA), time 
division multiple access {TOMA), code division multiple access {CDMA), 
and space division multiple access {SOMA) are the most widely used 
multiple access techniques that share available radio bandwidth in a 
wireless communication system. Each multiple access technique uses the 
radio spectrum differently. These techniques can be used in narrowband or 
wideband systems. 

Packet radio {PR) networks is another multiple access system used in 
wireless communications. Packet radio achieves multiple access in a signifi­
cantly different way to TOMA, FDMA, CDMA and SOMA. Packet radio is 
discussed in Chapter 5 below. 

3.3.1 Narrowband Systems 

The bandwidth of a signal can be described with respect to the complete 
radio spectrum. In relative terms, a narrowband signal occupies much less 
bandwidth than a wideband signal. Thus many narrowband signals can 
occupy a wide radio band. Narrowband communication systems divide the 
available radio spectrum into a number of narrowband channels. This is the 
reason that narrowband systems usually use FDD. To miniroiZA interference 
between the forward and reverse duplex channels, the frequency spacing 
between these channels is made as large as possible without requiring 
expensive duplexers in the subscriber units. FDMA and TOMA systems 
exist that make use of narrowband signalling. For example, the GSM 
system uses TOMA, and the DECT system uses FDMA. 

In narrowband FDMA, users are allocated separate channels respec­
tively, each user is assigned one duplex channel. The TOMA equivalent 
assigns each user to the same channel but this time they are each allocated 
a respective time slot. This is done in a cylic fashion. For example, if a 
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time frame contains 32 time slots and user A is allocated time slot 3 of the 
frame, user B is allocated time slot 4 of the frame, etc. Every time the 
frame cycles, the user knows which time slot it must use, until the link is 
terminated. The users of a single channel are therefore separated in time. 
For narrowband TDMA, channels are assigned using either TDD or FDD, 
where each channel is shared using TDMA. These systems are refered to as 
TDMA/FDD or TDMA/TDD multiple access systems. 

Although modulation techniques are not the subject of this thesis a brief 
discussion, which follows, has been included for completeness. Since spread 
spectrum is being increasingly used in modern cellular and wireless commu­
nication systems the subject of spread spectrum modulation also mentioned 
in section /refspread. This paper is more concerned with digital systems 
as will be seen later when discussing packet radio multihop networks in 
Chapter 5, and GSM and DECT wireless networks in Chapter 4 

Analogue Modulation Techniques used in Narrowband Systems 

Modulation is a method of converting a message source to a form suitable 
for transmission. This usually means translating a baseband signal to 
a passband signal at frequencies orders of magnitude higher than the 
baseband signal itself. The baseband signal is called the modulating signal 
and the passband signal is called the modulated signal. Demodulation is 
the process of extracting the baseband message from the carrier so that it 
can be processed by the receiver. 

Most analogue narrowband radio systems use frequency modulation 
(FM) or amplitude modulation (AM), FM being the most popular mod­
ulation technique. In FM the amplitude ( or envelope) of the carrier is kept 
constant while the frequency is varied by the modulating message source. 
The signal information is contained in the phase or frequency of the carrier. 
In AM schemes the amplitude of the carrier is varied in accordance with the 
modulating message source. Thus AM signals have all their information in 
the amplitude of the carrier. With AM signals there is a linear relationship 
between the quality of the received signal and the power of the received 
signal, since the signal-to-noise (SNR) at the receiver will determine the 
distinction between the signal and the noise. 

Digital Modulation Techniques used in Narrowband Systems 

Modern wireless communication systems use digital modulation techniques. 
Advancements in very large-scale integration (VLSI) and digital signal 
processing (DSP) technology have made digital systems smaller and more 
cost effective than analogue systems. They enable digital error-control 
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codes which detect and/or correct transmission errors. Furthermore, they 
support complex processing techniques such as source coding, encryption 
and channel coding. 

In digital wireless communications systems, the modulating signal 
(coribtining the message) may be represented as a time sequence of symbols 
or pulses, where each symbol has m finite states. Each symbol represents n 
bits of information, where n = log2 m bits/symbol. Some digital modulation 
techniques have differences between one another, and each technique 
belongs to a family of related modulation methods, each with its own 
advantages and disadvantages. 

A good modulation scheme provides low bit error rates at low 
received signal-to-noise ratios. With this in mind they also have to 
perform well under multipath and fading conditions. In additon they must 
make efficient use of bandwidth and be easy and ooet-effective to implement. 

Bandwidth efficiency describes the ability of a modulation scheme to 
accomodate data within a limited bandwidth. Increasing the data rate re­
quires reducing the pulse width of the digital symbols, which then increases 
the bandwidth of the signal. Thus there is a relationship between data rate 
and bandwidth of binary systems. Each modulation scheme is designed to 
achieve a trade-off between data rate and bandwidth. The bandwidth effi­
ciency tells how well the bandwidth is utilised. It is defined as the ratio of 
thoughput data rate per Hertz in a given bandwidth. Bandwidth efficiency 
1/B is expressed as 

R 
1/B = Bbps/Hz 

where R is the data rate in bits per second, and B is the bandwidth 
occupied by the modulated RF signal. The capacity of a wireless system 
is limited to the efficiency of the modulation scheme, since a higher 1/B 
implies that more data can be transmitted in a given bandwidth allocation. 
The fundamental upper bound on achievable 1/B is described by Shannon's 
channel coding theorem [44]. The theorem states that for an arbitrary small 
probability of error, the maximum possible 1/B is limited by the noise in the 
channel, and is given by the channel capacity formula 

C 
1/B = B = l092(l + SNR) 

where C is the channel capacity, in bits per second (bps), B is the RF 
bandwidth, and SNR is the signal-to-noise ratio. 
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Digital communication systems often make a trade-off between band­
width efficiency and power efficiency. For example, adding error control 
coding to a message increases the bandwidth occupancy which, in turn, 
reduces the bandwidth efficiency, but also reduces the required receiver 
power for a particular bit error rate. A good example of this is the codes 
used for space communications between the earth and distant space probes 
sent to the reaches of the solar system. On the other hand, some modulation 
schemes decrease bandwidth occupancy but increase the required received 
power, and hence trades power efficiency for bandwidth efficiency. 

The performance of the modulation scheme under various types of chan­
nel fading such as Rayleigh and Rician fading and multipath time dispersion 
is another key factor considered when choosing a modulation scheme. In 
cellular systems where interference is an important consideration, the 
performance of a modulation scheme in an interference environment is 
extremely important for mobile use. In this thesis the packet radio network 
suggested is a non-mobile network. 

Sensitivity to timing jitter, caused by time-varying (mobile) channels, 
is also another important factor to consider. In general, the modulation, 
interference, and time-varying effects of the channel and the performance of 
the demodulator are analysed via simulations to determine the relative per­
formance of a digital modulation scheme. These considerations may seem 
unimportant in a non-mobile wireless network, however, these networks 
may span across highways and other areas where moving vehicles travel, 
and thereby produce time-varying channel effects. 

The most common digital modulation schemes rely on line coding, 
pulse shaping techniques and intersymbol-interference {ISi) cancellation 
techniques to achieve the above mentioned tradeoffs. These subjects will 
not be discussed here; a detail discussion can be found in [42]. 

A detailed discussion of modulation schemes is describe in [42]. Some 
common digital modulation schemes are: 

• offset quadrature phase shift keying ( OQPSK) 

• 1r / 4 quadrature phase shift keying ( 1r / 4 QPSK) 

• Gaussian minimum shift keying {GMSK) 

• direct sequence spread spectrum 

• frequency hopped spread spectrum 
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The features of some commonly used modulation schemes found in 
modern wireless multiple access systems is briefly presented below. Direct 
sequence spread spectrum and frequency hopped spread spectrum moduJ.a.. 
tion is discussed in section 3.3.2 below. 

Gaussain minimum shift keying (GMSK) is widely used in GSM cellular 
networks and in DCS 1800 PCS networks. GMSK is a binary modulation 
scheme which may be seen as a derivative of the minimum shift keying 
(MSK) modulation technique. The sidelobe levels of the spectrum of a 
GMSK signal are reduced by passing the modulating NRZ (non-return 
to zero) data waveform (message information) through a premodulation 
Gaussian pulse-shaping filter. The effect of baseband Gaussian pulse 
shaping is to smooth the phase change between successive pulses of the 
MSK signal. This reduces the sidelobe levels in the transmitted spectrum 
due to phase continuity. However, it also introduces ISI into the transmitted 
signal, but degradation is not severe if the 3 dB bandwidth product (BT) is 
larger than 0.5 [42]. GMSK has good power efficiency (due to its constant 
envelope) and spectral efficiency. This is important in wireless systems 
where interference must be small and bandwidth used efficiently, thereby al­
lowing higher capacity, satisfactory signal quality and miuimisi.ng cross-talk. 

1r / 4 shifted QPSK ( 1r / 4 quadrature phase shift keying) is used in the PHS 
system. 1r/4 shifted QPSK is a constant envelope modulation technique. It 
can be noncoherently detected, which significantly simplifies receiver design. 
It performs well in the presence of multipath spread and fading. 1r / 4 QPSK 
signals are often differentially encoded to facilitate easier implementation 
of differential detection or coherent demodulation when the signal contains 
phase ambiguity. Differentially encoded 1r / 4 QPSK is called 1r / 4 DQPSK, 
and is used in the Japanese PHS system, IS-54, and PHS (Personnal Handy­
Phone) digital cellular standards. 

3.3.2 Wideband Systems 

In narrowband and wideband systems users share the total available 
tnmsmissi'ln bandwidth. We saw earlier that narrowband systems divide 
the transmission bandwidth into many narrowband channels. In wideband 
access systems the signal bandwidth is spread over the entire transmission 
bandwidth. The advantage of the wideband technique is that it offers 
improved performance in channels affected by multipath fading than 
systems using narrowband techniques. This is also true for frequency 
selective fa.ding channels. 

In wideband multiple access systems, a user transmits over a large part 
of the spectrum, hence the term wideband. At the same time, many users 
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can transmit on the same channel- Spread spectrum CDMA allows many 
transmitters to acceee the channel at the 88Dle time. Like TOMA, CDMA 
systems may be implemented using FDD or TDD multiplexing techniques. 

Four common spread spectrum modulation techniques exist. These are: 
direct sequence, frequency hopped, chirped, and time hopping. Hybrids of 
these four spread spectrum techniques also exist. Direct sequence and b 
quency hopped techniques are the most commonly used in modem wireless 
multi-user communication systems. 

Spread Spectrum Modulation Techniques used in Wideband Sys­
tems 

Narrowband modulation techniques try to achieve increased power and/or 
bandwidth efficiency in a stationary additive white Gaussian noise (AWGN) 
channel. Since radio spectrum is a limited resource, one of the primary 
design objecives is to use it efficiently. Narrowband schemes try to obtain 
this objective by minimizing the required transmission bandwidth. Spread 
spectrum modulation techniques achieve efficient utilization of the spectrum 
in a way that, at first, seems contradictory to the proposed objective. 

The tl"anemissir>n bandwidth of a spread spectrum scheme is orders of 
magnitude larger than the minimum required signal bandwidth (sometimes 
called data bandwidth for digital modulation schemes). We can say that 
the scheme is very bandwidth inefficient for a single user, but this does 
not mean that the spectrum cannot be further utilized. The advantage 
of spread spectrum is that many users can simultaneouosly use the 88Dle 
bandwidth without significantly interfering with each others signals. 

The signal bandwidth of the baseband message source is spread by a 
spreading waveform which is usually controlled by a pseudo-noise (PN) 
sequence. A PN sequence is a binary sequence that appears random but can 
be reproduced in a deterministic manner, Croescorrelation of the received 
spread signal with the PN sequence effectively despreads the signal and 
restores the modulated message in the narrow band. Crosscorrelation of the 
PN sequence with the signal from an undesired user or with narrowband 
interference results in a very email amount of wideband interference at 
the receiver output. Effectively the noise of other users signal is spread 
thoughout the received frequency band while the required signal is recovered 
through crosscorrelation ( despreading). 

Spread spectrum modulation is well-suited to wireless communication 
systems because of its inherent interference rejection capabilty. Each user 
is assigned a unique PN code which is approximately orthogonal to the 
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other codes used. The receiver can separate each user based on their codes, 
even though they occupy the same bandwidth simultaneously. This means 
that the interference between spread spectrum signals occupying the same 
frequency band is negligeble until a certain noise threshold, determined by 
the number of users, is reached. 

Passing the noise threshold can cause a catastrophic breakdown of the 
channel information rate. Spread spectrum also permit.s the full recovery 
(or capture) of a signal even when it is corrupted by narrowband noise. 
Since all users are able to share the same spectrum, frequency planning 
is made easier. This requires dynamic PN code assignment, not dynamic 
frequency allocation in mobile systems. 

There are two commonly used spread spectrum techniques, namely, 
direct se,quence spread spectrum and frequenc11 hopped spread spectrom. A 
direct sequence (DS) spread spectrum system spreads the baseband data 
by directly multiplying the baseband data pulses with a spreading sequence 
that is produced by psuedo-noise generator. Figure 3.2 shows a simplified 
functional block diagram of a DS system transmitter stage. Data symbols 
are added in a modulo-2 fashion to the chips of the PN sequence before 
being modulated. This result.s in the baseband signal being spread to a 
wide bandwidth. 

Figure 3.2 shows a simplified functional block diagram of a DS spread 
spectrum receiver. Assuming synchronisation with the spreading sequence 
has been achieved at the receiver, the received signal passes through the 
wideband filter and is multiplied by a local replica of the PN code sequence 
(crosscorrelation). Figure 3.4 shows the received wideband signal with in­
terference at the output of the wideband filter of the receiver, and figure 3.5 
shows the correlation output of the receiver after despreading. The received 
signal bandwidth is reduced to the original baseband bandwidth, as desired. 
The interference energy is spread over a much wider bandwidth and is 
coDBequently many orders of magnitude lower in power than the desired 
signal in the signal bandwidth. The filtering action of the demodulator 
removes most of the interference. Thus most of the interference energy 
is removed and does not significantly affect signal fidelity. The effect of 
spread spectrum techniques is that processing gain is increased, and thus 
the interference rejection capability of the system is enhanced. 

Frequency hopped (FH) spread spectrum involves a periodic change of 
transmission frequency. The change is determined by the PN sequence. A 
frequency hopped signal may be thought of as a sequence of modulated 
data bursts with a time-varying, psu.edorandom carrier frequency. The data 
burst.s have a bandwidth called the instantaneous bandwidth. The set of 
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Figure 3.2: Simplified block diagram of a DS spread spectrum system: trans­
mitter 

possible carrier frequencies is called the hopset. The hopping takes place 
within a frequency band that is divided into a number of channels. Each 
channel is defined as a spectral region with a central frequency in the hopset 
and a bandwidth that can accommodate the instantaneous bandwidth 
burst of the hopped signal. The bandwidth of the spectrum over which 
the hopping occurs is called the total hopping bandwidth. Information 
is sent by hopping the transmitter carrier to random channels which 
are known only to the desired receiver. So small bursts of data are sent 
in the randomly selected channel before the carrier hops to the next channel. 

Figure 3.6 shows a simplified functional block diagram of a single 
channel FH spread spectrum system transmitter, and Figure 3.7 shows 
the receiver. If the frequency hop pattern of the receiver synthesizer is 
synchronized with the same frequency pattern of the received signal, then 
the mixer output will be the dehopped signal. The mixer output is then 
fed to a conventional receiver to extract the baseband signal. It is possible 
to have collisions in a FH system where an undesired user transmits in the 
same channel at the same time as the desired user. 

3.3.3 Frequency Division Multiple Access (FDMA) 

As the name implies frequency division multiple access (FDMA) uses 
frequency division to manage the bandwidth resource. Each user is 
allocated a unique frequency channel. These channels have to be assigned 
on demand to users requiring service. This requires the network nodes to 
have managP-ment protocols to dynamically allocate the channels. During 
the call connection period the network protocols do not allow any other 
user to access the channel. FDMA systems use FDD. A channel is assigned 
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Figure 3.3: Simplified block diagram of a DS spread spectrum system: re­
ceiver 

88 a pair of frequencies, one frequency for the forward channel, and the 
other for the reverse channel. These channels complete the local loop or 
circuit. 

FDMA becomes wasteful of the bandwidth resource when a channel 
remains idle because the channel cannot be used by other users to increase 
or share network capacity. The bandwidth of an FDMA channel is (usually 
between 25 kHz and 30 kHz), and usually implemented in narrowband 
systems. The amount of intersymbol interference (ISI) is relatively low due 
to orthogonality in the frequency domain, therefore requiring little or no 
frequency equalisation. 

FDMA is relatively uncomplex when compared to TDMA and CDMA 
mobile systems. FDMA requires less control data than TDMA and CDMA 
systems once the call connection has been established because it is a 
continuous transmission scheme, and does not require overhead data such 
88 synchronisation and framing bits. 

Each channel in an FDMA system requires a carrier; this requires the 
base stations to have costly bandpass filters to eJiroiuate spurious radiation 
in order to reduce signal distortions. This results in FDMA systems having 
higher cell site costs compared to TDMA systems [42]. 
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Figure 3.4: Spectra of a desired received spread spectrum signal with inter­
ference: wideband filter output 

3.3.4 Time Division Multiple Access (TDMA) 

Time Division Multiple Access (TDMA) systems divide the radio spectrum 
into time slots which are arranged into a frame that periodally cycles. One 
user is allowed to either transmit or receive in each time slot at any one 
time. A channel can be thought of as a particular time slot that repeats 
every frame of time slots. In other words, a channel corresponds to a 
specific time slot of the repeating frame. The number of time slots per 
frame is usually defined in a standard or for a particular system. GSM 
uses TDMA with a time frame consisting of eight time slots. Due to 
the fact that TDMA systems use time slots to manage data a TDMA 
system is non-continuous. The implication is that digital data and digital 
modulation are required to enable TDMA systems to operate. The various 
transmissions are interlaced into a cyclical frame structure, shown in the 
figure 3.8. 

As mentioned above each frame is made up of a number of time 
slots. In addition to the time slots, overhead information is neccessary for 
frame boundary definition and synchronisation. Each frame consists of a 
preamble, information message, and trail bits. TDMA/TDD systems use 
half the time slots of a frame for forward link cbanueJs and the other half 
for reverse link channels. TDMA/FDD systems also exist. They use a 
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Figure 3.5: Spectra of a desired received spread spectrum signal with inter­
ference: correlator output after despreading 

similar frame structure, but now the forward and reverse simplex channels 
use different carriers. In order for the base stations and subscriber units to 
identify each other, address information is placed inside the preamble. 

Guard times are utilised to enable the receivers at the base station and 
subscriber unit to achieve synchronisation between the different time slots 
and frames. In order to increase capacity guard times should be minimised. 
ff the guard times are shortened by sharply suppressing the transmission 
at the edges of the time slot then an expanded transmission spectrum will 
be induced thereby causing interefernce with adjacent channels. Various 
TDMA frame structures exist for different applications. The fact that 
TDMA transmissions are slotted results in TDMA systems having larger 
overheads compared to FDMA systems. The number of time slots per 
frame and the size of each time slot depends on several factors such as the 
modulation technique used and the available bandwidth. 

In TDMA systems users are allocated non-overlapping time slots. As 
a result data transmission for users is not continuous, but occurs in burst. 
This reduces battery consumption since the subscriber unit transmitter 
can be turned off when the channel is idle, unlike in FDMA systems where 
the transmission is continuous requiring the subscriber unit transmitter to 
always be active during a call connection. 
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Figure 3.6: Simplified block diagram of a frequency hopping (FH) system 
with single channel modulation: transmitter 

If a handoff process is required TOMA a1so enables subscriber units to 
listen, during idle time slots, for other base stations, thereby making the 
handoff process simpler than in FDMA systems. Some TOMA systems use 
mobile assisted handoff (MAHO) in subscriber units by listening for idle 
time slots in the frame. 

It has been mentioned that different time slots are used for transmission 
and reception. This excludes the use of a duplexer in TOMA systems. 
If TDMA/FDD is used then a switch can be used inside the subscriber 
unit to switch between transmission and reception time slots, rather than 
using a duplexer as in FDMA systems. This results in less expensive radio 
equipment. 

Another advantage of TDMA slotted transmissions is that it is possible 
to allocate different numbers of time slots per frame to different users. The 
effect is that bandwidth can be supplied on demand to different users by 
concatenating time slots based on priority. 

The efficiency of a TOMA systems is a measure of the amount of trans­
mitted data containing information compared to the overhead data of the 
access scheme. In TDMA systems, information is in binary form. Therefore 
the measure will include the binary overhead control data compared with 
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Figure 3.7: Simplified block diagram of a frequency hopping (FH) system 
with single channel modulation: receiver 

the digitized voice information in the time slots. The frame efficiency is the 
percentage of bits per frame which contains transmitted data. The trans­
mitted data may contain source and channel coding bits to improve data 
accuracy, so the overall end-user efficiency of the system will in most cases 
be less than the frame efficiency. 

3.3.5 Spread Spectrum and Code Division Multiple Access 
(CDMA} 

Up to thls point we have looked at FDMA and TDMA applied in a nar­
row band sense. We now look at spread spectrum techniques which allow 
for wideband multiple access techniques. Spread spectrum multiple access 
techniques make use of signals with bandwidths several orders of magnitude 
larger than those used in narrowband systems. Code division multiple ac­
cess (CDMA) will be presented followed by a brief discussion of frequency 
hopped multiple access (FHMA). 

Code Division Multiple Access (CDMA) 

The modulation of spread spectrum signals has been described above. 
Thls spreading signal is a psuedo-noise (PN) code sequence. All users of 
a CDMA system use the same carrier frequency and thus may transmit 
simultaneously in the same bandwidth. Each user is assigned a different 
psuedorandom codeword which is approximately orthogonal to all other 
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codewords. In order for the receiver to detect a specific codeword it 
has to perform a correlation operation. All other codewords will be 
decorrelated and appear as noise. If the receiver wants to detect a. 
specific message signal, then it as to have a priori knowlege of the signals 
codeword. Due to the fa.ct that all codewords are approximately orthog­
onal, ea.ch user operates independently. The system is designed so that 
a maximum number of users can be serviced without high interference levels. 

CDMA systems are affected by the near-far problem. The noise 
floor after decorrelation at a receiver base station is determined by the 
signal power of multiple users. The near-far problem occurs when many 
mobile users share the same channel. The strongest received signal will 
be captured by the demodulator at the base station. The result is that 
stronger received signal levels raise the noise floor for the weaker signals 
at the base station. This decreases the probability of weaker signals being 
received properly. To overcome this problem, CDMA systems use power 
control to regulate the transmission power of signals. Power control is 
performed by ea.ch base station and insures that ea.ch subscriber unit 
provides siroiJar signal power levels at the base station. However, out-of­
cell subscriber units provide interference which is not under the control 
of the receiving base station, and therefore limits the ca.pa.city of the system. 

CDMA has a soft capacity limit due to its interference characteristics. 
The noise floor increases with increasing number of users and clecrea.ses 
with decreasing number of channel users, in a linear manner. The effect 

29 



is that system performance and voice quality is determined by the noise 
level. Therefore, ideally there is no absolute limit on the number of 
users in CDMA. Usually the number of users is limited by timing and 
synchronization problems with radio and digital equipment. 

CDMA can be used inconjunction with FDD and TDD. CDMA is 
versatile because it can be used to improve the operation of many existing 
communication system designs which implement TDD and FDD. 

The effects of multipath fading is reduced because the signal is spread 
over a wide bandwidth. Usually the spread spectrum bandwidth is much 
larger than the baseband signal bandwidth and any small-scale fading has 
little effect on the information accuracy of the demodulated signal. 

CDMA is also very convenient for frequency planning and network de­
ployment. In narrowband systems special dynamic frequency allocation is 
required or time consuming frequency planning is required to prevent fre­
quency channel clashes. In CDMA systems frequency planning is not an 
issue because all users use the same frequency band. Once users are as­
signed codewords they can use the channel without significantly affecting 
adjacent coded signals. 

Frequency Hopped Multiple Access (FHMA) 

The modulation of spread spectrum signals has been described in sec­
tion 3.3.2. Frequency hopped multiple access (FHMA) is a digital multiple 
access system in which the carrier frequencies of the individual users are 
varied in a pseudorandom fashion within a wideband of radio spectrum. The 
digital data is divided into uniform bursts which are transmitted on different 
time-varying carrier frequencies. The varying carrier frequencies of the mul­
tiple users randomizes the channel occupancy of thP- channels at any given 
time. This effectively allows multiple access over a wide frequency band. 
In a FH receiver, a locally generated PN code is used to synchronise the 
receivers instantaneous frequency with that of the transmitted signal. The 
PN code describes the carrier frequencies included in the hopset. Each user 
is separated in the code domain by having different hopping sequences. The 
result is that they each mostly use different parts of the spectrum at any one 
time. Frequency hopped signals can be made very immune to deep fading 
by using error control coding and bit interleaving. Error control coding and 
bit interleaving can also be combined to protect against collisions which oc­
cur when more than one user simultaneously transmits on the same channel. 

Frequency hopping provides a certain level of security to the information 
in the FH channel, since an intercepting receiver which does not know the 
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psuedorandom sequence of the frequency slots would need to rapidly search 
for the signal it tries to intercept, or uses some other advanced technique to 
acquire the information. This may reduce complex encryption techniques. 

3.3.6 Space Division Multiple Access (SOMA) 

Space division multiple access (SDMA) increases network capacity by 
controlling the radiated energy for each user in space. Directed antennas 
are used to serve different users. TDMA, FDMA and CDMA systems 
can be used inconjunction with SDMA to serve different coverage areas. 
Sectorised antennae use SDMA in a static sense. Research activity has 
recently increased in the field of adaptive arrays, which will be able to 
perform beam steering in the direction of many users at once. This will 
bring about an increase in network capacity. In the mobile environment 
this is necessary due to the movement of subscriber units. 

