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Executive Summary 
 

This is the final report of the spectrum efficiency scheme research project C31400/001.  

The aim of the project was to determine if wireless mesh networks have the potential to provide 
broadband services to citizen-consumers with high levels of spectrum efficiency. The project has 
addressed the specific questions: 

 

• Are meshes more spectrally efficient than alternatives? 

• Can meshes enable the use of higher frequency bands, and/or support services-types 
that alternatives cannot? 

• Are meshes practical, and what are the enabling technologies? 

 

At the request of Ofcom, this project has concentrated on mesh networks in the fixed service, in 
particular, this report deals with fixed meshes at frequencies above 2.4 GHz using line of sight 
links. This implies quite different constraints to either mobile meshes, or non line of sight meshes 
using lower frequencies. The reader who wishes to compare fixed and mobile meshes is referred 
specifically to Appendix F" 

In general, the studies have shown that: 

 

• Mesh networks are able to provide broadband services to consumers as a viable 
alternative to other wireless delivery methods.  

• The necessary technologies are available now.   

• For mesh networks to work well appropriate spectrum is needed.  

• Sufficient spectrum is currently available. 

• A certain amount of light touch regulation is necessary to ensure reliable services. 

• Well designed mesh networks are capable of efficient spectrum use when compared 
with other technologies. 

• Mesh networks can provide good coverage without the need for high antennas. 

• It is possible to make a business case for a mesh network though financial assistance 
is likely to be needed in rural areas. 

 

The main body of this report contains the detailed evidence backing up the findings with the 
results of literature searches, analytical studies, computer simulations and field trials. 
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Within this summary the questions that were posed as a basis for the study have been organised 
into four main areas: 

 

Spectrum Requirements 

What determines the spectral efficiency of a mesh, what are the capacity constraints and in 
particular do users self generate capacity? How do the spectrum requirements of mesh 
systems compare with alternative delivery methods? Is it more efficient to use mesh 
technologies than the alternatives? 

Spectrum Management 

Should there be more licence exempt spectrum? How well do mesh networks co-exist? Is 
it necessary to segregate spectrum and should there be regulation to enable fair sharing of 
spectrum commons? 

Technology & Economics 

What are the practical issues surrounding the deployment of viable mesh networks? What 
systems are currently available and what developments are foreseen? How should mesh 
systems be designed to maximise spectrum efficiency? 

Regulation 

What regulatory steps are necessary to realise the potential benefits of mesh networks and 
to encourage innovation? 
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The findings of the Study 

The research carried out under this project answers the key questions posed by Ofcom. The work 
included technical studies and economic assessment. Considerable effort was put into assessing 
the spectrum efficiency claims of mesh networks with reference to the coverage, capacity and 
quality of service requirements of broadband Internet services appropriate to the emerging UK 
market. 

 

Spectrum Requirements 

The spectral efficiency of fixed service mesh networks was found to be strongly influenced by the 
design choices of the system. Directional antennas were found to be highly beneficial, as was 
controlling transmitted power. Connectivity must be sufficient to avoid bottlenecks and the number 
of hops required to reach the core network should be limited to reduce latency. In order to avoid 
capacity loss, efficient routing algorithms are needed with the best performance being achieved 
through central planning with regular re-optimisation. 

The spectrum requirements for mesh systems were not found to differ significantly from those of 
alternative wireless delivery as these requirements depend strongly on practical issues, traffic mix, 
user location and the capacity needed near the point of presence. It should be noted that traffic 
circulating within the mesh itself yields higher efficiency than traffic to and from the mesh via the 
points of presence where the connections are made to the core network.  The reverse is true for 
point to multipoint systems where traffic within the network always needs to go via at least one 
hub. 

Mesh systems using low antennas were found to require a minimum node density to attain 
connectivity, but if this density was present then significantly better coverage was achieved when 
compared to an equivalent point to multipoint (P-MP) system. The lower transmit powers required 
in meshes was found to lead to better spectrum re-use and hence better spectrum efficiency. 
Directional mesh systems were found to have potentially more capacity and more significantly, 
considerably better coverage potential than equivalent P-MP systems.  

The project performed theoretical studies and simulations of the spectrum efficiency attained 
comparing P-MP and Mesh configurations and different traffic models. Like for like, with generic 
constant rate traffic, mesh systems utilising a simple routing and MAC algorithm were found to 
have up to twice the efficiency of point to multipoint systems. However for more realistic traffic 
models where users generated the typical mixes of Web Browsing, VoIP, Multimedia Streaming 
and File Transfer traffic characteristic of a real broadband user this spectrum efficiency gain was 
reduced to near unity. Power control strongly benefited mesh efficiency as did the use of 
directional antennas.  

Simulations were made based on three realistic deployments of currently available IEEE802.11a 
low cost hardware using omnidirectional antennas. The deployments represented suburban, rural 
mountainous and rural flat areas. The service simulated was designed to be roughly equivalent to 
the current UK ADSL home broadband offerings contended at 50:1. 

The results showed that for a uniform distribution of user nodes the spectrum bandwidth required 
to provide a service to be roughly 10x the delivered total data rate through the point of presence. 
For example a village deployment with 100 user nodes would require 100MHz of spectrum to 
deliver an un-contended 100kb/s to each node. Deploying directional antennas was found to 
reduce these spectrum requirements by more than a factor of 2 and is therefore strongly 
recommended. 
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The traffic performance of mesh networks was evaluated in terms of the traffic congestion on the 
individual links, that is, how much traffic contends for access over each radio link. In mesh 
systems, this includes forwarded traffic as well as individual user traffic. These simulations showed 
that the maximum congestion in a directional mesh system can be reduced significantly if an 
intelligent centralised scheme is used to plan the topology. Central interference aware traffic 
routing algorithms were found to be able to significantly reduce interference, especially where 
wide beamwidth antennas were used. Although congestion is often higher in mesh systems when 
compared to an equivalent P-MP architecture, this does not mean mesh systems are less efficient. 
The simulations suggested that the relative performance of a mesh is independent of the size or 
density of the network. 

The main conclusion from the spectrum study was that an efficiently designed mesh network can 
deliver ADSL equivalent services within the existing spectrum allocated at around 5.8 MHz. This 
comparison was made as 5.8 GHz mesh systems have been proposed as a competitive 
alternative to ADSL and as a solution for those citizens and businesses unable to use ADSL. . 
Triple play services, providing Internet, Video on demand and telephone services over a single 
broadband connection are likely to need higher data rates of at least ~10Mb/s and consequently 
more spectrum. . The precise spectrum that will be needed for triple play strongly depends on the 
service mix quality of service requirements, however the project estimate that several GHz are 
likely to be needed and this spectrum is only available above 10GHz and mesh systems that are 
based on short line-of-sight links are well matched to using higher frequency spectrum. 

 

Spectrum Management 

This part of the study investigated mesh network spectrum management techniques and also the 
effect of mesh networks sharing of spectrum with other services. 

Mesh systems were found to perform best in managed spectrum and where users employ polite 
protocols. Sharing with systems using impolite protocols and the use of DFS to protect Radars 
were both found to have severe detrimental effects on mesh network performance. Figure 1 shows 
an example of the effect of sharing spectrum between 802.11 and 802.16 systems within the same 
area. 802.11 is a polite protocol whereas 802.16 expects to be the sole user in the spectrum and 
does not use polite protocols. The 802.16 system is not effected by the 802.11 system as the 
802.11 system uses CSMA to check for a clear channel before transmitting and thereby avoids 
clashing with 802.16 transmission. Conversely the 802.11 system is doubly impacted by the 
802.16 system. The politeness of 802.11 means it does not transmit as often and when it does the 
impoliteness of 802.16 causes interference as the 802.16 system does not check if the channel is 
in use before transmitting. 
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Figure 1 : Effect of sharing of spectrum between polite and impolite protocols 

 

The project concluded that the promotion of interoperability standards, where all systems are at 
least able to understand a basic level of signalling will need to be encouraged to make spectrum 
management easier in shared spectrum This applies to any technology and not necessarily only to 
mesh.  

Studies on sharing spectrum with radars near 5 GHz demonstrated that the DFS trigger threshold 
is likely to be triggered at significant ranges. This is mainly because of the very high peak pulse 
powers used by military radars. It is highly likely that at shorter ranges some radars will also trigger 
DFS in adjacent channels and that this will be a significant problem for omnidirectional mesh 
deployments at 5GHz near military radar systems.  

The study simulation results demonstrated that it is impossible to provide guaranteed quality of 
service in light licensed spectrum. Mesh networks which were hoped to be able to mitigate against 
the limitations of light licensed spectrum through having multiple alternative routes but mesh 
networks were found unable to fully overcome these limitations. More seriously, it is not even 
possible to guarantee that a deployed system will continue to work. This is because accidental or 
deliberate interference from rival band users cannot be entirely avoided. It would therefore be 
desirable to consider approaches to licensing that do make it possible to ensure an acceptable 
quality of service. 

 

Coverage and the need for seed nodes 

One of the major advantages claimed for mesh networking is coverage. As a major aim of the 
project was to investigate whether mesh systems could make use of higher frequency bands that 
are practically limited to line of sight coverage, the study concentrated on the provision of 
coverage to buildings using antennas at around roof height and with a service range of ~100m to 
~10km. 
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The project studied coverage in comparison with other wireless delivery networks and in general, 
with a mesh network with sufficient node density it was possible to achieve near 100% coverage to 
domestic and industrial premises in flat terrain and 90% coverage in mountainous terrain without 
the need for high antennas.  

In P-MP systems generally the philosophy has been that the higher the antenna the better the 
coverage. This is not true for mesh systems where it is advantageous to limit the range of 
transmissions. Frequency reuse can be improved through taking advantage of the increased path 
loss between terminals that are not within line of sight.  

Limiting range through using controlling transmit power was found to be beneficial to the overall 
network efficiency. Long links were detrimental to spectrum efficiency but a hybrid mesh network 
design including a few carefully planned longer links was found to improve latency. Studies of 
coverage, optimum transmitter range and optimum antenna height are summarised in Table 1. The 
results are based on simulations of deployments in Oxford and Ambleside using building 
databases. Coverage was tested for each building for various antenna heights. Transmitter power 
control was used to set the link range appropriate to each link path length. 

 

 Suburban Mountainous Rural Flat Rural 

Node density (nodes/km2) 285 8.4 10.2 

Maximum coverage 100% 90% (*seed node 
required) 

98% 

Minimum Link range 0.1km 3.0km 2.0km 

Optimum antenna height above 
roof 

+0.5m +2.0m at 3.5 GHz 

+1.0m at 28.0 GHz 

+1.0m 

Desirable transmitter range with 
optimum antenna height 

0.3-0.5km 5.0-10km 3.0-5.0km 

Table 1 : Mesh coverage power and antenna heights 

 

Since coverage in a mesh is dependent on the current subscribers, it may be necessary for an 
operator to deploy seed nodes to boost coverage levels, at least in the initial stages of roll out. 
These seed nodes provide coverage to the local area without generating traffic of their own.  

Simulations investigated the seed node requirements for differing household densities, also 
considering the rate of user subscription in the region. The results suggested that in suburban 
areas, seed nodes are unlikely to be required provided at least 2-3% of the households take part 
in the network. In rural areas the required subscription level increased to around 10%, with seed 
nodes required below this threshold. In sparse rural areas, seed nodes were needed even when 
all households subscribed. Mesh systems are therefore appropriate in all the regions studied but 
most suited to suburban areas. 

 

Technology  

Appropriate technology to realise omnidirectional mesh networks is already available.  Low cost 
WLAN based mesh networks are relatively easy to set up but were found to not be spectrally 
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efficient. These systems are being used for providing needed services in the short term simply 
because their economic benefits outweigh their technical limitations. The emergence of 
IEEE802.16 compliant hardware will improve this situation in the near term, but even so they 
cannot deliver all of the services that customers are likely to require e.g. IPTV.  

More sophisticated solutions are available, for example from Radiant but are currently too costly to 
provide broadband to ordinary citizens but are appropriate for business use. 

In new deployments, it is likely that seed nodes will be required until the mesh take up is sufficient 
for full connectivity. In rural areas, seed nodes may be required indefinitely, for example to 
overcome terrain in hilly areas. 

A major challenge for directional mesh systems will be to design a small electronically steerable 
antenna that can be implemented and installed safely and at low cost by relatively unskilled 
people. Sponsorship of the development of low cost actively directional antennas should be 
considered. 

The study found that from the survey that the major cost element is currently the RF amplifier. The 
GaAs devices required in the higher frequency bands are apparently expensive to produce in 
volume and it will be necessary to invest in developing new techniques to improve the yield.  

There is a general feeling that higher transmitter power would be beneficial in the 2.4 GHz ISM 
band currently used by 802.11 systems. Allowing higher transmit power enables deployments with 
fewer nodes per unit area, making the networks’ economics much more favourable in rural areas.  
However, it is important to strike the right balance: it would damage market acceptance if products 
already in-service were to be adversely impacted by interference from newer higher power licence 
exempt systems.  

 

Techno-economic assessment 

Simulations, based on realistic economic data from the survey, were made for a directional mesh 
systems operating over line of sight paths at frequencies above 10GHz. This specific type of mesh 
system was analysed as it has the potential to deliver a full triple play service bundle.   

The simulations considered urban, semi urban areas and rural areas.   

Urban areas, where large businesses dominate the customer base were found unlikely to become 
profitable owing to the relative lack of small businesses and the strong competition from wired 
networks.  

Semi urban and rural areas have both SME and residential customers.  The simulations analysed 
the net present value for the profit demonstrated that mesh systems deployed in semi-urban areas 
have a 23% chance of becoming profitable within 7 years. The most important factors being the 
cost of providing and installing the customer terminal and the proportion of high value 
Small/Medium enterprise customers. Profitability was found to be poor in areas where there are 
predominantly residential customers.   

The analysis could not take account of the wider opportunities for business growth that may arise 
through the extended deployment of broadband in rural areas or of strategies that encourage the 
introduction of community/cooperative networks.  It may therefore be appropriate to provide 
support or incentives for operators to establish networks on the basis that it will lead to economic 
growth and benefit the overall economy. 
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A strategic theme matrix was constructed to relate the possible business model objectives to the 
payback period. This demonstrated that where short term profit is the goal then the target 
customer base should be SME customers in the semi urban region and with a service bundle 
focused on a business data services. 

 

Standards 

Creation of open interoperability standards for directional mesh systems (covering the antenna 
system, pointing and location, PHY and MAC layers at least) at an early stage would help to justify 
the investment in technology and to avoid the introduction of competing proprietary systems which 
could result in market fragmentation.  

In mesh systems, optimising the routing was found to be crucial in achieving spectrum efficiency. 
The OLSR routing protocol is an open standard, which has been selected by the WiMax mesh 
working group as a starting point (802.11s).  The 802.11s standards effort is focused around 
networks of <32 nodes.  However, OLSR, AODV and spanning tree algorithms do not function well 
in large wireless networks of hundreds or thousands of routers, as being implemented in 'metro' 
networks in the USA.  Real extensibility will be needed to scale to metro-scale networks.  Several 
manufacturers have developed, or are developing, proprietary protocols for this reason. 

The main interoperability requirement is for an air interface but it is also probably necessary to 
standardise the interfaces between the outdoor and indoor units. This would allow customers to 
purchase these units from different suppliers and make it easier to upgrade/change the equipment 
in the home. 

It would be desirable to investigate whether it is practical (and desirable in terms of efficiency) to 
standardise on an IP transport approach as packet transport is likely to be the industry standard. 

The channel bandwidth and frequency plan for a new system operating at 40GHz (which is 
believed to be the optimum band for delivery of a triple play bundle to residential customers) will 
also have to be selected carefully to optimise the cost/performance trade-off, particularly for links 
to the fibre connection points. 
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Regulation 

Under suitable regulatory conditions mesh systems were found to be able to provide a broadband 
access network able to compete economically with cable and DSL. The operator of this mesh 
network could be a new entrant to the market and therefore could by completely independent of 
any existing access network or operator.  

In using regulation to facilitate this development, the main aim is understood to be to maximise the 
benefits with respect to ‘the common good’.  It was determined that systems will require ~1GHz 
per operator of licensed spectrum in order to provide triple play to a region with appropriate quality 
of service guarantees.  

The discussions with operators indicated that this spectrum should ideally be awarded through a 
beauty contest where the charge to the customer is a significant factor so that local community 
based operators are able to participate on more equal terms with large organisations. Permitted 
systems should ideally be based on open interoperability. License costs should be held low initially 
and to kick-start development and investment the fees should be announced in advance.  

The consortium believes that regulation is needed to ensure spectrum is used efficiently. As power 
control can increase the capacity per unit spectrum of a mesh network (a factor of 1.4 was 
observed in simulations) this should be mandated. Directional antennas increase spectrum 
efficiency (a factor of 2 was observed in simulations) and should also be encouraged. 
 
In light licensed spectrum and in spectrum commons, systems not using polite protocols (for 
example some forms of IEEE802.16 that do not share well) should not be permitted without 
modification. The consensus is that a requirement to use contention-based protocols in at least 
certain bands, as the USA-FCC does for the 3650 MHz band, would be beneficial. 
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The current situation 

To help answer the questions posed by Ofcom, the current status of the broadband wireless 
market in the UK and abroad has been surveyed. The survey included current mesh operators as 
well as equipment manufacturers. 

Operators 

Survey respondents believed that mesh networks can provide residential and small business 
broadband internet access profitably in a variety of urban, suburban and rural settings, including 
the oft-cited extension of services to SMEs on industrial estates at the fringes of existing urban 
coverage. Typical urban networks were considered to need to carry a mix of private and public 
traffic e.g. police, fire and emergency services, and road traffic management.   

Metro-scale Wi-Fi mesh networks are providing affordable broadband services in Europe, Asia, the 
USA, and Latin America. These are mainly in the unlicensed 2,4GHz band, with some 
administrations using other spectrum bands, usually below 6GHz.Metro-scale Wi-Fi mesh 
networking technology can deliver broadband at lower capital expenditure and operating costs 
than incumbents (usually ADSL). Further details are in the main body of the report.  

Growth is particularly well-established in the USA, where the lead market for mesh network 
deployment is in metro-scale networks. Even small USA cities have metro-scale Wi-Fi mesh 
networks. For example Chaska, MN, population 18000, has a network that is being used by more 
than 2000 subscribers.   

Within the last year, USA regulators have authorised Wi-Fi mesh in the 3650 MHz band and 
planning relaxations that previously applied to consumer satellite antenna receivers have been 
expanded to include mesh network equipment. Philadelphia, Pennsylvania, the USAs fifth largest 
city (1.5 million population and 350 sq. km), will shortly award a contract to the private sector to 
install and operate a mesh network across the entire city. 

In the UK, the key opportunities, problem issues and likely timescales identified by the survey 
showed a consensus for substantially omni-directional systems in bands below 10GHz; only one 
respondent works at frequencies above 10GHz. The main opportunities being in order: Key 
opportunities (1 is best)  

1. Infill and/or expansion of higher rate services to SMEs on the edge of a wired 
service area. 

2. 'Metropolitan' markets in competition with xDSL 

3. (Semi-) rural coverage 

4. Mobile ad-hoc networking 

 

With the major problems, again in order of importance being: 

1. Scaleability 

2. Politeness protocols 

3. Access to, and cost of, spectrum 

4. Continuing cost reduction in competition with xDSL and cable 

The scalability problem is significant as a mesh network needs to be viable when small but remain 
efficient when the number of nodes becomes large. Scalability needs to be present from the start, 
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but must not damage the economic viability of the design by significantly increasing the hardware 
costs. 

Polite protocols are necessary for well managed spectrally efficient equitable band sharing. If an 
operator deploys technology using impolite protocols amongst other operators deploying polite 
protocols, the impolite system may gain an inequitable share of the available spectrum resource.  

Access the spectrum is perceived as an issue by operators, mainly as a response to the very high 
prices paid in the 3G auctions. Small operators fear they will not be able to compete with large 
aggressive organisations and that the licensing scheme will not allow for small community 
operators who only wish to provide a local service in their area. 

Table 2 shows the timescales for introduction of various systems. 

2003 2004 2005 2006 2007 

Ad-hoc WiFi Metro-scale  

ad-hoc WiFi 

Hybrid1,  

multi-layer2, 

mesh-WiFi 

Hybrid,  

multi-layer, 

mesh-WiMAX 

Node cost 
£200 

CPE cost £150 

Ad-hoc mobile 
     

Table 2 :  Timescales 

 
Respondents to the survey described their systems in three broad categories: 
 
    

1. Single-radio architecture3 , omni- or wide-angle antennas, fully ad-hoc network 

2. Single- or Multi-radio architecture, omni- or wide-angle antennas, planned backbone 
feed network  

3. Single-radio architecture, fixed configuration mesh with directional antennas, fully 
planned 

 
 
The first category of fully ad-hoc networks are currently only supported on a relatively small-scale, 
typically in campus environments or 'best-effort' community networks. Major players do not believe 
that this is the key application.   

The large majority of respondents fell inside the second category; nevertheless, this category is 
very broad with companies proposing a variety of solutions with varying levels of planning.  

Radiant (UK) were the prime example of the third category. 

                                                 

1 Hybrid networks use a combination of access technologies, for example an overall point to multipoint system with local distribution via mesh, 
or the mesh extension of a wired network. 

2 Multi-layer systems use more than one radio system or channel to separate traffic, e.g. Local and forwarded, or variable bit rate and constant 
bit rate. 

3 Each node consists on only one radio and antenna. All traffic associated with the node passes through this system. 
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The general view is that the bandwidth currently allocated in the UK below 6GHz and at 26/28GHz 
has sufficient capacity for the foreseeable future.  However, almost all respondents believed that 
new more suitable spectrum should be made available for propagation reasons.  The preference is 
that this would be at or below 2.4GHz. 

The study of the Telabria deployment in Deddington, Kent, confirmed that: 

• Planned seed nodes are beneficial 

• Network feed nodes are needed especially in low-density areas 

• Most traffic bottlenecks occurred at a single node  

• 2.4GHz foliage attenuation and scatter are significant 

• Reflections from parked vehicles, birds perching on and flying past antennas etc are 
noticeable but not critical at 2.4 GHz and 5.8GHz.  

• MIMO could be helpful long term for capacity increase but there is no short term 
requirement. 

 

There were conflicting views from the survey as to how spectrum should be managed. Some 
respondents supported the allocation of more unlicensed spectrum, whilst others supported an 
auction of licensed spectrum, designed to favour small and regional operators; yet others 
proposed that individual hubs/nodes should be licensed at a cost that would enable small and 
regional operators to enter the market.    

Several respondents believe that if spectrum licenses are expensive, it will significantly reduce the 
economic viability of metro-scale Wi-Fi mesh networks, raising end-user pricing and reducing 
consumer choice. As the cost of installation and maintenance are fully competitive, and subscriber 
management costs are equal, then only expensive spectrum will make wireless uncompetitive. A 
typical response was that 'Regulatory restrictions are the biggest obstacle in many markets.  

 

Manufacturers 

Several UK and international manufacturers of mesh equipment were surveyed as part of the 
project. 

All manufacturers had considered the spectrum efficiency of the mesh network and all used power 
control as standard to allow for variations in path length. All the manufacturers of multi-channel 
and/or multi-band equipment had also either implemented dynamic channel selection and/or 
frequency selection or had announced their availability in a future software release.   

Manufacturers of license exempt 2.4GHz equipment produce variants for different regulatory 
domains.  Several USA-based respondents supported an increase in the UK (and European) EIRP 
limits to match those of the USA. Manufacturers of 5.4GHz and 5.8GHz equipment support an 
EIRP increase to +36dBm EIRP (c.f. +23dBm at 5.4GHz and +33dBm 5.8GHz in the current UK 
standard). This could best be done by following the USA example of allowing more EIRP for 
antennas of less than 90o.  

Interference management is important in achieving spectrum efficiency and all manufacturers 
systems used deterministic interference management, with at least a significant element of 
intelligence through dynamic adaptation. The most common approach was to use the Optimised 
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Link State Routing algorithm, supplemented by in-house intellectual property in for example, QoS 
management. 

Respondents to the survey all agreed that IEEE 802.11e and 802.11n will enhance the ability of 
metro-scale Wi-Fi mesh networks to deliver voice, audio and video services, but that no additional 
standards are required for mesh connectivity today. However, players in mobile mesh are 
concerned at the slow pace of the standardisation process.   

There was a consensus amongst respondents that for all mesh types, as take-up rises to 
approach full utilisation of frequency allocations, it will be necessary for 'politeness protocols' to be 
enforced. These should be sufficiently detailed as to enable administrations to create 'club good' 
regulations and include physical layer, IP transport and MAC specifications. 

Several respondents believe that improved security standards are needed, especially if telcos are 
to adopt the technology. These should include network monitoring, user authentication and 
authorisation, network and service QoS, and information confidentiality. 

All claimed that equipment of acceptable performance, size and appearance is already available, 
including antennas and that performance already meets or exceeds that of DSL. The consensus of 
manufacturers is that both the capital expenditure per home passed for metro-scale Wi-Fi mesh 
networks, and the monthly operating costs per subscriber, are significantly below those required 
for other broadband access alternatives. 
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Conclusion 
 

This study has shown that well managed mesh systems will be able to provide broadband 
services to citizens. It is possible for well designed mesh systems to make efficient use of the 
spectrum.  

To revisit the original questions: 

Are meshes more spectrally efficient than alternatives? 

Meshes were found to have the capability of being more spectrally efficient than alternative 
wireless delivery systems but in order to realise this efficiency gain, careful system design and 
implementation is necessary.  

Can meshes enable the use of higher frequency bands, and/or support services-types that 
alternatives cannot? 

Meshes were found to be able to make good use of the higher frequency bands. The main reason 
for this ability is the improved line of sight coverage to low antennas and the reduced fade margins 
needed for the shorter link length of meshes in comparison with alternative topologies. 

The project did not find any services that fixed service meshes were uniquely able to provide. The 
project did not investigate mobile mesh systems. 

Are meshes practical, and what are the enabling technologies? 

Practical mesh systems with good performance were found to be available.  

Community mesh systems using low cost Wi-Fi and WiMAX based hardware operating in the 
license exempt bands below 10GHz are able to provide ADSL like services to remote communities 
beyond the reach of ADSL as a short term solution to a pressing need. However these systems 
may not scale well and can not provide the high bandwidth needed for triple play. 

The most efficient mesh systems able to provide broadband and multimedia services used 
multiple directional antennas in the bands above 10 GHz. These systems were found to be an 
efficient alternative to point to multipoint deployments. The main obstacle to mass market 
deployment of these systems is the hardware cost, which is expected to reduce.  

The project consortium would like to thank Ofcom for their support of this project. 
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1. INTRODUCTION 

This document represents the final report of the 2004/5 SES Project “Efficient mesh networks”. 
The document has been prepared in 4 main sections with accompanying Annexes and 
Appendices) in addition to this introduction. Section 2 contains a review of the current state of 
mesh networking as it was in late 2004. This section takes its input from published papers and 
publicity material. The study concentrates on the network planning (if any) and spectrum 
requirements of the systems identified to be most likely to be deployed. Further more detailed 
analysis of promising systems is presented in sections 4 and 5 of this report. 

Section 3 is the largest and investigates issues surrounding coverage, compatibility and 
interference. This section also deals with network capacity and in particular how the capacity of 
mesh networks compares with that of more traditional point to multipoint systems. Many claims 
have been made on mesh capacity and in particular that spectrum efficiency increases with the 
number of nodes. The results of extensive simulation show that this is partly true but that careful 
planning is needed to make significant gains over more traditional networks. The medium access 
control has been shown to be critical and simulations are presented that show what happens 
when incompatible access schemes mix, demonstrating the need to mandate the use of polite 
protocols at the beginning to avoid potentially significant problems later on.  

Coverage and interference has been modelled using a ray tracing method to produce a path loss 
matrix between a large number of potential mesh nodes. This matrix has been used as an input to 
an optimiser that is able to determine the optimum mesh network, and in particular how many 
seed nodes and points of presence, where the mesh connects to the core network, will be needed 
for a deployment. A second simulator has been developed that is able to rapidly simulate traffic 
through a representative mesh network, this simulator identifies the key nodes in the network and 
how much interference will be generated. This has been used to show the benefits of power 
control and the effects of limiting the range of nodes on latency. The simulator has also studied 
multi-layer mesh networks. Multi-layer mesh networks allow backbone traffic to be separated from 
access traffic, which can improve latency and/or reduce the number of points of presence needed.  

Efficient routing is crucial in mesh networking. Inefficient routing algorithms, especially those 
designed for wired systems where capacity is not a major issue will cause significant loss in 
wireless systems. Finding and promulgating the optimal route is difficult, especially in meshed 
wireless networks where nodes can frequently enter and leave the network. Avoiding bottlenecks 
is important, as it is not usually possible to add significantly to the radio spectrum in the same way 
as adding a second fibre to a cable to solve a congestion problem. 

Section 4 considers the practicalities of deploying a mesh network. It uses several current 
deployments as examples. The section begins with an analysis of current commercial offerings, 
concentrating on their performance, their commercial viability and their spectrum needs. A 
questionnaire was sent out to all the UK mesh operators that could be identified and the results of 
the replies are analysed. Several of the respondents, notably Radiant and Talabria agreed to 
further extensive discussions and co-operated in allowing the consortium access to technical data 
on their systems the results from these are also presented. Naturally some of these discussions 
were commercially sensitive and they are presented in confidential annexes for Ofcom use only. 
The remainder of the section includes the practical results, including those of a measurement 
campaign made on a recent deployment by Telabria of an operational mesh network in a rural 
area of Kent. 

The final section examines how regulation has affected mesh deployment and looks into how 
regulation can be used to encourage the development of innovative mesh networks that are able 
to provide high quality services to consumers. We propose a set of four service bundles that might 
be used in a mesh network.  These have been used as the basis of discussions with suppliers and 
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operators.  Details of discussions with both Radiant and Telabria are presented.  An investigation 
into the operation and performance of the Radiant directional mesh solution is presented with a 
SWOT analysis for a directional mesh network.  We also present the results of a techno-economic 
model which has been used to evaluate the profitability of a directional mesh network and to 
identify the key issues that will affect the business case including the impact of license costs.  The 
technology requirements for mesh networks are considered and areas that need further 
development to enable the successful implementation of mesh networks are highlighted.  This 
section also discusses the benefits of standardisation and the need for regulation.  Regulations 
that can support the introduction of mesh networks are discussed including the allocation of 
spectrum, licensing costs, conditions and the method of license allocation. 
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2. CRITICAL REVIEW OF PUBLISHED WORKS 

2.1. Introduction 

This section contains the results of a Critical Review of the status of mesh networking in the UK in 
early 2005. The review has been split into 4 main sections as below: 

 

Review 1 Current Systems 

This is presented in section 2.2 and considers the commercial offerings of wireless network 
hardware or systems. Most of the information here has been obtained from the Web. A 
more focussed follow-up of several of these commercial products is presented in section 4. 

 

Review 2 Network Planning 

This work is presented in section 2.3 reviewing the state-of-the-art of coverage and 
capacity optimisation methods for wireless mesh networks in the academic literature. 

 

Review 3 Routing Mechanisms 

This is presented in section 2.4 which surveys routing protocols that are currently available 
for mobile ad-hoc mobile networks. 

 

Review 4 Spectrum Usage 

The spectrum efficiency claims that have been made for Mesh networks are reviewed in 
section 2.5. This section also considers and how rival systems might co-exist in shared 
spectrum. 

 

2.2. Preliminary review of current commercial technologies 

Over the last year the wireless market has seen an increase in equipment vendors and operators 
of mesh systems. A couple of years ago mesh vendors and perspective mesh operators made no 
traction in the market and the majority ceased to follow the mesh route or went into receivership. 

Now key players such as Mesh Networks, Firetide, Tropos Networks, Belair, Dust Networks and 
others are actively shipping equipment to a growing number of operators. 

Mesh systems are tasked with efficiently routing traffic through a number of neighbouring mesh 
nodes that can have been installed in either a planned or an ad hoc way. One of the principle 
claimed advantages over traditional point-to-point and point-to-multipoint systems is the ability to 
self-form and operate efficiently on an ad hoc basis. 

The providers of mesh equipment have had the challenge to ensure efficient routing and handoffs 
take place between the nodes while still providing a quality of service that matches the customer’s 
need. The approach to distributing network intelligence to the individual nodes has been treated 
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differently by different manufacturers. Mesh Networks takes an approach of each node having a 
router which makes packet by packet optimising decisions for allocating the network paths. 
FireTide and others have a different approach and switch continuous traffic streams.  

On top of the distributed intelligence for the mesh nodes, the mesh systems have to either operate 
in pro-active or re-active configurations in making the route path decisions. Pro-active systems will 
carry more overhead than reactive systems due to the need for constant communication between 
the nodes but benefits in latency and operational QoS performance may be shown. Re-active 
systems will generally be capable of a higher payload but at a sacrifice of QoS. As mesh networks 
increase the numbers of individual deployments and as the service delivery mix grows (such as 
greater IPVoice), QoS will become increasingly important. 

Many routing algorithms have been used in the past within mesh networks such as AODV, DSDV, 
LANMAR and others. There is no consensus on the optimal routing solution to date. 

Companies including Tropos Networks are predicting a growth rate of several hundred percent for 
mesh systems in the network market, based on RFP’s. Tropos are growing rapidly and have 
gained over 125 installed customers worldwide, providing metro-scale services in such cities as 
Philadelphia, PA; New Orleans, LA; Los Angeles, CA; Franklin, TN; Chaska, MN; Corpus Christi, 
TX; Las Vegas, NV; Oklahoma City, OK; Tokyo, Japan; Kuala Lumpur, Malaysia; Khandahar, 
Afghanistan; and Doha, Qatar. 

The largest integrators are now showing more interest in mesh solutions and either developing 
following internal solutions (for example, Nortel) or buying companies (for example, Motorola’s 
recent acquisition of Mesh Networks). 

Information was obtained from mesh suppliers Websites. Some gave very little information, or 
were just “home pages” for new companies. The more significant sources are summarised below. 

2.2.1. Mesh Equipment Suppliers 

This section contains a list of suppliers of mesh equipment together with some of the key features 
and claimed benefits of their offerings. 

 

Company: Mesh Networks 

Website: http://www.meshnetworks.com/ 

 

Motorola recently acquired this company. The company offers “MeshNetworks Enabled 
Architecture” (MEA™) technology. The main market for “MeshNetworks” at present is in public 
service delivery. Its Intelligent Transportation Systems (ITS) and internet services on public transit 
vehicles are seen as an important application. Integrating its MEA™ network with 802.11 access 
points provides “hot spots in motion”. Some products use Motorola’s patented quadrature division 
multiple access (QDMA®) radio technology. 

MEA™ is claimed to be the most widely deployed technology and to power the largest mobile 
mesh networks in the world. It includes both infrastructure meshing for wireless backhaul among 
wired Access Points and Wireless Routers, and client meshing for wireless peer-to-peer networks 
between and among client devices. 

Features: 
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• offers a mobile backhaul network solution for 802.11 access points mounted on trains, buses, 
light rail and other public transit vehicles 

• burst data rates up to 6 Mbps 

• continuous connectivity along entire routes at speeds of up to 180+ mph 

• self-forming and self-healing networking 

• automatic route and node discovery 

• dynamic load balancing 

• non-line of sight broadband connectivity (routing around obstacles, interference and even 
network congestion on a packet by packet basis) 

• high performance and low latency routing 

• mobile soft handoff support 

• spectrum and energy efficient networking 

• support for symmetric data rates on the uplink and downlink 

• built-in quality of service (QoS) and priority (class of service) management 

• MEA/QDMA® products and ASIC provide high speed mobile broadband connectivity (QDMA® 
radio was designed to support vehicular speeds up to 250 mph) 

• location awareness without GPS 

 

Companies selling solutions based on MEA™ technology include: Nowwireless 
(http://www.nowwireless.co.uk/) 

 

Company: FireTide 

Website: http://www.connect802.com/firetide.htm 

 

FireTide markets wireless mesh routers to distributors, value-added resellers, and system 
integrators. Firetide's HotPoint wireless mesh routers use advanced routing technologies and 
IEEE 802.11-compliant radios for the wireless ethernet backhaul. Firetide networks scale and self-
configure instantly by simply plugging HotPoints into standard AC power outlets. 

They produce high-power, 200 mW indoor and outdoor Wi-Fi mesh routers operating in the 
802.11b/g 2.4 Ghz band or the 802.11a 5.8 GHz band. 

Features: 

• FireTide's broadband radio mesh HotPoint Network (HPN) is an IP network supporting multi-
hop, point-to-point and multi-cast routing 

• HotPoint routers use a FireTide-enhanced version of the Topology Broadcast based on 
Reverse-Path Forwarding (TBRPF) routing protocol to manage the unique and dynamic 
environment of the mesh network 

• HotPoint routers find each other automatically and form a mesh network 
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• add, remove, or relocate HotPoint routers without disrupting the rest of the network or 
rebooting the system 

• powerful Security—essentially, there is an encrypted data "pipe" between any two wireless 
mesh routers. No changes are necessary in the Ethernet client machines communicating 
across the mesh 

 

Company: Tropos Networks 

Website: http://www.troposnetworks.com/ 

 

The Tropos cellular Wi-Fi system is based on distributed intelligence using the Tropos Predictive 
Wireless Routing Protocol™ (PWRP™). Each Wi-Fi cell, in addition to using Wi-Fi to communicate 
with standard 802.11 clients, passes data wirelessly back to a Wi-Fi cell gateway, attached to the 
wired network. The cells continuously monitor the quality of the wireless links and forward traffic in 
the best path to the wired gateway. In this way, the cells work together to optimize performance 
across the network. 

By optimizing for data transfer to the wired environment, the Tropos system automatically mirrors 
the application client/server architecture. 

Features: 

• eases deployment and scaling through a self-organizing network 

• allows wired backhaul to be added in line with subscriber growth by eliminating the need to 
wire every node 

• maximizes available throughput: achieves 2x that of competing routing approaches even in 
large networks 

• ensures reliability with an efficient self-healing architecture 

• offers accessibility and mobility to standard Wi-Fi clients 

• mobility using standard 802.11b clients, managing handoffs from Wi-Fi cell to Wi-Fi cell by 
adapting the routes in the mesh to reflect changes in the Wi-Fi devices location. As it roams, 
the Wi-Fi client maintains all its networked IP flows (including such applications as VPNs, 
streaming and real-time multimedia, and TCP-based protocols). No additional client software 
nor any additional infrastructure, apart from the Tropos Wi-Fi cells themselves, is required. 

• actual throughput in the range of >1 Mbps (symmetrical) 

 

Tropos equipment has been deployed in the city of Chaska, Minnesota, to provide broadband 
access to 7,500 homes and more than 18,000 residents of the city. Chaska has been able to offer 
$15.99/month broadband service to its residents, and to achieve a 20% take-rate within one month 
of the service going live. 

 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 25 - Version 1.1  

Company: BelAir Networks 

Website: http://www.belairnetworks.com/ 

 

Designed around Wi-Fi, WiMax technology and based on patented cellular technology. 
Architecture optimised for high density hot zone and metro deployments. 

Features: 

• integrated access and backhaul; the meshed backhaul operate on a different frequency band 
from the Wi-FI access radios 

• scalable mesh architecture; the mesh architecture supports multiple, full duplex, access and 
egress points. In addition, wireless routing with load balancing and alternate paths are used to 
enhance system availability and provide a self-healing network 

• high gain antennas in a circular array with automatic antenna selection 

• use of three independent channels and directional channels for excellent frequency reuse and 
guaranteed backhaul performance 

• dynamic power and data rate adaptation on a packet-to-packet basis 

• radio-aware routing algorithms based on capacity, latency and link performance 

 

Company: Dust Networks 

Website: http://www.dustnetworks.com/ 

 

Dust Networks’ SmartMesh™ platform is designed for wireless connection between sensors and 
systems, using purpose built, low power hardware. It employs frequency-hopping spread spectrum 
(FHSS) technology operating in the 902–928 MHz frequency range. Frequency hopping is 
particularly useful in industrial environments where intermittent RF interference is common. 

SmartMesh™ is a resilient, self-healing wireless mesh network optimized for low data-rate 
applications in the areas of building automation, industrial monitoring, and perimeter security. 

Features: 

• purpose-built, low power devices 

• robust against interference 

• deterministic routing for a highly manageable network that supports rich QoS monitoring and 
alarm generation 
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Company: Mesh Dynamics 

Website: http://www.meshdynamics.com/ 

 

Unlike most other mesh Web sites, the Mesh Dynamic site contains a lot of information on the 
products, architecture, software, simulation results, etc. 

Mesh Dynamics distinguish themselves from other mesh providers in the way they maintain 
bandwidth/capacity in a mesh network over a large number of hops. They promote a 2- or 3-radio 
base module that separates the bi-directional backhaul (using 802.11a/n or WiMax) from the 
service channel (on 802.11a/b/g). They claim “at least 64X better bandwidth distribution than 
competing architectures”. 

 

 

Figure 2-1 : Mesh Dynamics System 

 

Company: Nortel Networks 

Website: http://www.nortelnetworks.com/ 

 

Value-added provider of high speed wireless systems. 

Features: 

• mesh of hot-spots 

• utilizes low-cost 802.11 technology 

• uses 802.11a (5GHz) for backhaul and 802.11b (2.4GHz) for access 
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• smart antennae, integrated routers, and adaptive routing and security capabilities 

• auto-configuration algorithms in wireless access points 

 

Company: Strix Systems 

Website: http://www.strixsystems.com/ 

 

Provides a distributed mesh architecture by offering backhaul and client services in a high 
performance 802.11a/b/g model. 

Features: 

• nodes are configurable to contain a mix of client connect, network connect, or network server 
functions 

• supports any combination of 802.11 a/b/g, both to the client and in the mesh backbone 

• managed mesh uses multiple radios per node and multiple channels within the mesh 

 

Company: PacketHop 

Website: http://www.packethop.com/ 

 

PacketHop focuses on mobile mesh solutions that are survivable, interoperable and cost-effective. 
For example, they deployed the first multi-agency, mission-critical, mobile broadband 
communications network for the homeland security market in California’s Bay area in the US. 

 

Company: Intel 

Website: http://www.intel.com/ 

 

Intel research and development teams are working on multi-hop mesh networks, although there is 
little detailed information available on the Web. 

Much of the effort appears to be devoted to be aimed at the development of low-cost, low-power 
access points for self-configuring, low-cost adaptive networks. They are also looking at the 
network installation process, including network node placement and configuration so that end-
users and businesses can easily realize the full benefits of multi-hop mesh networks. They are 
involved in standardisation to enable interoperability between different vendors and applications. 
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2.3. Optimisation of coverage and capacity in wireless mesh networks 

There is very little published work in the academic literature that directly considers the optimization 
of wireless mesh networks (WMN). Most notably, Qiu et al [1],[2] consider the problem of 
determining the optimal location for Internet gateways in WMN. They implement a detailed model 
considering coverage, capacity, fault tolerance and interference issues, and apply greedy 
heuristics to select near optimal locations.  

One weakness of the paper is the failure to take into account the current user subscriptions in the 
network; instead all users are assumed to take part and provide further coverage leading to over 
optimistic estimates. The authors intend to address this issue in future work. The same research 
group also considers the impact of interference on the throughput of WMNs [3]. Ko et al. [7] apply 
a genetic algorithm to design a mesh network, however, as the work only considers a network 
required to join 10 cities, few practical conclusions can be drawn from their results. There is a 
significantly larger body of work concerning the optimization of topologies for fixed networks, for 
example, see [8],[9],[10]. The optimization and evaluation techniques described in these papers 
provide some support for the optimization of WMN. 

There are relatively few high quality papers of interest in providing estimates for the coverage and 
capacity of mesh networks. Nokia Networks [3] have simulated the coverage of WMN in 
comparison with Point-to-Multipoint network topologies, claiming comparable or improved 
coverage for WMN in all cases. In common with much research in this field, the results are based 
on fully mature networks, although the authors do note the need for seed nodes during network 
rollout. Jun and Sichitiu [4] consider the effect of forwarding traffic to Internet gateways in WMN. 
They show the throughput each node decreases as O 1/n( ), where n  is the number of nodes in 
the network. The impact of traffic forwarding is also reflected in [5] in the choice of metrics for 
optimizing root node locations in wireless networks (albeit for networks based on a tree topology). 
The OPNET simulations reported in [5] and reproduced below also demonstrate the loss in 
throughput at a collision bottleneck where a mesh converges on a single gateway. 

 

   

Figure 2-2 : Simulation of Capacity of a Mesh of 11Mb/s links from [5] 

The analysis described in [5] seems particular pertinent to issue of capacity in Mesh networks. The 
paper demonstrates that Mesh wireless networks produce bottlenecks, which are caused by the 
mutual interference between near adjacent hops. These bottlenecks develop near gateways but 
not at the gateways. The authors derive the capacity available to each user, for a network with 31 
nodes fed through a single gateway. The capacity/user is < B/97, where B is the bandwidth of the 
individual hops and all users have a democratic share of the resources. It should be emphasised 
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that this derived capacity represents a continuous capacity without any consideration given to 
latency, which may be high for some users.  

The gateway in the mesh configuration could be replaced by a base station in a P-MP operation. If 
this base station could connect to all 31 CPEs (nodes), the individual capacity available to each 
CPE must be B/31, where the P-MP uses the same bandwidth as the mesh. On this basic 
comparison the P-MP is ~ 3 times more spectrally efficient than the mesh. 

It is possible that the mesh might be able to use a more spectrally efficient modulation scheme 
than the P-MP, as its individual hop lengths are shorter. However it is unlikely that it could improve 
the data rate on individual hops by anything like a factor of ~3 over the P-MP network, as the use 
of higher order modulation schemes generally does not improve capacity in a self-interference 
limited case, such as this. The conclusion is that even with a limited number of users, the P-MP is 
more spectrally efficient (in terms of capacity/bandwidth), although it requires higher EIRPs owing 
to the longer path lengths. (An initial example in the paper with only 8 nodes demonstrates the 
same effect, where the capacity available to each mesh user is B/30 compared with a potential of 
B/8 for P-MP.) 

The paper also reports some results from simulations. They show that with 6 active nodes (users) 
the individual user in the Mesh can expect a data rate of only 256 kbps, when the individual hop 
capacity is 11 Mbps. In the P-MP case the individual capacity/user for 6 active CPEs would a little 
less than 2 Mbps. Again the P-MP solution offers significantly better capacity than the mesh. 

A major claim of Mesh networks is that of improved coverage over P-MP systems. However in 
current deployments this seems to be achieved at the expense of much reduced capacity and 
considerably more latency than P-MP systems. This reduced capacity arises from the Mesh 
architecture, where the backhaul and end user connections both share the same network. Thus as 
the demand for capacity in the Mesh increases, the individual nodes are required to forward more 
and more traffic to other users, thus throttling their particular connection.  Other network 
configurations such a dual-layer architecture branch and tree networks as used by Mesh 
Dynamics (see Figure 2-1) might provide a better compromise between coverage, capacity and 
latency. For example a study in [[11]] has investigated how coverage of point-multipoint systems 
improves with a dual layer architecture of P-MP and short range forwarding repeaters. This 
architecture achieves high coverage but does not suffer latency issues as in general each user 
has a low number of hops to the basestation. The results of a simulation based on the town of 
Malvern are shown below: 

Percentage Coverage vs Number of Repeater Nodes
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Figure 2-3: Coverage improvement via repeaters 
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Here the coverage to the simulation area without any repeating nodes is around 30%. Adding 3 
repeating nodes to the coverage area improves coverage to 80%. A further advantage is that 
those users served via repeaters will be able to use lower cost short range equipment and the 
higher cost P-MP hardware is shared between several users.  The two curves in Figure 2-3 
differentiate between attempting to connect all users directly and using repeaters only when 
necessary and the case of the all users being connected by repeaters except those at repeater 
nodes – i.e. connection through repeaters only implies all customers are ideally served via 
repeaters with the minimum number served directly via the P-MP system minimising the P-MP 
hardware requirements. 

The consortium is currently developing a traffic simulator to evaluate capacities and latencies in 
Mesh networks for various scenarios and a terrain/building database based simulator to 
investigate and optimise the coverage of Mesh systems. 

 

2.3.1. References 

[1] L. Qiu, R. Chandra, K. Jain and M. Mahdian, Optimizing the Placement of Integration Points in 
Multi-hop Wireless Networks, Microsoft Tech Report, MSR-TR-2004-43, May, 2004  

[2] R. Chandra, L. Qiu, K. Jain and M. Mahdian, Optimizing the Placement of Integration Points in 
Multi-hop Wireless Networks, Proceedings of IEEE ICNP, Berlin, October 6-8, 2004. 

[3] K. Jain, J. Padhye, V. Padmanabhan and L. Qiu, Impact of interference on multi-hop wireless 
network performance, In Proc. Int'l Conf. Mobile Computing and Networking, Sept. 14-19, 
2003, San Diego, CA, pp. 66-80 

[4] S. Naghian and J. Tervonen, Semi-infrastructured mobile ad-hoc mesh networking, Personal, 
Indoor and Mobile Radio Communications, 2003. 14th IEEE Proceedings on PIMRC 
2003, Volume: 2 , 7-10 Sept. 2003 Pages:1069  - 1073 vol.2 

[5] J. Jun and M. L. Sichitiu, The nominal capacity of wireless mesh networks, Wireless 
Communications, IEEE [see also IEEE Personal Communications] , Volume: 10 , Issue: 5 
, Oct 2003 Pages:8  - 14 

[6] H. Lee, C. Lee, L.E. Hester and R.J. O’Dea, Optimum root placement in a multiple-hop 
wireless network, Wireless Communications and Networking Conference, 2002. WCNC2002. 
2002 IEEE, Volume: 2, 17-21 March 2002 Pages:819  - 824 vol.2 

[7] K-T. Ko, K-S. Tang, C-Y Chan, K-F. Man and S. Kwoung, Using genetic algorithms to design 
mesh networks, IEEE Computer, pp.56-61, Aug 1997. 

[8] S-T Cheng, Topological Optimization of a Reliable Communication Network, IEEE 
Transactions on Reliability (SCI), vol. 47, no. 3, pp. 225-233, September 1998. 

[9] B. Dengiz, F. Altiparmak and A.E. Smith, Local search genetic algorithm for optimal design of 
reliable networks, IEEE Transactions on Evolutionary Computation, Vol. 1, 1997, pp. 179-188. 

[10] Y. Chen and Z. He, Bounds on the reliability of distributed systems with unreliable nodes and 
links,  IEEE Transaction on Reliability, Volume 53, No. 2, June 2004, pp. 205-215. 

[11] Broadwan European Project, FP6 IST 001930. 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 31 - Version 1.1  

2.4. Current routing protocols for mobile and ad-hoc networks 

This section briefly surveys current routing protocols that are available for mobile ad-hoc mobile 
networks (MANet). A more detailed survey of MANet routing protocols can be found in [1], [2]. 

2.4.1. Introduction 

In wireless Mesh networks, the routing protocol is responsible for delivering a packet from one 
node to another, usually via a chain of intermediate nodes. When two nodes are adjacent to one 
another (in range), the transfer of a data packet from a source node to a destination node is 
straightforward. Multiple hop packet transfers, where the packet is passed to one or more 
intermediate nodes before reaching its destination, requires that a node can receive, manage, 
route and, transmit traffic from other sources to new nodes on the network. In a wireless system, if 
a node has a steerable antenna, then one of several point-to-point links from the node may be 
selected. 

Broadly speaking, there are two principle types of routing protocols: table driven and on-demand 
(also called source-initiated). A general introduction to MANet routing protocol performance issues 
for these types is given in [3]. 

For table-driven protocols, routing information is maintained in tables at each node for all routes in 
the network. A route is defined as being a unique set of one or more hops to each contactable 
node in the network. To ensure that this information is kept consistent and up to date, changes in 
the network topology are propagated throughout the network using control messages, usually sent 
at periodic intervals. 

With on-demand routing protocols, a source node establishes the routing information to the 
required destination node when a connection is required. This is achieved by using a route 
discovery process. The simplest route discovery process is a broadcast message that is flooded 
across the network until the destination node is reached, though this can be inefficient in terms of 
network bandwidth. Optimisations are often performed to cache routing information at particular 
nodes, reducing the flood traffic. 

For both classes of routing protocols, any intermediate nodes contained within a route must 
manage traffic from multiple sources to multiple destinations on a limited bandwidth link, or in the 
case of a node with a steerable antenna system, multiple limited bandwidth links. Traditionally, the 
scheduling of a link has been a challenge for other packet-based networks, particularly for ones 
using high bandwidth links that incorporate different Quality of Service (QoS) attributes for different 
end-to-end flows within routes. The nodes must implement a close approximation of a Generalised 
Process Sharing (GPS) algorithm for each link, such that guaranteed minimum transfer rates, 
tolerable latencies and packet drop rates can be achieved [4]. In a practical sense, such 
approximations as Weighted Fair Queuing (WFQ) do not scale to high transfer rates or a large 
number of routes. QoS will not be considered in this survey, but its effectiveness is tightly coupled 
with routing, particularly for wireless networks where a node's coverage area makes its influence 
on the available bandwidth greater during link utilisation. 

The following sections will survey four current mobile ad-hoc network routing protocols; Dynamic 
Source Routing (DSR), Ad-hoc On Demand Distance Vector Routing (AODV), Optimised Link 
State Routing Protocol (OLSR), and Topology Broadcast Based on Reverse-Path Forwarding 
(TBRPF). Both DSR and AODV are on-demand protocols, whereas OLSR and TBRPF are table 
driven protocols.  

Since it is important to consider networks with smart or steerable antenna arrays, using very 
narrow point-to-point links, it is worth mentioning some common point-to-point routing protocols 
that are used in physical link systems (such as the Internet), as these are also applicable here. 
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Current protocols such as Open Shortest Path First (OSPF) [5] and Boarder Gateway Protocol 
(BGP-4) [6] are applicable in this domain. 

 

2.4.2. Dynamic source routing protocol (DSR) 

The Dynamic Source Routing (DSR) protocol is the only one of the four MANeT routing protocols 
that has been passed to the IETF for standardisation. The DSR protocol [7] is a source-routed on-
demand routing protocol: 

The Dynamic Source Routing protocol (DSR) is a simple and efficient routing protocol 
designed specifically for use in multi-hop wireless ad hoc networks of mobile nodes.  DSR 
allows the network to be completely self-organizing and self-configuring, without the need 
for any existing network infrastructure or administration.  The protocol is composed of the 
two main mechanisms of "Route Discovery" and "Route Maintenance", which work 
together to allow nodes to discover and maintain routes to arbitrary destinations in the ad 
hoc network. All aspects of the protocol operate entirely on-demand, allowing the routing 
packet overhead of DSR to scale automatically to only that needed to react to changes in 
the routes currently in use.  The protocol allows multiple routes to any destination and 
allows each sender to select and control the routes used in routing its packets, for example 
for use in load balancing or for increased robustness.   Other advantages of the DSR 
protocol include easily guaranteed loop-free routing, operation in networks containing 
unidirectional links, use of only "soft state" in routing, and very rapid recovery when routes 
in the network change.  The DSR protocol is designed mainly for mobile ad hoc networks 
of up to about two hundred nodes, and is designed to work well with even very high rates 
of mobility. 

