
       
       

 
 
 
 

 

Copy No. ………        
        

A Study into Dynamic Spectrum 
Access – Final Report 
Produced for:  Ofcom 
Against Contract:  SES-2005-13 
Report No:  72/06/R/353/U 

March 2007 – Issue 1 

 

 

 

 

Roke Manor Research Ltd 
Roke Manor, Romsey 
Hampshire, SO51 0ZN, UK 
 
T: +44 (0)1794 833000 
F: +44 (0)1794 833433 
info@roke.co.uk 
www.roke.co.uk 
 
 
 
Approved to BS EN ISO 9001 (incl. 
TickIT), Reg. No Q05609 
 
© Roke Manor Research Limited 2007. 
All rights reserved. 
 
The information contained herein is the 
property of Roke Manor Research 
Limited and is supplied without liability 
for errors or omissions. No part may 
be reproduced, disclosed or used 
except as authorised by contract or 
other written permission. The copyright 
and the foregoing restriction on 
reproduction, disclosure and use 
extend to all media in which the 
information may be embodied. 
 

 

 



 
 

 

 

 

This page intentionally left blank 



      
      

 
Roke Manor Research Limited 

Roke Manor, Romsey, Hampshire, SO51 0ZN, UK 

Tel: +44 (0)1794 833000  Fax: +44 (0)1794 833433 

Web: http://www.roke.co.uk  Email: enquiries@roke.co.uk 

Approved to BS EN ISO 9001 (incl. TickIT), Reg. No Q05609 

© Roke Manor Research Limited 2007. All rights reserved. 
  
The information contained herein is the property of Roke Manor Research 
Limited and is supplied without liability for errors or omissions. No part may 
be reproduced, disclosed or used except as authorised by contract or other 
written permission. The copyright and the foregoing restriction on 
reproduction, disclosure and use extend to all media in which the information 
may be embodied. 

72/06/R/353/U        Page 1 of 186 
      

 
A Study into Dynamic Spectrum Access – Final Report 

This report was commissioned by Ofcom to provide an independent view on issues relevant 
to its duties as regulator for the UK communications industry, for example on issues of 
future technology or efficient use of the radio spectrum in the United Kingdom. The 
assumptions, conclusions and recommendations expressed in this report are entirely those 
of the contractors and should not be attributed to Ofcom. 

Report No: 72/06/R/353/U 

March 2007 – Issue 1 

Produced for: Ofcom 

Against Contract: SES-2005-13 

 

 

 

 

Authors: N Akhtar (UniS), A Arumugam (Roke), Z 

Dobrosavljevic (Roke), AP Hulbert (Roke), Z Li (Unis), R 

Marsden (DotEcon), KW Richardson (Roke), M Stalker 

(DotEcon), NJ Thomas (RAL) 

Approved By 

KW Richardson ………………………………………………. 

Project Manager 

 



      
      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this 

document 
Page 2 of 186        72/06/R/353/U 

      

 
DISTRIBUTION LIST 

 
 
     
Full Report 
C Politis 
Information Centre 
Project File 

 
Ofcom 
Roke Manor Research Ltd 
Roke Manor Research Ltd 

Copy No. 
1 
2 

Master 

   

DOCUMENT HISTORY 

 

Issue no Date Comment 

Draft 0.2 15/12/06 First ‘Complete’ Draft of document 

Draft 0.3 08/01/07 Draft for Internal Project Review 

Draft 0.4 17/01/07 Draft Version for Ofcom Review 

Issue 1 07/03/07 Ofcom Comments Incorporated, Formal Issue 

 



      
      

 
Roke Manor Research Limited 

Roke Manor, Romsey, Hampshire, SO51 0ZN, UK 

Tel: +44 (0)1794 833000  Fax: +44 (0)1794 833433 

Web: http://www.roke.co.uk  Email: enquiries@roke.co.uk 

Approved to BS EN ISO 9001 (incl. TickIT), Reg. No Q05609 

© Roke Manor Research Limited 2007. All rights reserved. 
  
The information contained herein is the property of Roke Manor Research 
Limited and is supplied without liability for errors or omissions. No part may 
be reproduced, disclosed or used except as authorised by contract or other 
written permission. The copyright and the foregoing restriction on 
reproduction, disclosure and use extend to all media in which the information 
may be embodied. 

72/06/R/353/U        Page 3 of 186 
      

 
A Study into Dynamic Spectrum Access – Final Report 
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Produced for: Ofcom 
Against Contract: SES-2005-13 
 

SUMMARY 

This document is the final report for the ‘Dynamic Spectrum Access’ (DSA) study performed 
for Ofcom against Contract No. SES-2005-13 by a team led by Roke Manor Research Ltd 
(Roke). The study has sought to establish the basis for a generic method of dynamic 
spectrum access wherein wireless terminals can obtain service via the most appropriate 
access network. What has been unique to this study is that the criterion for selection is 
based on price for the requested service rather than any technical reason, although 
technical considerations may be reflected into the price. 

In the first half of the study the main focus was on the design of a candidate architecture for 
DSA. This took account of the need to be technology agnostic and also adopted the principle 
of minimising the modifications required for legacy networks and infrastructure to 
participate in DSA. The resultant architecture is best thought of as a ‘network of networks’ 
where dynamic pricing is used to select the optimum available access network on the basis 
of price versus Quality of Service. 

In the second half of the study three key issues related to the practical implementation of 
DSA were investigated via simulation: protocol signalling delays, dynamic pricing and 
mobility. The main conclusion drawn from this work has been that none of these issues are 
fundamental barriers to the introduction of DSA. However, there are some technical choices 
for prospective DSA Service Providers such as whether to offer support for incoming calls as 
well as outgoing calls and the level of mobility support that is provided. We think that any 
regulatory barriers that currently prevent, for example, inter-network roaming are also 
easily removed. There are a number of business models that can be adopted for DSA 
including extension of the current MVNO model to incorporate roaming across many 
different access networks. One of the most interesting aspects of DSA is that it also offers 
the opportunity for ‘private’ residential WiFi networks to join the system and thus extend 
coverage within local communities without relying on public service providers. 

We are confident that the implementation of DSA is technically feasible and that the 
prospects for its introduction rest mainly on the business case. We hope that potential DSA 
Service Providers and DSA Network Providers will develop the concept further and that 
Ofcom will create a regulatory framework within which such a concept can be introduced. 
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1 INTRODUCTION 

This document is the final report for the ‘Dynamic Spectrum Access’ (DSA) study performed 
for Ofcom against Contract No. SES-2005-13 by a team comprising Roke Manor Research 
Ltd (Roke), the University of Surrey (UoS), the CCLRC Rutherford Appleton Laboratory (RAL) 
and DotEcon. 

Dynamic Spectrum Access is a mechanism for providing wireless terminals with the ability to 
obtain service via as wide a range of access technologies and networks as possible. What is 
unique to the concept proposed in this report is that the criterion for selection of the access 
technology or network is performed on the basis of dynamic pricing.  

In this study we have developed a candidate architecture for implementing DSA, 
investigated some of the key technical issues (the DSA network protocol, dynamic pricing 
and mobility), considered some of the market and business aspects of DSA, and looked at 
the technical and regulatory pre-requisites for the introduction of DSA in the UK. 

However, in a relatively small project such as this it has only been possible to scratch the 
surface of a potentially huge research area. However, we are confident that the 
implementation of DSA is technically feasible and that the prospects for its introduction rest 
mainly on the business case. We hope that potential DSA Service Providers and network 
operators will develop the concept further and that Ofcom will provide the regulatory 
framework within which such a concept can be introduced. 

1.1 STUDY BACKGROUND 

Many disparate radio access technologies operate in various bands, providing services that 
are both common and distinct. The fixed allocation of spectrum to the various technologies 
creates an inflexibility that may lead to inefficient usage. End Users tend to be tied in to one 
or more technologies according to the wireless terminal they have purchased and the 
associated service provision arrangements. In many cases an End User could have his/her 
needs better met by a technology other than the current one. It would thus be very 
attractive for an End User to have access to a wide variety of wireless technologies, always 
selecting the one that is optimal in some sense, whether local or global. To some extent this 
is already beginning to happen, with the availability of multi-mode wireless terminals that 
can provide Internet access, either via 2.5/3G or via WiFi where this is available.1 However, 
the selection method is generally fairly rudimentary and cannot operate to seek global 
optima. 

This study has sought to establish the basis for a generic method of Dynamic Spectrum 
Access wherein wireless terminals can obtain the most appropriate technology for operation. 
In particular the criterion for selection is price for the requested Quality of Service (QoS), 
rather than any technical reason, although technical considerations may be reflected into 
the price. This differentiates this study from the research activities discussed in Appendix A. 

                                          

1 See also a discussion of the 4G research topic, Always Best Connected in Appendix A.1 
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It is well known that one of the most effective ways to increase utilisation of the spectrum is 
to increase the density of infrastructure, providing short range links, with frequency re-use 
employed over short distances. A goal of DSA is to provide a mechanism whereby very small 
operators (even down to the level of individual owners of residential WiFi Access Points) can 
provide service in a way that is beneficial for both them and their customers. Moreover, this 
mechanism could provide an incentive for the wide scale deployment of infrastructure, thus 
promoting high levels of spectral efficiency. 

The enabling technology of DSA should be as neutral as possible, allowing all existing and 
future radio techniques and standards to be incorporated (including, for example, cognitive 
radio). Furthermore, network operators should have the maximum flexibility in setting 
prices, such that market forces can lead to healthy competition, resulting in highly efficient 
utilisation of the radio spectrum. We believe that the concept outlined in this report has the 
potential to meet these objectives. 

1.2 STUDY METHODOLOGY AND REPORT STRUCTURE 

The methodology adopted for this study has been as follows; 

• Literature Search and review of related concepts. These are described in Appendix A 
(technical aspects) and Appendix B (business aspects); 

• Investigation of the key network architecture issues in relation to DSA. This work is 
reported in Chapter 2 which, in a sense can be thought of as the logic (or 
justification) that lies behind our proposed DSA architecture that is presented in 
Chapter 3;2 

• Identification and detailed study (via simulation) of three key issues for DSA, namely 
signalling delays associated with DSA (Chapter 4), dynamic pricing (Chapter 5) and 
the handling of mobility (Chapter 6); 

• Investigation of market and business issues relating to the introduction of DSA, 
reported in Chapter 7; 

• Investigation of the necessary pre-requisites needed for DSA to be introduced into 
the UK (Chapter 8); 

• Finally some conclusions and have been drawn and these are presented in Chapter 9. 

1.3 A NOTE ON TERMINOLOGY 

One of the difficulties throughout this project has been the use of terminology, and the 
introduction of new terms and acronyms to identify the various elements within the 
proposed DSA network architecture. In order to clearly identify these elements from legacy 
elements we have defined a set of DSA-specific terms and acronyms. These are defined 

                                          

2 The first time reader may wish to skip Chapter 2 and go straight to Chapter 3, returning to Chapter 2 at a later 

stage. 
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when they are first introduced but, in addition to their definition in the glossary in Chapter 
11, a list and definition of the most important terms along with a diagram of the proposed 
architecture for DSA is provided in Appendix D. The reader may find it useful to print out 
Appendix D as an ‘aide-memoir’ before sitting down comfortably to read the rest of this 
report. 
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2 DSA ARCHITECTURE AND PROTOCOL DESIGN 

In this chapter, we investigate the DSA network architecture. We do so by addressing key 
technical design issues, in each case considering architecture options concerning the 
implementation of DSA. Issues considered include whether networks participating in DSA 
should signal the presence and availability of others networks as well as themselves, how 
terminals participating in DSA are paged, etc. 

In the process, five key architectural decisions are made – highlighted in five ‘decision 
boxes’ dispersed throughout the chapter – that drive the choice of candidate architecture 
that is described in Chapter 3.  

Within DSA, there are two generic applications that need to be considered: 

• Network access without explicit paging of remote end-point – This could be used for 
Internet access and for end-to-end communications where it is known that the far 
end is also online, possibly by agreement using another technology such as 
conventional mobile telephony. In this case, where there is an end-to-end 
connection, the far end pays for his/her own network access so the two DSA accesses 
can be made independently. 

• Network access with explicit paging of remote end-point – Here, the far end wireless 
termination needs to be set up at notionally the same time as the near end. Also, it 
would be expected that the caller would pay for both the near and far end radio 
termination costs so it should ideally be possible to select the technology in the far 
end wireless tail that is optimum from the perspective of the caller. 

We refer to these applications as ‘Reduced Feature DSA’ and ‘Full Feature DSA’ respectively. 
Clearly the Full Feature case is the more challenging so, initially, this will be evaluated3. Key 
design decisions that need to be taken include: 

• How does a terminal determine which access technologies are available for it to use? 

• Where is the access technology selection made? 

• How is routing performed? 

• How is billing managed? 

Together, the answers to these questions lead to the basic design of our candidate DSA 
architecture which is presented in Chapter 3. In essence, this chapter outlines our thinking 
and the justification for the proposed architecture. 

However, first a few terms are defined that will be used throughout the report. In addition, 
an extensive glossary is provided in Chapter 11 and an ‘aide-memoir’ can be found in 
Appendix D. 

                                          

3 The simplifications that can be made for Reduced Feature DSA are identified in section 3.3. 
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2.1 DEFINITION OF TERMS 

In defining the protocol in as generic a way as possible, we borrow the UMTS term ‘User 
Equipment’ (UE) as a non-specific designator for a terminal. In addition, we introduce the 
term ‘Infrastructure Equipment’ (IE) as a corresponding term for any equipment that 
provides a backhaul connection either directly or indirectly and that advertises services. In 
certain circumstances it may be that a single equipment can operate both as a UE and as an 
IE (see section 2.9). 

Further, we designate a DSA Capable IE as a DCIE and a DSA Capable UE as a DCUE. 
These are two of the most fundamental terms that are employed within DSA. The logical 
relationship between a DCIE and DCUE is shown in Figure 1. 

DCIE

DCUE

Pricing Quote Generator

Selection Criterion  

Figure 1: Relationship Between DCIE and DCUE 

A DCIE is associated with a Price Quote Generator (PQG) that produces and signals 
pricing information for one or more services that it can provide. Note, at this stage, that this 
signalling could be sent to a DCUE over an air interface or reside within the network. 

In the most obvious approach, a DCUE is capable of listening to one or more DCIEs, 
demodulating and interpreting the pricing information and selecting an access network on 
this basis. However, it is also possible for the pricing information to be handled within the 
network and a decision to be made on behalf of the DCUE. In this case the architecture of 
Figure 1 remains logically correct but the operations do not take place physically within the 
DCUE. This is addressed further in section 2.4. 

2.2 DCUE DETERMINATION OF AVAILABLE ACCESS TECHNOLOGIES 

The DSA concept enables a DCUE to access the communications resource that is most 
advantageous to it, in cost / performance terms. In any given scenario, there will be various 
networks or DCIEs to which a DCUE could, in principle, connect. However, the possibilities 
will also be limited by the available functionalities of the DCUE. This is illustrated in Figure 2. 
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A C D F

A B D

System
Infrastructure

User
Equipment  

Figure 2: Example Function Availabilities 

Here, DCIEs of type A, C, D and F are available. The DCUE can support systems of type A, B 
and D. Thus only links of type A and D can actually be set up. 

This relationship is illustrated in Venn diagram form in Figure 3. 

Available Systems

Available UE Functions

Usable Link Type

 

Figure 3: Functionality Venn Diagram 

Thus, the DCUE only has the flexibility to operate with those system types that it either has 
implemented in hardware or can implement in software. 

In order to make a connection (either uplink, downlink or both) a DCUE needs to learn the 
system types that are available in its geographical area. There are essentially three ways 
this could be achieved: 

• Dedicated transmissions on a common air interface for signalling such information 
using a relatively small set of known frequencies; 

• Signalling over the normal air interface; 

• Accessing a geographical database. 

The pros and cons of each approach are discussed below: 

2.2.1 COMMON AIR INTERFACE SIGNALLING 

The advantage of this approach is that when scanning for possible systems to support its 
communication needs, a DCUE only needs to operate with a single air interface. In the case 
of software defined radio (SDR), this avoids any possible prolonging of scanning time caused 
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by the time taken for the radio to re-configure itself as receivers for the different formats / 
frequencies. This reduces scanning time and should improve battery life. 

There are two ways that a common air interface could be implemented: 

1. Allocate multiple frequencies scattered over the whole range of frequencies in which 
DSA can operate – For any given radio access technology, the selected frequency 
would be the nearest practical to that access technology’s operational frequency. This 
would have the advantage that the DCUE’s antenna could be suitable for receiving 
the signalling as well as normal operation. Also, the radio propagation characteristics 
for the signalling interface would be comparable to those for the communications 
service. Typically one would expect an antenna to have a bandwidth of around 10% 
of its centre frequency so the frequencies would need to be spaced by this sort of 
amount. For a bandwidth covering 100 MHz to 6 GHz this would correspond to about 
43 frequencies! However, a DCUE would only need to visit the frequencies within its 
own antenna bandwidth. Usually this would be one or two at most. Each common air 
interface transmission would need a dedicated band. Although the absolute 
bandwidth of the signal could be very modest, there would need to be a guard band 
separating the signalling band from the system bands to allow for the responses of 
realistic receiver and transmitter filters. For practical filters this bandwidth is rarely 
less than a few percent, so a significant proportion of spectrum would be wasted. The 
actual wastage would depend on the sharpness of the filter implemented in the 
DCUEs; cost effective ones would suggest spacing of a least 5%. Given the need for 
separation above and below the beacon band we may need to spend as much as 
10% of centre frequency on guard bands. Given the number of bands, this could 
occupy over 50% of spectrum!; 

2. Allocate a single dedicated frequency for the common air interface – In this case 
every DCUE would have a single band common air interface and an associated 
additional receive antenna wherever the band used by the common air interface 
would not allow a single antenna to serve both purposes. In a large number of 
situations the radio propagation characteristics for the signalling interface could be 
significantly different from those for the communications service. Thus, the common 
air interface might either indicate the presence of an access technology that the 
DCUE could not actually see or the reverse might be true. In this first case, the DCUE 
would need to listen to the access technology on its own frequency to confirm that it 
was present. If this is necessary then the value of the common air interface may be 
limited. In the second case, available technologies might be missed altogether. 

The disadvantages of both methods are: 

• Each common air interface transmission needs a dedicated band. In the first method, 
although the absolute bandwidth of the signal could be very modest, there will need 
to be a guard band separating the signalling band from the system bands to allow for 
the responses of realistic receiver and transmitter filters. For practical filters this 
bandwidth is rarely less than a few percent, so a significant proportion of spectrum 
would be wasted; 

• Every DCUE must have a common air interface receiver (and possibly transmitter) 
functionality in addition to the transceiver functionalities that it nominally supports. 
The addition of costly and lossy RF filters is particularly undesirable; 
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• If equipments from every system transmit in the common air interface band, there 
will be a potential interference problem since they will be using the same frequency. 
This could be managed by some form of contention protocol but this would add 
complexity. 

It may also be the case that any scan time advantages may be irrelevant if the available 
resources can be tracked offline (i.e. when the user is idle). 

2.2.2 SYSTEM AIR INTERFACE SIGNALLING 

In this approach the normal air interface for each system is used to signal the availability 
information. This would generally be done using any available application layer broadcast 
function for the system in question. One issue is that not all existing systems have such 
capabilities and some would require modification. 

The advantages of this approach are: 

• The DCUEs only need to implement the physical layers for the systems types (air 
interfaces) that they support. 

• No additional spectrum needs to be set aside for the signalling. 

The disadvantage of this approach is that the scanning time can be substantially longer than 
for the dedicated spectrum method. The time to scan the available services will include the 
following components: 

1. The number of systems to be visited. However, if parallel hardware is included such 
that simultaneous reception on more than one air interface is possible then the scan 
time need not necessarily grow with the number of systems. 

2. The time required to scan across each system. For a system with many RF carriers, 
such as GSM, this time can be considerable, unless the broadcast carrier frequency is 
already known. This could be the case after the initial scan. However, we shall see in 
section 2.3.2 that this can be substantially mitigated, even for the first scan; 

3. For an SDR implementation, the time to reconfigure the receiver from one air 
interface to the next. Where this is variable according to the before and after system 
types, the minimum cycle time sequence of air interfaces should be used. i.e. the 
order of air interfaces selected should be chosen such that the total time to scan all 
systems is minimised, if there is any impact. 

2.2.3 GEOGRAPHICAL DATABASE 

An alternative approach could be based on every DCUE having a location capability and 
maintaining a database of the DCUEs that are available in its area. The advantage of this 
approach would be that each DCUE would know the services available without the need to 
listen for DCIEs. Effective operation of this would require the following system / equipment 
attributes: 
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• Location accuracy that is good enough, for example, to allow a terminal to predict the 
coverage area of a particular hotspot. Although the maximum range of hotspots is 
typically out to around 100 m, in practice, the operation of DSA would need better 
accuracy than this to allow prediction of available bit rates, etc;  

• Effective indoor location when operating, for example, in a shopping mall;  

• Rapid and timely updates of available DCIEs into the DCUEs’ databases. This should 
not be a problem for many DCIEs but for equipment such as personal WiFi Access 
Points (APs), the changes could be very rapid. It is likely, if DSA is deployed, that 
many (perhaps thousands) new WiFi APs could become available on a daily basis. 
Moreover, an individual consumer providing WiFi through his/her private WiFi AP may 
want to deny access at any time for any of a number of reasons (personal use of 
WiFi, power saving, going away on holiday, etc) so it would be impractical to keep 
this information up to date at all times.  

In addition to the above issues there is also the consideration that radio propagation is 
unpredictable. Thus, for example, knowledge that a DCUE is within 50 m of an AP does not 
guarantee coverage. This problem could to some degree be mitigated by incorporating full 
terrain based propagation models into the DCUE. However, even the best propagation 
models rarely achieve a standard deviation error of less than about 5 dB. 

It may be possible to operate a compromise approach in which DCUEs maintain a database 
of locally available DCIEs that is updated regularly from one or more of those local DCIEs. 
However, this could lead to high signalling overheads since DCIEs would need to regularly to 
broadcast the changes in DCIE availabilities in their vicinity. This raises the questions 
highlighted later about incentives for a DCIE to relinquish some of its capacity to transmit 
data inviting customers to consider a competitor! 

It may be that the use of location information and a geographical database could serve as 
an adjunct to other approaches. For example, every DCIE might broadcast its location. Then 
when a DCUE has obtained data from a particular DCIE it could (certainly for DCIEs with 
larger coverage areas) use its location to predict when coverage is likely to be lost (or re-
discovered after leaving the cell). The information could perhaps include a ‘best-before’ date 
that would indicate the period over which the operator guarantees service availability from 
that DCIE. It would be necessary to determine whether the benefits outweighed the capacity 
cost of broadcasting the additional information. 

 

 

 

 

2.3 SHARED VERSUS INDEPENDENT SIGNALLING 

The next issue that needs to be considered is whether a signalling transmitter should carry 
information concerning the presence, availability and configuration of DCIEs from only its 

DSA Architecture Decision (1) 

DSA Signalling will be performed over the air interfaces of individual DCIEs 
participating in DSA rather than via a common ‘beacon-like’ air interface. 
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own network of DCIEs or from other networks as well. This information is akin to that 
broadcast on the ‘BCCH’ (or equivalent) in a cellular network. 

2.3.1 INDEPENDENT DATA 

The advantages of this approach are as follows: 

• Each network only needs to concern itself with its own data. This saves on network 
signalling and delays; 

• No ambiguities arise from data that is specific to a particular DCIE – see section 
2.3.2; 

• For the common air interface there is no benefit in sharing the data since all DCIEs 
transmit over the same air interface. 

The disadvantage is that no intelligence can be applied in how the network or technology 
types are scanned, i.e. each network/technology type must be scanned independently. 

2.3.2 SHARED DATA 

The advantage of sharing data between DCIEs from different networks is that, in principle, it 
should be possible to obtain the data from all networks by receiving signalling information 
from just one. As mentioned above, this potential benefit is only applicable to the case 
where the signalling data is transmitted using the network’s own air interface (as opposed to 
a common air interface). This could lead to significantly reduced scan times. 

One disadvantage is the complexity involved in routing the data through the network and 
the associated delays. These delays will, to some extent, offset the benefits of reduced scan 
times because the data obtained will be less timely. 

Another problem is that ambiguities can arise in the applicability of the data. This is 
illustrated in Figure 4, below. 
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Figure 4: Shared System Data Conflict 

In this scenario, there are four DCIEs, two from one system type (A) and two from another 
system type (B). In a shared data approach, the network functionality must pass data 
between adjacent DCIEs of different types so that a DCUE can be made aware of equipment 
of all types from a transmission made by just one type. Thus, for example, DCIE B0 must 
share data for equipment A0 and A1, in addition to its own, and similarly for DCIE A1. This 
means that, in general, a DCIE from a particular system must transmit data for more than 
one DCIE from a different system. Apart from adding to the data throughput burden, this 
also creates a problem for the DCUE. Referring again to Figure 4, the DCUE is capable of 
operating with both system types but only has coverage from DCIEs B0 and A1. If it chooses 
to listen to system type B then it will hear DCIE B0 and be told about DCIEs A0 and A1 in 
system type A. The DCUE is in range of A1 but not of A0. However, it cannot determine this 
from the broadcast from B0 so does not know which data to take account of. The only way it 
can find this out is to listen to transmissions from systems of type A and thus identify A1 as 
the DCIE of interest. But this defeats the object of sharing the data. Note, also that the 
ambiguity would be far greater in a realistic two dimensional deployment of DCIEs than in 
the one dimensional illustrative example of Figure 4. 

The only small benefit is that, if the DCUE visits system B first then it at least knows 
whether it is worth visiting system A as well, although this is not always guaranteed. A 
useful compromise might be to arrange for every DCIE to broadcast simply the basic 
parameters of the other systems in the area, i.e. system type, frequency, etc. This has the 
advantage that there is no latency or network overhead as these parameters are static. Also 
the overhead in air interface data transmission is modest. 

Such an approach might be attractive for DCIEs that have some degree of permanence. It 
may be more difficult to arrange for DCIEs that are temporary. For example, a DCUE within 
a mesh network might also be able to serve the function of a DCIE. It may not have 
immediate access to the information for other systems in the area. Moreover, the other 
system elements may not know that this service is being offered. The former problem is 
readily solved by arranging for the DCUE to indicate that it does not have the information so 
that other DCUEs will continue to scan over its own available system types. The second 
problem is more difficult because if a DCUE encounters a more permanent DCIE first and 
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that DCIE does not know about the ‘Mesh’ DCIE then this may never be scanned. It may be 
that if a DCUE has functionality that would allow it to link to a mesh network it should 
always scan for this. 

The DCUE may know a priori that one of the systems has a long dwell time, for example, 
due to a large number of frequencies needing to be scanned in order to find the broadcast 
channel. In this case it would be desirable to arrange the DCUE to visit the system with the 
shortest dwell time first. The other-system information derived from this system can then be 
used, for example, to pre-determine either the broadcast frequency or, at least, a small set 
of broadcast frequencies, one of which should be correct. 

In all of the above discussion it must be recognised that there is no economic incentive for a 
system A operator to advertise system B capabilities, and vice versa. It could happen that, 
for example, information about the competing system could be updated infrequently, etc. It 
may be that the shared data method is contrary to the principle of the ‘open market’ that 
DSA represents. However, it might remain in a rudimentary form allowing, for example, 
various systems owned by the same operator to advertise each other, thus speeding up the 
system search. 

On a similar note, the speed of DCIEs acquisition is yet another factor in the cost-benefit 
trade-off. DCIEs that take longer to acquire will be visited less frequently. 

 

 

 

 

2.4 DCIE SELECTION LOCATION 

The most obvious location for near end DCIE selection is in the DCUE (see Figure 1). Thus, 
the DCIEs would broadcast their pricing information and the DCUEs would make their 
decisions accordingly. However, this approach proves inflexible in scope both in terms of 
location-specific competition and location-specific capacity as well as being potentially costly 
in terms of broadcast capacity. More fundamentally, this approach is not possible for far end 
DCIE selection and with ‘Full Feature DSA’ in mind, it is probably best to implement a 
common approach to DCIE selection for both the near and far end wireless tails. In this 
section we consider the issues concerning DCIE selection and then opt for, in our opinion, 
the most logical approach. 

2.4.1 COMPETITION CONSIDERATIONS 

Consider the scenario illustrated in Figure 5. 

DSA Architecture Decision (2) 

To avoid potential ambiguities, each DCIE (or network of DCIEs) participating 
in DSA will only carry information concerning its own availability. 
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Figure 5: Position Dependent Pricing Requirement 

Here DCIE1 is a base station for a Mobile Network Operator (MNO) with a large coverage 
area including DCUE1. DCIE2 is a base station for a different MNO whose coverage area also 
include DCUE1. In addition it covers DCUE2. DCIE3, a WiFi Access Point (AP) has only a 
small coverage area that covers only DCUE2 (and not DCUE1). 

Thus the suppliers of service for DCUE1 are both MNOs whereas the suppliers for DCUE2 are 
a MNO and a WiFi hotspot provider. If DCIE1 broadcasts a single price over its coverage 
area then it cannot take account of the different situations that apply for DCUE1 and DCUE2. 
It will either be forced to use a price that can compete with DCIE3 over the whole coverage 
area (and therefore potentially under charge DCUE1) or set a reasonable price for the main 
coverage area and lose out in competition with DCIE3 inside its coverage area. If location-
specific competition is to be possible, then what is needed is a mechanism for providing 
different price quotes to DCUE1 and to DCUE2. This could be achieved by using a 
mechanism that is compatible with the proposed routing algorithm. The principle is that 
there are two stages to the process. First the DCUEs detect all of the heterogeneous DCIEs 
that they can see. They then collate this information and send it back to the DCIEs. This can 
be done either over all or one of the air interfaces. In the latter case the DSA network must 
collate the information. 

The DCIEs could now set their prices with full knowledge of the competition. These prices 
are then communicated to the DCUE in such a way that it can select the most favourable 
access network. However, it is recognised that knowledge of competition would be 
disadvantageous to the user in any monopoly situation. However, it is likely, given the large 
number of incumbent MNOs, that in the vast majority of situations, a DCUE will be able to 
see DCIEs from at least two network providers. 

2.4.2 CELL LOCATION CONSIDERATIONS 

In a cellular system the effective cost of provision of service varies dramatically with the 
location of the DCUE within its cell. For a DCUE that is close to the DCIE it would be possible 
to provide high bit rates at low cost because of the negligible effect of inter-cell interference. 
On the other hand, a DCUE that is near the edge of its cell will experience/generate 
considerable inter-cell interference so that either only low bit rates can be provided or the 
higher bit rates can be provided but at the expense of throughput to other users. 
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Thus, the DCIE may want to vary the service offering and/or the price quote depending on 
the location of the DCUE within its coverage area. However, the DCIE must broadcast to all 
DCUEs. Thus, the only way this could be implemented if the DCUE makes the decision would 
be for the DCIE to broadcast a whole range of possible prices and services with the DCUE 
then performing radio measurements (e.g. of the signal strength from the DCIE and other 
potentially interfering DCIEs) in order to determine which prices and service offerings were 
applicable to it. 

2.4.3 BROADCAST OVERHEAD 

As seen from the previous section, the DCIE may need to broadcast various price offerings 
along with service offerings that depend on the DCUE’s location within the cell. However, 
beyond this, it must also be recognised that a system could potentially support a large set of 
different services defined in terms of BER, FER, delay statistics and bit rate. If the DCIE 
must advertise the availability of all such services and if the price quotes change rapidly 
then the broadcast overhead could be considerable. 

2.4.4 ROUTING OF INCOMING CALLS / FAR END WIRELESS TERMINATION 

The routing function for DSA is more complicated than for a basic cellular system. When 
making a DCUE to DCUE call (whether data or voice), the caller must identify the destination 
in such a way that it can be reached regardless of the fact that they may be more than one 
DCIE available for the far end wireless tail. 

Existing routing methods are not capable of providing this functionality. One attractive 
solution is to introduce one or more new DCUE Location Registers (DCUE-LRs). This 
would have the functionality of a cellular system’s Home Location Register (HLR) but would 
include information about the multiple routes for the wireless tail to the destination. The 
content of the DCUE-LR is a ragged matrix of available DCIEs. An example is shown in Table 
1. 

DCUE Available DCIEs 
1 1 3 7 37  
2 2 14    
3 8 23 29 41 63 
4 3 9 11   
5 4 9    

Table 1: Example DCUE-LR 

A DCUE would register for DSA by transmitting a row of information in Table 1-type format 
using one of its available DCIEs. Note that: 

• There will often not be a one-to-one mapping between the services provided by the 
different DCIEs. For example, if a service is defined in terms of a combination of bit 
rate and delay parameters then it is unlikely that pairs of services will be found, 
provided by different DCIEs, for which both or even one parameter exactly match. It 
might be more appropriate for the source DCUE to specify the minimum performance 
for each of a set of parameters and identify the DCIE that provides the least 
expensive service that satisfies all of these parameters. A further layer of complexity 
might arise in terms of an end-to-end minimisation of cost. The originating DCUE 
might, for example, have a budget for overall link delay. Assuming that the fixed 
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network delay could be determined, it might be considered reasonable to assume 
that half of the remaining delay should be assigned to the near end wireless tail and 
half to the far end wireless tail. However, if the sets of available technologies at the 
near and far ends are not the same then this might not necessarily lead to minimum 
cost routing. It is, however, highly unlikely that the additional signalling and call set 
up costs involved in such an optimisation would be justified in practice; 

• As alluded to above, the time to set up a call may be important. To the degree that 
this applies, it may be necessary to risk sub-optimal call set up based on simpler 
signalling; 

• Keeping the entries in the DCUE-LR up-to-date depends on signalling from the DCUE 
whenever any detail changes in a Table 1 type entry – see section 2.6. 

In the case of multiple DSPs there will need to be corresponding multiple DCUE-LRs. The 
situation is analogous, to this degree, with multiple Mobile Network Operators where the 
leading digits in the phone number provide connection to the Gateway Mobile Switching 
Centre of the network of the called party that then accesses the HLR of the network. 