The reverse link (signals from the subscriber unit to the base station) 
present many difficulties in cellular SDMA systems. Different users will 
generate different radio propagation paths to the base station, each with 
its own power level. In order to prevent high interference levels at the base 
station receiver the power levels in the reverse link need to be dynamically 
controlled by the base station, adding complexity and cost to the system. 

Another difficulty is that transmit power is limited to the battery capac­
ity and consumption at the subscriber unit. This will limit the amount that 
power at the subscriber unit can be controlled. Two techniques can be used 
to increase battery life. Base stations can spacially filter each desired user 
so that more energy is detected in the reverse link of each subscriber unit, 
then less power is required from the subscriber unit. The other method, 
though more theoretical at this time, would be to use adaptive antennas on 
the subscriber unit to direct transmit energy and therefore prolong battery 
usage. 

In a non-mobile network spacial filtering at receivers, and directed an­
tennae at transmitters counld increase system capacity, and reduce power 
requirements. However in a multihop packet radio network a multiple of di­
rected antennae would need to be used to connect to multiple neighbouring 
nodes. 
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Chapter 4 

Wireless Local Loop 
Technologies 

In this chapter we look at wireless local loop (WLL) technologies and some 
of the systems used in South Africa. Wireless local loop is sometimes called 
radio in local loop (RLL); the terms are used interchangebly. Two types 
of systems which are currently being used in South Africa are presented. 
The systems are explained in detail, followed by information detailing the 
success achieved and problems encountered using these systems. 

The purpose of providing wireless communication systems in South 
Africa is to bring about an information based society. "The vision of the 
department is to improve the quality of life of all our people, make South 
Africa's future generations a knowledge-based society and help create an 
information economy. This will be achieved by establishing a networked 
information community to empower the way people work, live and play and 
to make South Africa globally competitive." [8]. 

The objective of an information based society requires providing both 
voice and computer networking infrastructure in order to provide multime­
dia applications. Rural communities can benefit from these technologies 
which can be used to provide tele-medicine and tele-education services. 
These services are provided by a combination of telephone and Internet 
services, which most South Africans currently do not have direct access too. 

The original aim of this thesis was to propose a packet radio system 
which would be able to provide both voice and internet access in one net­
work. Research and analysis of published works has been used to suggest 
such a system in Chapter 5. However, before looking at this packet radio 
proposition we look at the current WLL systems in use today, and high­
light some of their disadvantages. The concepts relating to multiple access 
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described in Chapter 3 are wied here for this purpose. 

4.1 Wireless Local Loop Issues 

The purpose of WLL technology is to replace the service that the traditional 
wireline POTS systems have provided in the past or to extend existing 
public switch telephone networks (PSTNs). The local loop traditionally 
consists of a twisted copper wire pair, either underground or overhead 
on. poles. Wire based services are slow to roll out due to the use of wire 
CODDections. Recently WLL has been used to rapidly and cost effectively 
provide local loop service in countries with low telephone penetration [6]. 

This has come about due to advances in technological developements, 
such as digital and RF circuit fabrication improvements, new large-scale 
circuit integration (VLSI), and miniturisation technologies reducing size 
of portable radio equipment and making them cheaper and more reliable. 
Digital switching technology has a1Bo facilitated the deployment of cheaper, 
easier to use and managable radio communication networks. 

Market deregulation has also played a major role in the development 
and deployment of wireless local loop technology. Increased competition 
between suppliers has resulted in driving prices down, improving network 
services, and operation and maintainance monitoring. 

Wireless local loop is seen as an initial platform for the delvelopment 
of multimedia and news services. Multimedia applications require high 
data rates which therefore require the use of high frequencies and large 
bandwidths. 2 GHz and 10 GHz wireless local loop has been proposed by 
the British government for this purpose. High frequencies are suited to last 
mile wirem local loop multimedia because of their data carrying capacity. 
The short propagation distance at these types of frequencies is not a factor 
because they can accomodate last mile coverage. 

Wireless local loop will stimulate the introduction of competition 
between last mile local loop providers. Radio technologies can be used 
effectively by smaller providers to compete with the historical sole telephone 
operator that exists in most countries to gain access to the subscriber 
without having to first bear the cost of investing in wire1ine networks. The 
use of radio infrastructures make it possible to establish networks rapidly 
and more cost effectively than wireline networks. 

The multiple access capability of WLL systems makes it simpler to 
plan the distribution network because it is not necessary to know the exact 
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location of a subscriber. Radio networks can increase capacity according 
to increasing subscriber demand by sectoring antannae or using microcells. 
This allows for a flexible network investment plan based on subscriber 
numbers and demand, rather than in the case of wire based solutions where 
networks are fixed according to predicated subscribey demand. This means 
that capital investments for radio based networks can be recouped quicker 
than wireline networks. 

Wireless local loop contributes to reducing the cost of a telephone 
service because network installation and maintenance costs are lower due to 
the absence of special cabling required for wireline networks. This is partic­
ularly relevant to distant rural communities where it would be expensive to 
install and maintain wire based networks over many kilometers. Wireless 
connection costs do not vary substantially with distance [6] compared to 
wireline costs. 

Another aspect of WLL that is pertinant to developing countries is 
that WLL systems can be rolled out and deployed very quickly compared 
to wire based systems. The time needed to link a new subscriber with a 
wireless system is measured in hours or days not months. 

It is not difficult to estimate the cost to install a WLL system. This 
enables service providers to develope an accurate pricing model which allows 
then to provide a more efficient and well managed service. 

4.2 Wireless Local Loop Technologies 

Manufacturers of modern radio local loop equipment offer a diverse range 
of systems that fall into the following categories: 

• fixed radio access system 

• point-to-point (PTP) system 

• point-to-multipoint (PMP) system 

• cordless system 

• cellular system 

These systems are used alone or in combination to provide local loop 
service to different communities with different communication requirements. 
Communities and their communication requirements may be the following: 

• local loop in densely populated area, fixed radio access system 
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• local loop in densely populated area, with mobile communication ser­
vice 

• local loop in moderate or sparsely populated areas 

• local loop in very sparsely populated areas 

4.2.1 Point-to-Point (PTP) Systems 

Point-to-point wireless systems have traditionally been used in fixed access 
microwave radio links to establish network infrastructure. They can be used 
to provide wireless local loop services to remote rural communities. For 
example, France Telecom uses UHF and VHF frequency systems developed 
specifically for certain rural communities. 

4.2.2 Point-to-Multipoint (PMP) Systems 

Point-to-multipoint systems offer fixed wireless access. They provide a 
single access point for multiple radios. They use directed antennae to form 
links to these radios, and therefore are not intended for continuous coverage. 
They are normally used as a backbone in network infrastructure (figure 4.1). 

uaer 

~~ 
L~ 

Point-to-Multipoint [J 
user 

Figure 4.1: A Point-to-Multipoint Network 
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Usually a subscriber terminal is connected via wire to an external 
antenna, say on the subscribers house roof or on a pole near the house. 

The point-to-multipoint system connected directly to the PSTN (fig­
ure 4.1) (is the first) in a wireless link will limit the capacity of the system, 
therefore det~rroining the maximum number of simultaneous users that the 
wireless network can provide throughout the chain of wireless links that 
follow after the point-to-multipoint system at the PSTN. 

4.2.3 Cordless Systems: DECT and CT2 

Digital European Cordless Telephone (DECT) and CT2 are European de­
veloped systems which are currently used in South Africa by Telkom. They 
provide fixed subscriber access, radio telephony with varying degrees of 
mobility, PABX and private terminal use. DECT systems can accomodate 
data and voice transmissions for the office and business users. They are 
also being used in South Africa to deliver last mile telephone service to a 
township community. 

DECT was developed from the need to coordinate radio spectrum usage 
between countries in Europe. It is widely used in Europe and Asia. DECT 
offers a similar service to PHS (Personal Handyphone System) in Japan. 
DECT is a universal cordless telphone standard developed by the European 
Telecomunications Standards Institute (ETSI) [39] [38] and finalised in July 
1992. 

4.2.4 Cellular Systems 

The worlds first cellular system was implemented by the Nippon Telephone 
and Telegraph company (NTT) in Japan during 1979. In 1985 the Extended 
European Total Access Cellular System (ETACS) was deployed, and is very 
similar to the U.S. AMPS systems. GSM (Global System for Mobile) was 
developed in Europe and deployed in 1991 in the 900 MHz band which all 
European countries dedicated for cellular telephone service [35]. 

GSM is gaining world wide acceptance as the first universal digital 
system, and is a strong contender for personal communication system 
(PCS) services throughout the world. 

These systems now offer access to radio local loop. Some manufacturers 
have developed fixed cellular systems. For example, Qualcomms QCT series 
offers CDMA technology based fix wireless access systems [11]. Qualcomm 
claim that their CDMA system offers three times the capacity of regular 
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cellular networks, and is more easily deployable than GSM systems because 
it uses dynamic channel code assignment. 

4.3 Global System for Mobile (GSM) 

GSM access in South africa is provided by two cellular companies, namely 
MTN and Vodacom. They were issued with licenses in 1993 [4]. In this 
section a brief explanation of GSM is given. GSM is a widely used network 
for mobile users. We will see in this section that it has been applied to 
township communities in order to provide residents access to telephony, and 
has resulted in the development of commercial ventures. 

4.3.1 System Architecture of the GSM Network 

The GSM network is composed of three functional interconnected subsys­
tems: Base Station Sub81Jstem (BSS}, Network and Switching Sub81Jstem 
(NSS}, and the Operation Support Subsystem (OSS). The mobile station 
(MS) (subscriber unit) is considered part of the BSS. Figure 4.2 shows the 
layout of a generic GSM network. The BSS controls the radio link with the 
mobile station, and manages the radio interface between the mobile station 
and all other subsystems of GSM. The NSS performs the call switching 
between the mobile and other fixed or mobile network users, and performs 
mobility management. The main part of the NSS is the Mobile senJice 
Switching Center (MSC). The Operations and Maintenace Center oversees 
the proper operation and setup of the mobile-base station interface, known 
as the air interface or radio link. 

We will show a general description of how these lfu.bsystems work to­
gether, thereby showing the complexity of a GSM network. It will be seen 
that the GSM network provides functions which are not necessary in a fixed 
wireless network. 

Mobile Station 

The mobile station {MS) consists of the mobile equipment {radio terminal) 
and a smart card called a Subscriber Identity Module (SIM). THe SIM 
provides personal mobility, which allows the user to gain access to the GSM 
network irrespective of the mobile terminal equipment. 

The mobile equipment is uniquely identified by the International 
Mobile Equipment Identity {!MEI) number. The SIM card contains the 
International Mobile Subscriber Identity {IMS!) number used to identify 
the subscriber to the system. The !MEI and IMS! are independent. The 

37 



BSC 

BSC 

Abis Interface 

GSM Radio 
Air Interface 

Base Station 
Subsystem A 

lnterf'ace 

Key: MS Mobile Station 
BTS Base Transceiver Station 
BSC Base Station Controller 
AUC Authentication Center 

HLR VLR 

Network 
Subsystem 

AUC 

HLR Home Location Register 
VLR Visitor Location Register 
MSC Mobile service Switching Center 
OMC Operations and Maintenace Center 

Figure 4.2: Architecture of a generic GSM network 

SIM card can be protected against unaurthorised use by using a password. 

Base Station Subsystem 

The base station subsystem consists of the base transceiver station (BTS) 
and the base station controller. The BTS and BSC interact via the 
standardised Abie interface1 which allows system components of different 
manufacturers to operate together. 

The BTS contains the radio transceivers that are used for communi­
cation within a cell, and handles the radio link protocols with the mobile 
station. In high density traffic areas many BTSs are deployed to cope with 
the demand. Therefore BTSs are required to be robust, reliable and low cost. 

H GSM was to be used in rural communities1 then the base station will 
not be required to handle such large traffic loads as those that arrise from 
GSM networks deployed in cities. Thus it may be a waste of capital to 
provide base station type support in some rural communities. 

The BSC manages the radio resource between one or more BTSs. It 
performs the radio channel setup, handovers, and frequency hopping. The 
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BSC also connects the mobile station to the MSC. The standardised interface 
between the BSC and MSC is called the A interface. 

Network Subsystem 

The NSS handles the switching of GSM calls between external networks 
and the BSCs in the radio base station subsystem, and is responsible for 
managing and providing external access to several customer databases. 
The MSC is the central component of the network subsystem. It acts as 
a switching node for PSTN or ISDN connections, and provides all the 
functionality required to handle a mobile subscriber, such as :ma.ming, 
handoff, authentication, call routing, etc. Signa]Jing- between functional 
network components in the NSS uses SignaUing System (SS7). SS7 is used 
for trunk signalJing in ISDN networks which are extensively used in GSM 
networks. Telkom leases ISDN networks to Vodacom and MTN for use 
in their GSM networks because it has a temporary control over all voice 
communication networks. 

All call routing and maming capabilities of a GSM network are provided 
by the HLR, VLR and MSC ( describe in figure 4.2. The HLR contains 
a database with information about each subscriber and the subscribers 
location in the same area as the MSC. 

The visitors location register(VLR) contains selected information from 
the HLR. The VLR temporarily stores the IMSI and customer information 
for each roaming subscriber. In other words, the VLR will contain sub­
scriber information for each mobile currently located in the geographic area 
controlled by the VLR. The VLR is U8Ually linked between multiple MSCs 
in a particular geographic region and contains subscription information 
about every visiting user in the region. The MSC itself does not contain 
~ information about particular mobile stations, this information is stored 
in the location registers. 

Two registers are used for authentication and security purposes. 
These are the equipment identity register (EIR) and the authentication 
center (AUC). The Effi is a database that contains a list of all valid 
mobile equipment on the network. Each mobile station is identified by 
its international mobile equipment identity (IMEi) number. lMEis can 
be marked as invalid if the equipment is stolen. The AUC is a protected 
database that stores a copy of the secret key stored in each subscriber's SIM 
card, which is used for authentication and encryption over the radio channel. 

The operation support system (OSS) one or more operation maintenance 
centers (OMC) are used to monitor and maintain the function of each MS, 
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BS, BSC, and MSC within the GSM network. The three main functions of 
the OSS are: 

• to maintain all telecommunications hardware and network operations 
within a particular market 

• ma.uage all billing procedures 

• manage all mobile equipment in the system 

The OMC has the ability to adjust all base station parameters and billing 
procedures, and allow network operators to determine the network perfor­
mance and integrity of each piece of subscriber equipment [42]. While a 
network such 88 GSM requires this ability to ensure smooth operation, a 
rural network of non-mobile topology woulb not require such an advanced 
ability. At most it would require a simple billing system and network in­
tegrity check ability. 

4.3.2 Multiple Access and Channel Structure 

GSM uses two 25 MHz frequency bands, in the 800-900 MHz range, one 25 
MHz band accomodates forward channels and the other reverse channels. 
GSM uses FDD and a combination of FDMA and TDMA to provide 
multiple access to multiple users. The forward and reverse frequency 
bands are divided into 200 kHz channels called ARFCNs (Absolute Radio 
Frequency Channel Numbers) using FDMA. Each forward and reverse band 
channel is separated by 45 MHz and each channel is time shared between 
88 many 88 eight subscribers using TDMA. 

Each of the eight subscribers uses the same ARFCN and occupies a 
unique timeslot (TS) per frame. GMSK modulation with a BT factor of 0.3 
is used for transmissions at a channel rate of 270.833 kbps. The effective 
channel rate per user is 33.854 kbps. However, the GSM overhead results 
in data actually being sent at 24. 7 kbps. Figure 4.3 shows the GSM frame 
structure. 

Appendix A contains a tabular summary of the GSM air interface spec­

ifications. 

GSM Traffic ChanneJs 

GSM has two types of logical traffic channels! the traJfic channels (TCH) 
and control channels (CCH) [27]. The traffic channels carry digitised 
user speech data or user data. The control channels carry signaling and 
synchroniaation oommaods between the base station and the mobile station. 
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4.3.3 GSM Application in Developing Township Communi-
ties 

As part of Vodacoms licensing agreement in South Africa, it had to agree 
to provide telephone services in developing communities. Using equipment 
supplied by Alcatel Telecom's local subsidiary Vodacom has franchised 
members of various communities to become phone shop operators. Calls 
made from initial phone shops where subsidised by Vodacom and have been 
paid for on a simple cash-per-call basis. The service has become part of 
township life, giving millions of people affordable access to telephones for 
the first time in their lives. The newer phone shops adopted a prepaid card 
system, which works on a cash-per-card basis. 

At the beginning of 1998, 14000 phones have been installed in phone 
shops around the country, according to the marketing department of 
Vodacom. The phone shops are housed in industrial shipping containers 
sponsored by the Pick 'n Pay supermarket chain. Many of these phone 
shops are being developed into telecenters, and already they cater for fax 
and telephone usage. 

This approach to providing telephone sevice is called Universal Access. 
Telkom have taken the approach of supplying Universal Service, explained 
in section 4.4. As of May 1997, Vodacom has franchised over 200 operators 
countrywide. More than a million calls are made from 350 outlets [9]. As 
a result of the high success of these phone shops thriving businesses have 
developed, thereby stimulating commerce in these communities. The result 
of the phone shop industry is that 20 million people now have universal 
access to telephones. Although they may not have access in there homes, 
they do have access in relatively easy reach areas. 

As can be seen from the GSM network description and explaination, 
GSM does not provide support for deploying the network or base stations 
quickly, due to its complexity. Often governmental approval can take 
weeks or even months in some cases. Furthermore, some base stations use 
large antennas of 20 to 30 meters height and are in public areas were they 
often draw critisism fbr spoiling views. Many antennae have already been 
disguised to look like Palm trees, Cypress trees, or made to visually blend 
into the mountain. This added dimension to the problem of supplying 
cellular service further slows network deployment. Ideally small antennae 
would solve the problem (Chapter 5). 

The other side of the story is that once the cellular network provider has 
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installed a base station the users have to buy mobile phones. In the past a 
two year phone contract had to be acquired. In order to be successful in 
getting a contract the applicant needed a good credit history. This resulted 
in many applications being rejected because most of the South African 
population has not got any credit history at all. Approximately 40 % of all 
Vodacoms cellphone contract applications were rejected in 1997. 95 % of 
the rejected applicants bought prepaid cards thereby allowing Vodacom to 
accept most cellphone applicants. 

Vodacom decided to use the prepaid approach to solve this problem. In 
this scenario, the marketing approach had to be taken into account when 
designing the billing system, to deal with a non-pay culture. Vodacom 
engineers developed the a prepaid billing system and Siemens assisted in 
the development of an electronic card system which was integrated with 
a cellular phone. This technology was then used in the phone shops. It 
enables customers without a credit history to prepay for a phone card. The 
cellular provider makes several cards available to phone shop operators who 
then retail the cards to the public. The advantage of the prepaid system 
is that service is sold on a cash basis and thus there are no problems of 
unpayed bills. Vodacom takes 50 % of all prepaid card sales as remuneration 
for their service, the rest goes to the phone shop operator. 

The phone shop concept and Vodacoms prepaid Vodago service has ex­
panded cellular sevices from a niche market into a mass market. It creates 
revenue for the service provider and also develops brand awareness. Vo­
dacom prepaid phone cards are now marketed at petrol garages and retail 
stores. One of the advantages of prepaid cards is that they enable the sub­
scriber to try the service before they buy the full service. 

4.4 Digital European Cordless Telephone (DECT) 

As much a GSM has been a success it has its limitations when it comes to 
supporting higher density environments for example, a township or high 
rise apartment block communities [24]. DECT has been choosen by Telkom 
to deliver quick rollout of telephone network infrastructure to meet the 
governments 2003 rollout plan. 

DECT provides high speed short range communications for a broad 
range of applications and environments. It offers very good quality voice 
service and data application services[22]. DECT is designed around the 
open standard (OSI) model which makes it possible to interconnect wide 
area fixed or mobile networks, such as ISDN and GSM, to a portable 
and/or fixed subscriber population. DECT provides low power radio access 
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between cordless subscriber unit and fixed base station over a range of up 
to a few hundred meters. A DECT base station also uses dynamic channel 
allocation based on the received signal from the portable subscriber unit 
and is designed to support handofm at pedestrian speeds. 

DECT is standardised, therefore any mobile terminal of any manufac­
ture make will work with any DECT base station due to its use of the 
Generic Access Protocol (GAP). 

Its frequency hopping multiple access ability removes the need to 
perform frequency planning This contributes to the simplicity of the 
system and enables quick rollout. These are some of the reasons that 
Telkom use DECT in a township community. 

4.4.1 Architecture of the DECT system 

The DECT architecture is based upon the OSI (Open System Interconnect) 
network model principles similar to ISDN. The network can be split into 
four layers: the physical layer, the medium access control (MAC) layer, the 
data link control (DLC) layer, and the network layer. A control plane (C­
plane) and a user plane (U-plane) use the services provided by the physical 
and MAC layers. 

The Physical L~r 

DECT achieves multiple access using FDMA/TDMA with TDD. The as­
signed DECT frequency range is divided into ten narrow frequency bands. 
Within a TDMA time slot a dynamic selection of one of the carrier b 
quencies, corresponding to the narrow frequency band, is used. The channel 
bandwidth is 1.728 MHz and supports a 1152 kbps data rate. The DECT 
frame structure consists of 24 time slots per frame, twelve time slot& are used 
for forward link communication and twelve time slots are used for reverse 
link communications. The DECT frame has a 10 ms duration. The time 
slot structure consists of 480 bits of which 32 bits are assigned for synchroni­
sation, 288 for data bits, and 60 bits for the guard time. The DECT TDMA 
time slot structure and frame structure are shown in figure 4.4. 

Medium Access Control (MAC) 

The MAC layer consists of a paging channel and a control channel for the 
transfer of signaling information to the control plane. The normal bit rate of 
the user information channel is 32 kbps. DECT also supports a 64 kbps data 
rate and multiples of 32 kbps data rates to support ISDN and LAN-type 
applications. The MAC layer supports the handoff of calls. 
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Figure 4.4: DECT TDMA Frame Structure 
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The DLC layer divides the logical and physical channels into time slots for 
each user. It is responsible for providing reliable data links to the network 
layer. 

Network Layer 

The network layer is DECTs main signaling layer and is based on ISDN 
and GSM protocols. It provides call control and circuit-switch services that 
are selected from the DLCs services. It also provides a connection-oriented 
message services and mobility management. 

4.4.2 The DECT Functional Concept 

The DECT system is a microcellular cordless telephone that can be 
integrated with the PSTN or PABX (public automatic branch exchange). 
Figure 4.5 shows the five functional entites that make up the DECT systems. 

The portable handset (PH) is a mobile radio station or can be a fixed 
terminal. Cordless adapters (CTAs) may be UBed to provide fax or video 
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Figure 4.5: DECT Functional Concept 

communications. 

The radio fixed part {RFP) supports the physical layer of the DECT 
common air interface. Each RFP services one cell in the microcellular 
system. The radio transmission between the RFP and the portable units 
uses multi carrier TDMA. TDD is used to achieve full duplex operation. 

The cordless controller (CC) handles the MAC, DLC and the network 
layer's one or more RFPs. It therefore forms the central control unit for 
DECT equipment. Speech coding is done in the CC using 32 kbps AD PCM. 

The supplementary services provides centralised services and mobility 
management when DECT is used in a multilocation PABX network. 

4.4.3 DECT Radio Link 

DECT base stations support FHMA over the TDMA/TDD structure. If 
the frequency hopping option is disabled for each DECT base station, a 
total of 120 channels are provided by the DECT system before reuse is 
required. 
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DECT user data is provided in each B-field time slot. 320 user bits are 
provided during each time slot yeilding a 32 kbps data stream per user. 
No error correction is provided although 4 parity bits are used for error 
detection. 

DECT carries it control information in 64 bits of every time slot of a 
call in progress. These bits are assigned to one of the four logical clumnels 
depending on the nature of the control information. Therefore the effective 
channel data rate per user is 6.4 kbps. DECT relies on error detection and 
retransmission for accurate delivery of control information. Each. control 
word contains 16 CRC bits for error detection, in addition to the 48 control 
data bits. The maximum information throughput of the DECT control 
channel is 4.8 kbps. 

The DECT system uses an 8 kHz sampling rate PCM to digitize voice. 
The speech samples are ADPCM encoded at 32 kbps and produce wireline 
quality voice signals. Therefore DECT has better voice quality than the 
GSM system. 

A summary of the DECT radio specifications is in Appendix A. 

4.4.4 DECT Application in the Kayelitsha Township Com-
munity 

Telkom installed an Alcatel 9500 DECT system for wireless telephonic 
communication in Kayelitsha, Cape Town during the first half of 1998. This 
is in keeping to Telkoms policy for providing universal semce. Universal 
service means that each and every user requiring a phone is given access, 
say in their house, as in the Site-C community of Kayelitsha. 

Various problems have arisen for the service provider (Telkom). These 
problems relate to payment, installment, and capacity. 