The route discovery mechanism is invoked when a source node wishes to send a packet to a 
destination. A route discovery cache is used within the node as a performance optimisation, so 
that if a route to the destination already exists in the cache, then this is used as the route to 
facilitate the transfer. If the cache does not contain the route, then the node discovers the route by 
broadcasting a route request packet. The route request packet initially contains just the address of 
the source and destination. When the packet is received by another node, it checks in its route 
cache to see if it knows of a route to the destination. If it does, the route is appended onto the 
packet and passed back to the source node. If it does not, the packet is appended with the current 
address of the node before being retransmitted as a broadcast. Thus a link record, or sequence of 
hops, is formed in the packet whilst it is traversing the network. 

To limit the amount of broadcast packets and also to prevent loops a node only processes each 
discovery packet if its address is not already present within the link record. 

Once the route discovery packet reaches the destination node, the link record is extracted and 
logically reversed, thus forming a route back to the source node. This route reply packet is 
interrogated by the source node to establish a valid route. 

The route maintenance mechanism is responsible for managing the cached routes and 
exceptions, such as link failures. Route error packets are generated if data is not acknowledged by 
a particular receiving node.  A route error packet is passed back to each intermediate node 
towards the original source (downstream). Any node receiving an error packet will remove the 
valid route from its cache. A limitation of this protocol is that nodes forming a route towards the 
destination node (upstream) on the other side of the failed link are unaware of the error. 

Unlike several of the other protocols included in this survey, there is no restriction of managing 
routes symmetrically. The protocol can manage a situation whereby a route established from 
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nodes A to B is different to that from B to A. This is useful when links are asymmetric. Furthermore, 
multiple routes to a destination node can be maintained in cache, facilitating quick recovery. This 
also allows additional information to be maintained such as QoS attributes, though this is not part 
of the standard. Finally, one significant advantage of DSR is that the route maintenance 
mechanism is not reliant on the periodic generation of update/control packet that communicate 
state change across the network. 

The DSR protocol generates a large amount of network traffic when the route discovery 
mechanism is invoked. Furthermore, since the list of node addresses is placed into every data 
packet, there is a considerable impact on efficiency if the network is large. The DSR protocol is 
intended for networks in which a relatively small number of nodes move at moderate speeds in 
relation to the packet transmission latency. 

 

2.4.3. Ad-hoc on-demand distance vector routing (AODV) 

The Ad-hoc On-demand Distance Vector Routing (AODV) protocol is described in RFC 3561 [8]: 

 

The Ad hoc On-Demand Distance Vector (AODV) algorithm enables dynamic, self-starting, 
multihop routing between participating mobile nodes wishing to establish and maintain an 
ad hoc network.  AODV allows mobile nodes to obtain routes quickly for new destinations, 
and does not require nodes to maintain routes to destinations that are not in active 
communication.  AODV allows mobile nodes to respond to link breakages and changes in 
network topology in a timely manner. The operation of AODV is loop-free, and by avoiding 
the Bellman-Ford "counting to infinity" problem offers quick convergence when the ad-hoc 
network topology changes (typically, when a node moves in the network).  When links 
break, AODV causes the affected set of nodes to be notified so that they are able to 
invalidate the routes using the lost link. One distinguishing feature of AODV is its use of a 
destination sequence number for each route entry.  The destination sequence number is 
created by the destination to be included along with any route information it sends to 
requesting nodes.  Using destination sequence numbers ensures loop freedom and is 
simple to program. Given the choice between two routes to a destination, a requesting 
node is required to select the one with the greatest sequence number. 

The AODV protocol is similar to the DSR protocol in that it uses route discovery and route 
maintenance mechanisms. 

To discover a path to a destination node, the source node broadcasts route request packet. In a 
similar way to DSR, AODV uses a route discovery cache within the node as a performance 
optimisation, so that if a route to the destination already exists in the cache, then this is used as 
the route to facilitate the transfer. Otherwise the packet is rebroadcast until it reaches the final 
destination node. 

The main difference between DSR and AODV is in the structure of the route table. When a node 
forwards a packet to its neighbours, it records in its tables the node from which the first copy of the 
request originated (the source node), thus establishing a reverse path. This information is used 
when propagating a route reply through the network, in that the route reply follows the reverse 
path of the route request packet. As the reply is being propagated across the links, the nodes 
along the path enter the forward route into their tables. Note that unlike DSR, the route request 
packet is not appended with an intermediate node's address, it is simply forwarded, reducing the 
computational burden on the node and reducing the bandwidth required by the route request 
algorithm. 
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The route request packet uses sequence numbers to ensure that a route is loop free and also to 
ensure that if the intermediate nodes reply to a route request, they reply with current information 
only. 

The route maintenance mechanisms function in a similar way to that of DSR described in the 
previous section. 

Since the route reply packet must follow the same path as the route request packet, AODV will 
only support symmetric links. It is unique in this study in that it does support multicast 
communications. 

2.4.4. Optimised link state routing protocol (OLSR) 

The Optimised Link State Routing (OLSR) protocol is defined in RFC 3626 [9]: 

The Optimized Link State Routing Protocol (OLSR) is developed for mobile ad hoc 
networks.  It operates as a table driven, proactive protocol, i.e., exchanges topology 
information with other nodes of the network regularly.  Each node selects a set of its 
neighbour nodes as "multipoint relays" (MPR).  In OLSR, only nodes, selected as such 
MPRs, are responsible for forwarding control traffic, intended for diffusion into the entire 
network.  MPRs provide an efficient mechanism for flooding control traffic by reducing the 
number of transmissions required. 

Nodes, selected as MPRs, also have a special responsibility when declaring link state 
information in the network.  Indeed, the only requirement for OLSR to provide shortest path 
routes to all destinations is that MPR nodes declare link-state information for their MPR 
selectors.  Additional available link-state information may be utilized, e.g., for redundancy. 

Nodes that have been selected as multipoint relays by some neighbour node(s) announce 
this information periodically in their control messages.  Thereby a node announces to the 
network, that it has reachability to the nodes that have selected it as an MPR.  In route 
calculation, the MPRs are used to form the route from a given node to any destination in 
the network.  Furthermore, the protocol uses the MPRs to facilitate efficient flooding of 
control messages in the network. 

OLSR is a table-driven routing protocol in that nodes maintain a list of reliable routes to all 
contactable nodes, which can be used when required. The primary design criterion for OSLR in 
mobile networks is to reduce the amount of overhead required in establishing and maintaining 
routes. Conceptually this is achieved by reducing the size of control/update messages so that they 
only contain state data for a subset of a node's neighbours. In addition, the multi-point relays 
(MPR) minimise flooding of the control messages. A MPR node is responsible for routing control 
messages through the network; other nodes will receive these messages but not forward them. 
Selecting the set of MPRs is crucial to the efficiency of the network: the less MPRs a network 
requires, the more efficient the propagation of control messages is. 

There are 4 primary mechanisms in OLSR: Neighbour sensing, MPR selection, Topology control 
and the Routing table. 

The neighbour sensing mechanism is achieved by using 'Hello' messages that are sent to its 
nearest neighbours. These are generated periodically to ensure consistency. Information is 
received relating to its nearest neighbours and its nearest two-hop neighbours. This information is 
time stamped for a validity period, and will be expelled from the node if it becomes too old. This 
information is not sufficient for routing packets across the network, at most a route can be found 
for a destination node with a distance of two hops. 
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The MPR selection mechanism is crucial to reducing flood traffic and to the efficiency of the 
network. Each node may select an individual set of MPRs independently. Several selection 
algorithms have been proposed but are beyond the scope of this survey [10]. 

The topology control mechanism is responsible for allowing a node to evaluate different routes to 
destinations in the network. This is achieved by broadcasting Topology Control (TC) messages 
from MPR nodes. MPRs also forward TC messages that they receive to their nearest neighbours. 
Each node in the network maintains a topology table, which is used to record the topological 
information about the network from the TC messages received. 

Finally, the routing table is calculated using the information in the neighbour table of the node that 
was determined through the flooding of 'Hello' messages, and the topological information that was 
recorded in the topology table, through the flooding of TC messages. The shortest path algorithm 
is adopted during route evaluation. 

Currently, unlike the other MANet protocols discussed here, there is a QoS version of OLSR that 
attempts to build in QoS attributes into the selected route [11]. 

Topology broadcast based on reverse path forwarding (TBRPF) 

The Topology Broadcast Base On Reverse Path Forwarding (TBRPF) [12] is the most current 
protocol in this survey and is still relatively experimental. RFC 3684 states: 

 Topology Dissemination Based on Reverse-Path Forwarding (TBRPF) is a proactive, link-
state routing protocol designed for mobile ad-hoc networks (MANets), which provides hop-
by-hop routing along shortest paths to each destination.  Each node running TBRPF 
computes a source tree (providing shortest paths to all reachable nodes) based on partial 
topology information stored in its topology table, using a modification of Dijkstra's 
algorithm.  To minimize overhead, each node reports only *part* of its source tree to 
neighbours. 

TBRPF uses a combination of periodic and differential updates to keep all neighbours 
informed of the reported part of its source tree.  Each node also has the option to report 
addition topology information (up to the full topology), to provide improved robustness in 
highly mobile networks. 

TBRPF performs neighbour discovery using "differential" HELLO messages which report 
only *changes* in the status of neighbours.  This results in HELLO messages that are 
much smaller than those of other link- state routing protocols such as OSPF. 

TBRPF consists of two modules: the neighbour discovery module and the routing module 
(which performs topology discovery and route computation).  

TBRPF is also a table driven protocol where nodes maintain a list of reliable routes to all 
contactable nodes. 

A significant difference between OLSR and TBRPF is that differential link-state update messages 
are used to transfer state across the network, thus reducing the flood traffic still further.  The main 
difference however, is found in how the link-state messages are propagated. TBRPF uses 'node 
sets' which are sub-trees of the network. The sub-trees are formed by the minimum hop paths 
from all nodes to the source of the update. TBRPF propagates link-state updates in the reverse 
direction on the spanning tree. Leaves on the tree do not forward updates. Thus a smaller subset 
of the source tree can be propagated. A node can also include the entire source tree in the 
updates for full topology modification. Essentially, root nodes on a sub-tree can be considered 
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analogous to MPRs in the OLSR protocol, though they do not process the update messages in the 
same way as they limit the reported subset of the tree. 

Several experiments have been conducted with this protocol and a considerable improvement in 
efficiency has been shown over OLSR [13], especially for networks where fast topology changes 
occur. 
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2.5. Spectrum efficiency claims for wireless mesh networks 

There have been many claims made for the high spectral efficiency that can be gained through 
Mesh networking, in particular the claim that capacity and hence spectrum efficiency increases 
with the size of the mesh network.  

The traditional problem with a mesh capacity is that the need to forward traffic between nodes 
soon uses up the entire capacity of the network if the number of relaying transmissions is allowed 
to become large. As a result of self-interference within the network, total throughput falls rapidly as 
the number of nodes increases. Congestion leads to low spectrum efficiency. 

2.5.1. Capacity of meshes 

A recent report to Ofcom by Jones et al. [1] demonstrated that a mobile mesh network could attain 
very high capacity, but at the expense of significant latency via a technique of store and forward 
packet relaying by mobile nodes. This work was based on earlier work by Grossglauser [2], which 
demonstrated that where nodes are constrained to only transmit packets between close 
neighbors, the overall capacity is maximized.  

Packets find their way to their destination by the random mobility of the nodes in the network. The 
strategy is for each source node to split its packet stream to as many different nodes as possible. 
These nodes then serve as mobile relays that pass traffic whenever they get close to the final 
destination. Since there are many different relay nodes, the probability that at least one is close to 
the destination is significant. Each packet goes either directly or through only one relaying node, 
so the throughput can be kept high.  

This is fine and undoubtedly works, but the transmission time depends on the mobility of nodes in 
the network. It is not at all applicable to fixed mesh networks and not particularly applicable to 
mobile networks where the speed of mobility is low relative to the size of the network. Potential 
transmission times of minutes and hours are suggested in [2].  

Even in the best conditions, this capacity gain via mobility is totally unsuited to all traffic that is in 
any way interactive. As the economics of network provision dictate at the very least some limited 
interactive services as part of a viable service bundle it is difficult to see a market for this 
technology. Business Email has taken over from paper partly because it is so much quicker taking 
seconds rather than hours to deliver. Even traditionally non-time critical data acquisition systems, 
for example remote monitoring, environmental measurements, ocean monitoring buoys etc. are 
now required to produce near real time data.  

2.5.2. Need for a common air interface 

The light license requirement tends to focus on the scenario where the performance of these 
systems is limited through external interference rather than by interference generated within their 
own system. Thus the traffic loading of the particular operation might be quite light but the chances 
of gaining access to a “free” channel relatively poor. A particular operator in this situation has to 
compete with all other potential users of channel.  

In order to facilitate spectrum sharing between competing networks it may be advantageous to 
mandate a common air interface for Mesh systems sharing a particular band. Clearly this will be a 
constraint on the development of new systems, however the Figure 2-4 demonstrates what can 
happen if a systems employing a polite protocol like CSMA finds itself sharing with an impolite 
one.  

This is precisely the problem, which arises when two incompatible systems such as WiFi IEEE 
802.11 (polite MAC) and WiMAX IEEE 802.16 (always assumes primary use of spectrum) try to 
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operate in the same general locality in light licensed band. Manchester and RAL simulations have 
both demonstrated that the less polite MAC protocol always wins when two systems compete for 
capacity. With a common air interface this situation could be avoided. 

 

 

Figure 2-4 : Spectrum Sharing Between Polite and Impolite Protocols 

When the systems are co-located the 802.16 will always grab control at some point; then since it 
will lose packets to 802.11 interference it's uplink downlink maps will start to fill up owing to retries. 
The effect of this is to deny 802.11 a chance to transmit. An equilibrium exists when 802.16 will 
have sufficient control to get through all it's data. As the separation increases the partial 
connectivity problem starts to cause losses in 802.16 as well. 

As a result, if an operator in spectrum commons wishes to overcome the competition thereby 
gaining an advantage in the marketplace, they will be better off using a protocol that is as impolite 
as possible to all other rival protocols. This will not improve co-existence nor spectrum efficiency. 
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3. CAPACITY AND INTERFERENCE 

In this section features of Mesh performance relating to capacity and interference are examined. It 
has been found hard to split the two areas (as in the original project proposal) whilst leaving a 
reasonably logical flow to the section since, in Mesh architectures, capacity and interference are 
so closely linked. 

The first subsection tackles the technology issues of a Mesh network through an analytical 
approach. A comparative analysis of Mesh and P-MP is one of the main focuses. 

The second subsection deals with the issues that arise in the implementation/planning of a Mesh, 
specifically node interconnection strategy and seed-node analysis. 

The third subsection includes majority of the simulation work relating to the analysis of previous 
subsections. This was included separately from the analytical sections for readability. 

3.1. Issues affecting efficiency 

3.1.1. Directional antennas 

Non-directional antennas have been deployed in mesh systems because in general they are 
small, unobtrusive, can link to more than one other node and require no alignment.  Mae systems 
with short links do not require the link budget advantage gained through the use of higher gain 
directional antennas. Spectrum efficiency can be improved through the use of directional antennas 
either for transmitting, receiving or both. A practical disadvantage of using a directional antenna is 
the increased probability of interference through the hidden node problem4. This may be greatly 
reduced in mesh topologies by using short links with directional antennas at both ends of the link. 

A higher gain transmit antenna will permit a reduction in transmitter power to achieve the same 
signal level at the receiver and will also benefit other band users through a reduction in 
interference for those users outside the transmitting antenna main lobe. 

Reductions in transmitter power may lead to reductions in power consumption that could benefit 
portable battery driven equipment. This is not usually not very significant in fixed link service for 
two reasons: 

1. In modern broadband wireless systems the power consumption is often dominated by the 
signal processing rather than the RF circuits.   

2. The transmitter normally operates for only a proportion of the time when there is traffic to 
pass and therefore may only represent a small part of the power budget.  

The main advantage of using a directional antenna at the transmitter is therefore in the reduction 
of interference caused to victim receivers outside the main beam. Interference to victims within the 
main beam is no worse than for Omni systems.  

Both low sidelobes and a narrow accurately aligned main beam are required to maximise the 
benefit from directional antennas. Alignment may be an issue as in fixed line-of-sight systems 
where the same antenna is used for both transmitting and receiving, the alignment is normally 
performed in receive mode through a local measurement of signal strength whereas in mesh 
                                                 

4 The hidden node problem applies in networks using carrier sense multiple access where a node listens for a clear channel 
before transmitting and does not realise another node is transmitting because that node is “hidden” either through blockage or 
antenna discrimination.  
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networks the route from source to destination may be different from the return path. It is therefore 
possible to have hops with traffic in only one direction. Alignment of transmit-only link nodes will 
require coordination through the network. 

In receive mode the antenna gain adds directly to the signal strength, so a directional receive 
antenna can provide range extension if the transmit EIRP remains fixed. In a power controlled 
system, an increase in receiver antenna gain allows a corresponding reduction in transmitter EIRP 
and lessens interference to other users. This applies even if the transmitter antenna is an omni.  

A directional antenna at the receiver has the additional advantage of suppressing interference 
arising from directions away from the main beam.  

In a dynamic environment the receive antenna must be steered automatically, and this leads to the 
possibility of deploying smart antennas. Smart antennas may be classified into two groups: beam-
steering and null-steering. In the beam-steering case we try to maximise the gain in the direction 
of the required transmitter, whereas in the null-steering case we try to minimise (null) the gain in 
the directions of the interferers.  An array with N elements is capable of eliminating the 
interference from up to N-1 distinct sources. The sidelobes are effectively positioned at angles 
where there are no interferers. By taking advantage of the spatial distribution of the interferers, the 
null-steering smart antenna can provide much greater improvements in SIR than the beam-
steering antenna. This is important where the system is interference limited rather than power or 
coverage limited. 

The benefits of directional antennas at both transmitter and receiver are additional, i.e. the benefits 
calculated separately can be added together. We may further consider using a smart antenna at 
the transmitter. This would be able to eliminate interference in the directions of N-1 chosen 
receivers, provided the channel state information for all these receivers is known.  

The optimum transmit and receive antenna patterns may be different. Consider two nodes, A and 
B, exchanging messages. When A is transmitting to B, A should place nulls in the directions of 
other nodes that are receiving signals from other transmitters, while B should place nulls in the 
directions of other nodes that are currently transmitting, and vice versa. The sub-set of nodes that 
are receiving when B is transmitting will vary over time. For the active receivers to be known there 
must be a degree of central control or cooperation between all participating nodes. This 
cooperation is unlikely to exist in unregulated spectrum commons.  

A further possibility is the use of MIMO technology. Here the transmit and receive antenna patterns 
are jointly optimised to maximise the transmission rate between them by resolving as many 
orthogonal propagation channels as possible. MIMO technology has large potential, especially in 
cases where there is significant multipath. MIMO technology has only recently become available at 
low cost and the performance of meshed MIMO systems in interference limited channels needs to 
be investigated. 

3.1.2. Link rate adaptation 

This section looks at the effects of transmission rate on spectral efficiency, defined as useful 
capacity per unit area as well as time.  

The literature search of link adaptation algorithms, found only one that takes account of the 
congestion of the radio medium. This is Auto Rate Fallback (ARF), which was the first and 
simplest one to be published. It relies on a measurement of the actual PER, which is affected by 
both SNR and C/I, and a heuristic based decision. If no acknowledgement is received after two 
attempts to send a packet, the data rate is reduced for the third attempt, and subsequent frames. If 
ten frames, to the same destination, are all successful at the first attempt, the data rate is 
increased. This algorithm is very simple, but does reduce the data rate under congested 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 41 - Version 1.1  

conditions. All the other “more sophisticated” link adaptation algorithms base their choice of 
transmission rate on channel state (SNR) information alone, ignoring the more important effects of 
interference and congestion. The study of link adaptation schemes that attempt to maximise 
spectral efficiency, is a promising new area for research.  

All published link adaptation algorithms attempt to maximise the transmission rate employed by 
individual users. This will minimise the time for which the channel is occupied, leaving it free for 
other users for the maximum possible time. It is tacitly assumed that this will maximise the total 
capacity of the channel available to all users. This is certainly true in an isolated, fully-connected 
network where all users of the radio medium are members of the same network and all can hear 
and interfere with one another.  

In practice, the RF energy extends beyond the local network and to maximise spectrum utilisation 
we must also consider the other nearby users sharing the spectrum at the same time. We should 
therefore minimise the use of space and time rather than time alone. This is the basis of the 
design of cellular mobile systems where frequencies are reused at appropriate reuse distances.  

In unlicensed, or license-exempt, spectrum (spectrum commons) we also have to share with users 
belonging to other networks who are also entitled to use the medium provided they comply with 
access regulations. Basic regulations may only mandate the permissible power density within and 
outside the defined band. Impolite algorithms that aim to maximise an individual user or network 
share of the available resources may in practice reduce the total capacity, per unit of space-time, 
available for all to share. 

Three scenarios are considered:  

a. A pure PHY/MAC model where routing is not considered 
b. A single stream of traffic following a linear route of repeaters 
c. A mesh network concentrating traffic from an area over several hops to a gateway 
 

In all cases the maximum spectral efficiency is achieved when the transmission rate is kept low, 
typically to QPSK with Rate-½ FEC coding, i.e. 12 Mbit/s in the IEEE802.11a and HIPERLAN-2 
standards. It is shown that link adaptation tends to increase the transmission rate used by 
individual radios, thereby reducing the capacity available to the entire network. 

 

3.1.2.1 MAC/PHY layer considerations 

Figure 3-1 [13] shows curves of PER vs. Carrier to Interference Ratio (C/I) for the various data 
rates used in HIPERLAN/2. Similar curves apply to other families of modulation schemes used in 
wireless systems. Higher data rates require higher Signal to Noise Ratios (SNR), and hence for 
maximum transmit power they provide smaller coverage areas. 
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Figure 3-1: Packet Error Rate vs. Signal to Interference Ratio for HIPERLAN-2 

Atheros [11] have released measurement results for a typical office environment that show the 
data-rates used as a function of distance from the access point. This information is summarised in 
Table 3-1. It also gives the fraction of the surface area that each data-rate is used on this plane. 
Each area is a ring that has the higher data rate rings within it and the lower data-rate rings 
outside of it.  

Data Rate 
Mbit/s 

Distance from AP 
metres 

Surface area of Ring 
metres2 

Percentage of 
total Surface area 

6 68 14527 22.1 

9 60 11310 21.6 

12 51 8171 19.9 

18 41 5281 21.7 

24 26 2124 2.2 

36 24 1810 9.8 

48 11 380 1.8 

54 6 113 0.8 

Table 3-1: Range and Data Rate for IEEE802.11a 

The area that a given data rate will be used in is summarised in Figure 3-2 in a more graphical 
representation. The highest data rate is only used in a very small area. On average the 12Mbit/s 
data-rate will be used. 
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Figure 3-2: Usage of Data rates as a function of coverage Area 

As the data rate is increased, the coverage area is reduced, but the area that must be free from 
interference remains the same. This becomes clear when we compare any two rates. For 
example, in Figure 3-1, for 10-2 PER, 54 Mbit/s requires 30 dB C/(N+)I while 36 Mbit/s requires 
only 24 dB. Suppose the receiver noise level is –90 dBm. Then the sensitivity is –60 dBm for 54 
Mbit/s and –66 dBm for 36 Mbit/s. The weakest interfering signal that can cause a collision is 30 
dB lower for 54 Mbit/s, i.e. –90 dBm and 24 dB lower for 36 Mbit/s, i.e. –90 dBm. Hence the 
minimum loss needed for an interferer to not cause a given PER is the same for all data rates. 

Consider a link that has the option of using any data rate up to 54 Mbit/s using four modulation 
schemes, BPSK, QPSK, 16-QAM and 64-QAM. Using BPSK as a reference, the time taken to 
transmit a given amount of data is halved by using QPSK, a quarter using 16-QAM and to one 
sixteenth using 64-QAM. The higher the modulation order, the less time the channel is occupied5.  

Now consider frequency reuse. Using BPSK as reference, the minimum C/I required for a given 
BER scales with the data rate and minimum path loss to an interferer using the same channel is 
therefore scales by the same amount. Assuming inverse square law propagation, the minimum 
area that must be free of interference for successful reception is thus increased by a factor of 2 for 
QPSK, 8  for 16-QAM and 32  for 64-QAM. The amount of space-time resource required is shown 
in Table 3-2. 

Modulation BPSK QPSK 16QAM 64QAM 

Relative time to carry 1 data unit 1 1/2 1/8 1/32 

Relative C/I required (dB) 1 +3 +9 +15 

Relative Space/Time Requirement 
Rate-¾ coding 

1 0.50 × 2  
= 1 

0.25 × 8  
= 2 

0.17 × 32  
= 5.33 

Table 3-2 Space/Time requirements vs. modulation depth 

 

                                                 

5 The benefits are never actually as great as indicated here, because every transmission also carries overheads that are 
generally transmitted at the lowest rate. 
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The higher order modulation schemes clearly use more space-time resources than the lower 
orders, and should be avoided if we wish to maximise the total capacity of the medium that is 
available to share. Higher data rates should only be used opportunistically where there is a lack of 
contention, or where the path losses are greater than a square law model. As congestion 
increases, maximum spectral efficiency is achieved by requiring all users to use only BPSK or 
QPSK, and transmit at the lowest two rates. In the case of cellular mobile networks, where the 
range extends into the inverse fourth power law region, the optimum modulation scheme is found 
to be between QPSK and 16-QAM. 

The FEC coding should also be fixed at rate ½, because it is more efficient than rate ¾. The gain 
in data rate through the reduction in parity bits at ¾ rate compared to ½ rate is more than 
outweighed by the loss in coding gain.  

3.1.2.2 Single stream route 

We now consider a mesh network operating on a single channel with multi-hop routing, but without 
any other interfering users in the vicinity, i.e. only self-interference is taken into account. A Source 
node (S) is sending a stream of frames to a destination node (D) via a series of routers (R1, R2, R3, 
etc.). Router R1 cannot forward the first frame to R2 and receive the second frame from S at the 
same time, because it cannot achieve sufficient isolation between transmit and receive ports using 
the same channel6. 

S and R1 must contend for access to the channel and either S sends the second frame to R1 or R1 
sends the first frame to R2 or they collide (neither succeeds). On this simple model the maximum 
data delivery rate would be half of the transmission rate in the air. Unfortunately, there is a further 
consideration. When the second router, R2, tries to forward the first frame to R3, it will also 
contribute to the interference at R1. For successful delivery of the second frame to R1, the 
transmissions from R2 to R3 must be sufficiently isolated from those from S to R1. This is not 
possible to achieve with omni antennas on a single channel and will result in a further reduction in 
delivered data rate. For every new frame generated by S, previous frames must travel over 
several hops to reach the edge of the interference area of R1 before S can transmit the next frame. 
To avoid this penalty, the mesh must be designed so that there is sufficient isolation. This is 
possible by using different channels or directional antennas and efficient mesh networks will need 
to be designed to permit this. 

The potential magnitude of the penalty of an inefficient design can be determined as follows. 
Consider the general case of a router Rn forwarding frames from S to D, both of which are outside 
its interference range. Path losses are assumed to follow an inverse square law and antennas are 
considered to be omnidirectional.  Successful transmission using rate-½ convolutional coding, 
requires a C/(N+I) of approximately 9 dB for BPSK, 12 dB for QPSK, 18 dB for 16-QAM) and 24 
dB for 64-QAM. The interference ranges for each modulation scheme respectively are 2√2, 4, 8, 
and 16 times the coverage range. Each frame must therefore be successfully transmitted by 
routers Rn-2 to Rn+2 (BPSK), Rn-4 to Rn+4 (QPSK), Rn-8 to Rn+8 (16-QAM), and Rn-16 to Rn+16 (64-
QAM) while it remains within interference range of Rn. The effective useable data rate is therefore 
limited to 6/5 = 1.2 Mbit/s (BPSK), 12/9 = 1.33 Mbit/s (QPSK), 24/17 = 1.41 Mbit/s (16-QAM) and 
36/33 = 1.09 Mbit/s (64-QAM). Figure 3-3 shows the 12 Mbit/s QPSK case.  

This appears to show an optimum modulation scheme between QPSK and 16-QAM. This is 
optimistic because the analysis ignores interference from other routers and users in the area. The 
above analysis also assumes the route takes the minimum number of maximum length hops to 

                                                 

6 Typically, low cost systems with use Time Division Duplexing (TDD) rather then Frequency Division Duplexing (FDD). With 
TDD It is impossible to transmit and receive at the same instant. 
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cross the interference area. In practice, the actual location of suitable routers may force it to take a 
longer route and to use more hops.  

While this may seem a naive mesh network design, similar mesh systems based on IEEE802.11 
technology using omnidirectional antennas have been proposed to provide rural broadband 
extending the reach of ADSL. These systems will more or less work as long as the hop count is 
limited, blockage helps reduce the interference area of each node and the traffic loading is light. 
They can not be described as spectrally efficient. 

The number of times the frame has to be transmitted while it is in the interference area of other 
forwarding nodes governs the capacity of the channel. Clearly, higher modulation schemes do not 
translate into higher user data rates, even in the absence of any other traffic flows. 

Rn-3 Rn-2 Rn-1Rn-4 Rn Rn+1 Rn+2 Rn+3 Rn+4

 

Figure 3-3: Coverage and Interference areas of a Router 

3.1.2.3 Gateway bottlenecks 

In a Mesh network, all routes must converge on the gateways that have links via the backbone 
network to the Point of Presence (PoP). This leads to a bottleneck effect [12]. When Repeater 
nodes are sparse, the extra coverage achieved by a 2-hop connection is not as great as when 
they are densely spread across the area, as shown in Figure 3-4. Figure 3-4 shows the coverage 
extension when there are only two repeaters, randomly positioned in the single-hop coverage area 
of the gateway and again when there are a large number of repeaters. With many repeaters (e.g. 
each node can forward) the coverage approaches a circle with a radius equal to the number of 
repeats, so for example the coverage via up to two repeaters will be nine times the single hop 
area.  
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Figure 3-4: Coverage extension  

 

Where a gateway serves n evenly spread users out to the 2-hop range, on average n/4 users will 
be in direct range and 3n/4 in 2-hop range. The figures for 2, 3 and 4 hops are shown in Table 3-3 

Coverage Proportion of 
users served 

directly 

Proportion of 
users served 
via 1 repeater 

Proportion of 
users served 

via 2 repeaters 

Proportion of 
users served 

via 3 repeaters 

Relative 
number of 

transmissions 

1 1 -- -- -- 1 

2 1/4 3/4 -- -- 1.75 

3 1/9 3/9 5/9 -- 2.44 

4 1/16 3/16 5/16 7/16 3.13 

Table 3-3 Proportion of users requiring forwarding 

Where the gateway serves an m-hop cluster for n users, the total number of transmissions is 
proportional to: 
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If the “cluster” area corresponds exactly to the interference area, the available data rate is the 
transmission rate divided by the relative number of transmissions. If the interference area is less 
than the “cluster” area, some of the outer users will be able to transmit simultaneously and the 
available data rate will be increased accordingly. If the interference area is greater than the cluster 
area, then we must allow for interference from the neighbouring clusters. An efficient mesh 
network needs to be designed to limit the interference area of repeating nodes so that 
simultaneous transmissions can take place.  
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There is an issue of congestion for those repeating nodes immediately surrounding the gateway, 
for example with 3 repeats the 1/9th of nodes within direct range of the gateway must carry all the 
traffic from the network. It would therefore be useful if these nodes had higher data capacities. 

Higher capacity can be achieved via two basic mechanisms. The terminals can be allowed a larger 
proportion of the network resource, e.g. more transmission slots and/or they can be allocated a 
higher transmission data rate.   

If we allow the transmission rate to increase by using higher order modulation, where for example 
doubling the rate will need double the power, consequently doubling the interference area, the 
reducing the potential for simultaneous transmissions to occur further away from the gateway will 
be reduced. Alternatively, reducing the range will maintaining the same interference area but will 
reduce the number of nodes within direct range of the gateway. This reduced number of nodes will 
still have to forward all the traffic from the entire network. 

The conclusions from this analysis are that it is wise to limit the number of hops to the gateway 
and that the design of the physical layer should as far as practical allow simultaneous 
transmission by closely located nodes within the network. Ideally there should be more than one 
gateway and either the C/I should be maximised for example through using directional antennas 
or the C/I needed should be minimised by using lower order modulation. 

 

3.1.3. Transmitter power control 

Limiting the transmitter power to the minimum necessary is considered to improve spectrum 
efficiency. There are some issues that might occur as a consequence. Where interference is 
known to occur within a network, actively avoiding interference, through the techniques of clear 
channel sensing, request to send/clear to send etc can lead to large increases in spectrum 
efficiency.  Reducing transmitter power may cause some of these mechanisms to fail. 

3.1.3.1 TPC in networks using CSMA 

It is well known since [1] that CSMA alone does not maximise channel utilisation. CSMA works 
best if sensitivity of channel sensing is matched to the interference area. If it is less sensitive then 
the throughput quickly drops to ALOHA (18%).  

CSMA works best when the source and destination are adjacent to one another. This is because 
the interference area that matters is the area around the destination not the source. Therefore, the 
closer the source is to the destination the closer the match is to the destination’s interference area. 
The minimum transmitter power required to successfully send a packet to a given destination 
depends on the path loss, destination sensitivity, the SNR required for the signal to be decoded 
and the background interference. In order to prevent other sources coming on air during a 
transmission, the transmit power used must be matched to the carrier sensitivity of the other 
sources to ensure that they are aware of the transmission that is currently on air. In practice 
however, this is not a good idea because it will usually lead to reduced global throughput. The 
reduced throughput happens because either too many sources are forced to defer because they 
hear the now too powerful transmission or too few sources defer because the transmit power has 
been reduced and radios that will cause the packet to be dropped come on air.  

The probability of success for a CSMA transmission depends on the losses between the source 
and destination which where inverse square law applies is proportional to 1/d2. If the transmit 
power is changed but the carrier sense sensitivity remains constant in the network then clearly 
either too few or too many stations will defer leading to a drop in the global throughput of the 
network. Power adjustment for CSMA stations only makes sense for the data portions of a packet, 
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the headers need to be at full power in order to cause as many stations in the vulnerable area of 
the destination as possible to defer and all stations in the interference area of the source. 
Improvements to this scheme are only possible if radios can exchange power budget information, 
then radios further (in power loss) from the destination than the source can opportunistically 
calculate whether they are likely to cause a packet loss by transmitting or not. However, this is 
only possible when the destinations can also transmit. 

CSMA does not block transmissions from so-called hidden nodes (radios) located around the 
destination because these radios are outside the area where the source’s signal can be sensed. 
These hidden radios can therefore transmit at the same time as the source, blocking reception 
from the source at the destination resulting in packet losses. 

3.1.3.2 TPC in networks using RTS/CTS 

The use of Request to Send (RTS) and Clear to Send (CTS) is designed to prevent the problem of 
hidden radios. The RTS tells radios around the source to be quiet during the transmission. The 
destination only sends a CTS if it hears the RTS which only happens if the channel in the 
interference area around the destination is clear throughout the time the RTS is being transmitted. 
The CTS tells radios around the destination to be quiet during the data transmission. The RTS and 
CTS are short duration signals that block the channel for short periods relative to the time required 
for data and therefore should have only a small effect on the channel utilization provided most 
data packets are much larger than the control signals.  

Some standards such as the current IEEE 802.11 family specify that the RTS and CTS frames are 
sent at the minimum supported data rate. This is required to ensure that all legacy versions of 
these standards can interpret these controls but also has the important advantage of ensuring that 
these signals can be heard throughout most of the interference area7. Most existing systems use 
the same power (for example, the maximum permitted) for control frames and data. The use of 
fixed power results in the correct area being reserved to protect the data only when operating at 
the lowest supported data rate. At higher data rates which have a much smaller coverage area but 
the same interference area the radios must be located closer to one another than at low data 
rates. This means that (assuming the distance to the destination is not already known) the RTS 
power8 can be reduced so that the RTS is only understood within the coverage area of the higher 
rate data signal. For example, a data packet sent at 54Mbps requires a SNIR of about 30dB at the 
destination. If the RTS is sent using 1Mbps DSSS requiring only 2dB SINR, then the RTS power 
should be reduced by 28dB from the power used by the data so that the RTS coverage area is the 
same as the data coverage area. 

The CTS still needs to be heard throughout the interference area around the destination so cannot 
have its power reduced by the same amount. The CTS (or the following data) power can be 
reduced by the amount of excess signal power in the power controlled RTS at the destination. 
Excess power in the RTS at the destination indicates that the destination is not right at the 
boundary of the coverage area so the power required can be reduced to reflect this. It makes a 
small difference to throughput of the network which of the CTS or Data frames is power adjusted. 
There may be some power preservation advantages to choosing to reduce the power of both the 
CTS and the Data to minimise interference to others and when using battery devices to save 
power in both transmission and reception (because fewer radios will hear the lower power 

                                                 

7 The IEEE 802.11, b + g standards support 1Mbps DSSS where the control frames decode distance is the same as the 
interference area. For IEEE 802.11a the minimum data rate is 6Mbps so the control frames may not be decodable throughout 
the complete interference area.  

8 The Acknowledgement (ACK) can also be adjusted in the same way as the RTS resulting in less interference to other 
transmissions. 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 49 - Version 1.1  

transmission). However, the power reduction must be shared between the CTS and the Data if 
both use reduced power. A greater power saving results from reducing the data power only. 

The destination needs to protect the area from which it is vulnerable to interference using the 
CTS. The size of this area depends on the maximum transmit power that any other radio in the 
area can use. Further reduction in transmit power beyond what is described in the above 
paragraph requires that surrounding stations promise not to interfere, perhaps by also agreeing to 
reduce their transmit power and probably their data rate also. This requires cooperation plus a 
combined rate adjustment and power control protocol. 

3.1.3.3 TPC in WLAN meshes 

For wireless mesh applications the use of TPC is usually to (politely) minimise the interference 
caused to other users by this network’s transmissions for a given data rate. Minimising the 
transmit power used has the effect of also limiting the throughput that can be achieved if TPC is 
used without further data rate controls. This has the effect of maximising the capability of the 
network to reuse the band elsewhere as a result of minimising the interference to other users. TPC 
can however also be used to maximise the throughput of one network to the detriment of others 
sharing the same space by calculating the transmit power required to achieve and then maintain a 
high data rate even in the presence of interference. It is usual to utilise TPC alongside a data rate 
goal with the aim of maintaining the data rate wherever possible though not using excess power. If 
the interference increases then the transmit power can also be increased within the limits of the 
technology or of the regulations in force; failing this the data rate can be reduced. If the level of 
interference is too high to even maintain the minimum data rate (C/I ratio) then the station should 
defer until interference is reduced. If the interference decreases then using TPC alongside rate 
adaptation algorithms the opportunity can be taken to start broadcasting packets or to increase the 
data rate.  

In practical systems it is much cheaper to monitor changes in relative interference than to 
measure the absolute level of interference.  Signal strength can only sensibly be measured at the 
destination, not at the source.  This means that the destination must return information about the 
signal strength to the source using for example a CTS or an acknowledgement frame.  The source 
therefore never knows the current state of the channel; it only knows the state of the channel 
during a period prior to its next transmission.  To collect the information required to implement 
TPC, destinations can monitor all packets from sources within the coverage area.  This information 
can then be used, depending on its age, to estimate the channel characteristics that a future 
packet will encounter.    

An interesting way to increase the throughput in mesh networks is to simulcast [9], [10]. Normally 
stations defer whenever they hear another station's packets on air. A station can simulcast a 
packet if it can determine that by so doing, it will not prevent any other packet that is currently on 
air from being decoded at its intended destination. This requires knowledge of the path loss and 
interference characteristic of the data channel being used by both the on air packet and the 
candidate packet to be simulcasted. This information, however, cannot be simply obtained by just 
listening to the data channel. The information must be explicitly exchanged by the radios on a 
regular basis. Extra fields in control frames can be used for this information that can also be 
supplemented by noise calculations done by the receiver. Schemes that utilise this methodology 
generally use separate data and control channels. Having a separate control channel significantly 
reduces the load on the data channel and permits some scheduling of transmission. This is 
claimed to increase the throughput because the data channel is no longer providing ad hoc 
random access but neither is it fully centrally controlled. Because the load on the control channel 
is significantly less than the load on the data channel, a lower data rate can be used increasing the 
coverage and more control information can be exchanged. The control information can be sent to 
all radios in the vulnerable area of the destination. All of these radios can then opportunistically 
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calculate if they can take advantage of simulcasting without affecting other traffic that is currently 
on air. 

3.1.3.4 TPC in networks using DFS 

DFS is required in some bands to ensure that users do not cause interference to radars. DFS can 
also be used to select channels with currently the lowest usage by others to use by the station 
implementing DFS. Because station's using DFS choose to use channels with the lowest level the 
interference/noise this leads to a roughly even usage of all channels wherever there is competition 
for spectrum resources. TPC when used to minimise interference caused to others also has the 
effect of minimising the noise levels of the channel being used. TPC can also be used to increase 
the transmit power in order to overcome interference from distant sources rather than selecting a 
different channel. This should of course be avoided if the distant transmitter is radar or the power 
required will exceed the maximum EIRP regulations in force.  

 

3.1.4. Mesh routing – Achieving robustness and reliability 

Achieving high levels of robustness and reliability in wireless mesh routing protocols is perhaps 
more critical than in traditional point to multipoint networks. The main reasons for this are a 
communication route consists of several hops and nodes across a spatial area and, the nature of 
the wireless medium. The use of the radio spectrum and physical spatial area by a node during a 
transmission may directly influence the efficiency and effectiveness of other links in the immediate 
vicinity, which are not under the control, or part of, either node undertaking the communication 
transaction. Furthermore, mesh networks are more vulnerable than point to multipoint, simply 
because a route through the network may rely on several nodes and hops. 

The IEEE defines robustness as “the degree to which a system or component can function 
correctly in the presence of invalid inputs or stressful environmental conditions.” The main 
attributes contributing to protocol robustness are considered here: 

Cooperation 

Obviously being able to mutually cooperate to transfer data effectively on between two nodes is of 
prime importance. With a multi-hop route, an individual node must also be responsible for 
transferring data from other nodes through to the next hop. There is also the issue of cooperating 
with exceptional conditions in the network, reporting and, collectively managing them. Managing 
an exceptional condition in a mesh network may require that a set of nodes in a route collectively 
reorganise the route to overcome the exception.  

Fairness 

This is closely associated with cooperation, though fairness is related to balancing other nodes 
and flows that are not involved in the current transfer, but are simultaneously active within other 
nodes in the vicinity. If the spectrum is not managed fairly then denial of service issues become an 
issue. Typically layer 2 manages this attribute. However, since several of the mesh protocols 
require significant amounts of configuration traffic, it is possible that a high level of reconfiguration 
could prevent data transfer. There is also the issue of managing traffic flows through a node, 
queuing them and ordering them appropriately for transmission. 

Integrity 

Various external stimuli may affect the integrity of a route in a mesh type network. There is the 
issue of black holes (where packets are consumed by a faulty node without proper action), and 
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white holes (where packets are incorrectly and continuously generated by a malicious node). How 
the routing algorithms manage data errors and route failures are also important. 

The following sections describe these issues when considering mesh network routing protocols. 
Since the term ‘robustness’ is open to interpretation, there was no survey paper identified that 
compared specific ad-hoc routing protocols using a common calibrated test/simulation 
environment. To gain real insight into how these protocols operate in adverse conditions, it would 
be necessary to craft a set of experiments to measure each robustness attribute. 

To obtain an overview of robustness in ad-hoc routing protocols, this discussion is divided into 
table-driven and on-demand as each of these behaves in unique ways 

3.1.4.1 On-Demand Routing Protocols 

On demand routing protocols such as DSR and AODV use both route discovery and route 
maintenance mechanisms. The route discovery mechanism is invoked when a node wishes to 
form a route with another node in the network. Both protocols use similar mechanisms for route 
discovery. This involves broadcasting ‘hello’ messages across the network, with routes being 
formed from either the hops traversed by the hello message, or by the returning acknowledgement 
message. 

To reduce the amount of traffic, both protocols attempt to use a route cache that is stored locally 
on each node.  

Failed routes in the network are propagated back to the sender as error packets that should 
update the route caches accordingly. Unfortunately, errors are only propagated back to the sender, 
not to the receiver, so incomplete routes may be erroneous upstream of the failure. Depending on 
whether the connection is symmetric or not, this may be an issue for maintaining state integrity. 
Some research has been conducted on how to manage alternate routes during erroneous 
conditions [14]. 

The major point to note about these protocols is the amount of traffic that may be generated when 
a route is established. It can be imagined to be quite considerable, especially if the node density is 
high or the network goes through significant reconfiguration (in the case of mobile nodes). The 
retransmission of ‘hello’ messages requires that the protocols include a mechanism of limiting the 
traffic flow to prevent loops in the propagation. Both protocols use sequence numbers on the 
packets to prevent loop propagation. 

There is no security mechanism incorporated in these protocols so a malicious node entering the 
network may flood the mesh with hello messages (causing denial of service throughout the 
network). It could also circumvent the loop prevention mechanism, retransmitting packets 
regardless of the sequence number. Corrupting a node’s route cache would result in route errors 
being propagated when route discovery took place. Research such as [15] has attempted to 
address this failing in DSR by incorporating a route verification mechanism and, a system to limit 
denial of service attacks using hello messages. 

Regarding fairness, both networks use a crude mechanism for establishing a route through the 
network. After the ‘hello’ message has been transmitted, the first acknowledgement received by 
the initiating node is used to provide the route. Unfortunately, this is established using the latency 
of propagation, rather than the traffic load across the route. Therefore this system favours nodes 
with low latency (which might be transient) rather than low traffic load. Furthermore, nodes could 
adopt being lazy and artificially place long delays in the propagation path if they wished to avoid 
passing traffic. 
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3.1.4.2 Table Driven Protocols 

Table driven protocols provide more sophisticated methods of managing routes through a mesh 
network. Routing information is maintained at each node, allowing that node to establish a route 
anywhere in the network. Two such examples are OLSR  and TBPRF. The routing information is 
propagated to each node’s routing table primarily when the node enters or leaves the network. To 
maintain routing consistency, periodic update messages are sent across the network. To reduce 
the propagation of configuration and control messages, the protocols attempt to build hierarchies 
of routing information by forming routing trees, with a root node managing configuration 
information in to and out of its sub tree. Its neighbours use a set of rules to elect the root node, so 
mutual cooperation prevents malformed networks.  

Although they are not suited to extremely dynamic networks, the incorporation of routing tables 
that are updated only when nodes enter or leave the network, allows a much greater level of 
security and error management. Firstly, a node entering the network with a unique address must 
establish its neighbours and its root node. Ultimately, the root node can decide whether it admits 
the node to the network and propagates this state change to the rest of the network. A malicious or 
faulty node can be isolated more effectively preventing it from causing incoherent routing across 
the network. 

Although not specified in the standards, the rate at which the periodic table update messages are 
generated could limit the rate at which nodes enter or leave the network. Essentially, this could be 
a security feature, as the amount of configuration and control traffic flowing across the mesh is 
bounded by this periodic rate. Thus, it would be difficult for a malicious node to flood the network 
with update messages. 

Regarding fairness, since the routing information is available to all nodes, table driven protocols 
are more suited to having policies incorporated in them to control traffic throughout the network.  

Both protocols described here can be made to maintain multiple routes to the same node. 
Although the policy for switching routes is not defined, it is possible to imagine route failure and 
load balancing algorithms being implemented on top of this mechanism. Therefore a high degree 
of integrity could be achieved. 

 

3.1.5. Routing protocols 

In fixed centrally planned mesh networks, routing may be pre-calculated and even optimised to 
maximise spectrum efficiency.  If the mesh is fixed and the data flows are known a pre-calculated 
routing table periodically promulgated to all nodes is the most efficient method.  Where the mesh 
is not fixed, or where traffic flows are not constant, dynamic routing and optimum current route 
discovery are necessary.  

Very little research has been reported on routing protocols for mixed ad-hoc/infrastructure meshed 
networks. The Multi-hop routing protocols considered in the Mobile Ad-hoc Networks (Manet) 
working group of the Internet Engineering Task Force (IETF) are all intended for use in flat, or non-
hierarchical networks. It is assumed that all nodes have exactly the same functionality, i.e. all 
nodes must act as routers and there are no special nodes such as Access Points (APs). This is 
largely because their development was funded by emergency services or the military. In these 
networks it is important that the network should be robust to any part being disabled.  

Existing published routing protocols may be classified into two groups: table driven and on-
demand protocols. Table driven protocols aim to maintain up-to-date information about all links in 
the network at every node, so that when a route to another node is required, the optimum route 
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can be found using the Bellman-Ford or Dijkstra graph search algorithms using information 
already available within the source node. This type of protocol works well in the wired Internet, 
where there are relatively few routers and the connectivity changes relatively slowly. However, in 
mobile ad-hoc networks, where routers may join or leave the network frequently and where the 
radio connectivity may change over periods of a few seconds, the overhead traffic to keep all the 
tables up-to-date becomes unsustainable. Research is continuing to try to reduce this overhead, 
notably by broadcasting only changes in the connectivity rather than complete information. 

The on-demand protocols, such as Ad-hoc On-demand Distance Vector (AODV) routing and 
Dynamic Source Routing (DSR), maintain only a cache of routes to recently contacted 
destinations, and these are deleted when they become “stale”. They have “route discovery” 
features to find routes to new destinations and “route maintenance” features to find alternative 
routes when the chosen route fails. The following paragraphs indicate some of the problems that 
may arise in the route discovery process.  

3.1.5.1 RRQ congestion 

On-demand protocols such as AODV and DSR are preferred over table driven protocols for large 
networks as the connectivity information which floods the network in table driven protocols soon 
overwhelms the available capacity. The overhead involved in the on-demand route discovery 
process is not insignificant. In both AODV and DSR, a source node requiring a route to a new 
destination (or a new route to an old destination where the old route is stale) must broadcast a 
Route Request (RRQ) packet. This is then re-broadcast by every router that receives it, until it 
reaches the destination, or an intermediate node that already has a route to that destination. This 
leads to an exponential growth in the number of times the RRQ is transmitted, creating 
congestion. This is limited by two mechanisms. Firstly, a router will only re-broadcast the first copy 
it receives of any RRQ. If it receives a second copy by a different route it will destroy this. 
Secondly, a limit can be set to the number of hops the RRQ is allowed to take before it either 
reaches the destination or is destroyed. When the first copy of the RRQ reaches the destination, it 
returns a Route Reply (RRP) packet along the (reversed) route that the RRQ took to reach it 
(AODV) or some other route available to the destination (DSR). However, other routers that 
receive the RRQ do not know that one copy has already reached the destination, and so continue 
to re-transmit the RRQ until the hop-count limit is reached, creating unnecessary congestion. If we 
assume, conservatively in a wireless network, that the average router has just two neighbours 
besides the one the RRQ arrived from, and that the maximum route length is ten hops, then the 
RRQ will be transmitted 1023 times. 

3.1.5.2 Best route finding 

Both AODV and DSR claim to find the shortest route between source and destination based on 
the minimum number of hops. However, when we consider the actual operation of the protocols, 
they do not guarantee to find the shortest route at all. In both protocols, the destination returns a 
RRP selecting the route taken by the first RRQ to reach it. There are two situations where this may 
fail to find the shortest route. Consider the following two examples. 

1. Routers receiving the RRQ must contend with one another for access to the radio 
medium. It is very likely that routers receiving the same RRQ will be within Clear 
Channel Assessment (CCA) range of one another. Broadcast packets such as RRQ 
are sent without acknowledgement (ACK) or any other control packets such as 
RTS/CTS to avoid MAC-layer contention problems between control packets returning 
from multiple destinations. RRQ packets must therefore be sent using a simple 
CSMA/CA protocol with random back-off. The router that re-transmits the RRQ first will 
therefore not necessarily be the one on the shortest route. 
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2. A router on the best route may receive the RRQ from another router that is not on the 
best route before it receives it from the one that is on the best route. In this case it will 
discard the RRQ that arrived along the best route. 

DSR has the added refinement that the destination will return more than one RRP to the source if 
more than one copy of the RRQ reaches it. The source will then have more than one route to 
choose from, and can choose the one with the least number of hops from those available to it. 
However, as a result of point (2) above, such routes will have no routers in common apart from the 
source and destination, and the list may therefore not include the best route. 

We can therefore say that on-demand routing protocols will generally find a route between any 
source and destination if such a route exists with fewer than the set maximum number of hops. If 
there is a single-hop route, this will be the one that is found if the destination hears the initial 
transmission of the RRQ by the source. Otherwise, there is no certainty that the route found will be 
the “best” by any reasonable metric such as hop-count, expected total number of medium access 
attempts (spectral efficiency) or latency. 

3.1.5.3 Proposed routing solution 

Best routes, judged by any of the above criteria, can only be found by a full graph-search 
technique such as Dijkstra or Bellman-Ford, and this requires all the information (hop metrics) to 
be available in one place. Making this available to every node (table driven protocols) is 
prohibitively expensive in overhead to distribute the hop metric data. We therefore propose a 
hybrid scheme that has some similarities to both on-demand and table based protocols, in which 
only a subset of routers, perhaps 1% ~ 10%, maintains full routing tables. These act as “route 
servers” for the others. This has three advantages. Firstly the use of graph search algorithms will 
find the best route, according to any chosen criterion or metric, provided the information is kept up 
to date. Secondly, the distribution of hop metric data to a small fraction of routers rather than all of 
them requires much reduced overhead capacity compared to full table driven protocols. Thirdly, 
RRQs from the other nodes are specifically addressed to a particular route server, and can 
therefore be unicast rather than broadcast, dramatically reducing the number of times the RRQ 
must be transmitted, and allowing the use of more spectrally efficient MAC protocols. 

The proposed scheme has further advantages in a mixed ad-hoc/infrastructure network with 
access points (APs) to some wider area backbone network. In such a network we may expect a 
significant proportion of the traffic to be between a particular node and any AP. Thus, if every AP is 
also a route server (RS), this traffic will not need to request a route to the nearest AP as every 
node must always maintain a route to its nearest RS. Secondly, the updating of routing tables in 
the RSs that are associated with APs can take place over the wired, fibre or microwave link, 
backbone network, and therefore uses no capacity in the mesh network.  