2.4.5 NETWORK BASED ACCESS NETWORK SELECTION 

The alternative to performing access network selection in the DCUE is for the selection to be 
done within the network by a user agent on behalf of the DCUE. We call this user agent a 
Price Request and Selection Agent (PRSA). If this is the approach taken then the DCIE 
only needs to broadcast its presence. The DCUEs simply inform the network of the various 
DCIEs that they can see, in some cases, along with some DCIE-specific RF measurement 
results that may assist the DCIE in making decisions as to available services and prices. This 
information is stored in a DCUE-LR which as we have seen (in section 2.4.4) is actually 
required in ‘Full Feature DSA’ in order to route incoming calls to a DCIE. 

This approach has the following advantages: 

1. Location dependent competition can (although need not) be supported; 

2. Location dependent service / price quotes are facilitated; 

3. A large number of different service offerings can be supported with no loss of radio 
capacity due to signalling; 

4. For calls with both near end and far end radio tails then the calling DCUE’s selection 
criteria can be applied for both ends of the link. 

For all of the above reasons it is proposed that network based access technology selection 
should be used. Note that this is attractive even for the reduced feature architecture (see 
section 3.3). 
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2.5 PAGING 

The setting up of a call to a DCUE will require some form of paging of that DCUE. If the 
DCUE is registered with more than one access network then in principle the paging could 
come from any of the DCIEs. The DCUE would therefore need to scan the various air 
interfaces to search for any possible paging messages. This would have an undesirable 
impact, both on paging time and on power consumption. Indeed, for some air interfaces, the 
down time for paging reception could cause failure in paging. Also the air interface scanning 
would make it difficult, if not impossible to implement the sleep modes of one or more air 
interfaces. It is conceivable that the sleep cycles of the different air interfaces may be non 
overlapping so that equipment could scan each of the available air interfaces at the times 
when it would be required to wake up. However, given that the sleep cycle periods of the 
different air interfaces will be different and, in general, not incompatible this may be difficult 
to manage. Moreover, the DCUE power consumption would, at best, be equal to the sum of 
the power consumptions associated with listening to the individual air interfaces (albeit in 
sleep mode). 

An alternative approach with many advantages would be to arrange for the DCUE to listen 
for paging messages on only one of the air interfaces with which it is registered. An entry in 
the DCUE-LR would identify this paging DCIE (pDCIE). The paging message (either directly 
or following some dialogue) would carry information identifying the actual air interface that 
will be used for the incoming call. The DCUE would then switch to the air interface of this 
DCIE to establish the communications link. 

A key question is then how to select the most appropriate DCIE for paging. Issues include: 

• Coverage area of candidate DCIEs; 

• Minimising DCUE power consumption; 

• Maximising overall spectrum efficiency; 

• Minimising call set up time; 

• Payment of the paging DCIE’s operator for the paging, when the paging does not 
result in a call being set up with that DCIE; 

• Mitigating any possible increase in congestion due to paging. 

There are several important issues with DSA paging that have to be considered: 

DSA Architecture Decision (3) 

Selection of the DCIE to carry a particular call will be performed within the 
DSA network on behalf of the DCUE by a Price Request and Selection 
Agent (PRSA). Consequently, the DCIE must signal to the network changes 
in DCIE availability, and the DSA network must maintain this information 
in a DCUE Location Register (DCUE-LR).  
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• Current paging schemes operate at paging area level and not DCIE level – The 
paging area, or location area, can comprise tens or more DCIEs. For example, in a 
GSM cellular network a Base Station Controller (BSC) knows the location of a DCUE 
only within the paging area, and therefore must transmit paging information on all 
Base Stations in the area. An associated problem is that in Idle Mode the location 
update procedure initiated by a mobile is equivalent to a call set up and release; 

• A problem arises when the number of active users is much smaller than the number 
of inactive users – Inactive users performing Idle Mode location updates will thus 
generate control traffic that could outweigh the traffic generated by the active users; 

• Location update rate may be limited based on current load – Location update traffic 
generated by inactive users can thus reduce the available capacity for regular traffic 
in the wireless access system chosen for DSA paging, thereby also reducing the 
potential DSA spectrum utilisation efficiency. As a possible solution to this problem, 
the location update rate might be reduced when the current load of the access 
network in question is high, e.g. by refusing less urgent updates from some DCUEs; 

• RF signalling load – The question whether DSA paging produces too high a level of 
additional traffic to be piggybacked onto the paging mechanism of an underlying 
participating wireless access network requires further, more detailed, analysis and 
dimensioning. Alternative solutions, such as handover of paging for static users to 
networks with local coverage might also need to be considered; 

• If multiple access networks are available then different DCUEs may be assigned to 
different DCIEs for paging to spread the load. 

 

 

 

2.6 UPDATE RATE FOR DCUE-LR ENTRIES 

In order for the Price Request and Selection Agent (PRSA) to be able to negotiate the best 
price / QoS combination on behalf of its user, the agent has to be aware of the DCIEs that 
its DCUE can see. The information about the DCUE environment is stored in its DCUE-LR. 
The update frequency of this record has to satisfy two conflicting requirements. On one 
hand, it has to be high enough for that information to be up-to-date. On the other hand, it 
has to be low enough not significantly to reduce the battery life of the DCUE or overload the 
signalling channels. 

The chosen update frequency, therefore, will depend on how out-of-date the information 
contained in a user’s DCUE-LR entry is allowed to be. Every DCUE will be affiliated to a 
particular paging DCIE, and the DCUE-LR mechanism present in the DSA network will ensure 
that the DCUE will be capable of paging. However, selection of the preferred DCIE during 
call set up in DSA will depend on getting price / QoS quotes from all DCIEs that a DCUE can 
connect to at the moment of call set up. If that information is out of date, the Price Request 
and Selection Agent (PRSA) might not select the least expensive available service provider. 

DSA Architecture Decision (4) 

At any given time and location, paging of a DCUE will be performed by only 
one DCIE, designated as the paging DCIE (pDCIE), irrespective of which 
DCIE subsequently carries the call.  
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Also, the DCUE may no longer be able to connect to the selected DCIE, thus making it 
necessary to repeat the DCIE selection process. Finally, the provider may withdraw its Price 
/ QoS offer after call set up, because information provided by the PRSA about the user 
location or mobility may be incorrect, again leading to Price / QoS renegotiation, increase in 
call set up overheads and call set up delays. The tolerable probabilities of these events will 
determine the minimum acceptable frequency of DCUE-LR updates. 

However, the frequency of DCUE-LR updates is somewhat lower than the frequency with 
which a DCUE scans for the visible DCIEs. After each scan, an update will not be required if 
the situation has not changed. 

A major factor affecting the update frequency is whether updating is needed during a call as 
well as in Idle Mode. This is because during an ongoing call frequent updates provide the 
opportunity to perform (Price-Induced) DSA handovers between DCIEs belonging to 
different networks for reasons of dynamic cost optimisation. Obviously, the update 
frequency also depends on the rate at which local conditions (in the vicinity of the DCUE) 
change. In other words, if there is no change in the available DCIEs and/or the associated 
quality metrics, then no updates are required for both in-call and out-of-call cases. 

It can also be envisaged that the DSA network may at times choose to page individual 
DCUEs and request a scan of DCIEs followed by a DCUE-LR update, e.g. in order to test the 
coverage and QoS given by an individual DCIE. 

2.6.1 IDLE MODE DCUE-LR UPDATE FREQUENCY 

During the out-of-call state (i.e. Idle Mode), the goal is to minimise the update frequency, 
thus preserving the DCUE battery life. The following factors will affect the update frequency: 

• Mobility State – If it is assumed that DCIEs are static, then the environment of the 
DCUE will change infrequently, and the resulting update frequency also needs to be 
very low. For higher mobility states (see section 6.2), the update frequency will 
increase; 

• Use of a physical mobility detector to initiate scanning of DCIEs – The DCUE can use 
some battery power efficient method to detect transition from ‘static’ to ‘mobile’; 

• Use of Triggers – After scanning, the DCUE-LR will be updated if either one of these 
two events has happened: 

o DCIE availability has changed, and/or 

o DCIE quality has changed. 

2.6.2 ACTIVE MODE DCUE-LR UPDATE FREQUENCY 

During a call (Active Mode), the effect of updates on power consumption is less critical so a 
different set of constraints has to be considered: 

• Physical attributes of DCUEs – In order to sense a change in DCIE availability, the 
DCUE has to be able to perform a scan during a call. If the DCUE is a configurable 
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radio, it needs to have enough hardware resources in order to maintain connection in 
one system while operating as a scanning receiver for other systems. This can be 
done if the DCUE has more than one receiving chain. The alternative approach is if 
the ongoing call connection operates in a burst mode, and receiver reconfiguration 
can be performed quickly enough to search for other surrounding DCIEs. In both 
cases, there is a potentially serious problem with interference from the transmitter to 
the scanning receiver; 

• The loss of a DCIE from the availability list is equally important as an appearance of 
a new one – Scanning of DCIEs has to be done with a reasonable frequency, while 
the update of the DCUE-LR has to be performed only when there is a relevant change 
in DCIE availability. In a Mobility Induced Handover, it is preferred to get price 
quotes only from available DCIEs, in order to reduce the quote-related network traffic 
and delays as well as the risk that the best quote might come from a (now) 
unavailable DCIE. In fact, a Price Induced DSA handover could be initiated from the 
DCUE side, where it informs its PRSA that it can see a new DCIE that could 
potentially offer a better quote for the ongoing service. Alternatively, it could also be 
initiated by the PRSA if it receives a quote that is better than the current one. In this 
case, the DCUE has to confirm that it is still within the coverage area of that DCIE; 

• The DCUE will signal the availability of new DCIEs through the DCIE used for the 
active call, i.e. rather than using the paging DCIE (if this is different). This implies 
some signalling overhead on the ongoing connection (with capacity / QoS 
implications that has to be accounted for in the original service request). The 
signalling overhead is expected to be small, and can be roughly estimated based on 
the expected update frequency which, in turn, depends on the receiver mobility. 

2.7 PRICE INDUCED HANDOVERS 

A Price Induced Handover is one type of DSA Handover (see section 6.1 in Chapter 6 where 
mobility is discussed in more detail). A DSA Price Induced Handover will be performed 
between two access networks, as opposed to legacy handovers that are performed within 
one access network. There could be different reasons for a price induced handover; 

• the DCUE may have moved within the reach of a cheaper service; 

• a DCIE that had its price quote turned down may want to improve its offer; or 

• the traffic loading might reduce, thus making the improved QoS possible or the DCUE 
might change its ‘mobility status’ and thus providing the DCIE with a reason to put 
the price up. 

Due to this variety of reasons, the price quote may go up as well as down. 

A DSA Handover requires a certain amount of signalling traffic between the DCUE, DCIE, 
DCUE-LR and Price Request and Selection Agent (PRSA). For this reason, it will be initiated 
only when the price difference justifies the switch. This fixed cost of handover should 
manifest itself as a form of hysteresis that should reduce the frequency of DSA Price 
Induced Handovers. 

The following issues are seen as being important to DSA Price Induced Handover: 
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• The PRSA may potentially ask DCIEs for a better price quotes during a call – After 
receiving the quotes from the competing DCIEs, the PRSA will select the best one 
according to its selection algorithm. The PRSA can then inform all DCIEs that have 
lost the contest to come back if they can provide a better quote (e.g. if the traffic 
load of that DCIE decreases in the immediate future). The PRSA may also decide at 
any moment to poll the DCIEs to find out their current price quotes. This adds to the 
signalling traffic and so the End User might be charged for this poll. This price 
request by the PRSA can be treated either as a new request, or an update of the old 
request, in which case the PRSA might want to provide some additional information; 

• The PRSA may inform DCIEs of the previously accepted quote when requesting a new 
quote – Based on this information the PQG for each DCIE can then decide whether it 
is able (or wants) to match that quote and lure the DCUE to switch to it. Even if this 
information is not provided, the DCIE can form a reasonable estimate of the ‘current’ 
market price within its coverage area, based on knowledge of those quotes that have 
been rejected; 

• A DCIE function may be needed to introduce priority in providing improved quotes to 
guarantee stability – A DSA Price Induced Handover could give rise to instability in a 
DSA system, where all active End Users switch over to one DCIE the moment it has 
reduced the price, forcing that DCIE to then sharply increase the price again due to 
congestion. The priority can be introduced in various ways, e.g. first come – first 
served, most spending customer first, random selection, etc.; 

• Price quotes have limited time validity – They reflect the current status and load of 
the DCIE. The DCIE can also base its price quote on some predictive algorithm to 
assess the expected traffic load in the immediate future, but such predictions may be 
of limited accuracy when traffic is highly variable. As a result, the price quotes 
already reflect an ‘out of date’ state when the PRSA is making its selection. If the 
quotes have long term validity, the whole DSA concept will become less efficient and 
potentially unstable; 

• DSA Price Induced Handovers may be desirable in order to spread the load across the 
DSA system and improve spectral efficiency – If a price quote remains fixed for the 
duration of the DCUE call, the situation (i.e. the traffic load) reflected in the DCIE’s 
quote can become out of date. From the DSA system’s point of view, it might be 
desirable to periodically handover ongoing calls to the new cheapest provider. This 
should have an overarching positive influence on utilisation of services as a whole, 
providing better spread of offered traffic over all DNPs participating in DSA. 

These issues are considered in more detail in Chapter 6. 

2.8 BILLING 

DSA involves a large number of End Users making a high volume of small transactions with 
many different wireless access networks. In any system where there are many buyers and 
sellers, and multiple, small volume transactions, there is a risk that gains from trade could 
be undermined by transaction costs. 

It is helpful to break down transaction costs into three categories: 



      
      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this 

document 
72/06/R/353/U        Page 29 of 186 

      

• Search costs - This is the cost to buyers and sellers of finding each other. In this 
case, search costs per transaction can be mitigated by investing in DSA equipment 
and software that automatically identifies DCIEs on the basis of price and other 
service characteristics. In effect, both the End User and DCIE Operators eliminate 
marginal search costs through an up-front fixed cost investment; 

• Processing costs - This is the cost to the buyer and seller of processing the 
transaction, including labour time spent on each specific transaction and the cost of 
using particular payment systems. If each transaction was processed separately by 
each DCIE Operator the costs for DSA could be very high. However, if processing 
costs can be aggregated across many transactions, then they might be substantially 
reduced; 

• Default risk - Depending on the transaction arrangements, it is possible that some 
End Users might default on payment or a DCIE Operator may not provide the Quality 
of Service (QoS) that it advertises. Unless a system can be found that minimises 
incentives for default, there is a risk that the market will break down. 

There are two possible ways in which these transaction costs could be minimised: 

• Electronic micro-payments - All End Users and DCIE Operators would be members of 
a common electronic payment system, which would manage the flow of micro 
payments between accounts. The process of authorising transactions could thus be 
automated within the DSA system, avoiding the need for time consuming input of 
credit card data and easing concerns over the spread of confidential information. This 
should mean that it is feasible to use multiple DCIE Operators in the course of a 
single session; 

• DSA Service Providers (DSPs) as intermediaries - Information about all 
transactions would be sent to a DSP, which would manage invoices for End Users and 
payments to DCIE Operators. As DSPs can aggregate payments and invoicing, they 
would significantly reduce transaction costs. This approach would also avoid the need 
for sensitive financial information to be passed between end users and network 
providers. At this point we also introduce the corresponding term DSA Network 
Provider (DNP) to refer to any provider of DCIEs, be it a Mobile Network Operator 
operating a national cellular network or a Residential WiFi Hotspot participating in 
DSA. A DNP may therefore chose to operate either a network of DCIEs (and 
potentially support handovers between its DCIEs) or provide one or more isolated 
DCIEs.  

Our view is that the DSP model is the most likely model, as it offers a number of additional 
benefits over-and-above those that could be achieved by electronic micro payments alone: 

• Centralising billing of End Users and payment to DNPs not only reduces processing 
costs. It can also facilitate alternative charging structures, such as subscriptions 
instead of, or in addition to, usage charges; 

• DSPs could act as ‘policeman’ for the system, weeding out any End Users that default 
on payments (or providing guaranteed payments for an increased commission), or 
DNPs that fail to provide adequate service quality. This also reduces the exposure of 
individual DNPs to default risks; 
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• DSP could determine common standards for DSA equipment and software protocols, 
enabling End Users and DNPs to ‘talk’ to each other. Notably, they could play an 
important role in supplying equipment to End Users and helping them to set up their 
systems, much as broadband providers do for their customers. They could also play a 
key role in managing the routing of traffic to and from end users when they are 
roaming on a DSA network. 

Nevertheless, these two approaches are by no means exclusive. One might envisage the 
DSP model emerging but with electronic micro-payments used to provide a ‘pay-as-you-go’ 
type service alongside more traditional contract and monthly billing arrangements. 

 

 

 

 

Figure 6 and Figure 7 illustrate the potential payment flows under a DSA system. 
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Figure 6: Possible DSA Payment Flows with Contract Billing4 

Figure 6 addresses the situation where the End User has a contract to access DSA services 
and is invoiced monthly for subscription and usage charges. End Users can typically be 
expected to already have a billing relationship with one or more service providers, such as 
an MNO or broadband provider. Therefore, it seems natural to expect that these companies 
might wish to offer DSA services as an complement to their existing offerings. For example, 
a fixed line broadband provider might offer DSA as a ‘roaming’ option for customers wishing 

                                          

4 Note that passing the price info to the End User is optional, i.e. if an explicit confirmation of acceptance from the 

End User is required. Typically, this confirmation will be performed by the PRSA on behalf of the End User. 

DSA Architecture Decision (5) 

Billing for DSA will be co-ordinated by DSA Service Providers (DSPs) who 
act as intermediaries between End Users and DSA Network Providers 
(DNPs). 
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to access the Internet away from their home or office. Given that there are many such 
providers, it may not be practical for each of them to act as a DSP and instead, a number of 
providers might use a common DSP. An analogy here can be drawn with credit card 
markets, where banks group together under the Mastercard and Visa systems. 

Essentially, under this system, DCUEs receive price information based on specified service 
conditions from the available DCIEs, which the End User then accepts (either manually or 
automatically, depending on their user preferences). The DNP monitors the transaction and 
sends this information to the DSP. The DSP aggregates billing data for End Users and 
payment data for DNPs. It collects payment directly from End Users or indirectly via Billing 
Agents. DSPs and any other intermediaries such as resellers make their money through a 
small commission on the fees charged by the DNPs for access to its system. Potentially, they 
could also charge a subscription to End Users, although – as in the case of credit card 
systems – this may be competed away. 
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Figure 7: Possible DSA Payment Flows with ‘Pay-as-you-go’ 

Figure 7 proposes an alternative ‘pay-as-you-go’ model that could run in parallel or instead 
of the contract model. Under this system, End Users make ‘direct’ payments to DNPs via an 
automated, electronic payment system. This might be a more dedicated system set up by a 
DSP or one of the emerging systems for payments over the Internet, such as Microsoft’s 
electronic wallet. Either way, there would still be a role for the DSP in setting the rules and 
managing membership of the system. Although the DSP would not receive any direct 
payments from End Users, it could make its money through small commissions on each 
transaction, in much the same way as free ISPs receive a cut of the telephone traffic 
revenues that they generate. 

Examples of how these billing arrangements would work in practice are shown below, firstly 
for a single DSP in Figure 8 and then with two DSPs in Figure 9. It is almost certain that 
there would need to be more than one DSP in order to prevent the creation of a monopoly. 
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Figure 8: Single DSP Billing 

The DCUEs are represented as mobile phones but could equally be any kind of terminal. 
Similarly the DCIEs are shown as cellular base stations but, in principle, could be any kind of 
wireless infrastructure. The calling party, DCUE1 has a choice of two DCIEs: #1 & #2. It 
selects #2 because this happens to provide the more cost effective service at that time. In 
routing through the Internet to DCUE2 it discovers (see discussion in section 2.4.4) that 
DCIE3 provides the more appropriate path. The red line thus indicates the overall 
connection. We can see, therefore, that DCUE1 must be billed and DCIE2, DCIE3 and the 
Internet infrastructure provider must be paid. These payment paths are shown in blue. The 
DSP takes a cut to cover costs and provide an operating profit. 

Figure 9 illustrates the case of billing with two DSPs involved. 
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Figure 9: Dual DSP Billing 

This is similar to the case for single DSP. Every equipment, whether DCUE (a receiver of 
service) or DCIE (a provider of service) is registered with a DSP, in this case A or B. The 
route is the same as before. Because DCUE1 is registered with DSP B, its billing goes to DSP 
B. DCIE2, however, is registered with DSP A so payments for this call need to be collected 
from DSP B, who recovers the payments from DSP A on DCIE2’s behalf. Because DCIE3 is 
registered with DSP B, its payments are received directly. 

Extension to more than two DSPs is trivial. 

2.9 RELAY NODES 

The concept of ‘relay nodes’ in the context of DSA refers to DCIEs that are not part of a 
service-providing infrastructure; instead, they themselves gain access to the Internet using 
the DSA mechanism. These DCIEs can be DCIE-capable DCUEs that are ‘re-selling’ the 
capacity / QoS they have acquired but do not currently need. They can alternatively be 
DCIEs that act purely as service brokers, providing extended coverage to the DSA network 
and connectivity to nearby DSA End Users for a small price mark-up. 
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It should be noted that “relaying” here refers to the DSA service, not to the underlying 
service provision network. The relay node can, in principle, convert one type of wireless 
access to another. Consequently, the links to and from a relay node do not have to belong 
to the same wireless access service. 

The concept of relay nodes in DSA network is illustrated in Figure 10. 
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 Figure 10: The Concept of Relay Nodes in a DSA Network 

In this Figure, the ‘1st level connection’ refers to an established DSA connection between a 
‘1st level’, fixed DCIE and a ‘1st level’ DCUE. The 1st level DCIE is static and has DCIE 
capability. Therefore, it can potentially become a DCIE itself (a ‘2nd level’ DCIE) offering a 
DSA service to nearby DCUEs that are not within coverage of the 1st level DCIE. The DCUEs 
that access the Internet indirectly, over two DSA radio hops, are called here “2nd level” 
DCUEs. 

The concept of relay nodes turns ‘DSA network leaves’ into ‘branches’, and can therefore be 
recursively extended. In principle, a DCIE-capable DCUE that has access to the Internet 
over a relay DCIE can also operate as a relay DCIE, thus forming a multi-hop DSA path and 
becoming a part of a DSA mesh network. 

DSA mesh networks will suffer from the problems of shared capacity and deterioration of 
QoS with multiple hops that exist in traditional mesh networks. In addition to this, 
accumulation of call set up delays in individual DSA hops due to price negotiation and 
problems of QoS policing would limit the usability of a DSA mesh architecture. 
Notwithstanding this, some important observations regarding DSA relay nodes are: 

• Nodes must be declared static – It has previously been discussed that the adopted DSA 
concept requires each DCUE to register its current mobility status in its DCUE-LR (see 
section 2.4.4). A DCUE that wants to operate as a relay node, i.e. as a DCIE to other 
DCUEs, needs to be static. This is necessary so that the service provided by these DCIEs 
is not short lived. It is also necessary for correct interpretation of the ‘mobility status’ of 
the DCUEs that want to connect through them; 

• DSA Relay Nodes may re-negotiate before giving price quote – It is assumed that the 
relay node is connected to the DSA network when it receives a Price Quote Request 
from the PRSA of a DCUE within its coverage area. In order to provide a quote for the 
required service, the node may need to obtain a price quote for that service from its own 
DCIE (and probably from all other available DCIEs). This has to be done if the call type / 
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QoS requested by the DCUE is not a subset of the call type / QoS connection that the 
relay node already has with its own DCIE. It may also need to renegotiate if the original 
connection capacity is insufficient to support its own connection as well as the new 
connection; 

• Requirement for recursive DSA relationships – In order for a concept of relay nodes and 
mesh DSA networks to be viable, DSA relationships between the participants have to be 
recursive. This means that any DCUE that is DCIE-capable, static, connected to a DSA 
network and satisfies the DSA service provision requirements (e.g. can provide price 
quotes on request by PRSAs, has a contract with a DSP, is capable of QoS monitoring, 
etc) can become a DCIE. This concept can be recursively extended, thus potentially 
creating a DSA mesh network. 

However, DSA Relay Nodes have not been studied further within the scope of this project. 

2.10 QUALITY OF SERVICE 

DCUEs will need to specify the Quality of Service (QoS) parameters required for a particular 
DSA call in the DSA Call Request message. These parameters are passed on to the 
available DCIEs in the Price Quote Request message. Thus, only the DCIEs that can meet 
the service requirements will respond with a price quote. If one or more DCIE(s) are able to 
provide the desired QoS, the choice of DCIE is made by the PRSA on the basis of the DCUE’s 
preferences and policies. If accepted, then this results in an implicit agreement between the 
DCIE and DCUE covering the price and expected QoS for the call. 

There are three main issues for QoS provisioning in DSA to be considered: 

• The DCUE has to specify the QoS service parameters in such a way that they are 
understandable to the DCIEs. Technology independent Service Level Specification 
(SLS) can be used to describe the desired QoS; 

• The QoS parameters of an ongoing call have to be monitored so that any violations of 
these can be detected. Measuring end-to-end QoS at the DCUE is not a difficult 
problem and the serving DCIE can also measure the QoS at its ingress and egress 
points. Both these measurements can be passed onto the DSP so that it can monitor 
that the QoS agreement is being adhered to; 

• A policing mechanism is required when either party violates the QoS agreement. This 
depends on the service agreements between the DSP and the DCIE and the 
subscription agreement between the DSP and DCUE. One possibility is that the DSP 
may blacklist/downgrade the DCIE/DCUE that is not following the terms of 
agreement. 

2.11 SECURITY, PRIVACY AND TRUST 

Security, privacy and trust are very important issues in such a dynamic and multi-
dimensional architecture as that proposed for DSA. There are three key trust relationships 
that must be managed in DSA as briefly discussed in the following sections. 
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2.11.1 DSP AND DCIE 

The relationship between a DSP and a DCIE is expected to be relatively static. The DSP will 
establish formal business agreements with DCIEs (or rather the DNPs that operate the 
DCIEs). This will potentially require detailed negotiations between business and legal entities 
of the DSP and the DNP to establish the necessary trust. However, there may also be 
scenarios where a DSP wants to set up an agreement with an individual residential WiFi 
Hotspot. In such cases, it will be in the interest of both parties to establish trust on a 
dynamic basis. This could be achieved using third party trust brokers based on credentials 
such as credit cards, etc.  

2.11.2 DSP AND DCUE 

The relationship between a DSP and DCUE is more or less analogous to the association 
between current network providers (such as MNOs) and their customers based on some 
form of subscription. Therefore, it would make sense to follow the same trust establishment 
procedures as are employed in current networks. 

2.11.3 DCIE AND DCUE 

The relationship between DCUEs and DCIEs is of a temporary nature. When a DCIE has been 
selected by a particular DCUE, the rest of the call set up procedure is access-technology 
specific. During this phase, the DCIE and DCUE mutually authenticate each other according 
to the procedure specified by the corresponding standard.  

If the DCIE is a WiFi Access Point, then the IEEE802.1x standard for port-based network 
access control can be used for authentication of the DCUE. This procedure uses the 
Extensible Authentication Protocol (EAP). EAP supports a number of mechanisms such as 
Transport Layer Security (TLS) using digital certificates, SIM-based authentication etc. When 
EAP is used, an authentication server is also needed. Such a server could either be based on 
the RADIUS protocol or its proposed replacement, the Diameter protocol. The server has to 
be located in the DCIE network but a third party is required to certify the credentials of the 
DCUE. When digital certificates are used, then the third party would be a root certification 
authority. Finally, simpler (and weaker) forms of authentication based on Pre Shared Keys 
(PSK) are also possible. In this case, the PSK could be distributed by the DSP to the DCUE 
when confirming the choice of DCIE. 

When the DCIE is a UMTS base station, then the procedures specified in the 3GPP standard 
must be used. The Diameter protocol is also being proposed for use in 3GPP networks for 
supporting authentication, authorisation and accounting (AAA) functions.  
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3 DSA NETWORK ARCHITECTURE 

3.1 INTRODUCTION 

In this chapter, taking account of the discussion contained in Chapter 2, we present our 
candidate DSA architecture. This is shown in Figure 11. The items shown in blue are the key 
network elements. The Billing Agents, shown in red, are also required although the protocol 
associated with billing hasn’t been a major focus for this project.  
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Figure 11: DSA Candidate Architecture 

DSA is best described as a ‘network of networks’ since a number of participating access 
networks operated by DSA Network Providers (DNPs) are affiliated to an overlay or 
‘meta-‘ network operated by a DSA Service Provider (DSP). The DSA concept is 
technology agnostic so that the access technologies of DNPs can range from, say, cellular 
through WiFi to Private Mobile Radio (PMR) systems. DNPs operate DSA Capable 
Infrastructure Equipment (DCIEs), for example, cellular base stations or WiFi Access 
Points. In fact, the DSA architecture has been designed so that only minor modifications are 
required to any legacy network choosing to participate in DSA. The common denominator is 
that the DNP is willing and able to support the roaming onto its network of DSA Capable 
User Equipments (DCUEs). The Internet is used to provide the inter-connect between 
DNPs and DSPs as well as access to services for End Users. 

The role and functionality of each network element within DSA is now described. 
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3.2 NETWORK ELEMENTS 

3.2.1 DSA CAPABLE USER EQUIPMENT (DCUE) 

The DCUE is a user terminal that is capable, in general, of operating across multiple physical 
layers.5 The DCUE must be registered (via a service contract) to a DSP and must be capable 
of signalling via a random access or paging channel on at least one DCIE to a DCUE-
Location Register (DCUE-LR) where its current ‘location’ is maintained by storing a list of 
currently available DCIEs. The DSA architecture is designed such that no further 
functionality is required in the handset (though some control of user preferences via a user 
interface may be desirable). Instead, the functionality is provided by a user agent within the 
DSP network. This is called a Price Request and Selection Agent (PRSA) and acts on 
behalf of the DCUE. Scan time across the physical layers and battery life are key 
performance criteria of the DCUE. 

3.2.2 DSA NETWORK PROVIDER (DNP) 

A DNP is an access network that participates in DSA through affiliation to a DSA Service 
Provider (DSP). It allows DCUEs to roam onto its network by accessing its DCIEs and to 
facilitate this needs to contain a Price Quote Generator (PQG) for each DCIE. In addition 
a Billing Agent is required to handle the interconnection charging of DSPs for carrying DSA 
traffic. 

The DNP manages the following DSA elements and functions: 

3.2.2.1 DSA Capable Infrastructure Equipment (DCIE) 

A DCIE is a base station, Access Point, etc. with a connection to the Internet that has an 
associated Price Quote Generator (PQG) function capable of responding to requests for price 
quotes. The DCIE must be able to provide DCUEs in their vicinity with a unique DCIE 
Identifier although it is expected that this will usually be a legacy identifier such as a Cellular 
Base Station Identity Code (BSIC) or WLAN Service Set Identifier (SSID). In any case this 
identifier will be used to associate the DCIE with the DSP to which it is affiliated. The DCIE 
should also be capable of enabling DCUE Location Updates via its technology-specific 
random access or paging channels (and dedicated channels during an ongoing call). 

3.2.2.2 Price Quote Generator (PQG) 

The PQG is perhaps the most important aspect of the DSA architecture, since it will drive 
both spectral and economic efficiency. The PQG will respond to Price Quote reQuest 
messages (PQQs) received from PRSAs with Price Quote Response messages (PQRs). The 
price quote will be based on many factors, the key ones being the expected cell loading of 
the call (factoring in QoS requirements), the available capacity at the DCIE, and the mobility 
requirements. Usually it will be desirable for the PQG to be located at the same physical 

                                          

5 It is possible to operate DSA on a single technology platform, e.g. GSM, allowing connection across a number of 

networks. This would allow greater flexibility for End Users than is currently possible in the UK. 
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location as the DCIE, thus having instantaneous access to its load conditions. However 
cellular operators might choose to have a single PQG located centrally within their network, 
and use proprietary messages to obtain loading information from the DCIEs. 

3.2.3 DSA SERVICE PROVIDER (DSP) 

The DSP is at the heart of the DSA architecture as it manages all call requests and facilitates 
the exchange of messages between PRSAs and PQGs. A DSP is also in charge of maintaining 
the DCUE-LR entries of all registered DCUEs and, within the DCIE-AR, the DCIE Identifiers 
and PQG addresses for all affiliated DCIEs. It must also be capable of routing incoming calls 
to the DCUEs that are registered with it and handle all the billing for calls involving its 
registered DCUEs and/or affiliated DCIEs. 

Note that DCUEs and DCIEs need only be registered with one DSP. However, a DCUE can 
make use of DCIEs that are not registered with its own DSP through payments made 
through other DSPs. 

The DSP manages the following DSA elements and functions: 

3.2.3.1 DCUE Location Register (DCUE-LR) 

The DCUE-LR contains up-to-date information about the currently available DCIEs for each 
registered DCUE. Each DCUE has a unique DCUE Identifier, the leading digits of which will 
identify the DSP of the DCUE. As a minimum the DCUE-LR must contain the unique DCIE 
Identifiers of the currently available DCIEs. However, it may be sensible for it to contain 
more information than this including past history and/or the mobility state of the DCUE. 

The DCUE-LR is queried by the PRSA whenever a DSA Call Request is received either from 
the originating DCUE directly or via the PRSA of the originating DCUE (see Figure 13 and 
Figure 14). 

3.2.3.2 DCIE Address Register (DCIE-AR) 

The DCIE-AR is a lookup table which stores the (IP) addresses of all registered DCIEs (and 
their PQGs if these are different) against their DCIE Identifiers. The table contains nominally 
static information that only changes as new DCIEs affiliate or existing DCIEs end their 
affiliation6. The table will be queried each time a price quote is required from a DCIE 
affiliated to the DSP. Note DCIE Identifiers should indicate which DSP they are affiliated to 
(rather like the way in which the leading digits of a mobile phone number indicate the MNO 
to which it belongs). Therefore all DSPs must know each other’s leading code or be able to 
access a common database containing such information (such a table could in theory be 
maintained by a national regulator or national telephone company).  