Telkom placed a 35 meter mast approximately in the middle of Kayelit­
sha. The mast uses directed antennae to provide antenna diversity. The 
antenna station is sectored into 12 sectors. Each. sector can accomodate 120 
local loop connections at any one time. Therefore the Kayelitsha DECT 
system installation can support 1440 local loop connections at any one 
time. The base station complex is connected to the Michels Plain telephone 
exchange via a 2X2 Mbps G.703 trunk link that is divided into 60 channels. 
A microwave point-to-point backup link is also provided in the event that 
the 2X2 Mbps link fails. 
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,111trn1l LO se, vlr.~ 111(\ I/if~ l><J jiUlaLifJIJ c,( Kll,)'eliu,l,I\. "I Ill.et ltC\ ~I'\ 10:., 6ft: 

to bt< &uppori,,.J I lieu uddi\ ,v,oa! luur1un tr,JJk ,;11rryln1l >)~ ,nil n~ 
to Ix• considered ill order to h1111dle the lonii c.:ill Junmous or hr. .. rne1 ,., 
lnL~<.l 1111:,J '""i' 1·u1111hdtu11•. Tb,,. ..dd, expe1L..., to the 11erw0<k, u,i,r,>0,-1t: 
d~ployru('11~ 111cui for rolling out 8<'n'lce. a.nd roAkes 1];~ loc,-J nell'Tlrk more 
CulUl')fP.~, 1Aaulru1!! lu i1ddlti1111tll 11uti111eua.11Ct'. 
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4.4.5 Ci"l <1nd T O M A 1'1.' tkom in.;;tallat io ns 

1'elkr,lll l1.11ve 1u.1lllll"'1 C1"l s-,·sce,,Lq 1n VM11) tli rnml C:'11IUDJ.J.nitie;;, but have 
1111pµed l,11y1 11g t 72. "'l"'T''llf'll1 i'>t:r"n.v,... 11f 11m hlgl> ru<L Jlf'.r ,·1U1.UHJinu 
MJ luw S)'Sl el'll Clll)liOl~. 

reJ k,, 111 hnve recemly bought ao Alcatel !JMOO T L>MA system f h~ Aka-
1,•I lll'.l/10 •.1·s1m11,,. (L p,uul•lO• II JWLlf>Ouil &ys,.e.w wfod, wrn ,~ 1ll!e< I L(J vnvt-.r 

,h~ Pn•Lu111 011tl Cu.l1e<J1111 111"\'ll.S i11l111uJ ,,r c.J,c Caµ,: Prov,nce This is a n!'w 
pn'>J('<' t. I ,y T,11~0111 

4.5 SatelLite: An Alternate Technology for Rural 
Communi~ics 

ltJ ll1v 11Mr J'uu,r" vnrio11• !>l>l••ll i1.- 1u.-1,wt1rkd wil l I.,~ plw:ed in urbi t artiu11J 
111\• J'~:11·tl1. ,,u,,J ~lt\J ll t l11•1·1•1,<f1c r t...:01110 oµc111~u 11 «1 ''l'h1•ee cypei! 1,f ,mrelliLf> 
orl ,11111 r.n11II K111·,,r,. ,11~ o•xloc. 

• LEO • lnw Pnrt ii 11rhi1 

Gt10Slul io11 11ry s"1ell ,te$ iihvi! bceu ill \l.'le rm ovnr ;15 yc,lfll 'I' lioy ,.u-e 
sltuateJ at ,u, .1h,1ud~ ,,r ,11Joui .3tJB(){) k111 l\lt1.1v~ d,e e,,11111111r, wl1 id1 ,,llrJws 
Llie rn tJ,, 111;Li 11f Ill" "'tlxecl pnijit in 11 111 ffilt,1 l,111 in the f:l\r\l,8 $11r·f111'e. A ru1111d 
1rip C0Jtn 11111nlr.,ul111t .hn11111h ,, \:J•;() AAll'llit<> 11.kr.~ 1'1L•rn1 Judf IL s,.-cund 

Mo<leri, c,;>m1111111i'>{l\ i1111 syscerU$ /Ire l_,el i ll!, J1•SJgr1~•l 11,1 11~ s:,,1,cli1Lr8 
d,a1 ''"''" ,,m1111,I d,P P»rtl, . Suell ~y•L~IIJS' u.e 1.P-0 :u1u MF)O 11ac:elliLes 
LEO ~, ~IBO &alotllites offer ).(lol,i.1 ¼ '1!J'~ whic.lJ is M ,11JV1u1l.:it(t' l ll/\1 
~•1rh r.,11rnn11u 1rnno11 ~yMem~ havP 1he IPf«',!!H\al 1wrsm1al m111r1111mcm111n 
service I PCS) ueLworlu. amf cell1llllr ~,l'litflln.!. Thl! low 1,lw11dt.'f! 11/ Ll::O 111,d 
\IIE(J s,u~lliLP.5 re,11l t In luwP.r 1••11uuw11lc:-.1 in11 1.,1.,.11ry l"1fh1.f~ 1 t.,u, c hiu nf 
GEO satdlirns. 

Th,, focus of Oa:PSil pr,"lVi~h111:< via \o!EO rutd GEO Mlelll1e C'-'"OIIUlllCIY 
t1011 svsteu,s is to pmvi~ rerool,l! areas or at\'11.S , if lnw ~H{nul)tlno ~,L&ll)' 
Thr cost pPr ,s,~llit~ t11,uit ls u.lJ.nos\ il1JOV{'1~Jem of 1,,"l'•lgt11pl1it l11r1mri11 
or Jeuia:nd <l=lLy, !'io11tl, AfriC:\ will l,nl't- lufK"' ~no1,111 .,f lln11tJwiJ\h 
rua<Jc avarJaL.le thruupwut l1u> ,:o,rutn frntu l!l!JR LV 200:J. Tt!rll"!9tri:u 
openorli will <Llig11 1lte1ru<'IVl'S t.-. ~.ud~tP Si)"llt~m ,,pf'Tl\l()fll 11.• tf,,. 111,\rk"\ 
•:unsolidai.e.. such a.< !,a.s oi-.t11red wiLh Tulko111 &nd !CO 
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Run,! Afl!lLs 3" 1r:idJ~KJ 1l<)Jly lho low rnlr..l,111.'&lv Arr•JI>, In IU•y ro1u,1ry 
ix-,~ of tl,c exp,,,.,_, .,f ,1111i,lyrnl( 1-t'rr,.,,til\l nmunuulcullo11 sy~lo,1~,. 
h a n=h " 'r~ cmomwul1c,.. arr a 11>,-..11> uul'•JJ!->t.-d ml\tkrt which 
~cJllu, c..mwru1u.:nu,1u 1<W111)A),il',o •LJ111<l tu M'rv,rc ll,,-1 if tl1e11 prtCI'$ nr l' 
M 1lltprtilh·~ 

L' 1,1,, ~ ', ,uul uLlu I !J aht•w a 1lanr tllblc for coanmr.r-li\l lnu111•!, uf Mlul­
lJ~ 11C\worka .uul lhr--11 a1,i,Uriuiu11~ (1 2j. 

'fobk 4.1 1'111' LE() :<_r.;11'111~ ,.,111,1wu.-.t 1., 1 lwit lcetr"-'>I 11aJ c1)UUL,'111nr1-< 

SateUi1e Sen ir e I Appllcalion Terrestrial Countcrpor l 

Li11l11 1.1-'(l~ 111 ~- Orbcutnw) Pngiug l'.iK)ng 1wt-..oJrk 
1 Utg- l:-2"0r .uui M £() r A"J luJar Cellul:u uct work.~ anJ 

(r i: lridm111. G!obal,,ur. IC() 1 W I( •'Vf)l}l'r 4!1cl lu.-1 
l\' tl'f'l~ 11A"-'Or k.1 

U1=lband LEO~ tc•.g Tewde.YI I fftgh-,pffld Jat..l \J,'Mroo Ct\PP"f an.J 
' C(;truDW.U'olt<)u;I fibre llel "'Ofks 

Table -1.2: Avpro.t.uuok dale:. uf L't.otumcrdali.-.atwn fur v:.nc,u,. ,satcllile ,v .. 
tl!1llS 

Satellite System No. or Satellites Approximate Daw or 
Commen:lal Launch 

Orl1n:,,nu1 JG 1998 

Jr.ilium ' !jfi l9!18 
G lobal"'-ll1 ~ ~s l!IM 
rco I t n 19!i'J 
r.:Jli P."° I 20()0 

Tde\lc,,ic ' 2.$& 
I 2000 

Th<• rea,uh uf ~um1wm1r.illu11 n.,lluul ,111 ~•irJ1 ~ WKi' x-ole will ,Jc:Jl11nlel) 
rr.><huill~ 1.hr l<'locummur,in,1it11c• morkrt Tht'tle' M(~ll itci' will bM111t ,~bunl 
ucw ,-ervkes "''" ll'clt11o)ltlf,U"al 111.vkr-1 pl:u-.-.-, Tlw,v will Al<W) t,,. lor•m,f~l 
ro, ~d-"lurnhou ~oJ 1,iJ,-,1uL~lir111l' ,...;n ir~. 

r,2 
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Chapter 5 

Packet Radio and Multihop 
Networks 

Vttriuu::- t,_vpe~ or ,1etwclrk~ rxi~t . fixed t)1 mul,He. wireliue or \\· lreles~. 
whidt ,,ffei- v;u-iv1-:; ,;er vic1:o1. ~u1ch ;;.s r.1v,,.l.>liu~ (L 1el~pG11 ue l:011s'er,;&fi<Jn or 
u-ruu;forlng <lat.a tJ1rnu!{l1 a ro111pULer utltwork. They ar,J cunstrucwd from 
v11riou.s ele<:tri:J'uir. eq1Jip1P('lt11, :\11t'I 11111te.ri<,I$. So,ue netwMk5 perfnrm the 
sa.i11P. t ;,!;k l,11~ ad1 ,ev,1 it w11 h rlilf<'.re111, u;c.tm,,Jc,gy. f\ ,r e~a111µ le, " wil'eliut! 
1elepJ1,;,1.1e 11,ll.wvrk 1.Uul a w1r('Jes~ t-elephc:,µe Ltel w(,rk. P;:.cket rlidlu uelwvr~ 
i~ 111,, t1m11ha.s',fi of t hh d ,.~µ t,i, . 

Lu ge11er>1,l. t.oda.v~ win;.Jcss networks offer Lllll! of two rllliclions (ur deliv­
ery servicf!S). T ho firii1. 1,ypc of 11c~work .i;; :, vmcc: uclwmk wh.ich ,-fflli\Trh 
a voice service at. acct1,,tacJc speech •~ u:Jity. 1'h<.>so 1<etw~,rks hfC delay 
,.,,-~il,iw. L11 gern'>J'al. I.hey 1,s~ r.iroull, sv.•i~~hi11g ~.,.-h110~1g,v whlclt i~ of~f.lll 
UKeo 111 telepho11y A cin:tul b sel up betwe<-ru Lbr. sourer, and deslil1a1.ir,11 by 
1.he 11st) .-,f spen,1 sigualliug me:,sngP.~ beforP. ;-u1y I ra.iuuni,~ioh J.f:gma. Whe11 
the d rni.il ili ('Sta bl:C.l11::d, t.lir,,c1. voi<:,.. dat:. trnmw·1:1:1i:.u1 fro ,u wurt:e w 
oesr.inac.io" t.ake~ place v; ichouc auy sub~tamial illf.ervem,on b_v ,,he network 

Voir.c may be d igit izcd a11<l Lrnlll!portoo in Lhc .le.ma of ui11ar,v pacl<et, 
vi11 thC' digital uctwork tn i he d<'-"t1J1atim.1 hnudset. lu defog so. the pa.dccts 
pass via v-driou, LLC~Wlll'k elements. liud, as ruut-cr~ uuJ gat.eways. whidt 
steer rhc packet Lo it~ ~pcr:ilicd 011d d()l;ti uatiuu \sometimes <:"ailed a siu.k] • 
.'\ 11y l,·,11{1 rlelay i,eriod~ 111 del iveri11!( :i par.ke, will rt'-"1111. 11 I.Ir., pa.r.kel bt':iuJ! 
<iropped. Tlti.-1 prnve111.s 1-11wnwraJ tlatL'lBS during N111v,ir.s,,ti1,u aud eru,u re~ 
11 cont i11uous crJ11v11.n1atio11, hut 111!!0 dcgrndCII voice 4u.ali1.y. This is t.he 
apprnad, "~"d ·111 TDM1\ voict, wn11r,u 11 ica1.i,n1 sy,1.ciu~, 

Th~ otl1er cn m JJJOl1 r,elwrxk fu11c1i1111 i~ to deliver dMa T hc:,o !IClworks 
an\ ,,rt,m call<::<I c;.1IJ1putcr r,ctwurks and ar~ de1'~11dc11l ,ui r.lal.a il,tor-,'1·1ty 
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Co111f1llll1icali()11 i, ad1ieveJ u~ing relatively l1igh-, pe;.,d cuni111u1Jicativm1 
cluu111cls fin uur case. w1rele~$ ,;haru,eJ,} , and 6W1Lchiag uode~ . 

ln a m11Jtihop packet radio 11ct.work tJ1e swi1dung ttodcs cousist of 
a Lr!l.JL>;{'if)\-er aud 11 ,,-itll prncei;.'illlg aml ~toragti c.1pallilitjei;_ l.u p1Lc:lrnt 

,w1tchi.ug. 1.lu, messag,: \digital prcigrau, rode or raw data: Lr, h€ 1.r1111sn.uu eJ 
between source and Jest,iHatwu .i.-! triUISl)Ortt.J m the forw of a mllcct.1011 of 
darn packr, 1.~. 8adJ. i,a1:kct, r:out.uins a varL ,,f llic program r.riJ.: or raw data. 

Tht< 11,e:'-<;age I~ tlividcd imo l,lock; of <lat.a whid, tin 1101 .exceed .1 

cerf,-0.i" rnaxilll1il~ size. Bad, t,lock of da1,;1 i,; J,a:i a lwiµler cou(aiftlllg 
suurct ar.J de..ti.11!1ti1m adJrcSM ;:1,.1 well ,,_. r.oulrc,l i11ft>rmat1011. A d,tck~um 
wltich i~ ui-ecl for rrrnr rle1.ec1,ian 1111d/nr corrt•cLion purp0$Qf. i~ usually 
apµcndud nr tho uf rJw Jata. '!'his coustituu:i; a packd, su111etimus called a 
datar,;raru. A i.,foc;c diagram represenl.3.1.ioo ,,f;:, µa.eke!, iH ,hown in figure 5. L 

User Data Trailur 

F'la,; A<ldrcss Courml I [nfonnatit:n Frame Check 
F'idJ Field I Field 8e'111~nr.e F\~Jd 

Time 

lf ru1y packet rccdvcd at 1.hc end t<Jnuioal is t('lrrupted c,r 1iusa1111\ dnta 
w,d is beyond e.o:-recLiou fn.1111 error coding iuforu1:.tit>1.1 oo,rtalneu in th<: 
pad,e1 1.heu the. i•ro15rruu r.ode will uo1. be pr,,p<1-tly •:..xec111.ablo. TWs c.at1 
r~ult In ~y~ce,u l•rca.kclnwn a1u.l/ nr ,mrn,:ow-rnble lnfonuatio11. 111 gt111f: rnl, 
unlike voil:c ~l!l'Vitt,;,, a ~ornputcr network can ,11.mratc with delays. !!Vl'll 

though service , .,ee<l tu!I) dt-Crtllll<e, um cru.1.not tc,lt>rak data corruplion or 
par.kP.1 lnss. A.ny d;,lay, in f.Oltl(.•ul.ftt' 111<lwm•k,; s.ho uJ<l fw. ruinimise<I iJ1 nl'<lf:r 
t.o mcrea.~e c:hannel capacity. 

Today~ mod,:rn moloil~ wiruleolS' networks also ccly :•n control d~t.a tC' 
µerfonu various .Dt'l ,;mrk hmi;tlcni& ,uds ts, ba.ndo(f am] Lilli.ni; lO ensun: 
11,;I work l'1''-'P'li111: .. ml I li•.srcfore llrt:l not eudrely voitX! ~peci6c. 



111 tlw p;l,>I ;uKl •llll ll)lli\y, p;u;kel ~w,tdrh\JI, ·~ rl\,TlLLt~l l>VCr drr.uu 
,;w,ir.hw,t [c,, COU.plllet IN'Jwr,rk.\ ,....-,uu, .. ,,r tl,n l,Ul'Sl)' w,1,,,.. .,r l'Hlllj>ll\Jlr 

Lndfic Bun,1m- rt'!'llh., from D mr...sa11;r JlllllCrlltlnn prC<'.l"lill 1111d 11\Cl.llll\l(O 
SIZO J151nuuu011 .,.]ur.1, lcn,I Lu l,e tue,ly rt.11,l,1111, """' 111,11r11 rur.l ,~ivl, ·e., 
lll'JWO~ 1hr c,,1111m1nk111i..mll ""'°''l'I'" r•lMivelr l11frcq,11m1 ly 01 _n,rngly 
nwooml) For '.iUCII)' un!hc:, poi:Jt,>1 i;w11dt1ng ""''"f ~1,11,..llnd -rurwruol 
,no.u:lmll,.','l<m lrcltmriu.,. 8"! ,,,.1 , lfl"nl\'\' "IL~~ v t1ekc1 or•'lJl)IO ~ 1)41'\l("ll• 
fat lluk nnly r.-., u,,. ,lur;11luu uf Ir,, I t1111A111iH.•111 "" 11,., li11• 

-,...,., 1t-l!"~1m1nun..-11I " " ' Jlri,I r,>11111111~, 11..twurk ~l1111:11Hgif41 M f l1rl111<11ix 
:U..OUI 3 ~l..J U~DIJ lownnJ t.n:Ju1i:,ki,ty c:ut'Mlfgont:e. Th~ rt ifl (ucnin.<ln,t. 
mN'k~ ,l,,,g:uwl [1,1r th,. lwtl '7111"' n f n11lwork • .,, vi.-"" ,~n bt.,J ouo"" I w,tcc 
tnJ .tniaJ l<> \,q prov1Ja. l II) i>n<' nnLworlr f,)-,r ~tuupl,._ w11 111,: ~,~111g 
,hor1 rg~ .,,..,.T,n- 1SMSI. ,. m,u l "'"' {iu 1;a1»b1ht1cs lnnll l11(0 «.llulllr 
)olUJt~. M il 1111Jlo And vi.Joo t.11 JllIIUU1J vtn J\Tl',l lt'4:IL ~,,i,oo cn111pu,.,, 

tlt'l•"'l k" Ml'!III hltl'ly F,11111"' nt>t,.,....lu, i11ror~•\•ni1irq; ~ire und d;i1n 5Cl"\'it't' 

,l.,hver)' fnne11011J1 wul b<> b)'l,ndi! •~niupn,..,J of J11fere 111 11•1Lworlt led,uolu­
JCl'll' WIii~ p.,ehl ~"·it<hi1111 ""'l r.imul 1\1\•ll-c"hillft l'\I \l;fie.-ent hi~ 
ln••ll< 

Tloi~ l'l,~,,1,,, 1ore;,,,.,l! nu i111J'ud udlw1 tu SUlllo> l,a...ic AJJ1J u111JOrtllnl 

o,;vec16 of mulltlwp pockrt md10 •1~t1£"orb i u pankullll', a tl!S('1~smon 15' 

1.insw,1.,, t 1111 Lop:i,21 ~ul'l, .. ~ m,twllCk arcl1i1c.:1wP, padre, rndio mUlltl).'1> 
/let'?& !Khrm'lll. !ll'lrJ I li11111ghvu1. n:sull~ hvm ,'liriCtua p.,µer.s lo Cltnpt.er ti 
"" will use Llrt, i.'Vnct·f)I" pm.erru;,1 here u., discl.1$j I.he 1i.pplir.attu1J uf muJ.. 
~ilrcrv pncket r11dio 11eorworilb In llw ('on~e,:l of l~lt>C<>mmuuic-atiou !!l!cvm 
111 dewlop11,g ruuu 1111 <.I 11rba11 townitlup 1:o=mtlties. and ln<,k al :;,;>oll4' 
a<l-ho,: muJI 1l1op network teclu1ologies Ullf;(i in practi()' [:l] !I SJ. 

'rim dP.SJi,'Tl ol wu-i,JP.i;.s mu.ltd111p p.'t,ket rad.-, nPtwork~ uwolve:; ,ne.ny 
lsRnc.~ 111111 i11tcni.:1 iu a c,,u,µ h:.x r,~shiuu. M1t.11y of lhese issues rebte L<, the 
ll~ll or l lit> n F cl1iu111el [or 111to.ll iplt- use,- access. Th d;iLe. :io sing-!'-' model blll! 
l,i,p.n puhlJ.She<l 1 hni. 111r.orpora1.es :ill t he uec.essa.ry para.m~rers euu pn:r.•iile,; 
au 0 µ1. i1ual .c.ll1JLiu11 1ha1. euaules a..-c.urate net .. 'llrk 1ralfi( mo<lelliug This i.s 
cv1dw11 i11 tl1e co111.iuua.l <lcV1?lop1uc111 of packet radio n:01lel" an,I 111uJ1 i['l<' 
acc~s prowcols. Comrnry t•> pumt- to-poml networks w!Jere each i;harulr.l ~ 
u.~etl by n single 11o<l<! pnir, 1 he rawo channr.l in pacl:!!l raJin ue1wr,rk!'o L~" 
,.aulti-:icces,, l,,1'0adcast resource. In any area of l~al radlo counecwv,ty. Lhe 
clu1Ju1el \~ sl ,are<l by mull.iph• c:011u111diug users Her1L-e 1he n-1 for muliple 
a.:ce~s r,rr11,ncnl, to m;uu,ge the rf'!'Onrre. In :v¼oli (iun m,.lio 1s a l,rv1..Jca.'i\ 

rut><.limn .:u,<l LJ,p.refoi-e the act.ion of any node dfecu t►-~ acuo11B 1,;Ja,11 l,,)' 
110111boun1111 111,,rJos :,11,I I heir o utc01t>l' 



5.1 P ackcL Radio Network Descrip tion 

Pnclcet radJo lll'l,.TJrks N-p,--,ru lW! t!X-t.,n.;;1011 nl µa.clco>L 5\1.ildung tRt;luu:>loio· 
11110 11,,- r111ho l,N>ll<lca1u cuvirnnmrut. Tilt'.)' provide data communication 
co w,,-n, l=r<I cwr a broad 1tco1;11,phic area. whee'-' diren radio or wne 
,-anncu 11.1n t,.'<Wt2<!11 • lw so=· and de!tJ.Oatton user,; ila 1101 pnl<'tkal I 11 

l(Cl1cral. data in binllf) fono Cdwt.tl infonoaiionl ii: tran.~f11rti,o Tltii; 
All•)\l,'l, fo, lllf- trlt.11,,'jlfli:Saiuu •• r 0.'IDJKIICC daia lK d~lllY.l'<l ,·01cc. 

PtiUu-t 11111m 11r1 .... or~ u!"'lll(C oa l11t: l;a.,,i:, thM packet ~.,.itclun~ u; 

appll,-c to broadcast radio sh;nfo~ a ,m,;le d=el In 11:~n.-ral IJOCk,,I ra,J in 
IL~1u,II)' <iv,-rall~ in ~ s.iun:-aud-funr.·ani u,uu.,. Thi. ti ~lai.ned w1tl, ~l,r 
a;d of 6gun- r,.'l 

R,.,,,.,vo,tJ 
Pl<(·k,•C \1,-.,,,,~• ,--, "ic.rop---

~---··_ '_I '~--"-' ___ •~ ___ • __ 

Al tim,1 Jt'Stirmtitrn 
microprooe,;;;or s,uks p:.tl,~ 

Fil{\1tr r..2. S1orl).a.11d-fnrwn:-d c,p,•ri:il il111 

1\ typ,,;111 1111..kp.t r111llr• 111111 I Pl'll/1 ""'1NIJ!I• nf fl rodlo, n111r1t11n.. Md 
1liJ11\lil 1'1\n~rolh•r f':,,-k1' I r11d,r1 1wJt~ wi ll 1tl""1 h1• n•fl'l'rl'ft II) M ,,.,tw,:,rk 
11ndP.'I 111 11111111 lini, 1111twnrkR I Ii•• rll(fa, ,,. tW\dU'i ~0111wcl;vhy co 11,•i~hbour-
111.g 11od01 . n.nJ 11J1u111ly c:n 11 1101, 11R1r.l, lish a Jlr,~1 tn<liu li uk w11h rJI tl,a 
no,lt"I 111 t,I,~ 11 .. twr,r~ 

SL0TI1-a11d-ron¥Un.l <lpt•nuic,p ,~ 1>rnvlrk•d I>)' th•• r.0 111 roitl1•r l" ,,ual~~ 
thr rdctyi1111 ,,f 1-10c1<~,.~ 11, ~• 1·01111111~11 n,11 11,:,•t ivily lod,Wt'l:11 ovum• nnd 
!11111111111..1011 nodl'I! 'fl,,, dl)(il.111 r.Q11tmllcr rc-c,tlvc,, Lhr. i,11ckt!l, •tine• Liu· 
1,11,d"'t 111 1l11t1U<.lr, , 011!\Jy~,-., l liv pudn,r, for 1•011Lro l :u,d ro uiJ11g iu!onu1u..lr,11, 
tu11l ll~•11 I If 11,-cr,,..nry) furum1rl, 11," pack,it L>.v 01•11dlHA" 11 ~o I hr tnuu roi1 lcr 
(or rmtl\h511>1s,1011 Th~ ~•l(l•~I ph11u ltl t h"11 b,• r,,.,~ivctl l,y n 11,,1i;hhc,W'111J1. 
un.l,· 1111 t t,,, rnu1,• 1n 1(,,. •• ♦ 111 ,1.,,., 111&t1,, 11 1101h- f i.ttur·,, 5.3 ij l,ow~ cypkal 
,J,,Ji.,..r)' t♦/1111• /lj\ ;11wlu1l" M•• f\otwn.nlrd lh111u.y,li " 11111ILih1lJJ ad, h,,.- ,,,u,ket 



rj 

frgure ~-j· MulL1.hop PR 11cLwork Jal.A rouu1111 0.1,<l ilnJivery µaLh A n111 I 
1mll1 A •l~tiw.r pc~ Lu diffr.rnnL nnd•-e 

A plv:k,:,1 ml•'f lnm,I ~in t(11,nr 111.>J.,,. l><.:fora ic 1>rrh'el al lfu, tmd 

dest 1ll1\li-1n ooth• 'flll: IIOUTCI.' node \Viii LrlUlllnth II pa,.:b)t on Lo t,Ju; r11ilt0 

fllfuuu,1 tc, ,, nl\,ir.hh.;ur,ng '""''' l'h11 cuo;i\'lug 111t1 lu w,11 cltturu,11, .. if 1, ht: 
~t'I IM ID".&J'll for iuwl f, 11~~ w1H 1leci<l~ wbicl, i,, Lh,, 11e,c1 ilppropri,iti, 
1o<,Jc lh~ ro11l,J f<l1w111J I.he dN:A to the r!l':ltil,1mou.. 111111 t huu reLr11 11~111 il 

Lht• 1!>1Ln LIi llml. riucle. I! LI,(' "'"'~ 1111d ,ltl!lli11aJ.1u11 110.i~.,, are ,oure 1,hat 
""" hu,-, I\Wll)'. LJ,..,, \he p,w-.b,,L will ltup l•!!t~II mult1~1l,: 1101.!ffi , ht'IICI! the 
hlUM 111,;Jh/,op J>11<'kci 111,l1u 11t l1m,rl.. 