Given that every node maintains a route to one or more RSs, the procedure for new nodes to join 
the network could be simply to send a registration frame to the first node heard transmitting, 
requesting that this be forwarded to its nearest RS. Once such a (sub-optimal) route is 
established, the new node can use it to send reports on other traffic heard, to enable the RS to 
build up table entries for the local connectivity of the new node. Alternatively, it could wait until it 
has collected a substantial amount of information about its neighbours before registering, and 
include this with the initial registration request. Either way, once the new node has joined the 
network it must send information about its links to its neighbours to the RS at regular intervals. 

This could include information about success rates in receiving frames transmitted by other nodes 
at different data rates, and received power levels, even if the frames were not intended for this 
node. This would allow the RS to calculate success probabilities and path losses between nodes 
that are not even communicating with one another. The RS could then offer different routes, based 
on different criteria or metrics, on request. For example, for “best efforts” or “management” traffic a 
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route may be chosen to minimise the total number of medium access attempts over the entire 
route (maximum spectral efficiency). For time-bounded traffic, such as conversational voice or 
interactive video, a route could be chosen based on minimum delay and/or jitter, or maximum 
spectral efficiency subject to meeting some minimum delay threshold. The latter would require 
routers to report the current state of their queues, as well as other parameters, to the RS at regular 
intervals. 

 

3.1.6. Traffic Engineering and Quality of Service 

3.1.6.1 Wireless mesh networks and the wired Internet 

Quality of service (QoS) and traffic engineering algorithms have evolved in the wired Internet 
during the past 20 years. They go some way in providing acceptable control for packet latency, 
throughput, jitter and packet loss in critical applications on wired networks. Given this legacy 
technology, there are strong reasons for examining how these algorithms could be combined with 
wireless ad-hoc mesh networks in the future. One major reason for considering this is due to the 
expected proliferation of TCP/IP packets carried over wireless links for voice over the Internet 
(VOIP), video, and real-time interactive applications. At present the layer 2 wireless protocols, 
such as IEEE 802.11 provide basic traffic queuing controls, in a similar way to TCP/IP networks 
two decades ago. It is widely known that due to the course granularity of the traffic flows, these 
algorithms are ineffective for managing traffic in critical applications without considerable over 
provision of network resources. 

Another aspect that is related to QoS is Traffic Engineering. Traffic engineering is the process of 
controlling how traffic flows through a network node so as to optimize or balance resource 
utilization and network performance. This is closely associated with QoS in that is the primary 
mechanism by which network congestion is avoided. Currently, wireless mesh routing protocols do 
not address the issue of dynamic load balancing, where a flow is rerouted so its QoS requirements 
can be attained. Certain research themes are emerging to address this problem. 

One of the main challenges with adapting wireless mesh networks so they can seamlessly 
manage legacy traffic flows efficiently are the inherent requirements of TCP/IP. TCP/IP was 
designed and optimized for constant latency, low error rate links. It does not effectively manage 
the varying latencies and error rates that are synonymous with wireless networks. 

It is commonly understood that the majority of TCP/IP QoS technologies have relied significantly 
on network overprovision. For wireless networks, this would have a direct impact on spectral 
efficiency and it is therefore an important consideration in optimizing mesh networks  

3.1.6.2 Current QoS and Traffic Engineering in a wired IP network 

This section reviews how QOS and traffic engineering are implemented in a wired IP network. This 
is regarded as important in that it be shown what legacy requirements must be met in wireless 
networks to support current TCP/IP applications seamlessly. There are also several analogies that 
can be drawn out of this discussion. 

It is important to define the term 'Quality of Service' (QoS). In this text it is defined as using an 
End-to-End model: QoS requirements such as latency, bandwidth and jitter are managed between 
two endpoints that communicate in the network over one or more hops. This is distinct from class 
of service (CoS), or type of service (ToS), whereby the network reduces the granularity of the QoS 
requirements by aggregating one or more traffic flows into a stream with traffic priority/control 
attributes. Arguably, the aggregation of a potentially large number of end-to-end flows from 
different applications, into a single set of streams means the predictability of these systems are 
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extremely limited. For applications such as VoIP and video it can be shown that it is important to 
have proper predictable QoS control of an individual end-to-end flow. 

Class or Type of service (CoS, ToS) controls is found in different areas of the protocol stack. Layer 
2 protocols have very limited granularity at this level (8 CoS services for IP, or 8 for IEEE802.11). 
These are sometimes incorrectly termed QoS fields. Aggregating traffic flows over virtual streams 
means that the traffic occupying those streams (or classes) have to contend with each other. 
Unless the operator designs each class specifically so there is enough over-provision of 
bandwidth to meet the QoS requirements for each flow within that class, then contention between 
flows makes the QoS unpredictable for applications relying on this system. In effect it becomes a 
'best-effort' service. 

Current IP routers in the Internet core are typically able to manage several thousand classes of 
service simultaneously (eg 64K) with parameters such as guaranteed minimum bandwidth, input 
rate control, and latency. These facilities can be used to implement true QoS if a single flow 
occupies each class of service. This however is rare; they are more likely to be used for traffic 
engineering in providing virtual private networks, whereby a service provider leases an agreed 
bandwidth on one or more network links. 

There are two reasons why the wired Internet does not provide true end-to-end, per flow QoS: 

1. The number of active flows on a router situated within the core of the Internet may 
exceed a one million. To design a router to manage QoS for each flow in the core is 
technically challenging and cost prohibitive. 

2. Wired bandwidth is inexpensive, and best-effort services can be made successful 
through over provision. Thus, the implementation of CoS with several thousand classes, 
coupled with network over-provision, can provide a workable solution for critical 
applications (such as VoIP) in wired networks. 

For wireless networks, the same reasoning would apply if the available bandwidth were similar to 
wired networks. However in wireless networks, bandwidth is constrained by the physical medium 
and it is incorrect to assume there is sufficient bandwidth available in a cost effective manner to 
implement overprovision. Due to these physical limitations, it is also correct to assume that the 
number of flows traversing a node in a wireless network will not approach the levels observed in 
core routers in the wired network. 

 

 

Figure 3-5: Implementing true QOS in a Router 
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The system required to implement true (per flow) QoS in a wired router is shown in Figure 6. For 
each traffic flow entering the router from one or more physical ports, the flow traffic destined for a 
physical output medium is queued and scheduled. In most cases the scheduler uses a weighted 
fair queuing algorithm or one of its derivatives [16], designed to allow an operator to set the 
guaranteed minimum bandwidth for each flow. This must be implemented using a fair share policy 
so a heavily congested output medium degrades each traffic flow back to its specified guaranteed 
minimum rate. Furthermore, the algorithm prevents bursts of traffic from a single flow that has 
been inactive a long time (boosting its priority for the next scheduling round) occupying the output 
medium. This allows maximum latency periods to be achieved accurately. 

3.1.6.3 Ad-hoc Wireless Network Scheduling with QoS 

Scheduling traffic in an ad-hoc wireless network in such a way that it provides true per flow QoS 
for applications such as VoIP and on demand video is a complex problem but must be solved if 
these applications are to become pervasive [17]. For the purpose of implementing QoS, some 
analogies between wired networks and ad-hoc wireless networks can be drawn. 

• The coverage area of a particular group of communicating nodes may be viewed as a 
shared medium, and this should be scheduled in a controlled and orderly manner that 
reflects the QoS parameters of an individual flow operating within that medium. 

• For overall end-to-end QoS, where a route has been established through an ad-hoc 
wireless network across several nodes, the QoS parameters must be specified on a per 
hop basis, and not aggregated across the whole route. Successfully managing traffic 
statistically across whole routes would most likely have to incorporate inefficient and costly 
over provision, in similar way as wired networks do today. Arguably, overprovision is not 
permissible with most wireless networks due to the restricted overall bandwidth. 

 

There follows several brief case studies on how imaginary mesh networks could be adapted to 
manage QoS, with conclusions drawn on the spectral efficiency of those examples. 

3.1.6.4 A Static Mesh Network with Omni-directional Antennas in Unlicensed Space 

There are several issues with implementing a scheduler that provides per-flow QoS in a wireless 
network where the nodes offer omni-directional coverage in unlicensed spectrum. This section 
presents an imaginary system and examines the difficulties with making it perform effectively. 

As an example of how a static mesh network with true QoS might function, it is feasible to imagine 
a multi-channel medium where a group of nodes are chosen on a channel such that the nodes in 
the group lie within the coverage area of all others in that group (Figure 7). This scheme would 
require that the combination of the strongest interferers outside this group do not interfere with any 
possible link within the group. This attempts to alleviate interference and non-determinism from 
hidden interference nodes. Of course, in unlicensed spectrum this is impossible to enforce. 

To allow routes to be set up between two or more groups, certain nodes that intersected two or 
more groups would have to act as conduits between groups on alternate channels. In practice this 
may not be possible because a group may not intersect with any other, however this case will not 
be examined here. The traffic scheduling mechanism would operate within each local group, and 
this mechanism would be distinctly separate to the routing algorithm, which is responsible for 
managing a route between one or more groups. Routes and the available bandwidth in adjacent 
groups would have to be ‘advertised’ locally by conduit nodes.  
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Figure 3-6: Imaginary multi-group mesh network providing QoS 

Given that within a group, the nodes are contactable from all other nodes there, the scheduler 
could be implemented as a distributed entity with flows queued on each node ready for 
transmission on the channel. Implementing a distributed scheduler is not possible unless a low 
latency control channel was available that can be used to pass weight calculations for the 
scheduling algorithm across each node. This would mean closely cooperating with the MAC layer, 
perhaps using a class of service to assure high priority, or an alternate channel. Even so, it can be 
shown that a not insignificant amount of information must be passed between the nodes for the 
distributed scheduler to operate effectively, and this solution would not scale for a large number of 
nodes. The groups would need to be relatively small. 

Unfortunately, due to the spectrum being unlicensed there are no guarantees that any interfering 
nodes remain static, and varying levels of interference would influence the bandwidth available out 
of the distributed scheduler in a non-deterministic way, invalidating the scheduler’s calculations. 
One possible to solution to overcoming this interference issue would to require a group to 
constantly renegotiate the members within that group according to the interference levels. With 
high levels of external interference, the system would have to adapt by reducing the number of 
members in each group and increasing the number of occupied channels. Apart from the initial, 
complex negotiation process required to form specific groups, it is easy to imagine this scheme 
becoming non-deterministic and highly spectrally inefficient at run-time.  

3.1.6.5 A Static Mesh Network with Omni-directional Antennas in Licensed Space 

A similar scheme could be set up as before, however the interferers are now managed. This would 
alleviate problems with non-deterministic interference within the groups. Thus the scheduler will 
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now run effectively, providing reliable QoS. After initialization, the number of groups and the 
spectrum usage would tend to become static and more predictable. 

Mitigating the interference issue does not dramatically improve the spectral efficiency because the 
groups would have to remain small so as to allow the scheduler to function effectively for the 
scaling reasons outlined previously. Once again, for a large number of groups, depending on the 
coverage and interference areas, the architecture would require considerable number of channels. 

3.1.6.6 A Static Mesh Network with Directional Antennas in Unlicensed Space 

Using directional antennas potentially allows nodes to form point-to-point links with their 
neighbors. There are obvious benefits in spectral bandwidth and the interference is limited to the 
vulnerable sector of the directional antenna. 

If each node provides simultaneous multiple channel operation, a scheme very similar to a wired 
TCP/IP network can be realized.  In this system, each node could simultaneously receive multiple 
traffic flows from several sources. The node contains one or more schedulers responsible for each 
one of its transmit links. This is analogous to a wired system where each egress link is managed 
by a scheduler. (Figure 3-5) 

Obviously this system is considerably more spectrally efficient that the two previous scenarios 
because multiple directional links may be operating simultaneously within a localized area on the 
same frequency. Furthermore, using a scheduler for each link as opposed to distributing it spatially 
would yield more deterministic performance overall and less operational complexity, even if 
interference scenarios were considered. This system, coupled with a dynamic routing protocol 
would allow bandwidth to be reserved on other routes so a flow could be rerouted dynamically due 
to congestion or link failure. 

Although being spectrally efficient, this system is expensive to implement. Firstly, multiple antenna 
arrays, very narrow band receivers and transmitters would have to be provided at each node. 
Secondly, the cost of implementing QoS by providing each node with a scheduler is not negligible, 
especially when considering very high data rates or if a node manages a large number of flows. 

3.1.6.7 A Static Mesh Network with Directional Antennas in Licensed Space 

It is difficult to predict how much advantage operating a QoS algorithm in licensed space would 
provide over the previous scenario. Much of the difference depends on what the field pattern of the 
directional antenna provides and the density of the interferers. For antennas that yield a very fine 
beam, the probability of being interfered with, given a uniformly distributed set of interferers is 
much less. Of course, reducing the unpredictable interference whilst using this system in licensed 
space would improve the performance of the scheduler, allowing the QoS to become more 
deterministic, and benefit the throughput of the whole network.  

3.1.6.8 Configuration and Control Traffic 

One major issue with these imaginary architectures is the configuration and control aspects. 
Negotiating paths through the network using nodes/groups operating on multiple channels, and 
configuring the schedulers within separate nodes/groups, are not trivial issues and they must be 
considered in terms of the overall control bandwidth they require, both at initialization and during 
run time. Furthermore, the reliability and critical nature of the scheduler, and fail over protocols for 
reliable network operation are also important considerations. 

Ad-hoc routing protocols such as TBPRF already incorporate the notion of node sub-trees with a 
controlling root node that is negotiated, so it is possible to foresee how it could be extended to 
implement several of the imaginary systems described here. 
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In networks with dynamic nodes, these forms of traffic will occupy a significantly higher bandwidth 
to those with static nodes, and this will make the QoS much less deterministic and reliable. 

 

3.1.7. Quality of service 

As far as we are aware there are no systems for providing guaranteed Quality of Service in 
spectrum commons. It is impossible to make a guarantee because it is impossible to prevent other 
users interfering with existing services. Therefore, we prefer to use the term Class of Service 
(CoS) which simply differentiates the efforts made to try and ensure that constraints on end-to-end 
delay, jitter and lost packets are met. 

Three basic levels of end-to-end CoS can be provided across a heterogeneous network:  

• Best-effort service—Best-effort service is basic connectivity with no guarantees. 

• Differentiated service—Some traffic is treated better than the rest (e.g. faster handling, 
more bandwidth). This is a statistical preference, not a hard and fast guarantee. 

• Guaranteed service—This is an absolute reservation of network resources for specific 
traffic. This can only be provided by reserving network resources to ensure they are always 
available when required. 

By nature, a wireless channel is noisy, prone to fading (both fast and slow) and to interference. 
The sources of interference can be other users of the same wireless channel and also users of 
other channels. Interference between channels can be from adjacent, possibly overlapping 
channels, or due to harmonics, from channels on relatively distant frequencies. Interference only 
occurs at a receiver but is caused by transmitters. In general, receivers process the loudest 
incoming signal9 provided it: 

• Exceeds the minimum power threshold required for the receiver to be aware that there is a 
signal on the channel.  

• The ratio between the received signal and the combined power from all sources of noise 
and interference (SNIR) is positive and also exceeds a threshold which depends on the 
technology being used. For example, in order for a packet of data transmitted at 54mbps 
be successfully received10, an SNIR typically of around 30dB is required [KHU-00].  

In order to support use of the channel by multiple users, it is usual to divide the data being 
communicated into small chunks, which are frequently referred to as “packets”. Multiplexing in 
time, code etc. is used to separate users so each user can appear to have a single channel.  

For digital communications it is usual to configure a wireless channel to minimise the number of 
errors. For many types of data, it is necessary to retransmit packets where errors have occurred. 
Minimising the number of errors should help in minimising the number of retransmissions. 
Retransmissions increase the time for which the channel is occupied in sending a single packet 
and are therefore inefficient. Data for which retransmission may not always be appropriate 
includes most types of streamed media such as video, music and voice. 

                                                 

9 The exception is when Code Division Multiple Access (CDMA) is used. CDMA permits more than one signal to occupy the 
same channel at the same time and in the same space. Non overlapping codes are used to try and ensure that different CDMA 
transmissions can be separated at the receiver. 

10 The actual SNIR varies, dependent on the required Packet Error Rate (PER) and the technology being used. An SNIR of 30dB 
will lead to a PER of around 1% using technology such as Hiperlan II or IEEE 802.11g/a. 
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3.1.7.1 Licensed Spectrum 

Operators of radio communications systems using licensed spectrum can control who is allowed 
as well as where and when the spectrum is accessed. These operators can therefore provide a 
high Quality of Service (QoS) to their users, provided they do not exceed the resources allocated 
to them.  

For example, the mobile telephony industry only permits users who pay them for the use of 
spectrum to access the spectrum which the industry has purchased. The space where the license 
permits control of access to the spectrum is partitioned as cells. In second generation systems 
(2G) each cell is configured to use a subset of the spectrum which is not made available to 
adjacent cells. The subset of spectrum used by a cell can be made available for reuse by another 
cell located at sufficient distance from the first cell so that interference between the cells is very 
unlikely. Third generation systems also use Code Division Multiple Access (CDMA) which means 
that all/most of the spectrum can be used in every cell. The main access method used is Time 
Division Multiple Access (TDMA). Within each cell and for each channel, the time available for 
transmission is divided into slots. Each user is allocated the use of one or more slots when other 
users are required to remain silent. This process of space and time allocation results in relatively 
high QoS. However, at the start of a call or on handover from one cell to another during a call, it is 
not always possible to allocate channel resources to the user; in which case either no service 
appears to be available or the call is dropped in the middle. This scheme is designed to provide 
users with a high QoS, provided demand does not exceed the fixed resources allocated to each 
cell.  

When resources exceed the demand, options such as the installation of more base stations, 
perhaps using sub cells, are used in order to meet demand. Because the wireless 
communications are mainly carried out using close to the minimum amount of transmit power 
required for the connection, increasing the number of base stations has the side-effect of reducing 
the transmit power required (users are probably closer to a base station and therefore can use 
lower power). Therefore, the size of the exclusion zone before the channel can be reused and also 
the size of each cell is reduced. 

Mobile telephony equipment reacts to fading effects by adjusting the transmit power used regularly 
throughout a call. This adjustment is necessary to maintain the quality of the connection and 
reduce errors.  

3.1.7.2 Spectrum Commons (Licence Exempt Spectrum) 

In spectrum commons licensing is designed to maximise the possible uses of the spectrum, whilst 
minimising the interference caused to all other users of the spectrum. The main way in which this 
is achieved is by strictly limiting the maximum Equivalent Isotropically Radiated Power (EIRP), and 
therefore transmit power/antenna gain for each device using the spectrum. There are few rules 
and fewer checks. Users of spectrum commons are required to accept interference from other 
users, whilst causing these other users as little interference as possible. In recent years there has 
been a massive increase in the use of this spectrum. The result is an increasing likelihood of a 
user experiencing interference and therefore experiencing a reduced QoS.  

For most data users, a best effort service provides sufficient QoS most of the time. However, the 
stricter QoS requirements of multimedia (video, music and VoIP) are considerably harder to 
achieve in shared spectrum, than in licensed spectrum. In spectrum commons it is not possible to 
provide guaranteed service. Different forms of differentiated service (CoS) can be provided but 
with no guarantee that this will be sufficient to provide an acceptable service.  

For wired communications and for point to point wireless communications in the absence of 
interference, digital communications capacity can be represented as the number of bits transferred 
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per Hertz per second. This is sometimes misleadingly called spectrum efficiency but only 
represents the efficiency of a single connection. Spectrum efficiency for wireless communication 
channels is the number of bits transmitted per unit volume of 5 dimensional hyperspace. The unit 
of volume is determined by normalisation to the normal 3 dimensions in space (X, Y and Z), plus 
frequency (bandwidth) and time. Different types of modulation and coding can be used to achieve 
different numbers of bits per second per hertz. Usually more bits per second per hertz requires a 
higher SNIR at the receiver and therefore an exclusion area that is much larger than the coverage 
area11, where the spectrum cannot be concurrently used by others. With the technologies currently 
available, the maximum capacity for digital communications is apparently fixed.  

Figure 3-1 showed a graph of Packet Error Rate (PER) against SNIR for the data rates supported 
by HIPERLAN-2. This was used to fix the SNIRs required for the experimental graphs shown 
below. For the experiments we have used rounded/simplified numbers which can be seen to 
roughly match the graph in Figure 3-1 with variation in PER between 1% and 2%. We choose to 
use 10dB rate gaps roughly mapping to 54, 27, 6 and 1 Mbps at the given PER. 

Using a simple transmit on demand technology for an ad hoc network of wireless nodes the 
maximum achievable throughput capacity is limited to below 20% of the total channel capacity. 
Abramson’s analytical model [ABR_77, HAM_01a] predicts a maximum throughput of around 18% 
and our simulation results shown in Figure 3-7 for a protocol very similar to pure Aloha achieve a 
similar result. 
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Figure 3-7: Aloha Throughput for DSSS ACK and Different Data Rates. 

The analytical model of pure Aloha assumes that ACKs use no spectrum resources and are 
always reliably received using a separate 100% reliable channel or “Magic Genie”. This is not 
possible in the non-analytical world. ACKs are usually sent on the same channel as the data. 
Figure 3-7 shows the throughput for Aloha12. The throughput achieved in simulations using a 
                                                 

11 Coverage area is a zone around a transmitter where the signal can be fully understood. If the required SNIR at a receiver is 
0dB (≈ 1mbps) then the coverage area = the exclusion zone; provided all transmitters use the same transmit power and all 
receivers have identical sensitivity and SNIR requirements. If the required SNIR is 30dB (≈54mbps) then the exclusion area is 
1000 times the coverage area. Thus an increase in transmission speed of 54 times leads to a 1000 times increase in exclusion 
area. 

 

12 The methodology used for the simulation result graphs in this document is the same as for the previous 2003-04 project with 
the title “The Efficient Use of Wireless LAN Technology for Fixed Wireless Access”, see section 5 “Sharing Spectrum Between 
Independent Networks”. www.ofcom.org.uk/research/technology/ ses/ses2003-04/ay4483/ay4483.pdf 
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realistic statistical wireless model was found to be close to that suggested by Abramson and 
Hamdi. In order to maximise the chances of control frames (e.g. ACK) being successfully received 
by the source of a communication, it is best to send the control frames using a modulation and 
data rate that maximises the coverage for a given transmit power. This is usually the slowest rate 
available to the technology. IEEE 802.11 does this. However, it appears to be done for backward 
compatibility, to guarantee that all 802.1113 wireless nodes will understand the frames, rather than 
to maximise spectrum efficiency.  

Aloha is an ill-mannered technology. Stations with a packet to send simply broadcast the packet 
on-air. If the packet is received at the destination, an ACK is sent. The packet succeeds only when 
the ACK is successfully received back at the source wireless node. If an ACK is not received, the 
packet is re-transmitted after a random delay. For pure Aloha as analysed by Abramson, the 
random delay is set to make re-transmissions look exactly like initial transmissions. This is implied 
by Abramson's assumption that the combined new and retransmitted traffic follow Poisson 
statistics. The delay before a retransmission is therefore long in comparison to most modern 
protocols.  

The throughput result for Aloha is important even today. This is because whenever spectrum is 
shared by overlapping networks such as is often the case for Spectrum Commons; incompatible 
protocols can appear to behave just like Aloha does from each other’s perspective. This is caused 
through not applying (sufficiently sensitive) carrier sense and not understanding each other’s 
spectrum reservation frames. Clearly Aloha type service can only be “Best Effort” but this is 
perhaps straining the meaning of “Best”. 

3.1.7.3 Ad Hoc Well Mannered 

Carrier Sensing 

When using Aloha, many transmissions fail because another wireless has chosen to broadcast at 
the same time causing interference. To reduce this, most modern wireless networking devices use 
Carrier Sensing (CS) prior to transmitting. As a medium access technique this is known as Carrier 
Sense Multiple Access (CSMA). If the medium is determined to be busy when a packet is ready to 
be transmitted then the wireless waits until the medium is idle. In order to prevent many waiting 
transmissions from starting as soon as the medium becomes idle the wirelesses each use collision 
avoidance (CA) and generate a short random delay before attempting to transmit. The wireless 
with the smallest random delay starts to transmit because the medium is idle. Other wirelesses 
detect that the medium is now busy and will again wait for the medium to become idle before 
attempting to transmit again. Many different protocol specific schemes are used for this process 
but they all share the basic idea of only transmitting when the medium is determined to be idle 
using CS.  

                                                 

13 For 802.11, 802.11b/g the control packets are usually sent at 1mbps Direct Sequence Spread Spectrum (DSSS). For 802.11a 
in the 5GHz band, control packets are sent at the lowest rate supported which is 6mbps. 
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Figure 3-8: Throughput Using CSMA with Varying Clear Carrier Assignment at 27Mb/s 

CSMA (see Figure 3-8) can provide a higher QoS (the throughput summed for all users can be 
higher but is still "Best Effort") than straight Aloha for best effort traffic. Using CSMA re-
transmissions when required can be inserted into the traffic stream much sooner after a failure 
than with Aloha. Wirelesses compete for access to the spectrum by waiting for a small random 
number of slots, where each slot is just long enough to determine whether or not someone else 
has decided to start transmitting. This means that the extra delay (this also applies to jitter) caused 
by lost packets being retransmitted is much less.  

CSMA only works well if the carrier sense mechanism is able to detect all (or almost all) other 
active transmitters, which will cause packet loss due to interference. Using carrier sensing which is 
not sensitive enough can easily reduce the throughput and hence the throughput can easily be 
worse than for pure Aloha. This happens because the CSMA fails to detect other transmissions 
and either causes interference to these other transmissions or the other transmissions interfere 
with this wireless’s transmission at the intended destination. Because only a small number of slots 
are waited before transmission, the probability of someone else in a busy area choosing the same 
random delay is relatively high. Therefore, it is usual for subsequent delays to be for larger 
numbers of slots, which can again result in reduced throughput unless someone else is able to 
use the medium while the wireless is deferring. 

We will see in the following section that by varying the CSMA control parameters, schemes for 
differential Classes of Service can be implemented (e.g. IEEE 802.11e). A problem with CSMA is 
that it detects interference at the transmitter, whereas interference occurs at the receiver not at the 
transmitter. This means that CSMA is most effective when the distance between the transmitter 
and the receiver is very small and becomes less effective as the distance increases. Similarly, the 
CS needs to sense as much of the receiver’s vulnerable area as possible, to ensure that an 
individual packet succeeds. If the CS area is too large however, it will cause much longer delays 
until the medium is sensed to be empty. This reduces the ability to share the medium efficiently 
and also results in reduced throughput. Because of the shorter back off before retransmission 
following a dropped data packet, the throughput performance can be much lower than even that 
for Aloha if either far too little or far too much CS sensitivity is used. The ideal sensitivity is 
matched to the vulnerable/interference area, which in our example simulations (see Figure 3-8) 
with a transmit power of –10dBW is equivalent to a loss of 118dB.  
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Request to Send/Clear to Send (RTS/CTS) 

A problem with CSMA is that it detects interference at the transmitter, whereas interference occurs 
at the receiver, not at the transmitter. 

Transmitter's Exclusion Area 
 

Transmitter's Coverage Area 
 

Receiver's Exclusion Area 

Receiver's Coverage Area 
 

Nodes Hidden 
from 
Transmitter 
 

Nodes Hidden 
from Receiver 
 
 

 

Figure 3-9: The Hidden Node Problem 

This problem is known as the “Hidden Node Problem” and is illustrated in Figure 3-9, which shows 
the coverage areas and exclusion areas for a transmitter receiver pair. The exclusion area is the 
area in which a single other wireless starting to transmit while this node/wireless is receiving will 
cause the current item the node is receiving to be discarded. The new transmission is interference 
that breaks the SNIR threshold for the current item being received. 

Hidden nodes can be avoided by making the receiver tell all nodes within its exclusion zone to be 
quiet while a data transfer takes place. This is achieved by the transmitter first checking the 
medium is idle (CSMA) and then if it is idle, informing the receiver plus any other nodes within the 
transmitter’s coverage area that it intends to send a packet using an RTS control frame. The 
receiver then replies with a CTS control frame if the RTS was received correctly and the receiver 
senses the medium to be idle. It is the CTS sent by the receiver that tells all nodes in the 
receiver's exclusion area to be quiet for the duration of the expected data packet. Provided the 
CTS is received back at the transmitter, the transmitter can send the data packet knowing that 
nobody should start to transmit while the data is on-air. If the CTS frame does not reach the 
transmitter then the transmitter knows that it must attempt to resend the data at a later time or 
throw the data away. 
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Figure 3-10: Throughput for RTS/CTS at Different Data Rates 

Figure 3-10 shows the throughput achieved using RTS/CTS as well as CSMA. The throughput and 
therefore also the best effort CoS achieved is disappointing when compared to CSMA. This, 
however, is due to the reservation by RTS/CTS being transmitted in all cases at the lowest data 
rate (maximum coverage area) so as to prevent any other transmission that could cause 
interference doing so. This equates to setting the carrier assessment at the same level which is 
shown in Figure 3-8 as “CSMA –128dBW”. Because now two areas (one around the packet’s 
transmitter and one around the intended receiver) rather than one for CSMA are being affected the 
number of blocked transmissions is too high. The advantage of RTS/CTS over CSMA should be 
that the reservation scheme applies via the CTS to the interference area centred on the receiver, 
rather than the transmitter. But the standard implementation (e.g. all the IEEE 802.11 standards) of 
this protocol does not achieve this.  
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Figure 3-11: RTS with Power Control.  

RTS/CTS @1Mb/sFigure 3-11 shows that the throughput of RTS/CTS can be improved by using 
(in this case) fixed power control to ensure that a reduced number of other radios are asked not to 
transmit during the data exchange. The power configuration used in Figure 3-10 assumes that the 
source and destination radios for each packet are located anywhere in the vulnerable area and 
that the radios use maximum power plus the lowest data rate (to maximize the coverage area) for 
control frames. This means that at higher data rates (above 1Mbps) the RTS and ACK are heard 
and used by all radios in the vulnerable area of the source. This is not required. The RTS and ACK 
only need to be heard and used by the destination and the source respectively. To achieve this the 
destination and the source must be somewhere in the coverage area of each other for the data 
rate. The coverage area varies with data rate, being smallest at high data rates because a greater 
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SNIR is required in order to correctly hear the data. For the data rates used, the coverage area is 
the same as the vulnerable area for 1Mbps, 10dB smaller for 27Mbps, another 10dB smaller 
(20dB) for 6Mbps and a further 10dB smaller (30dB) for 54Mbps, a total difference of 30dB 
between 1Mbps and 54Mbps. Therefore, at for example 54Mbps, the RTS and ACK power can be 
reduced by 30dB. It is also worth noting that there is not much difference in the highest 
throughputs between 6Mbps and 54Mbps. The 1Mbps rate performs the same as for the non 
power controlled RTS/CTS case. The slight difference in the line for this case when compared to 
Figure 3-10 is due to a different run of the simulator but with identical configuration (but with 
different random numbers) being shown in Figure 3-11.  
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Figure 3-12: RTS and CTS with Power Control and Excess Power Removed 

In practice, many radios are located well inside the coverage area if maximum power were to be 
used. Therefore it is not necessary to use maximum power to communicate with these radios.  

A further improvement in the performance of RTS/CTS can be obtained by adjusting the power of 
the CTS to remove any excess power in the received RTS. This is appropriate when the receiving 
radio is not located on the boundary of the coverage area for the RTS. Any excess power at the 
receiver of the RTS can be subtracted from the CTS power. The ACK is also power controlled to 
use the same power as the CTS, so it does not affect a larger than necessary area. The effect 
here is to permit more wirelesses that only hear the RTS, to transmit concurrently with this data 
transfer. Also, fewer wirelesses in the area around the destination will because they hear neither 
the RTS nor the CTS. Figure 3-12 shows the results obtained when this is implemented. The 
throughput is improved over what was achieved in Figure 3-10 and Figure 3-11. Again some 
random variation is visible in the 1Mbps line when compared to the earlier figures. Again this is 
because different runs of the same configuration have been shown. 
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Figure 3-13: RTS and Data with Power Control and Excess Power Removed 

The improvement achieved by power controlling the CTS so as to reserve the minimum possible 
area might be increased slightly further by reducing the RTS power to be exactly what is required 
to reach the destination in the current spectrum conditions. This reduction can be based on 
previous packets if multiple packets are exchanged. Our simulations only exchange a single 
packet between each pair of wirelesses so this was not tested in these experiments.  

According to [Hamdi], either the CTS or the Data can be power controlled and should show 
roughly the same throughput. Power controlling the data has the advantage because the data is 
much longer than the small control frames that a saving in battery power can be made. The 
practical results, shown in Figure 3-13 for power control of the data are very close to those for the 
other power controlled experiments. 
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Figure 3-14: Aloha, CSMA, RTS/CTS +/- Power Control Compared for 27Mbps 

Figure 3-14 through Figure 3-17 the throughput achieved at each data rate for each of the protocol 
types described above is directly compared. The graphs show that having no control of when and 
how wirelesses transmit leads to the lowest throughput per vulnerable area per unit of time. 
RTS/CTS with these control frames sent at the lowest data rate (as required for backwards 
compatibility by for example all the IEEE 802.11 standards) performs just slightly better Aloha. This 
is because the RTS and CTS are requiring many wirelesses in their coverage areas to be quiet 
because too great a range is being used. CSMA, on the other hand is simply waiting until all the 
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wirelesses in the source’s vulnerable area (all the wirelesses affected by the RTS) are quiet. 
Because CSMA operates at the source wireless but interference only occurs at the destination it is 
possible to achieve higher throughput than CSMA by using power control to reserve only the 
required space around the destination. Reserving the vulnerable area around the destination but 
reducing the range of the RTS and ACK frames by controlling the RTS transmit power to make 
allowance for the SNIR required at the destination makes a significant difference to the throughput 
achievable. In theory, reducing the CTS transmit power, where possible, to allow for the 
destination not being right at the edge of the source’s coverage area should improve the 
throughput but in practice this makes little difference as does controlling the data instead of the 
CTS. Given the 20% to 25% gain in spectral efficiency from using RTS/CTS plus applying power 
control, regulators should seriously consider mandating the use of these protocol features. This 
would also require that all systems using these spectral resources are able to generate and 
understand these control packets, for example, by using a common control format. 
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Figure 3-15: Aloha, CSMA, RTS/CTS +/- Power Control Compared for 54Mbps 
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Figure 3-16: Aloha, CSMA, RTS/CTS +/- Power Control Compared for 6Mbps 
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Figure 3-17: Aloha, CSMA, RTS/CTS +/- Power Control Compared for 1 Mb/s 

 

3.1.7.4 Central Control 

WLAN protocols such as IEEE 802.11 with Point Coordination Function or equivalent, IEEE 
802.16/Hiperlan-II and others work with a single controlling Access Point (AP) and satellite 
stations that only communicate when told that they can by the AP. In the absence of competition 
from other ad hoc or centrally controlled users of the wireless medium, much higher throughput 
can be achieved than with ad hoc techniques because there is little or no contention and few re-
transmissions. Therefore, these systems appear to provide very good quality of service compared 
to what can be achieved with ad hoc networks. However, in the presence of other users of the 
wireless medium these systems can have problems.  

IEEE 802.11 uses a shorter back-off for APs than for ad hoc stations, therefore an AP should grab 
control of the medium before other stations have a chance to do so. AP controlled interactions with 
its satellites can also use the shorter back-off period, so control should be maintained. However, 
stations outside the coverage area but who are close enough to cause interference to the AP or its 
satellites may decide to transmit because to them, the medium appears to be idle (using CSMA). 
By transmitting, these stations will cause failures in the centrally controlled network and will 
therefore reduce the perceived throughput, quality of service and the spectral efficiency. If two 
centrally controlled 802.11 systems overlap then the first to grab control of the medium after 
contention will maintain control over all the stations that are in the winning APs coverage area. 
Stations outside of the winning APs coverage area may transmit if they sense the medium to be 
idle and can therefore cause interference. 802.11 PCF is designed to share the medium in a 
reasonably fair manner because each set of stations has a chance to win control of the medium 
on a regular basis. The sharing control period is often the beacon period, which is often quite large 
so as not to interfere with data transmissions. This can therefore result in much larger packet 
delays and jitter which may be unacceptable for streamed multi-media services.  

IEEE 802.16/Hiperlan-II14 is another centrally controlled system but it is also an ill mannered 
technology. IEEE 802.16/Hiperlan-II APs behave as if they own the surrounding wireless medium 
and channel. If packets are lost due to other systems transmitting then IEEE 802.16/Hiperlan II’s 

                                                 

14 Hiperlan is unlikely to be marketed. However, IEEE 802.16 systems using a very similar design are already in the market. 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 71 - Version 1.1  

performance drops. In the worst case, where two or more Hiperlan II networks share spectrum, the 
combined throughput drops to zero. 

Figure 3-18 and Figure 3-19 show [KEA_01] what happens when two separate Hiperlan II 
networks each consisting of an AP and six satellites are moved towards each other gradually until 
they overlap totally. 
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Figure 3-18: HIPERLAN-2 simulation scenario 

 

Figure 3-19: HIPERLAN-2 throughput against distance between the two APs 
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When the two APs are more than 100m apart, they operate independently and the total capacity is 
the sum of the capacities of the two networks, separately. As they approach one another, the 
number of colliding frames increases and the useful capacity falls, eventually becoming zero. This 
is because the mobile terminals (MTs) in the two networks transmit whenever they are instructed 
to do so by their respective APs, regardless of any activity in other networks that they might be 
able to detect if they were to listen. Where the distance between the two APs is zero, each one 
continues to behave as if it had total control of the radio medium, ignoring the requirements of the 
other. Because each one is trying to occupy the medium 100% of the time, this results in collisions 
approaching 100% of the time, and hence no data is received successfully.  

In practice, the behaviour of centrally controlled networks can be designed to be quite reliable by 
designing systems to maximise the inter-AP on the same channel distance, for example using 
technology similar to DFS which is used to avoid causing interference to radars. Many applications 
will be on private premises which are out of range of external users. Therefore, the owners of the 
site can prevent interference affecting their network by simply not allowing people on their 
premises to use equipment that will compete with their systems. On a given site, careful choice of 
channels and location can often be used to minimise overlap between coverage and interference 
area. However, it will be difficult to prevent visitors coming into range and setting up equipment 
using the same or different technology. When this happens the effect on performance is protocol 
specific. If the visitors can use the APs then the Aps will control when and how they use the 
wireless medium. If they cannot use the Aps then it is possible to setup an ad hoc network using 
the contention period which is usually supported by all these protocols. This will reduce the QoS 
experienced by normal users depending on the volume and nature of the generated traffic.  

3.1.7.5 Differential Techniques 

Protocols that claim to provide so called “Quality of Service” such as the new 802.11e do so by 
attempting to ensure that high priority traffic is given more and quicker access to the wireless 
resource (this is really a set of different Classes of Service). This is often at the expense of 
systems using non CoS protocols. To provide CoS, the protocols need to be able to ensure that 
wirelesses using the CoS protocol access the medium more quickly than wirelesses using non 
CoS protocols. In 802.11e, 8 different priority levels for traffic are provided (matching the priorities 
in TCP/IP). In a set of interacting wirelesses, stations with higher priority traffic are programmed to 
access the medium before stations with lower priority traffic waiting can do so. This leads directly 
to different service levels depending on the associated priority level. In addition, some protocols 
including 802.11e allow wirelesses that have accessed the medium to continue to do so. These 
wirelesses send a burst of packets with only a small inter-frame space so as to prevent other 
users grabbing the medium between frames. 

If all wirelesses in an area use the same CoS protocol then the priority system works properly and 
high priority traffic such as voice and video will be transferred in preference to lower priority data 
services. However, the limitations on the maximum traffic throughput the medium can support still 
remain and have not been addressed by these standards. Lower priority traffic is likely to exhibit 
reduced QoS when compared to systems that do not use CoS [Lin_01]. Also, users of other 
protocols may also adopt techniques to ensure that their traffic is prioritised! For example, a 
Blackburst VoIP system is designed to prevent other protocols grabbing the medium when voice 
packets are due for transmission. This technology is incompatible with 802.11e and will therefore 
prevent 802.11e from achieving the improvements in CoS that it would be able to reach on its own. 
A proposal to jam the ACKs from non CoS devices has also been seen. This would cause these 
systems to re-transmit with much larger backoffs, reducing their throughput but leaving more time 
free for the CoS systems! 

Just as with non CoS systems, centrally controlled variants of these CoS protocols will work well in 
the absence of competition from users of other protocols. But, as soon as a competing wireless 
operates in the space that the CoS protocol believes that it controls, then problems will ensue, i.e. 
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packets will be lost due to collisions. Wirelesses will be forced to defer when sent transmission 
grants. This can only be avoided by a change in regulations to impose a common physical layer, a 
compatible MAC (so the packet headers can be understood) and a shared control network layer 
so all systems can detect and react to the needs of others within the throughput constraints of the 
medium. 

3.1.7.6 Guaranteed Service 

In spectrum commons it is not possible to offer a guaranteed service of any type. To provide this 
service level it would be necessary for the licensing authority to enforce usage of a common 
reservation protocol so that resources could be reserved in a given area for the guaranteed 
service. This therefore removes the mobility freedom from this spectrum. 

3.1.7.7 Streamed Multi-media Data Delivery 

For streamed video and music delivery, a delay in the reproduction of the media can be used to 
iron out most variations in packet delivery rate (jitter). The extreme case is where the complete 
stream is delivered prior to reproduction; however streaming is becoming increasingly popular. For 
streamed delivery, sufficient channel resources must be available for the duration of the stream if 
the data is not to be delivered in fits and spurts. The relatively high data rates for these services 
require that the data be compressed for transmission and typically the channel can only be shared 
with a relatively small number of other users during the download. MPEG 2 streams that lose 
packets result in visual errors (artefacts, missed frames etc.). MPEG 4 streams are more resilient 
to small numbers of packet losses by producing images with reduced resolution where losses 
have occurred. 

A wide variety of voice and video services are already being offered using licensed spectrum. 
Expansion into spectrum commons is starting to happen. These existing services though, typically 
only use the spectrum commons wireless connection for the final access point to delivery device 
jump. This is because there is almost no provision in today’s WLAN for multi-hop mesh style 
connections. To provide sensible mesh it will be necessary to develop much more sophisticated 
protocols for the distributed control of delivery – routing, scheduling etc. 

3.1.7.8 Interactive Multi-media Data Delivery 

Voice Over IP (VOIP) 

For interactive voice, a one-way delay of 400ms or more will impact the ability to carry on a normal 
conversation (ITU-T Specification G.114). User experiments suggest that a delay of just over 
100ms is detectable by listeners. The sending side sends packets every 20ms or so. Variations in 
arrival time (jitter) be mitigated by queuing packets at the receiver provided there is time, prior to 
reproducing them as audio. If a packet is not available when it should be reproduced then it counts 
as a lost packet. Packets are lost if they are not available at the receiver for reproduction in the 
correct order and within the one-way delay time constraints. Users can detect a difference in 
quality at packet losses as low as 1%. Techniques exist to reduce the impact of this by substituting 
noise, or previous packets or even predicting what the missed packet would have contained. VOIP 
packets on their own tend to be quite small (20ms at 8kbs = 160 bits) but are generated at a fixed 
rate which the communications channel must try and maintain.  

The constraints on VOIP are much lower than those for interactive video but the requirement for 
stable continuous network throughput is not yet simple to match with non application specific 
protocols. Currently the state of the art is the development of 1st/last hop over WLAN technologies 
mainly based around IEEE 802.11e preferably using HCCA to provide centralised control and 
scheduling but also using EDCA to provide best effort with increased CoS for voice. The problems 
for mesh development if VOIP are similar to those mentioned in section 4 above. VOIP delivery 
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requires that each hop in a mesh allocates resources to the VOIP so that it can meet the 
application’s constraints. In a mesh, each wireless does not have full control over its medium and 
therefore a distributed or centralised controller is required to allocate medium resources to meet 
the demands from users. 

Video 

The constraints/requirements for interactive video (or video on demand) are similar to those for 
VOIP but are much harder to meet even for short durations. Systems designed for interactive 
media will need to provide CoS for video with appropriate bandwidth reservation to maintain this 
and existing services.  

 

3.1.8. Capacity in mesh and point-multipoint systems 

Capacity per unit of spectrum/area is considered a measure of spectrum efficiency. This section 
compares the maximum capacities, which can be sustained between gateway/POP and end users 
in a mesh network with those of a similar point-multipoint (P-MP) network. This is done for 
systems with high gain and omnidirectional antennas.   

The following issues, which could affect the choice between mesh and P-MP systems, are not 
addressed: 

• Coverage; mesh networks can provide much better coverage, especially to low height 
terminals, than P-MP systems 

• System costs 

Multiple base station P-MP systems can be designed to carry more traffic by simply reducing the 
cell size. Thus any traffic carrying capacity requirement can be met by deploying successively 
smaller cells, using an analogy with mobile telephone networks through moving from macro cells 
to pico cells. The costs of deploying many base stations with decreasingly small cell sizes is high 
and can only be economically justified where demand is high enough. 

 

3.1.8.1 Basic assumptions 

Some basic assumptions have been made for the analysis these are: 

• Mesh hop lengths with a line of sight (los) are generally a few hundred metres in urban and 
perhaps longer in rural situations. Longer links are possible between roof top mounted 
antennas but the probability of achieving such a line of sight is falls rapidly for hop lengths 
> 1km. 

• The range achieved in a P-MP system is a function of the base station antenna height, 
location and characteristics of the local coverage area. Typically, a single base station of 
20m height might reach about 50% of the customer terminals in a radius of 2.5 km in a 
rural situation but this coverage will drop to <30% in urban locations 

• Although the guaranteed line of sight connection in a mesh is generally less, the range 
over which significant interference can be transmitted is much greater due to non-line –of-
sight mechanisms including scatter from and diffraction around buildings, vehicles, terrain 
and vegetation. Therefore nearby nodes in a mesh will interfere with each other when 
using the same channel at the same time. 
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• Several hops will usually occur between the POP/gateway and end user in a mesh system 
compared with the single hop in a P-MP system covering the same area. 

• Inexpensive repeaters (nodes) cannot transmit and receive simultaneously on the same or 
nearby frequencies as the RF power from an active transmitter saturates its own receiver15. 
Local reflections from objects close to the repeater would, in general, provide enough 
back-scattered signal to prevent co-channel and adjacent channel operation with separate 
antennas.  

• The use of higher order modulation schemes does not increase capacity significantly when 
the traffic loading is high. (See section 3.1.2.) 

• The maximum demands on traffic capacity are generated by video traffic (either video on 
demand or Internet based TV). Thus the dominant capacity requirement to service this 
traffic is the capacity of the connection from gateway to the users.  

The final point that the majority of traffic is to networks outside the mesh ensures that the 
proposition that meshes are able to self generate capacity does not hold here. There must always 
be a limit on the capacity in the final links to the point of presence. 

3.1.8.2 Self interference in Mesh and P-MP networks with omni-directional antennas 

Figure 3-20 shows how the end user (E) is connected to the POP/gateway at (A) for both mesh 
and P-MP configurations.  
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Figure 3-20 : Comparison of mesh and P-MP networks 

In the P-MP system A has a direct line of sight to E but requires a higher antenna at the POP to 
achieve this than the mesh system, which requires several shorter hops to make the connection. 

In the mesh system with omni directional antennas, other users at B, C and D act as nodes to 
forward the traffic. Once A has forwarded to B, A cannot transmit another packet to B until B has 
finished forwarding to C as B can not transmit and receive simultaneously. Once B has finished 
sending to C, A can attempt to transmit to B, however, even if A and C are well isolated from each 
other the interference caused to B by C forwarding to D will prevent this. A may or may not be able 
to forward another packet to B while D is forwarding to E depending on the path loss between B 

                                                 

15 A significant frequency separation between channels and a high quality diplexer are required for simultaneous transmitter and 
receiver operation at an individual node. This is usually avoided through using time division duplexing where transmit and receive 
are not simultaneous. 
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and E. As a result, A can transmit at best once in every three transmission periods and this may be 
only one in four depending on the path losses from B to E16.  

Conversely the P-MP system can always transmit in every time slot. Thus the P-MP network with 
omni directional antennas, albeit with greater EIRP, can service its network in a specific bandwidth 
with a data rate several times that of the mesh.  Even if the mesh nodes could transmit and 
receive at once, packets will still be subject to a forwarding delay as it is impossible to forward 
data until it has been received. 

This one in two, three or one in four duty cycle experienced in the mesh is not a problem for 
latency if the packet size is chosen appropriately. However, short packets may carry more 
signalling overhead than longer packets and attention must be paid to minimising this overhead. 

A problem unique to the mesh is the traffic bottleneck effect experienced near the POP, which has 
been examined in detail by Jun and Sichitiu [23]. Their simulations indicated that a nominal 11 
Mbps hop data rate reduced to an aggregate rate of ~ 1.5 Mbps, when 6 nodes in a 32 node 
network were actively receiving data. P-MP systems would achieve the full 11 Mbps. This can be 
solved by including more POPs, or by adding layers17 to the mesh. Traffic bottlenecks are 
considered further in sections 3.2 and 3.3. 

As a result of the above, and considering the arguments of 3.1.2 the mesh system appears to 
have less capacity than the P-MP system. However, this is an oversimplification because it ignores 
interference to the rest of the world. To compare like with link, the P-MP and mesh system nodes 
should be constrained to have the same radiated power outside the network, which means the 
nodes should use the same power. 

The result is that in maintaining constant power, for mesh systems, the capacity falls linearly with 
the hop count, whereas for P-MP systems the capacity falls in relation to the transmitted power.  
For example, for a user at the edge of coverage, enabling a hop count of two halves the path 
length and typically allows the power required to be reduced by a factor of 4. It takes twice as long 
to forward data via a single hop in the mesh, but having only a quarter of the power forces a P-MP 
system to reduce the data rate by a factor of 4. 

Consider an idealised case where the users are evenly spread in a mesh covering an area with 
radius R from a POP placed in the middle of the mesh at the same location as the P-MP Hub.  

Single Hop Case 

In mesh allowing a single hop, the system is designed to use minimum power such all those within 
R/2, 25% of the total will get to the POP directly. The remaining 75% need a single hop, which 
effectively halves their capacity. So, the capacity of the whole mesh is 25% + 75% / 2 = 62.5% of 
the total. 

The PMP system needs to only transmit each item of data once for all users, but 75% of those 
need either higher power, or to transmit slower. Assuming inverse square path losses the outer 
75% of users will need to back off to a quarter of the rate of the inner 25% or to increase power by 
6 dB. Maintaining the same interference from each system implies the outer nodes of the P-MP 

                                                 

16 In free space with equally spaced nodes, the re-use distance is ~5 hop lengths for QPSK with ½ rate coding. In practical 
situations, blockage may provide sufficient shielding to prevent interference. 

17 A layer is considered to be an orthogonal means of transmission, for example another channel sufficiently isolated to permit 
simultaneous transmission on one channel and reception on the other. 
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system will need use lower transmission rates rather than higher power, so the P-PM capacity is 
actually 25% at full rate and 75% at quarter rate, or 43.75% of the total. 

It is of course possible to have a closer matching to the data rate for the particular channels that 
the P-MP systems, falling back to maybe ¾, ½ and ¼ depending on range. Meshes will also be 
able to take advantage of higher data rates on shorter links.  

Multiple Hops 

Applying the same argument as for the single hop case, reference to the figures in Table 3-3 
allows us to calculate the capacity of a two hop system as (11.1% + 33.3% / 2 + 55.6% / 3 = 
46.3%).  

The practical problem for this mesh is that the nodes with direct links to the POP are forwarding 
more and more traffic as the hop count increases and form bottlenecks.  In the two hop case,  the 
11% of nodes nearest to the POP are carrying all the traffic from the remaining 89% of nodes to 
the POP.  

For the P-MP system the results can be calculated with the further out users requiring reduced 
data rates. Assuming inverse square path losses these reductions will be to ¼ and 1/9 resulting in 
a capacity of 25.5%. Before crying too much about this woeful capacity it should be remembered 
that this is all being done with power budgets sized to one third of the coverage radius with both 
mesh and P-MP terminals using the same power.   

In pure capacity terms, omnidirectional mesh systems are potentially better than omnidirectional 
P-MP systems. Practical systems are much more complex, and the effect on capacity of traffic 
flows, multicast and routing overheads need to be considered.  

If we consider interference, the mesh system will concentrate transmission and hence interference 
towards the POP. The P-MP system will concentrate interference towards the edge of coverage 
because the users there use the lowest data rates will need to transmit for the longest periods. 

3.1.8.3 Mesh networks with high gain antennas 

The above cases were analysed for a network using omni antennas. If the nodes now have high 
gain antennas, then the only nodes, which would be affected by interference are those where the 
transmission axis of individual hops coincide. To a first approximation the possibility of interference 
could be neglected, although building scatter might still provide some significant interference. 

If all sources of interference are neglected, the capacity from POP to user will be R/2, as although 
repeaters still cannot transmit and receive simultaneously, nodes can now transmit on the next but 
one hop. This again represents an upper limit to the potential capacity for one user on one path to 
the node at E. In a practical situation, the antennas will have a finite beam width and building, 
terrain and vegetation scatter will also contribute to interference levels. Thus the R/2 capacity limit 
will not always be reached in practical configurations on a single path.   

Assuming that the rate to an individual user of R/2 can be achieved, the dormant time frame of the 
single MIP could be used to connect another node in the network (Figure 3-21). The gateway 
could now potentially service two users with individual capacities of R/2 (i.e. identical in terms of 
overall capacity with the P-MP case of one user with R, or two users with R/2, provided that the 
gateway has a line of sight from the to two nodes and the interference environment allows it to 
operate successfully at full capacity. 
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Figure 3-21 : mesh network providing a data rate of R/2 to two users 

Alternatively the gateway could use this spare capacity to service other users in the network and 
the traffic bottleneck experienced in the omni-directional mesh is thus removed, allowing an 
uninterrupted traffic flow from POP to the network. 

The mesh network with very high gain antennas could have several other alternative paths from A 
to E, all of which could operate in parallel, thus increasing the data rate at E to k*r/2, where k = the 
number of alternate paths, i.e. well above that of a P-MP delivery system. This is the basis of 
MIMO systems, but in this case the multipath is via active repeaters. The number of parallel paths 
in the mesh is a function of both the antenna beam width and the number of available nodes in the 
general vicinity of the two connecting nodes. Thus mesh systems with many nodes, which deploy 
high gain antennas, could deliver a higher potential capacity to an individual user than P-MP 
systems in the same spectrum.  