                                          

6 In fact, in the case of DNPs that only register for only relatively short periods at a time, e.g. Residential WiFi APs, 

then the information may be fairly dynamic. 
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3.2.3.3 Price Request and Selection Agent (PRSA) 

The PRSA contains the algorithm that selects the DCIE(s) that will be used for each call 
made by the DSP’s registered DCUEs. The PRSA will send a Price Quote Request message 
to the PQG of each available DCIE (these requests are routed via the DSPs of the DCIEs 
concerned), collate replies and select the optimum DCIE(s) based on price, mobility and QoS 
constraints. Confirming acceptance of the price quote could be done by the PRSA itself or by 
the DCUE. The former approach requires that the PRSA contains a set of user-defined 
parameters that influence its decisions, the latter that these are stored within the DCUE and 
the DSA Call Confirm / DSA Call Ack message exchange is used to confirm acceptance of 
the price quote. In either case a mechanism is needed to allow users to update these 
parameters, typically via a User Interface on the DCUE. 

3.2.3.4 Price Quote Generator Proxy (PQG-Proxy) 

As a consequence of the decision that the DCIE-AR will only contain the IP addresses of 
those DCIEs / PQGs that are affiliated to its DSP it is necessary to include an additional step 
in the process for obtaining price quotes from DCIEs that are affiliated to a different DSP 
than the originating DCUE. This additional step requires an entity in each DSP that obtains 
price quotes from its affiliated DCIEs on behalf of a PRSA in another DSP. We call this 
element a PQG-Proxy. Its role will become clear when the DSA Call Setup procedure is 
described in section 4.2. 

3.2.4 BILLING AGENTS 

Billing Agents handle the exchange of billing records between DSPs (acting on behalf of 
DCUEs) and DNPs (acting on behalf of DCIEs) that are involved in each call as well as the 
provision of paging services by pDCIEs. This may also involve brokering between different 
DSPs. Many small transactions will be consolidated into larger money exchanges (e.g. 
monthly fees and credits to the DCUE and DCIE respectively) between the various parties, 
thus reducing complexity. Naturally the DSP would be expected to take a cut of the monies 
passed between DCUE and DCIEs. 

Note that charges to DCUEs may be included in a monthly fee rather than a pay-per-use 
tariff. Nevertheless, notional bills may be accumulated against each End User (or a subset 
thereof) in order to estimate costs per End User and keep track of the relative profitability of 
the various tariffs. 

Although an efficient billing system is key to the success of DSA the mechanisms involved 
are fairly standard and therefore haven’t been a major focus for this project.    

3.2.5 PAGING DCIE (PDCIE ) 

An important requirement for DSA is that DCUEs must provide location information to their 
DSPs and, for Full Feature DSA, must be paged to alert them of incoming calls (if these are 
supported, see 3.3). As a DCUE traverses its environment it will select one DCIE to act as its 
‘link’ to its DSP; this DCIE is termed the Paging DCIE (pDCIE). The DNP providing the 
paging service via one of its DCIEs will receive money each time a call is initiated, even 
though it might not itself carry the call (and possibly for each DCUE Location Register 
Update message it carries too). 
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Every Medium Access Control (MAC) technology will have a different way of allowing such 
access. Ideally it might be possible to transmit the DCUE Location Register Update 
message via a Random Access CHannel (RACH) but, if not, then it may be necessary to 
establish a Dedicated CHannel (DCH). Obviously the latter would be more costly in terms of 
available resources and would therefore have to be set up and terminated every time a 
location update is sent to the DSP. It is easy to see that if this were the case then the 
DCIE’s available resources could soon be consumed by inactive (i.e. Idle Mode) DCUEs. 

3.3 REDUCED FEATURE DSA 

A Reduced Feature DSA architecture that would only provide for the near end connection of 
the call is also a possibility. There are several reasons for such a proposal: 

• It is foreseen that most use of the DSA system is likely to be single ended 
connections to the Internet for checking of e-mail, file transfer, etc. and not directly 
to other DCUEs (though this might be achieved via a mailserver); 

• Several complexities could be avoided, for example: 

o It would not be necessary to send DCUE Location Register Updates to the 
DSP (except at call initiation) since incoming calls would not be supported. 
This would reduce battery drain and loading on the air interface and network; 

o DCUEs would not have to be associated with a pDCIE until a call is initiated. 

Otherwise, the architecture basically remains the same, except that the DCUE-LRs are no 
longer necessary since the information held within them can be provided at the time of call 
initiation in the DSA Call Request message. There are few advantages to decentralising the 
DSP’s functionality to the DCUE, since to gain the benefits of interrogating all available 
DCIEs at the DCUE (i.e. in an effort to reduce network traffic and to make the DCUE more 
autonomous) it would have to scan through all the different physical layers - a battery and 
time consuming process. Additionally, in order to be practical the billing would still have to 
be handled via brokers. If the paging DCIE concept is used then the other DCIEs must still 
be interrogated through the network. In other words a DCIE-AR would still be needed and 
network traffic would increase further since all Price Quote Request and Price Quote 
Response messages must travel all the way to/from the DCUE.  
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4 DSA PROCEDURES AND SIGNALLING DELAYS 

In this chapter, the two procedures that are fundamental to the operation of DSA, namely 
DCUE Location Register Update and DSA Call Setup, are described and then the results 
of simulations performed to assess the signalling delays introduced by these procedures are 
presented. Note that other procedures will also be required in the complete DSA 
implementation, e.g. to configure a pDCIE, update and maintain entries in DCUE-ARs and 
correlate billing information but these have not been studied in detail within the scope of 
this project. 

4.1 DCUE-LR UPDATE PROCEDURE 

Figure 12 illustrates the DCUE-LR Update procedure in message sequence chart form.  

DCUE-A pDCIE-1 DCUE-LR DCIE-2 DCIE-3

DCIE Beacon

DSP 1 DSP 2

Assess DCIE
Availability

DCUE-LR Update

DCIE Beacon

DCIE Beacon

DCUE-LR Update

 

Figure 12: Message Sequence Chart for DCUE-LR Update 

This shows the transmission of DCIE Beacon information, used to signal DCIE availability, 
from three DCIEs. The first of these DCIEs is affiliated to the same DSP as the DCUE (and 
has therefore been designated as the paging DCIE – it is labelled pDCIE-1. The other two 
are affiliated to a second DSP, and labelled DCIE-2 and DCIE-3. The DCUE assesses the 
beacon information it receives and sends a DCUE-LR Update message via the pDCIE to the 
DCUE-LR as DCIE availability changes. There is also the possibility to indicate when the 
signal quality changes such that differing QoS levels become possible or impossible. As a 
minimum the DCUE-LR Update message need only detail the changes that have occurred 
since the last message was sent and should specify the DCIE Identifier (as obtained from 
the DCIE Beacon) and signal quality. Other useful information might be the DCUE 
instantaneous/mean speed, GPS measured location, etc. if this is used to determine the 
DCUE ‘Mobility State’ (see section 6.2). However, including such information would 
obviously increase the signalling load on the pDCIE air interface. 

It is possible that the signal quality information could be highly DCIE-specific. This 
information would be stored in the DCUE-LR and passed to the DCIE whenever a price quote 
was requested from it. Since the only network element that needs to interpret the 
information is part of the same network that generated the information, it is not necessary 
to implement a more generic standard for this type of information. 
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4.2 DSA CALL SETUP PROCEDURE 

DSA Call Setup consists of establishing a near end radio tail and potentially, if Full Feature 
DSA and therefore incoming calls are supported, a far end radio tail as well. It is therefore 
instructive to consider these two portions of the call setup procedure separately, and they 
are illustrated in Figure 13 and Figure 14 respectively. 

DCUE-A pDCIE-1 PRSA-A PQG-Proxy PQG-2PQG-1 DCIE-2

DSA Call Request DSA Call Request

DSP 1 DSP 2

DCUE-LR,etc
Interrogation

PQQ
Group PQQ

PQQ

PQR PQR
Group PQR

PQ
Generation

PQ
Generation

PQ
Selection

DSA Call Confirm DSA Call Confirm

DSA Call Ack DSA Call Ack

Technology Specific Call Setup Procedures

 

Figure 13: Message Sequence for the Near End portion of DSA Call Setup 

The steps in establishing a near end call are as follows; 

1. Call Initiation – When a call is to be initiated by the DCUE it sends a DSA Call 
Request message via its pDCIE to its PRSA. This DSA Call Request message includes 
the destination number; 

2. Price Quote Request – The PRSA of the originating DCUE’s DSP obtains a list of all 
available DCIEs from the DCUE-LR. In general, this list will consist of DCIEs affiliated 
to the same DSP and DCIEs affiliated to other DSPs. The process for obtaining price 
quotes is slightly different in each case: 

a. For those DCIEs that are affiliated to the same DSP the PRSA can obtain the 
IP addresses of the available DCIEs (or, more precisely, the associated PQG 
entity) from the DCIE-AR. It then sends a Price Quote Request message 
(labelled PQQ in the diagram) to each of these PQGs. 

b. For those DCIEs that are affiliated to a different DSP then, because the DSP 
does not store the IP addresses of the associated PQG it must send a Group 
Price Quote Request message (labelled GroupPQQ) to a PQG-Proxy in each 
of these other DSPs which then obtains the price quotes on the behalf of the 
PRSA. 

3. Price Quote Generation and Reply – The PQG associated with each DCIE receives the 
Price Quote Request message and responds by sending a Price Quote Response 
message back to the originating DCUE’s PRSA. This is either done directly for those 
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DCIEs in the same DSP, or via the PQG-Proxy if the PQG and PRSA are in different 
DSPs. In the latter case, all of the Price Quote Response messages from a DSP are 
consolidated into a Group Price Quote Response (labelled GroupPQR) message and 
then sent back to the originating DCUE’s PRSA; 

4. Price Quote Selection – Once the PRSA has received all of the price quotes it can select 
the ‘best’ DCIE to provide the near end radio tail for the DCUE; 

5. Call Confirmation – The PRSA sends a DSA Call Confirm message to the originating 
DCUE via the pDCIE to notify it of the selected DCIE and this is acknowledged with a 
DSA Call Ack. This is the final role of the pDCIE in the call setup process. The DCUE 
now switches to the selected DCIE (which, of course, might actually be the same as 
the pDCIE) and proceeds with the call; 

6. Technology Specific Call Setup – The call is established via the normal procedure for 
that particular air interface;  

7. Billing – On termination of the call the Billing Agent within the DCIE’s DNP will trigger 
the exchange of billing information with the various parties so that the charges can be 
settled between the DNPs and DSPs involved in the call. 

In principle the procedure for establishing a far end radio tail is similar to that for a near end 
radio tail although, as there are some significant differences, it is now also described in the 
same level of detail. Note that the calling party must be another DCUE participating in DSA 
so that this procedure only ever happens in parallel with the near end procedure. 

PQG-ProxyDCIE-1 PRSA-A PRSA-B PQG-2PQG-1 pDCIE-2

DSA Call Request

DSP 1 DSP 2

DCUE-LR,etc
Interrogation

Group PQQ
PQQ PQQ

PQR PQR
Group PQR

PQ
Generation

PQ
Generation

PQ
Selection

DSA Page
DSA Page

Technology Specific Call Setup Procedures

DCUE-A

DSA Page

DSA Call Reply

 

Figure 14: Message Sequence Chart for the Far End portion of DSA Call Setup 

The steps are as follows; 
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1. Call Initiation - A DSA Call Request message is received by the PRSA of the 
destination DCUE7; 

2. Price Quote Request – This is similar to the near end case. The PRSA obtains a list of 
DCIEs from the DCUE-LR. Again, in general, some of these will be in the same DSP 
and others will be in different DSPs. A Price Quote Request message will be sent to 
those in the same DSP (after obtaining the IP Address of the PQG entity from the 
DCIE-AR) and a Group Price Quote Request message will be sent to the PQG-
Proxy entity in each of the other DSPs containing an available DCIE;  

3. Price Quote Generation and Reply - The PQG associated with each available DCIE 
receives the Price Quote Request message and responds by sending a Price 
Quote Response message back to the destination DCUE’s PRSA. As for the near end 
case, this is either done directly for those DCIEs in the same DSP, or via a PQG-Proxy 
using the Group Price Quote Request and Group Price Quote Response 
message exchange if the PQG and PRSA are in different DSPs. All of the price quotes 
are now consolidated into a DSA Call Reply message that is sent back to the 
originating DCUE’s PRSA since this is where the price quote selection decision is 
made (on the basis that the originating End User is paying for the call). This message 
must also contain the identity of the destination DCUE’s pDCIE; 

4. Price Quote Selection - Once the PRSA has received all of the price quotes it can 
select the ‘best’ DCIE to provide the far end radio tail. In fact this information needs 
to be combined with the price quotes for the near end radio tail and the two selected 
together. It is also possible that the overall price quote information could be 
contained in the DSA Call Confirm message sent to the originating DCUE and 
accepted via the DSA Call Ack message before proceeding to Step 5; 

5. Paging Notification - The PRSA of the originating DCUE sends a DSA Page containing 
the identity of the selected DCIE to the destination DCUE via the nominated pDCIE. 
The destination DCUE now switches to this DCIE (possibly the same as the pDCIE) 
and waits for a technology specific page; 

6. Technology Specific Call Setup - The call is established via the normal procedure for 
that particular air interface;  

7. Billing – On termination of the call the Billing Agent within the DCIE’s DNP will trigger 
the exchange of billing information with the various parties so that the charges can 
be settled by the DNPs and DSPs involved in the call. 

There is still one open issue here which is how a call is actually routed via the correct DCIE 
at the far end. One possible solution is to employ a different destination number for calls 
routed via each DCIE although this would need to be made transparent to the End Users.  

 

                                          

7 Of course, the originating DCUE could be registered with the same DSP as the destination DCUE in which case this 

DSA Call Request message (and the later DSA Call Reply message) are exchanged by two PRSAs in the same 

DSP. 
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A Price Quote Request (PQQ) message should specify the desired QoS, the estimated call 
duration (or volume of data to be transferred), and the mobility state. It is possible that 
more than one round of bidding could take place, in which case further information on the 
current best bid might also be included. 

PQQs might also contain a maximum price that could be used to stimulate event driven 
Price Quote Request (PQR) messages. This might be used in an open-ended second round 
of bidding. The DSP would set up the call as per the winning bid of round one, but would be 
interested in diverting the call to other DCIEs if they could reduce their price (presumably 
below that of the current DCIE after taking into account any penalty costs for early call 
termination). This would result in a DSA Price Induced Handover (as discussed in section 
2.7). 

PQRs contain the price quote as calculated by the PQG in response to a PQQ. They should 
contain a QoS level, time validity of quote, maximum call length (or volume of data to be 
transferred), the level of mobility support, and pricing information (perhaps divided into 
fixed, sliding and any penalty charges). In fact, there may be multiple quotes based on 
multiple permutations of QoS and mobility if not specified in the original PQQ. 

Finally, event driven PQRs might be sent in response to a previous PQQ containing a 
maximum price and would be triggered by the PQG assessing that a previously highly loaded 
(and therefore expensive) DCIE could now offer a more competitive price. 

4.3 PROTOCOL SIMULATION 

In order to determine the delays associated with the DSA procedures defined in sections 4.1 
and 4.2 a DSA protocol simulation model has been developed at the University of Surrey. 
This models the main functional elements of the candidate DSA network architecture, as well 
as the associated procedures and protocols. 

The call set up procedures shown in Figure 13 and Figure 14 consist of two phases: firstly, 
the selection of the serving DCIE and, secondly, the establishment of the actual call. 
Therefore, the total call set up time comprises the time consumed during the DSA procedure 
and the time taken for setting up the call over the selected access network. To a large 
extent, the time taken for DSA procedure is independent of the access technology and will 
depend mainly on the complexity of the DSA network implementation, e.g. Full Feature DSA 
or Reduced Feature DSA. 

The second component of the total call set up delay will depend on the choice of serving 
DCIE because each access technology has its own specific call setup procedures. For 
example, setting up a data session in UMTS is very different from establishing a similar 
session over a WLAN. 

4.3.1 GENERAL OVERVIEW 

The purpose of this simulation has been to model a set of realistic DSA scenarios using a 
network simulator. Of specific interest is the distribution of signalling delays experienced 
during the execution of the following DSA procedures: 

• DCUE-LR Updates; 
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• Reduced Feature DSA Call Setup; 

• Full Feature DSA Call Setup. 

The simulation includes the following entities: 

• Multiple DNPs, based on different access technologies (UMTS and WiFi), containing 
multiple DCIEs, with one of the UMTS DCIEs designated as the pDCIE;  

• PQG for each DCIE; 

• Multiple DCUEs; 

• Multiple DSPs, with DCUE-LR, DCIE-AR and PRSA functions. 

The delays along the signalling path are modelled. For example, within a UMTS network, the 
delays consist of the encoder delay, processing delay, buffering delay and IP delay of each 
UMTS network node (RNCs, GSNs, etc.) and packet latency introduced by the IP ‘cloud’ in 
the UMTS Core Network. 

The following assumptions have been made in the simulation model: 

• Two types of DNP participate in DSA; UMTS and WiFi which may or may not be 
affiliated to the same DSP; 

• DCUEs are capable of accessing either type of DNPs; 

• The paging service is provided by the UMTS network. This ensures that the DCUE 
is always connected to its DSP which is clearly not possible if the WLAN is used 
for paging support because of its smaller coverage area; 

• Mobility Induced Handovers have not been modelled since the focus here is on 
DSA procedures and not on underlying DNPs; 

• A parameterised physical layer delay is used in simulation. 

The simulation model has been developed using the OPNET Modeler which is a discrete time 
event-driven simulator. In this model, the underlying DNPs participating in DSA are UMTS 
networks and WLANs. DCUEs are capable of accessing both these systems. The UMTS 
network model is based on 3GPP Release 99 standard, which models the UMTS RAN and 
Packet Switched functionality of the core network. The Radio Access Network for UMTS 
contains the User Equipment (UE) and the UMTS Terrestrial Radio Access Network (UTRAN), 
which includes the Node-B and Radio Network Controller (RNC). 

The packet domain core network includes two network nodes: the Serving GPRS Support 
Node (SGSN) and the Gateway GPRS Support Node (GGSN). These include all GPRS 
functionality needed to support GSM and UMTS packet services. The SGSN monitors user 
location and performs security functions and access control. The GGSN contains routing 
information for packet-switched (PS) attached users and provides interworking with external 
PS networks such as the Packet Data Network (PDN). 

The Wireless LAN model is based on the 802.11b standard. 



      
      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this 

document 
Page 48 of 186        72/06/R/353/U 

      

Figure 15 shows the OPNET representation of the DSA network model. Each DCIE has an 
associated PRSA located in the core network. Furthermore, two DSPs are also present, both 
connected to the Internet, thus enabling the DCIEs and DCUEs to access the DSA meta-
network. A few application servers are also included in the model. Finally, there are a 
number of DCUEs distributed across the simulation area that attach to different DCIEs 
(belonging to the UMTS and WiFi networks). 

 

Figure 15: Overview of DSA Network Model 

4.3.2 DSA PROTOCOL STACK 

An example DSA protocol stack is illustrated in Figure 15. This is the case when a UMTS 
network provides the paging service to a DCUE. In other words, where the control signalling 
related to DSA procedures is carried over the UMTS network. A key point is that the DSA 
protocol is part of the UMTS user plane, as the user traffic is transferred over the IP Layer. 
This is another example where the principle of least modifications to existing networks to 
support the implementation of DSA has been adopted. 
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Figure 16: DSA Protocol Stack – User Plane 

When a DCUE powers on, it immediately performs the UMTS GPRS attach operation with the 
SGSN in order to gain access to the UMTS network to obtain paging services. The model 
assumes that synchronization and a Packet Switched (PS) signaling connection are 
established. This PS signaling connection is kept for the entire simulation. Once it connects 
to a UMTS DCIE, the DCUE performs a location update with its DSP. 

Packets are queued when they are received from higher layers. Since each DCUE supports 
four QoS profiles, the traffic is queued on one of four QoS queues. If no Packet Data 
Protocol (PDP) context has been activated for that QoS profile, an Activate PDP Context 
Request is sent to the SGSN8. This PDP context activation message includes the QoS 
requested. The model assumes that the SGSN, after consulting the RNC, either grants the 
QoS requested by the user in its entirety or rejects it. No negotiation by the SGSN/GGSN or 
RNC of the requested QoS is done at this stage. 

On receipt of the Activate PDP Context Request, the SGSN sends a Radio Access Bearer 
Assignment Request to the RNC along with the QoS requested. The UTRAN performs 
admission control to determine if the request can be granted. If the uplink and downlink 
have sufficient capacity to accommodate the request, the request is granted. If the request 
can be granted, the RNC sends a Radio Bearer Setup request to the DCUE. 

On receipt of the Radio Bearer Setup request the DCUE sets up the channel as specified in 
the request and sends a Radio Bearer Complete message to the RNC. On receipt of this 
message, the RNC sends a Radio Access Bearer Assignment Response message, which 
includes the granted QoS, to the SGSN/GGSN. The SGSN then sends the Activate PDP 
Context Accept message, which also includes the granted QoS. 

                                          

8 The PDP context is a data structure that contains the subscriber's session information when it has an active 

session. When a mobile wants to use UMTS, it must first attach and then activate a PDP context. This allocates a 

PDP context data structure in the SGSN that the subscriber is currently visiting and the GGSN serving the 

subscribers access point. 
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The DCUE can send packets to the destination after receipt of the Activate PDP Context 
Accept message from the SGSN. Before reaching the destination, these packets are first 
tunneled through the serving RNC and SGSN/GGSN and then routed through the IP ‘cloud’. 

4.3.3 TEST SCENARIOS 

This simulator models a large UMTS coverage area with some WLAN hot spots providing 
overlapping coverage. Two basic simulation scenarios have been developed: Reduced 
Feature DSA and Full Feature DSA. 

The following timing delays have been modeled: 

• Encoder delay 

• Processing delay 

• Buffering delay 

• Propagation delay (configurable) 

• IP delay (configurable) 

The encoder delay represents all of the delay introduced by the encoder in the first and 
subsequent frames of a burst. At the RLC/MAC layer, data is first buffered for one 
transmission time interval (TTI), which can last from one to eight times the length of one 
radio frame (10-80 ms). Data is then processed (coded, interleaved etc.). 

The processing delay is the time required by the transmitter and receiver to process the 
packet. 

At the UE and UTRAN, packets can be sent on a frame boundary if the channel is not already 
busy. For example, if a packet at the UE is received from higher layers at least tpc1 before 
the frame boundary, the packet can be sent at the next frame boundary, if it is available. 
Otherwise, it waits an additional transmission time interval. 

At the receiver, the buffering time represents the time needed by the receiver to buffer all of 
the radio frames required to decode the signal. The propagation delay is based on the 
distance and on the type of channel link.  

The IP delay is the delay experienced by the packets as they traverse through the IP cloud. 

In the Reduced Feature DSA case, there are four different test scenarios. The simplest case 
is where the originating DCUE is registered with DSP-A and the available DCIEs (DCIE1 and 
DCIE2) belong to the same DSP. The most complicated case occurs when the DCUE, DCIE1 
and DCIE2 all belong to different DSPs (with a total of three DSPs involved).  

In the Full Feature DSA case, there are also several different test scenarios. The simplest 
case is where both the originating and destination DCUEs are registered with and the same 
DSP and the same is true for the available DCIEs (DCIE1 and DCIE2). The most complicated 
case occurs when the originating DCUE, the destination DCUE and DCIE1 and DCIE2 (of 
each DCUE) belong to different DSPs. Here a total of six DSPs are involved.  
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The simulations were performed for the two extreme cases for each basic scenario. This 
should provide the best and worst case values for the performance indicators. The values for 
all other cases will fall between these two extremes. 

In addition, for each simulation scenario, three types of test conditions have been 
considered based on the configuration of background traffic and the Internet delay, as is 
shown in Table 7. 

 No 
Background 
Traffic 

Medium 
Background Traffic 

Heavy Background 
Traffic 

Email:    

Send Interarrival Time (sec) N/A Exponential 
(1200) 

Exponential (360) 

Send Group Size N/A Constant (3) Constant (3) 

Receive Interarrival Time 
(sec) 

N/A Exponential 
(1200) 

Exponential (360) 

Receive Group Size N/A Constant (3) Constant (3) 

E-Mail Size (bytes) N/A Constant (500) Constant (2000) 

File Transfer:    

Command Mix (Get/Total) N/A 50% 50% 

Inter-Request Time (sec) N/A Exponential 
(3600) 

Exponential (360) 

File Size (bytes) N/A Constant (1000) Constant (50000) 

Web Browsing:    

Page Inter-arrival Time (sec) N/A Exponential (360) Exponential (60) 

Internet:    

Packet Latency (sec)  0 0.05 0.1 

Table 7: Test Conditions 

4.3.4 RESULTS 

In order to analyse the performance of the DSA system, several different statistics have 
been collected by simulating each of the test cases described above. Specifically of interest 
are the signalling delays experienced during the following DSA procedures, DCUE-LR 
Update, Reduced Feature DSA Call Setup and Full Feature DSA Session Call Setup. During 
each simulation, we monitor one of the DCUEs in the scenario whereas the rest of them 
generate background traffic. Each simulation is repeated 5000 times and all the samples 
recorded for analysis. 



      
      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this 

document 
Page 52 of 186        72/06/R/353/U 

      

4.3.4.1 DCUE-LR Update Procedure 

The LR update delay is the time taken for a DCUE-LR Update message to reach the DCUE-LR 
in the DSP. During the simulation, the update procedure is triggered every 30 seconds. 
Measurements were done for the three different background traffic conditions as specified in 
Table 7.  

Figure 17 shows the simulation results for the case when there is no background traffic. On 
the x-axis we have delay values grouped into ranges of length 100 ms while the y-axis 
indicates the percentage of observations that fall into each delay interval. The first thing to 
note is that the delay lies between 0 and 500 ms. The other important observation is that 
the samples are split into two distinct clusters. At the left, we have 20% of the samples 
falling within the 0-100 ms range. The rest of samples fall in either the 300-400 ms or the 
400-500 ms range. It is interesting to note that there are no samples in the 100-200 and 
200-300 ms ranges, respectively. The reason for this behaviour lies in the fact that the 
DCUE can be found in either the Idle Mode or Connected Mode when an update is required. 
If the DCUE is in connected mode, then it already has radio resources allocated and hence 
the message can be sent straightaway. However, when the DCUE is in Idle Mode, it first has 
to perform the necessary attachment procedures before the DCUE-LR Update message can 
be sent. 
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Figure 17: DCUE-LR Update – No Background Traffic 

The results for the two cases when background traffic is introduced in the network are 
shown in Figure 18 and Figure 19, respectively. The general trend is an increase in the 
number of samples in the higher delay ranges. For example, in Figure 18, almost 80% of 
the samples fall in the 400-500 ms range whereas in the absence of background traffic, it 
accounted for only 30% of the samples. Similarly, in Figure 19, nearly one-third of the 
location updates fell in the 500-600 ms range whereas there were no samples in this range 
in the previous two cases. The reason for this upward shift in the delay distribution is 
twofold. Firstly, introduction of background traffic will lead to delays in the core network 
because the DSA traffic is treated with the same priority as data generated by user 
applications. Therefore, any increase in background traffic intensity will have an impact on 
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the delay experienced by the DCUE-LR Update packets. Secondly, as indicated in Table 7, 
the value of the Internet delay parameter is also increased for the case of medium and 
heavy background traffic. The cumulative effect is a rightward shift in the delay distribution. 
However, it is worth noting that the maximum delay is still less than 600 ms. Furthermore, 
the average delay for the three cases studied is 324, 373 and 423 ms, respectively.  
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Figure 18: LR Update – Medium Background Traffic 

LR Update (Heavy Background Traffic)
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Figure 19: LR Update – Heavy Background Traffic 
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4.3.4.2 Reduced Feature DSA Call Setup Procedure 

The next setup of simulation results are for the Reduced Feature DSA call setup. In these 
set of tests, a DCUE attempts to setup an application session using one of available DNPs. 

The focus of our investigation here is the DSA procedure for DCIE selection and the variable 
we are interested in is the time taken to complete the selection process. The starting point 
is taken as the time instant when the DCUE sends a DSA Call Request message to its DSP 
and the endpoint is the time instant when the DSP receives a Call Ack message from the 
DCUE. 

 During the simulations, call setup events are generated periodically, every 50 seconds. The 
simulation is performed for two scenarios. In the first one, the DCUE and available DCIEs 
are registered with the same DSP. This constitutes the simplest deployment scenario. The 
second scenario has 3 DSPs, one for the DCUE and one each for the two available DNPs. 
This forms the most complicated scenario as far as Reduced Feature DSA is concerned. 

Figure 20 shows the delay distribution when there is no background traffic in the network. 
Once again, there are two dominant peaks where most of the samples are to be found. 
Thus, we see that nearly 30% of the samples fall in the 200-300 ms range. The second peak 
corresponds to the 500-600 ms range which accounts for 70% of the samples. The reason 
for this behaviour is the same as that given for the DCUE-LR Update results. The samples on 
the left hand side of the graph correspond to situations where the DCUE is already in 
connected mode with respect to the paging network. The cluster on the right hand side 
corresponds to the cases when the DCUE is in Idle Mode and needs to perform the GPRS 
Attach and PDP Context Activation procedures before the signalling session with the DSP can 
start. When there is medium intensity background traffic in the network, the results (Figure 
21) show two marked differences. Firstly, the peaks have shifted rightward compared to the 
no background traffic case. Secondly, the delay distribution is scattered around the two 
peaks at 300-400 and 600-700 ms respectively unlike the first case where there were hardly 
any samples outside the two peaks. The rightward shift is due to two factors: the additional 
delay experienced by DSA messages due to the data traffic in the core network and the 
delay experienced when messages traverse the Internet (characterised by the Internet delay 
parameter in Table 7). The scattering of samples is the result of variability in the delay due 
to the background traffic. The latter is generated by a mixture of applications, each with its 
own traffic pattern as defined in Table 7. Therefore, some DSA call setup experience more 
delay than others. The results for heavy background traffic (Figure 22) show a similar trend 
for the reasons mentioned above. The average delays for the three cases are 446, 580 and 
713 ms respectively. 
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Reduced Feature DSA Call Setup (No Background Traffic) 
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Figure 20: Reduced Feature DSA Call Setup, Scenario 1 – No Traffic  

Reduced Feature DSA Call Setup (Medium Background Traffic)
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Figure 21: Reduced Feature DSA Call Setup, Scenario 1 – Medium Traffic 
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Reduced Feature DSA Call Setup (Heavy Background Traffic)
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Figure 22: Reduced Feature DSA Call Setup, Scenario 1 – Heavy Traffic 

The results for the second Reduced Feature DSA scenario (Figure 23 and Figure 24) show 
similar trends as the ones above. The main difference with respect to the previous scenario 
lies in the location of the two dominant peaks. In this scenario, when medium background 
traffic is present, the first peak corresponds to the 400-500 ms range rather than 300-400 
ms. Note that, earlier there was only one DSP involved in DCIE selection and it directly 
contacted the Price Quote Generators of the available DCIEs. In contrast, when the DCUE 
and DCIEs are with different DSPs, then the DSP of the DCUE first contacts the PQG-Proxy 
of the DSP containing the DCIEs that then queries their PQGs, introducing an extra delay. 
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Figure 23: Reduced Feature DSA Call Setup, Scenario 2 – Medium Traffic 
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Reduced Feature DSA Call Setup (Heavy Background Traffic)
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Figure 24: Reduced Feature DSA Call Setup, Scenario 2 – Heavy Traffic 

4.3.4.3 Full Feature DSA Call Setup Procedure 

The next set of results simulations are for Full Feature DSA Call Setup procedure. Once 
again, the focus of our investigation was the DSA procedure for DCIE selection and we 
measured the call setup delay. During the simulations, call setup events are generated 
periodically, every 50 seconds. As in the Reduced Feature DSA case, the simulation is 
performed for two scenarios. In the first one, the DCUE and available DCIEs are registered 
with the same DSP. This constitutes the simplest deployment scenario where only one DSP 
is involved in setting up the call. The second scenario has six DSPs, one each for the two 
DCUEs and one each for the two available DCIEs at the near and far ends. This forms the 
most complicated scenario (for two available DCIEs per DCUE) for Full Feature DSA. 