I" " pnd«•L ,.:i,J,u nctwurlt V.'1 wi.nL u, ... ,v~ WIii\ l>.! f&!t anJ us IIC­

r;umely iJ-• po,.,..,llle fu onfor I.ti i,cn,111pli~h 1~ 1wo objei:1i,-os veri,;u:, 

ulSIIQi, relluu,g rn t J.,, ,leit1S,1 111 ,. 11mh it.,~, l'adceL ra.liu 11,:lw.,,k ml.ISL l,,; 

tuul=to<>tl. 'l"loc modi rmnww, i.,,u,.,,. iu,, wulJ.iple a,;~ prmuc;ol. c;1;1ptun! 

elfoct~. tr4l.16m lS81.:,11 p,:,wcr ~lm:,u-'hptJl. dcl11y clll>fi\l"tt'(L•1tc,i, ru.ul tovok1.a,. 
/\ dti•f!IIRi,cJt) II ,.( II~• :1111 •jill"..&.."'1 fnll,,w 

5.2 Channe l Access 

A p!l(i;ei rndm necwork. requires 11 s« o( protoc,,l, co •~perw:e r.r vano1L• 
11c1 W()rk ,~,·~L,s; fruw the l°""""l h1v!!l where a packet UJAk~ a huµ , to 

uijlhcr level$ tli111 nn.mre reliable tlat.a trwL~fer and 10ucing, a.'> i11 11.11y 

l~kcl '14,1uu111uu!A.1.1un 11~twurk. 111 l1u!' ~b•m Wt: luvk 61 ,.,arrowbrunl and 
wiJ~l,autJ r·h11nnd-> orr,;.,, prol{)(".nl!C 
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A w.'UU.ld uUt'SS w0111ml •lelin~ tlir r11111,h1m1'1' urid!"f wliid, I) nod• 
may access a cbl'.lnuel For ma11y pro1oco6. 1l1Q5r' cocdJ11oor nre expr~ 
iu '-<'Tm.~ 1Jf the blatr t>f tht' nntlt' 111 qu....ii1111, a11ci I he ,~-u,, of 11P1,shlmurb1i; 
nodes 11, the "~"°rk. 1 he rules cml,od1cJ 111 1 ht' oores.~ r,tNOClll Ml' 

Co1tblr.uried ~n ••~ ci.,f,n"IJ i11 '"nlll< nf informG11n•1 rh,"l• c,ut l>~ 3,·111111""] 

locally at tl,e ,iode. sud, i.s I.Le 11a1t or 1he receiver :,• 1he 110Je. a11J tJ,o 
f.Ull~ c,[ Litt> tramuullo><S Ill ,,, .. rnJ11, ,,,...,.,,,,, Tl11• '11jn:t,a~ .. r :> prntocnl 

depern:15 "" 1 br al,ilir:) or a 11o>Jt 10 dynaw1<:lllly DC•1\ill'<' k 11nwlo.ign Ahr,111 
Litt> ~lalt' I)[ the n1lu>.r ut11I~. wl11d1 •lrv,:<11r!, un LI,, pan irular .-!1am1el 
sign.a!Uug sch!!IJle Alld codc-asSJgwneul ad,~ Wied Tlue •~fllllf~ pr, 'l'"n I~ 
affect'l ll1e rhoire of 1\.\'•·- pmlnrol • ..,., ,..., will M>e l111er 111 1111• d111p1tt 
whe11 1ho capL11,c clfPCr L• t>.x1,lru 11~l 

r..2. 1 ALOHA : His tory Rnrl Desc-r i pl ion 

A H11i;le l,op pll(keL racho 11e1wor~ called 1hr ALOIIA 11rblc1u Wllb p1011eeroo 
at Lli e L1niwir~ity nf H:iwali 111 19701 1u11I ..,,.,. 1li'wll,·11>..,J lov Al,r1>h:u"-'<111 
and 1(110 [1 Wll.'i the first roco111ru,irn11011 bYbtemo to 1154! pocktl broodoo.tlrng 
A.111 1 r,11;.dr,m n,.r~ lu ;.h.n.riu~ o 11111ltitu~c' t"IQt rJ1tu1uol T ltu -")'~tew mti~J twu 

m,lio cliruu1els: " 1u11JLir.cr.Cl\i rJ1rurnel tiliAretl hy the 1enni11nl.~ f111>desl Ir, 
read, Lhi:t tl:'Hlr:.J 1•Jtnp11Lur/r:11J1r, •).,.Ll'tn .tu1d n hro,ulC/161 d1::i1111~l wl,id, 
the 1;c11lr.i.l sys1em u.,cd co rez.pou,I 1r, il1r ienu!nul, r\ rru1<llh11 ,,..r,.._, 
srhe111" ,·,,lll'CI AUIIIA """ 1~s.,:I to ~lu1re I he 11111htl\Ct"\<I>{' .-l1a.i111~I rP,l!Ourr~ 
becween LL<' tcrr.niu~lll. Al.Olli\ wwi destR1)ed to otfor scn,re 1n bun;ty 
l1,,n~-l~n11I lmffic . Th,J! l~ G u,.-.,.,,i;e wllll w,\ ~~111 ;:i,; a ,·al1 ... ·11oh of 11ni;kt'IS. 

bu t 11,, o.n entire Jatn l.,lock,"" o.5 011e packel 

rigor,, {; 4· Tr1u1om1>«iu11 C ,u D u ,Uittd 11:,iJJ trlUJhtll~:i A 11, B rrau,;. 
rn111:$lo11 C 10 O ,1i(r "1.'d:,. 1ran!Jlliii,oi1n, ,\ 11> B Cai~ 

i\1.ClHA (ol,.u r"fr.--.1 t.u ·"' purr ALOllAI permit,, a J1ooe w tf8UMWI 
po~s <1n~· time II ,his-.re~- rr pm of o Ul!ef''s 1r=s1ou overl::ip,; 
1utl1 111101h~r user !I uai=~u,11 f.lw11 11,P L"""• tr:ul!'wis,,,ous arc .:c.11-

,i,l"""I tu lmw mlUJ.,J lli~un, .; 71 amt h::t,'f' rorn1111 tJ humeim1'9 



l'i~•tre !i.f>: Trausruissio,1 A to ~ r.ollid!'s with trruL~toiMsiou ( : w A: l,ut.11 

lr1111S1u,ssim,s fail 

Figure ::..6: l'rll.llSoais,tio11 A tu B r.c,llidu; with tra11s tnis.,io11 B t!l (;: t rans­
missiou 13 1.fJ C "1,Ct>!.c....b. trnnsmi.ssion •\ w 8 r,.uls 

~cimpletely .lestroyt~I be}~111el corre,~t1011) ~.ad1 other,, tm11Riu1,is1onR. If 
011.e 0f the crau.;.ru.i,sio n.s hnve a ~iguilicamly larj.\cr powl!r lever than 
th~ other sigttal ~hen, \o l,!;Cneral. the stronger siJ,,'llal will be ,:orrectly 
rec~ved. nus effect is r.,,lled 7,t,1111e1· w;,lu.-e. Fig11r\!S (i.-1, r,.r, and 5.6 show 
tlm:P poi,.qiltw. sil 11111.ious () ,,,1 ,.a,,s., a coll1~i,n1. I r ,.JI I hE' si.,,,,aJ pnwer 
lel'els or trar,smi.ssio1,s •1~ all 1,loe r.e;-eiver!l itL !I uetw,,rl, are C(JWil then 
we ~,;y l,laat we h1.,vt1 a i'.err, ,·1lpl,1LC~ m:1twr,rk 1-.er.a,csP lh.ere is ur, pOWflr 
ca~>L•11~ effed l.u 1.he r,a.~ of ~ zer,, µower ,:aplv.re r,elwnrk ,, ,:,;,llisim, 
will a lways Q(;Cur "' 1J,c l,hrcc sil,u.ititms dc8criul'd by tigur()S 5.4, ~.5 011<1 5.1:i, 

Au 11('.ltui.,wh,dw. 5igual ll'OJJJ ,11 .. CG;J!ral :iy~L~in (iu Lite Cl\.<;<? (If 6 $i111:(I~ 
h.-,p uetw,wk / is 1..s.,d l.n i11dic1~ c 1,, tJ,e 11<,cle;; wliel.her ,~ (n11 L~111i,s10" ha., 
btl(Y11 rt'(:eive<l ~11-;ce~s(ully. S<>me sy61.e111s acl 1111 lly l.ll\!ismi\ li uegatiw 
ack11riwli1dg,,me11I; signal {r-;ACK) r,n lwlicut,e n cnm,pt rnceptinu A 
1,e!\111 Ive 1ic.kuowl;;:dgerue11.1 r~spon:ie receh•Ad 'lJy II unde aru,r a ttmem11. 
period would indirnt~ au wcmccl!ssfu\ transr[llll!lit>n, .lltd the 110,fo will 
n:1 ransmit. Howner. n,traru,;rnissiuu iH ddayt't1 by a raudoru peric,t.l t, [ 

r\mc-> (bm:k<Jll i1,lr.n:o/) l:o J°').\1)1d t~(md 11uou~Jy ,~<Hdlic1.it1~ Lr~u.i;m1..~sio118 l>) 
sprea{jiut,\ rho 1•e1ranswissiom <If pM.ke, ov!lr 1.·iu1P.. T}!P. r.t•1.rbrLsmiS$io11 
ability •1f u 111:uj, requ.irell tlw lni11s 111ill-i11g 11Qdu J.<.o Hort, (U8u11lly w n 
1.tu ffo.r) ,.he 1,,a,.~111111tt.l packeL 1r an ACK signal or n<J NACK signal is 
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ft,'t;Pivrvl art.or i=,l t;l9rC.nin tiJl11~()Ut pnir.111 t.hr11 1. tu.o pn.~..kf•I Call ht-! n1muv(xl frnm 

th~ buff~r. T;:p,caJ ly tbe <lMa 1r,u1~111itted 18 padded with ~rror checluu.!( 
l>Jtg (likt.> ~yrlic n:,l1111dn11,:y ,;li"l'k$, CRCI. If I h•• CRC •fo~ 111.11. m'Ltd, 
Lhn Cll.C c:i.lcul:i.ccJ for the n:ccivc,J dnl,'1. theu the rerepi.ion 1s deemed 
l(• IJ., r.rr, )tll'\1118 and 1> rwgMiv1• ock.111.,wl,.•1go ( NACH) i$ tri1118roii.te<l. fly 
11:til'lg ACI, 1md NACK. ,, packe~ ra,iio systt' lrl en:ipl,:;ys pcrfed fc,::dback, 
••v"rt Uu ,,.gt. I rllfri, drul,y tluo 1.11 ,:ollislnru. 1un,v br. .Wglt TheMl\lka.l.ly rww 
1r111is1111ctl.!1.i; 1111dcv t :J.11 ,•1,nt111ue tu ret.mr1Sovt :it the sa.lle l•ac.Lmff inten-al. 
but I liiA d,-p,•ud, ,,n t he rn11,jr,J11 uwJJbr·r generator u~t1o.l ca dctcrm1110 
L:.t-,~ bnckr;ff intrn13I . !.1Nm,lly thl' in i~ial gerwmC-•r s,,.,I ,s dilf~nmt for t.lte 
dlll', rm,c, 1,nuiJ11uitrnrs 

' ... 
-: ... ·.~ ... . 

'figur~ :i 7. P~a.ket n ; Jf1sr<.1n.-: packe1 El l trM!ITnittl'd hy nQt,if I) coll1tlfJI' with 
packP.t A imd pw:kct C ( tr1w611.l!Ll e<l by n,;dc :! I 

IJitfernut ,•Jmll.llf'J ,~ffic,~ncy mnZl6\lre. ha.,·c bc,cn rrportoo 111 1'3ric.us 
p11pPr'!;. .,,, ,,. tlilfr l('UCl<!S All' dun lH •m•.asu,.., ,,...,3., II) ~l1111tlllLl,111A 11.,111g 

,JdfP.TPnt M1Wf1rk mn,ld1, 1u1d ur.twr,rk .i.,.1umptlr,n11 or dif:f,•rrnt phyiilcnl 
nHtworks. l"11,; usun.J V:Uu,-. r,:µ1,rl.1At) fut rl1n11111•I 1♦ tlil;A,,·1u.y ,uci11g At .. OHr\ 
•Ji ~h•) Ut lij pi-.rc,.11( lu:;wi:vcr !WI rcpc,ru ., mn.x.int,w1, c.111\uncl clllcienry 
liJuito..-..1 lu ti.l11111t Ii! p,,n:clH. 111 . 1114 i,rl,lJi~ [I~,; Tlti,t ,•,-lorn I~ lmnWH M 
(hr c.nJ>GClt)' ,;,f (U'. Al,OJIA r.L -11111,.1, and II !XCW'fi f-,r :1 cl:iannel Hallie ln.>d 
r,f 1).6 Cilruir.;. Pi@"lll'l) li.8 5hi:;w111 clum11cl llirn11~h11ul V\TIWt cJ14.11ucJ ~rntlk 
for a,, A t,OH_.l. 1:J1 • .r111d iUJil a slvtt!ld ,\ LlJHA dro..iw,>J LA prt'Sl'Jd,,I fl:1 tllr.r 
bP.li)ll' 

lf w,, htivu ,. Wl('f'S1 il <:w1 l," 1howu p:i_ tlcal ti,,. rrm wiili,.,,.J rhr,.1111~1 
1hruughpu\ S fur a slcucd ,\tOTIA d,11111te.l 1s 
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wllcrc G i.> ltlo- oorniahseJ chwmel trnfhc olfc~. r. IM) ltt• ~J•IO• 

lht'11 I, 111ml 5 1,- 1- thM 11r e<tUJd u, I ,s,.J S 5- G 

A~ It,., roJlir ~.a.I i< w,..-,.,-.1 l:>HJ11u1I n .. ~ ~rl~ 1 li~ tlarn ui;l1p11l w1l 
cl..-,-_ Al.llH-' .... hib,u. 1,,... o-1,an,,..i utilinui"" hut ie 1,M h"'11 thown I•• 
be superior 11,) 6xeJ MSignme111 ~~ ruch ~ FDM ,\ ona.l il)MA v. hien 
1i,;f'~ tqulir "'hW1<1y :uul low f"tl"Xf"l ,!di\)' l- ....,..11~1. fJOI l-!Oj. Al,11HA 
is au :ilJ e.nt.1-usu lane boi,1 traflk sptt'm. h l,.u, lu w nH..th,!&I 1r111L .. 

missi-;n and t ht' system is s1mplt', aod is rummruilv ••Y<I fftr ad-h~ IK't,.'tll'ks 

The resear~h at Hawaii Uu1,'el"'1ty kt.I IL• the ,l~~•>JJt"tllelll ,,r a ruult1bu1, 
p:u:keL radio ur.(•Alrk r.rul"' I PTINP.T PRNF.'T WM •J)llllOl<lr!'<l h> OARP,\ 
the D,,Jense AdVilllc~ Risearrb ProJl\:t\ \i;,-n,-y, m l !ITi M61ry modl'm 
mul~ihnp (>aC.:kHt rkl..iia Uf'l¥-•i.Jrk '"""~}•L~ 1Uul 1mu1•1·ni" w,-iY 1h•Yn)11p.,.. J (r,uu 
PRNET 

Summary of ALOHA 

ALOHA l>l'e-Jni.es TDM .. -\ synumB, 1u1i.J ,~ 11 tc>clu1J4u1• rur ''""o,1r,l hlllLt't l 
users tu elfe<:f iw,ly 11.itnJJl!l e for 11 rim11m1n rt'tl(>Un:c r.luumt'I It ti IWIUmrd 

chat all n,>cfo,; h11vP. (Xjual ncre,;i; lo t he d truu, ,!J 

• II. 11,,tle l raJ.151fl ll6 wh,u111v11c il illlb I r1af:hr lo 111•1ul/ rl)r111r,,,I 

• c1;1/i,u <>ni mny ocrur wlwu ~ev~r/LI 11,111~• 11111.11111111 in th~ t11m~ 1110,· 

wi1uJow , wl11d1 i~ i;um..lJ11r P l' M'LHt't.l ln tJw mttiumu ,11 I tt&.1u, ,ru "i'Jlin11 111rw 

(or a.JJY µ11cket 

• t.he tt>Ceiv1J't$!; noJe (cem rul sy~1.er11 Jtl ,ti11;lc li o>r, •\L,11111\ I L1 ru111mil& 
1,,,,-.k nn 11t:k1u•wl"' l1t~ l Af' I\ I If \lit• lrr.tt1•111i,1.""'' w.:i,. ~,,,.,,...M ruJ 

• n mtnsion r,,qulrr.i. rrtrn1111m1~~h)h, whir.h Lh~ 11 nnK1111Lt,..r l'crrc,rms 1lf• 
lt-r 11 r.uJdorn ,f~lny 

5.2.2 Slot t ed A l,O HA 

l11 sloctal .-\LOHA llme 1.• dividrd iurn r(llll.l timr ~!,,\~ vi' l•111{lh gr~111rr 
thats 11..- i,.vJcei lrnM111is.~""' ch1n.11r,11 1·11~ lhne 11:>t•• I• ,:., 11, 11l,:r,~I umu,;r ­

MI Cr.>r ,s.11 nool/l'I n .. nnd'!fl ~1, 11111\, 1 ~yncltro11.1B~ dt>t'k-1! 1l> 1d I tlU1blllil 

a ru-='i!e ultl)' M I hi, 1.,.~11111\J'i 11I 11 1u1w Uu1o· ~111!, I l,u. ,.,_. II II ing 111 11 
,r,,.,,..t, rlu1rib1111-m uf ,.....i..,,. 111 ,\I ()H,\ ll h•l<le i• alluw,,J t,, Lni11Slllit 
,.1,en ew-rd1&1:. ~ a•11l!l)lllr To( tfOJLWtWl!un In <lcltoo t\Lu!J1\ JM11 hM tu 
I.,,, l,utfo.1nl Ulllil" 1l,o1 is 11,-:uLJ,I~ Sin,..., lht' .-lub Mo· , II~,.!'""• ol11l!r1I 
..\ I OIi .\ n• i-....: i,111LNi Tur 61<,, J.,..,,..1 pr..:kcu wl11.-l, :u-11 1 lio "''n~ ~ut> 11.i l he 
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lime slots, th1,'1'eb:; rnnxirai~ing channol utilisation. 

Tho sk,u; pl"l"vem part,ial r.ollisio11s1 wtuch may affect rnore than one 
p,u.ket. C:11 llisiDus r.ai. ;;rill ocr-1,r hut Lhey """' tif,,;~rrry ,,t lllOSt 1.J11e p1,cke\ 
at II l,ime. Con,~er a l r.negabyu; packt•t being Lnw,ru.itt.cd using pu.ro 
ALOHA lf tu<>. Ja.;t l kilt,!Jy~e 1.1f Lhe Lm11~mi~sio11 wM corrupted through a 
coll~•on theu ll1e wi\ole p:ickd wc,uld 11t'C;d t.o be retra11swHloo. J a slotted 
Al.OH A r.he l rneg-<1byt<.> rn,~agf.' would be sprl'!ad ll\~r tht• ,lo~s in tht' 
form or sm:ul packets. The Elot coutaiuing che pack1•l wic-h thl' co1TUptcd 
la.,t L kilvbyu.• wuu)d liave w lie re~r<111b1oiUed, 11t>i lhe ,:mire me8Sage. 
The resull is les~ retransmission traffic ,:md delay, and yields iucrewied 
dianm,I throughput. A plot cx•mp,.ring t ht! LhrougltpuL diaracteri~tk-s c.if 
pure 1\ LOH.<\ ond sloUc<l ALOHA i.s presemed in tigurc 5.8 [26) . 

•• .., 

I 
;; 

n.2. . 

d l-c:::::::::::: _ __ ...1... __ - - -,0~5---J,,----_:::-- ;:___JI"~ 
D.01 a 1 

0 1,mt"d tud C 

Figurt' 5.8: Pim: ,\1.,0HA aml sll>tL"<-1 ALO~IA Lhrnuglrpu t cJ,ar,J.Cteristics 

Afi t he. t11llilbl'.1 ,u Jhld<'s contmiding for r.ho ch,'U1.1ml Jucrna.ses. UH' 
dr.mand per sfot incr=t>.S, and delay will occur du~ to i,he compleLe 
collis,011.11 ;).lld lhe. resuHiu~ repeat trawwlS:ilOJJS of those: packets lost. Tf a 
collisic.rn ,),•.c,,r,•.~ Lbtln t luci µ.\rl<ti~ uJu~t h..-n,trau~mitw,I.. Tl,e retra11s1r1it1 iug 
node will wait a mndom nu.wbc•r of s lots b..,fore retransmitting. The delay 
c.haractcrist1c is a,so <lctcnomtxl by tlic numbt:r of slots a uodo 1u11st wait 
1, "£, mu~ t CIU L-;J.!l.i I.I il •t. 

ff 1w have fl lliicr~. 1t can be shown that [151 the normaLsed cl1rumel 
throughpu1 S for ., slmuxl ALOHA channel is 
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wh,-re G ,s llti! nonnalL<ed channel traflic 'lff~rei G may bt- w~.vr 
Ulw I. ruld S i!- less lluw ct ,:qua! l(, I llJJ,i S s G. 

Slotted ALDH.i\ tltro!Jj{bp11l is u.:n cdaog 11S L'1.nnvlll't.'<l lo .1 ~ 0Tlru1" ro, 
pu~ ALOHA. This is bt!callSe LIit, •·11Jn,'1'&\Jility lirn\' lN 110\\1 1'1'<111.w Ul JlL1l 

t.b-e ~ii•• 11( t.1111 liUJo slot.. 

5.2.3 Carrier Sense IVluJ t.iple Access (CSl'vl A) 

C:Rrrif,r sC1L~c mu:LiJJle accL'SS t. CSM A) b a.uul11c, IIO(.l 11ltu rllu<.kn,....,i<:<·"511 
protocol. In ALOHA nu k111:iwloogc ,,f the acuv1Ly d the 111:Lworl\ ,~ u.100 . 
aud uodcs Lransmil iudq.1011.Jemly Qr cLru.11,fl onivity. ),. 11 ,:o.r-rlr, 1uulJ!O 
type pr,itocol, somt: kuowledi;t! of trausrni,~iom nctovity i11 Lhc 1;lo 11.11 11ul 
1s acqwl'cd aud us.xi 111 <he dti<:isio11 u:, 1.ra.11Muil. Trru1J11t11ss,011 l~ lu'IHl,­
iL,:d if a caniar i, <fok'<'l<lll , Dc•~l!<:Liu~ '11 1;.urrlur uow tlf.ll, 1111 ly 11,.,1111 Lh11L 
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nodes occur when a number nodes are not in range of all other nodes 
in the network (i.e. the network is not fully connected). Studies have 
shown that if a fraction a = % of the packet radio units making up the 
network are hidden from the rest of the network, all transmitting to the 
same destination within range of the entire packet radio population, then 
the channel utilization of non-persistent CSMA (described below) is about 
35 percent. If a is 0.5 then channel utilization reaches a minimum of 28 
percent [16]. 

As an example to describe the hidden node problem that is inherent in 
multihop packet radio networks (assuming an omnidirectional antenna is 
used at each node): suppose node A is transmitting a packet directed to 
node B, and that there exists a node C that is in transmission range of node 
B but not in transmission range of node A. In other words, nodes A and C 
are in range of node B but are out-of-range of each other. Therefore node 
C would not sense node A's transmission. If node C transmits a packet to 
any of its neighbouring nodes (one of which is node B) then it would do so 
without the knowledge of the presence of node A's transmission at node B. 
The result is that a collision occurs with node A's transmission at node B. 
If node C's packet was addressed to a node other than node B, say node D, 
then it is possible that a collision did not occur at node D. 

The implementation of CSMA also requires special hardware, and the 
ability to switch rapidly from the receive mode to the transmit mode in 
order to keep the efficiency of the CSMA process high [17]. 

Various types of carrier sensing protocols exist for packet radio networks, 
and are described below. 

The simplest form of a CSMA protocol is I-persistent CSMA. Here 
the transmitter listens to the cbaune] until it finds the channel idle before 
transmitting. If no carrier is sensed on the channel, then it transmits 
its message with probability 1, hence the name !-persistent. A problem 
that arrises with this strategy when two nodes, say A and B, are waiting 
for a channel to be freed by node C. Node A and node B continually 
monitor the channel and the moment the channel becomes idle they both 
transmit causing a collision. An improvement on this CSMA strategy is 
non-persistent CSMA. 

An improvement of !-persistent CSMA is non-persistent CSMA 
which operates as follows: 

• the node transmits the packet if the channel is sensed idle. 
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• H the channel is sensed busy, then the node schedules packet trans­
mission by delaying transmission according to a (re)transroission delay 
distribution. After the delay time is complete the node re-senses the 
channel and the algorithm is repeated. 