3.1.8.4 Maximum capacity achievable in high antenna gain mesh and P-MP systems 

If the POP node or base station at A in Figure 3-21 is deployed with several narrow beam 
antennas all of which use the same bandwidth and frequency, then the limiting capacity of both is 
determined by the physical isolation which can be achieved between narrow beam antennas.  

A P-MP base station with the multiple sectors would be designed to have a fixed sector beam 
width and be mounted on top of a tall mast (20 to 30 m height), which would normally be above 
the height of the tallest local building.  Alternatively a mesh deployment at the POP could use a 
location on a moderately high building (~15m) with antennas at locations dispersed over the roof.  

A quantitative comparison of the potentially maximum capacities of two such systems is difficult, 
as many characteristics cannot be specified accurately, except in a particular situation. 

P-MP systems  

The P-MP system may use small angled sectors as proposed by CRC, Canada [24]. The current 
trial uses base stations with 24 sectors (150 beam width) at 5.8 GHz, which uses a four-sector 
frequency repeat pattern. Antennas with even larger numbers of sectors seem possible in the 
millimetre wave bands. Another method of improving the frequency re-use in P-MP systems is that 
of time division sectorisation, where a 900 single frequency sector can be divided into several sub 
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sectors. This technique doubles the capacity each time the original sector is divided into four sub-
sectors. Transmission in adjacent sectors occurs on the same frequency channel but in different 
time slots thus avoiding adjacent channel interference. One difficulty is that of knowing how often 
this sector division can be achieved in practice. Smaller sector angles would serve fewer 
customers. Eventually some sensible limit would be reached, where it would be uneconomic to 
deploy a sector for a very small number of users. 

Mesh systems 

The high capacity mesh system would be fed from the POP through a number of Mesh Insertion 
Points (MIPs), each of which connects to two or more nodes in the mesh. As these MIPs are 
located near the top of a reasonable tall building, they would have randomly orientated line of sight 
to relatively distant nodes. It is claimed [25] that that the frequency reuse potential of this 
arrangement is significant due to: 

• The shielding effect created by the structures at the top of the building  

• Other MIPS being deployed on adjacent building to enhance capacity further 

In effect the mesh is connected to the POP through a collection of either point to-point links or 
point-to-multipoint configurations with very narrow sectored beams.  

The comparison of maximum achievable capacity of a single cell P-MP system with a mesh 
deployment becomes problematic because of several characteristics, such as the limits of 
sectorisation in P-MP systems and the number of MIPS, which can be deployed from the mesh 
POP, are difficult to quantify in general. 

The assessment of relative performance becomes even more difficult between deployments, 
which use several P-MP base stations and several POPs for the mesh. A dual-frequency dual-
polarisation re-use plan is often proposed for P-MP systems [26], where a minimum carrier to 
noise ratio (CIR) of 14 dB is experienced. This CIR is sufficient to sustain QPSK operation for all 
possible connection. P-MP systems with more complex multi sector layouts introduce additional 
reuse issues, which are difficult to quantify, especially when active interference control and 
interference cancellation is used eliminate potential destructive interference.  

An additional issue of how much spectrum should be reserved for interconnection of the backhaul 
between P-MP base stations also arises. It is assumed that in mesh systems this traffic 
propagates through the mesh. A base station could be connected to the broadband network by 
fibre but high connection costs might dictate a wireless back haul. 

It is interesting to consider whether mesh networks would have to follow the same frequency 
reuse strategy as P-MP systems or whether they could operate with a single frequency plan. As 
high antenna gain mesh systems tend to use active interference management, the benefits of a 
single frequency plan could be realised. 

A qualitative comparison of POP to user capacity leads to the following observations: 

• Deployment of narrow beam MIPs versus multiple sectors in the P-MP system might 
generate equivalent capacity as both are constrained by antenna beam width technology. 
The regular P-MP sectors might make more efficient use of the geometrical space when 
compared with the irregular orientation of MIPs aimed towards appropriate mesh nodes. 
The MIPs improve their re-use capabilities through building shielding effects.  

• The distribution of traffic in a mesh and P-MP system is different. In the P-MP system, 
users are allocated to one sector only. However in the mesh configuration, the traffic from 
an individual MIP can be routed to any user in the mesh. Thus the statistical variation in 
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traffic loading at sectors in the P-MP case could be spread more evenly in the mesh, thus 
allowing a higher capacity utilisation factor. 

• The multi-cell deployment might favours the mesh system, as the benefits of a single 
frequency plan might be possible for a multiple POP deployment. In the P-MP case a dual-
polarisation dual-frequency plan has between 50% and 25% less capacity than a single 
frequency plan, depending on whether the mesh can make use of both polarisations. 
Active interference management (as suggested in the CRC system) and optimisation 
techniques (developed by the University of Cardiff and RAL) might increase the overall 
capacity of the P-MP network to approach that of the mesh. 

• It would appear that making even a qualitative judgement on which configuration (mesh or 
P-MP) has the larger potential capacity is difficult as it depends so strongly on the 
configuration. 

 

3.1.9. Comparison of interference in mesh and P-MP 

One of the prime objectives of this study is to determine whether mesh networks are better suited 
for operating in a “light license” environment than other network configurations. RAL has built a 
simulator to evaluate this comparison and the results are reported in section 3.2. However it 
seems sensible to also take a semi quantitative approach, in which a number of limiting case 
scenarios are examined. This engineer’s approach reveals some interesting trends when the two 
types of configurations are compared in terms of modulation level, traffic capacity, latency and 
robustness to interference.  

The comparison depends rather critically on how mesh systems actually operate in practice, 
especially when they are subjected to extra system interference. For the sake of this comparison it 
has been assumed that the P-MP systems operate in a similar way to existing standards (e.g.IEEE 
802.16) and that mesh systems use some form of IEEE 802.11 technology 

The report is concerned more with operations below 10 GHz as the current “light license” 
environment applies to Band C at 5.7 GHz. mesh networks operating in the 28 bands would have 
dedicated frequency allocations. The license arrangements for the 40 GHz bands are not defined. 
For the sake of the comparison it is assumed that the RF characteristics of both networks are 
similar, which guarantees that the sustainable traffic data rate (determined by RF power, antenna 
gain, noise level, etc) for both systems obeys a similar performance function in terms of distance;  

The base station height in a P-MP system would generally be chosen to be well above the local 
clutter, 20m being a typical height. However the mesh repeater would be situated at just above 
roof top height. Thus the range over which two repeaters can operate in the mesh configuration is 
much shorter than the P-MP operation. Figure 3-22 shows a family of curves (ITU-R Rec. 1410), 
which indicate the probability of having a line of sight to a roof mounted CPE, as a function of base 
station height and range. Typically the repeaters in the mesh configuration would be situated at the 
same height as the CPEs of the P-MP system; i.e. between 5 and 10m height where the 
probability of a line of sight diminishes rather quickly at ranges > 500m. In an urban area a 
repeater located at 10m height, would have < 20% probability of securing line of sight at 500 m 
range, whereas a base station antenna at 20m height would have > 50% chance.  
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Figure 3-22: Typical probabilities of having a line of sight from a base station at the specified height to a CPE at 5 m height for urban 
(left) and suburban (right) areas 

3.1.9.1 Multiple hop traffic in mesh compared with P-MP operation 

A separation of approximately five hops of a similar length would be required to achieve the 
necessary C/I of 14 dB for two simultaneous exchanges to take place with QPSK modulation. 

Figure 3-23 shows the time sequence of events when a packet is transferred through a mesh with 
five repeaters. The modulation schemes for the mesh and P-MP are both QPSK. As before the 
POP transmits the packet to the first repeater, which takes one time slot (T). The first repeater then 
transfers the packet to the second repeater and so on. The number of time slots required is 5T for 
the five hops. The transfer time cannot be reduces (in a single channel scenario) as each of the 
transfers between repeaters can only be achieved provided all other hops remain dormant.  

Thus in the mesh network the packet arrives after a delay of 5T provided the interference levels 
generated preserve an adequate C/I of ~ 14 dB. In effect no interference of equivalent EIRP to the 
mesh should be present within ~ 5 times the hop length. 

The P-MP system has to operate over a path that is approximately five times as long as the 
individual hops in the mesh system. However the transaction could take place in time T. This 
would require the transmitter at the POP to have 25 times (14 dB) the equivalent EIRP of the 
mesh. Alternatively the bandwidth of the P-MP link could be reduced by a factor of 25 to achieve 
the same packet error ratio (PER) performance. It is more likely that some combination of reduced 
data rate and increased EIRP would be used in practice. By reducing the rate by 5 and increasing 
the EIRP by 7 dB, the complete packet would arrive after a similar delay time as the mesh packet; 
i.e. 5T and with a similar PER with respect to noise. 

However disruptive interference to the P-MP network could now occur:  

• Over an area of 25 times of that which would affect the much short hops in the mesh. 
• For a period of 5T 
• But over a reduced bandwidth of a factor of 5 
 

It appears that in this example a packet transmitted through the P-MP network suffers a greater 
chance of being corrupted even though it uses 7 dB more EIRP. The exclusion area increases as 
the square of the link length but the bandwidth reduction is a linear relationship dependant on the 
number of hops. 
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In this example, the mesh is better protected from interference by a factor of 5. However the P-MP 
protagonist would claim that only one fifth of the channel capacity had been used so that in theory 
another four P-MP transactions could have been completed in the same time-frequency space, 
albeit with a greater chance of packet transfer failure. 

When the effect of several other users is considered the problem becomes more difficult. A more 
comprehensive estimate of the capacity of mesh networks is contained in [18], where the effect of 
multiple hops is examined when many of the nodes in the entire network are active. This analysis 
proposes a critical link concept, which restricts capacity to the whole network. These concepts are 
tested by simulation, which demonstrate that mesh networks have severe capacity limitations 
when compared with P-MP operations using equivalent bandwidths. 
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Figure 3-23: Time sequences of packet transfer in mesh and P-MP configurations 

3.1.9.2 Connections with more than 5 hops in the mesh network 

Transmissions, which occur at a distance greater than the fifth repeater in the mesh, are in effect 
outside the interference exclusion area, when QPSK modulation is used. Thus in a chain of 10 
repeaters, although the delay in the packet arrival time is now 10 T, the data rate could be in effect 
doubled as two independent tandem chains of five repeater could operate in parallel. Each new 
packet would arrive after a delay of 5T. Using a similar analysis as above for the P-MP system the 
range increases by a factor of two but the bandwidth reduction remains at a factor of five.  

However the disruptive interference to the P-MP network could now occur:  

• Over an area of 100 times of that which would affect the much short hops in the mesh. 
• For a period of 10T 
• But still over a reduced bandwidth of a factor of 5 
 

The P-MP operation seems to be in a much worse situation with regard to interference than the 
mesh system (by a factor of ~ 20), which cannot be compensated by using the spare bandwidth (4 
channels of 20% of the mesh bandwidth) for other transmissions. 

3.1.9.3 Other issues 

Does sectorisation in P-MP for increasing the overall system capacity have a parallel in mesh 
systems? In general a dual frequency plan could be used for a single isolated base station in a P-
MP system (Figure 3-24) to double capacity at the base station. CRC in Canada claim to have 
developed a 24-sector system for 5 GHz deployments, which has a capacity of 40 Mbps/sector, 
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equivalent to nearly 1Gbps/base station. Can this concept be used in a mesh system when 
multiple channels are available or is it better to use the two channels in an ad hoc manner to 
improve mesh capacity? Simulation is probably the only method of evaluating and comparing the 
capacities of P-MP and mesh networks when two or more channels are available and multiple 
sector base stations are deployed, especially in an interference limited environment. 
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Four sector dual frequency base station

F2

Twenty four sector (with a four frequency channel) base stati
(CRC, Canada configuration)

F1 F4

F3
F2
F1
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Figure 3-24: Antenna sectorisation and frequency plan at base stations 

The mesh protagonist will claim that additional CPEs are also serviced outside the local boundary. 
However the service to these distant users deteriorates as they receive their data from an 
increasing number of hops with poorer latency and greater probability of suffering and high PER. 

P-MP claimants will say that a better way to service distant users it to install another base station, 
which reuses the same frequency channel resulting from optimum base station antenna alignment 
and sector frequency planning. This base station would be connected to the POPs through a fibre 
backbone. Fibre might be expensive but in terms of spectrum efficiency it is hard to beat! mesh 
designers might respond that fibre connections could be used to provide additional POPs at 
various points in a mesh network 

Dual layer P-MP architecture is another option being explored by RAL for both improved coverage 
within the cell and connection of CPEs, which are located outside the main coverage area of a 
single base station.  

 

3.1.10. P-MP and Mesh co-existence 

The light license requirement tends to focus on the scenario where the performance of these 
systems is limited through external interference rather than by interference generated within their 
own system. Thus the traffic loading of the particular operation might be quite light but the chances 
of gaining access to a “free” channel relatively poor. A particular operator in this situation has to 
compete with all other potential users of channel. How does a particular operator maximise their 
chances of success in such a scenario? 
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This is precisely the problem, which arises when two incompatible systems such as WiFi IEEE 
802.11 (polite MAC) and WiMAX IEEE 802.16 (always assumes primary use of spectrum) try to 
operate in the same general locality in light licensed band. Manchester and RAL simulations have 
both demonstrated that the less polite MAC protocol seems to win when two such systems try to 
compete for capacity. 

However the above simulations does not take into account the differences between the particular 
time frame characteristics of the TDD protocols in M-MP and mesh networks. The discussion 
below investigates what happens when the time frames of two such systems are both different in 
character and unsynchronised with respect to each other. It is assumed that systems are using 
WiMAX and IEEE802.11.  

Both systems are able to use a TDD access protocol. However the IEEE 802.16 time frame is of 
the order of a few milliseconds whereas the IEEE 802.11 time frame could vary between 100 ms 
to 1 ms. Individual packet lengths could be as short as VoIP packets or a single MPEG packet 
(182 bytes) or as long as a typical Ethernet data packet of 1500 bytes. 

The analysis also assumes that the P_MP operation has typical antenna characteristics which limit 
the interference generated by the P-MP system. Typically the base station would have a 900 sector 
antenna operating to CPEs with antenna beams of ~ 150. The mesh system could have either 
omni or higher-gain more directive antennas. The average interference generated by a mesh 
network is in the first order independent of the beam width. The random direction of individual 
hops coupled with high gain antennas produces the same time-averaged interference levels in a 
fully loaded mesh as a system with omni directional antennas. 

 

3.1.10.1 TDD time frame differences in P-MP (IEEE 802.16) and mesh (IEEE 802.11) 
operations 

Figure 3-25 indicates the difference between the time frames in P-MP and mesh configurations. 
The P-MP system tends to have a regular time frame, which is broken down into uplink and 
downlink segments together with a contention segment where CPEs can “apply” for access. The 
length of the time frame is generally fixed (between 1ms and 8 ms) with the only variable being the 
split between up and down links. This up/down link split can be varied to suit particular traffic types 
but would generally not vary from one frame to another. Modification of the time split is used more 
to accommodate the demands of different traffic patterns. Commercial users might benefit from a 
50/50 split, as balanced up link downlink traffic might be expected. However residential users with 
a much higher proportion of down link video traffic might benefit from an ~ 80/20 split. 
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Figure 3-25: Time frames in P-MP and mesh operations 

In contrast the time frames in a mesh system tend to be dictated by the instantaneous traffic 
requirements, (e.g. achieved hop data rate and packet length of each link (hop) in the mesh). The 
concept of separation into uplinks and down links is also foreign to mesh systems. Thus an 
irregular pattern of transmissions on the various active links in a mesh results. The time frames in 
the mesh system are generally shorter than those of a P-MP operation 

3.1.10.2 Interaction of mesh and P-MP on up and down links when in close proximity 

Figure 3-26 indicates a sector of a P-MP system in close proximity to a mesh operation. It is 
instructive to study what happens when both are sufficiently close to cause mutual interference. 
When the P-MP down link is in operation, significant interference would be caused to the mesh 
operation by the 900 sector “broadcast” down link transmissions from the base station. However 
on the up link the narrow beam CPEs antennas transmit away from the mesh with little 
interference being encountered. As a consequence the mesh system could operate successfully 
for the part of the time when the uplink P-MP transmissions are active, provided it used packet 
lengths which were much shorter than the up link time frame duration. 
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Figure 3-26: Mutual interference between P-MP and mesh operations 

However, the randomly orientated active links in the mesh system would have ~ a 100/25% 
chance (depending on the antenna gain) of interfering with the P-MP uplink reception at the base 
station. 

If the P-MP systems has a time frame split of 50/50, then the mesh could operate during the up 
link time frame of the P-MP system and achieve ~ 50% of its efficiency of that when operating in 
the low interference environment. However the P-MP would suffer continuous disruption, as uplink 
acknowledgements and data traffic from its CPEs would have a high probability of failure. This 
disruption would result in a significant number of re-transmission of data packets on the downlink 
from the base station. 
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Figure 3-27: Mutual interference between P-MP and mesh operations 
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If the positions of the mesh and P-MP are interchanged, then the same interference conflict is 
present. However, in this configuration the mesh now interferes severely with the down link traffic 
of the P-MP system but can use this part of the P-MP frame to operate in a relatively interference 
free environment. However, the mesh interference to the P-MP system is probably more serious, 
because as well as causing errors in data packets, the down link would also contain the critical 
system control information, that specifies both the particular time frame configuration and those 
CPEs which would be allowed to transmit on the uplink. 

 

How would the P-MP operation react to an increased PER? 

It is unlikely that the P-MP operator will reduce their EIRP to accommodate mesh requirements. 
Conversely they are liable to increase their EIRP to the maximum level allowed, in order to 
complete the packet transfer as quickly as possible whilst minimising the chances of interference. 
This would allow the channel to be used in a time division mode rather than the less efficient 
frequency division method, with all the problems associated with narrow band filters. It seems 
highly likely that an escalation of EIRP in both networks could result as the mesh system 
increases its EIRP to combat the interference effects of the higher EIRP of the P-MP operations. 
The logical conclusion would for both type of system to resort to maximum EIRP in the presence 
of extra system interference.  

This situation would result in the mesh system operating at a higher power level than would be 
required by the local C/N requirement and thus spreading a higher than necessary interference 
environment throughout the network as a knock-on effect. In such an environment, some of the 
links in both the mesh and P-MP systems might be able to function but not all. Thus as the mesh 
depends on multiple hop communication it could have a higher chance of failure as the traffic 
density and interference levels increase. However as a counter measure the mesh operation 
would seek to set up multiple hops with shortest interconnection distance, in the lowest 
interference environment. This again could tend to maximise the local interference field strength 

The consequences seems almost as catastrophic as those of trying to mix polite and loud-
mouthed MAC protocols. 

 

3.1.11. Radar generated interference and DFS operation 

FWA operations in 5.8 GHz band C are required to have DFS functionality to avoid harmful 
interference to radars systems, which can also operate in that band. An Electronic 
Communications Committee (ECC) report (CEPT) report 68 [18]) provides detailed information on 
the characteristics (Annex 1) of the various types of radars, which might be encountered in this 
band. The report also analyses, in depth, the effect of several types of FWA system on these 
radars operations. It concludes that the FWA receiver threshold used to trigger the DFS operation 
should be set at ~ -69 dBm, for a Fixed Wireless Access (FWA) EIRPs of 36 dBm. (This threshold 
level is relaxed for lower power FWA systems) This threshold level has been specified to prevent 
FWA systems from causing degradation to the radar return signals. All terminals (i.e. all nodes in a 
mesh) capable of transmission must be equipped with DFS functionality. One of the problems 
facing an FWA operation is that these radars might be of frequency hopping variety. Thus a 
detection of a radar signal in one channel might indicate that several potential FWA channels 
could be in use by a radar, in a time varying sequence. 

The requirements for the DFS operation in the 5 GHz bands are defined in a series of tests in an 
ETSI document [19]. In brief, all channels which are to be used by the FWA system have to be 
tested on a continuing basis for the presence of a radar. It is not clear how often the FWA operator 
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should test for the presence of a radar signal. However as many of the radars might be difficult to 
detect (e.g. frequency hopping radars) then tests should be performed relatively frequently to be 
effective. If a radar signal is detected above the threshold, the FWA operation must exit that 
channel within 10 seconds and seek another vacant channel before FWA transmissions can re-
commence. 

3.1.11.1 Single Channel Limitations 

DFS regulations, as currently interpreted, imply that each wireless network should choose a single 
channel for all its operations, avoiding any that are occupied by radars and spreading the channel 
occupancy uniformly across the rest.  This strategy can lead to excessive delays, unacceptable for 
many real-time applications, in mesh network architectures. 

Suppose the packet length for BPSK is 1ms.  Then, ignoring headers and control packets that may 
be transmitted at lower rates, the length of a 750 byte packet will be 0.5 ms for QPSK, 0.25 ms for 
16-QAM and 0.167 ms for 64-QAM.  The length of time required to transfer this packet from one 
side of the interference zone to the other in a single channel network is therefore 5 ms for BPSK, 
4.5 ms for QPSK, 4.25 ms for 16-QAM and 5.5 ms for 64-QAM.  When control packets and 
headers are taken into account, the effective packet length is increased by the same amount for all 
data rates, say “t” and the transfer time is increased by 5t for BPSK, 9t for QPSK, 17t for 16-QAM 
and 33t for 64QAM. 

Now consider a multi-channel network that has access to at least 2 (4, 8, 16) channels for BPSK 
(QPSK, 16-QAM, 64-QAM) transmission.  Repeaters still cannot receive at the same time as they 
are transmitting, even on a different channel, because diplexers with sufficient isolation are too 
large and expensive for consumer equipment.  However, provided all repeaters transmitting in the 
interference area are using different channels, no interference will occur at any receiver.  In a 
perfectly controlled network with sufficient channels, all odd-numbered repeaters (see Figure 3-3), 
Rn-1, Rn-3, etc. can transmit at the same time on different frequencies.  In this case up to 2 (4, 8, 
16) repeaters can transmit at the same time using BPSK (QPSK, 16-QAM, 64-QAM) modulation.  
While it will still take the same time for an individual packet to traverse the interference area, there 
may be 2 (4, 8, 16) packets in transit at the same time.   

 The useful data rate is increased from 1.2 (1.33, 1.41 1.09) Mbit/s for the single channel case 
(see section 3.1.2.2) to 3.0 (2.67, 2.82, 2.18) Mbit/s for the two-channel case, 3.0 (6.0, 5.65, 4.36) 
Mbit/s for the four-channel case, 3.0 (6.0, 12.0, 8.73) Mbit/s for the eight-channel case, and 3.0 
(6.0, 12.0, 18.0) Mbit/s for the 16-channel case.   

Clearly, high end-user data rates depend on the use of multiple channels.  However, it should be 
noted that this does not make any difference to the overall delay experienced by each packet.  
Also, the total capacity available to share is proportional to the number of channels used, so if the 
individual user’s data rate increases in line with the number of channels, the total number of users 
that can be served remains the same.  Also, all these figures disregard the overheads of control 
packets and headers, which are generally transmitted at the lowest data rate, and therefore 
occupy an increasing proportion of the time as the data rate  used for the data packets themselves 
increases.  Also, the analysis assumes there is only a single data stream, with no interference 
from other streams or other networks, and that the channel allocation is done globally by a central 
controller to ensure that every transmitter in the interference area of every receiver is using a 
different channel. 

A significant increase in single-user data rate can be achieved if the network uses all available 
channels, rather than simply choosing one.  Now R2 (see Figure 3-3) can transmit the first frame to 
R3 (on a different channel) at the same time as S transmits the next frame to R1.  Provided there 
are sufficient channels available, i.e. 2 for BPSK, 4 for QPSK, 8 for 16-QAM or 16 for 64-QAM, the 
data rate for the multi-hop route becomes half of the channel transmission rate.  
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The use of all channels by all networks has two further advantages.  Firstly, it distributes all the 
radiated power more evenly over the entire frequency range than a system that uses a single 
channel for each network.  If one network has more traffic than another, this does not lead to one 
channel being more heavily loaded than another.  This meets the spirit of the DFS requirement, to 
spread the energy evenly over all available channels that are not occupied by radars, better than 
the single channel per network approach.  Secondly the utilisation efficiency of the available 
channels is maximised by having them all loaded equally.  The small improvement in efficiency 
from having one channel lightly loaded is more than offset by the large degradation in efficiency 
from having another channel more heavily loaded.  

It is easy to show that multi-channel working for all networks sharing the medium has advantages 
for spectral efficiency, but more difficult to show how this can be implemented in a distributed, 
multi-network environment with no central control.  However, a very simple sub-optimum scheme 
may come close to the optimum performance.  Let every node (radio) scan all the available 
channels and select the one on which it detects the least activity, excluding any where a radar is 
detected.  Where several channels are detected with equally low activity, it selects one at random.  
It now sets its receiver to listen only to the chosen channel and advertises the channel number it is 
listening to using a common (broadcast) signalling channel.  As the data rate on this signalling 
channel is very low, it can use a spread spectrum modulation scheme with high processing gain to 
overlay all of the traffic channels, and avoid interference with traffic in the main channels.  Any 
other node wishing to send traffic to this node must now use the channel it has advertised that it is 
listening to.  Quality metrics used to select routes involving hops to this node will now be based on 
the state of this channel as heard at this node. 

This simple algorithm will sometimes lead to consecutive hops using the same channel, but the 
probability of this happening will be inversely proportional to the number of channels available.  
Thus the performance, from a spectral efficiency point of view, should approach that of the 
perfectly planned centrally controlled system as the number of channels available increases.   

As the number of channels available in the 5,150 to 5,350 and 5,470 to 5,725 MHz bands together 
is 18, this should be sufficient to allow efficient use of the 64-QAM modulation scheme 
incorporated in IEEE 802.11a equipment designed to operate in these bands.  However, to 
achieve the maximum spectral efficiency the DFS regulations must be changed to make it clear 
that networks should use all available (radar-free) channels and not choose a single one. 

3.1.11.2 The consequences for a mesh network when the DFS threshold is triggered 

Mesh networks use complex routing algorithms, which fall broadly into two categories. The routing 
method could be: 

• Table driven, which would be compiled at a centrally control location; the routing table 
would be distributed to all nodes together with continuous updates 

• Distributed ad hoc method at each node, determined by local conditions at the each node 

In both cases the routing through the mesh is determined by some test, such as the shortest 
available path from POP to user. Clearly this path alters with different traffic loading and availability 
of frequency slots. 

The first aspect to consider is how the tests performed by the DFS function at each node affect the 
routing. When a radar signal is detected in the vicinity of the mesh operation, it is likely that all the 
nodes will not initially measure the radar signal to be above the threshold. The DFS test, which will 
be required at individual nodes to confirm (or deny) the presence of a radar signal, would be used 
to: 
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• Block certain channels at nodes where the radar signal is detected (distributed controlled 
mesh) and inform other nodes which have not detected the DFS threshold 

• Send information back on the unavailable channels to the update the routing table in the 
centrally controlled routing method 

The time scale required to complete this process and re-arrange routing is 10 s from first 
detection. 

In the table driven approach, the channel allocated to a particular node might be the actual 
channel, which is blocked by the DFS operation. How does this node inform the central control 
concerning the blocked channel? In a frequency hopping radar operation the available channels, 
which are not blocked, will vary in time. Thus as soon as the table has been updated to create a 
new routing plan, the channel availability condition could change and render the new table 
unusable. It would seem superficially that distributed routing method might have an advantage.  

The success of establishing a new routing table after a DFS trigger must be critically dependent on 
the time interval (Tr) required between successive radar signal test and the time delay (TN) in 
distributing routing information through the network. If (TN) is << (Tr) the routing table can easily 
keep up with changing events. However this assumes that radar interference will not disruption the 
mesh operation in that time period. The mesh might try to use channels, which are about to be 
disrupted by interference from a radar signal. In such circumstances the attempts of the individual 
nodes to inform the central control, concerning the currently available channels, would fail. 

3.1.11.3 Interference to mesh systems caused by radar signals just below the DFS 
threshold 

The DFS threshold of ~ -69 dBm has been set to suppress interference to relatively low power (10 
kW to 70 kW) tracking radars. Thus the much higher power radars might cause long-range 
interference to mesh operations as they have much greater EIRPs (> 40 dB). If a mesh system is 
transmitting with QPSK modulation and R=3/4 rate coding, then the minimum receiver sensitivity 
(IEEE 802.11 spec.) is ~ -77 dBm. Assuming a margin of ~6 to 7 dB is provided by the mesh 
transmitter power control (TPC), then the received signal level would be ~ 70 dBm. Thus 
interference by a radar signal, just below the DFS threshold, would generate a C/I ~ 1. The 
presence of such a high level of interference and subsequent packet errors should cause the TPC 
to increase the FWA transmit power levels significantly. However as the radar interference is short 
duration (typically < 20µs), the TPC might not respond. 

3.1.11.4 Adjacent channel DFS trigger and receiver saturation from high power level radar 
signals 

Receiver input saturation might arise from higher power radar transmissions. Although the radar 
transmission might only occupy one channel, the power level might be sufficient to saturate the 
front end of the receiver, effectively blocking all other channels. This arises because the channel 
filtering is performed at the IF stages rather than at the RF input of the receiver. Although radar 
signals are very short, a saturated receiver might take significant time to recover after saturation. 

A high power radar signal might not have sufficient power to saturate the RF front end but still be 
of sufficiently high level to cause adjacent channel interference, as isolation between channels is 
of the order of 30 dB. Thus adjacent channels might detect radar signals, which exceed the DFS 
threshold, if they are well above (> 30dB) the –69 dBm level of the co-channel threshold. 

3.1.11.5 Probability of radar interference seriously affect mesh networks 

The radar parameters (annex 1) have been used to investigate whether radar interference will 
seriously affect mesh networks. Peak power levels can vary from 12 KW to 2.8 MW. These radars 
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fall into a number of categories e.g. tracking and azimuth scanning with a variety of transmission 
schemes such as pulsed, chirp, frequency hopping and non-linear FM. Pulse lengths vary from 
0.25 µs to 100 µs with repetition rates ranging from 160 to 7800 pps. 

The important parameters for determining the interference threat to a mesh network are shown in 
(Table 3-4). These are the peak powers, antenna gains, tracking method, which determines the 
proportion of time that the main beam of the radar spends located over the mesh operation, duty 
cycle (product of the pulse length and repetition rate) and the repetition rate. 

Radar Type L M N O Q X Y Z 

antenna azimuth beam width 
(degrees) 0.4 0.8 1 1 1.6   1.75

horizontal scan type (degrees/s) tracking tracking tracking tracking 90 N/A 180 120 

transmitter peak power (KW) 2800 1200 1000 165 285 12 12 70 

pulse length (micro secs) 5 1 50 100 1 20 20 10 

repetition rates pps 640 640 280 320 2400 7800 7800 3750

Antenna gain (dB) 54 47 46 42 30 35 35 32 

Table 3-4: Important radar parameters for determining the threat level 

Peak power determines the range at which a radar might affect a mesh network. As a rule of 
thumb the degree of threat posed by a radar would be proportional to 

• Peak power 
• Antenna gain 
• Propagation loss  
 

The field strengths of each of the radars in Table 3-4 has been assessed using a path loss ∝ L -n , 
where L is the path length and n =2, 3 and 4. 

Scanning radars rotates in azimuth so that the main beam only covers the mesh network for a 
fraction of the time. As the radar beam widths are typically ~ 10, a radar might cause interference 
for ~ 1% of the time (i.e. over 30 in 3600), if the main beam and first side lobes are also included. 
Thus only 1 in 100 packets might be disrupted, as pulse widths are generally shorter than typical 
packet lengths. The redundancy already built into an efficient network should be capable of coping 
with a 1% packet loss. However, where repetition rates are high, several packets could be affected 
in the situation where the radar main beam covers the mesh network. 

Tracking radars pose a different problem. On average they should be less likely to interfere with a 
mesh network. Operationally they would be confined to a randomly located fairly narrow sector of 
the full 3600 arc. However if this sector coincides with the mesh network then the interference 
generated could be almost continuous. Here both the pulse length-repetition rate product and the 
repetition rates have been used to assess the threat level. 

Another consideration, of whether the presence of the radar closes down one or several channels 
in the mesh system, is more difficult to assess. The case of a high power radar causing receiver 
saturation has been discussed above. It seems important that mesh network designers provide a 
wide enough range of linear operation (of the RF front ends) to mitigate this problem. As the TPC 
has a range of 20 to 30 dB, receiver linear operational ranges much greater than 40 dB might 
appear, superficially, to be unnecessary. However this dynamic range might not be sufficient to 
protect the receiver from being driven into saturation. Even in linear operational mode, the power 
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level differences between the interfering radar and the wanted mesh transmissions might be 
sufficiently large to cause adjacent channel interference.  

Frequency hopping radars cause a different threat. Frequency hopping rates of ~ 1000 
hops/second using 10 MHz channels over ~ 400 MHz band, are implied in the radar 
characteristics. If the radar channel selection is random, then the chance of a radar transmission 
(10 MHz channels) coinciding with a mesh operation, using an individual 20 MHz channel in the 
5725 to 5875 MHz band, is ~ 5% in any 1 ms interval. This level of interference approaches the 
maximum 10% packet error criterion used as the performance standard in the IEEE 802.11 
specifications. It would appear that when a mesh system is confronted with a radar, which is either 
frequency hopping or tracking radar, that significant degradation of performance might occur. It 
would be difficult for the mesh routing system to cope with channels assignments, which could 
change in times scales of ~ 20 ms. Switching to another channel might be counterproductive in the 
presence of a frequency hopping radar, as the new channel could experience the same level of 
disruption. 

3.1.11.6 Radar signal power levels as a function of range 

Eight different radars are characterised in the table in Annex 1. An attempt has been made to 
quantify the relative threats of these radars using the peak power, pulse length, repetition rates 
and type of operation (i.e. frequency hopping or pulsed, tracking or scanning). The table (annex 1) 
specifies a number of combinations of pulse lengths and repetition rates. The combinations, which 
generated the greatest threat, are those with longest pulse length and maximum repetition rate. 

The curves shown in Figure 3-28 to Figure 3-30 indicate received power levels at a mesh receiver 
with a 0 dB gain antenna: 

• as function of range  
• for the eight categories of radar  
• for three different propagation power laws (n = 3, 4 and 2, respectively).  
 

Three different threshold levels are shown on the plots  

• A minimum level (-92 dBm) which is 10 dB below the minimum receiver sensitivity of the 
IEEE 802.11 specification for lowest rate BPSK (equivalent to a carrier to noise (C/I) = 10 
dBm) 

• The DFS threshold level (-69 dBm) 
 

The received signal level (-41 dBm) which would trigger the DFS threshold in an adjacent channel 
assuming channel isolation is 28dB 

It is assumed that in normal atmospheric conditions that the radar signal power law loss factor lie 
between n = 3 and 4, with inverse square loss applying over the first 5 km. However when ducting 
is present then n = 2 (or even smaller) would be more appropriate over the full radar range. The 
three plots show significant differences in sensitivity to received signal strength. 

All radars can produce significant received power levels at the mesh receiver up to one hundred 
kilometres, for the n = 3 and 4 cases. The received power level of the lowest power radar is 
sufficient to trigger the DFS function at up to 100 km. The DFS threshold level significantly 
exceeds the received signal level that could cause significant C/I levels. The minimum receiver 
sensitivity specified in the IEE 802.11 for the lowest rate BPSK operation is 82 dBm. Thus a radar 
signal at the DFS threshold level would cause unacceptable C/I levels, unless the TPC raises 
transmitter power levels, in the mesh network, significantly. 
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Figure 3-28: Received power with 0 dB antenna for n = 3 propagation loss for eight categories of radars as a function of range radar PDF 
for n = 3 propagation loss factor 

 

-100.0

-80.0

-60.0

-40.0

-20.0

0.0

20.0
1 10 100 1000

range (km)

re
ce

iv
ed

 p
ow

er
 d

B
m

L

M

N

O

Q

X

Y

Z

minimum level

DFS threshold

adjacant channel
threshold

 

Figure 3-29: Received power with 0dB antenna for n = 4 propagation loss factor for eight categories of radars as a function of range 

The power levels at shorter ranges are sufficient to cause adjacent channel trigger of the DFS 
function for ranges up to 20 km for the lowest power radars and up to several hundred kilometres 
for the highest power type. Receiver saturation will probably occur for shorter-range intercepts (< 
50 km), as receiver dynamic range of more than 80 dB would be necessary to avoid it. 

Figure 3-30 indicates the power levels, which might be encountered, from ducting, which occurs in 
anomalous propagation conditions. The enhancement of signal levels and the increased potential 
range of interfering radars are significant. All radars would both trigger the DFS function up to 
several hundred kilometres range and cause the TPC (with a 20 to 30 dB dynamic range) to go 
into saturation in an attempt to achieve a working C/I. The DFS function would be triggered in 
adjacent channels. This increased channel blockage would frustrate attempts by the mesh control 
system in locating an open channel, for all radars at ranges up to 100 km. This situation would be 
quite serious, as the near-adjacent channels could also be similarly affected, either through DFS 
threshold trigger or RF receiver saturation. This might deny the mesh operation access to any 
channels.  
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It should also be noted that some radars exceed the adjacent channel threshold by more than 40 
dB at ranges up to 30 km. This increased interference level would allow transmissions from the 
higher order antenna side lobes of these radars to have sufficient power also to cause 
interference. 
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Figure 3-30: Received power with 0dB antenna for n = 2 propagation loss for eight categories of radars as a function of range 

 

3.1.11.7 Percentage time for which the radar signals are present 

Table 3-5 shows the duty cycle (percentage time), for which the various radars are active. It is 
obtained by multiplying the pulse length by the repetition rate. The table also shows the time (ms) 
between adjacent pulses. This is an important parameter, as a high power radar pulse only needs 
to corrupt a small part of a mesh packet to cause unacceptable errors. It is interesting to note that 
none of the tracking radars exceed a duty cycle of more than 3.2 %. Thus even if the radar beam 
was continuously pointed at the mesh, the maximum packet error rate of ~ 3% could be 
experienced on a random basis, if packet lengths and radar pulses were of similar durations.  

Radar type L M N O Q X Y Z 

horizontal scan type (degrees/s) tracking tracking tracking tracking 90 N/A 180 120

% duty cycle 0.32 0.064 1.4 3.2 0.24 15.6 15.6 3.75

duration between pulses ms 1.56 1.56 3.57 3.13 0.42 0.13 0.13 0.27

Table 3-5: Percentage active time (pulse length*repetition rate) and duration between pulses for various radars 

However a short pulse burst from a radar intercepting a long mesh packet can be rather 
destructive. The radar pulses lengths (1 to 100 µs) are generally much shorter than typical packets 
of 1000 bytes (800 µs for a 10 Mbps transmission rate). Thus, even with a low radar duty cycle, 
the chances of a radar pulse intercepting and corrupting a long packet are very high. It is fortuitous 
that the higher power radars, which can cause maximum interference, have greater time intervals 
between pulses. However even with dead times of between 1 and 4 ms, the chances of a radar 
pulse intercepting a mesh packet of ~ 1 ms length approaches 50%. The severity of the problem 
clearly depends on the current propagation conditions, ranging from moderate, if the n = 4 power 
law factor applies, to almost complete shut down of mesh operation for n = 2. 

The percentage time, for which radars transmission could interfere, would be determined by the 
antenna steering characteristics. For instance, a tracking radar would need to have its main lobe 
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pointed in the general direction of the mesh, whereas a 3600 azimuth scanning radar could only 
cause problems for a small percentage of the time, provided that most of the side lobes do not 
have sufficient power to cause interference.  

As these potential sources of interference are military radars, the actual details of their operations, 
such as percentage time when active, location, limitations of azimuth and vertical scans, etc, are 
not available. Thus is not possible to determine the actual level of interference (in terms of 
percentage times or packet loss), which could be experiences by an FWA operation. In general it 
can only be noted that such radars operating in the general proximity (within ~ 100km or more in 
ducting conditions) could cause harmful interference to FWA operations. 

It should be noted that all these estimates have been made for mesh systems with omni 
directional antennas. More directive higher-gain antennas would eliminate some situation where 
radar generated interference could cause a problem. However mesh systems with higher-gain 
antennas would experience an increased threat from more distantly located radars due to larger 
received powers. 

 

3.1.12. Summary and conclusions on issues effecting mesh efficiency 

3.1.12.1 Link Adaptation 

Based on PHY/MAC layer considerations alone, it appears that spectral efficiency is maximised by 
restricting the modulations schemes used to BPSK and QPSK with Rate-½ coding, i.e. 6 or 12 
Mbit/s under the IEEE802.11a and/or HIPERLAN-2 standards. If the system were operating in an 
inverse-fourth-power-law propagation environment, i.e. ranges exceeding 200m, the conclusion 
would be that 16-QAM would also be acceptable. Consideration of a single stream of data flowing 
along a linear chain of repeaters leads to the conclusion that a slightly higher throughput can be 
achieved using 16-QAM than QPSK. However, this ignores interference from sources other than 
the repeaters along the chain. The bottleneck created by traffic converging on a GW leads to the 
need to increase the contention ratio by a factor of four for a doubling to the transmission rate, just 
to maintain the same rate per active user. In all cases considered, the use of higher data rates 
leads to a reduction in spectral efficiency. All Link Adaptation algorithms attempt to maximise the 
individual user’s transmission rate, at the expense of reducing the total capacity available to all 
users. Only one takes proper account of the interference and congestion, and this is based on a 
crude heuristic. All the others attempt to maximise the transmission rate based on SNR alone. It is 
recommended that Mesh networks based on the IEEE802.11a standard should be restricted 
to operation at only 6 or 12 Mbit/s transmission rate. 

3.1.12.2 Routing 

There was no overall survey paper located accurately comparing the robustness of common ad-
hoc routing protocols in different scenarios. Building a common experimental methodology in a 
simulation environment would enable a proper survey to be conducted with a specific set of ad-
hoc routing protocols. Unfortunately, due to time constraints this is beyond the scope of this study. 
However, certain conclusions can be drawn between on demand and table driven protocols. 

On demand protocols provide straightforward mechanisms to establish routes in small mesh 
networks. Due to the amount of configuration traffic generated synchronously with connection 
establishment, they do not scale well and are prone to problems when faced with unreliable or 
malicious nodes, and failed links. Several of these issues are being addressed in research, 
however it should be noted that on-demand protocols are not used in wired networks mainly 
because of the same limitations outlined in this text. 
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Table driven protocols offer more sophisticated control mechanisms that scale well, although they 
are not suitable for networks that are reconfiguring quickly. Since control information is propagated 
at a fixed rate, and in the 2 protocols discussed, specific nodes are set up to manage control traffic 
for each sub tree, route coherency and security can be maintained. These types of routing 
protocol are also suitable for global route management and QoS, thus potentially providing high 
degrees of fairness. 

3.1.12.3 Traffic Engineering and Quality of Service 

It is difficult to envisage how an ad-hoc wireless network can implement controlled, accurate, 
scheduling suitable for QoS without having licensed spectrum, directional antennas, at least one 
scheduler, and multiple channels so that the hidden node problem can be partially mitigated, and a 
separate control plane for passing scheduler and other management information. Separating 
control information from the data prevents complications with the asynchronous nature of requests 
for data arriving into the network with the requirement of predictability of output data bandwidth for 
the scheduler. 

It is not possible to offer any form of Guaranteed QoS in Spectrum Commons. However systems 
such as IEEE 802.11e do offer several different CoS levels.  

Differentiated CoS in Spectrum Commons can only be offered at the expense of reduced Best 
Effort QoS for all users. Unlike wired services where users can add another wire if QoS is 
insufficient, wireless users can only try other channels. Because the number of channels is quite 
limited, widespread use of multi media services in Spectrum Commons will have a severe effect 
on existing services, causing large delays and reduced (possible no) throughput to lower priority 
traffic flows.  

The CoS of both Differentiated and Best Effort services can be improved by either suitable 
regulation of Spectrum Commons or new spectrum allocated to these services, in order to 
maximise fairness and throughput for all users (perhaps a club good). This requires: 

• Regulation to enforce the use of carrier sensing with collision avoidance. Carrier sensitivity 
should be required to match the interference area of the transmitted signal as closely as 
possible subject to technological constraints. This may have the effect of limiting the 
opportunistic use of higher data rates but without it, these opportunities cannot be 
accurately detected.  

• The use of a common format, modulation and data rate for RTS/CTS should be required 
for all data rates requiring an SNIR greater than a few dB. i.e. Where the 
interference/vulnerable area is large than the coverage area.  

• Using RTS/CTS, frames should be power controlled so that the minimum area required is 
reserved at any one time for each packet exchange. 

• Compatible physical layer, MAC and network layer implementations are required so that 
maximum throughput can be achieved in both ad hoc and centrally controlled networks. 
Network layer traffic scheduling and routing needs to be built around a common agreed set 
of standards so that every wireless co-operates with others to minimise collisions and to 
maximise the success of CoS provision.  

Additional regulation might be useful to ensure that services designed to centrally control the 
spectrum also allow others fair access.  
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3.1.12.4 Capacity 

The conclusions on efficient capacity can be split into those for two system configurations, those 
that use high gain directional antennas and those that use omnidirectional and/or low gain 
directional antennas.  

Mesh networks with omni-directional antennas  

The discussion on mesh systems with omni-directional antennas could be extended to  mesh 
networks, where a number (m) of nodes are required to connect the user to the POP/gateway. The 
Mesh always has a latency equal to or > m* Tpacket and the capacity available to the individual user 
is R/p, where the integer p has a value between 2 and 5 for QPSK. (The value of p is between 2 
and 13 or 30 for 16QAM & 64QAM respectively). These maximum values (p) represent the 
approximate number of hops, which are required to separate the simultaneously transmitted data 
packets, so that interference between nodes, that are transmitting simultaneously, is avoided. The 
limiting capacity of the mesh is R/p where p is generally between 2 and 4. 

Mesh networks with high gain directional antennas  

Mesh networks with high gain antenna allow the data rate to be increased between POP and 
individual user (and network) to that achieved by a P-MP. The full capacity of individual MIP can 
be utilised when servicing two or more nodes. However this requires that the MIP at the POP has 
a line of sight to two nodes within its main beam and that interference on near adjacent hops does 
not inhibit data transfer.  

In mesh networks with narrow beam antennas, alternate paths, which operate simultaneously, are 
possible. Thus two alternate paths increase the user data rate to R (i.e. similar to a P-MP system). 
In principle several paths operating simultaneously are possible and thus the data rate could 
exceed that of a P-MP system.  

Quantitative comparison of the maximum capacities between mesh and P-MP systems, even for 
single cell deployments is difficult. Issues such as the number of sectors which can be deployed in 
a P-MP system and the extent of the frequency reuse of multiple MIP deployment is difficult to 
quantify, in general. Case studies of particular situations, which make use of a propagation model 
operated in conjunction with a three-dimensional building and terrain database, coupled with a 
traffic model, could make a more objective comparison 

The comparison of maximum capacity for multiple base station P-MP systems with mesh systems, 
which have several POPs is even more difficult. However a qualitative comparison estimates that 
the mesh might have a slight but unquantifiable advantage over P-MP systems. 

3.1.12.5 Comparison of Mesh and Point-multipoint systems 

The lower antenna heights in a mesh system automatically causes multi hop connections between 
the POP and most CPEs. The repeaters in a mesh system to not have sufficient isolation to 
transmit and receive simultaneously and adjacent and near adjacent repeaters in a mesh system 
cannot transmit on the same channel simultaneously, unless they are outside an interference 
exclusion area. The interference exclusion area has been estimated to be proportional to (k* path 
length)^2, where k = 5, 13 & 30 for QPSK, 16QAM & 64QAM respectively. The analysis was 
based on the assumption that only one channel would be available and that even this channel 
experienced a moderately high level of interference. 

In a situation where the mesh and P-MP systems had similar characteristics, the P-MP system 
was less susceptible to interference, when the mesh used 16QAM to reduce its time delay to that 
of the P-MP system. 
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When both mesh and P-MP used QPSK, the mesh performance was better when the EIRPs were 
equivalent.  

Mesh network (see annex1) could only achieve equivalent capacity/channel to P-MP through 
operating with 64QAM, if typically five hops are needed for connection from POP to CPE. In these 
circumstances the P-MP is more robust, in terms of interference rejection, than the mesh. 

3.1.12.6 Coexistence between rival networks in shared spectrum 

When IEEE802.11 mesh and IEEE802.16 point to multipoint systems share spectrum in the same 
region, the mesh system is able to operate more successfully than the P-MP system provided that 
the mesh packet lengths are much shorter than the time frame of the P-MP system. 

It would appear that the mesh system is more robust because it can operate in alternately the up 
or down link periods depending on relative positions of P-MP sector to mesh. In effect the mesh 
system can exploit the regular time frame structure of the P-MP system to chose a time slot when 
there would be a high probability of successful transmission. The P-MP operation has no such 
option. 

3.1.12.7 Radar Interference 

It has been found that mesh systems using DFS with table driven routing methods might be more 
susceptible to radar interference than ad hoc routing methods controlled at local nodes. In normal 
propagation conditions, the signal strengths generated by all radar types studied could trigger the 
DFS function at ranges up to 100 km.  

In these normal conditions the TPC (dynamic range of 20 to 30 dB) would be insufficient to 
generate sufficient C/I in the presence of radar-generated interference in some circumstances. 

Radars could generate very high field strengths in anomalous propagation conditions, which would 
severely disrupt mesh operations. Interference from radars at ranges > 100 km could result in the 
mesh receiver being driven into saturation and also stimulation of a false DFS trigger in adjacent 
channels at ranges of up to 100 km. 

The percentage time, for which radar operation can cause disruption to mesh systems varies, 
depending on several factors which include: pulse length, repetition rate and type of radar. 

• The short radar pulse can cause errors in much longer duration mesh packets. Thus a low 
radar duty cycle does not necessarily result in a low percentage of mesh packet errors. If 
the time between pulses is of the same order of magnitude as mesh packets length, then a 
high percentage of packet errors can result. 

• Frequency hopping radars could be rather disruptive, as several mesh channels could be 
affected in quick succession 

• Azimuth scanning radars could produce unacceptable packet error rates, when located at 
ranges of less than 50 km (normal conditions) from the mesh, as radar signal levels from 
many side lobes could be significant 

• Tracking radars would, in general be less likely to produce problems. Tracking of targets is 
generally confined to a narrow angled sector. However, these radars could present a 
significant threat when tracking targets in the general direction of the mesh operations at 
ranges up to 100 km. 
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3.2. Planning 

The use of automated planning tools in designing wireless networks has become widespread. 
With a suitable network model and by making use of mathematical optimization algorithms, such 
tools are capable of producing near optimal network designs in a short time period. Generating 
such “good” designs provides useful benchmarks for the performance of other, possibly adhoc, 
schemes, and allows a more accurate and thorough investigation of key design issues. 

This section presents a global optimization algorithm for designing directional mesh networks and 
compares the performance to unplanned (random) instances, and also to constructional heuristics 
that are only based on information local to each node. The aim is to demonstrate the benefits that 
may arise from a network architecture that allows central planning, and to investigate the effect of 
some key parameters in the design process, for example, the number of links that each node is 
able to form. 

3.2.1. Network evaluation  

The networks will be evaluated by determining the traffic that must contend for access to the 
medium at bottlenecks in the network. Firstly a network region is defined (10km by 10km unless 
stated otherwise), and subscribers are randomly distributed across the region according to a 
specified uniform density. In all experiments a single POP is located at the centre of the region. A 
mesh network is then a collection of links that join the subscribers to the POP. The coverage of the 
network is defined to be the number of subscribers that can communicate with the POP via a 
sequence of hops. The traffic performance of a network will be evaluated by identifying 
bottlenecks where congestion is likely to occur, and estimating the scale of this congestion. The 
following assumptions apply (unless explicitly stated otherwise): 

• Each subscriber generates a single unit of traffic destined for the POP. 

• The traffic is routed via the shortest path (measured as the number of hops) to the POP. 
Where multiple shortest paths exist, the traffic is divided equally across each. Denote the 
traffic assigned to a link e by t(e). Define active links as those with t(e)>0. 

• The propagation model used is the formula provided in [21] for 3.5GHz.  

• A single data rate is assumed for all links in the network, with required sensitivities and 
SIR ratios as shown in Table 3-6. 

Data rate (Mb/s) Receiver sensitivity (dBm) SIR (dB) 

6 -82 14 

18 -77 19 

36 -70 27 

54 -65 33 

Table 3-6: Receiver sensitivities and required SIR 

To identify the bottlenecks, each active link is considered in turn to identify the collision domain 
that consist of all other active links that cannot transmit simultaneously (as defined and used in 
[12]). The traffic assigned to these edges is summed to give the congestion of this collision 
domain. The performance of the mesh will be measured by the maximum and mean congestion 
values over all collision domains in the network. 
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Given an ideal scheduling of traffic and a fair (or uniform) traffic allocation to each subscriber, the 
traffic that can be served to each user could be found by dividing the nominal capacity of a link, B, 
by the maximum congestion within the network. For example, if the bottleneck collision domain 

has to forward 10 units of traffic, then each subscriber in the network can be allocated at most 
B

10
 

units of traffic. 

More formally, given a mesh network N with nodes  V = v1,v2,K,vn{ } and a set of links E between 
pairs of nodes, define the collision domain CD(e) of an edge e = u → v  as the set of all other 
edges that are incident18 with either u or v, together with all other links that cause unacceptable 
interference at v. The beamwidths and bearings of the antennas at each node are taken into 
account in determining this set of interferers. It is assumed that the antennas at each end of any 
link are pointed directly at each other. Let p(u, v) denote the power received at node v from node 
u. Then: 

CD e( )= f = p,q{ }∈ E : p,q{ }∩ u,v{ }≠ ∅ or p(u,v) − p(p,v) < SIR{ } 

and define the congestion of this collision domain by: 

c(e) = t e( )
f ∈CD e( )
∑ . 

Then the maximum congestion over all collision domains: 

cmax N( )= max
e∈E

c e( ) 

represents the bottleneck that determines how much traffic can (fairly) be handled by the network. 
The mean congestion: 

cmean N( )=
c e( )

e∈E
∑

E
 

gives a further measure of the network performance. 

3.2.2. Directional meshes 

The design of the mesh is constrained by the maximum degree (or valency) of the subscriber 
nodes, i.e. how many incident links each node is able to form. Define a potential link as a pair of 
nodes that are within radio range, i.e. are able to form a link if required. The following techniques 
for constructing mesh networks have been implemented and their performance compared. Each 
algorithm requires the node degree d to be specified. 

Random: All potential links are listed in a random order. The algorithm considers each potential 
link in turn, and if it can be added to the network without violating the degree constraint at either 
node, the link is included in the network. 