Figure 25 shows the result for the first scenario when there is no background traffic while 
Figure 26 and Figure 27 correspond to the cases where there is medium and heavy traffic, 
respectively. In general, there is not much difference when compared to equivalent results 
from the Reduced Feature DSA. However, we observe that the delay ranges where most of 
the samples fall are not the same in the medium and heavy traffic situations, when 
compared with results from Reduced Feature DSA. The distribution shows a shift to the right 
for these two cases but no such effect is discernible when there is no background traffic. 
From Table 7, we see that Internet delay is set to 0 in the no background traffic case. 
Therefore the delay experienced by signalling messages is quite small and confined to a 
small range. In addition, the signalling between the DSP and DCIEs is carried out in parallel. 
Therefore, the difference between Full and Reduced Feature DSA is not so significant. 
However, in the presence of background traffic and non-zero Internet delay, the signalling 
session takes longer to complete. Furthermore, as the number of messages is greater in Full 
Feature DSA, the delay spread between parallel messages is greater and hence the shift of 
the delay distribution to the right. The average delays for the three scenario 1 simulations 
are 447, 622 and 811 ms respectively. 
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Full Feature DSA Call Setup (No Background Traffic)
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Figure 25: Full Feature DSA Call Setup, Scenario 1 – No Traffic 

Full Feature DSA Call Setup (Medium Background Traffic)
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Figure 26: Full Feature DSA Call Setup, Scenario 1 – Medium Traffic 
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Full Feature DSA Call Setup (Heavy Background Traffic)
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Figure 27: Full Feature DSA Call Setup, Scenario 1 – Heavy Traffic 

Finally, the simulation results for Full Feature DSA for Scenario 2 (with six DSPs) for no, 
medium and heavy background traffic are shown in Figure 28, Figure 29 and Figure 30, 
respectively. Here, the important thing to observe is the increase in the average delay in all 
the three cases. The reason is the increase in the effective amount of signalling because of 
the introduction of five additional DSPs (compared to Scenario 1). The rest of the trends are 
more or less the same as seen in the other simulation results presented before. The average 
delays for this scenario are 447, 678 and 919 ms, respectively. 
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Figure 28: Full Feature DSA Call Setup, Scenario 2 – No Traffic 
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Full Feature DSA Call Setup (Medium Background Traffic)
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Figure 29: Full Feature DSA Call Setup, Scenario 2 – Medium Traffic 

Full Feature DSA Call Setup (Heavy Background Traffic)
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Figure 30: Full Feature DSA Call Setup, Scenario 2 – Heavy Traffic 

4.3.5 CONCLUSIONS 

The results of the DSA protocol simulation are summarised in Table 2. A number of 
scenarios and test cases were modelled in order to study the impact of different network 
aspects on the delays for the DCUE-LR Update and DSA Call Setup procedures. 
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Test Cases 
Maximum Delay 

(ms) 
Average 

Delay(ms) 

DCUE-LR Update 600 423 

Reduced Feature (Scenario 1) 1000 713 

Reduced Feature (Scenario 2) 1100 813 

Full Feature (Scenario 1) 1100 811 

Full Feature (Scenario 2) 1300 919 

Table 2: DSA Simulation Results Summary 

From Table 2, we note that the average call setup delay across all test scenarios is less than 
a second. Furthermore, in the worst case, the call setup delay is 1.1s for Reduced Feature 
and 1.3s for Full Feature DSA. To put these numbers in context, we consider typical call 
setup times in UMTS networks. As per results of the study reported in [Ref 1], the call setup 
delay for establishing a SIP-based VoIP session is almost 8 seconds. This is for the case 
when the PDP context is always on. If this is not the case, then the call setup delay will 
actually be longer than this. These numbers indicate that the extra delay introduced by DSA 
call setup procedures will constitute 10% of the total delay. For a streaming session, the call 
setup delay for HSDPA is about 10 seconds. Once again, we see that any extra contribution 
due to DSA procedures is about 10% of the total delay. Thus, it is reasonable to say that 
introduction of DSA will not introduce excessive call setup delays. In other words, if the 
underlying DNPs are capable of supporting certain QoS guarantees with respect to call setup 
delay, DSA will not impair their ability to do so. 

As far as DSA Handovers are concerned, the procedure involved is the same as setting up a 
new call. When a DSA handover is triggered, the DSP will perform a new DCIE selection 
procedure which is more or less the same as the initial call setup procedure. Furthermore, in 
DSA, this could be done in parallel with the ongoing call and hence its effect can be 
mitigated. Typically, a DSA handover will result in change of DNP (if it’s a handover between 
two DCIEs of the same DNP, it will be handled by the specific access technology itself). 
Therefore, DSA Handovers will involve inter-network handovers that are usually complicated 
and time consuming procedures. As a result, the effect of the actual session handover will 
be greater than any delay introduced by DSA signalling to choose the new target DCIE. 

In summary, we can say that the simulation results shown here indicate that the delay 
introduced due to call setup are not insignificant but at the same time they will form a 
relatively small component of the overall call setup delay. 
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5 DYNAMIC PRICING IN DSA 

5.1 INTRODUCTION 

Dynamic Pricing (that is variable pricing in response to network conditions and/or End User 
demand) is a key aspect of the DSA concept. In this chapter we present the results of our 
investigation into pricing strategies and algorithms. This work consists of a discussion of 
possible pricing models and the factors that might be included in pricing algorithms followed 
by results generated by a simulation model of a DSA system. Although it has not been the 
purpose of this work to generate algorithms that will be mandated in any future DSA 
implementation, it is nevertheless necessary to demonstrate that workable algorithms do 
exist. More specifically the goal of this work has been to develop and demonstrate pricing 
algorithms that, first and foremost, are stable and ideally also lead to improved spectrum 
utilisation. 

5.2 PRICING STRATEGIES 

Dynamic pricing strategies have been proposed in the past for several industries such as 
utility service management, fixed telephony [Ref 2], the Internet and Asynchronous Transfer 
Mode (ATM) [Ref 3] - [Ref 5]. However, as well as an architecture such as that proposed in 
this report (see especially Chapter 3) for such a system to be commercially viable for DSPs 
and DNPs, it is crucial that End User demand is understood and realisable pricing strategies 
are in place within the DSA market.  

Broadly speaking, user demand can be divided into two categories; deterministic and 
chaotic/random [Ref 6]. Both these affect the way in which the pricing model may behave. 
Equally, whilst user demand may warrant an increase in price by the DNP in order to choke 
off demand such that QoS is maintained and calls are not dropped, it is crucial that the price 
is only varied in such a way that it is financially lucrative for DNPs and DSPs.9  

5.2.1 PRICING ALGORITHMS 

In principle, at least six different factors could form inputs to lead to the pricing algorithm: 

• Flat Rate and Usage-based Pricing - Different End Users will have different 
preferences between flat-rate and usage based pricing. This may encourage DNPs to 
offer a variety of tariffs to accommodate different types of demand; 

• Quality of Service - It may be appropriate to vary price according to the quality of 
service (e.g. speed and latency) available;  

• Level of Congestion - Where networks face actual or potential congestion, it may 
be possible to use higher prices to choke off excess demand; 

                                          

9 The term DNP is used throughout this section as this is the business role associated with providing price quotes.  



      
      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this 

document 
72/06/R/353/U        Page 63 of 186 

      

• Position Dependence - The burden that a particular End User places on a wireless 
network may vary depending on the distance from the receiver. To the extent that 
the system is sophisticated enough to differentiate between users on the basis of 
their physical position, then charges could be altered accordingly; 

• Mobility - It is likely that the level of mobility (i.e. handover) support requested by 
the End User and offered by the DNP will influence the price offer. This may be a 
two-part offer, a flat-rate part plus a ‘per-handover’ part. In principle, the level of 
mobility supported by the DNP could be intra-system or inter-system (i.e. permitting, 
for example, WLAN/Cellular inter-working); 

• Level of Competition - The number of DNPs competing for DSA traffic will vary 
across local areas. This will likely influence the amount that any particular DNP can 
charge for access. 

We now discuss each of these situations before making some concluding comments on the 
likely pricing model to be adopted for DSA. 

5.2.2 FLAT RATE AND USAGE-BASED PRICING 

There are a variety of ways in which a DNP could charge End Users for access to their 
networks. They could: 

• charge a flat rate fee for access, either for a maximum amount of data sent and 
received or a fixed amount of time at a minimum speed; 

• charge a usage fee based on the amount of data sent and received, or time 
connected to the network or; 

• charge a mixture of a flat rate fee and usage charges. 

Another conceivable model is that DSPs sell ‘all you can eat’ subscriptions to End Users, who 
can then roam on DSA networks at no additional cost (subject to ‘fair use’ restrictions). In 
this case, DNPs would take payment from DSPs and there would be no direct relationship 
between actual usage and the amount paid. 

A key attraction of the simple usage fee model (especially if based on data sent and 
received), is that it would facilitate automated identification of the cheapest network. It also 
provides maximum flexibility for DNPs to manage demand in response to changing traffic 
levels (see discussion of congestion pricing below). The introduction of flat rate fee elements 
alongside usage fees would significantly complicate comparison of prices across network 
options. This would necessitate either manual selection of networks or require users to 
preset preferences into their own software for trading off different packages. If manual 
selection was adopted, this would obviously reduce the utility of a DSA system that allowed 
dynamic switching across networks in response to changing prices. Further, flat rate fee 
options create potential incentives for users to make inefficient use of capacity. 

Notwithstanding these drawbacks of flat rate fee structures, it seems likely that it would be 
attractive for network providers to offer access opportunities on this basis. As Henderson et 
al point out, “in spite of its potential inefficiency, many users appear to favour flat rate 
pricing. For example, judging from the American telephone market, many residential users 
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prefer a monthly inclusive fee for local calls that lets them know how much their bills will be 
in advance, even if they end up paying more than they would under a usage-based pricing 
scheme” [Ref 6]. 

Realistically, if the system can support it, one might expect network providers to offer 
simple menus of fee structures, combining flat rate and usage based elements. This would 
allow them to price discriminate between different types of users, based on their relative 
preferences and anticipated usage profiles, in much the same way as MNOs and broadband 
operators offer different tariff packages today. 

5.2.3 QUALITY OF SERVICE 

DSA users can be expected to have different requirements for QoS, in terms of throughput 
and latency. We anticipate that each tariff structure would have some associated quality of 
service guarantees. However, as DNPs potentially have capacity to alter QoS, for example to 
manage congestion on their network, there may be opportunities to present a menu of 
quality of service options with different tariffs. This would enable the DNP to differentiate 
between high and low value users. In addition, DNPs could potentially alter the level of 
service commitments in response to actual or predicted traffic levels on their network. 

Academic studies suggest that users may be willing to pay a premium for guaranteed 
minimum standards of service. For example, a study by Bouche et al. found that users 
showed a preference for stable quality of service, indicating that consumers may be willing 
to pay more in terms of a fixed fee for a fixed ‘guaranteed’ connection, even if some other 
form of payment may provide an on-average higher quality of connection [Ref 7]. 

5.2.4 LEVEL OF CONGESTION 

In general, most DSA transactions might be expected to take place on networks at a point in 
time when they are not congested. Where there is never congestion on a network, the DNP 
could simply set a single tariff (or menu of tariffs) available at all times of the day. This 
would presumably cover at least the marginal cost of conveying the signals plus a 
contribution towards fixed costs. The charging structure is potentially more complex for 
networks which are already congested or could become congested as a result of accepting 
additional DSA traffic. In this case, assuming the DNP is still willing to accept DSA traffic, 
then they can be expected to: 

• charge at a level that exceeds the opportunity cost of displacing other traffic from the 
network; and/or 

• charge at a level that could be expected to choke off demand such that DSA usage 
does not exceed capacity. 

The use of pricing to alleviate congestion has long interested economists. Congestion is a 
problem faced in several situations; the two most common examples studied are: 

• traffic congestion, resulting in traffic jams on the road network; and 

• Internet congestion resulting in a lower quality of service for users. 
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Both these situations share similarities; the user wishes to transport something (data in the 
Internet example, people or goods in the traffic example) between one point and another. 
Typically, congestion occurs because there are popular times at which the network is used 
and insufficient network capacity to handle the traffic at those times. 

The pricing mechanisms proposed to alleviate congestion typically attempt to provide 
incentives to users to change their demand so as to reduce the use of the congested part of 
the network, either by temporarily changing demand (users switching demand to times of 
lower demand) or by routing travel through alternative routes along the network.  

Network congestion is a problem, not because the network is being over used (indeed the 
network could be at or close to full capacity), but rather because the users who value the 
network the most cannot gain access, or can do so only at a quality level that destroys 
much of their value. Market failure occurs because users do not take account of the costs 
they impose on others when choosing how to use the network, so called externalities. For 
example, when drivers consider only their own private costs of a car journey the result is 
often traffic jams on the most popular roads at peak hours. Therefore, emergency service 
vehicles have to negotiate alternative slower routes even though, the individuals using those 
vehicles, and society as a whole, generally place a higher value on the swift passage of 
emergency service vehicles than other users. Many governments have considered pricing 
schemes which would internalise these externalities [Ref 8]. However, the schemes are 
usually second best, since they are rarely linked to actual congestion but rather simple 
proxies, such as access to specific road, or charges linked to the time of the day. 

In the United Kingdom, connections to the Internet are typically charged either on the basis 
of a monthly subscription fee (as with many DSL connections) or on a per MB usage basis 
(as with GPRS and 3G data services). Neither of these methods of charging provides the 
consumer with an incentive to change the time at which they choose to use the Internet so 
as to minimise congestion.10 Some academics have attempted to develop alternative pricing 
approaches that might incentivise users to reveal their true demand for network capacity. 
For example, Varian and Mackie-Mason [Ref 3] proposed a ‘Smart Market’ to ensure that 
those users with the highest valuation gained access to the network. Under this system, 
each data packet that is sent by a user has a budget attached to it, and at each router the 
packet comes to it must enter into an ‘auction’; only if it is successful in the auction, is the 
packet passed onto the next router. Therefore, at each router the most valuable packets are 
routed, and the more congested the network, the higher the price for transmitting data. This 
introduces a paradox for consumers: as the network becomes more congested and the QoS 
deteriorates, the price they must pay increases. In practice, this type of approach to pricing 
is anyway flawed, as it is difficult to coordinate usage when a data packet must pass 
through an unknown number of routers (a packet may exhaust its budget passing through 
multiple routers!), and users generally do not value packets but rather the output files 
resulting from multiple packets (with the result that all the value may be tied to the last 
packet received). 

                                          

10 Some packages have a monthly download limit combined with unlimited downloads in a specified time slot 

overnight. This does provide some incentive to delay non-essential downloads until the night period when there is 

typically less congestion on the service provider’s network, but not to shift demand during the day. Neither does 

this guarantee that there is not congestion at some other point in the network. 
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Fortunately, the Internet and road congestion examples are not necessarily good analogies 
for DSA pricing. Both these examples involve complicated networks, with multiple paths and 
intersections, each element of which could become congested. By contrast, for DSA we need 
only to consider congestion pricing in relation to the ‘last mile’ of radio used for the 
connection. Most radio networks connect to a fixed backhaul relatively close to the base 
station, so in essence the traffic is offloaded onto the Internet after the radio connection. 
Existing wireless broadband and mobile networks provide no guarantees of QoS (related to 
congestion) beyond the point where data leaves their own network. Therefore, it seems 
unrealistic to suppose that DNPs would be able or willing to provide such guarantees to DSA 
users. While it is possible that more sophisticated, dynamic techniques for charging for 
Internet congestion may emerge in the future (which may or may not be applied at the 
retail level), this is an issue beyond the remit of this study. 

Considering only the ‘last mile’ of radio connection, it is apparent that the problem of 
congestion pricing for DSA traffic need not be unduly complicated.11 Smaller DNPs could be 
expected to provide simple rules of thumb, for example varying price levels during the day 
in response to anticipated peaks in demand. Where networks become congested, they may 
simply deny service to new DSA users until traffic levels recede. Large DNPs may chose to 
develop more dynamic systems, raising or lowering prices. For example, an ‘Internet café’ 
model, where prices rise and fall depending on the usage/capacity ratio might be deployed. 
However, QoS guarantees would need to be managed to cope with the fact that actual 
usage may vary during the course of a session and that there may be sudden surges in 
demand for capacity, for example caused by a few big users suddenly attempting to access 
a network. All operators could be expected to adjust prices over time as their understanding 
of the DSA market develops. 

5.2.5 POSITION DEPENDENCE 

DNPs could potentially vary their pricing approach depending on the position of the End User 
in relation to their receiving equipment. There are two reasons why they might wish to do 
this: 

• For some networks (e.g. UMTS), the demands placed on the network by a particular 
user may depend on their location relative to the cell site. Specifically, calls further 
away from the cell site require more capacity to transmit their signals; 

• The level of competition from other network providers may vary depending on the 
position of the user within the reception area. We discuss this issue further in section 
5.2.7 below. 

In relation to the first point, it is apparent that this is only relevant in the case that the 
network is or could become congested. Otherwise, as the marginal cost of serving users 
does not vary significantly with distance from the receiver (assuming power levels are 
fixed), there is no reason to apply differential tariffs. Where the network is congested, 
applying higher tariffs to users could potentially choke off demand from more capacity-
hungry calls. However, it is open to question whether the benefits from developing such a 

                                          

11 This assumption may break down in the case that signals were being conveyed over a mesh network of DSA-

enabled wireless networks. 
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system would be sufficient to justify the additional expense in terms of developing a system 
that can differentiate users according to the location. This is a cost-benefit trade-off that 
would need to be investigated by network operators and aspiring DSPs. 

5.2.6 MOBILITY 

A DSA system would offer ‘mobility’, in the sense that users could access networks 
anywhere in the range of the relevant cell site. Further, depending on the nature of the 
system being accessed, DNPs may also be able to support: 

• connections on the move, within the cell site area, up to certain speeds; and 

• handover across cells, as users move over a wider area. 

This is discussed in more detail in Chapter 6. 

However, the ability to maintain a connection while on the move (e.g. on foot, or in a car or 
train) would offer added value to some users, who may therefore be willing to pay a 
premium for this functionality. In the case of mobile operators, for example, this may enable 
them to capture DSA traffic, even in areas where they are competing against, say, a WiFi 
hotspot that was offering higher speed connections at competitive prices. Therefore, if 
mobility is included in the architecture of the DSA system, we would expect this to be 
included as one of the core dimensions of the service-price offer. 

As with position dependence, the DSA system architecture necessary to support handover of 
calls across cell site areas is significantly more complex than a basic system where users 
simply log onto a new network each time they change location. Given that mobile networks 
already provide this functionality, it is not necessarily clear that the potential revenues that 
would be generated by offering mobility would be sufficient to justify the increased cost of 
the system. Further, mobile operators may (at least initially) be reluctant to allow DSA 
customers to benefit from cell-handover, given that it would make DSA more viable as a 
substitute for direct subscriptions to mobile networks. 

5.2.7 LEVEL OF COMPETITION 

One remaining factor that can be expected to influence the level of prices that network 
providers apply to DSA end users is the level of competition in the local area served by the 
relevant cell site. In considering how DNPs may respond to competition, it is helpful to 
consider three situations in terms of the level of competition: 

• competition - two or more DNPs serving the whole area; 

• monopoly - one DNP only serving the whole area; and 

• partial competition - competition between two or more DNPs across part of the area, 
with the rest of the area being served by only one DNP. 

Firstly, consider the case of a local area which is served in its entirety by at least two DNPs. 
It this case, competition between the two DNPs can be expected to drive down prices 
towards marginal cost levels. Further, the operators may attempt to differentiate 
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themselves by offering a menu of tariffs, based on QoS and flat rate fees in an attempt to 
attract users. Over time, one might expect service offerings and prices to converge, given 
the likelihood that with dynamic network selection, even small price differences could lead 
traffic to heavily favour one network. Where one network is much more suited for carrying 
high levels of data traffic (e.g. a Wi-Fi network relative to a 3G network), it might be 
expected to win almost all traffic, unless it becomes congested), but with the other network 
imposing some constraint on pricing. 

With a monopoly, the DNP will have greater freedom to set access prices. Prices could be 
expected to be higher than in competitive areas. Nevertheless, as marginal costs are very 
low, one would not expect prices to be particularly high provided demand was reasonably 
elastic12. Further, pricing may still be constrained by the threat of new wireless network 
entry. 

Where competition varies across the area served by a single network, the situation is more 
complex. In the case that the DNP cannot distinguish between customers that have a choice 
of networks and those that do not, it will have to make a commercial judgement whether to 
price competitively in an attempt to compete for all customers, or focus only on those in its 
‘monopoly reach’. An alternative approach is where information about the level of 
competition for each End User can be built into the system (i.e. the End User would transmit 
information to the DNP about the number of competing DNPs at its location). Superficially, 
this may appear attractive, as it might encourage all providers in multi-network areas to 
produce competitive quotes. However, in practice, this information is likely to be harmful to 
consumers, as it would also allow DNPs to determine when they can use monopoly pricing. 

5.2.8 PRICING ALGORITHM CONCLUSIONS 

In summary, we anticipate that the pricing algorithms for DSA might work as follows: 

• The DCUE would maintain a list of available DCIEs within the DCUE-LR; 

• When wishing to access the DSA service the PRSA (on behalf of the End User) would 
receive a menu of tariffs from each available DNP. These tariffs could be expected to 
vary according to a number of parameters including the balance between flat rate 
charges and usage fees, maximum usage and minimum quality of service; 

• The PRSA would select the preferred tariff based on pre-defined preferences. It may 
be that this is presented to the End User for confirmation of acceptance.  

Tariff levels may be adjusted during the day by DNPs in response to changing traffic levels. 
This would be an automatic process. The effect of this would be that the DNP offering lower 
prices and high QoS would fill up first, with other DNPs only winning traffic when the more 
attractive networks are full. This is analogous to electricity markets, where power stations 
with higher marginal costs are only brought on line at times of peak demand. 

                                          

12 Consumers are likely to be relatively elastic as most will be cable of shifting demand to other points in the day 

when they are able to access a fixed network or, by changing location, an alternative DSA. 
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The structure of this process might be considered to be equivalent to a series of sealed bid 
auctions. At any particular time, DNPs submit one or more ‘bids’ (tariffs) for consideration 
by the End User in a one shot process. The End User selects his/her preferred option. Thus, 
DNPs only have one shot to win the traffic from that End User at that time. However, they 
can adjust their prices in later time periods in an attempt to vary the amount of traffic that 
they win. End Users always have the option to turn down all access offers and to try again 
at another time or another location. 

5.3 SIMULATION OVERVIEW 

In order to demonstrate the stability of potential pricing algorithms a simulation model of a 
DSA system with Dynamic pricing has been developed and four test scenarios investigated. 
The model has been implemented in C++ using Roke’s Discrete Event Kernel (DEK). The 
basic sequence of events in the model is of the form: 

• For each service, establish an independent negative exponential arrivals process. The 
inter-arrival time for each service depends on the loading for that service; 

• For each arrival, select a random location for the End User/DCUE requiring the 
service. The selection of location depends on the service; 

• For each activated DCUE, request a price from each of the available DCIEs that 
support the required service; 

• Select the DCIE providing the lowest quote. If DCIEs provide the same quote then 
make a random selection (see section 5.6); 

• Activate the connection for the requested service through the selected DCIE. 

The structure of the model is illustrated in Figure 31. At its heart are the four algorithms 
represented by the four red boxes.13 The PQG and Congestion Functions are access 
technology specific. 

                                          

13 Note that the model is an abstract representation of the DSA architecture described in Chapter 3 since, for 

example, the PRSA would in practice reside within the DSP’s network but here the logical association with its DCUE 

is shown. 
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Figure 31: Mini-World Simulation Model 

5.4 ASSUMPTIONS 

The following assumptions have been made with regard to the dynamic pricing simulation 
model: 

• Two types of access network are modelled - a UMTS-like CDMA network and a WiFi 
Hotspot; 

• DCUEs are capable of access to both types of network; 

• All DCUEs are static (mobility in DSA is considered in the next chapter, Chapter 6);  

• Two service types are modelled; voice and web browsing. 

At first sight it would seem that because of its higher air interface capacity the WiFi network 
should always be capable of providing the cheapest quote to the DCUE. However, there are 
other considerations that must be taken into account such as limitations of WiFi network 
coverage, backhaul bottlenecks, etc.14 Test Scenarios have therefore been defined that 
result in both types of service being carried by both types of network.  

                                          

14 Support for mobility and seamless handover is another limitation although it is not considered in this model which 

considers only static users. 
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5.5 TRAFFIC DEMAND FUNCTIONS 

Firstly, we consider the simulation models for the different types of service. 

5.5.1 VOICE SERVICE 

The inter call time and call duration are both negative exponentially distributed. The mean 
call duration is 120 seconds. However, within DSA it is possible to envisage a more 
sophisticated model than normal where, if prices vary with time, then for non-urgent calls, 
the End User may set a threshold of the maximum price he/she is prepared to pay for the 
call. Since, typically, all End Users are different this threshold will vary with users and, over 
the ensemble of End Users, can be expressed as a probability distribution. For low prices the 
probability will be unity but this will fall as the price increases. 

If an End User chooses not to accept an offer then he/she may do one of two things: 

• Abandon the call attempt altogether; 

• Wait for a period before making a re-try. 

There will be a probability of the first of these happening. If the second happens then there 
will be a probability distribution for the period of time before a re-try. When the re-try is 
made, there will be a probability distribution of the price being accepted. However, this will 
be different from the first probability distribution because, it can be assumed that the re-try 
will only be attempted if the need for the call has become more urgent. 

In terms of the implementation, the End User’s profile can use the higher price acceptance 
threshold if the call is re-tried with the same called number within a fixed period of time. It 
is important to keep the threshold secure from the Price Quote Generators or there could be 
an element of price fixing. 

A typical expression used for willingness to pay ([Ref 9] equation 1, [Ref 10] equation 1, 
[Ref 9] equation 2) is negative exponentially related to price. 

We can normalise such an expression to a baseline demand corresponding to a baseline 
(minimum) price per minute of one monetary unit. Thus 

L = L0.exp(β.(1-p))       Equation (1) 

where 

L is the load 
L0  is the baseline load 
β is the elasticity 
p is the price 

Thus for p = 1 the load is equal to its baseline value. Over an ensemble of End Users, 
different individuals will have different behaviour in relation to pricing. Thus, for a given 
price, p, we can say that L/L0 is the proportion of End Users that will accept the price. Put 
another way L/L0 is the probability that a given End User accepts the price. 
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5.5.2 WEB BROWSING SERVICE 

A model for web browsing is presented in [Ref 12] section B.1.2.2 (Traffic models): 
“Non-real time services”. This model is essentially sound. However, the parameter values 
provided may be considered to be out of date in terms of modern trends and consumer 
expectations. Taking the average packet size of 480 bytes, the average number of packets 
in a call of 25 and the mean reading time of 412 seconds, the average bit rate associated 
with an active End User is only 480x8x25/412 = 233 bps based on a transfer time that is 
negligible compared with the read time. 

A survey of the top 100 websites was presented in [Ref 4]. Some of the statistics based on 
these sites are given below … 

• Average Size (Main Page): 43,681 bytes 

• Average Count of Embedded Objects: 32.6 

• Average Size of Embedded Objects:  3,127 bytes 

End Users request one of these pages at random; each request comprises the transfer of the 
page html file followed by the transfer of the embedded objects (e.g. icon images, java 
script or large images).  The time between the completion of a request and the start of the 
subsequent request is modelled as a uniform random value distributed between 0 and 2.5s. 

This results in an average bit rate associated with an active End User of: 

(43,681+32.6x3,127)x8/1.25 = 932 kbps based on instantaneous transfer. If the transfer 
time were 1 second this would fall to 520 kbps. 

These results are more in keeping with the expectations of today’s broadband user. These 
have been translated into the structure of the web browsing model of [Ref 12] as follows: 

• Total bytes per packet call: 43,681+32.6x3,127 ≈ 146,000 

• Average bytes per packet (from [Ref 12]): 480 

• Average packets per packet call 146,000 / 480 ≈ 300 

• The mean reading time of 2.5 second has been retained. However, a negative 
exponential distribution has been used as this allows longer read times for some 
users, which is intuitively reasonable 

5.6 PRICE QUOTE SELECTION ALGORITHM 

In a normal market scenario one would expect End Users to always select the lowest price 
quote, assuming that the offers are identical. However, this can lead to very brittle 
behaviour making all the traffic immediately switch between DCIEs when the price 
differential alters. 

In order to mitigate this effect an experimental price quote selection algorithm with an 
element of randomness has been generated. The operation of this is illustrated in Figure 32. 
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Figure 32: Price Quote Selection Algorithm 

Within a narrow window of about ±5% price differential, the selection is not completely 
deterministic. When the prices are equal a coin-flipping decision is made when the price 
differential is, say 2.5%, the lower priced DCIE has 75% probability of being selected. 

Clearly the use of this mechanism will be slightly disadvantageous for the End User because 
he/she will not always select the absolute best price. However, an analysis of this effect 
shows that under the worst case condition of 2.5% differential, the average penalty for the 
End User is only 0.625%. In reality this exact price differential will apply for a tiny fraction 
of the time so that the overall cost to the End User will be negligible. The relationship of cost 
penalty to price differential is plotted in Figure 33. 

0.0%

0.1%

0.2%

0.3%

0.4%

0.5%

0.6%

0.7%

0.0% 0.5% 1.0% 1.5% 2.0% 2.5% 3.0% 3.5% 4.0% 4.5% 5.0%

Price Differential

M
ea

n
 L

o
ss

 

Figure 33: User Cost Penalty for Price Selection Mechanism 

There is no penalty for cost differences greater than 5% because the lowest price is then 
always selected. 
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5.7 ACCESS NETWORK MODELS 

We now consider in more detail the simulation models for the two types of access network 
that have been implemented. 

5.7.1 CDMA NETWORK 

For CDMA the simulation is based on perfect instantaneous power control. Within the model, 
all the path losses are known. Using these, the complete set of equations is solved to 
determine the base station noise rises (for the reverse link) and transmit powers (for the 
forward link). The analysis involves the solution of a matrix equation the size of the number 
of base stations (rather than the number of active links) so is manageable. When a new call 
or data burst begins, the current matrix is updated to accommodate its impact and then the 
matrix equation is solved. The same is done when a call terminates. 

The two services are implemented as follows in the CDMA network model: 

1. Voice – Continuous transmission (no DTX); 

2. Web Browsing – Continuous transmission of packet calls with reading gaps between. 
When a new packet call begins, a check is performed to determine whether the 
required bit rate can be accommodated without exceeding the noise rise limit. If not 
then the packet call proceeds using the maximum safe available bit rate.   

5.7.2 WIFI NETWORK 

For the purposes of simplified modelling, the WiFi links have been modelled in an abstract 
fashion using the following principles: 

Access Points (APs) are deployed, each with an association to an DNP. For each AP, the 
channel (one of three) is selected according to a Free Channel Search algorithm that takes 
into account the presence of APs from all DNPs. 

All the APs using a common channel that falls within a certain minimum mutual range, 
regardless of DNP are treated as a partition of APs, for which mutual interference is possible. 

The bit rate of a link is treated as a function of range relative to the best available (at 
minimum range) bit rate. 

Each AP supports an arbitrary number of DCUEs that may be handling a mixture of VoIP and 
Web browsing applications. Only downlink applications have been considered as these tend 
to dominate the flow of traffic. 

Each DNP supports a fixed maximum backhaul capability for all of its APs. For private WiFi 
operators this is likely to be quite limited as it is likely to be provided by ADSL. For public 
WiFi operators it will be treated as the same as the WiFi capability (e.g. 54 Mbps). 

In addition, for every link there will be a limit according to the speed of the Web server 
contacted. In many cases this would be expected to dominate the speed limitation. 
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Conversely, the access method should be optimised to some degree to make this the speed 
limitation. 

The CSMA protocol is egalitarian in the sense that it tends to make available equal times to 
all APs in an area, regardless of any relative overload situations. 

In the light of the above, the algorithm for assigning bandwidth to individual DCUEs is as 
follows (Note that the algorithm description is simplified because only a single AP has been 
modelled in the scenarios considered): 

1. Aggregate the current downlink traffic flow requirements according to their current 
Web server capabilities; 

2. If this is below the backhaul limitation, proceed to step 7, otherwise… 

3. Rank the terminals into descending order of priority but ascending order of bit rate 
for a given priority; 

4. Treat the backhaul limit as an available resource that is depleted according to each 
DCUE’s requirement. Iterate through the DCUEs, reducing the individual loads as 
necessary/appropriate. Specifically leave the high priority DCUEs unaffected. Once 
these have been considered, for the remaining DCUEs, provide the minimum of the 
Web server bit rate and one Nth of the remaining resource where N is the number of 
DCUEs yet to be considered; 

5. If this is sufficient to reduce the load below the backhaul limitation, proceed to step 7 
otherwise… 

6. Note that if we reach this stage we will have only high priority End Users left. Turn 
off the traffic of the first (lowest bit rate) high priority End User. Repeat the process 
of 4. If this is insufficient, continue with subsequent high priority End Users. It is 
possible, at the end of this stage that some low priority users may be let back on to 
use up the rounding errors in removing the high priority End Users; 

7. Having clipped the traffic to the backhaul limitation we now examine the air interface 
load. Depending on the ranges of the various links, the over-the-air bit rates of the 
various links vary. We model this as a factor (≤ 1) relative to the maximum bit rate. 
As an example, in terms of time occupancy, a link with bit rate factor 0.5 is 
equivalent to twice the effective bit rate of another link with the same actual average 
bit rate but with the factor equal to unity. This is because halving the available bit 
rate doubles the amount of time that the link must be active. Thus to get the 
effective average on-air bit rate we sum the average bit rates individually divided by 
their on-air relative bit rates. This result is the effective desired mean aggregate bit 
rate for the AP. 

The two services are supported as follows in the WiFi systems: 

1. Voice – Treated abstractly as VoIP. Implemented similarly to CDMA without DTX. 
VoIP is highly delay-critical. The one way delay budget is set to 100 ms. The effect of 
this divided between the packetisation delay – equal to the duration of the voice data 
stored in the packet and the transmission delay. Any packets for which the total 
delay is more than this are treated as lost since they cannot be used;  
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2. Web Browsing – Essentially the same as for CDMA. Bit rates determined according to 
algorithm detailed above. 

5.8 PRICE QUOTE GENERATOR 

5.8.1 CDMA (VOICE) 

Price can be used as a method of dissuading some End Users from accessing a congested 
network. From the DNPs’ perspective, the optimum state of affairs is one in which the 
network is always fully loaded and in which the prices are set to the maximum that can be 
charged given the baseline load. 

Where more than one DNP is present, the situation will be complicated by the element of 
competition. However, if DNPs target their optimum situation independently, the normal 
price taking scenario comes into force. 

In the Test Scenarios consisting of two CDMA networks run by separate DNPs and using 
separate radio frequency channels a simple price setting algorithm has been modelled as 
follows: 

• Prices for all base stations are updated at regular intervals, tu; 

• For both DNPs, the selected base station compares its noise rise against two 
thresholds T1 and T2 (T1<T2). If the noise rise exceeds T2 the call is blocked for that 
base station, otherwise not; 

• The threshold T1 is treated as a target load. To the degree that the noise rise, nr, is 
different from T1, the load should ideally therefore be adjusted. The current price for 
voice calls in that base station is thus altered by factor 1 + ε(nr-T1), where ε is a 
small scaling constant, unless this takes the price below the baseline minimum; 

• Two additional mechanisms have been found useful to help with overload or rapid 
change in load. Firstly, if a number of successive updates are in the same direction, 
or if a number of calls are blocked in an update interval, the factor ε may be 
increased (up to a maximum value). Whenever this condition does not apply then ε is 
restored to its initial value. Secondly, independently of the normal update 
mechanism, the price will be increased by a very small factor every time a call is 
blocked; 

• The DCUE selects the lower price (or the only quote if one base station is blocked). It 
then randomly selects the acceptable price according to the negative exponential 
distribution. If the better quoted price is lower than the acceptable limit, the quote is 
accepted and the call proceeds with the favoured DNP. 