This improves on the problem of two nodes transmitting simultaneously 
M soon as a third has stopped. Non-persistent CSMA is popular for 
wireless local area networks (LANs) where the packet transmission interval 
is greater than the propagation delay to the farthermost user. 

p-Persistent CSMA is a generalisation on 1-persistent CSMA applied 
to slotted channels. The slot length is typically chosen to be the maximum 
propagation delay. In this protocol a node ready to transmit a packet will 
sense the channel. When the channel is found to be idle, the packet is 
transmitted in the first available slot with probability p, hence the name 
p-persistent, or in the next slot with probability 1 - p. 

CSMA / CD uses carrier sensing and collision detecting (CD). Carrier 
sensing has been described above. Carrier detecting involves a node listening 
(sensing) to the channel while it transmits, to 'hear' if any other transmis­
sions take place at the same time, thus causing a collision. Therefore if two 
or more nodes start a transmission at the same time a collision is detected, 
and the transmission is aborted before completing transmission, thereby 
roinimisi.ng the transmission of collided packets and improving bandwidth 
utilization. The key feature with this protocol is that a collision can be de­
tected soon so that transmitters do not have to wait for an ACK or NACK. 
This requires the node to have a transmitter and receiver which support 
listen-while-talk operation. For a half-duplex channel this can be achieved 
by stopping transmission to listen. With full-duplex channels a full duplex 
transciever tan be used to listen while transmitting [42]. 

5.2.4 Busy Tone Multiple Access (BTMA) 

The hidden node problem can be alleviated by the use of a busy tone signal 
which is transmitted on a separate channel, say a busy tone channe~ by a 
node to indicate that the node is receiving a packet and that the multiaccess 
channel is in use. The busy tone is used to inhibit the receiving nodes' 
neighbours from transmitting on the channel thereby causing interference 
with its reception. Any node within range of the receiving node with a 
packet ready for transmission, sensing the busy tone, will reschedule the 
transmission. 

Several types of BTMA exist and they are applicable in both narrow­
band and wideband coll'lmunication systems. In narrowband conseroative 
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BTMA (C-BTMA), any node sensing a carrier, due to the presence of a 
transwisAi.on, will emit a busy tone. The effect is for a short period of time 
following the start of a transwission, all nodes within a two hop radius 
of the transmitting node get blocked. A certain period of time, primarily 
determined by propagation and detection delay, is required for setting up 
the busy tone signal at each node. This presents a vulnerable period where 
collisions may occur. ff propagation and detection delay where zero then 
C-BTMA would be a collision free protocol. 

In destination-baaed BTMA (D-BTMA) protocols the receiving node 
(destination) of an active link transmits a busy tone signal. In receitJing 
destination-based BTMA (RD-BTMA), the receiving node transmits a 
busy tone only if it can synchronise on and start receiving the packet. For 
a narrowband systems this means that the transmiss\on coverage area of 
the receiving node must be idle prior to arrival of a packet. Since a node 
will not know if the transmission is meant for itself until it reads the packet 
header, RD-BTMA is idealistic and is used for comparison purposes in [47]. 

In Hybrid deatination-based BTMA (HD-BTMA) a node operates as a 
C-BTMA node until the header is processed, at which point it acts as a 
RD-BTMA node. In other words, all HD-BTMA nodes transmit a busy 
tone signal until the intended destination node is identifed. ff a node is not 
the intended destination node then it removes its busy signal, and only the 
destination node is left transmitting a busy tone signal. 

RD-BTMA is suited to spread spectrum packet radio implementation 
and in this context is referred to as loc/ced-on deatination-based BTMA 
(LD-BTMA). Using a receiver directed code assignmP,11t scheme (explained 
in a section 5.2.6), the destination node transmits a busy tone signal when­
ever the link is active and the destination node is locked onto the packet [47]. 

The use of a busy tone channel requires additional bandwidth and 
hardware resources for the communication system, and thus increases coets 
of the radio equipment in multihop networks. 

In figure 5.9 [16] we see the throughput-delay tradeoH' for ALOHA, 
CSMA and BTMA. The results were obtained from a simulation of six 
nodes in a ring topology. Normalized delay a is 0.01, infinite buffers, and 
uniform traffic at each node is assumed. [16] did not take into account the 
additional usage of bandwidth for the busy tone signal. 

BTMA outperforms both ALOHA and CSMA. The SDC ring topology 
is not an ad-hoc topology. Different results would have been obtained for 
different network topologies. Figure 5.10 shows the link capacity of narrow-
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Figure 5.9: Throuhput-delay trad~offs for ALOHA, CSMA and BTMA 

band systems with a ring topology using different channel access techniques. 
Disciplined ALOHA is taken into account in this figure. Disciplined ALOHA 
differs form pure ALOHA only in that it allows a node to transmit only if 
it is not already transmitting or not locked onto an incommg packet. It is 
suited to spread spectrum systems in which receivers lock onto packets. 

5.2.5 Floor Acquisition Multiple Access with Non-persistent 
Carrier Sensing (FAMA-NCS) 

The term floor is used to describe the clumnel in the vicinity of a receiving 
node. FAMA-NCS guarantees that a single transmitting node (or sender) 
is able to send data packets free of collisions to a given receiving node 
(or receiver) at any given time. FAMA-NCS is based on a three-way 
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hand-shake between the transmitting and receiving nodes, in which the 
sender uses non-persistent carrier sensing to transmit a request-to-send 
(RTS) signal and the receiver sends a clear-to-send (CTS) signal that lasts 
much longer than the RI'S and serves as a busy tone that forces all hidden 
nodes to back off long enough to allow a collision free data packet to arrive 
at the receiver from the sender. 

FAMA-NCS requires a node who wants to transmit one or more packets 
to acquire the floor before transmitting the pack.et train. The floor is ac­
quired using an RI'S-CTS exchange. 'lb acquire the floor a node transmits 
an RTS using earner sensing or packet sensing. Packet sensing corresponds 
using the ALOHA protocol for transmitting the RI'S as a packet co:vt.aioing 
control information requesting the floor. CSMA is employed for sending 
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the RTS using carrier sensing. A CTS is only returned once the requested 
node has received an error free Rl'S that is address to itself. The requesting 
node (sender) knows it has acquired the floor when it receives an error free 
CTS addressed to itseH. 

After acquisition the floor holder (sender) is able to transmit packets 
without collisions occuring on the channel. Any reliable link JnecbauisTU 
(discussed in section 5.3) can be implemented on top of FAMA-NCS be­
tween the floor holder and the nodes with whom it wants to communicate. 
Nodes that do not have the floor are forced to wait a minimum predefined 
period of time (a minimum of twice the maximum propagation delay) 
before being able to contend for the floor. When a node, ready to transmit 
data, detects that the floor has already been acquired then it reschedules 
its bid for the floor. 
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Figure 5.11: Comparison of results for slotted ALOHA and FAMA-NCS 
with various Q values 

Figure 5.11 (from [29]) shows the comparison of results for slotted 
ALOHA and FAMA-NCS with various Q values (explained in this section). 
The results for slotted ALOHA throughput are lower in this plot compared 
to figure 5.8 because positive acknowledgements (ACK) have been taken 
into account. 

[29] assumed a network where each node had 10 neighbours for varying 
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Q values. Q = 0 means the network is fully connected, Q = N /2 means that 
half the neighbours of any node are hidden from a neighbours' neighbour. 
Q = N - 1 means that all the nodes are hidden from their neighbours' 
neighbourhoods. [29] a&mmed that a network with a propagation delay 
of 6µs (one mile), 500-byte data packets, 25-byte IUS, and a 50-byte 
CTS, and presented results for a 1-Mb/s cbauuel with zero preamble and 
processing overhead, and a 298-kb/B channel with preamble and processing 
overhead baaed on the Utilicom 2020 radio transceiver. Using the Utilicom 
model 2020 transceiver, results in the transmitter using llms to send an 
Rl'S and be ready to receive a CTS. If trausmissi'1n overhead is included, 
then a 500-byte data packet becomes 25ms long. 
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Figure 5.12: Throughput versus degree of nodes in an ad-hoc multihop 
network using FAMA-NCS or CSMA 

Figure 5.12 (from [291) shows a plot of the maximum throughput for 
FAMA-NCS in multihop networks versus the degree of nodes for various 
values of Q(0,N/2,N - 1). The degree of nodes means the number of 
nodes in the vicinity of another node, or the number of neighbours per 
node. The analysis 88Sumes a 1-Mb/s wireless network with about a 6µs 
propagation delay. A 500-byte data packet and a 25-byte RTS were used. 
The throughput for slotted ALOHA with acknowledgements is also shown 
in the plot. The performance of non-persistent CSMA in the plot is a value 
of the upper bound throughput of CSMA [23]. 
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The results presented by [29] show that FAMA-NCS is a better choice 
than CSMA for an ad-hoc multihop packet radio network. The results ob­
tained from the use or the Utilicom model 2020 transceiver indicate that ra­
dio parameters significantly affect the performance of FAMA-NCS in ad-hoc 
multihop packet radio networks. With good carrier sensing and short turn­
around times ( time to ramp up the transmitter or the time to ramp down 
the receiver), throughput can be substantially increased. [29] also claims 
that FAMA-NCS performs better than all prior proposals based on collision 
avoidance protocols, such as MACA [34], MACAW [48], and IEEE 802.11 
DFWMAC [19] [10], in the presence of hidden terminals. 

5.2.6 Spread Spectrum Techniques Applied to Packet Radio 

Most of the above mentioned channel access schemes can be applied to 
wideband systems using spread spectrum techniques. In narrowband 
signalling, data is modulated directly onto the carrier. A collision results if 
two or more packets with similar power levels overlap in time at a receiver. 
ff the first of the overlapping signals arriving at the receiver has a distinctly 
stronger power level than the others, then the power capture effect may 
result in the received packet being error free. Spread spectrum signaUng 
schemes are based on modulating the message data with a spreading code, 
thus using a much wider bandwidth than a narrowband system. 

Direct sequence pseudo-noise (PN) spread spectrum and frequenc11 
hopped spread spectrum are two commonly used wideband modulation 
techniques used. Frequency hopped spread spectrum has the added 
advantage or reducing the near-far problem at receivers [42]. Chapter 3 
discusses spread spectrum modulation. Here we simplify the discussion by 
making no distiction between direct sequence PN modulation and frequency 
hopping. 

The advantage of spread spectrum signalling over narrowband signaUing 
is the reduction in interference between users in a multiuser environment 
and its improved performance in the presence of multipath fading and 
narrowband interference. In addition, spread spectrum eases network 
deployment and frequency planning, by allowing codes to be allocated to 
each node to uniquely identify each node. Codes can be used in a spacial 
sense. In other words, if there are more nodes than there are codes, then 
nodes allocated with the same code must not be in each othefs transmission 
range. This requires that the nodes have intelligent code assignment 
software to avoid erroneous code distribution. 

Code-division and time-capture are the two main aspects that make the 
use of spread spectrum attractive in ad-hoc multihop wireless networks. 
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Code-division means that the transmissions are separated in code space, 
i.e. are orthogonal to each other, allowing different coded signals to 
overlap in time with little or no effect (ideally) on other transmissions. 
The time-capture [40] ability of a spread spectrum receiver with a specific 
identification code enables the receiver to receive a packet with the same 
code despite other time-overlapping transmissions with the same or different 
codes, i.e. the reciever can lock on to a signal. 

Each spread spectrum packet radio transmission must be preceded 
with a coded preamble transmission. The purpose of the preamble is to 
synchronise the transmitting and receiving nodes. In space-homogeneous 
preamble code assignment the preamble code is known by all network 
nodes. Idle nodes constantly listen for this preamble code. The preamble 
code must have strong autocorrelation properties and be orthogonal to 
the codes used for encoding transmitted packets. A failure may occur 
when preambles collide thereby disrupting node synchronisation, or when 
the interference of ongoing transmissions, which act as background noise, 
reduce the effective signal-to-noise ratio at the receiving node. 

Errors occuring due to preamble collision can be reduced by using 
receiver-directed preamble codes. Each receiver is assigned a distinct 
preamble code. Any transmitter that wants to send a packet to a node 
must UBe the receiving nodes preamble code as the preamble. Therefore 
the receiving node will only process packets which it identifies with its 
preamble code. All other transmissions appear as background noise. Once 
the preamble of the incoming packet is successfully processed, the receiving 
node is locked on to the packet until transmission ends. Once the receiving 
node is locked on to a packet it is important that the transmission is not 
disrupted by overlapping packets. Interference may occur depending on 
the encoding method used on the data packet part of the transmission. In 
addition, multipath effects and Rician fading as well as insufficient signal 
power level may result in erroneous reception. 

Several methods of selecting and using the PN sequence can affect the 
success of transmissions. Consider space-and-bit-homogeneous code assign­
ment where a fixed PN sequence identical for each transmitter throughout 
the network is used [17]. The only time overlapping transmissions will 
collide is when the autocorrellation peaks of the transmission coincide. In 
other words when the codes used in the transmission match at the same 
time. This means that there is a vulnerable period of a few chip periods 
for each bit where a new transmission can caUBe data disruption. The 
cumulative vulnerable period for a packet is small compared to the entire 
transmission period. [47]. 
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An important difference to narrowband signalling that arieee in spread 
spectrum packet radio transmissions is the possibility that two packets 
collide while at the same time a third packet is successfully received 
because the third packet is using a different PN sequence and thus does not 
collide. Multipath affects spread spectrum transmissions by smearing the 
autocorrelation peaks at the receiver1 spreading them over time1 causing 
intereymbol interference (ISi). Multipath effects can be reduced by the use 
of a multipath-combining receiver such as a RAKE receiver [41] [42]. 

Receiver-directed flit-homogeneous code assignment is used to reduce 
the effect of overlapping packets. In this code assignment method distinct 
orthogonal code waveforms are assigned to different receivers. A transmitter 
has to use the matching receivers code for data encoding to perform a 
successful packet transmission. This mode of tranmission ide&lly limits 
traffic interference to those transmissions directed to the particular receiver. 

The elimination of interference from overlapping packet transmissions 
can be approached by using '1it-nonhomogeneoos code assignment. In 
this method the coding pattern varies on a bit-by-bit basis. The receiver 
requires a programmable matched filter which can follow the bit to bit 
varying code pattern inorder to decode the signal. li the code pattern is 
such that it does not repeat before the end of the l~t packet1 then 
any overlapping packet would not interfere with a packet locked onto 
earlier by the receiver because it would not autocorrelate during the entire 
transmission with the locked onto packet. 

Another way to reduce collisions in spread spectrum packet radio 
networks is to use transmitter-directed code assignment In this assignment 
method packets transmitted by different radios have different spreading 
codes, no matter when the transmission b~ transmissions bAginning J:\t 
the same time do not collide. However1 random errors can occur due to 
mutual interference between transmissions. This code assignment method 
has better capture properties than receiver-directed code assignment [40]. 
However1 the receiver does not know which spreading code will be used 
on an incoming transmission. Therefore it must search. the set of all the 
spreading codes of the neighbouring nodes within t:ransrnission range. This 
requires the receiver to know the spreading codes of the neighbouring nodes 
and the ability to search for the codes, which requires sophisticated high 
speed equipment. Such protocols have poor acquisition performance [40] 
compared to the other code assignment methods described directly above. 

Several multiaccess protocols have been proposed and commercial 
systems have been deployed [13] that use CDMA. Some code assignment 
schemes have been discussed above with emphasis on the interference 
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and collision properties. Spread spectrum easies network deployment and 
frequency planning, by allowing codes allocated to each node to uniquely 
identify each node. If there are more nodes than there are spread spectrum 
transmission codes, then nodes allocated with the same code must not be 
in close proximity of each other in order to prevent collisions and to reduce 
interference as much as possible. 

An important design consideration in a multihop packet radio network 
using spread spectrum modulation techniques is the method of assigning 
transmission codes to network nodes. The hidden terminal problem can 
also arise in spread spectrum packet radio, if a receiving node has two 
neighbouring nodes with the same transmission code, and they transmit at 
the same time. This problem arises in transmitter-directed and receiver­
directed code assignment methods [33]. In order to prevent this code 
assignment problem require that no set of stations which are two hope 
apart may have the same transmission code. 

5.3 Link Reliability 

The data link layer of a network performs the functions that enable a 
reliable link between adjacent nodes. Usually an acknowledgement mecha­
nism is used to support such a link, for example automatic request queing 
(ARQ). ARQ uses redundancy for the purpose of error detection, and is 
generally used with channels which are commonly called compound-error 
channels [26]. If data received by a node is corrupt and an error is detected 
then a negative acknowledge (NACK) is sent in reply (feedbaclc) and acts 
as a request for the data to be retransmitted. If the data is error free then 
a positive acknowledge (ACK) is usually sent informing the transmitting 
node that data was received correctly. Figure 5.13 shows a block diagram 
representation of an ARQ system for data link control. 

In packet radio the link performance is usually variable due to inter­
ference from nearby nodes and radio propagation characteristics such as 
multipath and Rician fading. In the case of poor link performance the data 
link has to be made more robust. Fbrward error correction (FEC) coding 
such as block coding or convolutional coding [26] can be used in addition 
to the ARQ mechanism for this purpose. Bose-Chaudhuri-Hocquenqhem 
(BCH) codes, Reed-Solomon (RS) codes and cyclic redundancy check 
( CRC) codes are some common codes types used for forward error correc­
tion. 

If the error rate is high then ARQ procedures would result in many 
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Figure 5.13: Block diagram of an ARQ system used for data link control 

retransmission requests, thereby using valuable bandwidth resources. The 
result will be very low throughput of error free data. Although corrupted 
data is still received on a poorly performing channel, the FEC coding 
can be used to correct errors in the corrupted signal, thereby increasing 
the chance of correct reception. This decreases the number of retrans­
mission requests allowing better channel utilisation than if no FEC was used. 

The rate of coding for error correction should not be slow as this will 
reduce the effectiveness of the link by making the link slow. FEC usually 
requires adding in extra bits of data into the transroissi.on thus reducing 
the data throughput. ff excessive FEC coding is used in the transroissi.on, 
then the actual data rate can drop significantly. There is a balance 
between ARQ and FEC that must be reached in order to make ARQ ef­
fective without degrading the rate of correct reception by using FEC coding. 

A hop-by-hop (HBH) acknowledge can be achieved by various methods. 
One method entails the receiving node to reply to the sending node with an 
explicit short message indicating an acknowledgement. The message can be 
the header of the received packet, since the header uniquely identifies the 
packet. Another method is to exploit the broadcast property of the radio 
channel by using a passive acknowledgement. To illustrate this scheme: 
suppose node A transmits a packet to node B. Node B needs to forward 
the data to node C and to acknowledge node A that it received the packet 
correctly. Because node A and node Care both in node B's radio coverage 
area, they will both hear the broadcast. Node C will store and process the 
broadcast while node A will recognize it as a positive acknowledgement. In 
this scheme the last hop is explicitly acknowledged as the last hop. 

Some problems arise with passive acknowledgement schemes when 
nodes implement a first-in-first-out (FIFO) transmit queue. Assume in the 
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previous example that the nodes have FIFO transmit queues with node A's 
queue containing one outstanding packet waiting for an acknowledgement 
from node B. Node A transmits the packet at the head of its queue to node 
B. Node B receives the packet and places it at the end of its transmit queue. 
In the mean time node A is waiting for node B's passive acknowledgement 
but node B still has to service all the packets in its transmit queue that 
come before nodes A's paclcet which is at the end of the queue. This can 
eeverly degrade network utilization. In such a case it would be better to 
use an active acknowledgement scheme where the acknowledgement signal 
is much shorter than the paclcet length. 

Another problem that arises is due to passive acknowledgements being 
as long as the original paclcet. They are more likely to be exposed to 
interference than a shorter acknowledgement. In this case the original 
transmitting node would have to wait a timeout period and then would 
have to retransmit the paclcet because it did not receive the passive 
acknowledgement. This will further degrade network performance. 

Passive acknowledgement cannot necessarily be used in spread spectrum 
systems which use receiver-dependent codes {but can used in transmitter­
directed acknowledgements [40]). Referring back to the original passive 
acknowledgement example: suppose the network is implemented with 
receiver-directed codes (i.e. each packet is coded with a code which can 
only be used by the intended receiving node for reception and decoding 
purposes). Node A codes and transmits the paclcet intended for node B 
with node B's code (node A can only use no~e B's code when transmitting). 
ff node B wants to send the packet to node C it has to code it with node C's 
code, which node A will not recognise. So, node A will not recognise B's 
transmission to C because it will not detect it due to the coding scheme. 

Using an explicit acknowledgement results in more channel time 
being used because it accompanies the transmssion of the packet that it 
acknowledges as being correctly received. However, it is much shorter 
and therefore less prone to interference, thus resulting in increased reli­
ability of explicit acknowledgements compared to passive acknowledgements. 

We have discussed methods that improve the reliability of a link between 
two adjacent nodes. Source and destination nodes may be many radio hops 
apart. It is a network management task to ensure that the multihop link 
is reliable. Another link-level type acknowledgement scheme is end-to-end 
(ETE) acknowledgement. With end-to-end acknowledgements the final 
destination node of a packet in the multihop link will send a packet back 
to the source node acknowledging the packet it received. Therefore for 
every packet received a packet must be sent, and any node failure will 
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increase delay because ETE acknowledgements travel multiple hops. In 
some computer networks where data integrity is very important it may be 
necessary to use ETE acknowledgements to ensure error free data reception. 
Studies have shown [40] that in a 5 hop route with a probability of 0. 7 for 
packet transmission success per hop, the total average delay of a packet is 
12.5 packet transmission times for a system using a HBH acknowledgement 
meclianism1 compared to 53 packet transmissil'ln times for a system using 
an ETE acknowledgement mechanism [25]. 

In a voice packet switch multihop network the constraints are not 
as stringent because a conversation can still be continued with lees of a 
small amount of packets. The main constraint for voice communications 
is delivering speech packets at a guaranteed low delay. Voice quality 
degrades significantly when 1 % to 2 % of the voice packets are dropped 
[43] or corrupted. With the advent of modern compression techniques and 
vocoders it is possible to significantly reduce the amount of data required 
in a packet to reproduce acceptable speech quality. It is not neccessary to 
use HBH acknowledgement methods in a packetised voice communication 
system if no more than a small amount of the packets are dropped or 
corrupted at the final destination node or lost before reaching the final 
destination node. 

A decentralized channel management scheme for multihop spread 
spectrum packet radio networks proposed by Shepard [45] ensures that 
packets are only sent at times when they will not be dropped due to 
collision. Such a method would not require an acknowledgement scheme. 
No practical information could be found for this channel management 
scheme so it is mentioned here for completeness. 

In addition to data link control, there must also be a relationship between 
the level of the network that controls routing and the control of the link pa­
rameters [17]. For exampl~ if servere interference occurs during a broadcast 
and link connectivity is lost then the network must decide whether to try to 
~tablish the lost link or to r&route the packet by connecting to a differ­
ent node. Re-establishing a link may be achieved by increasing the transmit 
power, thereby effectively increasing the signal-to,.noise ratio of the signal 
or by increasing the coding gain using FEC (asswning an AWGN channel 
with little or no multipath effects). If increasing the transmit power does 
not interfere significantly with other neighbouring transmissions then it is 
preferred to increasing FEC coding gain1 because increasing FEC coding 
gain will reduce the effective data bit rate, while increasing transmit power 
will not. 
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5.4 Routing and Packet Forwarding 

The job of network management algorithms is to ensure packets are routed 
through the network in an efficient and reliable process. Inorder to achieve 
this, the management algorithms must establish the routes (paths) for 
source-destination pairs and enable the forwarding of data packets along 
the routes. The choice of routing algorithm and the process used for 
disseminating routing information will significantly effect the capacity of 
the network because routing affects the traffic flow of the network. Thus 
ineffective routing may result in long paths when shorter paths are possible 
thereby reducing packet delivery speed, or may result in congestion because 
the network is not coordinated effectively. 

Routing protocols for computer networks and internetworks are based 
on shortest-path algorithms. In general, common shortest-path algorithms 
can be classified into distance-vector algorithms (DVA) and link-state 
algorithms (LSA). 

In a distance-vector algorithm, a router (node) knows the length of 
the shortest path from each of its neighbouring routers to every network 
destination. A DVA uses this information to compute the shortest path 
and the next router in the path to each destination. A router will transmit 
updated routing information only to its neighbouring nodes. Each updated 
message contains a vector of one or more entries which specifies the 
minimum distance to a given destination. Most DVAs are based on a 
distributed implementation of the Bellman-Ford algorithm to compute 
shortest paths [20]. 

In a link-state algorithm, each node broadcasts messages containing 
the state of each of the routers' adjacent links to every other router in 
the network (flooding information distribution). Each router uses this 
information to compute the shortest paths to all network destinations. 
Therefore each node contains a replica of information of the complete 
network topology. 

Incremental routing or source routing can be used for routing data 
packets. In incremental routing (also called hop-by-hop, point-to-point, or 
destination baaed routing) each router in the path to the destination node 
makes a decision of where to route the packet next. In other words, each 
router decides which node it will send the packet to. 

In source routing the packet source router specifies the entire path, 
from source to destination, in the header of each data packet, alternately 
a connection is established with only the connection-establishment packet 
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containing the specific path, while the rest of the packets contain a 
connection identifier {effectively a virtual circuit/connection). 

If the wireless network has a fixed (static) topology then source routing 
may be preferrable because the the packet overhead is small, thereby leading 
to better utilization on the channel. Incremental routing can be used to 
route packets along multiple loop-free paths. This can be more desirable 
than source routing because in incremental routing the routers forwarding 
a packet can react more quickly to changing local network conditions, as 
in mobile networks, whereas the source router in a source routing network 
needs to modify the entire routing path to cope with changing network 
conditions. 