                                                 

18 Here we assume that the nodes cannot transmit and receive simultaneously. 
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Heuristic: The algorithm requires two input values: the degree d and the percentage of short 

links, s. The nodes are then listed in a random order. Each node v is visited in turn, and the 
ds

100
⎢ 
⎣ ⎢ 

⎥ 
⎦ ⎥  

shortest potential links (whose other node is currently below the desired degree) at v are inserted 

into the final network. The d −
ds

100
⎢ 
⎣ ⎢ 

⎥ 
⎦ ⎥  longest available links are added in a similar way. 

Sorted heuristic: This method follows the process as Heuristic, except the nodes are ordered in 
increasing distance from the POP instead of randomly.  

Locally optimal heuristic: The nodes are ordered in increasing distance from the POP. At each 
node, the edge which produces the lowest maximum congestion in the current network is added, 
repeating until the required degree is met at this node. 

Genetic algorithm (GA): The GA aims to find an ordering of the potential links such that the 
construction used in the Random method minimizes the maximum congestion of the network (see 
below for more detail). 

The randomly generated meshes can be thought of as unplanned, while the three heuristics 
represent planning using only local information. Finally the GA uses global information about the 
network to centrally plan the optimal topology. 

Genetic algorithm 

Genetic algorithms are an effective tool for combinatorial optimization problems, and have been 
successfully applied to channel assignment, and other network design problems. The algorithm 
used here is an iterative procedure and maintains a population of orderings of the potential links in 
the network. This population is randomly generated at the start of the algorithm. The fitness of an 
individual in the population is evaluated by constructing the corresponding mesh, and calculating 
the maximum congestion. A factor representing the proportion of users covered by the mesh is 
added, so that the algorithm targets full coverage before reducing the congestion. During each 
iteration, two parents are selected from the population and their orderings are combined to 
generate two new offspring orderings. Depending on the fitness of each offspring, one or both may 
replace the parents in the population for the following iteration. The algorithm used here to 
generate results uses very simple techniques for the combination of parents; it should be noted 
that further refinements to the algorithm are possible and are likely yto improve the effectiveness 
of the algorithm. However, as shown below, the results consistently out-perform the other methods 
considered, and it is therefore justified in use as an indication of the possible performance that can 
be achieved in different scenarios. 

Note that the GA includes an element of randomness in building the initial population and in the 
selection of parents at each generation, and hence multiple runs with different random seeds may 
produce slightly different results. 

3.2.2.1 Results 

Mean degree 

Although the nodes may be able to form up to d links each, not every topology will allow the 
maximum number of links to be made at each node. As an initial indication of how the different 
algorithms produce meshes, Figure 3-31 demonstrates how successful the methods are in forming 
links within the mesh network by plotting the average degree of each node in the final mesh 
against the target degree the algorithm aimed for. The results are from a single problem instance 
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with a density of 10 subscribers per km2. Note that the planned meshes achieve a significantly 
higher degree than random networks, with the difference increasing with the target degree. 
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Figure 3-31: Node degree achieved 

Relative algorithm performance 

The relative performance of the five algorithms in reducing the maximum congestion of the 
network can been seen in Figure 3-32. Using the random algorithm as a benchmark, each graph 
plots the relative performance of the other four algorithms. Each result is averaged other five data 
sets, and an appropriate number of runs for each data set (20 random runs, single run for every 
degree combination for heuristic and sorted heuristic, a single run for local optimal and 4 runs for 
the GA).  

These results show a clear benefit for the GA algorithm, with a typical improvement of around 40% 
over the random algorithm. Note that the difference is smallest for the lowest density and the 
highest degree. In this case the maximum number of links that may be formed (i.e. number of 
users x degree / 2) is close to the number of potential links in the networks, and hence there is 
less opportunity for improvement. The locally optimal algorithm gives the second best results, but 
it is interesting to note the poor and inconsistent performance of the two other heuristic algorithms. 

Figure 3-33 shows how effective the algorithms are in achieving full coverage. Results are only 
shown for low densities where high coverage is hard to obtain. The graph shows the percentage of 
cases where full coverage is obtained over all runs of the algorithm and data sets. Similarly, Figure 
3-34 shows the average coverage achieved over all runs. Again, there is a clear advantage for the 
GA algorithm. 
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Figure 3-32: Relative algorithm performance in terms of average maximum congestion. Results averaged over 5 data sets for each density. 
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Figure 3-33: Relative algorithm performance in terms of achieving full coverage 
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Figure 3-34: Relative algorithm performance in terms of average coverage 

To further illustrate the capabilities of the five algorithms in minimizing the traffic bottlenecks, 
consider the following results for a single network (with 100 potential subscribers distributed over a 
10km by 10km region). Although results are only presented for a single instance (for clarity), they 
are representative of overall performance over different random placements. 

Firstly, Figure 3-35 shows the relationship between the maximum congestion and coverage for 
meshes generated with up to three links permitted at each node. The figure shows ten randomly 
generated networks, sample runs of each heuristic and a single run of the GA. Note that the best 
solution is obtained by the GA, which achieves full coverage with the minimum congestion. All 
other algorithms have at least one instance where full coverage is not achieved. In particular, note 
the extreme result from particular heuristic instance. This illustrates one of the dangers of such 
constructive algorithms, the local selection of edges at the POP and it’s neighbours results in low 
overall coverage. 

All four algorithms achieve near full coverage when four or more links are available at each node, 
hence Figure 3-36 and Figure 3-37 show the maximum congestion against the mean degree of 
the meshes produced. Clearly the GA produces the best solution, and it is interesting to note that it 
adds fewer edges than the heuristic methods in doing so. Note there is no significant improvement 
from the locally optimized networks over random solutions (although their higher degree may 
provide better resilience to node or link failure. In both cases, some selections of edges prove 
particularly bad.  
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Figure 3-35: Results for degree 3 
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Figure 3-36: Results for degree 4 
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Figure 3-37: Results for degree 6 

Heuristic construction 

In designing these meshes there is clearly a balance to be made between providing coverage and 
capacity. In general, adding long links (between widely separated nodes) reduces the number of 
hops necessary, and hence reduces congestion. Similarly, adding short links tends to result in 
higher coverage. The heuristic methods of construction implemented allow experimentation with 
the balance between long and short links, as demonstrated by the results in Figure 3-38 to Figure 
3-40.  

Firstly, Figure 3-38 shows (for varying degree) how the best coverage tends to arise with more 
weighting towards short links. Over 20 instances with 200 users, the number of times full coverage 
is achieved is shown for each degree and percentage of short links chosen. Figure 3-39 and 
Figure 3-40 show maximum congestion values over 20 instances for meshes of degree 4 and 8 
respectively. The results clearly suggest a balance between short and long links provides the best 
network, although it is difficult to identify a clear pattern. Despite this, it should be noted that 
selecting only the shortest links or only the longest links results in a network topology that is far 
from optimal. 
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Figure 3-38: Short links and coverage 
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Figure 3-39: Short links and congestion for degree 4 
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Figure 3-40: Short links and congestion for degree 8 

Effect of node degree 

Figure 3-41 to Figure 3-46 illustrate the link between the degree of the nodes and the congestion 
measure. Figure 3-41 shows the maximum congestion of networks produced with the GA for 
varying degrees. Each line represents the average of 10 random instances with the specified 
number of users in a 10km by 10km region. A 54Mbps capacity is assumed on each link. As 
expected, the maximum congestion increases as the number of subscribers increases. For each 
density, using nodes capable of forming more links reduces the congestion.  

To more clearly identify patterns in these results, it is useful to compare the performance to a 
simple lower bound on the congestion. Since each user generates a single unit of traffic destined 
for the POP, the number of users gives a lower bound for the congestion of all links incident with 
the POP. Note that this value would be obtained if every subscriber were one hop from the POP, 
as in an equivalent P-MP (assuming a single sector serving all users at the POP19). For this 
reason, refer to this bound as the P-MP lower bound. 

Figure 3-42 replots the results from Figure 3-41 relative to the P-MP lower bound, demonstrating a 
very close correlation. Note that the results for 75 users stand out since it was not possible to 
achieve full coverage in every instance. These results suggest that the relative efficiency of a 
directional mesh network is independent of the number of subscribers. 

Figure 3-43 and Figure 3-44 show similar results when a capacity of 36 Mbps is assumed for each 
link, hence with less stringent receiver sensitivity and SIR values. The only significant difference is 
that the lower receiver sensitivity (and hence longer range) of the nodes allows full coverage even 
for 75 users. It appears that there is little reduction in the congestion by making use of the lower 
data rate, even though it tolerates greater interference. 

                                                 

19 Further assuming that the P-MP could achieve equal coverage to the mesh network. 
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Finally, Figure 3-45 and Figure 3-46 present similar results when the density is increased but the 
total number of subscribers remains constant (that is, the region size is reduced accordingly). Note 
the similarity of 200 users distributed over 100km2 with 100 users distributed over 50km2.  
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Figure 3-41: Maximum congestion as a function of degree for varying numbers of users in a 10km by 10km region (54 Mbps data rate) 
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Figure 3-42: Maximum congestion compared to the lower bound from an equivalent P-MP network as a function of degree for varying 
numbers of users in a 10km by 10km region (54 Mbps data rate) 
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Figure 3-43: Maximum congestion as a function of degree for varying numbers of users in a 10km by 10km region (36 Mbps data rate) 
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Figure 3-44: Maximum congestion compared to the lower bound from an equivalent P-MP network as a function of degree for varying 
numbers of users in a 10km by 10km region (36 Mbps data rate) 
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Figure 3-45: Maximum congestion for 100 users, varying region size 
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Figure 3-46: Maximum congestion compared to P-MP lower for varying density 
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Figure 3-47: Mean congestion for varying angle 
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Figure 3-48: Max congestion for varying angle 

Antenna beamwidth 

Figure 3-47 and Figure 3-48 demonstrate the effect of modifying the antenna beamwidth on 
maximum and mean congestion. All results are averages of 10 user placements, each with 100 
users in a 10km by 10 km region, and the meshes were generated using the GA method. It is 
interesting to note that there was very little reduction in maximum congestion by moving to smaller 
beamwidths, but the effect on the mean congestion was considerable. 
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3.2.3. Omnidirectional meshes  

As for directional meshes, several algorithms for constructing omnidirectional meshes were 
compared. In this case, the algorithms are required to select the transmit power for each node. 
Again the aim is to minimize the maximum congestion of the network. The three methods 
considered are: 

Constant: All nodes use a constant power (set to 0dBW) and all potential links are added. 

Heuristic: A target degree, d, is specified, and the power at each node is reduced (from 0dBW) 
until at most d potential links remain. Each of these is added to the mesh 

Genetic Algorithm (GA): A genetic algorithm is used to find a (near) optimal assignment of 
powers to the nodes. The cost function to be minimized is a combination of the maximum 
congestion and coverage of the resulting mesh, weighted so that full coverage is targeted first.  

3.2.3.1 Results 

The comparison between the maximum congestion for the Constant and Heuristic can be seen in 
Figure 3-49, for each target degree between 10 and 6 and for a range of user densities. In no case 
is the congestion improved by reducing the power of the nodes, as any benefit in reduced 
interference is outweighed by the increased number of hops that results. The GA method did 
improve on the constant results in some cases, but only by less than 0.5%, so more detailed 
results are not presented. The results may be skewed by the assumption of perfect scheduling 
between links. If a scheme such as CSMA were used, there is likely to be some benefit in reducing 
power to balance collisions and the range over which CSMA applies. 
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Figure 3-49: Comparison between constant and heuristic schemes for omnidirectional meshes 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 114 - Version 1.1  

3.2.4. Mesh coverage and seed node requirement 

One of the primary benefits claimed for wireless mesh networks over P-MP networks is that the 
coverage of the network increases with the number of subscribers (see [20] for example), since 
each user provides additional coverage to their local area. The converse of this is that for low 
household density and subscription rates, coverage may be poor. Practical networks may require 
some seed nodes to be deployed to achieve desired levels of initial coverage. These nodes 
generate no traffic of their own, but only exist to forward traffic between subscribers that are 
outside of the radio range of each other. For some regions with low subscriber density, it may be 
necessary for seed nodes to remain in place throughout the lifetime of the network, whereas in 
other cases it may be possible to remove them once subscription levels reach sufficiently high 
levels. 

This section investigates the subscription levels necessary to achieve sustainable levels of 
coverage in rural and suburban areas, the number of seed nodes necessary to facilitate high 
coverage, and the impact of the number of POPs on the hop count for each user. 

3.2.4.1 Model  

The model used considers users representing individual households within a network region. The 
area also contains a point-of-presence (POP) (or multiple POPs) that is the gateway to the Internet 
or core network. It is assumed that the POP has sufficient capacity to satisfy all traffic 
requirements within the area. The users are partitioned into two sets – active and potential users. 
Active users are those that are subscribed (or intend to subscribe) to the network. They generate 
traffic to and from the POP, and are also capable of forwarding traffic from other users within their 
local area. All other users are termed potential users, that is, they are not currently part of the 
network but may wish to join at a later date. Thus potential users have no equipment installed and 
are not able to forward the traffic of subscribers. Finally, seed nodes are repeaters placed solely to 
forward traffic from other users within their range – they generate no traffic of their own. Each 
node is assumed to have an omnidirectional antenna. 

An active link is a radio connection between two nodes that are either active users or seed nodes. 
They must be within radio range, that is, their transmit powers are such that each node receives a 
signal above the required receiver sensitivity. Note that for simplicity it is assumed that the links 
are all bi-directional. This may not be the case, for example, if different equipment is used at seeds 
and households. A potential link is defined by a pair of nodes within radio range such that precisely 
one node is a potential user (with the other being a POP, seed or active user).  

An active user is covered if there is a path of active links that connect it to a POP. That is, they can 
communicate with a POP via a sequence of hops through other subscribers or seed nodes. The 
active coverage is then defined as the percentage of covered active users as a fraction of all 
users. Note this means that if there are 40% active users, the active coverage can be at most 
40%. A potential user is covered if it has a potential link to a covered active user. That is, if the 
user would be covered if it became active (i.e. subscribed to the network). The potential coverage 
is then defined as the percentage of all users (active or potential) that are covered. Clearly it is 
desirable that a network has high active coverage, but it is also important that the potential 
coverage is high to allow for growth and churn within the network. 

These definitions are illustrated in Figure 3-50 where there are 3 active users and 4 potential 
users, all of which are covered. Note that if the seed node were removed, only 2 active users and 
2 potential users would be covered.  
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Figure 3-50: Definitions 

3.2.4.2 Heuristic node placement 

In order to estimate the minimum number of seed nodes necessary to achieve coverage targets, a 
simple heuristic has been implemented to place seed nodes based on the demand in the region. 
The aim of this heuristic is to establish full active coverage by adding the minimum number of seed 
nodes. In doing so, it is not essential to construct a path from every active user to all POPs, 
connection to just one is sufficient and ideally connection to the nearest POP is desirable. The 
heuristic accomplishes this in two stages. 

In stage one the focus is on total local coverage of active users. This means after identifying 
unconnected users, it attempts to form clusters of connected nodes by placing seeds towards their 
nearest neighbour nodes (both other users and POPs). Seed nodes are added one at a time as a 
single seed placement can generate several connections between users. The outcome of this 
stage is a set of one or more clusters of users and seeds which may or may not be connected to 
POPs.  

In stage two, the clusters formed in stage one are identified and it is determined if they are 
connected to a POP or not. If just one cluster is identified then the algorithm terminates as full 
active coverage is attained. Otherwise the clusters are connected to each other by placing seed 
nodes towards their nearest neighbour cluster (on the same lines as in stage one above) until full 
active coverage is obtained.  

A formal statement of the algorithm follows. 

Initialization.  U = Active User Nodes  

  S = Seed Nodes = ∅ 

  P = POP Nodes  

  N = Mesh Network = U + S + P  

Stage 1. // Generate Seed Nodes towards Nearest Neighbour Nodes  

  while NOT every User Node has a neighbour  

  begin  
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   n = First node ( U or P ) in N with no connectivity  

   m = nearest neighbour of n ( could be U or P )  

   s = seed node at distance d from n towards m 

    where d is the minimum distance for forming a valid link  

   S = S + s  

   Update Network coverage  

  end  
Stage 2.  // Generate Seed Nodes towards Nearest Clusters  

  C = Total Node clusters  

  while NOT all active users connected to a POP  

  begin  
   CP = Cluster with maximum nodes, connected to POP  

   CNP = Cluster with maximum nodes, NOT connected to POP  

   sc = seed node at distance d from CP towards CNP  

    d same as above in Step 2  

   S = S + sc  

   Update Network coverage  

   C = Total Node clusters  

  end  
The working of the heuristic is illustrated in Figure 3-51 by considering an example mesh network. 
At the start of the algorithm this mesh has three clusters of users (filled circles) and POPs (filled 
squares) and no seed nodes. Only one of the users is covered as it is directly connected to a POP 
and there are 9 uncovered. This is improved in stage one of the heuristic (see Figure 3-52) by 
generating 10 seed nodes (cross marks) towards their nearest neighbouring nodes resulting in 8 
clusters. These clusters are joined to obtain total coverage in stage two of the heuristic. The mesh 
network thus obtained has two disconnected clusters in which all user nodes are connected to 
POPs as shown in Figure 3-53. 

 

Figure 3-51: Initial network 
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Figure 3-52: Cluster Formation 

 

Figure 3-53: Joining Clusters to obtain Total Coverage 

 

3.2.4.3 Scenarios 

The results presented here are based on simulations over multiple datasets for rural and suburban 
areas with varying household densities. Each dataset is based on a uniform random distribution of 
households within a 10 km by 10 km network area. Household densities of 4, 30 and 120 
households per km2 were used, representing sparsely populated rural areas, rural areas and 
suburban areas respectively.  

For this study, the propagation model used between nodes is based on that specified in the 802.16 
standard [3]. The following assumptions are made:  

• The transmit power for each node is 0 dBW;  

• The transmit and receiver gains are 6 dB at each node; 

• Results are shown at required receiver sensitivities of -95 dBW and -112 dBW 
(corresponding to high (54 Mbps) and low (6 Mbps) data rates – see Table 3-6). 

Omnidirectional antennas are used at each node. Note that the equipment at the POP is assumed 
to have the same properties as user nodes. In practice, more expensive equipment may be used 
with a greater range.  
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Each experiment considers a specified fraction of active users (or take up rate), which we will term 
the demand. Based on this figure, a set of active users is selected at random from all households 
in the dataset. The active and potential coverage is then calculated based on this set. Seed nodes 
are added using the heuristic described above until full coverage is achieved within the set of 
active users. Active and potential coverage is reported after each seed node is added to the 
network to allow the visualization of the growth in coverage.  

3.2.4.4 Results 

The heuristic described was applied to 10 datasets generated for each user density as described 
above. Seed nodes locations were generated using the heuristic for different levels of demand. 
Two sets of demand values have been used, ranging between 1 - 5% (low demand) and 10 - 50% 
(high demand). Figure 3-54 and Figure 3-55 present a comparative analysis of active and potential 
user coverage against the increasing number of seed nodes added by the heuristic for high and 
low data rates respectively. As the termination criteria for the heuristic is total coverage for all 
active users, so the y axis for active coverage graphs goes up to the maximum attainable 
coverage (that is, to the demand when showing active coverage).  
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Figure 3-54 Coverage for high data rate with increasing seed nodes 
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Figure 3-55 Coverage for low data rate with increasing seed nodes 

 

Active users High Data Rate Low data Rate 

10% 13.08 10.115 
20% 15.4975 11.4312 
30% 15.9267 12.9708 
40% 16.3138 13.2781 
50% 16.994 12.3625 
60% 18.0579 10.1021 
70% 18.1618 8.76393 
80% 19.7284 8.49688 
90% 19.545 8.02917 
100% 19.321 7.889 

Table 3-7 Mean hops for sparse rural density  
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Active users High Data Rate Low data Rate 

 Rural Suburban Rural Suburban 
1% 12.04 16.04833 9.99333 12.9358 
2% 14.2333 17.69959 11.3083 11.3754 
3% 14.9833 18.16417 11.9267 8.26861 
4% 16.8992 16.62479 12.6542 7.66833 
5% 16.928 12.97934 12.444 7.5205 
6% 16.7056 11.3806 7.37639 
7% 18.3862 11.0205 7.27333 
8% 17.4462 9.99042 7.21729 
9% 17.5037 9.30556 7.13546 
10% 20.387 8.87333 7.09508 

Table 3-8 Mean hops for rural and suburban densities 

 

Table 3-7 and Table 3-8 show the average hop count after the heuristic has finished adding seed 
nodes, that is, the average number of hops between an active user and the nearest POP. Note 
that although coverage is high, the resulting hop counts are extremely high, with most operators 
aiming for an average of five hops from each customer. The addition of further POPs may be 
necessary to alleviate this problem. 

  

3.2.5. Comparison of P-MP and Mesh coverage 

3.2.5.1 Case study  

A comparison of the coverage obtained with P-MP and Mesh architectures has been performed 
using actual household locations for the city of Oxford in the UK. The P-MP coverage is assessed 
by producing a WiMAX network design at 3.5GHz using the Echo automated planning tool [4].  

Scenario definition 

The region under investigation covers approximately 8 square kilometres (2km by 4km) with 
approximately 8,000 households distributed across the region as shown in Figure 3-56.  

For the P-MP network, 18 potential base station sites where identified across the region, located 
either on high buildings or on 30 metre masts at suitable locations. The planning tool is driven by 
the Net Present Value of the network, taking into account user traffic demands, and economic 
predictions. These are summarized in Table 3-9.  

Path losses for both the P-MP and Mesh experiments are calculated using the formula in [3]. A flat 
area with light to moderate density of trees is assumed, with 30 metre masts and 6 metre height 
for the subsriber antenna. 

Results 

P-MP networks were designed for four combinations of channelization and modulation scheme 
that may be used in the available spectrum at 3.5GHz in the U.K. The associated radio 
parameters are listed in Table 3-10. The details of the resulting networks are shown in Table 3-11, 
with a sample network design in Figure 3-56. Note that the net present value for each network is 
around zero, hence the networks would be expected to break even over the eight year return 
period used in the calculations. 
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As a comparison, the coverage of mesh networks for the same users was calculated using the 
potential base station sites as gateway nodes. Irrespective of the number and selection of 
gateways, full coverage was obtained whenever at least 1% of users were active. By examining 
the average number of hops required by each user (Figure 3-58), it can be seen that most users 
only require a single hop. If five POPs are used (to match the P-MP results), note that the average 
hop count is very close to 1, suggesting that the 10% of users that could not be covered in the P-
MP case require only a single additional hop. 

 

Item Value 

Base Site Installation Cost (€) – includes 4 sectors 30,000 
Base Site Maintenance Cost – annual (€) 200 
Sector Antenna (15, 30, 45, 60 or 90 degrees) Cost (€) 3,000 
Sector Antenna Maintenance - annual (€) 0 
HH Antenna Cost (low, medium, or high gain) – (€) 750 
HH Antenna Maintenance Cost – annual (€) 0 
HH Installation (external works for antenna mounting etc) – (€) 200 
One-off connection charge per HH (€) 50 
HH annual subscription (€) 324 
Market Share for years 1 to 8 (%) 70, 60, 55, 50, 50, 50, 50, 50 
Churn rate (%) 10 
Return period (years) 8 
Take Rate for years 1 to 8 (%) 26, 34, 42, 50, 58, 64, 69, 72 
Discount Rate (%) 12 
Required availability (%) 99.99 
Required service bit-rates (Mb/s) 0.512 
Contention ratio 10:1 

Table 3-9: Economic parameters and user requirements 
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Figure 3-56: Household locations in the Oxford scenario 
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Parameter Value 

Available bandwidth at 3.5 GHz (UK) 2 x 17 MHz blocks (17 MHz uplink, & 17 MHz downlink) 

Channel bandwidth (MHz) 7 3.5 
OFDM Modulation scheme 16-QAM 64-QAM 16-QAM 64-QAM 
Channel bit-rate (kb/s) 17,455 26,182 8,727 13,091 
Max no. of channels per sector 2 2 4 4 
Required C/I (dB) 18.2 24.2 18.2 24.2 
Receiver sensitivity (dBW) -103 -97.2 -104.7 -98.5 

Adjacent channel rejection (dB) -11 -4 -11 -4 

Table 3-10: Radio parameters 

 

Parameter Value 

7MHz 3.5MHz  
16QAM 64QAM 16QAM 64QAM 

Net Present 
Value (k€) 

26 -52 -4 0 

Coverage (%) 90 91 92 93 
Base Stations 
(sectors) 

5 (5) 5 (9) 5 (9) 6 (10) 

Table 3-11: P-MP network design results 

 

 

 

Figure 3-57: Sample P-MP network design for Oxford 
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Figure 3-58: Average hop count per active user level 

 

3.2.6. Conclusions on Planning 

Better efficiency is obtained by centralized planning, that is, by considering the whole network 
during the design process in preference to making local decisions (based on only the properties of 
neighbouring nodes). There is no simple rule of thumb that can be uniformly applied to distinguish 
between the desirability of short/long links at each node. Better efficiency can arise when the 
network can be redesigned as users enter or leave the network. Coverage in particular will suffer if 
this is not the case. 

The relative difference in efficiency between a mesh with multiple hops and a P-MP architecture 
requiring appears to be independent of the density20 and number of subscribers. (This is assuming 
equivalent coverage between the mesh and P-MP systems so cannot be taken as a definitive 
measure of their efficiency in practical, cost-effective networks.) The data rate used on each link 
also has little effect on the congestion measure used here. 

Efficiency improves (in the sense that congestion is reduced) as the available links at each node is 
increased, although the greatest improvement occurs in moving from 3 links to 5 or 6. 

The beamwidth of the antenna appears to have minimal impact in reducing congestion, however, 
reducing the beamwidth reduces the mean congestion significantly. 

To reach full active coverage at the lower data rate requires relatively low numbers of seed nodes 
and subscription levels. However, in the sparse rural regions, the need for seed nodes is likely to 
be a significant practical issue. In rural areas, seed nodes are necessary at low subscription 
levels, but could be removed as subscriptions increase. For the high data rate, relatively high 
numbers of seed nodes will be required, even in rural areas. In all cases the average number of 
hops required between subscriber and POP is high.  

                                                 

20 Providing it is large enough to allow full coverage. 
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3.3. Simulation 

The simulations in this section evaluate the performance of simple Mesh systems firstly in terms of 
coverage and capacity in real scenarios, then in terms of spectrum efficiency in comparison with 
PMP systems. 

At the time of this project, full details of the more sophisticated Radiant Networks system were not 
disclosed to the consortium and therefore could not be included in the simulation work. 

3.3.1. Mesh performance in rural and suburban regions 

In this section simulation results for three mesh network deployment scenarios are presented. 
These are: 

• Suburban (north Oxford, to 500m range, 285 nodes/km2), 

• Mountainous rural (Ambleside, Cumbria, to 6km range, 8.4 nodes/km2), 

• Flat rural (Aylsham, Norfolk, to 10km range, 10.2 nodes/km2). 

The key performance indicators examined are: 

• Coverage (the fraction of nodes connected to a POP), 

• Mean and max connection load, 

• Mean and max number of hops to POP. 

The latter two are assessed using a fairly basic routing methodology whereby a node transmits its 
packets by the shortest (in terms of number of hops) route or routes available. There is, therefore, 
no ability to route around bottlenecks to spread the load more evenly. It does however provide a 
reasonable benchmark for the performance of the system. All nodes are assumed to be 
generating the same constant amount of traffic, defined as one traffic unit (1TU), to be using omni-
directional antennas capable of connecting to any number of other nodes. 

From the performance measures conclusions about capacity, related to the maximum connection 
load, and latency, related to the maximum number of hops, can also be inferred. 

The input parameters that have been examined are: 

• Antenna height above roof-top (+0.5m, +1.0m, +2.0m), 

• Transmitter FSPL range (50m to 500m in suburban and 0.5km to 10km in rural), 

• User density (however fixed for each scenario), 

• Frequency (3.5 & 28.0 GHz). 

Naturally the transmitter range is in reality a function of transmit power, transmitter and receiver 
antenna gain, modulation scheme used etc… For greater generality all these factors are not 
included in the range.  

As well as coverage and mesh topological measures, the effect of antenna height on interference 
is also evaluated for each scenario. In the suburban scenario the effect of adding building scatter 
(and reflections) to interference predictions is also presented. 

Coverage and interference predictions are calculated using ITU-R P.526 with modifications to 
include scattering and reflections where applicable. Vegetation is considered to be solid in the path 
loss calculation. 
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3.3.1.1 Suburban (North Oxford) Scenario & Results 

The Oxford database covers the entire city and has detailed information about building and 
vegetation locations and heights. A small subset of the city (500m by 500m) has been selected 
and within this 65 user-antenna placed on selected buildings. A single POP is located in the corner 
of the area (at the same height above rooftop as other nodes). Figure 3-59 shows the scenario. 
Interference calculations are made to all 5381 nodes within the whole database. 

  

 

 

 

 

 

 

 

Figure 3-59: Oxford Scenario 

3.5GHz Results 

The maximum path loss for connections between nodes was varied from 77.4dB to 97.4dB 
corresponding to free space range of 50m to 500m with antenna heights above rooftop of +0.5m, 
+1.0m and +2.0m. Figure 3-60 and Figure 3-61 show example meshes with low connectivity (short 
transmitter ranges) and high connectivity (long transmitter ranges) respectively.  

The thickness and colour of the connections give an indication of the traffic loading with the 
shortest route routing algorithm in place. The coverage in both scenarios is similar. However, 
clearly the topology of the mesh is completely different. The low connectivity mesh has a number 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 126 - Version 1.1  

of critical connections with high loading. This makes the mesh more vulnerable to external 
interference on this link and also reduces the potential capacity of the mesh since all traffic must 
be transmitted serially through these critical nodes. The maximum loading shown indicates about 
20 traffic units, i.e. limiting the user capacity to 1/20th of the channel capacity. However this 
capacity is further reduced since no traffic with the same interference area may be transmitted on 
the same channel at the same time. This area can be assumed to be at least the 4 links on either 
side. If these links also have 20 times the loading then the available user capacity reduces to 
1/100th. In the high connectivity case the maximum loading is only 8 traffic units. Although transmit 
powers are increased, the required CIR remains the same so the vulnerable area size is not 
affected. There are more connections within this are, however the majority of these have low 
loads. The available capacity might therefore be expected to be a similar multiple (i.e. 4 times) of 
the maximum load giving 1/32nd of the channel capacity. 

Figure 3-62(a-e) show the full results set for the scenario. For all antenna heights the coverage is 
very similar and jumps from almost no coverage to almost full coverage with a very small change 
in transmitter range (at around 0.1km). It seems reasonable to assume that this critical range is a 
function of the node density for similar suburban scenarios. i.e. if the node density were reduced 
by a factor of 10 to 28.5nodes/km then the transmitter range required to give good coverage would 
increase by a factor of 10 to 0.32km. 

The maximum number of hops and maximum connection loads drop significantly as the 
transmitter range is increased to 0.25km. Below this range the high loads and high hop count 
make the mesh undesirable (as in Figure 3-60). Once a reasonable topology is formed increasing 
the transmitter range further does not appear to improve the mesh. The mean connection load 
stabilises at between 0.2 and 0.3TUs suggesting that each node has 3 or 4 useful (equal hop 
count to the POP) connections. This figure would appear to support the Radiant 4 directional 
antenna design. 

Very approximately, at 0.25km transmitter range the +2.0m antenna height performs equivalently 
to the +0.5m antennas at 0.5km for mean connection load and likewise equivalent to 0.4km with 
+1.0m antennas. This allows an equivalent performance power reduction of 6dB and 4.5dB 
respectively. However the higher antenna heights will tend to cause more interference to other 
nodes.  

The extra interference with antennas at +2.0m as opposed to +0.5m is shown in Figure 3-63(b). 
The path losses are now calculated between the POP (considered representative of all nodes 
within the mesh) and nodes all over the Oxford area (not limited to the 500m mesh area). There is 
a fairly wide spread in path loss differences (all positive). Differences between other combinations 
of antenna heights show near identical trends. At long ranges the incidence of (near) identical path 
losses tails off. This is shown more clearly by the frequency plot in Figure 3-63(a). A point to note 
is that occurrence of near identical path loss between +2.0m to +1.0m is consistently higher than 
+1.0m to 0.5m. 
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Figure 3-60: Low connectivity mesh in suburban scenario 

 

Figure 3-61: High connectivity mesh in suburban scenario 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 128 - Version 1.1  

% Coverage at 3.5GHz for Suburban Oxford Scenario
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Maximum Connection Load at 3.5GHz for Suburban 
Oxford Scenario
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(b)       (c) 

Maximum Number of Hops at 3.5GHz for Suburban 
Oxford Scenario
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(d) (e) 

Figure 3-62: Suburban scenario results at 3.5GHz: (a) coverage, (b) max connection load, (c) mean connection load, (d) max number of 
hops, (e) mean number of hops 

 

The mean path loss differences are shown as ‘Interference Loss’ in Table 3-12. The overall net 
gain between different antenna height scenarios is calculated simply as the gain in reduced 
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transmitter range (equivalent power reduction) minus the mean increase in interference from/to 
other nodes in vicinity. This analysis shows that having +0.5m antenna heights gives a slight 
overall gain (+0.8dB) over other the heights examined. 
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Figure 3-63: Interference at 3.5GHz with differing antenna heights showing (a) the fraction of identical path losses, and (b) path loss 
differences against separation 

 2.0m to 0.5m 2.0m to 1.0m 1.0m to 0.5m 

Mesh Coverage Gain (dB) 6.0 4.5 1.5 

Interference Loss (dB) 6.8 4.4 2.4 

Net Gain (dB) -0.8 +0.1 -0.9 

Table 3-12: Summary of suburban antenna height on interference results at 3.5GHz 

28.0GHz Results 

The results for coverage at 28.0GHz were found to be almost identical to those at 3.5GHz. 
However the interference differences in Table 3-13 show that at 28.0GHz the use of +0.5m 
antenna masts gives a more significant gain (1.9dB) over other antenna heights. 

 

 2.0m to 0.5m 2.0m to 1.0m 1.0m to 0.5m 

Mesh Coverage Gain (dB) 6.0 4.5 1.5 

Interference Loss (dB) 9.5 6.2 3.4 

Net Gain (dB) -3.5 -1.7 -1.9 

Table 3-13: Summary of suburban antenna height on interference results at 28.0GHz 

It is also of interest to see whether scattering off clutter has a significant impact on the interference 
level analysis at high frequencies (scattering at 3.5GHz will much less significance). The path 
losses to the 5381 nodes were recalculated with a scattering mechanism included. A surface 
roughness standard deviation of 0.001m was used for all surfaces (including vegetation, which 
may be somewhat unrealistic!). 

Mean differences between the path loss calculated with scattering and without of 4.79, 4.44, and 
3.86dB for +0.5, +1.0m, and +2.0m antenna heights respectively were found. This implies 
scattering is more significant at lower antenna heights, a finding attributable to the few LOS paths 
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at lower antenna heights. Table 3-12 shows the interference results with the scattering corrections 
included. 

 2.0m to 0.5m 2.0m to 1.0m 1.0m to 0.5m 

Mesh Coverage Gain (dB) 6.0 4.5 1.5 

Interference Loss (dB) 8.6 5.6 3.0 

Net Gain (dB) -2.6 -1.1 -1.5 

Table 3-14: Summary of suburban antenna height on interference results at 28.0GHz with scattering in propagation model 

The results including scattering show a similar, though reduced, benefit to using low antennas. 

3.3.1.2 Mountainous Rural (Ambleside) Scenario & Results 

The mountainous rural scenario was generated from Ordnance Survey mapping (Figure 3-64) and 
the UKDTM 50m resolution terrain database. Vegetation (forests) locations were extracted from 
the maps and overlaid with 10m height onto the terrain database. Buildings were randomly placed 
in positions corresponding to building pixels on the maps with random orientations and heights 
uniformly distributed from 4 to 10m. In addition, two pieces of ‘garden’ vegetation were also placed 
randomly around each building (height uniformly distributed from 2 to 12m). User antennas were 
placed above the rooftop of a randomly selected subset of the buildings. Figure 3-65 shows the 
scenario. The white boxes represent the user antenna locations. It can be seen that although the 
building placement is not realistic (in that buildings and vegetation overlap, there is no clear street 
orientation, etc…) the buildings do at least occur with a spatial distribution true to the mapping. 
The POP was placed at a fixed height of 20m above the terrain height in the centre of Ambleside 
town (i.e. equivalent height to a mast on the roof of a tall building within Ambleside). 

Although there are 277 customer nodes in the area (corresponding to approx. 8.4nodes/km2), if 
those within Ambleside are discounted this figure drops to 105, approximately 3.5nodes/km2, a 
fairly typical sparse rural population density.  

Interference calculations are made using the same set of 277 nodes. It is thought that in a rural 
area the main source of interference would be from within one’s own mesh since the customer 
node density probably will not be economical enough to support multiple service providers.  
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Figure 3-64: Ordnance Survey mapping of Ambleside area 

3.5GHz Results 

With the distribution of user nodes shown it was found to be impossible to achieve coverage to the 
upper valley (Grasmere area) without relaxing the path loss constraint to ~160dB (an unrealistic 
FSPL transmitter range even with high antenna gains). The main problem was that there were 
insufficient intermediary nodes to extend coverage beyond the pass near Rydal. A seed node is 
therefore required. This was placed at the point marked in Figure 3-65(a) at 6m above the terrain 
(telegraph pole height). The location is close enough to the neighbouring hamlet of Rydal that 
supplying mains power would not be overly problematic. 

Figure 3-66 shows an example high connectivity mesh configuration with the seed node in place. 
It can be seen that there are several highly loaded links, most notably the seed node links. There 
were several nodes in the south west corner of the map that were unable to gain coverage at even 
the highest transmitter ranges (in fact these required a further 6dB of margin to gain connectivity). 
This was due to the curved terrain and the presence of intervening forests between the nodes and 
the rest of the mesh. It is probable that this sort of isolated cluster would occur with reasonable 
frequency, requiring further seed nodes (probably provided by the customer group), or extra high 
masts to overcome. 

Figure 3-67(a-e) show the full results set for the scenario. The results differ significantly from the 
suburban high density case. Firstly since the node density is much lower, higher FSPL transmitter 
ranges are required to provide near full connectivity to the outer reaches of the area. The 
coverage at low ranges is approximately 60%, corresponding to all the nodes within the immediate 
area of Ambleside. After this there are two noticeable steps as both the Grasmere valley and then 
the Skelwith Bridge valley become connected. A residual 10% of nodes never become connected. 
These are mainly at the edge of the map area, so there is some chance that mesh connectivity 
might come via an off-map route, those not for those at the head of a valley.  
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Antenna height has little effect on the overall coverage, however +2.0m antennas do appear to 
improve the mean connection load and number of hops by about 10% over the lower antenna 
heights. Similar to the suburban scenario the mean connection load settles at 0.2 to 0.3TUs 
pointing again to a 3 or 4 directional antenna solution as being a suitable design choice. The 
maximum connection load is somewhat higher than the suburban case, which suggests that 
capacity for an equivalent bandwidth will be reduced. 

For the area where the mesh provides maximum possible coverage a mesh coverage gain 
between antenna heights can be loosely calculated. The +2.0m coverage with transmitter range of 
3km performs comparably to +0.5m at 10km and +1.0m at 5km. These equivalent power reduction 
gains (termed mesh coverage gain) are shown in Table 3-15. 

Analysis of the mean interference within the mesh leads to the interference loss presented in Table 
3-15. The overall gain points to +2.0m antenna height being the best antenna height at this 
frequency. 

 2.0m to 0.5m 2.0m to 1.0m 1.0m to 0.5m 

Mesh Coverage Gain (dB) 10.4 6.0 4.4 

Interference Loss (dB) 7.5 5.0 2.5 

Net Gain (dB) +2.9 +1.0 +1.9 

Table 3-15: Summary of mountainous rural antenna height on interference results at 3.5GHz 

28.0GHz Results 

The results for coverage at 28.0GHz were found to be almost identical to those at 3.5GHz. This 
can again be contributed to the fact that the vast majority of usable links at both frequencies are 
LOS. The 3-10km transmitter range requirement could be difficult to implement with QoS 
guarantees during rain fades at this frequency.  

The interference analysis is shown in Table 3-16. It shows that at the higher frequency +1.0m 
antenna is better than the higher masts preferred at 3.5GHz.  

 2.0m to 0.5m 2.0m to 1.0m 1.0m to 0.5m 

Mesh Coverage Gain (dB) 10.4 6.0 4.4 

Interference Loss (dB) 12.4 8.3 4.0 

Net Gain (dB) -2.0 -2.3 +0.4 

Table 3-16: Summary of mountainous rural antenna height on interference results at 28.0GHz 
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(a) 

  

(b)      (c) 

Figure 3-65: Ambleside terrain including vegetation and building data from OS map and terrain heights from UKDTM at various scales 

 Seed node 
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(a) 

  

(b)       (c) 

Figure 3-66: Example mesh in Ambleside scenario showing (a) connection loads, (b) node loads, (c) hop count 

 Seed node 

Unconnected 
node cluster 
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% Coverage at 3.5GHz for Mountainous Rural 
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Maximum Number of Hops at 3.5GHz for Mountainous 
Rural Ambleside Scenario
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(d) (e) 

Figure 3-67: Mountainous rural scenario results at 3.5GHz: (a) coverage, (b) max connection load, (c) mean connection load, (d) max 
number of hops, (e) mean number of hops 
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3.3.1.3 Flat Rural (Aylsham) Scenario & Results   

The Aylsham database was generated in exactly the same fashion as the Ambleside database. 
The POP was placed at a fixed height of 20m within the village of Aylsham. 

 

Figure 3-68: Ordnance Survey mapping of Aylsham area 

3.5GHz Results 

The results at 3.5GHz for the Aylsham (flat) scenario, shown in Figure 3-59, are somewhat 
different to those for the mountainous scenario. The coverage achievable is greater and more 
dependent on antenna height. Antenna height is more significant since blockage is mainly caused 
by vegetation and buildings as opposed to the mountain scenario wherein blockages are mainly 
much larger terrain features. Once the transmitter range is great enough to achieve coverage the 
graphs look similar to those of the suburban scenario since the node distribution is close to 
uniform across the map. Although good coverage is achieved with transmitter ranges between 1.5 
and 2.5km the maximum hop count is too large. At transmitter range of 3km the +2.0m antenna 
height mesh gives nearly full coverage in a working configuration. At +1.0m a 5km transmitter 
range and at +0.5km a 10km transmitter range would be required for comparable coverage. The 
equivalent power reduction gains (termed mesh coverage gain) are shown in Table 3-17. 

Analysis of the mean interference within the mesh leads to the interference loss presented in Table 
3-17. The overall gain points to the +1.0m antenna height being the best antenna height at this 
frequency in this scenario. 
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% Coverage at 3.5GHz for Flat Rural Aylsham Scenario
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Maximum Connection Load at 3.5GHz for Flat Rural 
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Maximum Number of Hops at 3.5GHz for Flat Rural 
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Figure 3-69: Flat rural scenario results at 3.5GHz: (a) coverage, (b) max connection load, (c) mean connection load, (d) max number of 
hops, (e) mean number of hops 
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 2.0m to 0.5m 2.0m to 1.0m 1.0m to 0.5m 

Mesh Coverage Gain (dB) 10.4 4.6 5.8 

Interference Loss (dB) 9.1 6.1 3.0 

Net Gain (dB) +1.3 -1.5 +2.8 

Table 3-17: Summary of flat rural antenna height on interference results at 3.5GHz 

28.0GHz Results 

The results at 28.0GHz showed similar trends to those at 3.5GHz. The coverage, shown in Figure 
3-70, varied slightly from that at 3.5GHz. At 28.0GHz the last few percent of coverage is harder to 
achieve. These outlying few nodes are probably reliant on non-LOS links, which experience 
greater losses at the higher frequency. Conversely at 3.5GHz there are a greater number of LOS 
links experiencing Fresnel blockage since the Fresnel zone is physically larger. Therefore 
coverage can be better at lower transmitter ranges where links are generally LOS only. 

% Coverage at 28.0GHz for Flat Rural Aylsham 
Scenario

0

10

20

30

40

50

60

70

80

90

100

0.5 0.6 0.7 0.8 1 1.2 1.5 2 2.5 3 5 10
Transmitter range (km)

%
 C

ov
er

ag
e Mast Height=0.5m

Mast Height=1.0m
Mast Height=2.0m

 

Figure 3-70: Flat rural scenario coverage at 28.0GHz 

Analysis of the mean interference within the mesh leads to the interference loss presented in Table 
3-18. The overall gain again points to the +1.0m antenna height being the best antenna height at 
this frequency in this scenario. 

 2.0m to 0.5m 2.0m to 1.0m 1.0m to 0.5m 

Mesh Coverage Gain (dB) 10.4 4.6 5.8 

Interference Loss (dB) 12.7 8.6 4.2 

Net Gain (dB) -2.3 -4.0 +1.6 

Table 3-18: Summary of flat rural antenna height on interference results at 28.0GHz 

3.3.1.4 Conclusions  

This work has examined three different scenarios in which a mesh network might be deployed: 
suburban, mountainous rural, and flat rural. The latter two are very low customer density scenarios 
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that may not be economically viable with a P-MP deployment, so could well be the driving force 
behind mesh network take-up. In general the results have shown that the main challenges are 
those of providing sufficient capacity in suburban; providing sufficient coverage in mountainous 
rural; and reducing the maximum hop count in flat rural deployments. 

The results have shown the relationship between transmitter range (and therefore connectivity) on 
the coverage, connection loads and hop counts in the mesh for the different scenarios and also 
the effect of different antenna heights on the coverage and potential interference of the network. 

In the high density suburban scenario, customer locations are uniform over the map area. This 
scenario is ideal in terms of the performance of the mesh, giving maximum coverage and 
minimum connection loading for any transmitter range. It is reasonable to assume that the results 
will be scalable to lower customer densities, which might occur during service take-up or where 
there are other competing technologies. For the node density examined a transmitter range of 
0.1km was required to give nearly full coverage. However the mesh produced by this minimum 
connectivity has very high connection loads and hop counts. Increasing the transmitter range to 
give connectivity beyond the minimum gives a more workable mesh. The required transmitter 
range was loosely dependent on antenna height, with lower ranges required for higher antennas. 
However analysis of the interference produced showed that on balance +0.5m antennas are best.  

Results at the two frequencies were almost identical. At 28.0GHz the effect of scattering was also 
analysed. It was found to make on average a 4dB difference to the path losses calculated by did 
not change the overall conclusions with regard to optimum antenna height. Scattering in other 
scenarios has not been analysed since they contain far less significant scattering surfaces. 

The mountainous scenario provided the lowest achievable coverage. Approximately 10% of nodes 
were not able to connect to the mesh backbone. This figure might reduce slightly in reality if a 
continuous mesh were present out-with the map area. Strategically placed seed nodes would be 
required to connect in certain groups of nodes. In the case of the Grasmere area of the map there 
would be sufficient customers to justify the mesh operator installing the node. Other small groups 
of nodes might have to install their own seed (relay) nodes. These seed nodes would naturally 
have high loading (though comparing to the suburban scenario this is offset by the low customer 
density). 

The flat scenario produced better coverage than the mountainous scenario, with similar trends to 
the suburban scenario. The maximum hop count tended to be quite high. Table 3-19 summarises 
the conclusions. 

 Suburban Mountainous 
Rural 

Flat Rural 

Node density (nodes/km2) 285 8.4 10.2 

Maximum coverage 100% 90% (*seed node 
required) 

98% 

Minimum transmitter range 0.1km 3.0km 2.0km 

Optimum antenna height +0.5m +2.0m at 
3.5GHz, 

+1.0m at 
28.0GHz 

+1.0m 

Desirable transmitter range with optimum 
antenna height 

0.3-0.5km 5.0-10km 3.0-5.0km 

Table 3-19: Summary of results 
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3.3.2. Comparison of Mesh and P-MP 

In this section the simulated performance of Mesh and P-MP systems are presented. The 
simulation tool accurately models the traffic flow in the form of packets to the MAC layer. The PHY 
layer is simplified to allow for longer more statistically significant results to be gained without 
excessively long simulation times. 

The following single network scenarios are investigated in Section 3.3.2.1: 

• The effect of varying degrees of connectivity ranging from fully connected system 
(effectively P-MP) to sparse connectivity ensuring multiple hops to the POP (Mesh) on 
network efficiency. 

• The effect of different traffic patterns (node to hub or node to node) on network efficiency. 

• The effect of realistic traffic (packet interval and size distributions, uplink/downlink ratios, 
priorities and packet lifetime) on network efficiency. 

• The effect of power control and modulation (rate) control on network efficiency. 

• The effect of using directional antennas (P-MP systems only) on network efficiency. 

Section 3.3.2.2 deals with: 

• Co-existence of two like systems with varying inter-system separation for co-channel 
operation. 

• Spectrum efficiency of network scenarios. 

The more realistic scenarios examined in ‘Simulated Performance of Mesh Networks in Suburban 
and Rural scenarios’ are also tested using the software to determine the practicality of mesh 
deployment in these scenarios. These scenarios have path losses calculated using the ITU-R 
P.526 model. Results are presented in Section 3.3.2.3. 

3.3.2.1 Performance of Isolated Systems 

The performance of isolated systems was investigated. A 100 node + 1 POP system with a traffic 
loading of 100Kbits/sec per node, totalling 10Mbits/sec, is used. Alternatively this can be thought 
of as 1Mbits/sec per node with a contention ration of 10:1. QPSK modulation and ½ rate FEC with 
a required CINR of 10dB is used giving a theoretical minimum bandwidth requirement of 10MHz to 
successfully transmit all data.  

The simulations use an 802.11 MAC layer with distributed coordination and AODV routing. Point 
coordinated MAC operation is a possibility in Mesh networks (as demonstrated by the Radiant 
system, and also in the 802.16 mesh compatibility specifications), however time has not permitted 
this area of research to be fully explored. For the directional antenna simulation an 802.16 MAC 
layer is used. This is generally regarded to be more efficient (requiring less overhead) than 802.11 
operating in point coordinated (PCF) mode.  

In the benchmark scenario generic traffic flows between the nodes and the POP (2000 byte 
packets are generated for each node at interval with exponential distribution of mean 160ms and 
uplink fraction of 50%) with no QoS constraints. The node connectivity is varied by limiting the 
maximum transmit power (this differs from the Radiant methodology which requires pre-planning 
to select a subset of links from all possible links). Figure 3-71 shows the mean number of hops per 
packet for node-node and node-POP traffic configurations. The mean number of hops is higher for 
node-node traffic. For power reduction to 8dB all nodes are connected with the POP, thus giving a 
P-MP system (for node-POP traffic). The maximum hop count to the POP is 6. 
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Figure 3-71: Mean number of hops for different traffic flows 

To help accommodate the high POP traffic the 802.11 MAC layer was modified slightly to allow the 
POP to access the medium more frequently than regular nodes. This was achieved by reducing its 
back-off window proportionally to the length of its IP queues. 

Results are based on a 30 second segment of data within a 45 seconds simulation. An initial 10 
seconds prior to statistic capture allows the routing to be set up. Figure 3-72 shows the required 
bandwidth to satisfy a PER of 0.001 for various levels of node connectivity expressed as a 
maximum power back-off. (Note the transport layer is not modelled). This required bandwidth can 
be thought of as one channel or a number of narrower channels – fundamentally there is no 
difference [22]. Figure 3-72 also shows a curve for performance when the traffic (with identical 
characteristics) flows from node to node. 

A realistic heavy load traffic profile was also tested. This profile is defined in Table 3-20. The total 
data-rate is the 10Mbits/sec as before.  

Traffic 
Type 

Fraction of 
Nodes (%)

Packet 
Length 
(bytes) 

Packet 
Interval 
(ms) 

Uplink 
Fraction 

Packet 
Priority 

Packet 
Lifetime 
(ms) 

Data-rate 
contribution 
(Mbits/sec) 

VoIP 20 120 (fixed) 15.625 
(fixed) 

0.5 1 40 1.2288 

Video 8 1504 
(fixed) 

16.4 
(fixed) 

0.0 2 - 5.8693 

FTP 10 1518 
(fixed) 

100 
(exp.) 

0.0 3 - 1.2144 

WWW 40 64-1518 
(uniform) 

150 
(exp.) 

0.1 3 - 1.6875 

None 22 - - - - - 0.0000 
Totals 100 - - - - - 10.000 

Table 3-20: Realistic heavy load traffic profile description 

Ideally the 802.11e MAC layer QoS mechanism would have been modelled to provide different 
service priorities. However, due to time constraints this has not been possible. The priorities are 
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modelled at the IP layer. A packet lifetime constraint was added to the 802.11 MAC. At 
transmission time packets exceeding their lifetime are discarded and the IP layer is queried for the 
next packet instead. 

The performance with node to node traffic is also shown in Figure 3-72. It can be seen from Figure 
3-72 that in general the required bandwidth rises as the mesh connectivity is reduced. This is 
simply due to an increased number of hops across the network from the edge to the POP. For 
each hop traffic must be retransmitted thus requiring extra bandwidth. Operating as a P-MP with 
full connectivity across the system approx. 16MHz was required, i.e. an inefficiency of 1.6 exists 
over and above the theoretical limit for the modulation employed. This inefficiency is due to the 
mechanisms employed for sharing bandwidth between nodes, e.g. CSMA and back-off, as well as 
the overhead of packet headers. As the mesh connectivity reduces, the required bandwidth rises 
to about 50MHz, about 3 times that of the P-MP system.  

Realistic traffic flows require more bandwidth than the generic traffic flows (typically 1.25 times the 
requirement). As the connectivity reduces this bandwidth requirement rises dramatically. 
Furthermore packet delays (see Figure 3-73) rise dramatically, suggesting the presence of high 
priority traffic will severely affect the QoS of lower priority traffic in Mesh systems. More intelligent 
routing and MAC QoS (e.g. 802.11e) could help to reduce this effect. Node to node traffic flow 
decreases the bandwidth requirement for low connectivity meshes by about a 1/6th. This is 
because the bottlenecking that occurs around the POP is alleviated. Figure 3-74 shows the 
number of packets forwarded through nodes for the node to POP and node to node traffic flows. 
Clearly the node to node has reduced bottlenecking as packet forwarding is spread around the 
mesh. If node to POP traffic could be more efficiently routed to more resemble the node to node 
case a similar efficiency gain could be achieved. 
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Figure 3-72: Required bandwidth for 10Mbits/sec data-rate for different traffic types 
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Figure 3-73: Mean packet delays for different traffic types 

 

(a)         (b) 

Figure 3-74: Number of forwarded packets through nodes for a) node-POP, b) node-node traffic flow 

The generic node to POP traffic model was also tested with power and modulation control in the 
MAC layer. Both control methods used a simple fallback method to change the power/modulation 
based on a consecutive packet reception/loss metric. Power control was implemented in 1dB 
steps. Modulation control used the QPSK, 16-QAM and 64-QAM with ½ rate FEC and required 
CINR’s of 10, 18 and 24dB respectively. Figure 3-75 shows the results for these systems. 