The parameters used for modelling the algorithm are given in Table 3. 
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Parameter Value 
Price Update Interval, tu 10 secs 
Target Noise Rise, T1 3 
Blocking Noise Rise Threshold T2 4 
Initial Price Scale Factor, ε 0.01 
Price Scale Factor Step 2 
Max Price Scale Factor 0.04 
Consistent Steps to Increase Price Scale Factor 20 
Blocked calls in Price Update Interval to Increase Price Scale Factor 10 
Price Increase for Single Blocked Call 0.1% 

Table 3: CDMA Voice Price Quote Algorithm Parameters 

 

5.8.2 CDMA (WEB BROWSING) 

The web browsing traffic model has already been described in section 5.5.2. In general the 
required bit rates are quite high for a 3.84 Mcps CDMA system. The preferred bit rate for a 
service was taken to be uniformly distributed in the range 300 kbps to 2.0 Mbps. However, 
for CDMA the maximum possible bit rate is taken to be 500 kbps. Thus any services 
requiring more than this are effectively blocked by the CDMA system. 

A CDMA cellular system supporting packet data in the form of web browsing sessions is a 
hybrid of circuit and packet switched in that services are multiplexed both in time and by 
code. This complicates the scheduling processing because the most efficient approach from 
a time based scheduling standpoint is to allocate all of the bandwidth to one user at a time. 
However, in a CDMA system, sharing of the resource within any cell is potentially 
advantageous, providing interferer diversity. Conversely, if all the resources are given to a 
single End User then, if that End User is unfortunately placed (e.g. at the corner of a cell) 
then this could result in local power control instability. 

If the whole of a CDMA carrier in a base station is devoted to web browsing traffic then the 
number of active End Users that can usefully be multiplexed is limited. This fact means that 
trunking gain is also poor and that traffic fluctuations are considerable. 

The approach for activity considered here tries to maintain a web browsing call through 
fluctuations in cell load by reducing the bit rate below the preferred value as necessary. The 
algorithm for setting bit rate for each packet call is as follows: 

• A minimum of 50 kbps is given to all accepted DCUEs; 

• No DCUE is given more than the requested rate; 

• No DCUE is given more than the 0.5 Mbps divided by the total number of DCUEs 
instantaneously active in the cell (including that user itself); 

• The total load that the DcUE could individually take for the acceptable noise rise is 
predicted based on current noise rises and measurements from the DCUE of interest. 
This is weighted down according to the difference between the number of DCUEs 
registered in the cell and those that are currently active. The weighting is de-rated by 
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0.7 to allow for statistics of activity. This value is used if it falls within the limits 
determined by the other conditions; 

• The number of DCUEs registered for web browsing is clipped to 5. 

The complexity of the above empirical method illustrates the difficulty in obtaining stable 
operation of the scheduler. 

Given the above scheduling method, the Price Quote Generator algorithm is based on a 
target average ‘satisfaction ratio’ for End Users where the satisfaction ratio is defined as the 
ratio of the actual bit rate given to a End User for the current packet call to the requested 
bit rate. As for voice, the price is updated regularly, every 10 seconds. The target average 
satisfaction ratio was set at 75%. The price was then updated geometrically according to the 
difference between the actual and target satisfaction ratios in the same way as for voice 
with the adjustment given by the difference multiplied by 5%. 

5.8.3 WIFI (VOICE AND WEB BROWSING) 

The following congestion based pricing algorithm has been modelled for WiFi. The relative 
load can be expressed in two ways: 

• Fraction of available backhaul capacity; 

• Fraction of available on-air time. 

The proposed algorithm takes the greater of these relative loads. These are applied to a 
base price using a ‘relativistic’ function that produces a price that increases slowly at first 
with price and then more rapidly. The function is  
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and is plotted in Figure 34. 



      
      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this 

document 
72/06/R/353/U        Page 79 of 186 

      

 

Figure 34: Pricing Function for WiFi 

 

5.9 TEST SCENARIOS AND RESULTS 

The following scenarios have been modelled: 

• Test Scenario 1 - Two CDMA network-based DNPs providing the voice service; 

• Test Scenario 2 - Two CDMA network-based DNPs and one WiFi Hotspot DNP 
providing the voice service; 

• Test Scenario 3 - Two CDMA network-based DNPs providing the web browsing 
service; 

• Test Scenario 4 - Two CDMA network-based DNPs and one WiFi Hotspot DNP 
providing the web browsing service. 

5.9.1 TEST SCENARIO 1 - CDMA VOICE 

This scenario consists of two CDMA network-based DNPs competing with each other to 
provide the voice service. The DCIEs (i.e. base stations) are either co-located or offset as 
illustrated in Figure 35. 
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Figure 35: Cellular Deployment 

The DCUEs were deployed randomly with uniform distribution. The parameters of the model 
were as in Table 4. 

Parameter Value 
Number of rings of base station 2 
Cell Radius 1 km 
Required Eb/No for Link Operation 5.0 dB 
Spread Bandwidth 3.84 MHz 
Orthogonality Factor 0.4 
Base Station Antenna Gain 12.0 dB 
DCUE Antenna Gain 0 dB 
Operating Frequency 2.1 GHz 
Base Station Noise Figure 5 dB 
DCUE Noise Figure 6 dB 
Propagation Model Cost 231 Hata 
Base Station Antenna Height 15 m 
DCUE Antenna Height 1.5 
Environment Type Urban (Large) 
Shadow Standard Deviation 8 dB 
Mean Call Duration 120 seconds 
Service Bit Rate 13 kbps 

 

Table 4: Test Scenario 1 - Initial Model Parameters 

The simulation modelled calls as a random birth-death process with negative exponentially 
distributed call arrivals and duration. A DCUE appears at random at a location and the 
propagation losses to all base stations (for both DNPs) are computed. The best (in radio 
terms) base station is then selected for consideration by both operators. 

The model was run for various levels of offered load. The load descriptor was normalised to 
equal the pole capacity of an isolated cell, multiplied by the number of DNPs. Because of 
inter-cell interference, the true pole capacity is about 60% of this. In addition, optimisation 
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of load with a noise rise of T1 = 3 limits the mean load to 2/3 of pole capacity. Thus the 
maximum throughput is around 40% of unity normalised load. 

The isolated cell pole capacity is Pg/γ, where Pg is the processing gain γ is the required 
Eb/No. For the parameters modelled, this would give (3.84 x 106 / 13 x 103) / 105/10 = 93 
DCUEs per cell. Thus a load of 0.4 would correspond to about 37 DCUEs on average. 

Plots generated by the model for the centre base station for both DNPs are shown in Figure 
36. 

0 200 400 600 800 1000 1200 1400 1600 1800 2000

BS 0

1 

1.024 

Price 

0 

50 

No of Terminals 

0 

0.75 

Relative Pole 
     Capacity 

Time

System 0
System 1

 

Figure 36: Centre Base Station Operation – Loading = 0.4, Collocated Base Stations 

It can be seen that the number of DCUEs affiliated to the base station hovers around the 35 
mark in both cases. Sometimes, random peaks in activity push the noise rise above T1 so 
the price rises to suppress the increase. However, it can be seen that the noise rise is 
modest (typically < 2%). The control results in a small reduction in the mean load because 
the reductions in noise below T1 are not compensated by a further reduction in price. 

It can be observed that for neither system does the relative pole capacity reach 0.75, 
corresponding to T2 = 4, so there is no blocking – i.e. in any conditions where blocking 
might have arisen, the End Users prevent this by not accepting the quotes. 

We now examine the effect of a significant overload: loading = 1.0. Results for the two 
DNPs are shown in Figure 37. 



      
      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this 

document 
Page 82 of 186        72/06/R/353/U 

      

0 200 400 600 800 1000 1200 1400 1600 1800 2000

BS 0

1 

2.4 

Price 

0 

52 

No of Terminals 

Call Blocked 

0 

0.8 

Relative Pole 
     Capacity 

Time

System 0
System 1

 

Figure 37: Centre Base Station Operation – Loading = 1.0, Collocated Base Stations 

In this case blocking is seen for the two networks. The overall blocking (i.e. blocking by both 
networks) was measured for calls after the initial settling time (i.e. after three times the 
mean call duration). This was around 0.1%: very acceptable considering that the composite 
network is overloaded by 150%. This demonstrates the benefit of self-regulation where 
users reject the price quotes. The blocking can be adjusted according to the difference 
between T1 and T2. Setting T1 significantly lower than T2 means that the blocking threshold 
is well above the target noise rise so that blocking is unlikely. Low blocking can be obtained 
at the expense of reduced mean load. 

From the DNPs’ perspectives the results are also very satisfactory. They have essentially 
achieved the goal stated earlier in that their networks are fully loaded and the prices have 
settled (after about 10 minutes) to substantially increased values. 

The normalised loading can be increased to very high levels, as illustrated in Figure 38. 
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Figure 38: Centre Base Station Operation – Loading = 2.0, Collocated Base Stations 

Here the blocking level was negligible (0.08%) and it can be seen that the revenue will have 
increased substantially. 

We also considered the case where the base stations of the two networks were not 
collocated. Similar results were obtained. 

For both of these cases (i.e. collocated and offset) we can evaluate the gain from End Users 
having both networks available. Whilst retaining the pricing algorithm and the same End 
User behaviour such that End Users will self block if they consider the price unacceptable, 
we fix each End User to select one or the other of the networks. 

Note that this will have the effect of increasing blocking for a given loading because End 
Users cannot select a viable alternative. Thus, in order to obtain the same blocking for the 
case where roaming between DNPs is not allowed, it will be necessary to lower the price 
control threshold T1. 

Simulations were run for a fixed externally offered traffic loading equal to unity, as used in 
the results given in Figure 37. Depending on the value of T1 the prices will alter so that 
varying proportions of End Users will actually accept the prices offered. The load level (here 
equal to unity) multiplied by the proportion of End Users who accept the quotes offered, 
gives the residual offered load. Apart from actual blocking this is the load carried by the 
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network and is of interest to the DNP. Thus, for a given load level, the residual offered load 
varies as a function of T1 and this in turn varies the blocking. 

The results for collocated base stations for the two cases of roaming and not roaming 
(denoted by minimum price network selection and random network selection respectively) 
are given in Figure 39. 
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Figure 39: Blocking v Residual Load – Collocated Base Stations – Loading = 1 

For both curves, T1 is a parameter that traces out the relationship between residual offered 
load and blocking probability. If we consider 1% as the target blocking probability then we 
see an improvement in capacity due to Price Enabled Roaming of 7.1%. 

Figure 40 shows the corresponding results for the case where the base station sites are 
offset. 
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Figure 40: Blocking v Residual Load – Separated Base Stations – Loading = 1 

Here the gain from roaming is 8.6%. 

It is interesting to compare the gain achieved with that which might be calculated from a 
simple Erlang computation. 

For the basic non roaming case, with collocated base stations the average number of DCUEs 
supported in a cell is 36. If we were to relate this to a classical fixed network analogy, the 
number of trunks needed to support this mean number of calls at 1% blocking (Erlangs) 
according to the Erlang B formula is 48. Now suppose that between them, the two networks 
provide 96 virtual trunks. If we now treat the combined capacity of the two networks as a 
common repository of trunks then the number of Erlangs supported would be 80.3. This 
compares with 2 x 36, if the networks are treated independently, corresponding to a 
capacity improvement of 80.3/72 or an increase of 11.5%. 

Thus the Price Enabled Roaming leads to a capacity improvement that is either 62% or 75% 
(depending on the relative base station locations) of the theoretical maximum. In reality the 
effective number of trunks required per base station in a CDMA system is slightly lower 
anyway because of the effect of the statistics of inter-cell interference. Thus, the effective 
gain is an even higher fraction of that theoretically achievable. 
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5.9.2 TEST SCENARIO 2 - WIFI AND CDMA VOICE 

In this section we consider the addition of a WiFi hotspot supporting VoIP into the coverage 
area of the CDMA networks modelled in Test Scenario 1. The CDMA networks run the same 
pricing algorithms as previously, the WiFi hotpot runs the pricing algorithm described in 
section 5.8.3. The scenario is illustrated in Figure 41. 

WiFi Access Point
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User Cluster
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Figure 41: Scenario for CDMA and WiFi Voice 

The CDMA base station and cell exist within the whole scenario of 19 base stations 
illustrated in Figure 35. A WiFi Access Point (AP) has been added to the deployment and a 
cluster of users around this AP arises. A typical distribution of users within the cluster is 
shown in Figure 42. 
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Figure 42: Example Distribution of Users over Cluster 

The circle is to the same scale as the ‘nominal edge of user cluster’ circle in Figure 41. The 
distribution of End Users over the cluster is complex Gaussian where the standard deviation 
of the x and of the y values is equal to the radius of the circle. For this reason 63.2% 
(= 1 - exp(-1)) of End Users fall within the nominal edge of the user cluster. The WiFi access 
point covers twice this radius and so, on average, provides coverage for 98.2% 
(= 1 - exp(-22)) of End Users in the cluster. 

As in the previous simulation, the duration and inter-arrival time of calls are negative 
exponentially distributed. The mean call duration is 120 seconds as before. However, the 
number of users requesting service in the cluster is ramped up linearly to the specified 
maximum over the period of the simulation. 

In the simulation, when the voice is carried by WiFi it uses VoIP at 32 kbps (discontinuous 
transmission would almost certainly be used in practice but is not accounted for here). When 
the voice is carried by the CDMA based network, it uses 13 kbps. 

Initially it is assumed that the WiFi AP has a backhaul with throughput restricted to 2 Mbps. 
This has the effect of clipping the peak throughput for the links and makes the number of 
calls from the cluster of users that can be handled by the two resources more comparable. 

Initially we consider the (more likely) case where the baseline price for WiFi is cheaper than 
for CDMA. As previously, we use a baseline price per call-second of unity for CDMA and of 
0.2 for WiFi. 

The results are illustrated in Figure 43. 
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Figure 43: Competition Between WiFi and CDMA for Voice – Initial WiFi Price Lower 

The top curves illustrate the activity and price for the WiFi AP. We see the initial ramping in 
the number of links carried in accordance with the growth in traffic. The ‘relativistic’ pricing 
function causes the price to grow slowly with users in the network. 

Now, examining the, lower set of curves, we see that initially, very little of the traffic is 
carried by either of the CDMA networks – one call is carried at around 250 seconds into the 
run – this will have been from a user outside the coverage area of the hotspot. However, as 
soon as the price provided by the WiFi hotspot rises above that from the CDMA network, the 
latter begins to handle the traffic and this ramps up linearly, again, with the offered load, 
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until the capacity of the cell is reached and the price starts to rise for the CDMA network 
(note that the CDMA network are effectively operating isolated cells because there is no 
activity in any of the other cells, thus the capacity is higher than in the previous 
simulations). 

We now consider the case where the prices for both systems are nominally the same i.e. 
unity. The results for this case are illustrated in Figure 44. 
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Figure 44: Competition Between WiFi and CDMA for Voice – Nominally Equal Initial 
Prices 
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Although the baseline prices are the same, the CDMA network gets priority because of the 
difference in pricing algorithms. In the CDMA network the price remains at the baseline until 
the target load is reached whereas for the WiFi system the price increases, albeit marginally 
even for the first call since the pricing algorithm reacts instantly to the predicted load. Thus, 
until the CDMA network reaches its target load, it wins all auctions. Once the target load is 
reached, the CDMA price increases and WiFi starts to compete. As it does so, its price also 
increases and the two networks compete with an element of price tracking. 

We now examine the effect of using the smooth transition price selection introduced in 
section 5.6. The results for this are shown in Figure 45. 
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Figure 45: Competition Between WiFi and CDMA for Voice – Nominally Equal Initial 
Prices – Random Price Selection Mechanism 

Here we see that the random price selection mechanism at least partially overcomes the 
effect of difference between the pricing algorithms so that some activity is possible on the 
WiFi network from the outset. 

We next present the results for the case where the initial price is lower for the CDMA system 
- Figure 46 
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Figure 46: Competition Between WiFi and CDMA for Voice – Initial CDMA Price 
Lower 

The results indicate the anticipated situation where the CDMA system carries the load first 
and then the WiFi system steps in to share the increasing load 

5.9.3 TEST SCENARIO 3 - CDMA WEB BROWSING 

The results for ramping the traffic load up linearly are given in Figure 47. 
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Figure 47: CDMA Supporting Web Browsing Calls 

We can see that the average browser rate is directly related to the number of DCUEs, whilst 
the load (expressed in terms of relative pole capacity) remains fairly consistent. As the 
traffic load increases, the prices also increase, resulting, as previously, in End User self 
blocking that maintains the load to the network relatively constant so that blocking levels 
are maintained within acceptable limits. One problem with the approach is that calls are 
always blocked when there already 5 users registered in the base station. It can be seen 
that blocking is much higher whenever this happens. This reflects the relatively small 
number of radio ‘trunks’ that are available in this case so that blocking is more prevalent. 

Figure 47 illustrates the effect of competition between the two CDMA DNPs with relatively 
consistent load on the systems but with the number of users in the two systems varying 
largely independently. This should result in significant trunking gain improvement as for 
voice. 

5.9.4 TEST SCENARIO 4 - WIFI AND CDMA WEB BROWSING 

In the same way as for voice we now extend the modelling to include two CDMA DNPs 
competing with a WiFi DNP.  

It was stated in section 5.8.2 that the preferred bit rate for a service could be anywhere in 
the range 300 kbps to 2.0 Mbps and that the CDMA system would only handle traffic where 
the demand was for lower than 500 kbps. WiFi, on the other hand, is well capable of 
handling the higher data rates. Thus, when we consider competition between WiFi and 
CDMA this effect may be expected to dominate. 

The scenario is the same as that presented in section 5.7.2. As before, we start for the 
condition where the WiFi price is most competitive (WiFi baseline price equals 0.2, CDMA 
baseline price = 1.0). The results are given in Figure 48. 
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Figure 48: Competition Between WiFi and CDMA for Web Browsing – Initial WiFi 
Price Lower 

Similar behaviour to that seen in Figure 45 is also visible here. As long as the WiFi price 
remains lower than that for CDMA then the CDMA system doesn’t normally handle the 
traffic. However, if the AP blocks then CDMA can still handle the traffic for lower bit rate 
requirements. Prices ramp up with load as seen previously. 

We now view the case where the nominal initial prices are the same for the CDMA systems 
and for the WiFi hotspot. The results are given in Figure 49. 
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Figure 49: Competition Between WiFi and CDMA for Web Browsing – Nominally 
Equal Initial Prices 

The main difference between this case and the case where the initial price is lower for WiFi 
(Figure 48) is that the WiFi traffic ramps up slightly slower at the start as CDMA starts to 
carry traffic very slightly earlier. Apart from this there is very little difference. 

We now look at the case where the initial price for WiFi is higher (2.0) than for CDMA (1.0). 
Results are given in Figure 50. 
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Figure 50: Competition Between WiFi and CDMA for Web Browsing – Initial CDMA 
Price Lower 

We can see here that even with the CDMA price lower, WiFi continues to handle traffic 
almost from the outset as higher bit rate users require its capabilities. 

In order better to examine meaningful competition between the operator types we alter the 
preferred bit rate range to be meaningful for comparison to be from 300 to 500 kbps. 

Results are as follows: 
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Figure 51: Competition Between WiFi and CDMA for Web Browsing – Initial WiFi 
Price Lower – Limited Bit Rate Requirement 
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Figure 52: Competition Between WiFi and CDMA for Web Browsing – Initial CDMA 
Price Lower – Limited Bit Rate Requirement 

In both these cases we see the predicted kind of behaviour that is analogous to that which 
happened in the voice case 

5.9.5 CONCLUSIONS 

The conclusions drawn from the simulation work are as follows; 
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Test Scenarios 1 and 3 (Two CDMA network-based DNPs) 

Dynamic Pricing allows DNPs to perform congestion-based pricing. The algorithm works to 
increase the price of calls as the network loading increases. During periods of overload this 
results in less blocking because it has the effect of deterring some End Users who effectively 
‘self-block’ by declining the price quote. From an economic perspective this is an efficient 
process as it means that those End Users who place most ‘value’ on making a call at that 
time can do so whilst those who value it less (or cannot afford to pay the price) choose not 
to place a call. The result is additional revenue for the DNP - a transfer of some consumer 
surplus to producers. This is illustrated in Figure 53. 
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Figure 53: Congestion-Based Pricing 

The top diagram in Figure 53 shows the Producer Surplus and Consumer Surplus for the 
legacy situation where the price, P1, is fixed. The Producer Surplus is the difference between 
the price and marginal cost, MC, of providing the call. The Consumer Surplus is the area 
below the demand curve but above the price. The lower diagram shows these for the 
situation where the price is allowed to vary dynamically. In both diagrams the quantity 
supplied, S, is the (fixed) maximum network capacity and the quantity demanded (i.e. the 
offered load) is represented by the line D. During times of congestion, the offered load at 
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price P1 is greater than the available network capacity and so some call blocking occurs. 
However, as shown in the lower diagram, with dynamic pricing the price rises from P1 to P2 
to 'choke off demand' as users 'self-block' by refusing to accept the price quote. Comparing 
the two diagrams we note a reduction in the consumer surplus and the equivalent transfer 
to producers. 

The other point is that Dynamic Pricing facilitates inter-network roaming and this brings 
spectrum efficiency benefits due to the ‘trunking’ gain. However, it must be noted that this 
is not a result of Dynamic Pricing but inter-network roaming which could be achieved 
without the introduction of Dynamic Pricing. 

Test Scenarios 2 and 4 (Two CDMA network-based DNPs and one WiFI Hotspot 
DNP) 

This is a more interesting scenario since two different forms of pricing algorithm are 
employed, reflecting the differences in the two types of network. In the case of the CDMA 
network there is some persistence in the load so a pricing algorithm that essentially 
integrates differences between load and target is viable. In the WiFi case the load is highly 
ephemeral and the same approach is thought to be unworkable. Thus the price is based on 
the instantaneous load. At the higher loads both networks carry some of the traffic as the 
prices determined by the algorithms become comparable. In fact the initial relative prices 
determine which type of network takes the ‘base load’ and which carries the ‘peak load’. In 
this respect it is very similar to the operation of the electricity market where some power 
stations are only brought on line to handle the peak demand. 

General Conclusions 

In all of the scenarios, it has proved possible to implement stable algorithms. In effect this is 
because of the negative feedback in the Price Quote Generator algorithms which means that 
prices go up in response to higher levels of congestion. In consideration of the factors listed 
in section 5.2, it is fair to say that from a DNP perspective the Congestion Level is the most 
important factor with Dynamic Pricing being used in response to congestion to maintain the 
QoS for the End Users that have already been accepted onto the network. In CDMA 
networks Position Dependence is intimately linked to the Level of Congestion whereas this is 
not a consideration for a WiFi network. 
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6 MOBILITY IN DSA 

6.1 INTRODUCTION 

DCUE mobility is extremely problematic for DSA. Link characteristics, available services and 
QoS will fluctuate depending on the extent of the DCUE’s mobility. This, however, runs 
contrary to the dynamic pricing methodology of DSA that requires accurate information 
about the connection in order to generate price quotes and select the best quote where 
multiple DCIEs are available. One solution to this is to define a number of mobile states (as 
described below in section 6.2) and use this information to refine price quotes. 

In addition, of course, mobility may take the DCUE out of range of the serving DCIE 
altogether and require a handover to a new DCIE if the connection is to be maintained. 

Consequently, in DSA handovers may be required for one of two reasons; 

• The DCUE leaves the coverage area of the existing DCIE (Mobility Induced 
Handover); 

• There is an alternative, i.e. cheaper, price quote that the user wishes to take 
advantage of (Price Induced Handover). 

In principle, Mobility Induced Handovers can be handled either by the DSA meta-network 
itself (an inter-DNP Handover) or by means of a handover between two DCIEs that are part 
of the same access network (a intra-DNP or Legacy Handover). An obvious example of the 
latter is handovers performed by a cellular network as the End User is handed over from one 
base station to another. For inter-DNP Handovers, the DSA meta-network must be 
responsible for co-ordinating any necessary measurements that the DCUE must make, 
deciding when a handover is necessary and co-ordinating the execution of the handover. 
This adds a lot of complexity to DSA although inter-system handovers have been considered 
within various standards bodies. 

Price Induced Handovers, on the other hand, are handovers that may be desirable because 
a better price quote for the service can be provided by an alternative DNP. This may also be 
due to the mobility of the End User entering the coverage area of a new (and cheaper) DCIE 
or perhaps because the loading condition of a DCIE has changed such that the DNP is now 
prepared to offer a better deal. 

In summary the following table indicates the different types of handover that are possible 
within the context of DSA: 

 Inter-DNP               
(DSA Handover) 

Intra-DNP              
(Legacy Handover) 

Mobility Induced Yes Yes 

Price Induced Yes No 

Table 5: Handover Types in DSA 
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6.2 MOBILITY STATES 

There are three basic types of DCUE mobility or ‘Mobility States’ that can be defined, each 
with respect to a given DCIE. These are: 

Static – the DCUE is in a fixed location within the DCIE coverage area; 

Cell-static – the DCUE is mobile, but remains within the coverage area of the DCIE; 

Mobile – the DCUE is mobile and traverses the DCIE coverage area (i.e. it enters the 
coverage area and then leaves). 

Figure 54 illustrates these different mobility states. Note that a DCUE may be Cell-static with 
respect to one DCIE whilst being mobile with respect to another DCIE. 

   

Figure 54: Different Mobility States 

The reason for differentiating between the three Mobility States is that they have a 
significant bearing on the types of services that may be offered via the DSA connection, the 
capacity requirements of the service, and therefore the pricing of that service. A DCIE needs 
to know the relative mobility in order to calculate a price quote for a service. The PRSA 
acting on behalf of the DCUE also needs to know the mobility state and/or DCUE velocity to 
aid in its selection of the best price quote. 

Static DCUEs will draw a constant capacity resource from the DCIE over the connection 
period. The DCIE ought therefore to be able to support the same level of service (e.g. data 
rate) for the duration of the connection. The calculation of the cost (and price) of a given 
call is thus the simplest to determine in this Static state. 

Cell-static DCUEs may potentially consume a greater amount of capacity for the same 
connection as they roam around the cell (at least for some access technologies, for 
example, a CDMA-based cellular system). Furthermore a certain level of service (e.g. data 
rate) may become unavailable. The price quote offered for a call must therefore reflect some 
uncertainty as to the capacity resource that will be required. 
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Mobile DCUEs will require a handover to a different DCIE as they leave the cell coverage 
area. As discussed above in principle this may be either a DSA Handover or a Legacy 
Handover. 

However, there is a problem here in that these definitions are unlikely to be easily 
understood by End Users. For example, the majority of End Users will not be able to fully 
appreciate the extent or even the concept of a DCIE coverage area and therefore the 
difference between Cell-Static and Mobile. In any case the coverage area is technology and 
environment specific. Two responses to this are to a) limit the set of Mobility States to 
something that the user will be able to understand, e.g. just Static and Mobile (with the 
Cell-static State consumed into the Mobile State) or to rely on technical means for 
determining the relative mobility state (although this can obviously only provide historical 
and present information, not future user intention). 

If the latter approach is adopted then Mobility States may be determined by explicit 
measurements using, for example, GPS, or implicitly from, say, RF measurements, fade rate 
analysis (both at the DCUE), scanned DCIE history (at the DCUE-LR). The latter category 
could also include standard mobility states for different application types (e.g. Mobile for 
voice calls, Static for Internet surfing, Cell-static for FTP, etc.), or different physical locations 
(e.g. Mobile for station concourses). 

The Mobility State must be determined relative to the DCIEs within range. Some 
measurement techniques naturally generate relative mobility estimates, e.g. scanned DCIE 
history. Absolute measures of mobility from GPS, RF measurements, etc. would have to be 
converted to relative mobility using additional information about the DCIE coverage area 
dimensions. It would seem that the network side (i.e. DSP) would be in the best position to 
collate the necessary information. However, this adds significant complexity to the DSA 
system. 

6.3 DSA HANDOVERS AND LEGACY HANDOVERS 

A DSA Handover can involve a complete renegotiation of the call price akin to the initial call 
set up. However, there are several technical issues that may limit the practicality of DSA 
Handovers. These are: 

• The ability to pre-empt loss of coverage by an early DSA Handover and the ability to 
handover to another DCIE that can provide continued coverage; 

• The ability to detect and negotiate DSA Handovers on different physical layer DCIEs; 

• The time required to set up a DSA connection with a new DCIE, possibly on a new 
physical layer – for high mobility DCUEs. DSA Handovers may introduce a delay or 
break in service that may not be acceptable within the desired QoS constraints; 

• The extra signalling traffic generated across the DSA network. 

A Legacy Handover, on the other hand, is negotiated transparently to the DCUE by DCIEs 
within the same DNP. Generally speaking only cellular network operators would be able to 
offer this capability. Legacy Handovers have an advantage over DSA Handovers in that it 
virtually guarantees QoS and coverage to the DCUE for the duration of the call. Complicated 
decisions about the best time and the best DCIE to handover to are made with the benefit of 
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the full knowledge of the MNO system coverage and loading. However, it may not be 
optimum in terms of price, since the DCUE may traverse alternative lower priced DCIE 
coverage areas during the call. 

 

Figure 55: Example of DSA and Legacy Handovers 

Figure 55 shows an example of possible handover cases for a mobile call as it traverses 
along the dotted pink line. The coverage areas of ‘Networked’ DCIEs and ‘Independent 
DCIEs are shown in blue and yellow respectively. If the DCUE connects to an Independent 
DCIs wherever possible (on the basis that the price may be cheaper) then forced DSA 
Handovers (shown by blue full arrows) would occur every time the DCUE leaves the 
Networked DCIE coverage area. Alternatively the DCUE might elect to connect to the 
Networked DCIE initially, which could then provide Legacy Handovers at some point within 
the range shown by the green line arrows. 

Clearly the DCUE has a choice to make with regard to whether DSA or Legacy Handovers 
are desirable (if handovers will occur at all). To a large extent the decision will be based on 
the predicted Mobility State of the DCUE and also the QoS constraints of the call. 

Clearly, the simplest solution is for calls that are declared to be Mobile are handled by 
Networked DCIEs (e.g. a cellular network) whilst calls that are Static or Cell-static can be 
handled by any DNP that is willing and able to provide the requested QoS. 

6.4 THE IMPACT OF DECLARED MOBILITY STATES ON PRICING ALGORITHMS 

The Mobility State is clearly a key input to the cost pricing algorithm. The DCIE must firstly 
be able to support the mobility state. For instance, a WLAN hotspot does not provide 
ubiquitous coverage like a cellular network so cannot support Legacy Handovers and 
therefore cannot support mobile DCUEs desiring low latency services (e.g. voice). Those 
DCIEs that could support the service would therefore be likely to charge a premium. Given 
the mobility state, the DCIE would then assess the capacity required for the requested 
service and whether it has the capacity available. A higher mobility state would require 
additional capacity provisioning to be used in the calculation. The price quote would be 
based on these factors. 
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A mechanism to limit the DCUE to the declared mobility is also essential. Increased mobility 
over and above the declared mobility would require the inclusion of some form of penalty 
charge in the price quotation. This could take several forms including: 

• Fixed charges for forced legacy handovers (where possible) if not pre-declared; 

• Minimum call charges or fixed charges at DSA Handover / Call Termination when 
earlier than declared. 

The latter charges would naturally discourage the DCUE from making unnecessary and 
potentially inefficient DSA Handovers. 

From the DCIE’s point of view it is in its interest to provide the most flexible and competitive 
pricing to DCUE requests since it will then gain the most custom. 

From the DCUE’s point of view it is in its interest to provide the most accurate assessment 
of its own mobility state, since it could receive lower price quotes for low mobility scenarios, 
or avoid incurring penalty charges for high mobility states. However, it is clear that, even 
with a correct instantaneous mobility state choice, correct prediction of the mobility state for 
the duration of a call is not always going to be possible. This therefore introduces an 
element of risk into the mobility state declaration. The risks are: 

• If the DCUE is more mobile than the declared state the DCIE may not be able to 
support the required QoS, and the call might be dropped. The DCIE may not be able to 
provide the coverage required. Legacy and/or DSA Handovers might occur many times 
and incur multiple minimum/fixed charges; 

• If the DCUE is less mobile than the declared state then the End User might pay more 
for the call than for an identical low-mobility call. 

Though it may be most likely that the mobility state would be consistent before and during 
the call this is not necessarily the case since it depends, for example, on the duration of the 
call which could potentially be a long time for file transfers. Looking at the long mobile call 
path, it can be seen that if the DCUE declares itself to be Static or Cell-static at the start of 
the call to the two DCIEs within range and carries on its call on that basis, it would require 5 
DSA Handovers (5 minimum-charges) to complete the call. Alternatively, it might reassess 
the situation on leaving the first Independent DCIE coverage area and decide that it is now 
Mobile with respect to the Independent DCIEs, but Cell-static with respect to the larger 
coverage areas of the Networked DCIEs. In this case it would require 3 DSA handovers (3 
minimum charges) or 2 DSA handovers (2 minimum charges), 1 legacy handover and a 
penalty charge. There are, in fact, numerous permutations of mobility state update, DSA 
and Legacy Handover to consider. If the DCUE had declared itself at the outset to be Mobile 
with respect to both DCIEs within range it could have completed the call with only one 
Legacy Handover and no penalty charges, via the Networked DCIEs. 

Given the large number of possible DSA / Legacy Handover permutations associated with 
any mobile call, the PRSA acting on behalf of the DCUE has a fairly complicated calculation 
to weigh up the best (with a view to minimising call cost) Mobility State to declare. In fact it 
may be best to request multiple price quotes based on different Mobility States. The PRSA 
could then calculate the likely cheapest option based on assessment of risk by considering 
the following factors: 
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• Likely call duration; 

• QoS requirements (whether ‘fast’ handover is required to minimise breaks in service); 

• DCUE absolute velocity and DCIE coverage area sizes (determine likely number of 
handovers required in call duration); 

• Price quotes from each DCIE for different mobility states, broken down into likely: 

o Time/data dependent costs, 

o Minimum charge costs, 

o Penalty charge costs; 

• Typical price quotes for required service which may be higher or lower than offered 
price quotes. 