Source routing also limits the number of different paths that can 
be used to those known by the source. This means that only a small 
number of possible paths can be used ( depending on harware and software 
constraints). This may not be effective in congestion conditions, where it 
may be that all the paths known to a source router are congested, and 
thus the packet delivery speed will be reduced. Furthermore, the network 
throughput will be further reduced because the offered traffic to congested 
routes is increased. In contrast, multiple loop-free paths obtained using 
incremental routing allows packets to flow through paths unknown to the 
source router. If the packets arrive in a different order than they were sent, 
then the destination router can rearrange the packets using appropriate 
harware and software. Other methods exist to ensure that packets arrive at 
the destination in order [32]. 

A third class of routing strategies called link-vector algorithma (LVA) 
[30] was recently {1997) introduced by Garcia-Luna-Aceves and Behrens to 
address the scaling problem 8880ciated with traditional DVAs and LSAs. In 
LVA, a router communicates with its neighbours the cost of those links that 
belong to its preferred paths to each destination. It has been shown that 
LVAs are more scalable than LSAs and DVAs for flat addressing structures 
{i.e. non-hierarchical networks). However, a flat addressing structure is not 
sufficient for networks with many nodes and destinations. Any source based 
routing algorithm would result in large information storage requirements for 
nodes to keep a replica of the network topology information. Furthermore, 
computation requirements and communication overhead would be increased 
in large flat structured networks and may become to costly. 

A method of address aggregation is used to reduce the information 
storage requirements of a node. The purpose of an address aggregation 
scheme is to reduce the size of the topology information database or routing 
tables stored in routers (in the nodes), thus reducing the amount of data 
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that has to be processed, and included as header routing information. 
Reduced header routing information (overhead) allows for better network 
utilisation by reducing the channel occupation time for packet trausroiss,on. 
The router database stores two sets of information: one set is of the links it 
is close to, and the other set describes nodes that are nearby. Therefore the 
routers store local link and topology information. Hierarchies of addresses 
are formed by grouping together the addresses of clustered nodes (i.e. nodes 
which a.re close to each other). 

Two protocols have been found to determine well defined areas (cluster 
of nodes) of a network or internetwork, namely OSPF [37] and ISO IS-IS 
[3]. Areas are defined statistically, and are interconnected via a backbone 
connection. OSPF requires all intra-area traffic to be routed via the back­
bones. Many routing schemes have been proposed based on the concept of 
aggregated address areas. The first such proposal was McQuillan's [36]. 

An a.rea-based hierarchical routing scheme using a link-vector algorithm 
has been proposed by Behrens and Ga.rcia-Luna-Aceves [31]. The scheme is 
called an area-based link-vector algorithm (ALVA). It supports a multiple 
level hierarchical structure and does not rely on a backbone to route 
traffic between areas. Behrens and Ga.rcia-Luna-Aceves ALVA allows for 
more flexible topologies and shows improved performance by removing the 
bottleneck backbone [31]. Simulations by Behrens and Garcia-Luna-Aceves 
show that even with a one level hierarchy ALVA outperforms QSPF in 
terms of storage and communication requirements. Furthermore, with 
the use of hierachical addressing ALVA is more scalable than OSPF, and 
therefore constitutes the basis for a more efficient internetwork routing 
protocol based on link-state information. 

Using OSPF is uaeful if one designs a network to use a hierachical struc­
tore using backbones to connect various subnets. If a flat strucutre is re­
quired then it makes more sense to use ALVA based hierachical addressing. 
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Chapter 6 

Fixed Topology Multihop 
Packet Radio for Developing 
Rural and Urban Township 
Communities 

Fundamental iseues relating to data packet transmission and routing have 
been presented in Chapter 5. We now draw on this knowledge to describe 
a hypothetical proposition for a multihop packet radio network. The 
networks application is for fast rollout of telephonic and internet service in 
developing communities. The packet radio network described below is more 
suited to low density a.nd low population communities. This proposition 
serves as a rough sketch of a possible network design for developing com­
munities based on multihop packet radio networks. Advanced simulations 
of this network would need to be carried out to prove its usefulness for 
its proposed purpose of providing voice a.nd Internet ability to developing 
communities. All the material that has been presented thus far is used to 
serve as a platform for the following suggestion of a possibly capable and 
realisable network. The network proposed is not unrealist because simi­
lar networks have been deployed for purely wireless Internet function [2] [18]. 

The prerequisite to fast rollout is ease of deployment, a.nd therefore wire­
less technology is the first choice for the network. It has been shown that 
various wireless LOS systems are available that can be used for the purpose 
of providing wireless communications. The network proposed here differs 
from these single hop "last mile" type networks by employing a multihop 
strategy, thereby being more suited to an internet-like environment. 
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6.1 User Terminal and Network Access 

The network uses nodes with stor~and-forward ability to transport informa­
tion via paths consisting of several nodes between the source and destination 
nodes. A node consists of: 

• an omni-directional antenna 

• radio 

• microprocessor with memory 

A node by itself acts as a repeater and router allowing connectivity 
to other nodes through its sto~and-forward operation. This network is~ 
quired to provide users with Internet and telephonic communications, ther~ 
fore the node is combined with the following: 

• interface for telephone, fax, personal computer to the ra­
dio/microprocessor system 

• a telephone handset and dialing keypad 

This makes up the user terminal {figure 6.1). It is possible for the user 
to connect a personal computer via its serial port to the user terminal in 
order to acquire Internet access. It is assumed that the telephone will not 
automatically digitize the voice signal so interfacing hardware must provide 
this function. The interface must provide sufficient connection ports to allow 
fax, personal computer and other communication devices to be connected 
at the same time. 

6.2 Network Deployment 

The network must be easily deployable, therefore multihop wireless networks 
were chosen. They can be configured easily to various ad-hoc topologies and 
terrains where line of sight {LOS) transmissions are not always practical 
or possible between source and destination nodes. Multihop packet radio 
is commonly used in ad-hoc networks [18] [45] [28] [32]. In fact, multihop 
packet radio networks employing wireless internet gateway technology, such 
as those produced in the WINGs project [2], are useful as an "instant 
communication infrastructure in disaster areas resulting from floods, 
earthquake, hurricane or fire". This means that wireless self-organising 
networks allow for quick deployment. 

Multihop packet radio networks can be made self-organising by using 
centralised or decentralised control. The PRNET multihop network, 
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fll,t~rtlbklll A lfl/lJ;llllHIII ,Jel:,y ~,r l>1•tw\'L>tl (l,01 imd 0 ,1 'll:\·•'11<lK ·~ r"PVt\1'\J 
[4'..l j aa ru:cnplable to deliver rorn11uis11blc Hprncli. nnd o maxl1m110 ddoy rJ' 
Q,001 it,d Q.01 is ,.,..,,pu,lii11 fur viJ .,., 1111d 1111,rnfvrv 11111h.i11w<.li" 1•111'li•·11Li11n, 
111 pMr,011.-u rmruounicatio1ill nctwarb. ,\ 11y voic,: 1)4( lreu dclayw mnrc 
1J11u1 ~ltP 1n!U(uu1,m.1 alJ9w11bl~ d~lay Ill'!' run•idu,..,,1 laLt• ~JtJ ,u-• ,Jr,,pl,lf'<) 

The pru p!\g'dLiu11 J,,]ay l1<JLW<-<t11 111,rln• l6 dH.-r111ln<'t, UJ Lh" d1Jat1111c.~ a 

sig11al travcls bctwcr.u tlJc> tJUdc~. Wt- hav~ 11 rumulnt,w props,1;1111011 delay 
wl,eu a p!l.(·kPI Lrnvt:L~ w11ILipJ,, h11i,~ A r.llillu.ln1jyr, pn,cr;;m11111. d1uay ~uta 
fr~llll ,l pack,•[ 1 r>.versi.n~ wul11ple ll(H'l1..i. 'fh,i r·mou.latiw p,,dc,•l <l~lar "' 
t,h e suro •~f tht' rumulativo pr,)pagaUor1 a.nd proccssfog ddny11. W1c ~re i hll.t 

th" cumulativ" dday will aht.l dclcr11,i11~ 11 11: 1D<Uirn1111, all;,...r,lil!\ 11,,.1__. 
m a source-dcsti.riaLiun ro,,u, 111 1ht> rtooft.op Community l'-l't""?rlt 1'11: 

ma.ximuro allowal,)P bops i,; six. 

Tht! t_y-pe c,f routwg ulso aift'n.>1 µro, 't!Ssiug Liu lay. I 11 1,-,'li""n.J 1111J1'•llli-.nuJ 
routing requ.irt'-8 ~.:sa nmwurll <>Vt>rhcad w Lht' pa~ 111.,ulPr LbJw StJurre 
n,uti,,g Th,..n,fllre i11al!111,•nt&lly rrnii.,d padcela can bi- pl'OC'CS5!'<i fa.n.-r­
Ffcµ.,iwc, ~llis d<,t!f. 1101, lill,'ll" thal they will ha,,,. ao uptunal ruuU:, fce!<l,)t!<.'ially 
if tt1~y P1troW1U>r OOD.gl'6IOO ar bico<'ti:,.d nodl:'S am! llln'\' I,;, Le rnc;mk'd alcmi 
loo~t:r pa~hs 1.han amk1pu.e<l by d\:CC1,u-alii<t:J r .. utiug :,,rau•gics 

6.5 Routing 

V.•c havt• alrc&~- discussed in,-rPm,0 111.aJ Md SOTtrrl' rouung 11, Ch,:i.ptl'I ~ ­

r11 ~nctnl. lnrr<!in<'n!.al rouliug r~11ulr('::I lr5s row.rol o-.~head i~ 1)3d<J,ts 
tlu,ml!.)' p1T1Vidl11i; b<'~ler nrtwork u1mzaticrn than 6UUT<l' roucing How-ev,:r 
IC is p0:<51blr Lu U8\l a !!<Jlll\."e' r<,uung suai..>g:'· w n.'Sen·e s µ.i,th . a,:<l lhen:u) 
r,-d11,.,. 11\1•.t11ll p!ll;k>'l uv1!rh~ad. 

w~ pN•PUffe a IL)'bn<.l r,,utl1ig ~trntt.,g,i . \/ukc 1nu!ic rs gwen pnorll;; owr 

r,1111p111rr 01.110, l\lld IIJl,,n•cl 1.,.tllr. Vu!(., tndlir 1$ rnuti'd u:sing $0nrr.c l'\ltJl· 
t11K 1111rl 1•i,,·J1 vn•ri· 1111.rkN l'l' l(iw11 a pdQnty 81\tl LhB1 lutlirat.<'ll 111111 IL Hh,,ulri 
I,~ µ ru.:.......,...t t,,Jr,r,, da.Jr. pni'krts wallU!A lfi ll,c uod,-s 11'8.hSfmt buffi!r. D~a. 



v,,d<••l.,i "'" tt'111u-J 111,0111( lht' mcremt:IILal AT.VA Algt.lf
0

1Ll1 m . l}u111 1md.:, 
el!o 1Wd v•J1CP padc»•ts UJ'f.' id,..111i61.'d l,y '"' u1dlca1icm Lit it: 1.h~ packl'l hea<Jt!I". 

Thl" d\i;.yJVll-nl-1,1\H with 1hii; 1,rn11o~e<I :kh .. rne is LWH IL requires 1wo s~p­
:u-,u.r 1tw·ulor y ffLoret! l:.nr r,)r thr pw-t taJ ruulJH~ l11µoli,gy l11focrnr-1ijnn r e-­

qul~ l.,y ALVA a.nd 1111, u,mpl~w t1) ulit1p. Lop1.1loizy iufonoatiou required 
fol' s.-1111<:e rnui..llllt- Une way t..1 ge4 :1.mund th.is 15 Lo wri~e software whlcb al­
lo,.,. !,nth "11J~itig •tra~l(iet. ,,. ai:~8 LIii' RamP lnfuttll;ll.io-n, b11L iu tl1e C~'i<' 

of tl,P ic1crfttll<?11J..J ~I rultj()' ()Illy U !<l1!11il'I ,,! 1he lufOrt0,'111(\11 ls a.cr.e~slh!e. 

6.5.1 Routing: Voice P ackets 

1.J, Lh>!> µar1iculat suurre r11u1,11g •Lmi.egy "° iuilial r,,utt, i:I :<eLup l,y a 
sped.i.l.eed packet !!<'Til fro10 1he w11rce nudt- t.1.1 the dt<!<tinllLIC,n 11ode. 
Thr «,uLe lg calculru.L.J frum ll,o, u:w11,1l~e network 1c,µnlugr mforma1.iu11 
Q/\411~ thal is 1!1.<)n,::I i11 LI~ 5Qlll«; 11o<le. .\U ol,lu-r parlte-.~ (r<,u, U,,. 
ouu1CtJ 1oo<le follilwmg 11:ui. p acl.1:1 ,i.s., au jJ.,mltier ,..-luch J11<lir<1-teS Lo 
IJ,cc-rmf'liia~c nodd 1lui1 it r.s U}i~ , he predefuv: =ved p,'\lh ~ifi~,<J in 
1he fu-s1 µackei. "fh(' node. in. ~he reserved pat b will rerugnjs~ the µacke\ 
11~u11Aer and forward the packet u, 1 he next node a1::mg Lhe r-..-'>1<! route 

Tl11s 1.JP.1a1fip; tP.<flltre!- 11111111nn.! rnfnnn&.ll(Ul ;\Jul then,rrrno l'P.dnr.ffi 
u.e1work ow.rhead ruma.ined in ili<' paclu!l header. Abo llu! jJaclct>u are 
guatAut,~ a palh w Lhe c!Pstrnatioo uodP one,, lhP path 1111k l,a., tie<111 
esu.blis.ne,i ihe &our.:.: rotU.uaf. strillc-i;}' LS w.eful for voice be.:all:ie iL l(Uar­

an1 CE'S a mme Ii> ilie .:',e<;1,iMlirm aml minnni<.es. L.bt> ·,oic,, 1i.u:kP1 h$4.11'r ~17-'· 
which i.o I urn recuces I.he pa.cke1. ll!ll):lh. Smaliei, paclreis have a reduced 
11Ml,al ,1lily 11r 1,ein~ r.r,rrnpll'f'I ,,. "r r.,:"Jllision Juri11~ liuk lrR1L•nrnsqin11s 
l.>F<cau.,~ 11,ey require less t rauswissif,1t1 1.i LDe I a.r lltue I I h.an In 111-,.-et 1.adlel.ii 
Source roulUig sluukl l;e 1mplernl.!llled for voi<:t- rumrnw11ca.1,,, ,,s. 

If a ur,<k fr.nm vart ilf ., ~ved ronl<" nsmg Liu, ,.(..,,.,. 11w111lm11:d 
source rnur i.ug sl:-iH.egy, 11 Joes nol 111eau tll3l ,, C;JJUJIJ! be <'l~-d I,)• 

Q\ ue r dal,a 1:,adcpL~ w lule l( is qCI pnl('.essluit voice f-'IM".lu.>~ Thr 111>4! 

rru, R11 ll be nseJ few m11tiur, othP1 dai11 a11<l voi<'P. parlrpu On.A.a 1.ad<"1 
1raux1nJ:,sioris ar-. routc<l OOJJj\ rouH:s ulhcr I luin tlu.- ,-01(,: rouv,.,_ ll!JW\'\1lf. 

ih.is may Ml :i.lways l,,. p~ il>k . 

V.i.riou.• ccci,v~, 1w1lhodl ,;au l,1• ~pplic,d i,1 Llw 1!\'~nt l-t1'11- o ll,uk .,,.,~~ 
a sr,u r,':P m111ed riall, (rf"'Prv..J rnuLP) f/\ius (e,~ 11 11, ,Je fail~ ,,r II li11k 
P.xperi1•.ures ~:xr.e:isiv,... intf' rit!r(•n~•I 01111 ;ipPr(l(lrh Illa) l1~ l,;i l(trtni11{1.l Od 
the ro 1UJ-'X'Lio11. or a foodb;u:k Ult'<"Jian.i!lw filw l:..,TI:. acknowl~clgumru,lb c.iu1 
l,c u.!R'<l lo in,-i ru.:.1 1h1· lk.lurto: 11vd,· lhol ~ 11= r(,)ULC W ilbl lie cs1.ibli1hed 
ua order lo conl.inue I raus1nlssio1L I u l!,e 11/Hle/ n1>1wnrl( i1,il,a ll1.l1111:" ~l..3Kl' 



rir m,Hl11/ u\'LM:1rk lt•ploy1ue11t Lhe liuk r.rmucc!Liv,1.y l,t-$r,~~u ur:>< le.s i~ (t.stah­
li:1 11'.'<I Ttiis can be ar.l,icv,_•d usi1111 n measurti of signal slm1,gth and/or l.>iL 
,11 rf,r r«L" rn1111 Lc;,u~1bi&qir11c< rfll:PlVfltl from unighl,ouriui; uod,is. Ouly gnod 
lin.k co1Ln,~tiv1Ly III considered for c.ransrnission, The proposed ncLwork 

ia liir fh•·<I 1clrpl11.•111~ 11111 1111.11,il~, l,h,,rerllrt< I.hi> !WOHi. nr a node or link 
liuUu1, Ii; ~ur.c<l. o,;mp1.1rt'CI to ,oob ilt! net work nvdes. T herefore 8T B 
ru;lmowl,•tlg~111v-11 1,,< 6lt11uliJ 110L 1..- llli111 I , 011ly HRII ac·.k111)w),,<lgt11ne,it.s. 

J11 order~□ ltm't'\" 1'0in• cunvur1.1ati,:," ,·ia Lelvph□n<', the tw!n< hwolved mus~ 
L,~ 1, l,lc• lo hr.ru- car.h 0 \11111 und talk 1U o:M.IJ tJlhcr nL Lh~ SlUn(' I ime. They 
r,•quitr rull-du1>fex li ,>nd5"Ls. 'flti~ ran he ~ hi1•wd l,y havm~ two \'r.>ice 
pr.r.k"L r<1llto~ l,P.L\I.W'J t tlut w,,.,,.~. F'or mcwuplc, prickrt~ cra,•cltug >ICl'□SS 
rout<- I go J'rom •~•·r A 10 u~r U. a.nd p1>(;keLA LrnveJliug route '2 ~ fro10 
l.lb11r H tu 1£,1:l•r r'\ . 

1'111• appnoor,I, u.,,.,, lit•r,' i~ to ux,~ >1 f1)\11,\ 1.-·l111i,1ul' Bl I 1111 no,!e. 11,,. 
11.odc 1uusL hnvc tl ic nb ,1.1")' to re,-elVI.' ru1d 1rnru.mi1 ru ii:JI.' sa.we LUW?, The 
.,,..,;.,91, w1,.y u, 111'1,j~,c t.hl~ i, In lt1,v,• Liu• 1r..iusmil fn.,-.1111!111')' ,lllfr•rl'llll Ill I.lip 

re<.-e 1ve [n.'Qu1•11cy, Such D node 41.)Jow, TQUtll I a11d roul e 2 to be ai;s1gned 

l.o I.In- 8lllne rn,J (jl. h <•Lwcuu u;a,n. A ruul H, T IHJ.\ , lu, n.111W$ i,n• L.I," """'" 
but, lh<m: pncireL Huni,poli dln:ct Ion I~ o-pposll.4' w~ call I bl,. roruliinnlion 
or n.•1JI P I .nwJ rouw 2 ~ mulL.iltQp piu:;lr~L nvJio "'JI'" rh(\111UJ1 

6.5_2 !lou t ing: Onta Packet.Ii 

On I Ii~ vt.lt,:r IUUJd, wt1 wo:nc th~ n~twork to ,leli,..,,. rornpuL<'r <lau, 11nd 
1111cr11N "•n•l,•es. T l,e /.,,.'IJ/ net .,.,.;rk ,1 00L 1Jknu-d1!CAI For LlilA purvosc UJI 

i11ITt11Ju111al ruuti,~ ~Lm~. ftllt'f1 /u< A I.VA, i, [iM,urul ro, lr..-JJ 11(!1.wo,~.,. 
fncromcnt.a.l roullru: is r..,-oun-d fur dutn lr1>111i1uiJ<s;oru bornu.se du.ta u; not 
<lcl,,)' critir.al. Of rour.,e ,lcl.\y s!Joultl IJ<! muuw111t'd whlcl1 I& t.h~ l'CAl<(,u Lio.it. 
Lhe .\lVA routi.t1,: r,rutoa.,1 i.'I =•<I. !31) ,ilt:oWT'tl th,,t lloc Al.VA pruLu<C,1 
ooc p,vfonn" Ll,i- r,opul:ir OSPF roulin~ protocol for fi11d.lni1: s.hort<:fil path, 
An<l wiuiuJiJ,iui, we=ry •lorni:,. nlul hAnlwnr•• pn~,.__...,.; ,.& frcllllt'\IIUrt1U! 

'l \, alk,w I lie lu,.al 11elwurk co m1u1,"l'l to tin~ rl':'\I o! tbe I 111.ilrut!I wi1l,ou1 
furring euclJ r1Q<i1;" 10 1n.-.mtal11 wi;,i rouung-tnhl"" Lo 1101,1 t hq numy n,Jd rn~ 
know& for the n:sL or 1h,: l11lcmcL. 1hc I~~ can muk IJ,., mc1,Jorlly or ilie 
rouuug infonunt.iuu fro,o cha rc~t. ur tit,· lu.·,.J ••~lwurk. 1'no~ ri,•r ·,•,:,, l\J r ,~lurl' 
I h~ amowu. or atltfress r~111..2t11 requin'<l i11 Lhr 1111Lwork , ,uni "-II!'> r...-1 ucc,, l bc, 

""' wtlrk 1• I.ire.... averl1ra.l muuune.J w dhll\ pil£ltcu rcqutrc.:l !.or rout111g.. 
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6.6 Handling Tvla]functioning l\1alicious 
Nodf)s 

If u 1wdv- forwur,I.~ ·,11r11rn11i,tiv11 ,.,, J\f1'1Lln't1 l!(U lt! ,uul (tp,1~ 111'l l rf'i'.l~l\'(1 an 
r\Cl< or N,\CI< c~ru:r 11 {crl,~ln 1i11,~01!1 period. (hM1 11 wil l rtl'r-Y accl'5S l hP 
:u) clt• lllli~• lllllfi\. rr '!10 rr-:~ptJlll'IU ·~ [Ul".c,ivtul ri!L,~r n f':t:rl n m limn · ·,111 pf~ufh1 

t hen IL 11.,~uro\lli t lilll ti .. IW•IP ill 11111lf111H·lin11illl{, Tlon 110•1" which il' lrying 
t11 fi,rwlltd th~ 1., -'..,n11a(.11 11, wlll thw, lorrn,dr.11i11, r1 Ap~inJ pa.r.k-,, 1ml,c1U.llll\ 

wlucl , oodc ,~ nol \1µumt1011al Tiu~ wJII dfo~\iVl?ly t!ras1• 1 l1P 1na.lf•111ctionmi. 
11od,-.., ~utry iu aU r11,11,l11g 1.,.J,1,.,., 

T hi~ 111idleL will 11.l~o b<' funvilnh11J ~o ~h•• 11>•1.w11rk M1t1ini~~rnti1,n 
(1•1utw•.1rk l.l'if:0~1111m11 ,1io,tlm, 1111tl111rit1) r:0111t.e1 111 l11 rr,n11 1ha C<llth'J nf Lhr, 
ma.l(unt;t.io~ini: rind,; T)1A c,•r,1 r-r cru, ~h~II lrivtt,IiJl:1i1• LIIP pr,:ll,f1•111 . lt:1 
1111.1.uy e,,1;;1\d t l,r 1rn~r uf u,., 11l, r;11 ~ wllJ rell.li,e lluu 1J,eir pl1n11,· ll\ maJ. 
rU11r.llo111n~ and wlJI lty tQ uiforru Lio~ ,wLwurk 1onmlm•lrnl.c,t or rbt• pmbl~m 

The 110(1<! which tlelJ-'.rm~ Lbe prohllilll with thr 11"'1,· ii w"-' lryin,i_ t,;, 
furwarr.l ::, j.>JU:kllL Luu will I l,P.11 rNhroct Ll1P. p,.r.kP.• 1 o ru,n1 l,rr n~1ghhou11oi 
node i.n cmlcr to 11,JJo:,w th•· d11ta I., e<>nt inu~ W its final dn:tl I nation 

Alty nodP tloat disruptfl o~work opemtiou from the notworks uonm1J 
op~ralic,n is 1;,m:;iJ1<red a rualicious ru,dt!. Por ,mun.pit!, a uodi: whit:h 1ru,u,­
mi1s wlien it know~ tli!l.l the rlw.nnoi has already boen reserved by QUOthcc 

node tb~reby Jis.r!.lptiug u1hur lr""-"11iss1ull4 l>y r.ai:slnt; ptll'.k.&U. tu r.o lli.~iou 
ln .;uch a Cal.'e an HTS will no1 be tra.i1trmittLod Qr a nl!igbbouriug rer:l!l''t't 
will rereive uuu•OJl11.,,-P.01. in.forn,t>.l >vii whld, o<:Clll>le-< 11>1> C:hils,nt•J llS&igned 
to it.. ln this = 1 ht' n.•tt~•·ing n?de will lnform 1h~ !1elwork e,dml1u~lra\l,lr­
abant a problemadc 1tode in its ueigbbourhoot.! . The 11.Jmll,~lnuor ..,;u Lhl!lo 

liave t'l orgaru.'4' a mainte?IMJC'(' service of 1l1at noigbourl,ood lo idenLify (.11~ 
malianw node and t ry Lu Cllrre<:I lh,· prc,l,l~m. 