The improvement in performance when using directional antennas at nodes (~10 degree 
beamwidth, 20dB gain) is also shown. All the node antennas are directed at the POP. The results 
shown are only for P-MP configurations and use the 802.16 protocol. This is more efficient for 
point-coordinated systems than the 802.11 protocol since the carrier sense mechanism would not 
function correctly with fixed directional antennas. Figure 3-75 shows the performance for 802.16 
with and without modulation control. 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 144 - Version 1.1  

In mesh configuration either multiple antennas (as in the Radiant system which uses 4 per node) 
or a single steerable antenna array need to be deployed. The single steerable antenna might 
operate in omni-directional mode during idle/carrier sense intervals and directional mode during 
transmit and receive intervals. During the initial route set up phase additional information about the 
direction of nodes would also have to be calculated and stored. Due to time constraints it has not 
been possible to simulate either of these architectures. 
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Figure 3-75: Required bandwidth for 10Mbits/sec data-rate for different MAC enhancements 

The results in Figure 3-75 show the minimal effect on bandwidth requirements of power and 
modulation control in low connectivity meshes. In mesh operation packet retransmission across 
the mesh allows different parts of the mesh to be transmitting at the same time. However higher 
modulation rates require further CIR reducing this possibility – there are no opportunities for using 
the higher order modulation schemes. Since the majority of links within the mesh are already near 
their minimum power threshold, power control can only gain a few dBs at most. This gain is offset 
by inefficiencies in the fallback mechanism which loses packets each time it speculatively reduces 
the power. In the P-MP configuration modulation control is effective. Power control is not since it 
reduces the coordination between nodes as they compete for access to the POP. The 802.16 
point-coordinated systems require significantly less bandwidth to transmit the same data. 

The results presented, whilst interesting, do not reflect the spectrum efficiency of each system 
configuration since they do no account for the degree of interference caused to neighbouring 
systems. This is assessed in the following section. 

3.3.2.2 Co-Existence of Systems and Spectrum Efficiency 

The co-existence of fully-loaded like systems has been tested by varying their separation and 
discovering at what point packet loss starts to rise. Ideally a large array of like systems (3-4 tiers, 
i.e. 19 or more systems, around a central system) would be tested so that systems within the 
interference range of the central system would be present. However time has not permitted this 
level of simulation. Instead a simpler scenario with only 2 systems has been simulated. This gives 
an upper bound on the degree of co-existence that can be achieved. 

In a true mesh topology, two systems would merge together as their separation decreases. In such 
situation the traffic from the overlapping parts of the two systems could split and route to both 
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POPs to take advantage of short term loading differences at each POP. In the simulations 
presented the routing to separate POPs remains fixed. 

The scenarios simulated are those from the previous section with the minimum bandwidths 
required for the generic node to POP 10Mbits/sec traffic profile that were assessed therein. Figure 
3-76 shows the minimum separation of like co-channel systems before the throughput of either or 
both begins to deteriorate. Note the generic node to node and realistic node to POP curves are 
identical to the generic node to POP curve. 
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Figure 3-76: Minimum separation of fully loaded systems delivering 10Mbits/sec data-rate 

The main features to note are that the low connectivity mesh systems can exist next to each other 
(<~900m separation for a system radius of 500m). In other words the fully loaded low connectivity 
mesh can operate ubiquitously. The fact that the separation can go below 900m shows that the 
underused spectrum at the edge of the cells (away from the POP) can be exploited further. Power 
control gives a definite improvement to the minimum separation between systems. Modulation 
control does not increase the separation dramatically (though here a more rigorous simulation with 
many more systems would be useful). P-MP systems cannot co-exist in the same physical area. 
Figure 3-77 shows the individual node packet losses of two overlapping P-MP systems (the higher 
the bar at each node the greater the packet losses). It is interesting to note that the packet losses 
of the nodes away from the overlapping area are the greatest. This is because the nodes in the 
overlapping region can coordinate with both systems, thus can transmit packets more 
successfully.  
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Figure 3-77: Packet losses for overlapping P-MP systems 

An estimate of the spectrum efficiency, η , of the different schemes may then be determined using 
Eqn (1) derived from the simple 3 system model shown in Figure 3-78.  

 

Figure 3-78: Three system model for spectrum efficiency calculation 

3
2

2rB
D

=η  (1) 

Where D is the data-rate of one system, B is the bandwidth required by each system, and r is the 
minimum system separation. 

Figure 3-79 and Figure 3-80 show the spectrum efficiency calculated for all schemes. Figure 3-79 
shows that the mesh operation has a spectral efficiency about twice that of the P-MP system. 
Figure 3-80 shows that power control can significantly increase the spectrum efficiency in mesh 
operation whereas modulation control is more useful in a P-MP system. 
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Figure 3-79: Spectrum efficiency for different traffic types 
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Figure 3-80: Spectrum efficiency for different MAC enhancements 

Finally it can be seen that the directional P-MP systems are more efficient than even the mesh 
with power control. This can be attributed to the transmit power reductions due to the antenna gain 
and also better efficiency in the MAC operation. The degree of improvement is not that great. It 
seems reasonable to assume that an implementation of a directional mesh could carry this 
spectrum efficiency improvement trend into mesh operation. 

3.3.2.3 Performance of Mesh in Realistic Suburban and Rural Scenarios 

Table 3-21 shows the bandwidth requirements for implementations of the ‘real’ scenarios 
introduced in previous chapters. The values in parenthesis show the multiplicative over-
requirement of bandwidth over the theoretical minimum. The optimum antenna height and 
transmitter FSPL range (at 3.5GHz) have been chosen for system configuration. 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 148 - Version 1.1  

Scenario Number of 
Connected 
Nodes 

Total 

data-rate 
(Mbits/sec) 

Generic  
traffic Node-
POP (MHz) 

Generic 
Node-Node 
(MHz) 

Real traffic 
Node-POP 
(MHz) 

Oxford  
(Suburban) 

64 6.4 40 (6.2) 

 

36 (5.6) 60 (9.4) 

Ambleside  
(Rural 
mountainous) 

255 25.5 120 (4.7) 150 (5.9) 250* (9.8) 

Aylsham  
(Rural flat) 

350 35.0 180 (5.1) 160 (4.6) 400* (11.4) 
(*=QoS failed) 

Table 3-21: Bandwidth requirements for realistic simulation scenarios  

It can be seen somewhat surprisingly that the rural mountainous scenario has the lowest 
multiplicative bandwidth requirements. This is possibly due to the isolation between valleys in the 
scenario. Required bandwidths in multiplicative terms are similar (but slightly worse) than those for 
the simple scenarios of previous sections. Node to node traffic performs worse than node to POP, 
a reversal of the simple cases, in the rural mountainous case. This is due to the fact that high path 
losses tend to be isolated in different parts of the mesh. Circuitous, often length routes are 
required. 

The realistic traffic models failed to deliver adequate QoS for the VoIP service in both rural 
scenarios. Possibly this poor performance in the rural scenario as compared to the previous 
chapter is due to the large number of nodes trying to access the medium at the same time is 
causing this failure. The 802.11 MAC layer back-off mechanism may be failing. 

Figure 3-81 shows a) the number of forwarded packets at each node; and b) the mean packet 
delay for packets sent from each node (a tall bar represents 50ms) for the Ambleside scenario. It 
can be seen that mesh operation to the valley areas depends on heavily on a couple of nodes 
(one of which is a seed node). In the lower valley especially the packet delays have suffered. 

  

(a)      (b) 

Figure 3-81: Performance of Ambleside mesh showing a) forwarded packets per node, b) mean packet delay of packets sent from each 
node 
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3.3.2.4 Conclusions  

The simulations have shown a number of interesting facts about Mesh and P-MP operation: 

• Like for like Mesh is more spectrum efficient than P-MP. A factor of 2 was observed for a 
power-controlled mesh with generic traffic. This drops to nearer unity for realistic traffic 
models. 

• Mesh however requires greater bandwidth (per POP) than P-MP for identical data-rates (by 
a factor of approximately 3-4). This could be a single channel or multiple channels. Note: 
P-MP are less spectrum efficient due to the frequency re-use factor > 1 required for 
multiple systems. 

• Power control can further increase this efficiency for Mesh (a factor of 1.4 was observed), 
but not for P-MP. 

• Modulation control may be beneficial in a P-MP system, but not a Mesh. 
• Directional antennas increase spectrum efficiency (a factor of approx. 2 was observed). 
• Node to node traffic gives higher efficiency than node to POP traffic in a mesh (the reverse 

is true for P-MP). 
• Realistic traffic with QoS constraints increase required bandwidth and hence reduce 

spectrum efficiency especially in a Mesh. The mean packet delay can increase 
significantly.  

Mesh configurations in three ‘real’ scenarios have been demonstrated with simple physical and 
MAC layers. The simulations have shown that with simple traffic the Mesh system is a possibility.  

The simulations have shown Mesh is more spectrally efficient than P-MP with simple physical and 
MAC layers. The simplicity of the Mesh system along with its ability to roll out and provide a 
service in rural scenarios that are most probably uneconomic with P-MP are its key benefits. The 
main problem hindering Mesh may be that of providing QoS for time-critical services. This may be 
the reason that more complicated physical (each directional antennas) and MAC (point co-
ordinated) layers are required. 

3.3.2.5 Further Work 

There are several areas it has not been possible to cover fully. Further investigation of  

• The spectrum efficiency enhancement possible from clever routing in meshes;  
• The spectrum efficiency enhancement possible by using directional antennas (the Radiant 

Networks system or variant) or adaptive antenna arrays; and  
• The effect of rigorous QoS compatibility at MAC layer (e.g. 802.11e) is required. 
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4. MESH SYSTEM PRACTICALITIES AND DEMONSTRATION 

4.1. Examination of key problems, growth predictions, activities and timelines in 
the delivery of fixed mesh systems 

4.1.1. Methodology 

The examination was made by surveying the activities of current and emerging mesh system 
operators and providers in Europe and USA; and assessing and analysing the technical and 
market data obtained.  Certain activities, especially related to commercial and business modeling, 
were conducted in conjunction with other Work Packages.  At an early project meeting with Ofcom, 
it was decided to not study mobile systems. 

The survey was conducted in four phases.  Initial information was obtained from mesh suppliers' 
websites.  Some gave very little information, or were just 'home pages' for new companies.  The 
more significant sources were summarised in the Interim Report of WP1 (an executive summary is 
also given below). A questionnaire was then designed and circulated to the more active of the 
companies identified in WP1 and to 'lead' integrators and users named by these suppliers.  Not all 
the companies approached made returns, and the amount of detail offered varied.  Two further 
questionnaires were then designed (one for suppliers and one for users) and circulated to the 
most forth-coming companies.   Finally, interviews were held with a sample of companies identified 
as playing a leading role as a manufacturer, integrator, new entrant or legacy operator. 

Companies providing data at the most detailed level were Radiant, Telabria, Strix, Tropos, 
LocustWorld, Nortel, Hopling and Telecom Italia.  Their responses are presented in confidential 
annexes supplied to Ofcom only.  In the main body of the report, these companies are referred to 
as S - Z (in random order). 

The data assessment is presented in this report in paragraph 4.2; paragraph 4.2.1 deals with 
technical issues and paragraph 4.3.2 deals with market issues.  

4.1.2. Preliminary review of current commercial technologies 

During 2004, the wireless market saw an increase in equipment vendors and operators of mesh 
systems. A couple of years ago mesh vendors and perspective mesh operators made no traction 
in the market and the majority ceased to follow the mesh route or went into receivership.  Now key 
players such as Mesh Networks, Firetide, Tropos Networks, Belair, Dust Networks and others are 
actively shipping mesh equipment (mostly using omni-directional antennas) to a growing number 
of operators. 

Mesh systems are tasked with efficiently routing traffic through a number of neighbouring mesh 
nodes that can have been installed in either a planned or an ad hoc way. One of the principle 
claimed advantages over traditional point-to-point and point-to-multipoint systems is the ability to 
self-form and operate efficiently on an ad hoc basis. 

The providers of mesh equipment have had the challenge to ensure efficient routing and handoffs 
take place between the nodes while still providing a quality of service that matches the customer’s 
need. The approach to distributing network intelligence to the individual nodes has been treated 
differently by different manufacturers. Mesh Networks takes an approach of each node having a 
router which makes packet by packet optimising decisions for allocating the network paths. 
FireTide and others have a different approach and switch continuous traffic streams. 

On top of the distributed intelligence for the mesh nodes, the mesh systems have to either operate 
in pro-active or re-active configurations in making the route path decisions. Pro-active systems will 
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carry more overhead than reactive systems due to the need for constant communication between 
the nodes but benefits in latency and operational QoS performance may be shown. Re-active 
systems will generally be capable of a higher payload but at a sacrifice of QoS. As mesh networks 
increase the numbers of individual deployments and as the service delivery mix grows (such as 
greater IPVoice), QoS will become increasingly important. 

Many routing algorithms have been used in the past within mesh networks such as AODV, DSDV, 
LANMAR and others. There is no consensus on the optimal routing solution to date. 

Companies including Tropos Networks are predicting a growth rate of several hundred percent for 
mesh systems in the network market, based on RFP’s. Tropos are growing rapidly and have 
gained over 125 installed customers worldwide, providing metro-scale services in such cities as 
Philadelphia, PA; New Orleans, LA; Los Angeles, CA; Franklin, TN; Chaska, MN; Corpus Christi, 
TX; Las Vegas, NV; Oklahoma City, OK; Tokyo, Japan; Kuala Lumpur, Malaysia; Khandahar, 
Afghanistan; and Doha, Qatar. 

The largest integrators are now showing more interest in mesh solutions and either developing 
internal solutions (e.g. Nortel) or buying companies (e.g. Motorola’s acquisition of Mesh 
Networks). Nokia however bought Rooftop but (after considerable work to enhance its capabilities) 
are not currently providing products. 

 

4.1.3. The historical European view 

 The May 2004 report for the OECD (Unclassified DSTI/ICCP/TISP(2003)7/FINAL) contains a 
good summary of trends in rural wireless broadband deployment, and some of these will impact 
the market possibilities for mesh networks.   

It notes the rapid introduction of fixed wireless broadband access networks across the OECD, 
largely by Wireless Internet Service Providers (WISPs) 'competing head on with DSL and cable 
modem services'.   It remarks that this development includes novelties such as 'fixed wireless 
systems for providing broadband services that do not require line of sight' and the strategy of 
'suppliers to develop software and use off-the-shelf hardware'.   Most growth is in urban public and 
private wireless-LANs but it also includes the provision of broadband access in rural areas - 'The 
amount of new entry by WISPs in rural areas is virtually unprecedented'.   

The report states that 'Most WISPs are focusing on a region or a small number of rural 
communities, often without alternative service. This fact tends to set them apart from predecessors 
that tried to establish national service coverage.'   It also notes that the 'large number of small 
start-up WISPs…(are)…testing the market with different business models and new technological 
platforms', and that this may enable them to stimulate demand (in rural areas).   However, it also 
speculates that  'some of the new entrants will fail'.   

'The initial experience, in a number of countries, is that some of the least expensive and highest 
performance broadband access offers are in areas where, to date, it has proven too expensive to 
extend DSL or cable networks. ……The prices on offer are in some cases lower than those 
available in urban areas, using DSL and cable modems, and performance sometimes superior. 
Moreover, in a number of countries, demand is proving to be robust in rural areas and sufficient to 
attract innovative and low-cost service providers'. 

The OECD report cites Aperture Wireless Broadband as using mesh networks to provide a 512 
kbit/s service for less than USD 30 per month to Dundrum (Northern Ireland), Hayfield (England) 
and Drymen (Scotland).   (This is also cited by Locustworld; see Annex E of the present report). 
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Some other examples from the OECD area are: 

• Telekom Austria believes that the cost of upgrading all remaining exchanges is prohibitive 
in the more sparsely populated areas of Lower Austria.  Accordingly, the company has 
announced plans to use wireless technologies to provide service in rural areas.    

• Cesky Telecom in the Czech Republic has launched WiFi services and is one of the first 
telecommunication carriers to report data subscribers. The company’s hotspots are, 
however, in urban areas.  Star21 offers fixed broadband service to business users and 
ISPs.  Other wireless providers in urban areas include Broadnet, Skynet and subsidiaries 
of Norway’s Telenor and Telekom Austria. 

• France Telecom is to make broadband access available to everyone in the country, but 
DSL is unlikely to go beyond 90% coverage.  The company is conducting trials with WiFi in 
rural areas to provide local access using satellite for backhaul.  In 2002, the 
telecommunication regulator (ART) announced it was opening up the use of WiFi for the 
creation of public “hotspots” and for use in rural or underserved areas not covered by DSL 
or cable networks.  The French government plans to grant free WiFi licences from 2004-
06.  

• Deutsche Telekom can provide DSL service to 90% Germany's access lines.  There are a 
number of wireless ISPs using unlicensed spectrum to serve business and public sector 
clients. e.g. Midas Telecom has built a pilot mesh wireless network capable of connecting 
400 households (later, 2000 households).   The regulator has made unlicensed spectrum 
available in 2003.  

• Telecom Italia expected to provide coverage to 80% of lines by the end of 2003.   Wireless 
ISPs are developing in both urban and rural areas. 

 

4.1.4. Extracts from relevant responses to Ofcom Spectrum Framework Review 

It is instructive to note that several organisations responded to Ofcom's SFR consultation with 
comments on frequency allocations and mechanisms that are relevant to broadband generally and 
could impact mesh networks. 

Broadband Stakeholder Group (Wales)  

… members thought the central perspective of the Review and the remedies proposed within it 
focused largely on addressing the needs of strong and established lobby groups (e.g. current 
license holders, license traders / speculators, multi-nationals, vertically integrated industry players 
and government).  

… Making more license-exempt spectrum available is sensible …  

… what is really needed is quicker and more transparent measures to change spectrum use, 
release spectrum that has been earmarked or preserved …  

… The proposed mechanisms could still result in ‘spectrum hoarding’ rather than ‘spectrum 
trading’, with the disadvantage that the hoarder has no democratic accountability.  

 

IEE 

… whilst the rights of users of spectrum are highlighted, there is no counterbalance of obligations 
on them in terms of effective use and lack of interference with other users. In our view this is an 
essential consideration.  
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… it is easy to show that fixed allocations are unlikely ever to maximise usage. An instructive 
analogy is with wireline communications in which ever more efficient sharing of capacity has 
driven down costs and increased performance ever since the days of the first telephone 
exchanges. In this context we note the rise in Internet Protocol (IP) data transmission, which has 
arguably moved beyond a simple capacity-market model because other economic factors, for 
example benefits from co-operation, are more important to users than the direct cost of capacity.  

…The role for regulation in these areas could well be more a matter of defining common 
standards for interfaces than of allocating capacity. As an ideal outcome a framework analogous to 
TCP/IP might be devised for the short-term dynamic adaptive user-controlled allocation of capacity 
that might dramatically improve efficiency of usage. 

IEEE802 

… supports the Ofcom approach to developing technology-neutral spectrum usage rights. …  

• Globally harmonized spectrum is crucial to gaining the benefits of economies of scale, which are 
passed on to consumers through reduced product costs. In addition, harmonization simplifies 
international use of licensed-exempt technologies by global travelers. IEEE 802 recommends that 
Ofcom give priority to opening spectrum that has clear potential for global harmonization. 

• Spectrum adjacent to current allocations allow manufacturers the ability to extend existing radios, 
which results in reduced costs. 

• Lower frequency spectrum is highly desirable, where propagation characteristics are more 
favorable. 

Intellect 

… there could be areas where to liberalise too far in respect of spectrum management could be 
contrary to the UK interest. Specifically the complete abandonment of spectrum allocation policy 
would not be in the interests of this country. There will still be a need for an allocation policy in 
support of National policy objectives.  

… to enable the rapid deployment of new wireless technologies currently being developed to 
support applications, services and content requiring broader-band connectivity, sufficient 
appropriate spectrum in the range of 2 to 10 GHz must be allocated for wireless broader-band 
access and backhaul schemes. Although Spectrum Trading and Liberalisation may help, we 
believe that consolidation of smaller bands into a large contiguous band will be difficult to achieve 
without the assistance of allocation measures.  

… as presented in this document the packaging of spectrum for auctions could restrict the 
technologies that could use the spectrum where perhaps it could be better to leave such choices 
to the market, subject of course to the usual considerations of, for example, international 
agreements. 

Nokia  

…we do not support liberalisation to the maximum extent, but we support the statement (p22) that 
proposes the use of the market where this is in the best interests of the citizen-consumer. The 
qualification is however crucial, since we believe market failure to be more likely than Ofcom 
suggests. The assertion that the market is in the best interests of the consumer is based on the 
assumption that near perfect competition exists, both before and after a trade. In many sectors this 
will not be the case.  … we feel that appropriate regulation could be developed that would 
encourage the use of licence-exempt bands. The licence-exempt status does not necessarily 
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imply that there should be fewer technical restrictions. On the contrary, the exemption from licence 
requirements makes technical regulation more appropriate, rather than less, in order to ensure 
efficient spectrum use.  

… The key condition to achieve seamless services and low cost mass-market terminals (with the 
benefit of economies of scale) is a continuous effort to ensure the worldwide co-ordination of 
standards and the harmonisation of frequency bands. This allows true competition between 
suppliers, and potentially a much wider choice for network operators and service providers, to the 
benefit of the end users and the wider community. 

Spectrum Trading Associates 

Spectrum Trading Associates (STA) is a specialist consultancy set up to provide expert support on 
all aspects of radio frequency assignment, trading and exploitation.   

… the design of any auction is crucial to the achievement of the policy intentions behind it … eg 
setting the number of licences, setting the sizes of blocks of spectrum (including the creation or 
otherwise of pairs of bands), favouring newcomers or incumbents, setting reserve prices, seeking 
high bids, etc  

… Particular dangers are that the spectrum packages which are initially traded may be not well 
matched to future systems and applications. 

… the UK is too small to establish national systems and needs to be involved when European or 
worldwide harmonisation is possible. A worrying trend is the shift from ETSI to IEEE as the source 
of many radio Standards. Not only does this limit the involvement of UK industry in early 
development but it results in spectrum assignment problems through America and Europe being in 
different ITU regions.  

T-mobile 

… public (coordinated) spectrum management has substantial merits as it enables the efficient 
management of potential interference issues. Public spectrum management also supports the 
introduction of new technologies and services by providing internationally harmonised spectrum. 

…economies of scale in equipment supply, international mobility and reduced interference. Ofcom 
should continue to play a role in seeking to realise these benefits through aligning UK spectrum 
initiatives with European initiatives.  

T-Mobile notes several bands, including those at 2.4GHz and 5GHz are already available for 
licence-exempt use. The spectrum at 5GHz is not heavily used at present and we would expect 
that this should be sufficient for the near future. T-Mobile is not convinced of the need for making 
additional spectrum for licence-exempt use available. 

 

4.2. Data assessment and analysis 

4.2.1. Assessment of identified technical issues 

Note that this paragraph summarises data obtained from the stakeholders participating in the 
surveys and interviews.  Independent analysis in greater technical depth, based on the project's 
internal modelling, is presented in other work packages. 
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4.2.1.1 Architecture   

Respondents to the survey described systems in three broad categories:    

 Single-radio architecture, omni- or wide-angle antennas, fully ad-hoc network 
 Single- or Multi-radio architecture, omni- or wide-angle antennas, planned feed network 
 Single-radio architecture, 'hardwired' mesh with directional antennas, fully planned 

Fully ad-hoc networks are only supported on a relatively small-scale, typically in campus 
environments or 'best-effort' community networks: major players do not believe that this is the key 
application.  Radiant (UK) are the prime example of the third category.  The large majority of 
respondents fell inside the second category; nevertheless, this category is very broad with 
companies proposing a variety of solutions with varying levels of planning.  

Examples of hybrid, partially planned solutions include Tropos, Belair, Strix and Locustworld (all 
USA), Nortel (Canada), and Telabria (UK).  Although there are technical differences between these 
products, the most significant difference is between Radiant and all other players.  The Radiant 
product is inherently static, as it is based on a fully planned and configured hardware set, using 
high-gain, narrow-band antennas.  Tropos offer both static and mobile options, usually with omni-
directional antennas; and Telabria have a static/portable system which has been demonstrated as 
capable of low-speed mobility using either omni-directional or wide-angle ( >45deg ) antennas.   

For the key application, 'metro-scale' SME networks, a typical architecture is that of Telabria, who 
use p-mp feed (e.g. Alvarion type), mesh in what Telabria term the 'local loop', and WiFi/WiMax for 
the last kilometer to customers.  Thus the CPEs are low-cost standard WiFi/WiMax terminals.  
(See sub-paragraph 'Multi-layer systems'). 

Radiant believe that directional antennas offer significant spectrum efficiency advantages. 
Nevertheless, S (and others) contend that omni-directional mesh networks may have equal or 
better spectrum efficiency than p-mp networks.  In private correspondence they claim that a dense 
mesh deployment often provides higher SNR than a sparser p-mp deployment; a denser mesh 
results in the link between the client and the mesh router being able to operate at a higher 
modulation rate than a p-mp system; and thus in these cases, meshes are more spectrally efficient 
than p-mp systems.   

T, who have adopted mesh radio as a core strategy, believe that a combination of WiMAX and 
WLAN/WMN access technologies is a promising option for equipping full end to end wireless 
broadband networks.  

The project team's own modelling and experimentation, reported elsewhere in this report, indicate 
that both directional and omni-directional mesh networks can be more efficient than p-mp, subject 
to the type of traffic and the number of hops.  Other experiments show that directional mesh 
networks are more efficient than omni-directional meshes, although authorities differ about the 
degree of superiority.  This is the Radiant approach, requiring steerable narrow-beam antennas, 
considerable monitoring and central planning. 

4.2.1.2 Routing 

All the manufacturers responding to the surveys used deterministic interference management, with 
at least a significant element of intelligence (i.e. dynamic). 

The most common approach is to use Optimised Link State Routing, supplemented by in-house 
intellectual property in (for example) QoS management.   The OLSR routing protocol is an open 
standard, which has been selected by the WiMax mesh working group as a starting point 
(802.11s).  Routes are selected using criteria: 

 counts available paths   
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 counts links in each path 
 measures radio margin in each path 
 measures congestion in each path 

The 802.11s standards effort is focused around networks of <32 nodes, so it will probably utilise a 
base protocol only (e.g., AODV, OLSR).   However, OLSR, AODV and spanning tree algorithms do 
not function well in large wireless networks of hundreds or thousands of routers, as being 
implemented in 'metro' networks in the USA.  Real extensibility will be needed to scale to metro-
scale networks.   

Several manufacturers have developed, or are developing, proprietary protocols for this reason.  
An example is Tropos Networks’ Predictive Wireless Routing Protocol (PWRP); it is claimed that it 
scales to any size network, has <5% overhead no matter the network size and dynamically routes 
traffic between clients and the Internet along the path that offers the highest throughput.   Tropos 
Networks is an active participant in the 802.11s working group and has confirmed that it will 
support efforts to build the required extensibility into that standard. 

4.2.1.3 Multi-layer systems 

Scalability may be defined as size of coverage area, concurrent subscriber capacity and number 
of users supported.  Coverage scalability is influenced by routing protocol overhead.  Concurrent 
subscriber capacity and number of users supported are influenced by the number of backhaul 
points in the network and the bandwidth available at each.  Hop count influences the evenness 
with which capacity is distributed within the network.  Mesh network throughput will always be 
reduced in proportion to the number of hops in a single frequency band and/or radio channel 
network.  Therefore, some clients will have access to less peak bandwidth than others.  The 
correlation between the number of nodes and number of hops is weak, the hop count being more 
influenced by the ratio of backhaul points to nodes and the ability of the nodes to cluster around 
backhaul points.  Nevertheless, some mechanism is required to solve the problem of scaleability.  
For this reason, most system designers and manufacturers separate network traffic from access 
traffic.  

A number of different approaches became apparent from the survey interviews.  For example : S 
emphasise that 'municipal and other metro-scale Wi-Fi mesh networks are not ad-hoc networks 
where the client devices using the network also form the mesh network.  Rather, they use an 
infrastructure of routers to form the mesh.  Client devices attach to, but do not participate in, the 
mesh. The use of an infrastructure mesh confers a number of advantages.  The most important of 
these are the fact that the mesh does not disintegrate as clients are removed and that standard 
Wi-Fi clients can attach to the network without the need to install any special hardware or software 
in the client.' 

Many suppliers claim that the use of multiple radio channels and/or frequency bands leads to 
significant gains in scaleability: designers choose the number of radio 'layers' to give the best 
compromise between capacity/QoS and complexity/cost for their application.  Examples are Belair, 
Strix and Telabria.  A typical view based on practical experience is that two 'layers' make a 3-hop 
network realistic; 3 or 4 'layers' could reach 6 hops; but 10 hops are unrealistic without 
compromising capacity and latency.    
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Figure 4-1 Typical multi-layer architecture (Telabria) 

 - p-mp backhaul to/from gateways 

 - mesh in the local loop 

 - p-mp WiFi/WiMAX to CPEs 

 

However, a counter view is held by others, including S, who have one of the largest installed 
bases of 'metro-scale' networks.  S claim that a properly designed metro-scale Wi-Fi mesh 
network will provide 4 - 6 Mb/s of concurrent subscriber capacity per sq. km with approximately 
one backhaul and 10 mesh routers per sq. km.  The mesh routers will cluster around the backhaul 
point and no client should be more than two or three hops away from backhaul.   On this basis, S 
has determined that, in the large majority of cases, the performance increase delivered by multi-
band systems to a subset of clients in the network is not justified by the increased costs 
associated with these systems.   

4.2.1.4 Seed nodes 

The seed node concept as usually understood assumes that nodes will also be end points and 
that the network will grow as, for example, additional homeowners install mesh nodes on their 
houses.  In a truly ad-hoc network, seed nodes become necessary; the practical testing described 
in paragraph 4.4 shows that up to 30% of nodes in a small network require some degree of 
planning.  

However companies such as S, who recommend against ad hoc, organic growth of mesh 
networks and employ a fixed planned infrastructure that has no participation in the mesh by end-
points and disallows connection to the mesh by standard clients, do not recognise the need for 
seed nodes.  Similarly, Y do not use seed nodes. W have established that the most efficient and 
reliable networks are planned, but they do not rule out organic growth once a network has reached 
a critical size.   
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4.2.1.5 Dynamic transmitter power control and frequency selection 

All the manufacturers responding to the surveys used TPC.  All the manufacturers of multi-channel 
and/or multi-band equipment responding to the surveys had dynamic channel selection and/or 
frequency selection either available or had announced availability in a future software release.   

4.2.1.6 Radiated power and EIRP  

Radiant were the only supplier of 28GHz mesh equipment, operating at +22dBm.  They had no 
proposal to apply for an increase in permitted levels. 

Manufacturers of 2.4GHz equipment produce variants for different regulatory domains.  For 
example, S produce a 20dBm EIRP product for Europe and a 36dBm product for the USA and 
other regions.  Several USA-based respondents would support an increase in the UK (and 
European) limits to match those of the USA.  They say that because routers tend to be mounted at 
street light level, at a height of approximately 8-10m, they do not produce high levels of 
interference.  Allowing higher transmit power enables deployments with fewer nodes per unit area, 
making the networks’ economics much more favourable.  However, W would not support any 
increase in permitted EIRP at 2,4GHz or below, as they believe that the current limits give a good 
balance between range, re-useability and interference mitigation ; it would damage the market 
acceptance of all radio systems if the very many consumer products already in-service at 2,4GHz 
were 'to be deafened'.   

Manufacturers of 5.4GHz and 5.8GHz equipment, including W, support an EIRP increase as 'it will 
not be possible to fulfil Ofcom's objectives at less than +36dBm EIRP' (c.f. +23dBm at 5.4GHz and 
+33dBm 5.8GHz in the current UK standard).  This could best be done by following the USA 
example of allowing more EIRP for antennas of less than 90deg.  

4.2.1.7 Modulation index 

Radiant use QPSK at 28GHz, folding back to QAM16 but there is also a QAM64 option. 

Manufacturers of 2.4GHz, 5.4GHz and 5.8GHz equipment use QAM, with automatically chosen 
index.  Tropos use DSSS when operating in 802.11b mode. 

 

4.2.1.8 FDD / TDD / OFDM 

All the manufacturers responding to the surveys used TDD. 

Some of the survey respondents believe that it is not possible for a single protocol to be efficient in 
both urban and rural environments: OFDM is beneficial in built-up areas but counter-productive in 
rural areas.  However, none believe that the regulatory process should be prescriptive.   e.g. S 
refer to the work of the WiMax forum - OFDM is used not only by 802.11g but also by WiMax, 
which is widely cited as having great value in rural environments.  Other respondents referred to 
the robustness of OFDM technology and believed that it would prove advantageous over longer 
NLOS rural paths. 

S agrees that Wi-Fi mesh networking may not be suitable for some rural environments, but that 
this is not because of OFDM . For example, areas without sufficient population density may yield 
unfavourable economic results for Wi-Fi mesh networks and p-mp networks may be more viable in 
such areas.  'However, this circumstance does not lead to the conclusion that mesh networking, 
which is very viable in urban, suburban and many rural locations, should be hindered or restricted 
in any way.' 
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4.2.1.9 Spectrum 

Radiant believe that the amount of spectrum needed will be dependent on subscriber densities 
and service profiles.  The current (27.5625GHz – 29.4385GHz) Radiant product can utilise all 64 
(28MHz) frequency channels in a single mesh if spectrum were available.    

Most manufacturers responding to the surveys (e.g. S, W, Y) use standard 802.11b/g operating in 
three or more 20MHz channels at 2.4GHz and/or 5.8GHz.  W have developed a new in-house 
product at 5,8GHz but they strongly support the opening of a new band below 2.4GHz.  Their trial 
networks at 2.4GHz have shown little excess attenuation between summer and winter, whereas 
their 5.8GHz trials have shown up to an additional 20dB.  Y systems use a wide range of different 
communications media, including 2.4GHz, 5.8GHz, optical, wired and other radio channels 
depending upon the application. 

The general view is that the bandwidth currently allocated in the UK below 6GHz and at 26/28GHz 
has sufficient capacity for the foreseeable future.  However, almost all respondents believed that 
new more suitable spectrum should be made available for propagation reasons.  The preference is 
that this would be at or below 2.4GHz (even at 5.8GHz, foliage attenuation through trees can be 5-
20dB each).  For example, S reasoned that at a basic level, a metro-scale Wi-Fi mesh network 
can be set up in a single, 20 MHz Wi-Fi channel.  However, significant advantages accrue if 
additional spectrum is available.  First, p-mp wireless backhaul is often the most cost-effective way 
to provide backhaul between the mesh and the wired network, and this backhaul must necessarily 
run in a different frequency band than the mesh.  Second, having multiple channels available 
enables mesh networks to avoid interference from other RF technologies.  Finally, multiple 
channels means that multiple service providers can blanket the same area, stimulating 
competition and reducing end-user prices.  Z also strongly supported the allocation of new 
spectrum, dedicated to their primary interest, mobile ad-hoc networking. 

There were conflicting views on how any additional spectrum should be managed.  Some 
respondents supported the allocation of unlicensed spectrum in this range (e.g. S), whilst others 
supported an auction of licensed spectrum, designed to favour small and regional operators (e.g. 
X and W); yet others proposed that individual hubs/nodes should be licensed at a cost that would 
enable small and regional operators to enter the market (e.g. W's alternative view).   Similarly, 
some respondents favoured an open, technically-neutral allocation (e.g. W), whilst others believed 
that it should be restricted to mesh (e.g. Z).  S, amongst others, said that metro-scale Wi-Fi mesh 
networks are working well all over the world at 2.4 GHz, sharing this band with other Wi-Fi 
networks and other devices. 

Further disagreement applies on EIRPs - some respondents believed that no increase should be 
permitted in EIRP, as the current limits give a good balance between range and re-
useability/interference mitigation, whereas others supported an increase to the USA standard.  
However, there was consensus that a requirement to use contention-based protocols in at least 
certain bands, as the USA-FCC does for the 3650 MHz band, would be useful. 

4.2.2. Assessment of identified market issues 

The emphasis in the cases summarised in paragraph 4.1.3 is on (semi-) rural coverage.  However, 
the lead applications reported by most of the contributors to the present study are infill and/or 
expansion of higher rate services to SMEs on the edge of a wired service area; service to large 
area 'metropolitan' markets in competition to xDSL; and mobile ad-hoc networking.  The key 
market issue is the degree to which the service-value proposition is competitive with xDSL.  For 
example, Telabria (UK) claim that their mesh solution provides a better class of service than xDSL 
('full QoS'), up to 10Mb/s symmetric, plus VoIP.  This is illustrated in the annexes.   
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4.2.2.1 Equipment suitability and cost 

All the manufacturers responding to the surveys claimed that equipment is already available, 
including antennas, of acceptable performance, size and appearance; and that performance 
already meets or exceeds that of DSL.   For example, Locustworld provides equipment 215mm x 
190mm x 85mm at a cost of £250.  Telabria mesh local loop equipment is priced at £749 in small 
volumes and their CPE equipment is approx £150.  Tropos began full-scale production in 2003.  
Radiant passed its (CR1) release milestone in 2003. W have target pricing of £200 for network 
equipment and £100 for CPEs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2 Strix mesh products 

 

4.2.2.2 VoIP capability  

VoIP promises to be a significant driver of metro-scale Wi-Fi mesh networks.  The addition of 
quality of service (QoS) capabilities to these networks plus capacity increases will significantly 
enhance their ability to carry VoIP traffic.  Wi-Fi QoS standards are being developed by 802.11e 
while 802.11n is working on Wi-Fi capacity enhancements.    

VoIP is built into the LocustWorld and Telabria systems, and will be trialled by Z at end-2006 (Z is 
developing an ad-hoc mobile architecture).   

W will offer a residential service at £20 installation and £10/month; a 10-line Business Voice 
service will be £99 installation and £99/month.   

 
Telabria  AMP-300 

Fixed Wi-Fi Mesh  

Access Point & Router 

• Weather proof 

• Mesh dual radio 802.11a/b/g 
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4.2.2.3 IPTV capability 

IPTV is not currently driving installation of metro-scale Wi-Fi mesh networks.  This may change in 
the future, as IPTV grows in popularity and mesh network capacity and QoS capabilities are 
enhanced. However, it is believed by the project members that it will be necessary to use a 
directional mesh system operating at 10GHz or above in an environment where polite protocols 
only are used to deliver IPTV to large numbers of customers.  

4.2.2.4 Cost of installation and maintenance 

The consensus of manufacturers is that both the capital expenditure per home passed for metro-
scale Wi-Fi mesh networks, and the monthly operating costs per subscriber, are significantly below 
those required for other broadband access alternatives. 

4.2.2.5 Antenna sites availability 

Most respondents utilise the 'structured feed network' mesh (rather than using subscribers as 
mesh nodes).  This necessitates the use of planned sites for the feed mesh network.  As with any 
wireless technology, the availability and cost of these antenna sites is crucial.  For metro-scale Wi-
Fi mesh networks in the USA, antennas are mounted on street furniture.  In Kent, Telabria have 
made a partnership with the Education Authority.  Co-operations of these kinds, from local 
government and others, at no or reasonable cost, are generally required. 

4.2.2.6 Standards 

Mesh networks using omni-directional antennas are being installed widely in the USA, elsewhere 
in the Americas, and increasingly in Europe; sufficient standardisation is already in place for 
equipment to be perceived as reliable by customers, and for costs to be competitive.  IEEE 
802.11e and 802.11n will enhance the ability of metro-scale Wi-Fi mesh networks to deliver voice, 
audio and video services, but no additional standards are required for mesh connectivity today.  
However, players in mobile mesh are concerned at the slow pace of the standardisation process 
(e.g. Z).   

For all mesh types, as take-up rises to approach full utilisation of frequency allocations, it will be 
necessary for 'politeness protocols' to be enforced.  These should be sufficiently detailed as to 
enable administrations to create 'club good' regulations and include physical layer, IP transport 
and MAC specifications. 

Several respondents (e.g. W and Z) believe that improved security standards are needed, 
especially if telcos are to adopt the technology.  These should include network monitoring, user 
authentication and authorisation, network and service QoS, and information confidentiality. 

Directional mesh systems operating in bands above 10GHz are not yet in widespread use and in 
that case it is most of the project members believe that it would be desirable to define open 
standards to help enable a mass-market to justify investment in key enabling technology, as 
discussed elsewhere in the report. 

4.2.2.7 Cost of spectrum 

Several respondents believe that if expensive spectrum licenses are required, it will significantly 
reduce the economic viability of metro-scale Wi-Fi mesh networks, raising end-user pricing and 
reducing consumer choice.  As the cost of installation and maintenance are fully competitive, and 
subscriber management costs are equal, then only expensive spectrum will make wireless 
uncompetitive. A typical response is that of Y: 'Regulatory restrictions are the biggest obstacle in 
many markets. UK is relatively free'. 
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4.2.2.8 Service mix 

Typical service mixes offered by the respondents to the survey include: 

The X offer, based on no contention, using 5 MIPs, is  

 2Mb/s service to 55 customers in an urban area   
 500 kbit/s internet including VoIP to 212 customers  
 3 Mb/s video/internet/VoIP to 35 customers, and 7 Mb/s video/internet/VoIP to 15 

customers.   
This assumes symmetrical services and 16QAM.   (MIP = Mesh Insertion Point – Fibre to Radio 
Connection; each MIP supports a throughput of 70Mb/s). 

S provide  

 500 kbit/s internet including VoIP to 400 subscribers per sq km, based on 40:1 
contention  

 3 Mb/s video/internet/VoIP to 80/km2 
 7 Mb/s video/internet/VoIP to 40/km2. 

This assumes approximately 5 Mb/s of capacity injected into the system for each km^2.  S also 
have various proprietary offers, tailored to the specifications of more than 200 customers currently 
running a wide range of applications, including automatic meter reading, telemetry data, internet 
access, public safety, video surveillance and many more TCP/IP applications. 

W offer  

 5-10Mb/s, 10:1 contended   
 2Mb/s, 20:1 contended ; 1Mb/s, 20:1 contended   
 1-2Mb/s downstream, 512kbit/s upstream, 50:1 contended 

Z will offer  

 0,5Mb/s with VoIP, mobile 

4.2.3. Discussion and conclusions 

Conclusions drawn in this discussion are intended as a consensus summary of the views 
represented by respondents; where no there is no consensus, the majority view is presented.  The 
project team's conclusions (including those on directional mesh systems) are presented elsewhere 
in the report.  

4.2.3.1 Spectrum allocation 

The bandwidth currently allocated in the UK below 6GHz and at 26/28GHz has sufficient capacity 
for the foreseeable future.  However, the market for substantially omni-directional systems would 
benefit from the assignment of additional spectrum at or below 2,4GHz for propagation reasons.  
Existing and any new spectrum should be licensed at the individual hub/node level, at a cost that 
would enable small and regional operators to enter the market.   

A less preferred alternative is the design of an auction with reserve values set at a cost that would 
enable small and regional operators to enter the market.  If an auction is made, then both 
coverage areas should be smaller than has been in previous auctions, and rules should be made 
to prevent excessive aggregation. 
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All spectrum allocations below 6GHz (i.e. for substantially omni-directional systems) should be 
technically-neutral. 

4.2.3.2 Protocols 

If regulators wish to place mesh networks in technically-neutral, shared and lightly-licensed (or 
unlicensed) bands, then further standardisation will be required for realistic, polite networks: it is 
possible that spectrum efficiency and public benefit will be severely limited without a degree of 
protocol politeness and commonality.  'Politeness protocols' should be created with sufficient 
detailed as to enable administrations to create 'club good' regulations and include physical layer, 
IP transport and MAC specifications.  802.11s should be supported as necessary but not sufficient. 

4.2.3.3 Market growth 

Mesh networks can provide residential and small business broadband internet access profitably in 
a variety of urban, suburban and rural settings, including the oft-cited extension of services to 
SMEs at the fringes of existing urban coverage.  Typical urban networks mix private and public 
traffic e.g. police, fire and emergency services, and traffic management.   

Metro-scale Wi-Fi mesh networks are providing affordable broadband services in Europe, Asia, the 
USA, and Latin America.  These are mainly in the unlicensed 2,4GHz band, with some 
administrations using other spectrum bands (usually below 6GHz).   Metro-scale Wi-Fi mesh 
networking technology can deliver broadband at lower capital expenditure and operating costs 
than incumbents (usually ADSL). 

Growth is particularly well-established in the USA, where the lead market for mesh network 
deployment is not in very small networks.  Even a small USA city (Chaska, MN, population 18000) 
has a metro-scale Wi-Fi mesh network that is being used by more than 2000 subscribers.  Within 
the last year, USA regulators have authorised Wi-Fi mesh in the 3650 MHz band and planning 
relaxations that previously applied to consumer satellite antenna receivers have been expanded to 
include mesh network equipment.  Philadelphia, Pennsylvania, the USAs fifth largest city (1.5 
million population and 350 sq. km), will shortly award a contract to the private sector to install and 
operate a mesh network across the entire city.   

4.2.3.4 Equipment costs 

The WiMAX standard will contribute to CPE cost reduction when compared to proprietary p-mp 
solutions.  However, costs will not compare well versus Wi-Fi.  There is also a commercial benefit 
in making ubiquitous connectivity available to the 120M+ Wi-Fi clients that have been shipped to 
date. 

UK respondents' target market is SME/SOHO, symmetrical broadband infill.  As in the USA, 
suppliers claim superior performance to ADSL - it is not seen as an ADSL replacement, which they 
describe as too slow for the real needs of SMEs and offered at too low a price to allow upgrade.  
In contrast to the USA position, UK respondents have concluded that WiFi cannot provide the 
necessary datarate or QoS.  Both Radiant and Telabria, though using very different architectures, 
have developed their own products.   

Telabria won the contract to provide school broadband connectivity for Kent County Council using 
wireless, and have since developed a multi-radio mesh combining 802.11 b/g WiFi and 802.11a at 
5GHz.   The equipment can be used either in- or out-doors.  All gateway and standard nodes use 
the same unit containing two radios with two antennas per radio at a cost of £749 per unit.  The 
units also have two Ethernet ports for local connection or for connection to back-haul.  The 
installer is able to configure either radio as the mesh interconnect or as a local p-mp hub, using 
Linux code.  Telabria's range at 5,8GHz will be 1,5km and thus the planned 3-hop networks will be 
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4,5km across.  End-users have WiFi/WiMAX units at a cost of £150.  The gateway (feed) nodes 
are served by p-mp backhaul, typically Alvarion's WiMAX product.  This cost of a 4 sector base-
station including switch and routers is £15k-20k; and the cost of the 'sub'-station is approx £500.   

4.2.3.5 Business case 

A typical UK business case for a substantially omni-directional system may be summarised as:  

 Typical costs over 3 years, assuming a region with 250 customers 

 Cost of backhaul to PoP  £75k  (£100/Mbit/month) 
 Cost of hardware £60k   (£200 CPE target; £500-700 now) 
 Cost of installation and maintenance £15k 
 Cost of management and marketing £50k £200/customer) 

 Typical revenue  

 Fully utilised 18Mb/s gateway  £65k  (£5.4k/month at £300/Mbit/month)  

Thus, typical payback is 3 years, depending on how much capacity can be sold. 

4.2.3.6 Spectrum cost 

A typical business case with a pay-back of 3 years will be heavily impacted by spectrum costs.  A 
typical Net Present Value calculation will show that additional costs of the order of 5-10% will take 
a 3-year pay-back out to 7 years and a 20% increase could totally prevent break-even (depending 
on the time distribution of the extra costs).  Spectrum costs of more than, say, £10k per 250 
customers (area containing 5000 SMEs/SOHOs) would jeopardise the market.  

4.2.3.7 Summary for substantially omni-directional systems in bands below 10GHz 

 

 Key opportunities (1 is best)  

1 Infill and/or expansion of higher rate services to SMEs on the edge of a wired service 
area. 

2 'Metropolitan' markets in competition with xDSL 

3 (Semi-) rural coverage 

4 Mobile ad-hoc networking 

Table 4-1 Key opportunities 

 

 

 Main problem issues (1 is worst) 

1 Scaleability 

2 Politeness protocols 

3 Access to, and cost of, spectrum 
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4 Continuing cost reduction versus xDSL 

Table 4-2 Main Problems 

 

2003 2004 2005 2006 2007 

Ad-hoc WiFi Metro-scale  

ad-hoc WiFi 

   

  Hybrid,  

multi-layer, 

mesh-WiFi 

Hybrid,  

multi-layer, 

mesh-WiMAX 

Nodes £200 

CPEs £150 

    Ad-hoc mobile 

Table 4-3 Timescales 

 

4.3. Examination of the practicalities of hybrid systems  

This paragraph does not discuss hybrid static/mobile networks, as mobile systems were deleted 
from the work programme, by agreement with the sponsor.  A brief comment is made here on 
hybrid and/or complementary systems using p-mp, WiFi and WiMAX, based on submissions made 
by respondents. 

It is expected that as WiMAX emerges and becomes more established that more Hybrid mesh 
/WiMAX systems will be deployed.  WiMAX is viewed by many mesh providers such as Nortel, 
Motorola and Telabria to be complementary to mesh, serving different community needs or in 
different parts of the network.    

A number of pre-certified WiMAX systems (based on IEEE802.16d) are being deployed now for 
mainly providing the backhaul points in the Mesh network and also serving the high bandwidth, 
high QoS customers.  It is expected that these hybrid systems will feature mobile WiMAX as 
products based upon the IEEE802.16e emerge and become cost effective for deployment. 

The charts below provided by Nortel and Aperto give a representative view of where the surveyed 
participants sit with regard to positioning with WiMAX. 
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Figure 4-3 Nortel/Aperto WiMAX positioning 

 

4.4. Practical measurement of a recent deployment 

4.4.1. Background  

It was originally proposed that the practical evaluation should take place in Portsmouth, under the 
auspices of the City Council, where a combined static and mobile transport management network 
is being installed.  However, for reasons of confidentiality this proved not to be possible.  During 
the market consultation phase of the project, contact had been made with Telabria, who had built a 
number of static trial networks in Kent.  Telabria agreed that a practical evaluation could be made 
on one or more of these networks. 

Telabria is based at Kent Science Park.  It has two divisions - (1) design and build (2) service 
provision.  USA-based fab houses manufacture hardware on embedded boards.  All software  is 
developed in-house in Kent.  

Telabria won the contract to provide school broadband connectivity for Kent County Council using 
wireless.  Telabria evaluated WiFi against the requirement but concluded it could not provide the 
necessary datarate or QoS.   

Telabria have since developed their own product, a multi-radio mesh combining 802.11 b/g WiFi 
and 802.11a at 5,8GHz.   The equipment can be used either in- or out-doors.  All nodes whether 
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feed, seed or customer, use the same unit containing two radios with two antennas per radio, at a 
cost of £749 per unit.  The units also have two Ethernet ports for local connection or for connection 
to back-haul.  The installer is able to configure either radio as the mesh interconnect or as a local 
p-mp hub, using Linux code.   

Telabria launched a second product at the Olympia show in April 2005: 

• Portable (not mobile - would lose packets) 
• Ruggedised  
• Mains and 12v 
• Single RJ45 Ethernet 
• 2 radios as before PLUS 3G datacard: automatically looks for another Telabria node,  

and if absent, then defaults to 3G. 
• Vodafone and T-Mobile could badge at £600 

Both the standard and the new products are portable; they have both been tested with an audio 
stream at walking speed.   The Kent network presently uses a 3Mb/s Aramiska satellite radio for 
backhaul.  This will be superceded by a Telabria-owned 1Gbps terrestrial wireless backhaul link.  

The mesh network uses Optimised Link State Routing, since selected by the new Wimax mesh 
working group.  Routes are selected using criteria: 

1. counts available paths   
2. counts links in each path 
3. measures radio margin in each path 
4. measures congestion in each path 

 

Although the OLSR outing protocol is an open standard, Telabria have opted to develop in-house 
intellectual property in (for example) QoS management.  It is worth noting that the planned 
802.11s (mesh-specific) standard has taken OLSR as a starting point.  Telabria are presently 
managing 132 nodes from their Sittingbourne HQ. 

Telabria have two trial networks in Kent, at Doddington and Bridge near Canterbury.  These use P-
Com mesh radios at 2,4GHz.  Telabria have also tested third-party 5,8GHz 802.11a OFDM 
equipment but found that foliage effects made operation problematic at best.  The Telabria 
proprietary 5,8GHz product will be installed at Preston, between Margate and Canterbury, in 
2005Q3. 

4.4.2. Procedure 

On the basis of simplicity of operation and the fact that no fees were charged to users, it was 
agreed that the Sinon/Durham tests would be made on the Doddington network.  There are 8 
nodes in the network, including the feed-node, which is based at the local pub.  Hop lengths are 
between 20m and 650m.  The network includes Doddington Primary School, which generates the 
largest traffic.  Since commissioning in February 2004, there have been no outages at any user 
node (note that this does not mean that there have been no individual hop outages). 

Test schedule agreed to confirm satisfactory performance in the following areas for dynamically  

re-routing network: 

• error performance 
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• absolute delay across the network 
• variances in the delay during the application session 
• sequence of arrival of packets of data 
• data throughput rate that can be sustained 
• overall “offered load” that the total network can support with statistical    
• multiplexing (contention ratio) 
• quantify for LoS / non-LoS  
• quantify for different traffic loadings / congestion 

Channel soundings have also be made, using equipment specifically designed by Durham 
University: 

• FMCW chirp channel sounder - 2 GHz band 
• multi-band down-converters  - 2,5 / 5,8 GHz 
• 96 MHz max sweep, programmable  
• 8 parallel channels at 2GHz 
• 4 channels in other bands (1 per band) 
• 330AH battery system, operated separately from the vehicle supply with an additional    

 alternator and charging system 
• 1kW true sine wave inverter 
• rack system in place of one of the rear seats 
• pump-up 12m mast fixed to the rear of the vehicle 

 

The initial demonstration included the display of bitrate throughput and S/N ratio at different 
locations in the mesh, and the resulting operation of the routing protocol.  Routing changes were 
observed at typically 10S intervals (between 3S and 30S).  These could sometimes be associated 
with changes in S/N ratio and sometimes to throughput demand.  However, some changes did not 
seem to be associated with either.   Latencies were in the range 20-1000mS per hop and varied 
with time, apparently based on S/N ratio. 