The complex calculation should allow the most favourable looking price quote to be selected. 
‘Intelligence’ in both the Price Quote Selection and Price Quote Generator algorithms might 
be beneficial in order to learn from ‘mistakes’. 

In summary, mobility is problematic within the DSA architecture. Accurate mobility 
predictions are required by the DCIEs to allow likely capacity and network costs for the call 
to be calculated in order to generate competitive price quotes, and also by the PRSA (acting 
on behalf of the DCUE) in order to declare the correct mobility state and later select the best 
price quote.  

6.5 ANALYSIS OF MOBILITY IN DSA 

In this section we present the results of an investigation into the effects of mobility in DSA. 
The aim of this analysis has been to answer some of the key questions that arose during the 
design of the DSA candidate architecture. These questions are: 

• Does DSA with mobility result in a net average performance benefit compared with 
non-DSA with mobility? In other words, is it on average more spectrally efficient 
and/or does the dropped call probability decrease and can QoS equivalent to a non-
DSA system be maintained? 

• How stable is DSA as a result of mobility? Do handovers occur too frequently to be 
practical and if so does limiting the handover frequency impact on the performance 
benefit? 

• How much capacity ‘headroom’ and/or handover margin is required to allow mobility 
without compromising QoS? 

• Are working Price Quote Generator and Price Quote Selection algorithms that allow 
for mobility realisable? 

Note that the concept of Mobility states (introduced in section 6.2) have not been considered 
in this work, since these are really a End User method to self-disable DSA mobility, and do 
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not affect the viability of mobility in DSA. Mobility States can also be seen as a way of 
compensating those networks that are capable of performing Legacy Handovers should DSA 
Handovers be technically or economically infeasible. 

The answers to the above questions have been evaluated via analysis and simulation in the 
following sub-sections. Firstly some simple analysis is presented to show the handover 
margin required to provide uninterrupted service when traversing from DCIE to DCIE. The 
key point here is that the DSA handover time is significantly longer than in a non-DSA 
system, therefore increasing the required margin for the same level of QoS. 

This work therefore concentrates on Mobility Induced DSA Handovers (see Table 5). 

In the second subsection the simulation framework is introduced along with the DSA classes 
and price quote algorithm developed. Several simplifications have been made in order to 
avoid having to model the full DSA architecture. 

In the subsequent three subsections the results of three difference simulation experiments 
are presented. The purposes of the three experiments are: 

• Experiment 1 (Single mobile DCUE, multiple static DCUEs, one DNP) – to examine 
the influence of one mobile DCUE on the rest of the network, and to look for 
instabilities; 

• Experiment 2 (Multiple mobile DCUEs, one DNP) – to examine the trends in 
handover rates, loading, and call drops in a full network for optimal and price 
based selection algorithms; 

• Experiment 3 (Multiple mobile DCUEs, three DNPs) – to directly compare the 
performance of a non-DSA network of partitioned networks (i.e. current state of 
the art) to that of a DSA network. 

In the final subsections a summary of the results and overall conclusions of the analysis and 
simulations are presented.  

The appendix contains analysis on the performance of the IEEE 802.11 model used in the 
simulation tool. 

6.6 DSA HANDOVER MARGIN 

A handover margin is required to allow a smooth coverage-initiated handover between 
DCIEs. This is because there may be no coordination between adjacent DCIEs and the DSA 
handover execution time is longer than in a conventional mobile system. Without a sufficient 
margin a ‘glitch’ in the service will occur which, dependent on the QoS demands of the 
service, may be unsatisfactory to the user. 

Ignoring fast fading effects, the long-term signal strength will vary due to path distance and 
shadowing fluctuations. In the literature there is sufficient evidence based on measurements 
to suggest that variations in the shadowing component are correlated according to a 
negative exponential function of the form: 
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where dcorr is the decorrelation distance (i.e. where ρ falls to 0.5). Typical values for 

corrd vary from 15m in urban to 200m in rural locations. The shadowing term itself is zero-

mean lognormally distributed with standard deviation typically in the region 4 to 8dB. 

Considering two zero mean lognormal Random Variables (RVs) of the same process, X1 and 
X2, with variance σ2 and correlation property as above, the difference M=X2-X1 will also be 
lognormally distributed with zero mean and variance 2σ2(1-ρ), since: 
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Figure 56 shows a plot of the normalised margin (normalised to σ) required at 99.9%, 
99.0% and 95.0% probability against the normalised distance travelled (normalised to dcorr). 
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Figure 56: Handover Margins at Different Occurrence Probabilities 

The curves in Figure 56 may be used for typical DCUE speeds and scenario shadowing 
decorrelation distances to calculate the required margin to ensure no loss of connection 
through a DSA handover. Typical values are summarised in the following table: 

  Urban (dcorr=15m) Suburban (dcorr 
=200m) 

DSAConnection  
Time and            
Internet State     DCUE 

velocity 
1ms-1 10ms-1 1ms-1 10ms-1 

No traffic (<700ms) 0.324σ 0.978σ 0.089σ 0.281σ 
Medium traffic (<1000ms) 0.438σ 1.278σ 0.121σ 0.380σ 
High traffic (<1300ms) 0.526σ 1.484σ 0.146σ 0.457σ 

Table 6: Typical DSA handover margins at 95%ile 
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An average margin for the occurrence time is calculated using the delay data provided by 
the DSA protocol simulations (see Chapter 4) and therefore represents the full spread of 
DSA connection times for each background traffic state. 

In an urban environment with a fast moving DCUE a margin of ~1.5σ would be required to 
ensure 95% of calls would not be dropped. With σ=6dB this corresponds to a 9dB margin. 
To reduce this margin it may be possible to measure DCUE velocity (probably at the DCUE) 
and varying the margin accordingly. 

The effect of handover margin on overall spectrum efficiency is examined further in 
Experiment 3. In Experiments 1 and 2 a value of 3dB is used.  

6.7 DSA MOBILITY SIMULATION TOOL AND MODELLED CLASSES 

The simulation tool has been written in the Matlab programming language using an object 
orientated approach. Rather than a discrete event simulation approach that has been used 
in the Dynamic Pricing simulations, a discrete time method is used. This allows mobility to 
be modelled more simply at the expense of increased computation time and some time 
granularity. A time step of 0.2 seconds has been used in all the simulations. This figure 
seems a reasonable compromise between computation time and accuracy in capturing the 
key propagation effects (i.e. those related to shadowing). 

The following environment and general classes have been created: 

• Path loss model - COST 231; 

• Shadowing model - Lognormal with negative exponential decorrelation function (see 
0); 

• PHYWiFi - a ‘bare-bones’ implementation of IEEE802.11 which includes multiple 
datarates and a variable channel efficiency parameter which is a function of the 
application data packet length and the number of nodes sharing the same channel 
(not necessarily connected to the same DCIE). Details of the WiFi model are in 
Appendix C; 

• Application - no QoS requirements. Datarate and fixed packet length specifiable. 

The DSA model is a partial implementation containing the following classes: 

• DCIE - each DCIE contains a PQG, a PHY layer and can model signalling delay; 

• DCUE - each DCUE acts as its own DSP, containing a PRSA and is responsible for 
generating PQQs. The DCUE sends PQQs to available DCIEs every time it’s current 
link breaks or it expires; 

• PQG - a price quote algorithm based on available capacity and required resource is 
used; 

• PQQ – a message sent by DCUEs to the DCIEs and containing information about the 
Application and also path losses (which can contain a time delay). 
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The target unit cost, Ctgt, and target DCIE load, Ltgt, are predetermined. The cost is 
then related to the current load Lt (at time t), the additional load, Lc, and the new 
load Lt+1, and the available capacity Lavail (which may be <1 since channel sharing 
between DCIEs can occur – this is discussed further in Appendix C). Figure 57 shows 
a surface plot of Cunit against Lt and Lc with Ctgt =1 and Ltgt =0.7. The cost function is 
necessarily increasing in both Lt and Lc. The relative importance of the two 
parameters could perhaps be optimised further, but was deemed sufficient for the 
purposes of these simulations; 

 

Figure 57: Cost Function 

• PQR - Returned by the PQG of DCIEs to the PRSA of the DCUE. Contains a price and 
a minimum contract length; 

• PRSA - Two PRSA selection algorithms are implemented: 

o Maximum Signal Strength (MaxSS) PRSA - selects the DCIE with the strongest 
signal that returns a positive PQR; 

o Minimum Cost (MinC) PRSA – selects the DCIE that returns the minimum cost 
PQR as defined by 0. 

MaxSS can be thought of as optimum in that the DCIE with the best link is always 
chosen, though no load balancing occurs. In current TDMA/FDMA cellular networks 
MaxSS is generally used. In CDMA networks soft handover is employed. 
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6.8 DSA MOBILITY EXPERIMENT 1 

In Experiment 1 the effect that a single mobile DCUE may have on a DSA network with 
many stationary DCUEs is investigated. An environment with 33 DCIEs operating a multi-
rate service modelled on IEEE 802.11 (with extended range) is simulated. Each DCIE has a 
range of approximately 200m (varying with shadowing).  A total of 199 stationary DCUEs 
are placed at random in the array. A single mobile DCUE is placed at a central points  and 
moves with velocity of 10ms-1 as shown in Figure 58. The DCIEs are represented by large 
circles (with colour denoting one of the three channels), dots are stationary DCUEs and the 
line is the course of the mobile DCUE. The coverage and sharing regions around the DCIEs 
are denoted with circles. The coverage distance is calculated for DCIE to DCUE at base 
sensitivity using COST 231, whereas the longer sharing distance is calculated between DCIE 
and DCIE (i.e. using DCIE height at receiver). The coloured lines joining the mobile DCUE 
track to the DCIEs show the connections during the simulation – different colours refer to 
different data rates. The simulation is run with a time step of 0.2 seconds, for 10 seconds in 
which time the mobile DCUE moves 100m. Figure 59 shows typical call parameters for the 
mobile DCUE; the DCIE index for its connection, the call cost and the data rate. Notice the 
inverse correlation of call cost and data rate. This is caused by the DCIE having a fixed rate 
application that thus requires a greater fraction of the available capacity at lower data rates. 
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Figure 58: Mobility Experiment 1 - Sample Scenario 

Statistics on the DCIE load variation and the number of handovers effected by the stationary 
DCUEs are captured over 50 statistically identical simulation runs. 

The simulation parameters are as detailed in Table 7 and for WiFi specific parameters, Table 
10. The following parameters are varied: 

• PRSA selection method: maximum signal strength (MaxSS), or minimum DSA cost 
(MinC); 

• Minimum connection length (CL): 0, or 2 seconds. 
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The application data rate is fixed at low – corresponding to mean DCIE load over the 
network of ~0.1 with 0.8ms packets. Blocking therefore does not occur.  

Parameter Value 
Frequency (GHz) 5.8 
Path loss model COST 231 
Shadowing standard deviation (dB) 6 
Shadowing decorrelation length, dcorr (m)  15 
Target values in pricing algorithm, Ctgt, Ltgt 1, 0.7   
DCIE height (m) 2 
DCUE height (m) 1 
Required setup connection margin over base 
sensitivity, and 
handover margin (dB) 

3 

Cell radius (m) 200 

Table 7: Fixed Simulation Parameters 
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Figure 59: Mobile DCUE Call Parameters Example (with CL=2, PRSA=MinC) 

Figure 60(a), (b) shows the spread of DCIE load standard deviations against range from the 
mobile DCUE over all simulation runs for CL=0 and CL=2 secs. The error bar shows +/- one 
standard deviation from the mean standard deviation (though the distribution is not 
normal). Both plots show performance of the MaxSS and MinC PRSA algorithms. 

The major point to note is that the MaxSS algorithm only causes a positive load standard 
deviation (implying some shift in connection pattern) within 1.6 cell radii of the mobile DCUE 
(Note: the true cell radii are smudged due to the modelling of shadow fading). This variation 
is caused exclusively by the mobile DCUE’s connection as it shifts as the DCUE traverses the 
cell grid. In the MinC case the influence of the mobile DCUE extends to >4 cell radii. 
Changes in load affect the price in a domino cascade to the edge of the scenario. 



      
      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this 

document 
72/06/R/353/U        Page 113 of 186 

      

With CL=2 the magnitude of the deviations are greater than CL=0 since the loading plan is 
only optimised each time a connection expires. Thus an inefficient link may be maintained 
even if a better link (higher data rate and thus cheaper) or a lighter loaded (and thus 
cheaper) DCIE becomes available. The net effect of this is to increase the variation in 
loading. 
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(b) 

Figure 60: Load Standard Deviations against range from mobile DCUE for a) CL=0, 
and b) CL=2 secs 



      
      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this 

document 
Page 114 of 186        72/06/R/353/U 

      

The DCIE load standard deviations indicate that one mobile DCUE can cause ripple effects 
across an entire network. Another interesting measure of instability is the number of 
handovers and the number of handover flips (defined as when a DCUE handovers to a DCIE 
and then handovers back to the previous DCIE). Handover flips are undesirable and suggest 
system instability. 

In the MaxSS case there are no handovers experienced by stationary DCUEs since path loss 
and shadowing are constant (not strictly speaking realistic if shadowing is caused by mobile 
objects in the environment!). 

Figure 61 shows a scatter plot of the number of handover and handover flips against DCUE 
separation from mobile DCUE for the MinC case. The mean number of handovers is very 
close to zero. However there is a significant tail to the distribution. The plot also shows a 
weak negative slope to the number of handovers against separation. There is an unexpected 
phenomenon that DCUEs with large number of handovers mainly occur with separation in 
the range 1.5-3.5 cell radii. In this area handovers are entirely handover flips back and forth 
between two DCIEs. (Note: the maximum number of handover flips is always one less than 
the number of handovers). It may be that although the DCIEs serving this region do not 
experience the largest load (and thus pricing) variations, the load variations lead to more 
subtle dynamics between adjacent DCIEs. 

Figure 62 shows the histogram tail of the number of handovers. (The handover flips are 
shown stacked). The heavy tail may be an aberration of the time step (0.2 secs 
corresponding to a maximum of 50 handovers in the simulation time). The mean number of 
handovers is <1. 

 

Figure 61: Handovers versus DCUE separation for CL=0 
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Figure 62: Handover histogram for CL=0 

Figure 63 and Figure 64 show the results for the CL=2 case. Increasing the connection 
length modestly has the effect of limiting the number of handovers significantly (to a 
maximum of 5 in the 10 second simulation time). The same trends are still observable in the 
results, namely a weak negative dependence on the mean number of handovers to the 
DCUE separation and also a bulge in the extreme values in the range 1.5-3.5 cell radii 
(although this is less clear). Naturally the histogram tail is much shorter and handover 
flipping seems less prevalent than in the CL=0 case. 

The experiment has shown that the MinC algorithm does cause the effect of one mobile 
DCUE to be felt at much greater distance than the MaxSS method. Handovers flipping will 
occur and can occur quite rapidly (up to the maximum time resolution of the simulation in 
extreme cases). Implementing a connection length constraint (CL>0) allows the handover 
effect to be minimised. There may of course be other methods to achieve the same end, 
e.g. have a price change benefit threshold below which a DCUE will not handover.  

In the following experiment the trade off between connection length, number of handovers 
and efficiency in a fully mobile scenario is examined further.   
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Figure 63: Handovers versus DCUE separation for CL=2 
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Figure 64: Handover histogram for CL=2 

6.9 DSA MOBILITY EXPERIMENT 2 

In Experiment 2 the performance of a fully mobile DSA network is evaluated. An identical 
DCIE network to Experiment 1 is used (see Figure 58) but now all 200 DCUEs are mobile 
with constant speed. On average there are 6 DCUE connections per DCIE. The simulation is 
run for 30 seconds with a 0.2 sec time step. 

Least squares 
polynomial fits 
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The key performance measures of interest are the handover rate experienced, the load 
balance (measured via the standard deviation of load across the network), and the blocking, 
dropping and failed setup rates. These are defined as follows: 

• Blocking occurs when a DCIE receives a PQQ but has insufficient capacity to provide 
the service (regardless of whether it would have actually been the selected DCIE had 
it had capacity available);  

• Dropping occurs when a DCUE connection to a DCIE is dropped due to mobility 
induced changes in load that mean that the capacity is no longer available to carry all 
connections;  

• Failed Setup occurs when the path loss or the capacity available at connection time 
is insufficient to provide the service (though there was at request time). Failed 
setups may occur at both initial call setup and also on handover to a new DCIE. 

Also of interest, and related to the dropping rate, is the load variation that occurs at the 
DCIEs as the DCUEs move across the network. The degree of variation in unit time indicates 
the extra capacity margin that would be required to support mobility in DSA. 

The key input parameters that are varied in this experiment are: 

• Speed: 1ms-1 and 10ms-1; 

• PRSA selection method: maximum signal strength (MaxSS), or minimum DSA cost 
(MinC); 

• Minimum Connection Length (CL): 0 to 20 seconds; 

• Application data rate: low (~0.1 loading) and high (~0.5 loading). Note: packet 
lengths are constant at 0.8ms – the packet interval is adjusted to vary the load; 

• Delays between PQ generation and call setup: 0 to 1 second. 

Simulation statistics are collected only for those DCUEs connected to the central three DCIEs 
(nos. 14, 15 and 20 in Figure 58) over 10 statistically identical runs per input parameter 
combination. 

Figure 65 shows various performance measures of the DSA simulation as a function of 
varying connection length. Figure 65(a), (b) show the mean load per connection (all DCIEs 
have the same application data rate) for low and high loading respectively. This measure 
reflects the mean spectral efficiency of the network. At higher speeds the mean load per 
connection is slightly higher. MaxSS outperforms MinC in this measure especially at low 
loading when capacity limitations do not affect the DCIE selection and MaxSS can be 
thought of as optimal. The performance of MinC is close to this, whilst minimising call cost to 
the customer. Connection length also has a significant effect, since longer connections mean 
that suboptimal connections will be maintained for longer.  

Figure 65(c), (d) show the standard deviation of load at the central DCIEs. At low loading 
MinC has a significantly lower standard deviation, suggesting that the algorithm causes 
traffic to be spread more uniformly across the network, whereas for MaxSS load variations 
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are more localised and thus more extreme. Higher loading, as might be expected, gives rise 
to higher load variations. DCUE velocity and connection length have a less significant effect.  

Figure 65(e), (f) show the rate of handovers. Increasing the minimum connection length 
from 0 to 5 seconds has a huge effect on the rate but beyond this there is little further gain. 
Conversely increasing the connection length too far has a negative effect on mean loading 
as shown in Figure 65(a), (b). The DCUE velocity also has a significant effect – 
approximately linear, with gradient =~0.5. It is also interesting to note that the handover 
rates are higher for the low loading scenarios. This is because all DCIEs have capacity 
available at low loading, whereas at high loading some DCIEs will have insufficient capacity 
available to allow optimum handovers and thus blocking will occur. 

Figure 65(g), (h) show the blocking and dropping rates respectively for high loading. At low 
loading these rates are all zero. Above connection lengths of 5 seconds the rates are fairly 
constant. It appears that MinC has slightly better performance than MaxSS for these 
measures. This is due to the fact that it better equalises load across the network, thus 
reducing the occurrence of fully loaded DCIEs which will be particularly susceptible to 
mobility induced call drops. DCUE velocity itself is not a significant factor. 
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Figure 65: Performance measures against connection length for fully mobile DSA 
network 

The experiment was repeated for CL=5 and the MinC PRSA algorithm, but varying the call 
setup delay from 0 to 2 seconds. This was modelled by effectively supplying the DCIE with 
‘out of date’ path loss information with which to calculate its price quote and using out of 
date loading information on which to base its available capacity estimates. Strictly speaking 
this delay only includes the time for the DCIE (PQG) to send out "PQ Response" to the DSP, 
the time for DSP to send out "Call Confirm" to DCUE, and the time for the DCUE to send out 
"Call Ack" to DSP (though none of this message flow is actually modelled in the simulation). 
Though the DSA call setup time can range from 0.2-1.2 seconds, results from the DSA 
protocol simulations (see Chapter 4) show mean times for the PQ Response to Call ACK 
messaging of 0.14, 0.39, and 0.64 seconds for low, medium and high levels of background 
traffic with fractionally small standard deviations. Figure 66(a), (b), (c) show the 
performance measures that were affected by the call setup delay – handover rate, call drop 
rate and setup failure rate respectively. Other measures (not shown) were not affected 
significantly. 
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Figure 66: Performance measures against call setup delay for fully mobile DSA 
network 

The key result is that failed setup rate increase dramatically with call setup delay as might 
be expected. The rate of failure is a strong function of DCUE velocity. There are two factors 
at work to cause this:  

• movement of the DCUE may cause the path loss to increase between the PQR being 
sent and the call setup being completed so that the received signal strength falls 
below the required minimum; and also 

• the capacity given to the call may already be being used by the time the call is setup.  

The former problem can be addressed by employing a handover margin as discussed in 
section 6.5 (3dB was used in the simulation, but this could be increased). The downside of 
increasing this margin is that the reduction in coverage and/or efficiency over a conventional 
single network which is better able to manage its internal handovers (and thus have a lower 
margin). This trade-off is examined further in Experiment 3. The latter problem may be 
alleviated by using capacity reservations and PQR expiry times but this is beyond the scope 
of the current simulations. 

The negatively sloped trend of handover rate with call setup delay for high velocities (see 
Figure 66(a)) is caused by the high failed setup rate since the handover rate calculated no 
longer includes these failed price-initiated handovers. The call setup delay also has an 
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impact on call dropping since longer delays cause the DCIE to misjudge its available 
capacity, this in turn leads to a greater chance of the DCIEs lying close to full capacity and 
thus being vulnerable to call drops caused by mobility-induced load variations and/or 
changes in available capacity. 

The call drop rate gives an indication of the degree to which mobility can may affect the DSA 
network adversely. It is therefore interesting to ascertain the capacity margin required to 
reduce these adverse effects in DSA. If all DCUEs are mobile then their precise location 
within the cell can impact on the DCIE load. This is partly due to the changes in available 
data rate as the DCUE moves closer or further away to the DCIE, but also due to changes in 
interference levels to adjacent co-channel DCIEs (and thus available capacity). This is true 
both with the modelled WiFi PHY layers and also CDMA PHY layers. Figure 67(a), (b) shows 
a histogram of the load variations experienced at the central DCIEs over one simulation time 
step (0.2 secs) for low and high loading respectively with DCUE velocity of 10ms-1. The load 
variations are due only to fluctuations in MAC layer efficiency, ηWiFi, caused by variations in 
the number of nodes sharing each channel partition. For simplicity in the model the data 
rate for a connection is fixed during its lifetime, regardless of whether a higher data rate 
becomes available, so data rate changes are not present in the load variations. Clearly in 
both loading scenarios the modal change is zero. This corresponds to the case when no 
changes occur in the channel partition occupancy. Negative load variations are greater than 
positive ones since connection dropping occurs which can lower the channel partition 
population, thus increasing ηWiFi. Perhaps this is an aberration of the simulation since in 
reality a lower data rate may be available (if the affected node is not already on the lowest 
data rate available) and the connection and thus channel partition population would be 
maintained. Handovers into and out of channel partitions will occur with equal probability. 
As expected the load adjustment is a proportion of the actual loading, so the high load 
scenario has much greater variation.  
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Figure 67: Fractional load variation over 0.2 secs for a) low, b) high loading 
scenarios 

Results at DCUE velocity of 1ms-1 were almost identical. Table 8 summarises the supports 
and standard deviations obtained. 
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[min, max] 
standard deviation 

V=1ms-1 V=10ms-1 

Low loading [-0.0289, 0.0035] 
6.84e-4 

[-0.0284, 0.0028] 
7.02e-4 

High loading [-0.1182, 0.0153] 
0.0029 

[-0.1128, 0.0141] 
0.0032 

Table 8: Load variations ranges and standard deviations over 0.2 second interval 

Clearly in reality there will be a mix of application packet lengths, data rates, and a less 
uniform spread of DCUEs for which it is not possible to make any strong assumptions from 
these experimental results. However, using the figures as a guide one might say that at high 
loading fractional loading variation of +1% over a second interval would not be unusual with 
an upper limit of about +7.5%. This might have a bearing on the maximum connection 
length that could be assigned to even a stationary DCUE if the connection has to be 
guaranteed since the necessary capacity overhead would need to be provisioned. It should 
be noted that any DCIE would be able to prioritise its connections in order to minimise the 
number of dropped call (and the associated revenue loss), and that the worst case 
assumption on guaranteeing no dropping due to load adjustments could include predicted 
call end times which would free up capacity into the short-term future. 

6.10 DSA MOBILITY EXPERIMENT 3 

In Experiment 3 the performance of a non-DSA system and a DSA system is compared. The 
simulation setup is shown in Figure 68. The (DC)IEs (large circles) are arranged as 3 
interleaved hexagonal grid networks each denoted by a different colour (one of black, blue 
or magenta). The range of the (DC)IEs has been fixed so that each network provides 
continuous coverage (excluding shadowing effects). In the non-DSA case the UEs are 
randomly assigned to a network as they are placed and they may only connect to that 
network. In the DSA case the DCUEs are given multiple PHY layer compatibility and may 
connect to all networks (DNPs). 

In each simulation run there are 200 (DC)UEs which all have velocity 10ms-1. The lines on 
Figure 68 show (DC)UE tracks for the 30 second simulation time. 
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Figure 68: Experiment 3 Example Scenario 

Connection lengths are fixed at the rough optimum gained from the previous experiment, 5 
seconds. The DSA network uses the MinC selection algorithm whereas the non-DSA network 
uses the MaxSS algorithm. Previous experiments have shown that MaxSS is optimum for low 
loading, but does cause some additional blocking and dropping over MinC for high loadings. 
In the simulation a low loading is used so the MaxSS algorithm is not limiting the 
performance of the non-DSA network. 

Two parameters of interest are varied: 

• Handover margin – 0 to 10dB, 

• Call setup delay – 0 to 0.8 seconds. 

Figure 69 shows the mean load per connection against handover margin for the DSA and 
non-DSA cases. The lines in each group correspond to different call setup delay values as 
shown. The main trend of both sets of curves is upwards with increasing handover margin. 
In other words increasing the handover margin reduces the efficiency of the network. The 
DSA network is always more efficient than non-DSA even taking into account the increased 
margin required to support the same QoS. e.g. if DSA needs an 8dB margin and non-DSA a 
3dB margin for seamless handovers for a given percentile, then DSA gives a reduction in 
load per connection of about 0.005. With ~6 connections per DCIE in the simulation this 
translates to a 3% increase in DCIE capacity usage. 

The trend for call setup delays is less strong. Increasing the delay decreases the efficiency 
slightly for DSA since calls setup choices are made on out of date information. In the non-
DSA case a reverse trend is noted. This may seem counterintuitive, however can be 
attributed to the fact that failed setups occur more frequently on the longer links. These 
links which tend to the inefficient (low datarate) links are therefore dropped and are not 
counted in the connection load statistic. 
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It should be noted that the network configuration (3 networks interleaved) is the optimum 
arrangement for DSA since it maximises the area covered at high datarates. Often in reality 
the different networks have co-located IEs. In such cases the overall gain spectral efficiency 
gain from DSA will be diminished or possibly result in a net efficiency loss once handover 
considerations are included into the calculation. 
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Figure 69: DSA to non-DSA comparison: connection load versus handover margin 

Figure 70 shows the mean drop rate against handover margin for the DSA and non-DSA 
cases. In the DSA case increasing the handover margin decreases the drop rate. This is 
because the margin applies to both the old and new link. Thus the new link has extra 
robustness built-in, and can accommodate a larger shift in path loss during the call setup 
delay. Increasing call setup delay causes the drop rate to increase as might be expected. 
The non-DSA case exhibits a similar trend till the margin reaches 6dB. The drop rate is lower 
than for the DSA case since the total number of handovers is less (as shown in Figure 71). 
For handover margins beyond 6dB the drop rate increases. This is because the high margin 
has started to impinge on overall network coverage. In other words the UEs are unable to 
find available IEs to connect to so are dropped. 
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Figure 70: DSA to non-DSA comparison: mean drop rate versus handover margin 

Figure 71 shows the mean drop rate against handover margin for the DSA and non-DSA 
cases. Handover rates remain fairly constant with handover margin except where call setup 
delay is zero with a low handover margin. With a low margin more DCIE options are 
available and with a low call setup delay they are more likely to be initiated (reduced failed 
setup probability). In general the DSA system exhibits more handovers as compared to the 
non-DSA system by a factor of 2 to 4. Clearly this will have an impact to the network in the 
form of extra internet and internal signalling. 
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Figure 71: DSA to non-DSA comparison: handover rate versus handover margin 
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6.11 SUMMARY OF RESULTS 

DSA Mobility Experiment 1 has shown that the cost based price selection algorithm (MinC) 
can spread the region of influence of a single mobile DCUE in a DSA network across several 
cell radii. Price-induced handovers occur rapidly – in extreme cases rapid handover flipping 
will occur which implies system instability and is therefore highly undesirable. However 
these effects can be reduced dramatically simply by imposing a minimum connection length 
(before which price-induced handovers are not allowed or penalised) of the order of a few 
seconds. 

DSA Mobility Experiment 2 has shown that a simple cost based price selection can perform 
almost as well as the optimum (for low loading) maximum signal strength (MaxSS) method. 
Handover rates are higher in MinC than MaxSS and increase with DCUE velocity, as well as 
in low loading. A connection length of 5 seconds is about optimum to balance the desire to 
reduce handovers, but also to increase efficiency, via lowering the mean DCIE load.  

The experiment also showed that call setup delays can lead to high call setup failure rates. 
With a handover margin of 3dB these amounted to about 25% of call setups fail for delays 
corresponding to heavy internet traffic conditions. Clearly the handover margin can be 
increased but at the loss of overall efficiency (since on average lower datarates would be 
used than might actually be possible). Some of the failures measured are also caused by 
mobility induced fluctuations in load which could be overcome by introducing a capacity 
margin for calculations. Analysis shows that positive fluctuations of up to 7.5% can occur in 
a 1 second interval. This margin may vary significantly with different physical layers. It 
cannot be seen solely as a drawback of DSA since it is inherent in any system with co-
channel sharing and connection guarantees. However in non-DSA a network could better 
manage handovers between its IEs and thus reduce capacity squeezing effects. 

DSA Mobility Experiment 3 has shown that for the ideal interleaved network topology 
simulated DSA does have a net spectral efficiency gain over non-DSA of about 3%. The 
increased handover margin required for DSA over non-DSA systems (which have shorter call 
setup times) reduces this gain and must be seen as a major disadvantage of the system. To 
get this gain the number of handovers is 2-4 times greater (not including the number of 
handover requests) in the DSA system which may impact on the viability of the DSA concept 
since the extra signalling may cause congestion further increasing the call setup delays. 

It should be noted that these conclusions apply to a WiFi type physical layer. It is thought 
that CDMA systems will behave in similar ways, though there may be other subtle effects 
that have not been addressed in this work.  

6.12 CONCLUSIONS 

To conclude, the simulations have come some way to addressing the initial questions posed 
at the beginning of section 6.5. 

• Does DSA with mobility result in a net average performance benefit compared with 
non-DSA with mobility? 

Yes, there is a marginal capacity benefit, around 3% simulated, in an ideal DSA 
network. The capacity gain is introduced by the higher modulation order (or 
reduced FEC) that can be used per connection since on average the DCUE-DCIE 
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connection length is reduced. The gain however is offset by the requirement to 
introduce a higher handover margin to counter the longer connection setup 
times in DSA. The efficiency improvement increases if QoS is not supported 
since this increased handover margin is no longer needed. 

• How stable is DSA as a result of mobility? Do handovers occur too frequently to be 
practical? 

Handovers do occur more frequently, but may be limited fairly simply. To gain 
the spectral efficiency benefit 2 to 4 times as many handovers may be required. 

• How much capacity ‘headroom’ and/or handover margin is required to allow mobility 
without compromising QoS? 

The handover margin that is required is related to the velocity of the DCUEs to 
be served. An 8dB margin is sufficient for typical urban velocities for 5% call 
drop probability. Only a small capacity margin is required to reduce call drops 
due to mobility induced load variations (~5%). 

• Are working price quote and price selection algorithms that allow mobility realisable? 

The pricing function and MinC selection algorithm worked well at smoothing the 
load across the networks and also minimising the call drops. The only problem 
is the number of failed setups brought about by the time taken to do all the 
setup signalling. This is a problem mainly at handover points, and can be solved 
at the expense of efficiency by increasing the handover margin. 

The mobility simulations have shown that DSA can accommodate user mobility with a fairly 
simplistic price function, albeit with reduced spectral efficiency gains (if indeed any) over 
comparable non-DSA systems. Some degree of mobility should be supported for DSA to be 
attractive to the end user, therefore the benefits of DSA should really focus on those of 
economics rather than those of spectrum efficiency. 
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7 ECONOMIC AND BUSINESS ASPECTS OF DSA 

7.1 INTRODUCTION 

In this section we examine the potential viability of DSA from a market perspective and 
discuss the costs, risks and benefits to different stakeholder groups as a result of 
introducing DSA into the UK marketplace.  

We do this by first considering the current market structure and discussing the roles of 
existing stakeholder groups. The different business roles and responsibilities associated with 
DSA are explained and then we describe the market structure in a ‘DSA World’ and examine 
the possibilities and motivations for legacy stakeholders to participate in DSA. The 
opportunities available for new entrants into the marketplace are also highlighted. 

We then identify the elements of capital and operational expenditure required for the 
implementation of the proposed DSA architecture and examine some business models for 
the key stakeholder groups considering participation in DSA. 

Finally, we consider some of the potential competition issues in a future DSA market.  

7.2 CURRENT MARKET STRUCTURE 

At present, the primary stakeholders within the telecommunications sector can be divided 
into several distinct groups as shown in Figure 72. 

 

Figure 72: Current Telecommunications Market and Stakeholder Groups 

The main stakeholder groups of interest for the purpose of this study are those shown in the 
red boxes. The burgundy arrows represent financial flows between these groups. Naturally, 
goods and services flow in the opposite direction to these financial flows but for clarity have 
not been shown. 