6. 7 Numbering Scheme 

A u11,r1l.,erirog sd,n11e l~ 11nJ"'rt:1J1l III urd,;r that =i, 11,,&: ran. b<> idl'nrifitlJ. 
w111Jout whid1 rCJat,nv, will not be po:!Sibl~ b= sow-ce 1>11d J,.oscinatio11 
11ndell will 1101 t>r i,lcnr.ifiaJ,l,;o Two nuwbrm1g sd1em(5 111ny he used for 
n&'liguini Ldt,e.phont' numlo!'r'!- lto tltt> networ.k." 11,1<.lo:s In Lhe pffij>nse<I. Tloe 
llnsi i.& o ,-,JJ 06f1J!f"''lrnl rn,ml>m,rog 1r.h~•r. al1l.l l 1,e second is i,. pr,:-.,al~$ 
a»i,r,n111• 111 nm11bcnolj/ ,ch~m"- n,e lall\'r ""hPJDP lms l1P.~n ..i,~u fnr tl,i, 
11e1,.,vrk 

1)11 



A Self AssignT!M'nl Nu111he ring Scl>f/me fQr th\• Local Nf:lwork 

r~ method re,:i u,rd lltaL eadi nod~ lie allowed , o ranJornly cl100tl'! an 
,d.-,ul&.a1.fo11 uun.tl ,et fro,u a l11t1,-c 1uWlbcr rru1!(\). Tbe :oue of Lhe uw.nb~r 
~ v.'t'uld have ,,, be ui~~r Lhru1 l he local w:>twork nc·rle pc,pulal.ion 1,i1.e. 

11 ,:, 11<1:oum.-d tJ,a: Lh>l 1111111l,ttr 11 r 11~1wnck tL1tdP.ll In a hK';,I neLwork will 1,., 

no IMl-"(ef t llilll a !our cugit nuinher Tlus means tlra, the oumlier ron11P. 1l! 

frwn l)l)IXI ro 990 lle11 LIK•u&u1<I 11111111.,,:,r~) . F.a,;1, 11111nl.•vr i~ cl1t1110'n 1L,i11p, a 
u111.foru1 random uuwbcr ~11t:'rator in ortlcr 10 minhai~<' Lhc a.1rnc nwnbcr 
bt>u~ select"':! by 111-0rc rh.n.n 1me 1tC1dt, 

Unce a ncid~ hall isel•'("Lf:!d a numb" it will ,d~nt 1fy tt~tr l;>y l:>roo<lcusw,i­
,u. ,deudfkadou 11uw.lM:r to 111! Mii:hhoUfll. flus mJonuadon will be uaoo 
:n roudn11 tnblee. r, i., r1uii.- ~"JCl!lib]P d141. 11)01"" u~"' '""" 111,1d1• wirt d,w .. l" 

tltc i.ame number. 111 llu~ cn:.c aAcl, noJe will rar1doml)• droosc anollr~r 
1111mlwr f..M:11 '"'L"1xl! ,,,.,1 .. will r,g11lnrly 1'1,.,..1,: it.~ r,,11ci ng li>l,1..., tu,.,,. ;r 
IWII flt IIMll't' """' .. mtlc,; have rl11l :!Alil(' .. umber rr & 1,0.Ju ,detilifit1i d!i\t 
ru1ullll'r n.:><le hM a mWJ.b<rr 1dPr,trcal to its own 11wJJb"r tl1,;,n tht> 11odc wi ll 
r.hl.\11111) it-, 1/WII rm1ul ... r \\ll'f l1r,,'(ld,•t1,•I Lh~ m1111l1ur I,,. i i,, 11~i,r.l1li1.1u r~- Ir I\ 

SC!Jllrn~ uC1de 1Je11t16!lll d1at m•uuple 110,le11 t111ve 1d'.'11Lkal numbers then It 
will l,n.ul<l•=l 111(' l'!T"r Ju ll-1't~·i11I FR"'kN jd,;,r1eifyi 111! u.., 11vrJ1•• i11 •111c•li1111 . 

Wl11•11 n 111111., 111 q,IIO'.lrio.u n:<;#•""" 1111• pAi:K~l ,L wil l •(111dn11,ly cho11"" 
another numl>P.r .u1d bl'O(lr.lra.'lt thr o~w numher co tl1e 11e1work It Ji,. 
ix:ll!llil>lr t lll'I dut> ,,. • .,. 1111,nlll'r wiU i,urm:i,J,t with r\1111l11~r ,, rn le:!' 11u11tlre1. 

lu thui CMC tlu.· pn:,ccsa or detect111~ lll\d rnncctlu~ muhipl►.• idtutical uod-= 
11u111l1rni ,.,jJI ln· n;,t1'llml until 1h,, 11t•hvt1r~ if (r,:, ,,r n11y uuu1liltt'iitr, ~tH1r>1 
T iu.~ 1111.UJbcrur,c v l,cme III luKhl)• ,1y1111rn ,c and tt is quico p;ii,;llible tbnt LIIL', 
pro,;,•~ mt1y v.l<•• a lo11,11 tillll' 111 MJ~I I~. (\ l'Y'l"'or111lilt 11,11.Um}'Liu,1 would 
!,c l111,1 it I Ile 11e1work IA &1Mil tof Lii11 orJcr of t<'llll) anJ if lwLi11l nc,.;l,;­
"''' ""'111111 ,,r r,.11 II~"'"" ,1nl llul LAlu- pfa,:,> "'"'"1i.A1u,(1UsJy lluL, ~1•)' 11Vt>.r a 
rer10J Gf I t,rl'\" ,~•I.in. or l001-"'r I ll'm I tie t,f- n[ uwnberl.ni: rwcli,fl U!ll 11~ 
du,. 1U1mLrm111: sd,cruc will ~ ,omplclal rclarnvl)• quickly ccm1pnred lo a 
llll'J:P lr,nt.l 11Pl~r!c witl111 V'·'i"'Jati,m ,u,<.c u( LIICl (mler u! d1uu,.aad • . 

f)un• U,r m.rJr I,'°' <lelct·1ui11""1 11ral 1l lu'"' :t«'utt!J n 1111iqud ido11l'1tk0Li<111 
uwubtcr m 1hr loc4l •Jl'll\\-ot:k •L wiU i1Ldknvi tins 1,uir1l~r io ll~ u.~r vi;, t> 

1)1:!J1lay Juvin, ("-~· & llqUJd rl)'Sl.al dl..pla,1•) T~ nwnber will be iL<;&I as 
l hc ~ ... 1 pa.r1 n[ t Ire lclef,ha,ut aumlrer 

1:'ro-5111M A.$signmcnt Numbering Scbt>m~ 

The ,it her1nc'1.l11NI tl,;u rn.11 111> i111r,lf',11eutcJ i,, h, r,..,;.~ii;u P-'l~ 11ode a 11Ui(lul' 

i<leuLilkauou nrunbcr wlwu tr i,, ,.,~nllw11,rnl 01 wlucl1 UUJ b.i prO!ll'IUill!leJ 



i111.o tlJt" ut. ,lt1 h.!:fore N"111511tut;"r .sa.le trru1,w'\.l·C1u11 . T l1iF. t-.. {.lll, Ull;).L hrnl ttS@.d 

for P lhCITh'I board d!!v1ces. Ju such a cast> a n%in11al 11:ltablllie wo11ld havu 
1.11 be i,stablislu,,l co .:outrul I bP. disuibwiou or 110,I" idt>;.,Lificru.iou uom1t.or~ 
t1rou~iiout regional areas. For &ample all 1101!~ numliers sdd m Cap!l 
Town will b+- ~tr<>Ct.-d fn,ru Jl r.\llg,' ur nnrnlw.11! 11.s.,ij',11e<J I <I I he ( 'aµ~ '1"1tw11 
1cino11, a ny nodes l!Old OIL Johatwessbuta: w,11 s1mllarlv be ass,r.ned Ullique 
n umber.1. Thr n.sult uf assign mg 11umb~n- rl'l(iw,1111) ,,.,J u,•ei; 1 lie 11u111hm 
C-dlll;I:. 

A ln.:al nctwlltk dustPr is dCYTiliro 111 figure U.3 In sud, n umwork 
topology e.&-h local n.-twork i., 0111nE'<'L.irJ da a ce11Lrl\l 11o rl1• f IN I wt,lrJ, 
scn,es as an iute.rlacc· bel•veen Lit!: lrouil 1ie11mrki,, IL a15() 1•n11bl"ll ,·utmf'(thtf\ 
t hti local network lo " PSTN t111rl cl,1• g l,11,al I 1110;1rm·t. 

Eaclt L'l wiLh.i.1 a 11Nwork cltmer JS ,:jven a pm-usigut'<l du•tt-r uetwork 
nuroJ:,.,r in !I simi l.lr fashi,i11 f re~•unAlly I as local network 110,les :u-r a..s1g11.,.) 
nwub,·rs. Tl,e 11wnhi;r ~q \WIJ tligiL.q lun,: lb11~ ltllow111g P..'\C.11 UPLwork clusu1r 
(c, lvwt> up l<> nnc luu,dl'l"ll I Ns. 

,\ \d£:pl1,111f> 11111111,~r ( whid, ,s 1lSf'J iu t>Ar.kf'l l,e,..JH!' Cc,r routlni; i;.ur­
po,,1JSJ cn,,s i,,ts uf 1wi, µaru;; th~ l<>cal uPtw,;rk 111uot, r auJ du, lc,cal 110<11! 

11 111111 .. ,r. The lo.::al 110,IP. 11urnbp,r ,s n four di~ii 11u111bvr (1 c. XXXX) anJ th~ 
11)(:N 11 etwor~ 111J1ul>t-t (whict, is ar. IN nu1 11ber ) is a 11'1( tlijitiL nwuh<'r (i ,f 
YY). They art, cun1b1 11f'd tn limn a 1H;1de.'l' {iel~ph()r,e) number (YY XXXX) 

Loi:al 111:,<li, millibars ,:1111 lx: reuB~d 111 !lifftrc1,I loca.l 1111t\\\1rk, 1 llr0uirh0u1 
A tu,:twc11 k l' J u;:;f ~r. 

Any tP.lP.p.hnne uumher that tfoes noc r,ouform Ln thli; 1111111bt>rln~ ocl1Mne 
!!- asswoed tt, he ro1111ecu,cJ via a PSTN 

The Use of Teh,phone N umbiiri. 

II a u.•e.r W/Ult~ to make vo,r.e ,·011Lni·1 with 1u,otJ1!lr user J II tllP. lt,cal 
nPiwurk lla1y will ~nt er (1 llw ) th~ r,..,o~A:1.lv.- t~l~p hoM 1111m1Jar rl U1n1. 1,sP.r 
Tl1i~ 011.wbet is pl&L,ed i11 the I r1illS111iU~,J 1>1..:k~ts' J1~t,d11r ,u11J i~ u.:.~d by 
suhseqnf'Jll 111:idP.s to , ,,ute Ilic padwt to rJ,e de1ni11atio11 11od 11 .tc~rdh,:d by 
the numl,,,r ,Jj,.],,d b.,· I h ... II SN A uy r 1wkt.1i 11~!;11 '"' volcf• tlAl.11 lrtu,~r~, lnoll, 
,:.1t'l> tlalll ,1 fa a """'I' p:\l'ket hy AA~!\rl,i11K II Olli\ 111 t h!\ vc,ke p11d<l-'t dtr111·1 µr<1. 

WJ,,.11 ti N!t'\ti,·lui; 110,lf. rP•'1•lvf'.'\ A i'llll'.kJOI II fl t ~I, 11IP 11LiilP .. ~ if IL 1' 
dl'Sil\Wlll!d in ii.,, l,;lral 11~1work.. If ll(J 11 r·o11!\111w.1o L,, r,.h t'lek wh.lrJ, 11C1rl~ it 
ts d!1Sign:u:cJ to. If it is .Jesiµ:uam J to itself 1hcu it proccfS t he n1St nr 

!l:! 



1he padet ~ n will for,.,utl 1M pack.,1 to the 11ax1 ,ultablc node lM:IM:d 
,)n the Ulforta,'\U.,l, Ul u .. mlHlu~ 1rJ,le. 1( tl,e ,..1,1, .... 1ur.1,11u, Llu11 111 tl,;, 

pa~• lie.,,ler h.,hcate, \hat 11 l!o <lefflJtltllLod Ill an IN -,tliC'r l li4n tht local 
1:-1 t.L.,u ii iorwaN.s 1b., p,ulu\1 tJoug a rolllP In d,e lu,!:>1 lj\ , wt,id, w,11 
1J1t•n forwara the pacliP1 to che des~11Ak>d f'I. 

Auy ,.-,i.-"'lM'l' ,l,w, I tl\W<len ''""" t,ot M>oerl 11,~ 11,,g I lw 1111111--..1.,,. -,,lb! 
Lr1U.Jer but ~1iU Wif:» IO<ZI POOe l~h,phou!!I 111UW1us fw !lddress1!1g nodCII 
111 LJ,,. Ur.t:vo'Orlt 11110 1,, ,,-v u , iJlnw l11<WIA- w\l II sli>l,Al luttrn~I 

ll<ldre-SJII,'; l.nfo,llllltlou to Jill..~ throllJVI 1hr n-el'I/Qrk ny 111obal lntff'U.Cl 
umuJ,~~ ~IH!t'lll"'! h, 1hi, IH.t'lte1 i,ea,for w!U n.1u11u1111,rJl.ll) 1:.&1&11<- 1h11 ,,,...i.,,t 
to be rou1od t.o tlic lo,;a.J 1., 11, l1ieh luwdb itlobAl lnun.ct 1niffic 1111J1.<fcn 
All.v k~.nl toill.i.'611 .,, rl, .,.,.,, 1w11-.,1tk ,l,.a Lr,u.,J,,..,, i.,1111vl ....__n ,1.., vui~ 
()Ul'kel wtllr41lo11 Oa,1 '111d 11,111 1ll<l' the tcltVl:011~ IJ1llnbcr for ,lat:. '9\lUllg 

Tb a))v,&· the local net,.vrk lu Cl>llll\'<l lu th" dclia\ lDter~t .. ,1bou1 e.,.-11 

UO<lr 111al11tiuninA a l~c routing L3blc to hold 1he mAlly r.Jdrel!II lruo"A·n for 
q,,. J(l11l1hl lutPJ n~I lhe IN can ,.,..,,1\ Ute mC,,.I ul I I,~ 1Vulll~ 1uforu,;u,w1 

frou1 lhc locaJ u~,.-ork The II\ w1U decide .'.lit ~t!" ,l(jdres! ~ ror 
\ti, 11Jc:J ll<tl•mrk, 'I' in rt,~ ,•n,;e uf a, ,•lus(e, ur lura.1 r,~1-rkt,, ,, .. ,. JN,, w•II 
coll11bornlo to det"1de who !!hould ~verti~ 11 route to M ~~tc af addren 
tlllll!','" 111 lhl.• fd<,l.nl l11Lf't11t;l. P.od. lN lheu Llu-u1bU10S f<lutiug 1uforuuut'n 

mo&6~Ck lo n re-.· larga nJdrCM l'11UlillS in 1be glol:.nl ln~ruei rather than a 
111.1 ~":" ,m ,otJrr 1 ,f fufurumc ,<m 1n~b 1!0n-Ctij>t)11dual( lu YCf)' tuwJI w.ill~ 
rnJ1,i:c Thia t.. Lhl' smo 1,1pprow-J1 11M'd in I be Roor1QJ> Commw1i~y ;-i('nr-ork 
wlild, I& ~h ullnr LO the p,opo:,ed 11et..,~rlr rn tWs Lhei.""11' 

6.8 C hanne l Access Techniq ue 

Vru:mns Ji>lclCP.t rruho ,uulttµlt> ac,:ess uic.hmq~s h.we l,een described 
ill Cliaµter relwu.lu. w~ Lave seen 1lL11t lllf' lypiaJ pure ALO!i.A lllld 
slotted ALII HA 1.-cluu,iuc,; are en~il:,, omp-0rfonued by CS~l A l:ITMA. nwl 
PAMA-NCS. 

CSMA 1:,<lvet. an K!, % network miliumon when nsed ht II folly ro1iuec1,:,I 
uetwork II 6J. It ma.y he 1:hat many rural com,rmmLiM way ooh· need A 
~711/lll fully cotmot"ted ne~work, where 1 he 111l\~ i1 11u111 •llsti\ure beiwl\eu uudeo. 
i,- 11pµmx.iwaLelj one kjloweter, t l11t~ requirin.~ low power 1rw1Multten 
TTowever tr I.Le ru~ll co10111uuny expa111Ji,, :1 CSM.A full}· L~·,111,octeJ nArwork 
will uor l,e scalahJe and a1 the ~/UH<' time ahle 1,ri (Jtovicl~ a.u fir, % 11a1 work 
11tilv.atio11 b€causa of the hidden node probleui IJGJ. Ji w,.11ild be preferabl6 
to giw the conuuuuity the uplion for nutwork <!:Xpa1111i:, 11 011\1 lluirt'lor~ .i 

~.a.lat.le u~twwk i8 •lllC~=r~·. 



HT\1A aJJd F'AMA-!IICS a.re wllision avoidance r.harn1el access tech­
lu<JtJes. FAM A-1\CS h.•lll been .hown 1.0 o utperfor10 all th e multihoµ p;1r.ket 
ra<li-:, c haun.el access t(~:hni1.1ues colli!iderecl i11 Chi,pter f>. FA MA-:-.ICS has 

,i.l~o bt;P,11 used i1, 1he WING~ wirelcs; interuet g11tewnys wjtJ, succ<-!S~ [;IJ. IL 
~'! µrnwm it,elf, •,ml i., r.hf:refnre r.hosen as the d1ru1nel access 1,eduuq11r. for 
1 his neL,y<:trk. 

6.9 Spread Spectrum CD1'v1A 

CDMA !ta. l,ee11 s howi, co mm ..-.odes 1.0 mwluJarn n_ ~ignal onLo a wide 
freque,11 cy l>a11d. 111he (.odes are chosen 1,0 l,e ortho,-,onal, ss is 1he ,,.~e Ill 

CDMA, then lmnrlw1rltl1 efRciellC)' is 1111proved in a 111uitiu.ser e1wirn111uenl 
[4'.ll C,1dea rnu 1,e 11uw111atically assigued u, nodl'S in 1~,e r11ul1il1(>P pa,;kel 
rn,lio n~lwo·rk aL nc1work/ n0Je mitializaliou: they w,1y also be reused 111 
lal'ge 11~wnr~s- This practirally retuoves 1he need for radio µla1mi11g; whicli 
m,ua.lly takes a reii,.Li,·e1y 1011g Ume for 11arrowbancJ S)'Sl~ms uules~ d ,vaamic 
fmqueac;- a.l.lor.ati; ,n Ls i1upleu1e1-ited , sue.I, as ,n DE(T SY$1.ems (Cl,apter 4) 

{24] 

Th~ oll,tar he1.etl1.s ,,f u,mg ClJMA is t.hat. it l,a~ i11herPJ11. c1Jdiu1;: galn 

[•12J wl1.icl1 re.ult~ in CDMA ~yHeUI.'! ltavin~ t!..~roll11nt robllslno.ss in ~he 
µreseur.e nf ruuJtipatJ1 an<! Hjc1a11 c,ha,wel fu.ili11g effer.t~. T hP. r.ode .l.~per,I 

alsi, ~Uows int rea;,, network ca~acir,y i12j because adjs1-Ce11t 11odes will 11ot 
causu a colli~iou ,r they trimsmlt u.siug dil[ernni r.ode, (40]. I 11 oth<,r words, 
a collision l'Jf the type dosc.rihed in tigure 5A will ,wt occur. figure 6,-1 
show1, this ,.,,llisii;i11 frt't' ~itu1,t iou. 1'nu,smis~ior, frnm n,,<le C to TJode fl 

resuJLs from the 010ni-diroct1onal broadcast rt,q uired fer the transmission 
from node C lo 110,.k D. 

A rece1ver-djree1 ed bit-hmuogeneous code assig1U11enr schema j,1fJ] ll 7] 
L, used f()r 1.lte p-rearnble of t he data packet. ' l11e Jata p.m:kot folk,wu,I> t.he 
prearnl>Je is coded with a tr.iusmlucr-<lirec(.ed bic ho1110~11c,-c,us cOue. Tit<' 

prea1ubl<t c,,ulai.n, a cod~ i<le11tiITcr I.Ital iu~truCL ihl, re<:civEtr wlticl1 code 
Ltt uSI' to desprca,d Lbe r.eceivec;I pat;kPL 1.rruis1u.issiou . bt i.4is :-,chem~ cl ,e 
µrcambl~ ,s roor~ µro11~ t.u colllsion tban ~1,e pa<:ket, 0111:.~ the pre1Uuble 
h<IS l.>e<,>n rece,veJ em)r free Llten tile pr()hability of the p<M;lcel colliding is 
negligible because no □Liter I m usm,t,Wr wiU be a,;8it,'llOO 1.he surue codli i.t, 
the iwu hop radius ~urrow1di11g the trnnsmiltlng Dode. 

ht the voice mu ting ser.tion of this r.l:,apter l st:(:l.ion fl .ft) wil mentioned 
thi,t the m,des U$•~ im FOM ,\ l~:huique Lu enablt• l,w<.~way voice r orn111u11i­
,::a1.ions. Therefore two spread sp&trtJJu cha.i'"els are u;;ed, l'lne for vokt in 



l'v.,J l.h0Clt'lltlf ~odod 

Cl)M.\ r~i.n.wil~lu llS 

Fil{urc OA: 1'1-AnSHIUISir111 (_' 11'.1 D do<'ll nol collide With 1nrns10111Nio11 /\ In [l 
11 lU lbw l"idiUli C t,, f) MUcf1-x1..hl, tft\Jh.,m&A,t,m A 1u H ~l1C1..'i?u"IJC, Ll''1it(ltnlwif1u11 

C to O I WI uc. ~ffoct 

Lile 1llrer1 ioutJ !row u!Wlt A ,n Ub('r Bond •hi' ol,J,ar lo Llu-1.1pp!')'li\e d.irt>cti,>n. 
(;olJ)plller dnrn t,"r.kea \finch 1ls Internet da.t.a cnrry11111: 1mdo?";J au;c md1c1· 
chruinel wbeu ii. Ii< free. 

6.10 Link R cliat,iti t;v 
Scheme 

and A ckuowle,dgcrncnt 

We !,Ave di~·ussetl e1>d• m-<!111! I r~J' Kl ,u,d l,uv- t.y- liC,µ { l! 13 H) ur.~ 11,1w lodl(e­
Ull?Jll.s 111 C:!J,t.p1.et 5. The disadvaruage with E:TE adru1~w leJ~,..10 011cs 1s rhai;. 
I he u,1aJ :.vera,;>' dill&y iF lnl':TCaSOO. rl"i:nivo to Hl:IH lll:ku,,wlrogcmcms, 
be~Wl'Cn :,,,um., AW.I Je,,Lim,J.ivu n<x.l~ !>"In! Trnl [25j. rr,,. tl,is ft:lliol) ll 8'1'f·! 
a;,~11owL:dg1m1euLS nre uvt used An auwruatic request fur t t"at1.stoLs.<1o u 

(A llCJ) 1ypc HUH NictJOwlnig,etlll?l,t ts vreferrerl. An) rorr1111ted pa,r.ket~ 
cau.ee U!e reo?Jvi~ uode co r..ransmiJ a negative acknowlcdgewc1,t (KACl< I 
lo Lite Lr&.aslllllt.llig- ,,ode.- U t hr j,<>du!t 1< =-.:or;nlse.blt' by cite rccdvor 
theu I lu- l.nLuSIJJ.il \fott llOde will ~a..-,,,.mit I.he packet after a s1.w.,:ilied 
l111ieo1ul pcn.11.1 ir ,ro ACh. or ~'.",CK L• rnceivr:<l. 