The trial network uses a P-Com 2,4GHz radio: 

 IEEE 802.11b wireless LAN standard 
 Transmit power +15dBm 
 Antenna gain +5dBi 
 Effective free-space range 500m at 11Mb/s and 1km at 5,5Mb/s 
 Single-layer, true mesh network 

 
4.4.3. Results  

The Telabria SNMP was used to monitor bitrate throughput and S/N ratio at different locations in 
the mesh, and operation of the routing protocol.   Performance of the existing configuration was 
tested by interrogating the SNMP via the seed node at the pub.  An extra node was then inserted 
using an additional P-Com radio mounted on the Sinon Landrover. 

The weather for the tests was dry, low humidity, light breeze at +27C.   Photographs of the test 
equipment used are included at the end of this section.  Further photographs of the equipment at 
all the nodes in Doddington are shown in Annex G.  The photographs illustrate the small size of 
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the equipment, especially when compared to existing conventional TV antennas.  Any obstructions 
that impact on the mesh SNRs and thus on routing, especially trees, are also clearly visible. 

 

 

Figure 4-4 Test Locations - Doddington Village 

 

Table 4-4 gives the Ordnance Survey map references and heights for the test points and nodes. 

 

Site OSGB NGR Height AMSL 

Pub TQ 93510 57270 74m 

School TQ 93630 57330 74m 

A TQ 93520 57320 76m 

B TQ 93370 57240 76m 

P TQ 93280 57200 76m 

F TQ 92890 57270 97m 

M TQ 92850 57220 93m 

W TQ 92930 57110 79m 

TP1 TQ 93510 57290 75m 

TP2 TQ 93510 57020 95m 

TP3 TQ 92610 56790 110m 

TP4 TQ 93920 57560 95m 

Table 4-4 Test location National Grid references 
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Reported Throughput (Mb/sec) with Sinon test node inserted 

Table 4-5 shows the available packet capacity.  Note that the school, which is actually generating 
most traffic, displays reduced available capacity because of poor S/N.  Packet errors, packet 
rejections and repeated packets reduce available capacity (and may also possibly lead to a 
reduction in modulation index). 

 

    Receiver 

    Base Sinon A P F School W M B 

Base   5,0 4,6 4,6 No Link  No Link No Link  4,9 4,9 

Sinon 5,0   4,8 4,9 4,8 0,9 No Link  4,7 5,0 

A 5,0 4,9   5,1 5,0 1,1 2,5  No Link 5,0 

P 5,0 5,0 4,9    No Link  No Link 5,1  No Link 5,0 

F No Link  5,1 4,5 No Link   0,1 4,9 4,8 4,9 

School No Link  0,1 1,4 No Link 2,3    No Link  No Link No Link 

W No Link  No Link  1,8 4,6 4,6 No Link   4,4 4,6 

M 3,6 3,4  No Link No Link 4,6 No Link 4,8   No Link 

Tr
an

sm
itt

er
 

B 4,2 3,1 4,6 4,6 4,6 No Link 4,6  No Link   

Table 4-5  Available packet capacity 

 

Declared Receive Signal Levels (dBm) with Sinon test node inserted 

Table 4-6 shows the signal levels at each mesh node.  There are two values for each path, 
declared by the equipments at each end of the path.  Signal levels were highly variable in the case 
of all paths to and from the school: this could be caused by movements in the heavy trees 
surrounding the school site, or by an equipment problem at the school.  For some of the paths 
(shown in red in the table), signal strengths were below receiver threshold: this is due to a 
combination of antenna elevation angle problems and heavy tree attenuation. 
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    Receiver 

    Base Sinon A P F School W M B 

Base   -62 -78 -90 No Link No Link No Link -82 -63 

Sinon -60   -55 -75 -78 -88* No Link -75 -65 

A -78 -53   -63 -82 -82 -86 No Link -79 

P -88 -72 -62   No Link No Link -70 No Link -64 

F No Link -77 -86 No Link   -60* -55 -85 -58 

School No Link -9*1 -83 No Link -60*   No Link No Link No Link

W No Link No Link -88 -73 -57 No Link   -83 -57 

M -82 -73 No Link No Link -88 No Link -82   No Link

Tr
an

sm
itt

er
 

B -64 -62 -78 -69 -58 No Link -59 No Link   

*Highly variable signal amplitude varying over ~25 dB 
Table 4-6 Declared receiver signal levels 

 

The modulations used in the product operated by Telabria are: 

• DBPSK (Differential binary valued phase shift keying) 
• DQPSK (Differential quaternary valued phase shift keying) 
• 8CCK (8 state complimentary code keying) 
• 64CCK (64 state complimentary code keying) 
 

In the DBPSK mode a single bit per symbol is coded at a rate of 1,375Mb/sec. This is then 
operated with a direct sequency spreading code to provide a net chirp rate of 11Mchips/sec. 
Differential coding is used to provide demodulation without having to recover and track absolute 
carrier phase. It also allows operation with Rayliegh fading channels. The channel bit rate is 
~1,1Mb/sec. 

In DQPSK the same approach is utilised except that 2 bits per symbol are coded at 1,375Mb/sec. 
Again this is spread to 11Mchips/sec. 

In 8CCK and 64CCK the data and the spreading code functions are combined. The effective chip 
rate remains 11Mchip/sec. 

In all four cases the channel occupancy is ~22MHz and hence three non-overlapping channels 
can be provided within the ISM allocation from 2400MHz to 2483,5MHz. 

Implementation losses in the equipment and the quality of service for the error rate limit are not 
specified by Telabria.  We have used the published threshold values (Table 4-7) which are based 
on a packet loss ratio between 1% and 10%. 
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Parameter Value Unit    

TX Power 15 dBm    

TX Gain 5 dB    

TX EIRP 20 dBm    

Range 150 m    

Path Loss -83.7 dB    

RX Flux -63.7 dBm    

RX Gain 5 dB    

RX RSL 58.7 dBm    

      

Modulation DBPSK DQPSK 8-CCK 64-CCK  

Threshold -88 -86 -83 -80 dBm 

Margin 29.3 27.3 24.3 21.3 dB 

 

Table 4-7 Talabria system parameters 

The losses shown below are taken from a spreadsheet based on square law calculations. 
However, in a cluttered environment this will degrade to perhaps a fourth power law. 

In Table 4-8 received signal levels have been calculated for a subset of the total number of paths 
shown in the total mesh.  Paths terminating at the feed node were chosen as the Pub is a highly 
visible landmark and this facilitated an inspection of potential obstructions with binoculars.   

Paths from Feed Node (Pub) 

 Blockage Distance 

(m) 

RSL measured 

(dBm) 

RSL calculated 

(dBm) 

TP1 

School* 

A 

B 

P 

F 

M 

W 

Line of Sight 

Ash & Sycamore trees 

Yew tree 

Line of Sight 

Ash & Beech trees 

Sycamore tree 

Sycamore tree 

Ash & Beech trees 

20 

140 

60 

150 

230 

610 

650 

590 

   - 61 

< - 90 

   - 78 

   - 64 

   - 89 

< - 90 

   - 82 

< - 90 

- 41,2 

- 58,1 

- 50,8 

- 58,7 

- 62,5 

- 70,9 

- 71,5 

- 70,6 

*Note:  There is one large sycamore plus two medium sycamores in the path A - School        

Table 4-8 Blockage of Paths 

In all cases, received signal levels are significantly below those expected.  In particular, the RSLs 
in the path between the Sinon test vehicle (Test point 1) and the Pub (Feed node) are 20dB below 
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expectation.  This was a short path with verifiable line-of-sight, and with the two antennas at 
approximately equal heights.  It is possible that a faulty antenna feed was the cause, but more 
complex effects cannot be ruled out. 

Elsewhere in the mesh, data follows a clear pattern, with tree attenuation being the prime cause of 
excess path loss.  The attenuations vary between 10dB and 27dB, depending on size and 
species. (Note that the tests were made at 2,4GHz). 

The Sinon mobile test point was then moved to other locations in the village (see map and aerial 
photograph at start of this section).  This verified that the primary RSL issue was poor lines-of-
sight from the original Test point and Feed node. 

 

Test point Ground height (m) Mast height (m) RSL > - 90dBm 

TP1a 

TP1b 

TP2a 

TP2b 

TP3 

TP4 

75 

75 

95 

95 

110 

95 

3,5 

8 

3,5 

8 

8 

8 

Pub, A 

All but W 

All but B 

All but Pub (declination?) 

B, F, W  

B, P, F 

   Table 4-9 Signal coverage from test points 

 

4.4.4. Further work 

A further extensive is planned to make further measurements using the SNMP system at key node 
positions and to perform channel soundings.  The visit will be led by Sinon Ltd and will include key 
researchers fro Durham University. The findings of the visit, and any recommendations arising, will 
be issued as an future addendum to this report. 

 

4.4.5. Conclusions  

The study of the Telabria deployment in Deddington has illustrated several key issues that are 
summarised below: 

• Seed nodes MUST be planned 
• Feed nodes are better if planned (>3/10?) 
• 2,4GHz foliage attenuation and scatter are significant, forest trees 5 - 10dB each 
• Parked vehicles, birds etc are noticeable  
• Individual hops go down, but NOT the network or service to any user node 
• Most traffic bottlenecks at a single node 
• S/N dominates but perhaps insufficient traffic 
• Sinon insertion changes flows, dependent on position 
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Parked vehicles, birds etc are noticeable but not critical at 2,4 and 5,8GHz.  MIMO could be 
helpful long term for capacity increase but there is no short term requirement. 

 

 

   

Figure 4-5 Test vehicle at test point 1   Figure 4-6 SNMP reporting screen 

 

 

Figure 4-7 Panorama from test point 2 – Ground rises to the North of the Pub 

 

F 
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School site, surrounded by trees 

     A typical Installation 
Figure 4-8 Network site photos 
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5. Regulation Encouraging Innovation 

The scope of this work package is to consider the technical and regulatory issues that can 
influence the implementation of mesh networks and the marketing approaches that may influence 
the successful deployment of this technology.  The approach taken has been to gather information 
from operators and manufacturers that have an interest in mesh network solutions and to identify 
the issues that need to be addressed.  In addition a techno economic model has been developed 
to highlight the parameters that have most influence on the profitability of a mesh network and 
which can point towards the appropriate marketing strategy.  A set of recommendations for ways to 
encourage implementation and roll-out are then presented. 

5.1. Analysis of information obtained from operators & manufacturers 

The responses to the questionnaires have already been discussed in WP4 so this section mainly 
concentrates on analysing the information gathered.  

 

5.1.1. Telabria 

Figure 5-1 shows the architecture of the Telabria network (www.telabria.com).  The key features 
are as follows: 

• The Sky Gateway and Extender support a mesh backhaul and operate at 5.8GHz 
• Sky connector nodes connect to a Sky Gateway or Extender in point to multipoint mode.  

These connections are also at 5.8GHz. 
• The system uses a proprietary version of the 802.11 protocol. 
• Uses the OLSR routing protocol 
• A maximum of 3 hops in the mesh 
• The Sky Gateway/Extender antenna has 8 x 45 degree sectors. 
• Each Gateway/Extender node has a capacity of 18Mbit/s 
• Telabria have nine PoPs in Kent connected by fibre (GbE), microwave pt-pt or leased lines. 
 

Telabria's analysis indicates that even when all BT exchanges in Kent are broadband-equipped 
later this year – 50% of customers will get no more than 1 Mbit/s downstream and 256k upstream 
– this is considered to be insufficient for SME applications that may require a broadband 
symmetrical link to support video conference service. 

Telebria are primarily aiming at business customers on the edge of urban conurbations that are 
out of reach of ADSL where there are many new business developments.  They are not aiming at 
the rural residential market but will supply residential customers if they are within reach of a node. 
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POP

Backbone

802.11

802.11

Sky Connector

Sky Gateway

Sky Extender

 

Figure 5-1 : Schematic diagram of the Telabria network. 

Why this architecture? 

Telabria are taking advantage of standard, high volume, low cost 802.11 CPE equipment. 

Why mesh backhaul? 

Telabria have used a mesh in the feeder network to provide resilience 

Designed for a maximum of 3 hops to limit the reduction in throughput due to relays. 

Competition 

Currently there are no other radio operators active in Kent, so competition is from ADSL and the 
cable operators. 

Technology 

Telebria are not experiencing any major technology issues but made the following comments: 

• Smart antennas could help to reduce the size/cost of the access node. 

• MIMO could be helpful long term for capacity increase but no short term requirement 

• Higher frequency operation may be useful for pt-pt backhaul but not key in Telebria 
architecture 

• Bandwidth sufficient for foreseeable future in bands below 6GHz 
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Standards 

• WiMax standard will be very important to get the cost of CPE equipment down and provide 
interoperability between vendors 

• A standard for QoS – to support triple play applications – Telabria consider video 
conferencing/presentations to be an important area for the future 

• Telabria commented that it had taken a considerable amount resource to establish the 
OLSR protocol.  A standardised routing protocol will be useful (e.g. perhaps 802.11s). 

 

Regulation 

• Would like 5.8GHz power to be increased to 4W average EIRP (similar to the USA) 

• Would like to see 2.5GHz auctioned to regional operators at a price a small operator can 
afford, or lightly license with a ‘sensible’ price 

• Need a frequency allocation for 802.16e in the UK 

o 5.8GHz has propagation limitations 

o 3.4-3.6 GHz owned by UK Broadband and not available 

o 2.5GHz not available in the UK 

 

Telabria marketing strategies 

• Aim to be a regional operator 

• Know their customer - provide a more personal service – provide the opportunity for the 
customer to speak to someone locally on the phone - this is popular with the customers 

• Telabria are targeting broadband for the small businesses and home workers that are out 
of reach of good service from a landline exchange.  They will offer a better service than 
ADSL - true 2Mbit/s and symmetrical  

• Advertising strategy still evolving 

• Telabria believe that video applications such as video conferencing and video 
presentations will increase the demand for bandwidth beyond current ADSL - then range 
will become an issue for fixed line delivery 

• Longer term sell the Telabria regional concept to operators in other regions - rather than 
expanding nationwide - keep it a regional offering to differentiate from the national operator 

 

5.1.2. Radiant 

Radiant Networks developed a system operating in the 26/28GHz bands that was used in several 
major trials including one set up by BT Wales in 2001. Radiant (with Caly Networks) were the main 
proponents of the directional (or physical) mesh approach which gives significant advantages in 
terms of spectrum efficiency over the systems using omni antennas described in most of this 
report. A detailed description of the Radiant system is given in Appendix 5A and Annex A to section 
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4 of this report. This includes the results of modelling that is intended to demonstrate the benefits 
of the directional mesh approach. 

Radiant Networks (and Caly) both suffered from the collapse in confidence in telecom share prices 
(mainly due to the .com bubble bursting) and both were put into receivership. This meant that the 
work that Radiant in particular had done (which had not been published as they had planned to 
produce proprietary products) was not available for the project to consider until recently when a 
dialog was set up with the team of people that are currently investigating how the (considerable) 
IPR portfolio that resulted from the work of Radiant (and Caly) can be best used. 

The documents attached as Annex A (and a selection of others) were supplied to the project 
members and several in depth meetings have been held to discuss the implications of the 
directional mesh approach. This process is ongoing and although it is now accepted that the 
spectrum efficiency will be much greater than for a mesh system with omni antennas it is unlikely 
to be possible to quantify the spectrum efficiency compared with an equivalent P-MP system with 
any certainty. Nevertheless, until proven differently it can be assumed that the directional mesh 
system is a valid candidate for FWA systems operating at frequencies where it is practical to 
implement the necessary directional antennas i.e. mainly 28GHz and 40GHz.  

The following is intended to provide some background on the Radiant system and the work that 
was done to implement and test it but it cannot be taken as definitive. 

 

Mesh 
insertion 
point 

Fibre 
backbone 

Trunk 
connection 
point 

Mesh 
insertion 
point 

Insertion 
point 

Customer nodes 

Customer 
nodes 

Customer nodes
 

Figure 5-2 : Schematic diagram of the Radiant network architecture 

A mesh network is formed with each customer providing a node in the mesh mounted (above roof 
height) on their premises.  Regions are served by mesh insertion points which in turn are linked to 
one or more trunk connection points, as shown in the diagram below. In all cases it is possible to 
use the same basic node but some of the nodes do not have to provide data to customers. 
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Key features 

The nodes that were used for the 28GHz Radiant system are equipped with 4 directional antennas 
with narrow beams which can be (physically) pointed anywhere in a 3600 arc. Two antennas are 
pointed towards other nodes with LOS to provide (one end of) two links in the mesh. This is done 
under the control of a sophisticated central network planning and management software system 
that optimizes the traffic routing to maximize efficiency. The other two antennas can be used to 
monitor the radio environment so that they can automatically provide alternative paths if it should 
become necessary. 

The network management system is programmed to ensure that there are a maximum of 5 links to 
each customer. Each hop can have a maximum range of up to 2.7km but the planning system tries 
to reduce the distance where possible so that high modulation rates can be used, particularly in 
areas with a dense customer base. Each node can provide up to 25Mbit/s to the customer and 
because the network manager identifies the best time slot (16 available) and frequency to use in 
advance it is possible to achieve error free performance which means that re-transmissions are 
not necessary in most cases. Where errors do occur it is due to (normally temporary) blockages 
and the mesh system planner switches the traffic to avoid the problem automatically. The Radiant 
system is therefore able to run E1/T1 Type services and meet G703 and G826 performance 
standards. 

It is claimed that very high customer densities can be accommodated due to the narrow beams 
and the selection of time slots and frequency channels by the network manager. Unfortunately, 
although this seems reasonable, it is unlikely to be possible to validate this independently before 
the end of the project.  

When the telecom slump began to bite some (mainly the marketing people) in Radiant thought (as 
with many other companies) that there would be a near term market for ‘fast Internet’ systems 
using the unlicensed 5.8GHz band, as opposed to the full range of services possible using the 
28GHz band. They therefore started to develop a version of their system operating in the 5.8GHz 
band and put considerable effort into the Radiocoms Agency (as was) led Wireless Access Group. 
This group defined the parameters for FWA systems operating in the 5.8GHz band in the UK. 

Radiant implemented a 5.8GHz system and it was supplied to several companies for tests and 
trials. The mesh nodes had electronically steerable directional antennas (where the element giving 
the best signal was selected) but in order to keep the size to an acceptable level the beamwidth 
was much greater than for the 28GHz system and so the benefits of the directional mesh 
approach were not as great.  

It is not clear whether this strategy might have resulted in sales of Radiant Mesh systems because 
the company went into receivership before this could be tested. However, it seems unlikely as 
there have been far less implementations of FWA systems in the 5.8GHz band than predicted and 
Nokia who were developing a directional mesh system using the experience gained from their 
Rooftop system pulled out of the market. 

BT views on Radiant equipment used in trials 

These notes are based on discussions with two people that were involved with the BT 
investigations into directional mesh FWA systems (both of whom have now left BT) and one 
person that was with Radiant Networks at the time but is now not involved with them. No request 
was made to keep this information confidential however it should not be taken to represent a BT 
view and should be treated with caution. 

The BT trial in Wales was intended to investigate the suitability of the Radiant directional mesh 
equipment for broadband delivery at relatively high rates. The aim was to find out if it could provide 
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2Mbit/s and above to residential customers in a practical manner in areas where this is not 
possible with ADSL due to copper line length. 

They originally wanted to have 100 people on the trial but they found that the 28GHz equipment 
used was unstable and unreliable. It crashed regularly at the start even when there were only 5-10 
nodes on the network and although the performance improved (due to a series of software 
upgrades) to the point where there were 75 customers connected (and happy with the service), it 
was never fully acceptable. BT therefore thought that the system was not suitable for a very large 
trial or for a service at that time. 

A version of the Radiant 5.8GHz system was also tested by BT. The interest here was in a system 
for fast Internet in semi-rural areas to help achieve coverage quickly. Unfortunately this system 
didn’t work well initially either and the main problem (which was in the RF parts in this case) wasn’t 
sorted out in time for BT to consider the system for deployment. However, the antennas worked 
well despite the limited gain. In both cases the main problem was that the systems were not 
considered sufficiently well productised at the time. 

BT were apparently also concerned about how practical a mesh FWA system would be in less 
densely populated areas. The system can (in principle) be made to automatically re-route traffic if 
an intermediate node is switched off or fails. This is not a serious problem in a dense mesh but if 
the customer is on the edge of the network and the intermediate links are relatively long then there 
are many cases where the customer would lose service. This seems to be a fundamental issue 
with mesh networks and the only real solutions are to use seed nodes (expensive) or to pre-sell to 
a large number of people before rolling out. Unfortunately, this problem is worst in areas where 
mesh networks are most needed i.e. where ADSL is unlikely to be available at high data rates! 

Given that BT has now enabled a high percentage of the UK population to access ADSL at 
500Kbit/s and the improvements in DSL technology which will improve reach at higher data rates, 
it is not clear when BT (or other operators) would feel that a mesh FWA system is necessary. It will 
probably depend on the growth of demand for VoD and other video rich broadband services that 
require data rates of 2Mbit/s and above. 

Radiant’s current plans 

The original Radiant business plan was based on their development and manufacture of mesh 
systems. This proved to be impossible despite the significant progress that the company made 
before they went into receivership. Those that are currently representing the creditors are planning 
instead to exploit the considerable IPR portfolio that was built up which includes patents from Caly 
that were purchased when they failed to gain further funding. Most of the patents were granted 
Worlwide and it is believed that they cover many aspects of the implementation of directional 
mesh systems. This IPR is therefore critical in the future development of this new type of FWA 
platform. It is therefore encouraging that the current plans are considering the development of 
open standards which could align with many of the proposals listed later in this report. 

Standards issues from discussions with Radiant Networks 

It is believed that some aspects of a physical mesh system should be standardised to help a 
mass-market to grow. This includes the PHY at least but ideally also the MAC and some aspects 
of the management system. Annex 5B gives a proposal for standards that is based on discussions 
with Radiant Networks in the past. 

Regulatory issues from discussions with Radiant Networks 

• Most systems are aimed at spectrum commons to avoid the cost of licenses.  Modelling results 
show that the market will fail (for systems in spectrum commons) partly because IEEE802.16 
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will ramp up and the QoS will eventually become unacceptable for demanding applications.  
This is because there is no regulatory requirement for users to ‘behave’. 

• Although it is currently unfashionable it would be desirable to have either unlicensed spectrum 
or licensed spectrum (auctioned but with a low reserve price?) allocated with rules that 
encourage cooperation in whichever case is selected. 

• A physical layer mesh system (with directional antennas) in a dedicated band can significantly 
improve the spectrum efficiency, particularly if it is deterministic with all nodes synchronised to 
one clock, as for the Radiant system.  It also helps if there is a central control and 
management system. 

• On a commercial basis it is extremely desirable for all mesh nodes in a given area to be able 
to be used as part of a single mesh network. 

• A physical mesh could possibly provide a 3rd platform for telecoms but this requires investment 
and must be encouraged. It is therefore not necessarily best to just auction spectrum and 
leave it up to the buyer to decide what they do. 

• It is very important to get guidance from Ofcom on what they mean by ‘spectrum efficiency’. 
One definition is throughput/area/unit time but this does not allow for the economic benefits 
which should be for all the stakeholders not just the operators. 

• If ‘efficiency’ includes the value to the UK as a whole rather than what the market defines then 
it is necessary to have some rules – if only to avoid problems at boundaries. 

 

5.2. Main Applications 

5.2.1. Backhaul in near term 

Telabria are rolling out a broadband wireless network using a wireless mesh network at 5.8GHz in 
the backbone, as described in section 2.1. In their case, the rationale for using a mesh network is 
to provide increased resilience and give a greater range from the trunk interconnection point. 

Backhaul often represents a significant part of the cost of a broadband network and it is logical 
that mesh systems should be used for this type of service. It is quite possible that, if P-MP FWA 
systems start to evolve towards having smaller cells, mesh systems might be used to provide P-P 
links with redundant routing. 

It is believed that there will be a significant market for P-MP FWA based on WiMax (IEEE802.16) 
systems in many areas of the world but it is questionable whether this will be the case in Western 
Europe where there is a well developed telecom infrastructure and where customers are expected 
to increasingly expect a full triple play offering (inc. VoD etc) which will not be practical with WiMax 
in the 5.8GHz band. One company (WiNetworks, www.winetworks.com) is planning to get round 
this by offering a WiMax fast Internet service (inc. VoiP) that is integrated with satellite delivery of 
digital TV services and this could be attractive to some customers. 

There is also potentially a market in provision of backhaul for systems serving mobile terminals 
even in countries with a developed telecoms infrastructure. It is already clear that there will have 
to be many extra base stations to provide acceptable coverage for 3G services. FWA could be 
cost effective and would be considered providing the reliability is high enough. This will also be 
true for WiFi/mobile WiMax hotspots, as they become increasingly attractive to customers. Mesh 
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networks could become a logical choice (over P-P) if they are cheap enough because (providing 
there are sufficient alternative routes) they inherently provide redundancy and automatic switching. 

If a system  were to be introduced for backhaul applications it would be logical to also use it to 
serve other customers. It may even be the case that the mesh network could be sited on 
customers homes/business premises that are specifically selected because they can be used to 
provide a redundant backhaul link along a desired route e.g. a valley. 

It is conceivable that backhaul could be provided using a ‘spectrum commons’ band such as the 
5.8GHz band where the main application is contended ‘fast Internet’ but if VoIP is to be offered, 
great care would have to be taken to avoid QoS problems due to overloading the network. There 
could also be unacceptable interference in that band as there are a number of other users e.g. 
radar etc.  

 

5.2.2. Corporate 

Some potential directional mesh FWA operators have considered providing megastream 
replacement for corporate customers in the past. This is feasible but the QoS and reliability 
requirements are extremely demanding so it would be necessary to operate in a licensed band (to 
avoid interference) with sufficient spectrum e.g. 28GHz or 40GHz. In this case mesh would be 
replacing P-P wireless links and once again it would be most attractive if the cost of providing a 
redundant link is less than the equivalent. The cost of the nodes is clearly a factor here but it might 
be insignificant compared with other aspects of the base station costs. It is likely that many 
corporate customers would not consider a system where the base stations are on the premises of 
intermediate customers. There would also be concerns over other security issues but these apply 
to other FWA systems also. 

 

5.2.3. Community Networks 

The roll-out of cable and DSL in the UK has not been uniform and this has generated considerable 
interest in the creation of community networks. The Community Broadband Network (CBN) 
produced a report in March 2005 [3] which includes a survey of the community networks in the UK 
that were known at that time. There were community initiatives in 550 towns and villages, operated 
by 260 organisations. The average number of users is 190 per network. Most are rural and the aim 
is to provide broadband to SMEs and SOHO/residential customers in areas where the main 
operators consider ‘hard to reach’ (but not all of them). The vast majority (92%) use FWA systems 
based on IEEE802.11x technology and a high proportion of those use mesh systems from 
Locustworld and Telabria. 

The main reason for using mesh is that it can avoid the LoS problems that occur with P-MP 
systems in a practical way. The systems used are selected because they are cheap, readily 
available and easy to install and use. The relatively low data rates that can be provided are not 
currently seen as a major problem, partly because there are often other attractions that tend to 
compensate e.g. local services, assistance with installation and maintenance etc. 

These networks are sometimes (but by no means always) subsidised and this could be a problem 
if the subsidy is removed in the future. It is also questionable whether a community network that 
only offers a contended ‘fast Internet’ service would be able to compete with DSL if it is provided in 
that area at a later date. Even though it might be restricted to 500kbit/s (or less) in these remote 
areas, a DSL connection would enable VoIP and could be used to download managed digital TV 
services in a practical way. This is unlikely to be possible over the global Internet for a long time. 
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An alternative approach to community networks has however been taken in a number of cities inc. 
Philadelphia and Amsterdam (at least). Others are included in the list in chapter 4.1.2. The aim in 
these cases was to provide broadband services to less wealthy people in urban areas where 
conventional operators do not believe the investment in infrastructure would produce sufficient 
profits i.e. to provide the opportunities offered by broadband to disadvantaged groups. 

Such attempts to ‘bridge the digital divide’ in the USA have so far been unpopular with 
telcos/operators etc. because in most cases they are subsidised and they see this as a distortion 
of the open market (even though they are not prepared to provide comparable services in the 
same areas themselves). These systems are in most cases once again based on IEEE802.11 
technology although IEEE802.16 is likely to be considered also.  

The aim of the OPLAN (Open Public Local Access Network) Foundationis to enable the 
introduction of networks for delivery of residential broadband services that are owned by 
organizations that make the interests of the users their prime concern [4]. A definition of an 
OPLAN is included in Appendix 5C. They believe that DSL will not provide sufficient bandwidth 
and that customers will in time require symmetrical bandwidth. Although they do acknowledge that 
advanced wireless systems may be worth considering, they are currently basing their proposals 
on fibre to the home. They are effectively proposing the introduction of community networks that 
serve all of the customers in an area and that finance themselves (but do not make a profit). 

A directional mesh system would provide a better solution than fibre to the home for such 
advanced community networks because it would avoid the (significant) cost and disruption 
involved with laying fibre while still giving a capability that is comparable (and in some cases 
superior) to cable and DSL. Mesh systems are also much more suitable for community networks 
because the basic infrastructure (the mesh nodes) can be purchased, installed and owned by the 
users. This removes two of the most significant elements of the costs to the operator as identified 
in section 5.4 and therefore significantly increases the likelihood of breaking even in an acceptable 
timeframe. 

 

5.2.4. Consumer bundles (in the future) 

Regardless of whether the network is provided by a conventional operator or by a co-operative 
representing the users it seems likely that it will in time be necessary to provide a full residential 
triple play offering (inc. VoIP and IPTV) in order to either compete with DSL and cable or to 
complement them by extending coverage with similar services. It is difficult to predict when there 
will be sufficient demand for such bundles as (although VoIP is becoming accepted as the norm by 
many Internet users) IPTV is only now being rolled out. If such bundles could be offered by mesh 
systems in a practical and cost-effective manner FWA could provide a genuine opportunity to re-
shape the telcoms landscape (perhaps through introduction of full function community networks) 
but a number of obstacles have to be dealt with, as described in the rest of this chapter. 

 

5.3. Techno Economic Assessment 

5.3.1. Service Bundles/Functional Requirements for Mesh Systems 

Early on in the project it was agreed to define a set of service bundles that would be most likely to 
be expected by customers for mesh FWA services. The aim was to develop a common 
understanding of the functional requirements for mesh systems to be considered in the modelling 
work. It was acknowledged that not all of the bundles would be feasible for all frequency bands 
and environments but it was nevertheless thought desirable to include the more demanding 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 187 - Version 1.1  

bundles because it had been claimed that they could be provided by some systems e.g. the 
Radiant Networks system). 

These bundles were incorporated into the questionnaires that were sent to manufacturers and 
(potential) operators of mesh systems (Appendix 5A). 

i) 500kbit/s Internet inc. VoIP 

Nomadic (or fixed) services to business or residential customers intended to compete with 3G or 
current ADSL offerings. 

Internet Services 

Max 10:1 contention to allow for business customers  

Packet dropping rate = 10e-5 

What to do with dropped packets = retransmit (TCP/IP) 

Number of re-transmissions allowed = no limit 

VoIP Services 

Assume MPLS used  for VoIP – lower latency required 

It must be possible to dedicate capacity for at least two G.729 encoded VoIP channels 
throughout the duration of a call (62.4kbit/s each with overheads) and to avoid significant 
call blocking. It would be acceptable to throttle back the Internet capacity to allow this if 
necessary. 

Max latency (for VoIP) = 50ms 

ii) 3Mbit/s video/internet/VoIP 

This would be a fixed service to SOHO and residential customers. It would consist of a triple play 
bundle including digital TV (VoD or switched broadcast TV) plus fast Internet (inc. VoIP) intended 
to compete with current cable offerings or ADSL as it is likely to be in urban areas. 

Downsteam capacity would be shared between TV and Internet (inc VoIP) with 2Mbit/s to the TV 
services when it is in use. Internet services would be able to burst up to 3Mbit/s when TV is not 
being used. 

Upsteam capacity = 500kbit/s 

TV Services 

99.7% availability is required for the TV services (in the busy hour) and if a session starts it 
must be maintained with a 99.99% confidence. Re-transmission of packets is acceptable 
within the limits of the latency requirements. 

Latency = 2s – this is required for VoD services and for real-time sports/news etc. 

Jitter = 0.5ms 

BER = 10 e-11 (quasi error-free) achieved mainly through the use of FEC  
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iii)   7Mbit/s video/internet/VoIP 

This would be a fixed service to SOHO and residential customers intended to compete with 
advanced cable or DSL offerings. 

6Mbit/s of the downsteam capacity would be used for either 3 TV services or one HDTV 
service. The Internet service could burst up to 3Mbit/s if the full TV capacity is not required, 
as for bundle ii). 

Upstream capacity = 1Mbit/s 

Other requirements same as for bundle ii). 

iv)   2Mbit/s internet inc. VoIP 

 

This would be a fixed service intended to compete with SDSL. 

4:1 contended – other Internet requirements as for bundle i). 

It must be possible to dedicate capacity for at least four G.729 encoded VoIP channels 
throughout the duration of a call (62.4kbit/s each with overheads) and to avoid significant 
call blocking. It would be acceptable to throttle back the Internet capacity to allow this if 
necessary. 

Max latency (for VoIP) = 50ms 

 

5.3.3. Techno-economic model 

A techno economic model of a mesh network has been constructed based on the design proposed 
by Radiant and described in Annex 1 to chapter 4 plus [1] (e.g. a directional mesh). In this model, 
the total network area is divided into regions served by mesh insertion points.  The customers in 
each region form a mesh network and traffic is directed back to the mesh insertion point either 
directly or via other nodes acting as relays in the mesh.  Each mesh insertion point is connected 
back to a trunk connections point by a point to point link.  The size of each region is either 
determined by the radio range and the maximum allowable number of hops.  If the customer 
density is high and the mesh insertion point capacity is exceeded then additional mesh insertion 
points are added to the region (see Figure 5-4). 
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Figure 5-3 : Mesh network model 
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Figure 5-4 : network model – mesh insertion point 
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Figure 5-4 shows an area of 144km2 with a mesh insertion point at the centre.    If the radio range 
is 2km and up to five relays are possible, then a customer can be located up to 10km from the 
mesh insertion point.  This determines the maximum range from a mesh insertion point. 
Realistically, however, the networks would normally be planned to provide service in much smaller 
areas. 

If there are many customer nodes in the area, then these customer nodes may act as relays to 
this edge customer.  In the initial stage of the network roll out however, there may be very few 
customers and in this case it will be necessary to introduce seed nodes to ensure all customers 
can be reached.  The arrangement used in the model in Figure 5-5. 

2km 

Trunk 
connection 
point 

Mesh insertion 
point

Fibre 
backbone 

Add seed nodes to ensure coverage across target area 
Maximum number of hops = 5 

2km 

5 hops to 
mesh 
insertion 

i t
Customer 

node 

 

Figure 5-5 : Mesh network model – seed nodes to ensure coverage 

 

Some customer nodes may not have line of sight to a seed node due to obstructions.  In this case 
additional seed nodes may need to be introduced to circumnavigate the obstruction.  The model 
takes account of these additional seed nodes by introducing a seed node factor, which increases 
the total number of nodes deployed. 

As shown above, for a 2km radio range and with a maximum of 5 hops, then a range limited area 
of approximately 200km2 is possible.  If the area to be served is greater than this value, then a 
second region needs to be formed with a second mesh insertion point fed from a second trunk 
connection point.   

The model uses the following formula to calculate the number of regions needed to cover the total 
network area: 
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Total network area 

2 x (Radio range) 2 x (Maximum number of hops) 2 

 

The model also uses the following approximation to calculate the number of seed nodes in each 
region needed to ensure connectivity: 

 

Area covered by node 

Radio range 
- 1

2

 

The model assumes a uniform distribution of customers in the network, so the number of 
customers in the range of a mesh insertion point is given by: 

Area covered by mesh insertion point  

Total network area 

Total number of customers x 

 

The maximum number of customers per mesh insertion point limited by the capacity is determined 
by: 

Mesh insertion point capacity x contention ratio 

Service bit rate 

 

If the capacity of a mesh insertion point is not sufficient to support all the customers in the mesh 
insertion point range then additional mesh insertion points are added. 

Three scenarios have been considered – based on those used by the WiMax Forum [2]: 

1. Urban – this is a city centre region – no SME customers are included here – it is assumed 
that there are mainly large businesses in the central districts 

2. Semi urban – here it is assumed that there are both residential and SME customers 

3. Rural – Again a mix of residential and SME customers.  It is assumed that the operator 
targets a small rural community, so the network area is smaller than for the urban and the 
semi urban scenarios and the population density is lower. 

Table 5-1 shows the values used in each scenario. 
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 Urban Semi Urban Rural 

Population in coverage area 1,000,000 1,000,000 25,400 

Network area 125km2 125km2 16km2 

Number of residential 
households 

388,500 388,500 9,800 

Max residential take up1 24,864 (6.4%) 24,864 (6.4%) 1960 (20%) 

Residential take up of VoIP1 5,718 (23%) 5,718 (23%) 980 (50%) 

Number of SME sites 0 24,300 730 

Max SME take up 1 0 1,895 (7.8%) 40 (5.5%) 

SME take up of VoIP 0 1032 (52%) 32 (80%) 

Years to 50% take up 1 3 3 3 

Radio range2 2km 2km 2km 

Maximum number of relay hops 5 5 5 

Residential service bit rate 0.5Mbps 0.5Mbps 0.5Mbps 

Residential service contention 
ratio 

20:1 20:1 20:1 

SME service bit rate 2Mbps 2Mbps 2Mbps 

SME service contention ratio 4:1 4:1 4:1 

Table 5-1: Scenarios used in the model 

 

1  It is assumed that the take up follows a Fisher Pry characteristic. 

2 Note that we have used a radio range of 2km in these calculations.  In practice for some links the 
range may be limited to a lower value due to obstructions.  

The model has three stages of calculation: 

Firstly the NPV is calculated for a 7 year period for a nominal set of values for the model 
parameters.   

Secondly, estimates of the range of each parameter are made and the model calculates the 
impact on the NPV as a function of the range of each parameter and identifies the most sensitive 
parameters.   

Thirdly the likelihood of the low/nominal/high values are defined by allocating probabilities to each 
value.  The model then calculates the probability of achieving a given NPV.  This indicates the 
level of risk involved for each scenario. 

Table 5-2 gives the values used in the model. 
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 Low Nominal High 

CapEx    
Cost of CPE21 150 200 2000 
Cost of CPE installation 150 200 2000 
Cost of seed node 150 200 2000 
Cost of seed node installation 100 200 1000 
Cost of mesh insertion points 150 200 2000 
Cost of mesh insertion node installation 200 400 4000 
Cost of trunk connection equipment  5000  
Cost of trunk connection equipment 
installation 

 22100  

    
OpEx    
Cost of bandwidth (Cost/Mbps/year) 600 1200 2400 
Advertising cost per customer 10% 15% of rev 20% 
Average maintenance cost 5% 6% of rev 7% 
Network operations    
Trunk connection site lease/month  900  
Churn 6% 12% of revenue 18% 
Advertising  15% of revenue  
General and Administrative costs  6% of revenue  
Maintenance  (5% of trunk 

connection CapEx) + 
(7% of operator 

owned CPE CapEx) 

 

Services    
Residential Service bite rate  0.5Mbps 

symmetrical 
7Mbps 

Residential contention rate  20  
SME service bit rate  0.55Mbps 

symmetrical 
7Mbps 

SME contention ratio  20  
    
Revenue    
Residential price per month 17 26 30 
Business price per month 200 231 250 
Residential VoIP price/month 6 12 18 
SME VoIP price per month 60 120 180 
Residential CPE rent/month 0 6 10 
SME CPE rent 14 21 28 
Residential service activation charge 0 30 40 
SME service activation charge 200 300 400 
Miscellaneous    
Seed node factor 0 0.5 1 
Link node factor 1 1.2 5 
Mesh insertion point capacity  40Mbps  
Discount rate 0.05 0.1 0.12 

Table 5-2 : Values have been used in the model (monetary units pounds sterling) 

                                                 

21 Assume same price for Residential and SME CPE equipment. 
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Summary of results 

Details of the results of the simulations for each scenario are given in Appendix 5D.  

A summary of the key results is given in Table 5-3:   

 Urban Semi Urban Rural 

Payback period > 7 years 5th year 5th year 

NPV after 7 years -£934k £6.2M  £434k  

IRR NA 86.3% 61.2% 

% chance of making profit over 
7 years 

0 23% chance of   

0 - £19.8M 

23% chance of  

0 - £536k 

Table 5-3 : Results for each scenario 

The range limited maximum coverage area of the mesh is greater than the network area for all 
three scenarios.  For the urban and semi urban scenarios additional mesh insertion points are 
needed to provide the required capacity.  In the rural case the capacity can be provided by a single 
mesh insertion point. 

The semi urban scenario gives better results than the urban scenario because of the additional 
SME customers. 

The semi urban scenario gives better results than the rural scenario because of the greater 
population density. 

The NPV is most sensitive to the following variables: 

• CPE cost 

• Cost of CPE installation 

• Number of SME customers 

Population density and license fee are also important parameters. 

Figure 5-6 illustrates the significance of the cost of the CPE equipment and installation.  This is for 
the semi urban scenario with a population density of 200 customers / km2.   It can be seen that the 
cost of CPE and installation significantly influences the payback period and the level of profit.  
These costs must be reduced to a similar level to that achieved by other mass-market consumer 
telecommunications products such as broadcast satellite and DSL to achieve payback within 5 
years. 
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Figure 5-6 : Influence of the cost of CPE equipment and installation on NPV 

 

Figure 5-7 shows the how the NPV is affected by the percentage take up of the SME customers 
with values of 0%, 4%, 8% and 12% for the semi urban scenario.  The residential take up is 6%.  It 
can be seen that the SME take up has a significant effect on the payback period.  SME customers 
are essential to achieve a successful business case.  With no SME customers the payback period 
is greater than 7 years as shown in the urban scenario.   
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Figure 5-7 : Influence of percentage of SME customers on NPV 

Figure 5-7 shows the influence of customer density on NPV.  Again this is for the semi urban 
scenario. It can be seen that as the population density does not change the payback period but 
does increase the initial costs and the longer term revenue. 
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Figure 5-8 : Influence of customer density on NPV 

Figure 5-8 shows the impact of a license fee on the NPV.  Again this is for the semi urban scenario 
with a population density of 200 customers / km2.   It is shown as a cost per customer.  For this 
scenario, the total cost over 7 years for £50 per customer is £6M.  Any license fee arrangement 
giving a total cost of this order will seriously affect the payback period of the business.  This value 
has a greater effect in rural areas where the number of customers is lower. 
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Figure 5-9 : Influence of a license fee on the NPV 

Summary 

The modelling has shown that the profitability is strongly dependent on being able to reduce the 
cost of CPE equipment and installation and there is a high risk of not making a profit.   

CPE costs must be reduced to a similar level to that achieved by other mass-market consumer 
telecommunications products to achieve payback within 5 years.  This will require technical 
development and a large volume. 

It is important to maximize the number of SME customers to reduce the payback time. 

• Profitability is poor with residential customers only. 

• Profitability increases with the population density. 
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• The cost of a license will have a significant influence on the payback period.   

Note:  The analysis however only considers the mesh network as a single business entity.  It does 
not take account of the wider opportunities for business growth that may arise through the wider 
deployment of broadband to SMEs.  It also gives the opportunity for SMEs to establish in areas 
previously under-served by broadband.  It may be appropriate to provide support or incentives for 
operators to establish mesh networks on the basis that it could lead to economic growth and 
benefit the overall economy. 

Further work is needed to compare the performance of a directional mesh with an omni directional 
mesh and a point to multipoint system. 

 

5.3.4. Marketing  

Marketing of mesh networks should include consideration of the following: 

i)   Service package  

Operators need to offer a service package that has clear advantages over the competitors.  This 
may involve: 

• A more attractive price structure – lower cost, pay as you go, cheap rates at off peak hours 

• Symmetrical broadband 

• Higher data rate/bandwidth for a given price 

• Improved quality of service  

• Better support – provide more rapid support or more personal interaction with the customer 
through local support. Telabria customers we spoke to mentioned this aspect as a 
particular advantage.  

• Offer faster roll out for new customers. 
 

ii) Selective roll out  

The following strategies may be considered: 

• Target SME customers 

• Avoid regions with low customer density 

• Target communities that are not served well by competitors (e.g. rural regions) 

• Roll out to blanket cover an area to reduce threat of competitors 

• Target municipal customers to gain access to a customer base and to ease access to 
antenna sites and provide access to public buildings for antennas. 

 
iii)  Profitability  

Aim to minimise payback time to satisfy investors.  This will be influenced by: 

• Customer density 
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• Residential/business split 

• Percentage of business and residential customers 
 

iv)  Competition  

The operator needs to position the product offering in the context of the competition.   

The main competition to a mesh network delivering broadband services will be from ADSL and 
from cable modems.  Business customers located on a business park may also have fibre delivery 
particularly in new developments. 

Mesh networks should identify regions under-served by the alternative solutions.  This may be 
areas on the outskirts of towns which are poorly served by xDSL.  

v)  Site access 

Targeting the public sector as a primary customer offers the advantage that it offers a significant 
customer base and also access to important sites for seed nodes, easing the process of obtaining 
a licence and reducing site rent costs. 

vi)   Regional strategy  

Localise service area to avoid competition and provide a more personal support.   

There is an opportunity to grow the business, but retain the regional approach, by franchising the 
business model to other regions. 

vii)  Customer acceptance  

Mesh networks require the customer node to act as a relay.  This mode must be transparent to the 
customer. 

• Need to satisfy the customer about the security of their data in a relay operation.    

• Need to encourage the customer not to switch off their node 

• If the customer is using the mesh for their POTS service there must be a switch to an 
alternative lifeline service. 

viii)  Legal considerations 

Consider who is responsible for the security of data in the network. 

ix)   Primary/Secondary traffic 

Mesh networks, with multiple paths between nodes, have the opportunity to support primary and 
secondary traffic. 

• Real time services require primary service 

• Non real time services may be transported as secondary traffic – this could be offered at a 
lower cost 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 199 - Version 1.1  

5.3.5. Strategy matrix  

Based on the trends highlighted by the techno economic modelling, we have considered a number 
of possible strategies for mesh deployment: 

i)  Short term profit 

Focussed solely on meeting the demands of short term capital investment 

ii)  Small operator strategy  

Needing to take an approach that will establish a business with limited resources and not able to 
compete with larger operators in the urban areas and where there are competing technologies.   
Aiming for short term payback but provide the basis for long term business. 

iii)  Rural only deployment  

Where the operator urban/semi-urban market is saturated by existing solutions leaving the rural 
market open for new broadband business. 

iv)  Full connectivity   

Where the operator aims to be a credible alternative to DSL, cable and satellite, targeting all 
customer sectors. 

v)  Long term profit  

For an operator that envisages wireless mesh as being necessary for their long term 
telecommunications business and does not depend on it for short term survival. 

Key decisions for each strategy are: 

• Geographic area (Urban, semi-urban, rural) 

• Customer type 

• Marketing budget 

• Service type 

 

A strategy matrix linking the strategies and the key decisions is shown in Figure 5-10.    

Observations: 

Short term profit  

Best satisfied by restricting business to SME customers in the semi urban region.  Minimal spend 
on marketing needed as the number of customers is relatively small.  Results from the model 
indicate that payback within 2 years is feasible.  So by ‘cherry picking’ it may be possible to 
achieve an attractive business case. 

Small operator strategy 

If the business is developed around the semi urban and rural areas with the option for both SME 
and residential customers, the payback period is about 5 years. 
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Rural only deployment  

The model indicates that this approach is able to give payback within about 6 years 

Full connectivity   

Including the urban, semi urban and rural areas the payback increases to about 7 years.  This 
assumes a high expenditure marketing to maximize the customer base. 

Long term profit 

This is similar to the full connectivity strategy, but assumes a less aggressive marketing spend and 
the payback period increases beyond 7 years. 

Note: the predicted payback period assumes the nominal parameter values for the model. 

Alternative strategies: 

Encouraging future growth 

The techno economic analysis in section 5.4.2 suggests that the business case for mesh networks 
is risky for residential areas and areas with very low population density.  However it may be the 
low population density regions that have potentially most to gain from the delivery of broadband 
services.  There may be a case for incentives to encourage operators to broaden their roll out to 
encompass areas with lower population density.  This could be through financial incentives or 
selective licensing.  

Backhaul build-out 

Telabria have demonstrated that mesh networks can be deployed in the backhaul network.  This 
allows the cost of the mesh nodes to be spread over several customers.   

If mesh networks are deployed in backhaul for mobile systems as a priority then there is an 
opportunity to build on this infrastructure. 

Encouraging Community Networks 

The business case can be radically altered if the licensing regime is deliberately planned to 
encourage the introduction of community networks.  If licenses were issued via a beauty contest 
where the interests of the users (inc. the price they pay) were taken as the prime concern then it 
would be possible to reduce the licensing charges.  The reduction in the spectrum costs and the 
avoidance of costs for the nodes and their installation and maintenance would significantly alter 
the economic modelling especially in the semi-urban and rural cases.  The regulators and the 
government would have to decide whether the saving and extra economic activity that would arise 
from much wider access to broadband at low cost (and the resulting benefits to ‘UK PLC’ through 
increased competition) would compensate for the lower (potential) revenue from licensing. 
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Figure 5-10 : Strategy matrix 
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5.4. Technologies for directional mesh systems  

 

Figure 5-11 : Radiant Networks Node/Antenna Array 

A number of technical and commercial issues need to be addressed for a mass-market 
implementation. Low cost, unobtrusive mesh radio nodes are required and past 
experience shows that they are most likely to be developed if the consumer electronics 
industry works towards a common standard.   

The nodes that Radiant Networks used at 28GHz have 4 horn antennas that can be 
physically rotated around a central spindle, as illustrated in Figure 5-5. This allows 4 
links to be set up to other nodes with line-of-sight. This gives an acceptable level of 
redundant routing to avoid interruption to service when a node becomes unavailable in 
most cases. The nodes are similar in size to a fire extinguisher and, although they would 
be fine for business applications in the near term, it is unlikely that they would be 
acceptable to the general public. There could also be safety problems as the nodes 
would be mounted on poles above the roofline in most cases.  

The Caly Networks approach was based on an electronically steerable antenna. This is 
extremely desirable as it could allow use of a single antenna. However, their design 
could only steer over a 1200 arc and it would have been necessary to use 2 or more in 
many cases. A major challenge will therefore be to design a small electronically 
steerable antenna that can be implemented at low cost.  

Antennas based on plasma antenna technology have been developed by Plasma 
Antennas Ltd (www.plasmaantennas.com).  Plasma antennas use an ionised gas which, 
when energised, behaves as a conductor.  A localised concentration of plasma is used to 
form a plasma mirror that reflects an RF beam launched from a central feed at the centre 
of the mirror.  Plasma Antennas use solid state technology, generated in silicon, which 
potentially offers a low cost solution.  

Although the Radiant Networks nodes may seem complex the major cost element was 
actually the RF amplifier (one is used in TDM in each node). The GaAs devices required 
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are very difficult to produce in volume and it would be necessary to invest in new 
processes to improve the yield. New devices would also be required for the modem etc. 
but the processing required is much more readily implemented as it is comparable in 
complexity to existing systems for digital satellite/terrestrial TV and ADSL. In order to 
achieve the low costs required for a mass-market, it would be necessary to create an 
environment where device vendors and consumer electronics (not telco) manufacturers 
can invest with confidence. 

Providing an overall system specification is agreed it would be possible to define 
specifications allowing manufacturers to compete openly and so produce interoperable 
nodes and associated indoor units in the most cost effective way possible. This would 
encourage innovation and although it could result in a wide range of different node 
designs being used it would allow the best approaches to be identified. 

 

5.5. Standards for directional mesh systems 

Although it is not considered necessary to define new standards for mesh systems using 
omni antennas (as discussed in section 4), creation of open interoperability standards for 
directional mesh systems (covering the antenna system, pointing and location, PHY and 
MAC layers at least) at an early stage would help to avoid the introduction of competing 
proprietary systems which could result in market fragmentation. It would also enable all 
the industry sectors that stand to benefit from the creation of a mass-market to influence 
its development. These include video and Internet service providers, core and access 
network providers (especially new ones), system integrators, device manufacturers, 
consumer electronics manufacturers, retailers and installers. There are a considerable 
number of issues that need to be addressed and many of these would benefit from 
standardisation.  

Interfaces 

The main interoperability requirement is clearly for an air interface but it is also probably 
necessary to standardise the interfaces between the outdoor and indoor units. This 
would allow customers to purchase these units from different suppliers and make it 
easier to upgrade/change the equipment in the home. It may also be desirable to define 
the interfaces between the indoor unit and the customer equipment if only to ensure that 
they align with existing standards for service interfaces. This would not be necessary if 
the indoor unit is integrated into another unit such as a set top box. Appendix 5B 
presents a proposal for a set of standards covering a directional mesh system similar to 
that implemented by Radiant Networks which is based on discussions with them (and 
Caly Networks) in the past. 

ATM/IP 

The Radiant Networks system is based on ATM but the Caly Networks approach was IP 
based. Although ATM can be used to transport IP, the industry trend is clearly away from 
circuit switched systems and towards packet switching. This is partly because QOS can 
now be implemented for digital TV services carried over IP. The IP approach could 
significantly simplify the network management system. On the other hand many of the 
benefits of the directional mesh system come from the central management approach. 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 204 - Version 1.1  

Nevertheless, it would probably be desirable to fully evaluate both approaches before 
committing to a standardized mass-market system. 

Physical Layer 

The modulation and coding layer options are now well understood and there have been 
many VLSI implementations of bandwidth and power efficient systems for satellite and 
terrestrial TV, ADSL etc. that switch between different modes to optimise performance. 
Trellis Coded Modulation is now becoming practical and should therefore be considered 
very seriously. The channel bandwidth and frequency plan for any new system operating 
at 40GHz would also have to be selected carefully to optimise the cost/performance 
trade-off, particularly for links to the fibre connection points. 

Medium Access Control Layer 

Once again it would be desirable to investigate the features of existing systems to 
determine whether aspects of them could be used (particularly IEEE802.16. It would be 
necessary to define how all the basic modes of operation can be implemented and to 
allow for signalling. However, it may not be necessary to implement the complete set in 
all cases. 