The main stakeholder groups are as follows: 
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• Network and Service Providers - These are service providers who own the 
underlying network infrastructure and provide wireless and/or cellular services to End 
Users. They therefore have a direct relationship with End Users; 

• Mobile Virtual Network Operators (MVNOs)15 - MVNOs are mobile service 
providers who do not own the radio spectrum or the underlying network 
infrastructure. However, MVNOs typically have full control over the SIM card, 
branding, marketing, billing, and customer care operations. Quite often, leading 
MVNOs may own their own Mobile Switching Centres (MSCs) and Service Control 
Points (SCPs) so that they can offer value added services to their customers. This 
means that they can compete with other service providers on the basis of service 
offerings as well as price. Network providers benefit from MVNOs because in the light 
of the increasing capital costs of mobile infrastructure networks (particularly for 3G) 
they can take advantage of the established brand appeal, distribution channels, etc.  
of MVNOs to expand the number of End Users on their network and these generate 
extra revenue;   

• End Users - At present, End Users can obtain service via one or more of the 
following means: 

o a fixed contract with a cellular network and service provider (i.e. Orange, 
Vodafone, O2, 3 or T-mobile); 

o a fixed contract with a MVNO (such as Virgin Mobile, Tesco Mobile, Carphone 
Warehouse, etc.); 

o a fixed contract with a Wireless Network and Service Provider (WNSP) (e.g. 
BT Openzone, Boingo, O2, etc.).  

In fact there are two further groups of stakeholders that have not been shown in Figure 72. 
These are: 

• Network Providers Only - Currently, this stakeholder group is not populated in the 
UK for the cellular or WiFi markets. This group consist of businesses who, whilst 
providing the underlying network infrastructure such as the base station, switches, 
etc., chose not to provide cellular/wireless services directly to End Users but instead 
provide network capacity to those who do; 

• Mobile Virtual Network Enablers (MVNEs) - This stakeholder group does exist in 
the current UK cellular market and is interesting in the light of the role they play in 
providing possibilities for new entrants to the marketplace. MVNEs do not have a 
relationship with End Users. Instead, they provide infrastructure (such as the HLR, 
MSC, etc.) and services to enable MVNOs to do so, playing an essential role that 
brings network providers and MVNOs together. An MVNO would use the host network 
provider for radio and switching infrastructure whilst outsourcing all other 
infrastructure provision to a MVNE. MVNEs are beneficial to MVNOs in that they 

                                          

15 MVNO is the common term used for providers of cellular services over a host network owned and operated by 

another party and we adopt it here. Wireless Virtual Network Operator (WVNO) could be used as a more generic 

term that also includes providers of WiFi services. 
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‘absorb’ the capital expenditure (CAPEX) incurred by MVNOs on network operations 
and allow them to focus entirely on customer relationships. Furthermore, MVNEs may 
also allow an MVNO to customise its service offering which might not be possible with 
a direct relationship with network providers. 

7.3 PROPOSED DSA MARKET STRUCTURE 

7.3.1 INTRODUCTION 

As discussed in section 2.8, it is proposed that a number of DSA Service Providers (DSPs) 
act as brokers between End Users and the DSA Network Providers (DNPs). Consequently, an 
End User would have a relationship with a single DSP rather than one or more service 
providers. This is shown in Figure 73. 

DNP
DNP

DNP
DNP

DSPEnd User

DSP

DNP

DNP

 

Figure 73: Proposed Market Structure and Business Relationships 

A DSP would typically have relationships with a number of DNPs who would be responsible 
for the radio network infrastructure equipment. DSPs must also have relationships between 
themselves in order to obtain price quotes from any DNP that is participating in DSA and to 
exchange billing information, etc. (see sections 2.8 and 4.2)16. The corollary of this is that, 
because of support for Inter-DSP roaming, a DNP only needs a business relationship with 
one DSP. 

There are a variety of reasons why End Users might want to subscribe to a DSA service, 
either in addition to or instead of access to existing wireless (or fixed line) networks. For 
example: 

                                          

16 Given this, it is possible for a DSP to ‘specialise’ and only have relationships with either End Users or DNPs.  
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• the network(s) that they currently subscribe to may be congested at peak times; 

• the(se) network(s) may have insufficient capacity or QoS for specific communication 
transactions; 

• they may require coverage in locations outside the range of their own network(s), for 
example because they are travelling; 

• they may prefer the simplicity of subscribing to a single service provider rather than 
having to manually select from, and subscribe to, a multitude of different service 
providers; 

• DSA potentially offers a flexible and cheaper way of accessing new and existing 
services. 

In other words, the ability to access multiple networks in different locations could offer 
benefits which no single service provider could replicate. Depending on the availability of 
networks within a DSA system and access arrangements, DSA could be used either as an 
add-on service for use in addition to that provided by a specific wireless network, or as a 
premium substitute for subscribing to (or investing in) a specific network or set of networks. 

In [Ref 13], a similar concept to DSA called Always Best Connected (ABC) is introduced 
where the ABC user purchases the ABC service from an ABC service provider. This can be in 
the form of a subscription (fixed contract) or on an as needed (pay-as-you-go) basis. In 
fact, our proposed DSA concept can be viewed as one possible implementation of ABC. 
However, the major difference is that the implementation being proposed here is more 
dynamic in terms of the pricing structure available to the End User. In [Ref 14], the author 
introduces a concept whereby agents are used in the digital marketplace. Thus, for every 
stakeholder, negotiations are performed by an agent so that the market is regulated in 
order to ensure free competition. The concept we propose in this report is different in that 
there is no requirement for such a market maker. 

It might be possible to introduce DSA in such a way that even non-participating networks 
were to some extent incorporated. A terminal (incorporating both DCUE and other legacy 
network capabilities) would scan for networks, including a non-DSA network with which that 
terminal had a service contract. An algorithm based in the terminal would then compare the 
best price offered by DSA with the fixed tariffs for the non-DSA network (possibly entered 
by the End User or on the basis of software in the terminal downloaded from the Internet). 
To some degree the only difference, from the End User’s perspective, would be that the non-
DSA network tariffs would be fixed. 

One of the issues that we have been conscious of throughout this project is the desire by 
many End Users to be confident that they fully understand the charges they are paying 
when making a call (see section 5.2.2). Given this, the idea of dynamic pricing may deter 
some End Users from participating in DSA especially, as we have seen in Chapter 5, it can 
be used to introduce congestion pricing during periods when the network is busy. 
Consequently, End Users could find themselves paying more for a call than they are used to 
at peak times. This problem can easily be solved by stating a maximum tariff level on the 
cost of any call to ensure that it is no higher than tariffs on legacy networks. A dual mode 
(i.e. DSA/non-DSA) terminal as described above could also be used to prevent the consumer 
paying more for a DSA call than they could for a non-DSA call. 
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7.3.2 DSA STAKEHOLDER BUSINESS ROLES AND RESPONSIBILITIES 
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DNP
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(DCIE) Network Provision

 

Figure 74: DSA Business Roles 

The three blue boxes in Figure 74 illustrate the business roles that are required to 
implement DSA. These are defined as follows: 

• DSA Network Provider (DNP) - This role covers the provision of a wireless 
network over which the DSA service is provided. This role may be performed by an 
existing network and service provider who decides to participate in DSA only as far 
as providing access to legacy network infrastructure. In this case the provision of 
service is ‘offloaded’ to a DSP or Virtual DSA Service Provider (VDSP);  

• DSA Network Enabler (DNE) - A DNE provides the higher-level (i.e. ‘meta-
network’) infrastructure for DSA, i.e. the DCUE-LR, DCUE-AR, PRSA, PQG-Proxy and 
Billing Agents, but does not provide the underlying network infrastructure or the 
service to End Users; 

• Virtual DSA Service Provider (VDSP) - A VDSP does not provide the underlying 
wireless network infrastructure or DSA meta-network and focuses entirely on 
managing the relationship with End Users. 

Of course some of these roles may be combined to provide the following: 

• DSA Service Provider (DSP) - This is a service provider who provides wireless 
services to End Users based on the DSA concept. DSPs do not own the underlying 
wireless network infrastructure but do provide the DSA enabling ‘meta-network’, i.e. 
they incorporate the DNE business role. This is shown by the green box in Figure 74; 

• DSA Network and Service Provider (DNSP) - This is a service provider who fulfils 
all three business roles and is represented by the grey box in Figure 74; 

• DSA Network Provider and Enabler (DNPE) – Although not shown in Figure 74 
there is also scope for this type of role in the proposed DSA market since some DNPs 
might evolve their business from pure network provisioning to also provide DSA 
enabling services to VDSPs. 
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7.3.3 MARKET STRUCTURE IN A DSA WORLD 

Figure 75 shows how the DSA concept would be expected to evolve in parallel to the existing 
telecommunications market structure that was shown in Figure 72. Once again, this figure only 
shows the financial flows between the stakeholder groups - goods and services flow in the 
opposite direction.  
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Figure 75: Market Structure in a DSA World  

 

The ways in which existing stakeholders may evolve into the proposed DSA stakeholders are 
shown in Figure 76. In order for the DSA market to evolve successfully, there needs to be a 
sufficient number of participants in each stakeholder group. These participants should ideally 
offer variety in terms of their geographic availability as well as their capacity to support different 
services. Without this variety, DSA will not be sufficiently attractive to End Users.  
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Figure 76: ‘Evolution’ of Legacy Stakeholders to DSA Stakeholders 

In the transition to a DSA market, a number of stakeholder ‘evolutions’ can be postulated 
(shown by the red arrows in Figure 76). We briefly discuss each of them in turn. 

For an existing Network and Service Provider:- 

DSA offers two possible evolution routes. These are:  

• evolving to become a DNSP (i.e. implementing a DSA ‘meta-network’ and using this 
alongside an existing or expanded legacy network to provide services to End Users) – 
Arrow 1; 

• evolving to become a DNP only (i.e. participating in DSA only in as much as making a 
network available to a DSP) - Arrow 2. 

For an existing Virtual Network Operator:- 

For an existing MVNO (or WVNO), there are two possible ‘evolution’ tracks leading to 
participation in DSA. These are: 

• evolving to become a fully-fledged DSP (i.e. implementing the ‘meta-network’ for 
enabling DSA) – Arrow 4; 
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• evolving to become a VDSP, in which case in order to provide service, they will need 
to contract with a DNE as well as DNPs17 – Arrow 3. 

For an existing End User:- 

For existing End Users there are two possible tracks for participation in DSA. These are; 

• migrating to become a DSA End User only – Arrow 6; 

• evolving to become a DSA End User and DNP (Arrow 6a) by, for example, making a 
private residential WiFi hotspot available to other End Users.  

The latter option is attractive since it will allow End Users to generate revenue whenever 
they are not using their WiFi Internet connection themselves by making the connection 
temporarily available to other End Users who are in close proximity. There is no need for 
additional infrastructure investment from the owner of the WiFi network since this service 
enabling could be done by the DSP on behalf of the owner. However, there would need to be 
procedures in place for allowing network owners to re-gain access to their network 
whenever they require the connection for their own use.  

7.4 IMPLEMENTATION COSTS OF DSA 

Table 9 identifies the capital expenditure (CAPEX) and operational expenditure (OPEX) costs 
that are associated with each of the three DSA business roles identified in section 7.3.2. This 
list is probably not exhaustive and may vary slightly depending on the specifics of how each 
stakeholder decides to implement the DSA service being proposed. 

Where a single stakeholder decides to combine two or all three of the business roles, then 
they would obviously incur the combined costs of those roles. 

 

 

 

 

 

 

 

 

                                          

17 Unless they elect to become and specialist ‘End User’ DSP, see footnote 16 on page 130. 
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CAPEX 

 

OPEX 

Service Provision 
Billing Agent, CRM System, 
DCUEs 

Interconnection Costs, Sales 
& Marketing, Customer 
Acquisition and Support, 
General Administration 

Meta-network Provision 

DCUE-LR, DCUE-AR, PRSA, 
PQG-Proxy, Billing Agent, 
AAA Server, Network 
Management 

Network Management 
(including QoS Monitoring), 
Maintenance, General 
Administration 

Network Provision 

Price Quote Generator 
(PQG), Billing Agent, Service 
Gateway 

Maintenance, Pricing 
Algorithm Optimisation, 
General Administration 

Table 9: CAPEX and OPEX Items for each DSA Business Role 

7.5 BUSINESS MODELS 

In this section we discuss the expected costs and benefits for a number of potential 
stakeholders when considering whether to embrace DSA or not: 

• Legacy Network and Service Providers; 

• New Entrant DSPs; 

• Legacy End Users. 

This is a good cross-section of potential participants in DSA and thus covers the main 
business issues that need to be considered in relation to DSA. 

7.5.1 LEGACY NETWORK AND SERVICE PROVIDERS 

As outlined in section 7.3.3, in deciding to join the DSA system, a legacy network and 
service provider18 faces the choice to either: 

• Participate in DSA as a DNP only; or 

• Become a DNSP, i.e. a DSP which also provides one of the participating networks. 

                                          

18 We’re primarily thinking of an existing MNO here. 
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The business models for each of these two cases are represented in Figure 77 where the 
business scope is shown within the red dotted lines. 

DNP

DSP

(a) DNP Only

DNP

DNSP

End
Users DSP

DNP DNP

Other
DSPs

(b) DNSP  

Figure 77: DNP & DNSP Business Models 

 

Figure 77(a) is obviously the simplest business model where the only relationship is with a 
DSP. Here, with reference to Figure 74, the only business role adopted is that of a DNP. This 
requires it to provide the means of generating price quotes to those End Users requesting 
access services via its network and a billing mechanism to exchange information and 
reconcile payments with its DSP. It is also possible that the DNP may contract to provide a 
DSA paging function. Revenue would be generated from interconnect charges (paid by the 
DSP) for carrying DSA traffic (including, if applicable, paging traffic). 

Figure 77(b) is a much more complicated business model where there are a large number of 
business relationships to establish and manage, including those with End Users, other DSPs 
and other DNPs. All of the business roles illustrated in Figure 74 are undertaken with the 
corresponding CAPEX and OPEX costs that this entails as identified in Table 9. Revenues are 
generated from End Users plus/minus the difference in interconnect charges received for 
carrying DSA traffic for other DSPs and interconnect charges paid to other DSPs. One could 
imagine that its own DNP would be used as the default paging network although this and, 
indeed, the use of the same network for carrying traffic would only make sense if it was the 
cheapest option, although exactly what proportion of fixed costs were factored into the 
marginal cost calculations of DNPs would most likely determine this. 

Which of these two business models is adopted in practice will depend on many things 
including the firm’s perception of how the DSA market will evolve and the risk of network 
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cannibalisation. The first model can be considered as a low investment, low risk option, the 
second a higher investment and therefore potentially riskier option.       

Perhaps the main incentive for an existing network provider to participate in DSA is the 
same as that for embracing the MVNO concept; additional network usage and extra 
revenue. The first business model outlined above meets this requirement. Most wireless 
networks have excess capacity most of the time, implying that the marginal cost of 
providing access to DSA during these periods should be very low. Therefore, DSA promises a 
potentially attractive new revenue source at little direct cost. However, existing networks 
make their money from direct subscriptions or usage charges. By joining DSA, they are 
potentially facilitating a service that could compete directly for their own customers. This 
effect is called ‘network cannibalisation’. It may well be, therefore, that once one existing 
MNO has joined DSA others must follow in order to counter this risk of cannibalisation. 

Although the marginal cost of providing access to DSA users on a non-congested network is 
very low, we would not necessarily expect prices to fall to marginal cost levels. This would 
depend on the extent of capacity available, the level of competition for DSA traffic in any 
particular location, and the extent to which DSA access develops as a substitute or 
complement to single network subscription services (such as 3G mobile contracts). 

Network and service providers set prices not just to cover marginal costs (including normal 
profit) of carrying data but also to recover any fixed costs of setting up the network. In the 
case of DSA services, this would include both: 

• a contribution to the fixed costs of participating in the DSA system (the additional 
equipment outlined in Table 9); and 

• a contribution to the fixed costs of building the network. 

Since the underlying radio network is already deployed, the primary fixed cost for an MNO in 
evolving to become a DNSP is the development of the meta-network that is required to 
enable DSA service to their customers. The CAPEX will therefore consist primarily of DCUE-
LR, DCUE-AR, Billing Agent, AAA Server, PRSAs, a PQG-Proxy and network management 
elements. The ongoing OPEX will comprise interconnection costs, network management 
including QoS monitoring, general maintenance of the meta-network as well as all other 
associated administrative costs. Since the recruitment of customers lies in the hands of the 
DSP itself, it will also need to cover sales and marketing as well as customer support costs. 

Whereas DNPs would expect to entirely recover the fixed costs relating to the infrastructure 
required for DSA in its charges to DSA End Users (as these are incurred solely because of its 
decision to carry DSA traffic), the extent to which it might attempt to recover other fixed 
costs will depend on the relative elasticity of demand of DSA End Users and legacy network 
End Users. According to Ramsey pricing theory, the operator should rationally distribute the 
burden of recovering fixed costs across different categories of End Users in a way that 
maximises its returns. 

By design, DSA use is very flexible. Where there is a broad choice of networks and plenty of 
spare capacity, a DSA End User can easily switch between DNPs in response to relative price 
changes, i.e. demand for any specific network is potentially highly elastic. Absent of 
significant service quality differences between DNPs, even a small price difference between 
two networks, both with plenty of spare capacity, could trigger all DSA traffic to switch to 
the cheaper DNP (see Chapter 5). This would tend to suggest that wherever competition for 
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DSA traffic is sufficient, there will be little scope for DNPs to recover fixed costs and prices 
may trend towards marginal cost. 

However, in practice, DNPs will be reluctant to offer terms to DSA customers that are more 
favourable than the terms they offer their own customers. Further, the price available to 
DSA End Users impacts the Ramsey Super Elasticity of the consumers of the legacy network 
therefore limiting the extent to which prices can be driven down to marginal cost. In other 
words, attempting to disproportionally recover fixed costs from a DNP’s own legacy End 
Users would result in those users switching to the relatively more attractive DSA, forcing the 
DNP to increase the price offered to DSA customers in order to recover fixed costs. 

Where DNPs are congested and/or there is limited network choice, the situation is very 
different. In this case, the DSA End User may simply face a binary choice of whether to 
accept the price available or delay its transmission. The DNP would thus have much greater 
capacity to mark-up prices to recover fixed costs and generate profits. This was examined in 
Chapter 5. 

However, the risk of market cannibalisation faced by certain categories of wireless network 
provider significantly complicates this model. MNOs may be reluctant to participate in a 
system that could lead to customers dropping subscriptions to individual networks in favour 
of DSA access to multiple networks. If DSA included access to one or more mobile networks, 
it would potentially offer a superior service to any particular mobile network, encouraging 
high value customers to desert MNOs in favour of DSPs. As MNOs rely heavily on 
subscription revenues for data services, this could be very detrimental to their business 
case. On the other hand, MNOs are already facing the loss of revenues through technological 
development, for example from the shift to Voice over IP (VoIP) calls. They may therefore 
be keen not to miss out on the revenue benefits from DSA and internalising the payment 
flows from DSA by adopting the DNSP model outlined above. 

Wi-Fi hot spot operators would also face the risk that End Users would switch to DSA service 
providers rather than use their services directly. However, this may be more an opportunity 
than a threat for such operators, creating a new route to market and potentially promoting 
increases in usage volumes. 

7.5.2 NEW ENTRANT DSP 

DSA may provide an excellent opportunity for new entrants to enter the market for wireless 
service provision as DSPs. A DSP is the equivalent of today’s MVNO with, as we have seen, a 
choice as to whether to own or subcontract responsibility for implementing and maintaining 
the DSA meta-network. Assuming that the meta-network is self-owned then the business 
model for a DSP is represented by Figure 78. 
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 Figure 78: DSP Business Model 

The DSP’s main concern is with managing the relationship with End Users as the margins in 
this business model are typically much lower than the DNSP Model. In considering why this 
is, it is illustrative to look at the financial flows for both an outgoing and incoming calls. 

DNP

End
Users DSP

DNP

Other
DSPs

DNP

End
Users DSP

DNP

Other
DSPs

Call Revenue

Other DNPs

Interconnect Revenue

Other Costs

Interconnect Costs

Paging
Network

Cost

Interconnect Costs

Other Costs

(a) Outgoing Calls

Paging
Network

Cost

(b) Incoming Calls
 

 Figure 79: Revenue and Cost Flows 

Revenue from outgoing calls is the main source of revenue for the DSP. From this revenue it 
has to pay the Interconnect Costs for DNPs to carry the near end portion of the call (and the 
DNP that provided the Paging DCIE) plus an Interconnect Cost to the DSP that provided the 
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far end radio tail19. The DSP will also receive revenue from other DSPs20 for carrying 
incoming calls out of which it must pay the cost of providing the far end radio tail to the 
appropriate DNP. 

Out of the residual revenue, it must meet all other costs such as administration, 
maintenance of its fixed assets, customer acquisition (including any DCUE subsidy) as well 
as servicing debts incurred in deploying the DSA meta-network.   

The DSP Business Model is therefore very analogous to the current MVNO Business Model. It 
is a low capital-intensive business but with a high proportion of OPEX consisting of 
Interconnect Costs. 

However, the main reason why this market might be attractive to new entrants is that it 
provides the opportunity for businesses to build on their already well-established brand 
name to introduce new products and services to their customers. For example, End Users 
might find it convenient to have a single DSA contract that they can purchase at their local 
supermarket. In a similar way, any new entrant who has an established brand name but 
who is not already a MVNO may find DSA to be a good business opportunity.  

A new entrant may be able to enter the DSA market structure either as a DSP or a VDSP. In 
the case where a new entrant becomes a VDSP, then the meta-network cost for enabling 
DSA services can be outsourced to or leased from a DNE. In this case, a large portion of the 
capital expenditure investment listed in Table 9 does not have to be covered by the new 
entrant. 

It is also possible that a DSP may choose to come to an agreement with DNPs so that they 
would be willing to cover some of the interconnection costs in return for providing customers 
who will use the DNPs network. 

New entrant DSPs may also choose to have custom deals with DCUE suppliers willing to 
offer cheaper prices for products, provided a set number of target sales are achieved by the 
DSP. In this case, the DSP not only uses its brand name to promote the product but is also 
able to use the new product to expand its customer base (as this is a key element that may 
help to influence a customer’s decision to sign up with a particular DSP). Consequently, this 
will encourage DNPs to explore business opportunities with well known and high business 
profiled DSPs. 

Finally, it is also likely that DSPs will evolve to offer bundled services from different DNPs 
(i.e. cellular and WiFi) so that they can offer more attractive packages to End Users. This 
will no doubt allow End Users to have a single contract with DSPs and yet be able to roam 
ubiquitously between cellular and wireless networks. 

                                          

19 For calls to non-DSA networks, including fixed networks, then this interconnect cost would be paid to the 

appropriate non-DSA network.  

20 And potentially non-DSA networks for calls that are routed to a DCUE.  
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7.5.3 END USER 

DSA offers the possibility for an End User decides to participate in DSA as a DNP by offering 
his/her residential WiFi network into the DSA scheme whenever their Internet connection is 
not being used by themselves. However, there must be some mechanism to ’withdraw’ the 
WLAN hotspot from the DSA scheme when the End User wishes to use it him/herself. 

Typically, End Users will need there to be a minimum overhead in managing their 
participation in the scheme and so we would expect most DSA infrastructure required for a 
DNP (i.e. the Price Quote Generator and Billing Agent) to be provided and managed on their 
behalf by the DSP. 

Such ‘private’ networks have little to lose from participating in DSA, providing they can 
manage DSA traffic in a way that does not compromise their own network use. Indeed, any 
profits from DSA use could be used to subsidise own use of the wireless network. 

7.6 COMPETITION CONCERNS 

As with any industry where there is the potential for monopoly supply, in DSA there is 
concern that in locations where there are only a limited number of networks available to 
DSA users, those networks will be able earn monopoly returns. However, in the case of an 
as yet untested technology it would be inappropriate to begin judging the impact of any 
competition concerns, not least because such concerns are likely, at least at first, to be 
second order. DSA will provide an complementary service, rather than an altogether new 
service. As such, consumers can always ‘drop back’ to their current service albeit at a lower 
QoS (either in terms of connection attributes or coverage). Moreover, if it transpires that 
network operators are able to earn monopoly returns from DSA consumers then this may 
provide significant incentives for other network operators to role out new networks, or 
extend the coverage of existing networks. 

Nevertheless, the creation of a DSA model could potentially raise competition concerns in 
relation to three areas: 

• the prices charged by DNPs to End Users for access to their network; 

• the terms and conditions, and commission that can be extracted by DSPs from DNPs 
and; 

• the terms and conditions, including any subscription charges that DSPs can impose 
on End Users. 

The first concern is that DNPs might be able to exploit monopoly positions in local areas to 
impose unduly high charges on customers. Practically, if all the MNOs joined the DSA 
system, then the extent of geographic areas where there was only one DNP would be very 
limited. At least in terms of basic coverage, there are currently five mobile operators 
capable of providing cellular services to the whole of the UK. In addition there is also a FWA 
provider with a national licence, and many companies rolling out WiFi base-stations across 
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the UK.21 Further, even in areas where consumers do face only one network, they may have 
alternative options, such as moving their location, or subscribing directly to the network (if 
prices are lower) or a fixed line alternative. 

The second concern is that a single DSP may emerge that could exploit its position as 
intermediary between a large network of providers and end users to extract undue revenues 
from either party. We view this as unlikely, given the competitive nature of the UK mobile 
and broadband markets. If DSP takes off, there would appear to be great scope for a 
number of competing DSPs to emerge, possibly backed by existing MNOs and broadband 
providers. However, it is possible that the scope for competition for end users could be 
weakened if DSPs were able to foreclose entry through exclusive deals with multiple network 
providers. 

7.7 CONCLUSIONS 

Assuming that the technical challenges can be overcome on a cost effective basis, we find 
that a market for DSA may be feasible, given that there is potentially significant demand for 
ad hoc access to networks for sending and receiving data, and spare capacity to supply this 
over existing and future wireless networks. 

From a commercial perspective, there are two major obstacles. The first is the potentially 
high transactions costs associated with managing a system with many buyers (users), 
sellers (network providers) and large numbers of low value transactions. While this might be 
overcome through the use of electronic payment systems, it is probably best addressed 
through the use of intermediaries, which we call DSA service providers (DSPs). The second 
is the willingness of network providers, especially cellular networks, to participate in the 
system given the risk of cannibalising their own service markets. By contrast, pricing models 
appear relatively straight forward, with scope for DNPs to provide a menu of tariffs 
combining access and/or usage charges linked to quality of service guarantees and varying 
over time to reflect actual or anticipated congestion. 

In practice, the successful introduction of a DSA system would ultimately require the buy-in 
of a significant set of existing operators. In particular, it is likely that the existing Mobile 
Network Operators would need to be involved. 

The financial issues surrounding the attractiveness or otherwise of joining DSA for a MNO 
are complex. On the positive side: 

• DSA could allow position dependent pricing, even within a single cell. This would 
allow MNOs to compete with smaller coverage operators more effectively; 

• A MNO may also want to become a DSP. In this case provisions would need to be in 
place to ensure sufficient competition in the DSA market. 

On the negative side: 

                                          

21 All of these services are in the infancy of their roll-out plans and so we cannot judge the extent of coverage, nor 

how this might be impacted by DSA. 
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• MNOs may fear cannibalisation of their market position. In reality it must be 
recognised that they are going to experience increasing competition from alternative 
providers (e.g. VoIP over WiFi hotspots) anyway. 

To some degree non-DSA MNOs could still operate at least partly within a DSA concept. For 
example, a DCUE would be registered with a DSP but also be registered with a MNO. The 
DCUE could run software (perhaps downloaded from the Internet) that would tell it the price 
for any type of call (given the tariff selected, number of free minutes, etc). The DSA 
algorithm could then factor this into its deliberations as to the most attractive provider. 
Thus, if the MNO provides the cheapest route then this will be used, otherwise not. 

This approach would be restricted to running DSA within the calling end wireless 
termination. If the call has wireless far end termination then, if the MNO is selected, this will 
need to provide the entire path. Of course DSA would serve to carry the traffic if the far end 
equipment could not connect to the MNO, regardless of price. 

There is also an issue around the situation where the same MNO is accessible either from 
inside or outside of DSA. This suggest the possibility of a kind of ‘meta DSA’ where a 
decision is taken whether to provide the communications from inside or outside of the DSA. 
This is unattractive because the DSP would not be very happy to support DSA signalling to 
select the cheapest service, only to find that the decision leads to a route that involve no 
revenue (this could be mitigated by arranging for the DSP to charge separately for the 
decision process and the carried traffic). On the other hand users with a number of free 
minutes available with his/her own MNO may wish to use these up before using DSA. The 
need to finish up the minutes within the expiry period but to do so in the most cost effective 
way (assuming that the total traffic will exceed the free-minute load) is a complex 
optimisation problem. 
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8 INTRODUCTION OF DSA 

8.1 DSP TECHNICAL REQUIREMENTS 

A DSA Service Provider is a new business entity that plays the central role in the DSA 
architecture. A DSP acts as both technological and business interface between DCUEs and 
DCIEs, enabling the former to obtain the optimal network access via the latter according to 
its needs and preferences and, at the same time, providing a mechanism to support billing 
relationships between networks and DCUEs. Each DSP must fulfil the following technical 
requirements in order to meet its responsibilities in the DSA system: 

• Implementation of the PRSA, PQG-Proxy, DCIE-AR and DCUE-LR elements and 
associated interfaces; 

• Implementation of a DSA Billing Agent; 

• Support for DSA Specific Identifiers (or designation of legacy identifiers to have DSA 
significance; 

• Implementation of the PQG element on behalf of some affiliated DNPs; 

• Implementation of a Customer Relation Management system.  

The business relationship between a DCUE and DCIE is indirect, based on direct relations 
between DCUE-DSP and DCIE-DSP. Therefore, the DSP has to make sure that the required 
degree of trust is established with both parties prior to the setting up of any calls involving 
the two. 

As the DSP plays the role of trusted third-party in setting up connections between DCUEs 
and DCIEs, it should also have appropriate mechanisms to ensure that both parties follow 
the terms and conditions of the agreement governing each DCUE-DCIE connection. This 
includes putting in place suitable monitoring agents to check compliance with the 
agreement. A typical example would be the use of QoS monitoring agents. This does not 
mean that the DSP has to necessarily install its own equipment at the DCIE/DCUE. It may 
decide to use existing hardware and software provided by the DNP and DCUE.  

The responsibility of terminating incoming calls lies with the DSP. Therefore, it must ensure 
that the DCUE-LR is updated regularly by facilitating connectivity with paging service DCIEs. 
To this end, each DSP will have to establish relationships with one or more DNPs for to 
provide paging services to its subscriber DCUEs. Similarly, each DSP is responsible for 
populating its DCIE-AR with the help of the DNPs within its domain. In addition, it has to 
keep informed about other DSPs’ Network Identity Codes and IP addresses of PQG Proxies 
via public databases or other available methods. Finally, each DSP will have to publish its 
own DSP code and contact information so that it can be queried by other DSPs during DCIE 
selection or remote-call termination. 

8.2 DNP TECHNICAL REQUIREMENTS 

The proposed DSA architecture is technology agnostic, that is, it is not based on any specific 
networking technology. In fact, the DSA concept is essentially an overlay system on top of 
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existing networks (which we term DSA Network Providers, DNPs) that creates a ‘network of 
networks’. These participating networks can be of different types and sizes, ranging from 
MNOs with national coverage to residential WiFi networks. In theory, therefore, any wireless 
network can participate in DSA by registering with a DSP of its choice. However, in practice 
there are some technical requirements that DNPs will have to conform to, including; 

• Implementation of a PQG and Interface to a DSP; 

• Implementation of a DSA Billing Agent; 

• Support for DSA Specific Identifiers (or designation of legacy identifiers to have DSA 
significance; 

• Support of Inter-DSP roaming by DCUEs; 

• Support of DSA Specific Signalling (e.g. DCUE-LR Updates), albeit transparently since 
it will be supported as user data. 

A network wishing to join DSA will be required to implement appropriate DSA specific 
network elements. In particular, it will have to install a Price Quote Generator (PQG) 
function within the network and the interface between the PQG and its DSP. The IP address 
of the PQG must be made available to the DSP. Alternatively, if a signalling proxy is installed 
for security reasons, then its address must be provided instead. As far as the PQG itself is 
concerned, it must support the basic functionality of providing price quotes when requested 
to do so by a DSP. The algorithm used to calculate price quotes is selected by the DNP and 
can be proprietary. Furthermore, a network may choose to have several PQGs or just one to 
serve the whole network. In case of multiple PQGs, address information for them all must be 
shared with the DSP. The other major network element that must be implemented is a 
Billing Agent capable of exchanging information with the DSP and reconciling the charges for 
DSA. 

A DNP must also be capable of identifying itself as a participant in DSA by having its DCIEs 
(Base Stations, Access Points, etc.) advertise the fact by broadcasting DSA-significant 
‘beacon’ information. As a minimum, these ‘advertisements’ must contain both a DNP 
Identifier (that can be associated with its DSP) and a DCIE Identifier. The former requires 
either the DNP Identifier to contain a DSP-specific prefix or the identity of its DSP must be 
available in the public domain. For the most part it is expected that legacy identifiers will be 
sufficient through giving them DSA significance (although further research is required here 
to confirm this). 

One of the basic tenets of DSA is that of DSP-interworking and so all participating DNPs 
must allow any DSA End User to access services via its network (assuming they accept the 
Price Quote offered, of course). A DNP must therefore support such Inter-DSP roaming by 
accepting any DSA End User onto its network. It is assumed, at least initially, that a network 
operator will have End Users that are directly subscribed to it alongside End Users who are 
subscribed to a DSP and access the network as DSA End Users. Once an End User has been 
granted access, the DNP must allow DSA-related signalling messages originating from or 
destined to a DCUE to pass through it. 

In addition, the DNP must support the necessary security mechanisms in place to provide 
protection to user data and signalling control traffic. 
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Finally, the network should support appropriate mechanisms for monitoring different call-
related parameters to check that the terms and conditions of the agreement with the DCUE 
are being followed throughout a call. 