Fhrw11rd ,.rror n,rrertion. cs alro ni:•c,ssary i11 wirolcsi; link.q [4-2). The use 
11f PEC: will r'l<.11!0! ilie 11111nhPr r,r ARQ retrai,smisi;in11 re<1ue~Ls. t liereliy 
ltw11•,.,tli1j!. liulc 111illlai,ln aruJ 1mpmvlll11 padroi trau.qp,ltl ~peeds. ,\ ,~ar•fuJ 
l,a!nJ11.,. l,ctw!TI1 F 6C ~d Af{Q nnu,I bt- nJ.lcl1c<l Ml that li nk dal.~ rate and 
rt'lU1i11lll)' bl'1' ,. ,pl.11111»ed 



G. l 1 Vocoder 

/I ,·ocotk:r IS ll sj.l()CCh cntl!ng d~.V!Ql. IL~ puq,o;.,, i.< lo ll!<Juo> Lhr 

artJuw1t uf 1nfonoa1i.:,n ~•urc,;l a1 Lhe receiwr lO lillow r.,r ~c,gnu­
nl,~ l'Olc1: rr:pn:.Juc1lu1i. The dt\"'icc =al,,-,. th., vu~ •l)lti..1 ,a,1mi,~ 
l't,iox characteris1ia. a_ru.l 1 hrn ll"llll$mits 1heru Tl.e;e dllllllCL<'r11.tlc,; 
Ci.rt: IJMlJ lo syul.hcsi11: Lile ,·uu:•· Ill t.ru' rnc,.,,111 1u g,,w.ral, ~•"'"'1> ,..,.. 
complrx J,.v,ct'll anrl 3cill'!"' wry h1,:h P.Crtuom)' 1111raosmwio11 bll rate i~'2i 

The LS-91l CD~!,\ ,ta.mlar<l (·12J 6'J)Kifit::1 l h<" QCELrl3 \lllCuJCT from 
(.luak~111 1111 (I Jl. 4('El,PI' ~ H r,id,...ocri1.>,d lnw.tU" 1in-d1,u-,, =.In (1& 

pffe,:tl\'(' lnformatlvn data 111le$ Ml' I ~~/JO, noo, :16W anJ ll!llll l,io. When 
ah~ rJ11.i11t"I ib ,dlt (1>h,1ul h;,Jfl hu 11111"1 11,..n 1hr \T>('nrfer lron.'JTtllL~ ~ l1il.O 
hps Ju tl,e CDM i\ charuorl Llns heir,,, ~lo,cr d1A1,11cl DCl1''1lY a.not lls-=rolore 
r~lur,iii illlt'rru....,,w,, w,1h .. tlu•r WI, ••. d1a11n.-lo F\rrlh!ITffl<I"', 11 """'' I(', 

reduce ra.ndo10 errors 111 podcts AnJ mcreaaes cban11cl C&pt\CII , •• 

,\ QCl!!LF'13 ,tieo,Jtr is used to mumnit.c VOICr tlAIA from All.Y tttl"1_1l,u1u 
biw 111I, a.11d llfff;;lu:,,· vr i1o- ,w.,cf ,.,,,,.,. 111vr,,,Jur1 ivn •1u.'lb\Y 

6.12 Electrical Po\vcr 

Ele.-lnc11l puW1'1 cru1 t,e 11Jm1m&lflrt,I to lhr nod!' i11 thr s1Uue way 1'clkom 
1-onn,,,•t thr.1r 1•q111r,111r1H lo e1li:,;1r,r.11y lfow11,s11 111 J11111r 1'11rlll com111uni1icb 

tl,ere Is 11b elcelrkol 11owi:r at all A :r0h1Llo11 ~,m,lar l<i Tolku,u •~ !>OUIJ' pow,:r 
~)-bl•'.JU ('I\ U It\,' U.-.NI 

6.13 Urbl\n Township ant.I Rural Application 

6. J3 . l Runi.l Appl il:u t iun 

Tlit• p.lclcflt ruJi.·, 11t1lw.1rk o:JW IJ,, n1,pl,.,I t,, s-1u1iJ I rur/\J , c,n11111111lli(b l.lin1 
&.n· 'll!J\' cli.,taJll lu 11\l\JV' , .. 1..,vl.v11u ur J IIL••r11t•l ,w,(dtlf'M C:t:IILt~r)'I fu dt.is 
~••:uui" tlll! umluh ,r, lll'lW1lr k C611 lot> w.~J 1111 o local 111tcruc1 111t£J supply 
ol!J Ull<.:flV'I , , IJllljl)' uol.-phul~• ... rvlC,1 II ii, 1•1C11P1' lrd I h1,1 ,Ir.ta t r11Jlir 
111 tl1c»e rom1uu11 l•P.~ will t,., 1iu11II wotil thr co1111n111uly dcvcl\Jf"I 1111.0 I\ 
IMjl\) ~vllilllUnll~ ,u w/Jic.h Lio~ 1lw1 1:.1111 11(.,J;f!l<l,, th,, lii!tWl')rlc (ll dilforeOLt 
t('C"lmol•,w,-. ii p,,__,,\,J\• 01vl/ •II' l\"IIJlrl'(I 

TIii' wt I lu.t 1111, 1•,11111,,w,lly I,, tw,I Ul'.lll ;, 11.aj,,r , w1tcil ci:11Lnr u 1erul.!l 

thlll " hnlt 1mu.t t ... ml>I.I~ ootw!'rll th,. l•1C41 11111lct li np 1111Cwcirk and a swi tclo­
lflA cc:1tcr Tb.- IJ\IJC&CJil Wll) <J f ,k,1111; llui- would I,,, l,1 ,~~•' L.b:() r.r Ml,j( J 
w~111,,. wh,~lo will t,, ,,....,,,,,., ~vrulnlilu tel Soulh Afri,;Jt awl WO!lt ,,r.ber 
cr,11ntr~ 1111 t-:..,rtl, In I 091; fh~ Mlht•r 1'11'1 or,n w(l11i,l 11<1 !<t l1uLAll II micrr•wnw 



link. However, this may be more expensive than the satellite solution. This 
can only be determined when satellite service cost are known. 

6.13.2 Urban Township Application 

In urban township communities like Khayelitsha, the high population 
density will create high demand for services. Effective voice communication 
may not be possible, however the will have to be determined through 
further investigation and research. The multihop network will still be able 
to provide Internet access. This is important especially in high density 
areas where networks are not easy to deploy. A self-organising packet radio 
network can be easily and quickly deployed. 

An urban community is usually situated near a switching center and can 
be easily connected with a short distance microwave link or via a short un­
derground G. 703 trunking cable connection such as the one used by Telkom 
for their DECT system. 

6.14 Billing and Revenue 

The purpose of the proposed network is to enable rapid rollout of telephone 
services, not necessarily to achieve large revenues. Of course the network 
provider must be able to make a profit from the network and receive 
rewnue to maintain and operate the network. However, it may be the case 
that the network belongs to the community using the network, in which 
case the community itself will be the service provider. 

6.14.1 Co-operative Community Network 

One of the original ideas behind this proposed network was to enable 
communities to achieve relatively cheap telephone and global Internet 
services. This network can achieve this if local network ( or clusters of local 
networks) calls are not billed, only calls to a PSTN or external Internet 
service provider are billed. This results in the community having cheap and 
easy access to the local telephone neighbourhood. The maintenance coets 
of the network can be raised by a monthly surcharge to each user. In this 
way the network is run as a co-op, specifically serving the community in a 
co-operative manner. 

By taking advantage of the typically bursty nature of Internet access 
needs of individual users, which are short bursts of high bandwidth followed 
by relatively long idle periods, the network may effectively share the cost 
of a single data link to the Internet among a number of local network 
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members. An ADSL line to an Internet Service Provider can be install. 
ADSL lines have a 6 Mbps downstream (to the local network} data rate 
and a 640 kbps upstream (from the local network} data rate. An ADSL 
link may cost up to R.3060 (Rand - South African currency) for installation 
and modem equipment with additional ADSL line provider and ISP service 
charges of up to R765 per month. For example, a local network community 
consists of 30 nodes (30 members} with each contributing on average R35 
per month for the Internet link. It is a fair assumption [21] that not all 
members will be using the Internet link simultaneously. Each member 
will typically benefit from a downstream bandwidth of 1 Mbps or more 
during each data burst, and an upstream bandwidth of 100 kbps or more [21 ]. 

Unlike a dial-up connection of the typical wire based telephone network 
the proposed network only uses network resources when transmitting or 
receiving user data. It is therefore possible to have continuous connectivity 
for all users without bogging down the network. In other words, a lot 
more traffic would be required to slow the network ( the network does not 
experience blocking, it is only slowed down} than would be required to block 
a typical wire based telephone network. Continuous connectivity allows 
instant delivery of e-mail rather than requiring the user to solicit it from an 
ISP. It also enables the user to become an information provider by hosting 
a Web site on a home computer without requiring a dedicated telephone line. 

It would be in the interest of the community to keep telephone 
surcharges as low as possible to enable a low cost service, thus making 
telephone (node} ownership attractive to potential users. This will further 
develop and expand the network providing large coverage. In other words, 
the community should not miss use the network to derive large profits, but 
should use the network to extract sufficient funds to operate the network 
and encourage its expansion. 

The network is designed to require minimal maintenance and to operate 
automatically. The only interaction that is required by the network 
provider is to handle malfunctioning network equipment and to manage 
the scalability of the network (i.e. manage the distribution of INs which 
operate automatically}. 

The local network and cluster of local networks is a web of peer-~peer 
radio nodes that all automatically participate in forwarding network traffic. 
Each user is part of the local network and can send data to any other 
user in the network for free. This is the approach used by the Rooftop 
Community Network [18]. 

However, if a user wants to access an external network, say, the PSTN 
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for telephonic communication1 then the UBer would· be charged a fee by the 
PSTN provider. Each 1N records the nodes making external calls and sends 
this information to the network provider for billing purposes. 

6.14.2 External Network Provider 

If the PSTN provider and local network provider is the same organisation1 

say Telkom, then they can charge the community using varioUB billing 
schemes. 

A billing scheme can be designed to charge for each packet hop or a 
general co:qnection charge and then for air time following the connection. 
The other billing scheme will only charge for calls made to external networks 
( e.g. a PSTN). 

A per hop charge will generate relatively large amounts of traffic because 
each hop will require the identity of the source and destination node of the 
hop and then this information with information of the call initiator will 
be sent to a billing center. This method will generate a lot of overhead 
network traffic. 

A better billing scheme would be to charge a flat connection rate 
and call duration rate as is similar]y done for modern telephone services. 
The only information that the network provider would require for billing 
purposes is the call initiator address and the duration of the call. This 
information can be sent at the end of the call. 

It may be that the provider will allow a similar billing system as 
described for the co-operative community network. Each 1N records the 
nodes making external calls and sends this information to the network 
provider for billing purposes. 

The network provider can make additional revenue from the network by 
treating the node and terminal equipment as a consumer product. If the 
consumer wants a telephone service then they mUBt buy a node for their 
local network. If the node is to expensive for the consumer then it can 
be rented or payed off in monthly or weekly installments. This raises an 
important issue which is discussed in subsection 6.15.11 the cost of a node 
for the proposed network. 

6.15 Reducing Terminal and Network Cost 

The first factor which contributes significant to the cost of a wireless 
network is the ability of a wireless network to support mobile UBerS. We 
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aee in the GSM network ( Chapter 4) that special location registen are 
required to enable handoff and N>&IQing of mobile terminals. Thia increue8 
the networks backbone infrastructure and complexity because high-speed 
and high capacity data links are required to enable the network to mave 
this data quickly through the network. In the propoeed multihop packet 
radio network no mobile facilities will be included because it is primarily 
focused at providing fixed wire1eas infrastructure. 

Packet radio tr&111JDiaaiOD8 would ODly be required to hve1 a few 
hundred meters in a township community lib Kbayelitsha. therefore the 
signal power Wied by a node in the packet radio network to transmit a 
packet would be much leas than the signal power requirement of a GSM 
network terminal. Lower power signals require lower power electronics 
and therefore lower power transmitter equipment. This results in cheaper 
equipment becauee low power electronic equipment is generally cheaper 
than higher power electronic equipment. 

The other concern that a multihop packet radio network addresses is 
the antenna size. We saw in Chapter 4 that often large antennae have to 
be disguised to look like a tree, and that this adds to Uie time of network 
deployment. In the multihop network all the antennae are small because 
LOS is only required over a few metere (or few hundred meters) between 
nodes. Fbr example, the distance a signal would need to travel between 
(nodes at) houses in Khayelitaha would not be more that; 200 meters because 
of the housing density in Khayelitsha. This would overcome the need for a 
36 meter amen:na (BUch as the DECT amen:na in Khayelitaha), and would 
reduce maintenance costs of the uaociated mast/antenna station. The 
maintananc-., costs of large antennae are also eJiminabd. 

We cannot solely compare the coet of the premises equipment of this 
network to the coet of premises equipment of, say, a wire based telephone 
network or eYeD. a GSM or DECT wireless network, but mun compare 
the overall network coet. Current GSM and DECT networks require base 
stations which coet over a million Rand. This excludes installation and 
maintenance costs. H each houee in a oomnnmity of 500 house receives 
a node (terminal) then the total network coet will be approximately 
5000 x USlllOO. (We have estimated terminal premise equipment to coet 
USI 1100 in subaection 6.15.1). This amot1DU to USI 5500000. This is 
approximately equivalent to R28 million. H we take imo account that 
this is the coet of the entire network which provides Internet Bccet!l8 and 
telephone services then we see that it is relatively low coet compared to 
the DECT network currently being implemented in Khayelitsha. This 
DECT network baa a premises equipment coet of approximately USI 2000 
excluding :maimenance costs. This amounts to approximately R10200 per 
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houae. Hit is ued in a population of 5000 thoU8&Dd then just the premiae8 
equipment coat of the network will be apprmimately R51 million. The 
DECT hue station and tnmlring link w a near by switching exchange will 
add additional coats to the network infrastructure. 

The proposed network i& wireleal not wire baaed and therefore eliminat.es 
the coats of wiring the network. Wiring a network constitutes a substantial 
coat of a wire baaed network. In order to connect a wire baaed network 
trenches need to be dug. Special protectiw tubing must be ued on the 
wire which i& then placed into the trenchel, which aze then cowred. In 
addition to the material coats of the tubing and wiring, additional coats 
are incurred for the labom uaed for laying the wire UDderground. Similarly 
for pole mounted wiring. An addition colt ID.Ult be ta1ren into account for 
the technician who is required for connecting the wire&. In the case of a 
wireless network the technician would be required to install the equipment 
at the customers premises only, Um& the colt of paying the technician for 
comiecting wires hu been e)imin&Md. 

When wire connection is damage and needs to be repair then the wire 
ID.Ult be extracted &om the ground or &om the pole. Tina requires labour 
and may also require additional wire thus contributing to network main­
tenance coats and also slowing down network repair. Theft of wire hu 
also been eliminated because there is no wire to be stolen. Furthermore, 
wirebaaed networb require comiderable infrutructure such u buildings for 
housing large switching excb&ngN, roads to theae excbanga and other net­
work equipment. In general theae factors make the wire1es8 network less 
coatly from an installation and mainienauce point of view. 

8.15.1 'lermina1 cost 

It i& imponant to remember that both Internet and voice services aze 
being provided by the network. ThUI the colt of the equipment cannot be 
compared only on an equipment coat basis to existing telephone services, 
but should also take into account the Internet service capability of the 
equipment. 

1b estimate the colt of iermiDal equipment we can look at two sources. 
The one BOurCe i& to look at similar equipment and U88 thia equipmeDts 
pricing to estimate a coat of the network nodes proposed for this network. 
At best this estimate i& an appromD&te upper bound on the equipment cost. 

The manufacturer of Rooftop Community Network [18] equipment 
commercially sell a device called SpiritTM'. The Spirit7'M' is an Internet 
radio and ranges in price from USI 2290 for a short distance radio (similar 
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to a node in the proposed network) to USI 5790 for a long distance Internet 
radio gateway which can also aerve 88 a AirHead (Air-to-Internet router) 
which is similar w the IN for the propoeed network. These prices include a 
lOBaseT LAN interface, a SLIP aerial host interface, and screw-on antenna. 
They also sell a 2.4 GHz lightening arrestor for USI 140 and w.rious 
combinations of. cabelling and connector Beta that range from USI 15 to 
USI 100. Excluding iDstallation and power BUpply costs and the terminal 
device costs betwrn USI 2290 and USI 6030. A PC computer can be used 
88 the terminal and would add on another USI 1000 bring the cost to an 
upper bound of. approximately USI 7000. 

The developers of the SpiritTM device 11'1 that current technology 
would permit the development of an integrated Internet Radio with a 
high-volume end-user price of USI 500 to USI 750. If this is p0118ible then 
the upper bound price on a combination of their Spirit™ device and a 
PC computer would come to no more than USI 1750. These prices include 
a profit markup. It is a fair 888UD1ption to say that that the product is 
cheaper to manufacture than the prices of their equipment. 

The reuon we mention that a PC computer is used 88 a tenninal 
for the Spirit™ device is that the Spirit™ device is dadgned for data 
computing and Internet usage only. If such a device could be adapted 
to voice usage then a PC computer would not be neteHary 88 the ter­
minal. A normal telephone handset which costs much less than a PC 
computer could be used 88 a terminal (at minimum). In this cue the 
combination of the handset and SpiritT Al device should cost no more 
than USI 1100. This analysis is very coane and only aerves 88 an approx­
imate estimate for the cost of. the device described for the proposed network. 

It is assumed that in the case of a network provider who sells node 
equipment they can offer varioUB perhgies. For example, they can market 
a node and telephone handset pacb~ which will only offers voice com­
munication, but will still have Internet facilities which can be used by the 
node users if they buy a PC computer and connect it to the node. The 
network provider can also market a PC computer and node pacbgp only for 
Internet usage. The node owner could later install a telephone handset for 
voice usage. The network provider can also sell &- pac~ which includes a 
handset, PC computer and node. This will be the JD08t expensive package 
and will provide voice and Internet capabilities. 

This flexibility of the node could be used to develop profits and also 
provide cheaper pacbgf,s for lower iucome customers thereby allowing 
network expansion to lower mcome communities. 

102 



6.16 Voice and Internet Traffic per customer 

It has been stated in the introduction of this the8i8 that it is beyond the 
scope of this thesis to actually simulate the network. This is a diflicult 
problem which requires long simuJations and extensive programming of 
suitable simulation software. 

The voice and Internet traffic per customer cannot be determined 
exactly as each customer will have different demands for network usage. 
Therefore a general probabilistic approach may be used to determine the 
traffic per customer. 

It has been mentioned in subeection 6.5.1 that voice packets are given 
a higher priority than data packets. This means that a voice packet will 
always be forwarded before a data packet is forwarded. The following 
example using the results in subeection 5.2.5 will explain the implication 
that this priority structure has on wice and data traffic. 

In figure 5.11 we see that a sirnUar network to the propoeed network 
can attain a throughput capacity of approximately 0.30 Erlang when the 
offered load is 1 Erlang. This means that the network has an efficiency 
of 30% when the ofl'ered load is 1 Erlang. If we &88ume that 30% of the 
offered traffic is purely wice traffic then all wice traffic will pass through 
the network unaffected, and the data packet transfer rate will be decreaaed. 

Each node has a vocoder with a output bit rate of 14400 bps. Each 
node is designed to have a peer-to-peer data rate of 1 Mbps. If on average 
each node has four neigbbtlurs and three are directing their own wice traffic 
through the neighboured node to the fourth neighbour node, then the 
traffic to the fourth node has a bit rate of 3 x 14400 bps plus 14400 bps for 
the neighboured nodes own wice traffic. This amounts to 57.6 kbps which 
does not load the 1 Mbps link 1ignifie&Dtly (figure 5.11). However, each 
neighbouring node may be routing wice traffic from other nodes through 
the fourth neighbouring node, as a worse case scenario. The estimation 
of the offered traffic may exceed the data rate capacity of a node and will 
force the other nodes to reroute their traftic in order to prevent significant 
blocking. Such a scenario requires detailed and complex simulations to 
estimate traflic behaviour and traffic throughput capacity and is beyond 
the scope of this thesis. However, for a given load which is dependent 
on the type of community and its Internet requirements, figure 5.11 and 
figure 5.12 provide an estimate of the throughput capacity for networks 
similar to the proposed network. 

1b be able to predict the traffic generated by a customer depends on 
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many factors such as whether the customer is a private user or commercial 
company, if the user is situated in a rural or urban community, etc. It is a 
highly complex task to determine the nature of the traffic generated by a 
customer and to determine how this traffic will affect the network traffic in 
general,and is beyond the scope of this thesis. This fact has been stated in 
many papers in the field of packet radio networks [29] [47]. 
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Chapter 7 

Conclusion 

The focus of this thesis has been to look at wireless technology that is being 
used to provide telephonic access to developing communities with little or 
no telephone services, and to propose a multihop packet radio network that 
will enable the provision of both Internet and voice communication. The 
two technologies being used in South Africa at present are GSM and DECT 
wireless systems. 

The purpose of Chapter 3 was to introduced the fundamental concepts 
used to design wireless communication systems. These concepts where 
used throughout the remaining text. Time division and frequency division 
duplexing techniques have been presented. Frequency division, time 
division and code division multiple access techniques have been described 
in detail. The most effective multiple access techniques in wireless networks 
are those that provide high bandwidth utilization, link reliability and 
immunity to noise. Spread spectrum multiple access can be combined with 
TDMA to achieve system flexibility and link reliability. This is the ap­
proach used in the DECT system which uses FHMA combined with TDMA. 

Chapter 4 gave an explanation of two types of wireless networks com­
monly used in South Africa. It presented a description of the architecture of 
these systems. From this description we see that these systems, especially 
the GSM cellular system, are complex and not easy to setup in rural areas 
because of the long distances that have to be bridged to a switching center, 
or densely populated areas where it is difficult to find a suitable location 
for a base station. The use of the DECT system implemented by Telkom 
and the GSM system used by Vodacom have been explained. 

Vodacom have a universal access approach to providing telephone 
services to the Khayelitsha township and other township and rural com­
munities throughout the country. This approach uses the Vodacom GSM 
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network infrastructure to connect fixed site phone shops to the network. 
Vodaoom franchise the phone shops to local operators who then run them 
like a business, selling cards to the public that enable the use of the phones 
in the phone shop. The cards are used with a prepaid billing system 
(developed by Vodacom) where the user pays in advance for a certain 
amount of talk time. The results of Vodacoms' ventures in townships 
all over the country have been successful. The phone shops also offer 
fax service and are good candidates to be developed into more advanced 
telecenters. The phone shope service is limited to area which have access to 
Vodacom's GSM network. 

Telkom have a universal. service approach to providing telephone service. 
They have installed a DECT system in the Khayelitsha township. The 
system enables anyone, who can afford a phone service, to have a phone on 
their premises. Telkom charge the same standard rates on their wireless 
DECT phones as they do on their wireline phones. Telkom's approach 
requires a terminal station to be installed on an appropriate mount such as 
a concrete wall. In many informal premises suitable mounting places are 
not available so a special pole mount has to be installed. This reduces the 
rollout time of the network, and also increases the cost of the network and 
deployment. According to Alcatel Altec in Johannesburg, the average cost 
of a system after installation is about US$ 2000. The basic radio terminal 
costs about US$ 242. According to Telkom in Cape Town, their system 
does not have sufficient capacity to provide voice and Internet access at the 
same time so only a voice service is offered. 

Both the GSM and DECT systems do achieve their objectives of 
providing telephone access to Khayelitsha. However, they do not enable 
rapid rollout and are expensive to deploy due to system complexity and 
installation costs. 

Low power satellite voice communications technology will be launched 
during 1998. This technology provides voice communication access in­
dependent of geographlcal position. Developing rural communities are a 
potentially large market for satellites because they have do not posses 
adequate. 

Packet Radio has been suggested to overcome some of the problems 
associated with the terrestrial networks. The network proposed is a 
self-organizing multihop packet radio network. We have introduced the 
fundamental packet radio multiple access schemes: ALOHA, slotted 
ALOHA, CSMA, and BTMA. FAMA-NCS, a multihop packet radio 
collision avoidance multiple access technique, was shown to outperform 
these multiple access techniques, and was thus chosen for the proposed 
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network. 

Spread spectrum was shown to be useful for allowing the network to be 
easily deployable. This can be achieved through spread spectrum because 
of its use of orthogonal spreading codes. Once a network is installed 
it is activated and the nodes begin to acquire information about there 
neighbours. The nodes use this information to determine routing paths, 
and the signal spreading codes of there neighbours. The codes can be 
assigned to nodes in such a way that packet collision can b~ minimised and 
thus network throughput is increased. 

Issues relating to link reliability have been discussed. Hop-by-hop 
acknowledgements are used in conjunction with a forward error correcting 
code to provide reliable link connectivity. 

Incremental and source routing have been discussed. It was decided to 
opt for a hybrid routing approach where voice paclcets are routed using 
source routing and data packets are routed using the ALVA incremental 
routing algorithm. 

The primary limitation on voice is processing delay at the node (per-hop 
delay). In [42] a delay of more between 0.01 and 0.1 seconds is suggested to 
result in low voice quality. This means that if a 20 ms delay exists per-hop, 
then no more than five hops (0.1 seconds) can be made before voice quality 
is unrecognisable. 

Frequency spectrum allocation of this network should be determined 
by the user data rate requirement. The WINGs devices work between 
905 MHz and 925 MHz, and have a data rate of 289 kbps. 

The Rooftop Community Network [18] is a multihop packet radio net­
work that operates using Internet protocols, not the usual X.25 packet radio 
protocols, and has been shown to be successful with data rates as high a 
1 Mbps. It provides an internet service and has been deployed and used 
successfully. The Rooftop Company claim it can deliver internet quality 
voice. This indicates that similar networks, such as the network proposed 
in Chapter 6 can do the same. 

Recommendations 

With improving radio and microprocessor technologies distributed comput­
ing networks such as the one proposed may be able to deliver acceptable 
voice quality and Internet service to small rural communities, and deliver 
acceptable internet service to larger township type communities. 
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A possible area of interest that may be beneficial to study is the proposed 
hybrid routing scheme where voice is routed using source routing and data 
is routed using incremental routing. The software required to distribute 
spreading codes also needs to be developed to determine if codes can be 
assigned to nodes in a way that roiuiroiiu,s collisions. The most important 
software that needs to be developed is an easy to use. packagP- that can 
simulation multihop packet radio network traffic, because further research 
will be difficult to quantify without simulated results of network performance 
for analysis. 
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Appendix A 

GSM and DECT Radio 
Specifications 

Table A.1: GSM Air Interface Specifications Summary 

I Parameters Specifications 
Reverse Channel Frequency 890- 915 MHZ 
Forward Channel Frequency 935- 960 MHZ 
ARFCN Number 0 to 124 and 975 to 1023 
Tx/Rx Frequency Spacing 45MHz 
Tx/Rx Time Slot Spacing 3 Time Slots 
Modulation Data Rate 270.833333 kbps 
Frame Period 4.615 ms 
Time slit Period 576.9 µs 
Bit Period 3.692 µs 
Modulation 0.3 OMSK 
ARFCN Channel Spacing 200 kHz 
Interleaving ( max. delay) 40 ms 
Voice Coder Bit Rate 13.4 kbps 
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Table A.2: DECT Radio Specifications Summary 

l Parameters Specifications 
Frequency Band 1880 - 1900 MHz 
Number of Carriers 10 
RF Channel Bandwidth 1.728 MHz 
Multiplexing FHMA/TDMA 24 slots per frame 
Duplex TDD 
Spectral Efficiency 500 Erlangsfkm2 /MHz 
Speech Coder 32 kbps ADPCM 
Average Transmit Power lOmW 
Frame Length lOms 
Channel Bit Rate 1152 kbps 
Data Rate 32 kbps Traffic Channel 

6.2 kbps Control Channel 
Channel Coding CRC16 
Dynamic Channel Allocation Yes 
Modulation GFSK (BT = 0.3) 
Speech Channel/RF Channel 12 
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Appendix B 

Telkom Radio Installation 
Diagrams 

The following pages have been photostated out of a Telkom installation 
guide [7] that details the procedure for mounting equipment used in their 
DECT and CT2 wireless networks. 
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