Broadcast Mode 

Mesh systems are not inherently suitable for broadcast TV and a new mesh network 
would logically be used to provide VoD etc. to complement existing satellite or terrestrial 
broadcast TV in most cases (at least in the UK). Nevertheless, it would be desirable to 
define a common approach to multicasting to avoid the carriage of multiple versions of 
the same TV signal e.g. for areas where there is no terrestrial TV coverage before 
analogue switch-over or for niche channels after switch-over. 

 

5.6. Regulation for mesh systems 

The work of the project has been primarily based on the current regulatory environment 
and on observed industry trends. It was also assumed that Ofcom would prefer an 
unregulated environment.  

Most of the systems considered are aimed at spectrum commons to avoid the cost of 
licenses. The modelling done by the project is based on information that is available in 
the open literature only and mainly relates to IEEE802.11 and .16 based systems. 

The results show that the market is likely to fail in time (for systems in spectrum 
commons) partly because IEEE802.16 will ramp up and the QoS will eventually become 
unacceptable for demanding applications. This is because there is no regulatory 
requirement for users to ‘behave’. 

The discussions with Radiant Networks have shown that a physical layer mesh system 
(with directional antennas) in a dedicated band can significantly improve the spectrum 
efficiency, particularly if it is deterministic with all nodes synchronised to one clock, as for 
the Radiant system. It also helps if there is a central control and management system. 
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There are also economic benefits which smooth out the cash flow curves and therefore 
reduce the risk to operators. 

Information on the Radiant system was however, not available in time for it to be fully 
analysed during the project. Two papers (plus a completed questionnaire) supplied by 
Radiant are included in Annex A to section 4. It was not possible to independently review 
the modelling that they present but section 3 does include some conclusions from the 
discussions around the Radiant analysis of spectrum efficiency for directional mesh 
systems. 

What is needed? 

Based on the discussions with Radiant Networks it is believed that directional mesh 
networks could provide an alternative to cable and DSL that would bring down the cost 
of consumer broadband. Such networks could extend broadband coverage to areas 
where cable (at least) is not commercially viable 

Significant investment would however be required from many sectors to make mass-
market directional mesh networks viable. Provision of low cost spectrum and suitable 
regulations would help to justify the investment and so enable networks to grow. 

Spectrum 

In order to create confidence in a mass-market it will be necessary for regulators to 
make suitable spectrum available and to adopt an appropriate regulatory regime. The 
UK represents a good test case because the government is receptive to the use of radio 
for broadband. A successful roll-out of a directional mesh FWA system in the UK would 
set a pattern for most other areas of the world and companies involved in implementing 
networks in the UK would therefore gain a significant first mover advantage. 

It is important to learn from experiences with the 26/28GHz bands. Even though the 
available spectrum is relatively limited it could be sufficient for corporate applications, 
especially if a directional mesh system is used. However, the regulations are complex 
and there are very tight technical constraints. These are aimed at ensuring harmonised 
use of the band but they also increase equipment complexity and cost. 

A dedicated band is required to achieve the QoS expected for digital TV services and to 
allow all nodes in a given area to work with each other. The spectrum required for 
delivery of digital TV in dense areas implies high frequencies. A directional mesh system 
can be more flexible with respect to interference than P-MP systems and has a number 
of other economic benefits. However, it is probably not acceptable to favour one 
technology over another. Operators and vendors could agree to back a common 
standard but this seems unlikely. It would therefore be desirable to allocate spectrum for 
both systems separately so that they both have a chance to compete fairly. 

The 40GHz band seems to be the most practical band for video rich bundles of services, 
as described in section 5.4.1 (60GHz could be used but it would suffer more from 
attenuation and so the maximum link length would be less – as for optical systems). It is 
also available world-wide. Radiant Networks claim that a directional mesh system could 
deliver a consumer bundle to a high percentage of users in an urban area 
simultaneously using 1GHz of spectrum. If and when that becomes practical and 
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equipment is available at low cost, 40GHz would also become the logical band for 
business services. 

It is therefore recommended that 1GHz should be allocated for time division duplex 
(TDD) systems including directional mesh systems, ideally in a contiguous band. This 
would probably not be popular with all manufacturers but, as 3GHz is available (except 
in some areas where the upper 1GHz is used for Radioastronomy), a 1GHz allocation for 
TDD would still leave up to 2GHz available for FDD or other applications.   

Interoperability Standards 

On a commercial basis it is extremely desirable for all mesh nodes in a given area to be 
able to be used as part of a single mesh network regardless of the operator/service 
provider that the customer is connected to. It is also essential to manage a directional 
mesh network as intelligently as possible to optimise bandwidth efficiency. This implies 
that all nodes should cooperate with each other It is therefore not desirable for 
regulations to be technology neutral 

If ‘efficiency’ includes the value to the UK as a whole rather than what the market defines 
then it is necessary to have some rules, if only to avoid problems at boundaries. 

Given that an open standard is desirable in order to achieve economies of scale for 
directional mesh nodes/devices, it is therefore believed that some aspects of a 
directional mesh system should be standardised to help a mass-market to grow, as 
discussed in section 5.6. 

Although it is currently unfashionable it would also be desirable to have either unlicensed 
spectrum or licensed spectrum (auctioned but with a low reserve price?) allocated with 
rules that encourage cooperation in whichever case is selected. 

Regulatory Environment 

Directional mesh systems (at LoS frequencies) are completely new and could be 
introduced independently of any existing network or operator. There is therefore an 
opportunity to create a 3rd platform for residential broadband (and business) services that 
is open to all service providers. Such a system could literally transform the telecoms 
landscape in any country that implements it and it is therefore desirable to enable its 
introduction as soon as possible. 

One way to encourage this would be for the UK regulator to issue pilot licenses enabling 
trials at 40GHz to start in approx 2 years (to allow time for an open standard to be 
developed and implemented) and to actively plan for the allocation of full licenses for 
commercial FWA services in the 40GHz band approx 1 year after that (for TDD and FDD 
in different bands). 

In view of the significant current interest in community networks and the benefits that can 
arise from allowing new players to enter the telecoms sector, it is thought to be desirable 
to allow for a co-operative approach, as proposed by OPLAN, at least for the access 
network. 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 207 - Version 1.1  

It is therefore proposed that the first full licenses for TDD systems should be allocated 
via a ‘beauty contest’ rather than a conventional auction. The cost of the license should 
be announced by Ofcom in advance so that bidders can factor it into their planning. It 
should ideally be relatively low at the start but it could be allowed to rise over time. The 
main selection criterion should be the cost that will be charged to the customer for 
particular service bundles. However, it would also be necessary for the bidders to 
convince the regulator that their business plan is viable and that there will be continuity 
of service if they fail to meet their commitments. It would probably be necessary to 
require guarantees over continuity.  

The license costs should ideally be based on the density of users in a given area to 
reflect the different business cases for urban, semi-urban and rural areas and the terrain 
in the rural areas. 

Work to define the conditions of the full license and the technical parameters for a TDD 
system (allowing for directional mesh systems) that it is based on should start as soon 
as possible and progress in parallel with consultations over licensing. This should 
include definition of the band plan and radio parameters such as spectrum masks etc. as 
well as investigations into simplification of the type approval and planning processes. 
These are non-trivial tasks that could take all of the time available even if no major 
problems are encountered. 

Given that a directional mesh system could enable a genuine third telcoms platform to 
be implemented independently of any existing operators, it is appropriate to think of how 
this opportunity could be used to the advantage of the public (beyond pricing and service 
capabilities). 

It could for instance be desirable to issue licenses to network providers with a 
requirement that they enable users to connect to any service provider. The network 
provider would supply the backhaul/gateway (plus relays/seed nodes?) and manage the 
network but service providers (or users) would supply and install the nodes. Various 
models could be evaluated e.g. BT Wholesale/Internet, Mobile Phones/UMTS, Digital 
Terrestrial TV. The ideal solution could be a mixture of these (or completely different). 

 

The conditions of the auction for network provider licences could include the following: 

• Licences should be valid for a min of 10 years 

• The auction should be open to all interested parties including core network 
providers, cable companies, telcos and mobile phone companies but there 
should be regular reviews to ensure that prices are not being kept artificially high 
to protect revenues from other network services (e.g. cable, DSL, satellite, P-MP 
FWA etc.) 

• The network provider should not be allowed to sell services direct to the 
customer or discriminate between service providers (local services excepted) to 
ensure that there is true competition.  

• Conditions to allow for co-ordination between directional mesh FWA systems in 
adjacent areas 
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• Network providers should be allowed to offer conditional access control facilities 
for service providers in their license areas but this must not discriminate between 
service providers.   

 
How to overcome the incompatibility with the current regulations 

It is accepted that it would be very difficult to get this approach accepted as the current 
guidelines from the Spectrum Framework Review are aimed at avoiding standards and 
maximising charges for spectrum. This should not be the case because no-one is 
(openly) currently proposing to use the 40GHz band for FWA however experience shows 
that when an issue is raised there are almost always manufacturers and others (perhaps 
with vested interests) that will oppose it. It would therefore be necessary to show that 
directional mesh networks offer significant benefits to a significant proportion of the 
players including the users. 

The information supplied by Radiant Networks [1] plus (Annex A) claims that directional 
mesh networks are significantly more spectrally efficient than P-MP systems and have a 
number of other economic benefits. If this is true it would give significant benefits to the 
UK economy. This is discussed in some detail in chapter 3 but unfortunately, it has not 
been possible in this project to fully analyse this claim. It is therefore recommended that 
Ofcom start a detailed comparison of the relative performance of directional mesh and P-
MP systems ideally including independent modelling to investigate the claims made in 
the Radiant Networks docs.  

This is however not only a technical issue so any case for a non-standard approach to 
regulations would probably also have to be analysed and approved by the DTI and 
DCMS plus others in government. It might therefore be desirable to involve them in the 
process at an early stage. 

Annex 5E presents a SWOT analysis comparing directional mesh systems with P-MP 
that is intended to identify some of the issues that need to be addressed. Note, however, 
that not all of the project partners agree with all of the points listed. 

  

5.7. Conclusions and recommendations for wireless mesh networks 

Meshes compared with point to multipoint  

The aim of this project on efficient mesh networks is not to prove meshes are better or 
worse than point to multipoint systems as this will depends entirely on the requirements 
and restraints in each application. The project has found that there are important 
differences between the two topologies that are summarised below. 

The project has demonstrated that good mesh designs are better at providing coverage 
than traditional point to multipoint designs. To achieve spectral efficiency, a mesh system 
must be intelligently designed, especially with respect to routing, latency and traffic 
management. Achieving efficient routing is much more complicated than in the point to 
multipoint case. Simply installing a mesh network without paying attention to the traffic 
flows will produce a system that works initially with few users but that does not scale 
well.  
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Latency must be held within reasonable bounds and this in practical terms limits the 
number of hops in the route through the mesh. Point to multipoint systems do require 
intermediate hops but do have a more complex backhaul. 

The use of directional antennas at both ends of the link can provide higher spectrum 
efficiency than for systems with omni antennas at either or both ends.  This is mainly 
because directional systems can exploit the shielding caused by buildings and other 
obstructions to increase frequency re-use. This allows extra nodes to be added at the 
core network connection point(s) as required to increase capacity.  

The use of intelligent routing and multiple potential connecting node locations makes it 
possible for directional mesh systems to achieve a much higher coverage (c.90%) than 
traditional point to multipoint (c.50%) systems. However, more advanced directional point 
to multipoint systems are able to compete with mesh systems in this respect.  While 
mesh systems can provide high coverage, a minimum initial connectivity level is needed 
to connect all nodes which in some cases may require seed nodes to be placed in order 
to connect isolated user communities into the mesh. 

Mesh networks are built up by adding extra nodes when customers take up the service. 
Extra system nodes connected to the core network are added when the traffic justifies it. 
The network and service provider’s initial investment can therefore be lower than for 
point to multipoint systems and the increments in subsequent investments smaller. 

Techno-economic assessment 

Techno economic modelling of a directional mesh system operating LoS at frequencies 
above 10GHz has shown that the profitability is strongly dependent on being able to 
reduce the cost of CPE equipment and installation and there is a high risk of not making 
a profit.  It is also important to maximize the number of SME customers to reduce the 
payback time. The analysis does not however take account of the wider opportunities for 
business growth that may arise through the deployment of broadband to SMEs or of 
strategies that encourage the introduction of community/cooperative networks.  It may 
therefore be appropriate to provide support or incentives for operators to establish  
networks on the basis that it could lead to economic growth and benefit the overall 
economy. 

• The profitability is strongly dependent on being able to reduce the cost of CPE 
equipment and installation and there is a high risk of not making a profit.   

• CPE costs must be reduced to a similar level to that achieved by other mass-
market consumer telecommunications products to achieve payback within 5 
years.  This will require technical development and a large volume. 

• It is important to maximize the number of SME customers to reduce the payback 
time. 

• Profitability is poor with residential customers only. 

• Profitability increases with the population density. 

• The cost of a license will have a significant influence on the payback period. 

• The risk analysis indicates that there is a low probability of achieving a positive 
NPV within a 7 year period. 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence  - 210 - Version 1.1  

Technology 

Low cost, unobtrusive mesh radio nodes are required and past experience shows that 
they are most likely to be developed if the consumer electronics industry works towards 
a common standard. 

A major challenge for directional mesh systems will be to design a small electronically 
steerable antenna that can be implemented and installed at low cost.  

A major cost element is currently the RF amplifier The GaAs devices required are very 
difficult to produce in volume and it will be necessary to invest in developing new 
techniques to improve the yield. 

Standards 

Creation of open interoperability standards for directional mesh systems (covering the 
antenna system, pointing and location, PHY and MAC layers at least) at an early stage 
would help to avoid the introduction of competing proprietary systems which could result 
in market fragmentation. A proposal for work on standards is given in Appendix B. 

The main interoperability requirement is for an air interface but it is also probably 
necessary to standardise the interfaces between the outdoor and indoor units. This 
would allow customers to purchase these units from different suppliers and make it 
easier to upgrade/change the equipment in the home. 

It would be desirable to investigate whether it is practical to standardise on an IP 
transport approach as packet transport is likely to be the industry standard. 

The channel bandwidth and frequency plan for a new system operating at 40GHz will 
also have to be selected carefully to optimise the cost/performance trade-off, particularly 
for links to the fibre connection points. 

It would be desirable to define a common approach to multicasting to avoid the carriage 
of multiple versions of the same TV signal 

Regulations  

Under suitable conditions a directional mesh FWA systems could provide a 3rd access 
network to compete with cable and DSL because: 

• It is completely independent of any existing access network 

• The infrastructure can be owned by the users 

• It can be independent of any existing operator 

• It can connect to any core network and Internet provider 

 

The regulatory framework for the introduction of directional mesh FWA should use the 
opportunity offered by this new technology to ensure that there is a truly open market for 
broadband IMS service provision. 
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It should ideally enable community networks to compete with existing operators on a fair 
basis for networks capable of providing the full range of services that users require. 

It is believed that this could be facilitated by the allocation of spectrum at 40GHz for trials 
followed by licensing of 1GHz of spectrum for FWA services. This should ideally be 
dedicated to TDD systems allowing for directional mesh FWA based on an open 
interoperability standard and with an appropriate regulatory regime. 

It would be best to hold beauty contests where the cost to the user for particular service 
bundles is a major factor. It may even be desirable to allow local people to vote. The 
main aim should be to maximise the benefits with respect to ‘the common good’.  
License costs should be low initially (at least) and they should be announced in advance. 
Bidders should also provide evidence that they can meet their commitments and that 
continuity of service will be maintained. 

Work to define the conditions of the full license and the technical parameters for a TDD 
system (allowing for directional mesh systems) that it is based on should start as soon 
as possible and progress in parallel with consultations over licensing. 

It is also recommended that Ofcom start a detailed comparison of the relative 
performance of directional mesh and point to multipoint systems ideally including 
independent modelling to investigate the claims made by Radiant Networks.   
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Appendix A - Questionnaires 
The questionnaires in this Appendix were intended to identify the views of a range of 
manufactures and operators that were selected as being active (or at least interested in) 
mesh networks. Separate forms were produced for manufactures and operators and 
(although the actual responses are in a confidential annex supplied to Ofcom) the main 
issues raised are discussed in chapters 4 and 5. It is worth noting that although only one 
major telco/operator was prepared to formally respond, it is known that many others are 
monitoring the progress with mesh systems and could therefore be interested in using 
them in the future. 

Details of the responses to the questionnaire, together with an analysis of the responses 
are given in the Annexes to Chapter 4 of this report. 
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Initial Mesh Questionnaire 

 
1. Please answer the following introductory questions: 
 

Are you able to confirm that your company is working in the field 
of Mesh Networks? 

Yes / No 

As a manufacturer / integrator / operator / other ?   M / I / O / define 
When will commercial networks be built ? 2005 / 6/ 7/ 8 / 9 
When will economically viable networks be built ? 2005 / 6/ 7/ 8 / 9 
Will the technology support mobile operation?  Yes / No 
How much spectrum will be needed ? MHz
In which band(s) ? MHz
If new, suitable, spectrum becomes available, should spectrum 
be dedicated to Mesh networks only ? 

Yes / No 

Should the spectrum be managed, licensed or unlicensed?  M / L / U 
 

Please add any additional data to expand on your answers.   

2.  Which factors will determine the speed of roll-out of mass-market mesh radio access 
networks?  Please tick the appropriate box. 

1 = Not significant                                   5 = Very significant 

 1 2 3 4 5 
Size and appearance of equipment      
Antenna technology available       
RF technology available      
Performance not competitive compared 
with DSL etc. 

     

VoIP capability       
IPTV capability      
Spectrum available      
Cost of spectrum      
Cost of installation      
Cost of maintenance      
Need for seed nodes      
Antenna sites availability      
Standards developed      
Regulatory restrictions      
 

For the most significant aspects please could you provide more details and indicate innovations required to overcome any 
problems. 

 
3.  Would you be willing to answer further questions in a telephone call?   
The call should take no more than 15 minutes.   
If so, please give the name and telephone number of a suitable contact. 
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Additional Questionnaire for Manufacturers and Integrators 

1.  Please give an indication of the service bundles that your product provides and to 
how many customers in an urban area.  We have included three ‘standard’ bundles; 
please say whether or not you offer these.  Please add any additional/alternative bundles 
you offer e.g. to exploit spectrum commons or for emergency services. 

 

Service Offered 
Yes / No 

Customers in 
an urban area 

Notes 

e.g. 2Mbps service e.g.Yes e.g. 160/sqr km e.g.  Based on 40:1 
contention         

500 kbps Internet 
including VoIP 

   

3 Mbps 
Video/Internet/VoIP 

   

7 Mbps 
Video/Internet/VoIP 

   

    
Proprietary #1    
Proprietary #2    
Proprietary #3    
 

 
2.  Please give an indication of the technical approach embodied in your product. 
 
Mobile or static M / S 
Mobile MANET conformant? Yes / No 
Deterministic interference management Yes / No 
Intelligent / Dynamic interference management Yes / No 
Directional antennas Yes / No 
Transmitter power control Yes / No 
Dynamic frequency selection Yes / No 
Dynamic channel selection Yes / No 
Radiated power max dBm 
EIRP max dBm 
Modulation index 4 / 16 / 64 
FDD / TDD F / T 
 
 
3.  Please give an indication of the road map status of your product. 
 
 Date 
Alpha model  
Beta model  
Production release  
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Additional Questionnaire for Operators 

1.  Please give an indication of the status of your service. 
 
 Date 
Feasibility Studies  
Technical trial  
Commercial trial  
Roll-out commences  
  
 

2.  Please give an indication of the service bundles that your service will provide (or 
provides) and how many customers it can serve in an urban area.  We have included 
three ‘standard’ bundles; please say whether or not you offer these.  Please add any 
additional/alternative bundles you offer e.g. to exploit spectrum commons or for 
emergency services. 

Service Offered 
Yes / No 

Customers in 
an urban area 

Notes 

e.g. 2Mbps service e.g.Yes e.g. 160/km2 e.g.  Based on 40:1 
contention         

500 kbps Internet 
including VoIP 

   

3 Mbps 
Video/Internet/VoIP 

   

7 Mbps 
Video/Internet/VoIP 

   

    
Proprietary #1    
Proprietary #2    
Proprietary #3    
 
3.  Please give an indication of the technical approach embodied in the product you have 
selected to deploy. 
 
Mobile or static M / S 
Mobile MANET conformant? Yes / No 
Deterministic interference management Yes / No 
Intelligent / Dynamic interference management Yes / No 
Directional antennas Yes/No 
Transmitter power control Yes / No 
Dynamic frequency selection Yes / No 
Dynamic channel selection Yes / No 
Radiated power max dBm 
EIRP max dBm 
Modulation index 4 / 16 / 64 
FDD / TDD F / T 
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Appendix B - Proposal for directional (physical) mesh standards 
 

The following proposal for directional mesh standards is based on discussions with 
Radiant Networks (and Caly Networks to a lesser extent) several years ago.  

 

1. Standardisation Requirements 
 

This input is intended to provide an outline framework for standardisation rather than 
technical details. It is mainly concerned with directional mesh systems with a 
management system similar to that proposed by Radiant Networks in the past and the 
diagrams used (and some terminology) are based on that system. The aim is to describe 
a standard that is just sufficient to allow development of a mass market, but no more. 
There should be sufficient scope for different suppliers to differentiate their products and 
systems in a variety of ways. 

Standardization is not considered essential for systems addressing the business market 
as the cost of equipment is not the most critical factor in that case. However, the 
economies of scale that can result through the definition and adoption of standards 
would significantly help a mass market for consumer services to develop.  

Before starting, the main contributors to a standard need to share a common view of the 
minimum core that should be included, whilst leaving them room to develop their own 
competitive products. The partly completed lists included below are intended to show the 
areas that would need to be addressed. 

Exactly what aspects have to be standardized and what can be outside the standards is 
not clear. The model adopted for PMP systems (infrastructure from one supplier plus 
multi–vendor supply of user stations) is not ideal for mesh systems, where there is no 
direct equivalent to the base station part of the infrastructure. In addition, directional 
mesh networks are most efficient if they use automated configuration and traffic flow 
control involving many user stations. There is thus a need for a logical layer that extends 
across multiple user stations (i.e. a requirement for a system level command and 
communication structure). 

It is thought that the following possibilities should be considered: 

• Multi-vendor supply of IDU (indoor unit) 
• Multi-vendor supply of complete ODU (outdoor unit) 
• Multi-vendor supply of radio part of ODU 
 

At the system level, an operator will wish to have the choice of multiple suppliers for 
customer equipment but still be able to achieve a defined minimum level of overall 
system performance. In order to achieve this, certain system level elements (for 
instance, the management system, including algorithms for node alignment and traffic 
routing) could be from a single supplier, provided the node components could be multi–
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vendor). Thus, different mesh implementations could be available, with different overall 
performance and services, whilst the consumer would have choice of suppliers for local 
equipment. 

 

2. System components 

For a mesh network to succeed in the market it would be necessary to have mesh nodes 
available that are cheap, aesthetically acceptable and safe to install and use. An outdoor 
unit (ODU) will be required and as this will probably have to be mounted on a pole above 
the roofline it should be as small and light as possible. It will have to be powered from 
the home and to interconnect with the end user terminals e.g. PCs, set top boxes. This 
will in most cases imply the use of an indoor unit (IDU), as shown in Fig 1 below. For a 
directional mesh system it is likely that an (embedded or distributed) management 
system will be required. All of these would significantly benefit from standardisation. 

Power supplies will also be required (primary, optional backup and UPS) but it is not 
thought necessary to standardise on these (as long as they meet the system 
requirements). 

It will also be necessary to procure access points that can connect the mesh nodes to 
the core network (normally fibre). These could be implemented in a number of ways 
(possibly using wireless links and possibly in several stages) and although it would be 
desirable for the industry to agree on a radio interface the cost and size is not 
necessarily as critical as for the mesh nodes and so standardisation is not considered 
essential. 

ODU ODU

IDU

Home 
Gateway

Home 
Network 
Interface

Service 
Interface

Air 
Interface

ODU-IDU 
Interface

Mesh Node

 

Figure 1 Mesh Node / Reference Interfaces 
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3. Interfaces 

3.1 Home Network Interface 

This interface should ideally be based on accepted home network standards. The Digital 
Living Network Alliance (DLNA) is defining guidelines for use of wired and wireless 
networks based on Ethernet and IEEE802.11 with Universal Plug and Play (UPnP) for 
control and CE manufacturers worldwide are now increasingly backing the DLNA 
approach. The European Digital Video Broadcasting (DVB) project is planning to build on 
the DLNA standards for carriage of IPTV services. They will also be working closely with 
the DSL Forum (DSLF) and the Home Gateway Initiative (HGI) on definition of the 
interface to the gateway in order to allow for end to end issues like (home) network and 
gateway management, security etc. 

Current trends indicate that the IDU would in many cases be combined with a home 
gateway, as shown above which would avoid the need to define an interface between 
the IDU and the home gateway. A home network interface for a new mesh system should 
ideally be as close as possible to that for connection to a DSL or cable home gateway 
although there could be differences e.g. with mapping of access network QOS across 
the gateway to the home network.  

 

3.2 Service Interfaces 

Various service interfaces may also be required for say home office applications. If they 
are included in an IDU it would be best for them to be based on recognised standards 
e.g. E1/T1. 

Note that although it would be possible to integrate the IDU into a set top box (or 
equivalent) for specific applications like IPTV this would not align with current industry 
practice.  

 

3.3 IDU-ODU Interface 

It would be desirable to standardise this interface which includes power (although it is 
not normally done), to allow the user to buy both units from different suppliers. This 
should not however be a major task. 

 

3.4 Air Interface 

For a fully interoperable, multi–vendor environment, the PHY and MAC layers would 
need detailed definition, together with the embedded mechanisms for network 
configuration, (set-up, reconfiguration etc.), antenna pointing mechanisms and at least 
some aspects of physical equipment specification. This interface is likely to be the most 
complex to define and would set the timeframe for standardisation to be completed. 
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4 System Specification 

Some aspects of system performance will need to be established. It is not clear how 
overall system performance could be guaranteed in a multi vendor environment but 
operators will probably need to be able to predict this. 

Important factors are: 

• Data rate available to each user (guaranteed/ typical/ maximum) 
• Coverage objectives (e.g. 95% at a given user density) 
• Availability objectives (related to propagation) 
• Availability objectives (relate to equipment failures and repair time) 
• QoS for each service 
• Minimum set of services (and options) 
• External interfaces (to core networks and indoor apparatus beyond the IDU) 
• Spectral requirements (channels and bandwidth required to support a given number 

of users in a given area). 
 

An operator will require that nodes (meaning a complementary ODU and IDU) 
purchased from two or more suppliers can successfully operate with the network 
management system chosen and deliver a predicted set of services to users with a 
known performance. 

 

5 Preliminary Node definition and minimum specification 

5.1 Antenna system 

• Frequency range 
• Beam pattern (RPE) 
• Minimum Gain 
• Polarization 
• Max elevation allowed 
 

5.2 Pointing and location method(s) 

• Accuracy 
• Speed of re-pointing 
• Positioning of node 
• Node location data 
 

5.3 PHY Specification 

• ATPC in both directions  
• Tx power range and setting accuracy  
• Channel bandwidth  
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• Frequency plan 
• Equipment channel setting range and method 
• NFD (1st and second channels, at least) 
• Interface to MAC 
 

5.4 MAC specification 

This would be very complex but would contain signalling protocol and message set to 
carry system commands and information. Interface to PHY to be defined. This 
specification must be rigorous and require all basic modes of operation to be 
implemented so that a certain minimum level of interoperability could be guaranteed for 
all mesh systems conforming to the standard. At the same time, it is desirable to keep 
the specification at the level that is just sufficient (and no more) whilst allowing different 
implementations of mesh system to be deployed by operators. There is no requirement 
for all networks to perform identically or to carry exactly the same services. 

Attempts to produce air interface standards in IEEE and ETSI have resulted in multi–
option specifications. However, it is now increasingly believed that IEEE802.16/WiMax 
will succeed in the market and it would therefore be desirable to try to align with it as far 
as possible. 

 

6. Management system 

The management system could be separate or partly embedded in the nodes. At least 
some parts that are built into nodes would have to be standardized unless each node 
had a defined memory space and a defined command set, a prescribed download 
mechanism and then a separate proprietary mesh management system. 

Either way, overall system performance requires that procedures are defined for: 

• Mesh planning and installation 
• Mesh fault monitoring 
• Mesh startup (determining which radio paths are possible and what interference 

exists 
• Mesh configuration (assigning channels and timeslots) 
• Mesh re-configuration (changing channels and timeslots) 
 

It is not essential for all networks to be configured using the same algorithms, or to 
perform identically. The requirement is to devise a general-purpose means of 
transporting and responding to system messages that can be included in every node 
and respond to a variety of (separate and probably non standardised) management 
systems. 
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Appendix C – Definition of an Open Public Local Access Network 
 
The following definition of an Open Public Local Access Network has been copied from 
the OPLAN Foundation white paper [4]: 

 

• an OPLAN serves an existing local geographic community or location, ranging 
from a street or business park through a rural community up to an entire city 

• an OPLAN is open for access and use by any party located within the community 
it serves – both public and private sectors, corporate and residential 

• an OPLAN infrastructure (wireless and/or fibre) is owned and controlled totally 
independent of any service or content which runs over it 

• an OPLAN is not owned by a PTO/ licensed telecommunications operator 
• an OPLAN has true broadband symmetrical capacity sufficient to meet 

tomorrow’s requirements (gigabit?) and so an OPLAN can never be based on 
ADSL technology 

• ownership of an OPLAN is likely to be by a combination of passive/portfolio 
investors (pension & insurance funds; local authorities; private equity groups etc) 
or even its users – all of whom regard it as having investment, risk and return 
characteristics more akin to commercial real-estate than the conventional 
telecoms industry 

• the maintenance and future planning and marketing of an OPLAN are contracted 
out by the owners to qualified third-parties 

• there is an understanding that an OPLAN must serve the ‘common good’ as well 
as the interests of its owners and this is reflected in the legal structure and 
contractual relationships it has with those supplying and using it 

• the corporate vehicle owning an OPLAN derives its revenue from an annual fee 
payable by every local access point or building that is connected to that OPLAN – 
it does not revenue-share with service or content providers as is the convention 
of the telecoms industry 

• the cost (and probably the ownership and maintenance) of the individual 
connection linking any building/access point to the OPLAN is likely to be born by 
the building owner rather than the network owner (as is currently the case with 
the water utility) 

• the ongoing annual tariff for being connected to an OPLAN is ‘cost’ rather than 
‘bandwidth’ related and may therefore differ OPLAN to OPLAN 

• all traffic, whether voice, video or data, that originates and terminates within the 
OPLAN, does so at zero charge to the parties involved e.g. peer- peer VoIP 
within the OPLAN is ‘free’ service and content ‘providers’ are not differentiated 
from service and content ‘consumers’. Any party connected to or using the 
OPLAN can freely assume either role. That is to say, a service or content 
provider only requires connection to the OPLAN on similar terms to everyone 
else in that community in order to serve it 

• global connectivity beyond the OPLAN is achieved (as at present) through any 
telecoms operator or ISP who directly or via an interconnect agreement, has 
access to a trunk fibre (or satellite) which serves any building (subject to planning 
constraints) connected to the OPLAN (i.e. the OPLAN is ‘unbundled end-to-end’) 
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Appendix D – Results of techno economic modelling 
 

 

1) Urban model 
2) Semi urban model 
3) Rural model 
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Time Horizon = 7 years 

Discount Factor = 10% 

NPV = [£933,986] (Loss)

This graph is taken from a deterministic model in the Excel Spreadsheet 
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Deterministic Model 

These are the values we will change in the Excel Spreadsheet 

Time Horizon = 7 years 

Discount Factor = 10% 

NPV = [£933 986] (Loss)
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Range variables and potential outcomes 

We will test one variable at a time to see its effect on NPV 

High Nominal Low Variable 

0.2 0.15 0.1 Advertising Cost: Percent revenue 

7 0.5 0.5 Service Bit Rate 

1 0.5 0 Seed Node Factor 

5 1.2 1.0 Link node factor 

1000 200 100 Cost of CPE Installation 

1000 200 150 Cost of CPE nodes 

1000 200 150 Cost of Seed Nodes (same as CPE nodes) 

0 0 0 Enabling Cost (core/edge) 

0.12 0.063 0.05 %age Maximum possible take up in 5 years 
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Range variables and potential outcomes 

10.00 6.00 0.00 Residential rent per month for CPE equipment 

High Nominal Low Variable 

250 231 200 Business Price per month for Broadband 

0% 0% 0% %age of users that are Business Users 

40.00 30.00 0.00 One-Off activation cost for Residential 

0.3 0.2 0.1 %age Residential customers buying VoIP 

18.00 12.00 6.00 Residential Price per month for VoIP 

0.10 0.05 0.00 Year on year annual change in percentage price for
Residential broadband 

30 26 17 Residential Price per month for Broadband 

1.05 1.00 0.95 Variance around Average maintenance Cost per node
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Range variables and potential outcomes 

2400 1200 600 Cost of Bandwidth/Mbit/year 

400 300 200 One-Off activation cost for Businesses 

0.1 0.05 0.00 Year on year annual change in percentage price for
Business broadband 

High Nominal Low Variable 

0.05 0.03 0.01 Business Churn 

0.18 0.12 0.06 Residential Churn 

0.12 0.1 0.05 Discount Rate 

0.3 0.2 0.1 %age Business customers buying VoIP 

180 120 60 Business Price per month for VoIP 

28.00 21.00 14.00 Business rent per month for CPE equipment 
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Impact on NPV 

Value of 

variable

What NPV would be
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High Nominal Low Variable 

0.3 0.5 0.2 Advertising Cost: Percent revenue 

0.4  0.6 Service Bit Rate 

0.3 0.4 0.3 Seed Node Factor 

0.3 0.4 0.3 Link node factor 

0.3 0.4 0.3 Cost of CPE Installation 

0.2 0.5 0.3 Cost of CPE nodes 

0.2 0.5 0.3 Cost of Seed Nodes (same as CPE nodes) 

0.3 0.4 0.3 Enabling Cost (core/edge)  

0.3 0.4 0.3 %age Maximum possible take up in 5 years 

Introducing Probabilities 
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0.2 0.3 0.5 Residential rent per month for CPE equipment 

High Nominal Low Variable 

0.3 0.4 0.3 Business Price per month for Broadband 

0.3 0.4 0.3 %age of users that are Business Users 

0.2 0.5 0.3 One-Off activation cost for Residential 

0.3 0.5 0.2 %age Residential customers buying VoIP 

0.2 0.5 0.3 Residential Price per month for VoIP 

0.3 0.4 0.3 Year on year annual change in percentage price for
Residential broadband 

0.2 0.3 0.5 Residential Price per month for Broadband 

0.3 0.4 0.3 Variance around Average maintenance Cost per node

Introducing Probabilities 
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Introducing Probabilities 

0.3 0.4 0.3 Cost of Bandwidth/Mbit/year 

0.3 0.4 0.3 One-Off activation cost for Businesses 

0.3 0.4 0.3 Year on year annual change in percentage price for
Business broadband 

High Nominal Low Variable 

0.3 0.4 0.3 Business Churn 

0.3 0.5 0.2 Residential Churn 

0.3 0.4 0.3 Discount Rate 

0.3 0.5 0.2 %age Business customers buying VoIP 

0.3 0.4 0.3 Business Price per month for VoIP 

0.2 0.5 0.3 Business rent per month for CPE equipment 
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These are the variables we are considering in the Excel Spreadsheet 
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Histogram showing probability of NPV falling within a certain 
range 
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Cumulative Probability of NPV 

4% Chance of making £0 to £11.1 M 

96% Chance of losing £0 to £240 M 
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Focusing our interest 

We will reduce the 
number of 
variables we will 
test
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New Probabilistic Influence Diagram 
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The Value of Control 

Value of Control: 

How valuable would it be to have 
complete control over the 

The amount that 
could be added by 
controlling the 
variables 
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Mesh Network Model 
 

Semi Urban area 
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Deterministic Model 

Time Horizon = 7 years 

Discount Factor = 10% 

NPV = £6,206,338 Profitability) 

This graph is taken from a deterministic model in the Excel Spreadsheet 
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Deterministic Model 

These are the values we will change in the Excel Spreadsheet 

Time Horizon = 7 years 

Discount Factor = 10% 

NPV = £6,206,338 Profitability) 
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We will test one variable at a time to see its effect on NPV 

High Nominal Low Variable 

0.2 0.15 0.1 Advertising Cost: Percent revenue 

7 0.5 0.5 Service Bit Rate 

1 0.5 0 Seed Node Factor 

5 1.2 1.0 Link node factor 

1000 200 100 Cost of CPE Installation 

1000 200 150 Cost of CPE nodes 

1000 200 150 Cost of Seed Nodes (same as CPE nodes) 

0 0 0 Enabling Cost (core/edge) 

0.12 0.063 0.05 %age Maximum possible take up in 5 years 

Range variables and potential outcomes 
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10.00 6.00 0.00 Residential rent per month for CPE equipment 

High Nominal Low Variable 

250 231 200 Business Price per month for Broadband 

10% 7.8% 0% %age of users that are Business Users 

40.00 30.00 0.00 One-Off activation cost for Residential 

0.3 0.2 0.1 %age Residential customers buying VoIP 

18.00 12.00 6.00 Residential Price per month for VoIP 

0.10 0.05 0.00 Year on year annual change in percentage price for
Residential broadband 

30 26 17 Residential Price per month for Broadband 

1.05 1.00 0.95 Variance around Average maintenance Cost per node

Range variables and potential outcomes 
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2400 1200 600 Cost of Bandwidth/Mbit/year 

400 300 200 One-Off activation cost for Businesses 

0.1 0.05 0.00 Year on year annual change in percentage price for
Business broadband 

High Nominal Low Variable 

0.05 0.03 0.01 Business Churn 

0.18 0.12 0.06 Residential Churn 

0.12 0.1 0.05 Discount Rate 

0.3 0.2 0.1 %age Business customers buying VoIP 

180 120 60 Business Price per month for VoIP 

28.00 21.00 14.00 Business rent per month for CPE equipment 

Range variables and potential outcomes 
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Impact on NPV 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence - 247 - Version 1.1   SEMI-URBAN AREA 

Impact on NPV 

Value of 

variable

What NPV would be
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High Nominal Low Variable 

0.3 0.5 0.2 Advertising Cost: Percent revenue 

0.4  0.6 Service Bit Rate 

0.3 0.4 0.3 Seed Node Factor 

0.3 0.4 0.3 Link node factor 

0.3 0.4 0.3 Cost of CPE Installation 

0.2 0.5 0.3 Cost of CPE nodes 

0.2 0.5 0.3 Cost of Seed Nodes (same as CPE nodes) 

0.3 0.4 0.3 Enabling Cost (core/edge)  

0.3 0.4 0.3 %age Maximum possible take up in 5 years 

Introducing Probabilities 
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0.2 0.3 0.5 Residential rent per month for CPE equipment 

High Nominal Low Variable 

0.3 0.4 0.3 Business Price per month for Broadband 

0.3 0.4 0.3 %age of users that are Business Users 

0.2 0.5 0.3 One-Off activation cost for Residential 

0.3 0.5 0.2 %age Residential customers buying VoIP 

0.2 0.5 0.3 Residential Price per month for VoIP 

0.3 0.4 0.3 Year on year annual change in percentage price for
Residential broadband 

0.2 0.3 0.5 Residential Price per month for Broadband 

0.3 0.4 0.3 Variance around Average maintenance Cost per node

Introducing Probabilities 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence - 250 - Version 1.1   SEMI-URBAN AREA 

Introducing Probabilities 

0.3 0.4 0.3 Cost of Bandwidth/Mbit/year 

0.3 0.4 0.3 One-Off activation cost for Businesses 

0.3 0.4 0.3 Year on year annual change in percentage price for
Business broadband 

High Nominal Low Variable 

0.3 0.4 0.3 Business Churn 

0.3 0.5 0.2 Residential Churn 

0.3 0.4 0.3 Discount Rate 

0.3 0.5 0.2 %age Business customers buying VoIP 

0.3 0.4 0.3 Business Price per month for VoIP 

0.2 0.5 0.3 Business rent per month for CPE equipment 
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The new Influence Diagram 

These are the variables we are considering in the Excel Spreadsheet 
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Histogram showing probability of NPV falling within a certain 
range 
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23% Chance of making £0 to £19.8 M 

77% Chance of losing £0 to £250 M 

Cumulative Probability of NPV 
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Focusing our interest 

We will reduce
the number of
variables we will
test
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New Probabilistic Influence Diagram 
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The Value of Control 

The amount that could
be added by controlling
the variables 

Value of Control: 

How valuable would it be to have 
complete control over the 
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Mesh Network Model 
 

Rural area
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Deterministic Model 
Time Horizon = 7 years 

Discount Factor = 10% 

NPV = £101,401 (Profitability) 

This graph is taken from a deterministic model in the Excel
Spreadsheet
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Deterministic Model 

These are the values we will change in the Excel
Spreadsheet

Time Horizon = 7 years 

Discount Factor = 10% 

NPV = £101,401 (Profitability) 
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High NominalLow Variable 

0.2 0.15 0.1 Advertising Cost: Percent revenue 
70.50.5Service Bit Rate 
10.50Seed Node Factor 
51.21.0Link node factor 

1000200100Cost of CPE Installation
1000200150Cost of CPE nodes 
1000200150Cost of Seed Nodes (same as CPE nodes)

000Enabling Cost (core/edge)

0.12 0.063 0.05 %age Maximum possible take up in 5 years 

Range variables and potential outcomes 

We will test one variable at a time to see its effect on NPV 
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10.00 6.00 0.00 Residential rent per month for CPE equipment 

High Nominal Low Variable 

250 231 200 Business Price per month for Broadband 

10% 7.5% 0% %age of users that are Business Users 

40.00 30.00 0.00 One-Off activation cost for Residential 

0.3 0.2 0.1 %age Residential customers buying VoIP 

18.00 12.00 6.00 Residential Price per month for VoIP 

0.10 0.05 0.00 Year on year annual change in percentage price for
Residential broadband 

30 26 17 Residential Price per month for Broadband 

1.05 1.00 0.95 Variance around Average maintenance Cost per node

Range variables and potential outcomes 



EFFICIENT FIXED MESH NETWORKS 

Commercial in Confidence - 262 - Version 1.1   RURAL AREA 

2400 1200 600 Cost of Bandwidth/Mbit/year 

400 300 200 One-Off activation cost for Businesses 

0.1 0.05 0.00 Year on year annual change in percentage price for
Business broadband 

High Nominal Low Variable 

0.05 0.03 0.01 Business Churn 

0.18 0.12 0.06 Residential Churn 

0.12 0.1 0.05 Discount Rate 

0.3 0.2 0.1 %age Business customers buying VoIP 

180 120 60 Business Price per month for VoIP 

28.00 21.00 14.00 Business rent per month for CPE equipment 

Range variables and potential outcomes 
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Impact on NPV 
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What NPV would be

Impact on NPV 

Value of 

variable
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High Nominal Low Variable 

0.3 0.5 0.2 Advertising Cost: Percent revenue 

0.4  0.6 Service Bit Rate 

0.3 0.4 0.3 Seed Node Factor 

0.3 0.4 0.3 Link node factor 

0.3 0.4 0.3 Cost of CPE Installation 

0.2 0.5 0.3 Cost of CPE nodes 

0.2 0.5 0.3 Cost of Seed Nodes (same as CPE nodes) 

0.3 0.4 0.3 Enabling Cost (core/edge)  

0.3 0.4 0.3 %age Maximum possible take up in 5 years 

Introducing Probabilities 
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0.2 0.3 0.5 Residential rent per month for CPE equipment 

High Nominal Low Variable 

0.3 0.4 0.3 Business Price per month for Broadband 

0.3 0.4 0.3 %age of users that are Business Users 

0.2 0.5 0.3 One-Off activation cost for Residential 

0.3 0.5 0.2 %age Residential customers buying VoIP 

0.2 0.5 0.3 Residential Price per month for VoIP 

0.3 0.4 0.3 Year on year annual change in percentage price for
Residential broadband 

0.2 0.3 0.5 Residential Price per month for Broadband 

0.3 0.4 0.3 Variance around Average maintenance Cost per node

Introducing Probabilities 
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0.3 0.4 0.3 Cost of Bandwidth/Mbit/year 

0.3 0.4 0.3 One-Off activation cost for Businesses 

0.3 0.4 0.3 Year on year annual change in percentage price for
Business broadband 

High Nominal Low Variable 

0.3 0.4 0.3 Business Churn 

0.3 0.5 0.2 Residential Churn 

0.3 0.4 0.3 Discount Rate 

0.3 0.5 0.2 %age Business customers buying VoIP 

0.3 0.4 0.3 Business Price per month for VoIP 

0.2 0.5 0.3 Business rent per month for CPE equipment 

Introducing Probabilities 
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The new Influence Diagram 

These are the variables we are considering in the Excel
Spreadsheet 
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Histogram showing probability of NPV falling within a certain 
range 
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Cumulative Probability of NPV 

23% Chance of making £0 to £536,265 

77% Chance of losing £0 to £6 M 
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Focusing our interest 

We will reduce the 
number of 
variables we will 
test
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NPV
Percent

take up in 5
years

Cost of
CPE

nodes
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New Probabilistic Influence Diagram 
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The Value of Control 

The amount that could 
be added by controlling 
the variables 

Value of Control: 

How valuable would it be to have 
complete control over the 
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Appendix E – SWOT analysis of directional mesh systems with P-MP FWA 
The SWOT analysis presented here is intended to compare a directional mesh system 
similar to the Radiant Networks system with a P-MP FWA system both operating at 
either 28GHz or 40GHz. Note that this analysis is not fully accepted by all members of 
the project team. 

 

Strengths 

Directional mesh systems with a central controller operating in licensed bands at LoS 
frequencies (e.g. above 10GHz) similar to the 28GHz system developed by Radiant 
Networks would (if node costs become low enough) be more practical for delivery of a 
consumer bundle of services inc. VoIP and digital TV than P-MP systems (which is not 
feasible for high customer densities using available bands below 10GHz) with a 
comparable complexity/cost for a number of reasons: 

• The use of directional antennas provides higher spectrum efficiency i.e. a higher 
data rate is achieved per customer for the same amount of spectrum. This is 
mainly because directional mesh systems can exploit the shielding caused by 
buildings and other obstructions to increase frequency re-use which allows extra 
nodes to be added at the core network connection point(s) as required to 
increase capacity. 

• The use of intelligent routing makes it possible for directional mesh systems to 
achieve a much higher coverage (c.90%) than P-MP (c.50%) i.e. to provide 
services to a higher % of users in a given area and to provide services in 
suburban and semi-rural areas economically 

• This also makes it more practical to deliver services in areas where the customer 
density is not uniform. 

• P-MP systems normally require base stations with high power transmitters (often 
on high masts rather than on suitable buildings as for directional mesh) to cover 
(normally) 2-3km radius cells. It is also necessary to overlap cells to achieve 
coverage comparable with directional mesh systems which increases the number 
of base stations. The high cost of the base stations (transmitters, site rental, 
maintenance etc.) is only likely to be recovered (for sophisticated systems at LoS 
frequencies) if there are a large number of customers in the coverage areas. . 
Directional mesh systems can use existing buildings for the required system 
nodes instead of masts in more cases.  

• Mesh systems are more flexible with regard to connections to core networks in 
that they can connect to a building (or buildings) with a fibre connection more 
often than for P-MP. It is also much easier to change to an alternative core 
network provider. 

• Mesh networks are built up by adding extra nodes when customers take up the 
service. Extra system nodes connected to the core network are added when the 
traffic justifies it. The network and service provider’s initial investment would 
therefore be lower and the increments in subsequent investments smaller.  

• Mesh systems are more suitable for feeding 3G base stations and wireless 
hotspots which could (in areas where a directional mesh system is implemented) 
provide an extra revenue stream.  

• Mesh systems are more suitable for community networks because it is more 
practical for the users to own (more of) the basic infrastructure. 
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• The use of directional antennas reduces the power required to achieve the same 
link performance. The low cost devices required will be easier to manufacture at 
low cost and should therefore be available sooner than for the high power 
amplifiers required in P-MP base stations.  

• Directional mesh systems produce less radiation overall than a P-MP forward 
channel due to the use of narrow beams. It should therefore be easier to respond 
to any public concerns over safety which are (currently) mainly associated with 
location of base stations. 

 
Weaknesses 

• There is currently no low cost directional mesh system (operating at LoS frequencies 
above 10GHz) available. The node cost needs to reduce to around £200 to make 
roll-out feasible (and ideally fall further in time). The nodes required could take 2-3 
years to develop and this would depend on commitment from major consumer 
electronics companies. P-MP customer units are simpler and can therefore be 
manufactured at lower cost. However, the base station equipment is currently very 
expensive and the relatively low volumes required are unlikely to justify investments 
to bring the cost down (for LoS frequencies above 10GHz) for a considerable time 
(most P-MP implementations are at 5GHz and below and do not use multiple base 
stations). The use of multiple narrow sectors (as described in the report) has also not 
been modelled to a comparable level of detail to directional mesh systems and no 
suitable equipment has been implemented at these frequencies. 

• Network planning and control is more complex. 
• It is necessary to mount a node above roof height on most homes. The installation 

cost will therefore be higher. It will also be necessary to make the nodes small and 
light to reduce installation costs and safety risks and robust so that they can survive 
the more exposed conditions. 

• There may be extra prohibitions in conservation areas.  
• The effect of outages due to failures of nodes in the mesh network or signal loss due 

to temporary obstacles would be greater as more than one customer is affected. This 
depends on the redundancy and back-up power provisions. 

• Broadcast TV is more complex to provide and less bandwidth efficient.  
• Some customers might not like the idea of acting as a repeater for their neighbours 
 

Opportunities 

FWA networks based on directional mesh systems (or comparable P-MP systems with 
multiple narrow sectors if they prove to be technically and commercially feasible) 
operating at LoS frequencies above 10GHz would be new. It is believed that they could 
be used to provide a 3rd broadband platform in the UK to compete with cable and DSL 
which would give a number of benefits: 

• Increase competition for broadband delivery and so bring down costs to 
customers and/or increase the range of services.  

• Extend the availability of broadband at high rates beyond that possible with cable 
or DSL and so help to minimise the ‘digital divide’ between urban and rural areas. 
This would in turn help to enable tele-working and so help to reduce road traffic 
and pollution. 
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• Provide an alternative platform for new and innovative services that need not be 
controlled by any existing operator. 

• Enable delivery of bi-directional services such as videoconferencing at higher 
rates than for DSL systems and allow for content to be distributed from the home 
(or small business) at lower costs. 

• Help to enable the introduction of full functionality community broadband 
networks. 

• Assuming UK industry takes up the challenge they could benefit from a massive 
world-wide market for new FWA systems. 

• Note however that some of these benefits would arise partly from the application 
of a different regulatory environment than currently exists and on the availability 
of suitable spectrum rather than from the inherent capabilities of the system 
alone. Nevertheless, as such systems have not yet been introduced, it is possible 
to aim for the ideal scenario. The recommendations for spectrum licensing and 
regulation listed in chapter 5 are intended to achieve this and so maximise 
benefits to customers. 

 
Threats 

Directional mesh systems (and comparable P-MP systems with multiple narrow sectors if 
they prove to be technically feasible) would have to compete with cable systems that are 
already installed and DSL systems which use copper pairs that are already connected to 
the majority of homes in the UK. ADSL system performance is improving and costs are 
likely to fall. ADSL systems are also likely to be upgraded to VDSL in time when there is 
sufficient demand or where the line length does not allow delivery at a high enough rate 
for a full consumer bundle of services inc. IPTV. This has a number of implications: 

• Given that the new FWA systems would not be available for a number of years it 
is likely that cable and ADSL will be well established. Unless they are at least 
comparable on price (or have significant other benefits) it is unlikely that they 
would be attractive in areas where ADSL is already installed in homes. 

• Existing operators might try to cross-subsidise the cost of providing services to 
users in rural areas using revenues from customers in urban areas so that they 
can compete with new FWA systems on price in rural areas. 
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Appendix F – Comparison guidelines for results of Fixed and Mobile Mesh 
projects 
 

Ofcom commissioned two mesh reports which were completed independently, one 
focussed on fixed meshes and one on mobile meshes.  This appendix contains some 
guidelines for those readers who wish to compare the details of each report’s findings.  
The two reports were: 

• SES-2004-1a Fixed Meshes, led by CCLRC. This study focused on fixed mesh 
networks operating at frequencies in the range 5.5-10GHz, but with some reference 
to systems operating up to 42GHz. 

• SES-2004-1b Mobile Meshes, led by Plextek Ltd. This study focused on mobile 
mesh networks operating at frequencies below 3.5GHz, but with some reference to 
operation up to circa 6GHz. 

 

Guidelines for Comparison of Results 

Detailed comparison of results should be made carefully and may not be valid in some 
cases.  This is primarily because: 

• The fixed mesh study primarily relates to providing fixed wireless access (FWA) 
services between one or more Points of Presence (POPs) and fixed customer 
premises equipment (CPE) having roof-top mounted antennas.   Furthermore, by 
considering only frequencies above 5.5GHz it relates to radio paths which are 
predominantly line of sight.  On this basis the fixed-PMP benchmark will have 
relatively poor coverage to customer premises due to shadowing.  For example, the 
report cites ITU data on LOS statistics suggesting circa 50% probability of coverage 
in rural environments and 30% in urban environments. 

• In contrast to the above, the mobile mesh study has, as its PMP benchmark, a 
standard cellular network (e.g. GSM or 3G) in which a fixed base station (POP-
equivalent) serves mobile subscriber terminals.  Such a network has a very high 
coverage availability to subscribers of circa 95%. 

 
Thus the benchmark PMP case for the fixed study is not the same as the benchmark 
PMP case for the mobile study and is therefore not valid for direct comparison purposes. 

In addition to the PMP baseline/frequency-of-use difference, there is also the aspect of 
mobility itself, which leads to a collection of issues specifically for the mobile mesh, for 
example route discovery and maintenance is a dynamic problem.  However, attempting a 
comparison by simply ignoring the mobility overheads is to miss the point; a ‘frozen 
mobile’ mesh is not directly comparable to a fixed mesh (e.g. in terms of efficiency), not 
least since different design constraints will already have been employed in the two 
approaches. 

Where the study areas of the reports overlapped, they were in agreement.  Examples 
include: 
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• Coverage is the great benefit offered by meshes 

• Seed nodes are needed for initial roll-out of service 

• Routing can be problematical to achieve efficiently 

• Latency can quickly become an issue for real time traffic 

• If practically available, antenna directionality is helpful 
 

Summary 

The two mesh reports are in agreement with respect to their findings.  Nevertheless, 
care should be taken with the details of a direct comparison. 

 