8.3 DCUE TECHNICAL REQUIREMENTS 

As with the DSP and DNP, each DCUE must also implement the required functionality in 
order to take part in the DSA network. Firstly, each DCUE must have a subscription with a 
DSP. Secondly, the DCUE must support the protocol mechanisms so that both in-call and 
out-of-call signalling can take place. Thirdly, the DCUE must have the appropriate hardware 
and software installed for DCIE scanning during Idle Mode periods and generating call 
request parameters whenever a call needs to be set up. Furthermore, each DCUE must be 
capable of connection to a paging DCIE. Finally, it is a requirement of the DCUE that it 
supports whatever authentication and authorization method maybe required for connecting 
to a DCIE once the DSA Call Setup procedure is over. 

8.4 CANDIDATE TECHNOLOGIES  

Although other technologies shouldn’t be ruled out from participation in DSA completely (for 
example PMR) it does seem that the prime candidate technologies are cellular (GSM and 
UMTS), WLANs and, looking ahead, WIMAX systems. Some observations about the 
suitability of these technologies for DSA are discussed in this section.  

Cellular technologies (including WiMAX) are a highly efficient mechanism for providing 
communications. Their efficiency depends upon a combination of the technology itself and 
careful planning of the infrastructure deployment. The capacity of a cellular network grows 
monotonically with the density of base stations and, up to certain density, this is a linear 
relationship. The actual density of base stations deployed is chosen to meet the 
corresponding peak demand. 

Within the context of DSA, a cellular network would be one of a number of possible 
networks that a DCUE could use. Each of the cellular base stations would be a DCIE that 
would need to broadcast DSA related information. Price quotes would be DCIE-specific such 
that, for example, the offered price would be higher in a congested cell than in a more 
lightly loaded cell. This could lead to a DCUE in a congested cell selecting an alternative 
route for its data. Furthermore, in general, for any cellular technology, the opportunity cost 
of a mobile call is higher for mobiles that are near the edge of their cell than for those that 
are close to the centre. This is because a call for a mobile operating close to its base station 
generates significantly reduced interference to other cells than one operating at the cell 
edge. This is particularly true for systems that operate automatic transmit power control, 
such as GSM or UMTS. Thus, it is attractive to selectively specify higher prices for cell-edge 
DCUEs, to encourage them to use alternative routes where these are available and where 
there is a high enough demand for services close to the base station.  

Modern WLAN standards support high user data rates although these can fall substantially 
where a number of End Users share a resource. Access Points (APs) would serve as DCIEs 
and broadcast their characteristics. Often these will be owned by a member of the public 
who is also a DSA End User. In principle, this does not preclude the possibility of the AP’s 
participation in DSA. However, here the pricing may be different from the public network 
operator in that the owner of the AP will want to use it for his/her own purposes and this use 
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is free to him/her. The owner may wish to vary the price according to his/her own 
requirements. Thus, for example, when the End User wants to make use of the WLAN link 
then the price would be set high to discourage other End Users from causing him/her loss of 
throughput22 or temporarily withdraw the AP from DSA. 

The introduction of PQGs into a network should not be a major problem for large network 
operators such as MNOs and large-scale WiFi network operators. The most important 
component of a PQG is its price calculation algorithm. Each DNP can select its own 
algorithm, depending on its business model and long-term/short-term market situation. The 
level of sophistication will depend on the level of complexity of the access network. 
Equipment vendors can directly include such software into network components. It is likely 
that for small-scale networks such as WLANs, the PQG will be co-located with the DCIE or, 
possibly, with a router attached to a group of DCIEs. Similarly the addition of a Billing Agent 
should be fairly straightforward. 

Almost all wireless networks have some sort of beacon function for broadcasting system 
specific information to End Users. In GSM and UMTS, such information is sent over the 
Broadcast Control Channel (BCCH). Similarly, WLAN Access Points periodically broadcast 
beacons. Thus, it should be possible to provide DCIE-level information to DCUEs via beacons 
without making any changes to existing beacons. 

Regarding identification, MNOs already follow a well-structured naming and addressing 
convention. They have a unique Mobile Network Code/Identifier. In addition, the coverage 
area is divided in a hierarchical fashion into Location Areas and Cells. The Cell Global 
Identity uniquely identifies a cell belonging to an MNO. It is broadcast on a common BCCH. 
Furthermore, base stations are identified by Base Station Identity Codes. 

Similarly, WLANs use SSIDs to identify themselves. However, these are not necessarily 
unique on a national basis because most WLANs cover a relatively small area and 
uniqueness at national level is usually not essential. Small WLANs will have to adhere to 
certain naming rules in order to participate in DSA. This may involve changing their existing 
SSIDs. However, since most such networks consist of a handful of APs this will not be 
difficult. MNOs and large WiFi Network operators whose identifiers do not have any relation 
to their DSPs will have to publicise the identity of their DSPs to enable interworking. This is 
similar to the practice followed in banking circles where High Street banks identify the 
company that is providing credit card services to their customers. 

Allowing users that are not subscribers of a DNP to use its services is similar to the situation 
with international roaming in cellular networks where an operator allows subscribers of 
another operator from another country to use its services. This is facilitated by roaming 
agreements between the operators. Therefore, MNOs already operate on the basis of such a 
model. In DSA, bilateral roaming agreements between operators are replaced by similar 
agreements between DSPs. Furthermore, each DNP under a DSP signs up to allowing any 
subscriber of the DSP to use the services offered. Therefore, in principle, MNOs should not 
have any problems in allowing network access to non-subscribers. Most WLANs are based on 

                                          

22 If the other users are willing to pay the increased charge then the owner will presumably accept the loss of 

throughput in exchange for a useful income). 
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instant payments such as the ones in hotels, airports and other public hotspots. In most 
cases, all that is needed is a credit card number. In DSA, the credit card number is replaced 
by the DCUE Identifier. Hence, WiFi Network Operators should not, in principle, have any 
problem adopting the DSA model either. 

DSA-related signalling messages are transported over IP. In the case of UMTS networks, it 
is done in the user plane (in a way that is similar to IMS signalling) – see section 4.3.2 for 
more information. Therefore, once a DCUE has been granted network access, it is allowed to 
send traffic over the user plane. Hence, allowing signalling messages to pass through does 
not seem to be a big issue for such networks. In case of WiFI networks, connectivity 
automatically implies that IP datagrams can cross the WiFi network in either direction. 

Security and monitoring mechanisms are inherent features of most networks today and 
hence, related requirements can be fulfilled without any significant changes to existing 
networks. 

This discussion above shows that the requirements for joining DSA can be easily achieved 
met by today’s existing networks. As far as future networking technologies are concerned, it 
is reasonable to assume that they will try to meet these requirements as well if they want to 
be part of DSA. Therefore, at the network-level, there seems to be no major technical 
barriers to the introduction of DSA to existing networking technologies. 

8.5 CANDIDATE APPLICATIONS  

There are two important aspects to consider when assessing the ‘DSA-friendliness’ of 
applications. Firstly, DSA introduces an extra delay during call setup due to the additional 
procedures for DCIE selection. This is in addition to the delay that is incurred due to 
procedures specific to the selected network technology. Secondly, handovers may be 
required during a call for a number of reasons (see section 6.1). 

As far as applications are concerned, most user requirements are related to in-call Quality of 
Service (QoS). However, a long call setup delay can also put off users. This is especially true 
for voice and video calls. The results from protocol simulations (see Chapter 4) have shown 
that this call setup delay is small in most cases and of the same order of magnitude as the 
technology specific delay. Therefore, the overall delay will still be relatively small and it is 
not expected to be major drawback for DSA. End Users may also be willing to tolerate a 
little extra delay if there is a monetary benefit to be gained.  

QoS during a call will depend on a number of factors. Firstly, the capacity of the chosen 
network to guarantee the QoS promised in the price quote. This will obviously depend on 
how the network has been engineered and it has nothing to do with DSA itself. A second 
factor will be the duration of a call with respect to the validity of the selected quote. This 
may depend on user preferences and DSA policies. An End User may not be willing to accept 
a DCIE that is offering a price quote which does not cover the full expected call duration. 
Other End Users may take a more risky approach and go for a short-term price quote. The 
DSA itself may have policies regarding the duration of price quotes. Therefore, any 
performance degradation on this account will be in full knowledge of all parties concerned. 
The third factor will be End User mobility that is not covered by the price quote. Once again, 
this will depend on the End User behaviour during DCIE selection and while the call is in 
progress. If an End User violates the mobility restrictions, then QoS degradation is 
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inevitable. Finally, the desire of an End User to change DNPs during a call will also impact 
the end-to-end application QoS.  

In light of the above, it can be said that, when integrated into the DSA architecture, existing 
MNOs and WLANs can provide the same level of application QoS as legacy networks if End 
Users stay connected with the same network throughout the call. End Users can perform 
intra-DNP Handovers as their impact on application QoS will be the same as it will be if the 
user was connected to the network outside DSA. Furthermore, through proper choice of 
DNP, chances of DSA handovers can be minimised. However, it must be noted that in some 
situations DSA handovers will be unavoidable. As mentioned before, the impact of such 
handovers can be minimised by performing the DSA procedures in advance of the DNP 
switch while the DCUE is still connected to the old DCIE. Even if this is achieved, there will 
still be some delay in changing DCIEs. 

We briefly mention the impact of such handovers on some important types of applications: 

• Web Browsing - The requirements for web browsing are not too stringent and End 
Users are willing to tolerate small delays of the order of a few seconds. However, 
long delays can result in page timeouts which can have serious impact in interactive 
online transactions such as buying and selling;  

• Email - This is a relatively more delay-tolerant application and hence DSA Handovers 
will not have a significant impact;  

• File Transfer - Like email, file transfer is also more delay-tolerant although it is 
susceptible to loss. Therefore, long handover delays can lead to timeouts resulting in 
disruption of the data stream. For example, in case of FTP, the TCP connection will 
timeout after a certain number of retransmission attempts;  

• Streaming Multimedia (video, music) - These applications do not have particularly 
stringent QoS requirements because they are not delay sensitive as the video can 
take several seconds to cue up. Furthermore, they are also not very sensitive to jitter 
because of application buffering. As a result, the effects of DSA handover can be 
mitigated to some extent; 

• Real-time Voice and Video - These have the most stringent QoS requirements and 
will be the worst affected due to DSA Handovers. This is especially true for 
interactive video applications such as videoconferencing. Such applications are highly 
sensitive with respect to loss, delay and jitter. If handovers are frequent, then the 
overall performance will be very poor. Therefore, it may become necessary to only 
allow DSA Mobility Induced Handovers in order to support real time voice and video. 

8.6 REGULATORY REQUIREMENTS 

As mentioned previously the proposed DSA architecture is technology agnostic, i.e. it is 
independent of the networking technologies supported by the DNPs. In this respect, DSA will 
need to operate in a relatively light regulatory regime. Nevertheless, the regulator will have 
to make sure that DSA is deployed as an open system that allows interconnection between 
different DNPs irrespective of the DSPs they are affiliated to. Furthermore, a DSP should not 
deny DCUEs access to DCIEs that belong to DNPs affiliated to other DSPs. This will provide 
greater choice to End Users and foster more competition between DSPs (and DNPs). The 
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regulator also has a role to play in ensuring a homogeneous naming and addressing space 
to facilitate the existence of heterogeneous networking technologies within the DSA system 
since one of the requirements for DSA rollout is the use of suitable identifiers to distinguish 
between DSPs. This can be accomplished in the same way as is done today for cellular 
networks by assigning unique codes to MNOs. After that, it will be the responsibility of 
network operators to include their respective DSP identifiers in the DCIE identifiers. 
Similarly, number prefixes will have to be allocated to DSPs to be used when assigning 
identifiers to DCUEs. In addition, DSA is also service-independent in the sense that network 
operators can deploy whatever services they want and provision them to End Users within 
the DSA framework in a transparent fashion.  

As far as radio spectrum for DSA is concerned, there is no requirement for any specific 
spectrum allocation because DSA system is basically an overlay on top of existing networks. 
The choice of frequency band to be used by any access technology and its allocation is 
therefore outside the scope of DSA. In fact, the choice of access networks to be used for 
DSA will be decided by market forces and technological constraints.   

Ongoing spectrum harmonization efforts within the EU should also be taken into account. 
The most important issue here is the use of DSA across national boundaries. Deployment of 
DSA within the UK only could potentially create problems for international roaming 
scenarios. At the moment, MNOs have roaming agreements with operators in other 
countries to ensure that subscribers can still access services when they roam across national 
boundaries. In the DSA system, End Users will have subscriptions with DSPs and 
international roaming will require agreements between DSPs operating in different 
geographical regions. If DSA is established in the UK only, then the absence of peer DSPs in 
other countries will mean that there will be no organisation to setup roaming agreements 
with and hence DSA subscribers will be unable to enjoy support for international roaming. 
Alternatively, End Users that require an international roaming capability would have to 
subscribe to an MNO alongside any DSA subscription. Consequently, the benefits of a UK-
wide only DSA deployment will be limited. Hence, a harmonised approach to providing 
support for DSA across the EU is to be encouraged.  

Harmonisation of radio spectrum across the EU with respect to individual access 
technologies will also benefit DSA so that DCUEs will be able to use the same set of access 
networks, irrespective of the country or region. In other words, if a specific access 
technology is deployed using the same spectrum band in different countries, then the same 
End User device can be used everywhere. Conversely, if different access technologies use 
the same radio spectrum or the same access technology is used across different spectrum 
allocations then a DCUE will need to be more flexible and hence more complex. 

8.7 CONCLUSIONS 

The technology agnostic nature of the DSA architecture means that it does not place any 
extraordinary requirements on prospective DSPs or DNPs beyond implementing the required 
functionalities in hardware and software. A DSP is a new business entity responsible for 
creating an overlay network sitting on top of numerous DNPs supporting a variety of access 
technologies. DSPs have the role of acting as interface between End Users and DNPs. This 
requires them to establish business and trust relationships with both. 

DSA Identifiers, naming and addressing conventions have to be introduced to support inter-
operability across DSPs and DNPs. Furthermore, identifiers and addressing information has 
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to be shared in order to ensure protocol messages can be routed correctly. This may require 
setting up public databases. Dynamic pricing is a crucial part of DSA and DNPs are required 
to implement one or more pricing algorithms. These algorithms will be highly sensitive and 
would be expected to be proprietary. 

Concerning regulation, it is clear to us that DSA deployment will operate in a light regulatory 
regime. The main aspects of the regulatory framework will concern the choice of existing 
spectrum bands where DSA will be used, ensuring inter-DSP and inter-DNP roaming and 
some high-level recommendations to create a homogeneous naming and addressing space. 
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9 CONCLUSIONS 

DSA Candidate Architecture 

In the first part of this project the main focus was the design of a candidate architecture for 
the introduction of Dynamic Spectrum Access (DSA). The design process considered various 
issues and made the following five architecture decisions; 

1. DSA Signalling will be performed over the air interfaces of individual DSA Capable 
Infrastructure Equipments (DCIEs) participating in DSA rather than via a common 
‘beacon-like’ air interface; 

2. To avoid potential ambiguities, each DCIE (or network of DCIEs) participating in DSA 
will only broadcast information concerning its own availability; 

3. Selection of the DCIE to carry a particular call will be performed within the DSA 
network on behalf of the DSA Capable User Equipment (DCUE) by a Price Request 
and Selection Agent (PRSA). Consequently, the DCIE must signal to the network 
changes in DCIE availability and the DSA network must maintain this information in a 
DCUE Location Register (DCUE-LR); 

4. At any given time and location, paging of a DCUE will be performed by only one 
DCIE, designated as the paging DCIE (pDCIE), irrespective of which DCIE 
subsequently carries the call; 

5. Billing for DSA will be co-ordinated by DSA Service Providers (DSPs) who act as 
intermediaries between End Users and DSA Network Providers (DNPs). 

The design also took account of the need to be technology agnostic, and adopted the 
principle of minimising the modifications required to legacy networks and infrastructure for 
them to participate in DSA. 

These design choices and principles led to the definition of the DSA candidate architecture 
that has been presented in Chapter 3, and the high-level DSA procedures and network 
protocol described at the beginning of Chapter 4. Our DSA architecture is best thought of as 
a ‘network of networks’ which enables End Users to obtain access via the ‘optimum’ 
available DNP. Dynamic pricing is used to make this selection on the basis of price vs QoS. 
It is possible to conceive of a DSA network supporting either both incoming and outgoing 
calls or outgoing calls only. We termed these forms of the DSA architecture ‘Full Feature 
DSA’ and ‘Reduced Feature DSA’ respectively.  

In the second part of the project three key issues for DSA were investigated: network 
signalling delays, dynamic pricing and mobility. In each case a network simulation was 
developed in order to better understand the issues and behaviour of the DSA network. 

DSA Network Signalling Delays 

The additional signalling delays introduced by the DSA meta-network in addition to the 
technology specific delays of participating DNPs averaged 0.4 secs for a DCUE-LR Update, 
and (for the worst case scenarios simulated) 0.8 secs and 0.9 secs for Reduced Feature DSA 
and Full Feature DSA call setups respectively. This compares with a typical call setup delay 
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for establishing a SIP-based VOIP session of almost 8 secs as reported in [Ref 1]. It is 
concluded that whilst the additional delay introduced by DSA is significant, it forms a 
relatively small component of the overall call setup delay. 

Dynamic Pricing 

A number of factors that could be used as inputs to a pricing algorithm were first identified. 
These can be divided into technical factors and economic (or business) factors. The former 
consist of the QoS offered to the End User, the level of mobility support provided, the 
current level of network congestion and the position of the DCUE (in so much as it 
contributes to the level of congestion23). The economic or business factors are the End User 
preference for Flat Rate or Usage-based pricing and the level of competition. 

From a DNP’s perspective the most important factor is the level of network congestion since 
this influences the QoS that can be provided to End Users. Such congestion-based pricing 
can be used to identify those End Users willing to pay more for a call during peak periods. 
This reduces call blocking as End Users effectively ‘self-block’ by refusing the price quote. 
From an economic perspective this is an efficient process as it means that those End Users 
who place most ‘value’ on making a call at that time can do so whilst those who value it less 
choose not to place a call. The result is additional revenue for the DNP - a transfer of some 
consumer surplus to producers. A further point is that Dynamic Pricing facilitates inter-
network roaming which brings spectrum efficiency benefits due to the ‘trunking’ gain. 
However, it must be noted that this is not really a consequence of introducing Dynamic 
Pricing but rather inter-network roaming and thus could be achieved without Dynamic 
Pricing. 

It was also interesting to note that the initial relative prices of different DCIEs determine 
which one carries the ‘base load’ and which one carries the ‘peak load’. In this respect it is 
very similar to the operation of the electricity market where some power stations are only 
brought on line to handle the peak demand. In so much as it is expected that the prices 
offered by DNPs are related to marginal costs, then those DNPs with lowest marginal costs 
would take the ‘base load’ networks with the DNPs with higher marginal costs only carrying 
traffic as the ‘cheaper’ DNPs become congested. 

However, price is only one half of the picture here – the QoS offered by a DNP (including 
mobility support) is the other half and DSA provides much scope for inter-DNP competition 
and DNP specialisation based on QoS as well as price. The main point from an economic 
perspective is that DSA removes barriers between different market segments and increases 
competition between different DNPs for a broader range of End User traffic. In this respect 
DSA can be seen as part of a wider trend offering ‘convergence’ across different access 
networks and services with the End User able to gain access to different services and in 
different locations using a single wireless terminal.   

Mobility 

Mobility was identified as the biggest technical challenge for DSA. We drew the distinction 
between two types of Handover; Mobility Induced and Price Induced. Mobility Induced 
handovers can be handled via either intra-DNP handovers using legacy mobility 

                                          

23 As is the case, for example, in a CDMA-based network. 
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mechanisms24 or as Inter-DNP handovers (or DSA Handovers). The latter also provides the 
possibility of Price Induced Handovers, made between two DNPs on the basis of price. 

The mobility simulations focused on Inter-DNP Mobility Induced Handovers by considering a 
grid of WiFi Access Points. The performance of two DCIE selection algorithms was 
compared; one based on connection to the DCIE with the highest signal strength, and one 
based on connection to the DCIE offering the minimum price. As in the Dynamic Pricing 
simulations, the price offered using the minimum price algorithm was linked to the level of 
DCIE congestion. The conclusions drawn from this work were, firstly, that there is only a 
marginal capacity benefit (of 3% in the scenario simulated) from DSA. This comes from the 
fact that higher order modulation schemes can be supported as the average connection time 
per DCIE is reduced. However, this gain is offset by the requirement to have a larger 
handover margin to counter the longer connection setup times in DSA. In effect, there is a 
trade-off between efficiency and QoS. Secondly, the minimum price algorithm worked well 
at balancing the load across networks and minimising the number of dropped calls. The only 
problem was the number of failed setups brought about by the time taken to do all the 
setup signalling. This is a problem mainly at handover points, and can also be solved at the 
expense of efficiency by increasing the handover margin. 

In summary, the mobility simulations have shown that DSA can accommodate End User 
mobility with a fairly simplistic Dynamic Pricing algorithm, but with minimal spectral 
efficiency gains over comparable non-DSA systems (excluding any trunking gains as 
mentioned above). Therefore the benefits of DSA really come from increased competition 
between DNPs rather than through spectrum efficiency. 

Business Models 

A key challenge for DSA is to find a way in which the transaction costs of a large number of 
End Users making a high volume of small transactions with many DNPs can be reduced. Our 
preferred solution is the introduction of DSA Service Providers (DSPs) that act as 
intermediaries. This approach has the added benefit that DSPs act as ‘policemen’ for the 
system, weeding out any End Users that default on payments and DNPs that fail to provide 
adequate QoS.  

We then looked at the likely market structure and business relationships in a ‘DSA World’ 
and identified different business roles and how these could be adopted by legacy players in 
the telecommunications sector or by new entrants. In particular, we looked at the business 
models for a legacy network operator choosing to participate in DSA as a DNP only, a legacy 
network operator that combines the DNP and DSP roles, and a new entrant DSP. The latter 
is analogous to current MVNOs where the business model is that of a low capital-intensive 
business but with a large proportion of operating costs consisting of interconnect costs paid 
to DNPs that provide access for its registered DCUEs. However, the main message from the 
market and business model analysis is that there is a large scope for market-driven 
innovation and specialisation that should ultimately benefit the End User. DSA is really all 
about facilitating market-driven competition in the provision of wireless service access. 

   

                                          

24 Handovers handled by a Mobile Network Operator’s cellular network is the obvious example of this. 
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Introducing DSA to the UK  

We find there are no major technical barriers to the introduction of DSA into the UK 
(although there are some technical choices for prospective DSPs such as offering Full 
Feature versus Reduced Feature DSA and the level of mobility support provided). We also 
think that any regulatory barriers that currently prevent, for example, Inter-DNP roaming 
could be easily removed. There are a number of business models that can be adopted 
including extension of the current MVNO model to incorporate roaming across many 
different access networks. One of the most interesting aspects of DSA is that it also offers 
the opportunity for ‘private’ residential WiFi networks to join the system and thus extend 
coverage within local communities without relying on public service providers. 

Finally, we are confident that the implementation of DSA is technically feasible and that the 
prospects for its introduction rest mainly on the business case. We hope that potential DSA 
Service Providers and DSA Network Providers will develop the concept further and that 
Ofcom will create a regulatory framework within which such a concept can be introduced. 
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11 GLOSSARY 

AAA Authentication, Authorisation and Accounting 

ABC Always Best Connected 

ADSL Asynchronous Digital Subscriber Line 

AP Access Point 

BSC Base Station Controller 

BTS Base Transceiver Station 

CAPEX Capital Expenditure 

CRM Customer Relationship Management 

DCIE DSA Capable Infrastructure Equipment 

DCIE-AR DCIE Address Register 

DCUE DSA Capable User Equipment 

DCUE-LR DCUE Location Register 

DECT Digitally Enhanced Cordless Telephone 

DNE DSA Network Enabler 

DNEP DSA Network and Enabling Provider 

DNP DSA Network Provider 

DNSP DSA Network and Service Provider 

DSA Decentralised Spectrum Access 

DSP DSA Service Provider 

EAP Extensible Authentication Protocol 

FWA Fixed Wireless Access 

GGSN Gateway GPRS Support Node 

GPS Global Positioning System 

HLR Home Location Register 
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IE Infrastructure Equipment 

IPR IP Address Register 

ISP Internet Service Provider 

LRU DCUE Location Register Update 

LUE Legacy User Equipment 

MAC Medium Access Control 

MNO Mobile Network Operator 

MNSP Mobile Network and Service Provider 

MSC Mobile Switching Centres 

MVNE Mobile Virtual Network Enabler 

MVNO Mobile Virtual Network Operator 

OPEX Operational Expenditure 

pDCIE Paging DCIE 

PMR Private Mobile Radio 

PQ Price Quote 

PQG Price Quotation Generator 

PQQ Price Quote reQuest 

PQR Price Quote Reply 

PRSA Price Request and Selection Agent 

PSK Pre Shared Keys 

PSTN Public Switched Telephone Network 

QoS Quality of Service 

RACH Random Access Channel 

SCP Service Control Points 

SDR Software Defined Radio 

SGSN Serving GPRS Support Node 



      
      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this 

document 
Page 162 of 186        72/06/R/353/U 

      

SLS Service Level Specification 

SMSC Short Message Service Centre 

TCP Transmission Control Protocol 

TLS Transport Layer Security 

UE User Equipment 

UMTS Universal Mobile Telecommunication System 

VDSP Virtual DSA Service Provider 

VN-DCIE Virtual Network DCIE 

VoIP Voice over Internet Protocol 

VPN Virtual Private Network 

Wi-Fi Wireless Fidelity 

WLAN Wireless Local Area Network 

WNSP Wireless Network and Service Provider 

WVNO Wireless Virtual Network Operator 
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APPENDIX A TECHNICAL LITERATURE SEARCH 

A.1 ALWAYS BEST CONNECTED (ABC) 

A.1.1 CONCEPT DESCRIPTION 

4G is seen as a technology that will bring together different existing wireless access 
technologies. To some extent, this will be because a successful wireless access system of 
tomorrow will have to include the successful systems of today. Also, it is questionable 
whether there is a single Radio Access Technology (RAT) appropriate to all wireless access 
scenarios and applications that can provide the connectivity anywhere and anytime. 

Always Best Connected (ABC) is seen as an important concept within the 4G paradigm. ABC 
means that the user will always be connected to the network through the best available 
access technology, including wired access where available. The selection and switching to 
the currently best available connection will be done seamlessly and without a need for user 
intervention. An early example of ABC capability is interworking between 2/2.5/3G systems 
and unlicensed spectrum access systems. In regard to methods of wireless and wired 
access, technologies generally addressed are WLAN or Bluetooth, CDMA or GSM/GPRS, and 
DSL or cable. 

A.1.2 RELATION OF DSA TO ABC 

The ABC concept concentrates on the technical aspects of multiple-system connectivity, thus 
defining what is “best” mainly from the technical viewpoint. As a result, “the best” is broadly 
defined as “the best possible QoS under the circumstances” for the user, with little 
consideration for a network operator’s position or market issues. 

In DSA, “the best” is interpreted to mean different things to different DSA participants. Here 
“The best” is understood as: 

• “The cheapest provision of the requested QoS” for the user; 

• “The most efficient use of resources” from the network operator’s perspective, and 

• “The most efficient use of spectrum” from the regulator’s point of view. 

A mechanism to reconcile these potentially conflicting interests is identified to be the market 
with dynamic pricing used to select the services and/or access method. It is assumed that 
the self-regulatory nature of the market will lead to a compromise solution that will benefit 
everyone. Therefore, DSA can be seen as a subset of ABC where the market is the 
mechanism for selecting the “best” access technology. 

One area of research in ABC addresses problems caused by extension of ABC service into a 
PAN domain. One of the potential problems in this area is: how a PAN with multiple 
individual user terminals and radio access devices will support session continuity and 
seamless handover between different radio access networks. DSA considers the problem of 
user equipment as out of scope and treats the user equipment as a single DCUE. 
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In relation to the assumption that the user is equipped with a single DCUE, DSA does not 
address problems of session mobility between different user terminals. Therefore, problems 
of session continuity, disparate capabilities of different terminals, session QoS adaptation, 
etc. are also out of scope this project. 

In relation to user mobility, the ABC concept includes application flexibility. The flexibility 
here means that the application has to dynamically adapt to changes in available 
bandwidths as the DCUE moves between different radio access technologies. This issue is 
not analysed in detail within the project, where it is assumed that it belongs to the 
application layer. 

Finally, ABC allows for soft DSA handovers, where the data is delivered simultaneously over 
several access technologies. The case where a session is split between several radio 
interfaces in parallel is also described as possible within the ABC concept. DSA is not 
addressing this area in order to be able to derive results for specific use cases. 

A.1.3 THE ABC ARCHITECTURE AND ITS RELATIONSHIP TO THE PROPOSED DSA 

ARCHITECTURE 

One example of the ABC system architecture is given in [Ref 15]. A mapping between the 
ABC and DSA functional modules is shown in Figure 80. 
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Figure 80: Mapping between the ABC and DSA functional modules 

The author of [Ref 15] has identified the following issues as most important for an ABC 
service: 

• Access discovery (what RATS are available); 

• Access selection (which RAT to choose); 

• Single logon (how avoid the need to register with all access networks); 

• Mobility management (handovers); and 
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• Content adaptation (when RATs in a handover scenario do not provide the same 
QoS). 

These issues and the way they are addressed in the DSA concept are listed in the following 
sections. 

A.1.3.1 Access Discovery 

Access discovery covers the following issues: 

• Discovery of available access networks: A DCUE function; 

• Determining their characteristics: IP connectivity to server, network technology, cost, 
bandwidth, QoS, access network operator etc. Some of this information resides in 
DSA (e.g. network operator identity); the other is requested by the PRSA and 
provided by the MNO (i.e. by its DCIE) as part of the price quote request/response 
function. 

A.1.3.2 Access Selection 

Access selection can be broken down into the following elements: 

• Selecting the best access network & device (done by the PRSA); 

• Policies & algorithms to combine access/device characteristics, user preferences, 
application requirements, operator policies... (split between the general pricing 
policy, done by MNOs, local market pricing algorithm, done by DCIEs, and quote 
selection algorithm, done by the PRSA); 

• Network-, terminal-, user-based decision (distributed between the MNOs, DCIEs and 
PRSAs). 

A.1.3.3 Single Logon 

The most important aspects of a single logon are: 

• Logon to one access network (not analysed in detail); 

• Roaming takes care of next access (legacy and DSA handovers); 

• based on AAA infrastructure (not addressed in detail). 

A.1.3.4 Mobility Management 

Mobility management is a complex issue that is analysed in the DSA (see chapter 0). The 
scope of mobility management in ABC is, however, wider than in DSA. 

• Session continuity between access network (SLM, Mobile IP) (DSA handovers) 

• Session transfer between devices (not addressed) 
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• Simultaneous use of several access networks (for performance and security reasons) 
(not addressed) 

• Mobility integrated with single logon (not addressed in detail). 

A.1.3.5 Content Adaptation 

Content adaptation is seen as a capability of application content to expand or contract in 
order to match the bandwidth of the access network and the device capabilities. This is seen 
as out of scope of the current DSA work. 

A.2 UNLICENSED MOBILE ACCESS (UMA) OR GENERIC ACCESS NETWORK 

(GAN) 

A.2.1 SERVICE DESCRIPTION 

Unlicensed Mobile Access (UMA) describes a technology where a user can access GSM and 
GPRS services over a Bluetooth or a WiFi radio interface. The technology supports user 
mobility and seamless handover between the cellular and unlicensed RAT networks.  

The term Generic Access Network (GAN) is used by 3GPP to mark a network that allows 
seamless roaming and handover between WLANs and WANs using a dual-mode UE. In this 
respect, GAN and UMA can be seen as synonyms.  

UMA is defined in a set of open specifications, given at [Ref 16]. Support for UMA is based 
on 3GPP specification TS 43.318 [Ref 17]. 

The concept of the UMA architecture is illustrated in the following Figure. 
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IP access
network

BSC

UMA network
 controller
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wireless network

Core
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BTS

Cellular RAN

Unlicensed mobile access network  

Figure 81: The concept of Unlicensed Mobile Access 

The operation of UMA is defined by the following set of rules: 

• The user that is within range of an unlicensed wireless network that participates in 
the UMA system will connect to it. 
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• After connection, the UMA-capable UE contacts the UMA Network Controller (UNC) for 
authentication and authorization. The connection is established over an IP Access 
network. This activity authorises the user to access 2.5G voice and data services. 

• The subscriber’s location is stored in his location register, and all traffic is routed to 
him via the Unlicensed Mobile Access Network instead of through the cellular radio 
access network. 

• When an UMA-capable subscriber moves outside the range of the Bluetooth or 
802.11 network to which it has been connected, the UNC and handset perform 
roaming to the cellular network. This handover is performed seamlessly and is 
transparent to the user. 

• If a subscriber with an active cellular voice or data session comes within range of an 
unlicensed wireless network, that session will be automatically handed over to that 
network with no service interruption. This handover is again transparent to the user. 

An example of the operational UMA-capable service is BT Fusion (formerly Bluephone) [Ref 
18] that enables the user to roam between GSM networks and his indoor IP gateway 
equipped with Bluetooth. A WiFi-capable version is expected later in 2006. 

The leading manufacturer of core network solutions (UMA network controller) and UE 
sowftware is Kineto Solutions, [Ref 19]. 

A.2.2 RELATION OF UMA TO DSA AND ABC 

In its current form, UMA can be seen as a basic form of the ABC service. Since UMA is 
already implemented in the UK as the BT Fusion service, UMA can be seen as a way towards 
future 4G systems. However, important aspects of the DSA concept related to initial network 
selection, competition between the MNOs on price offered to the user, price-initiated 
handovers, etc., are not covered in the current UMA concept. In this respect DSA can be 
seen as a potential path of further evolution of UMA. The question of quality of service is one 
of the driving forces behind ABC. However, ABC pays less attention to the fact that users 
may not be willing to accept the best available connectivity if the associated price is 
prohibitive. 

A.3 IP MULTIMEDIA SUBSYSTEM (IMS) 

The IP Multimedia Subsystem (IMS) is a means of providing access to IP services (including 
voice and other media) via both mobile and fixed networks. IMS first appeared in the 3GPP 
Release 5 specifications; it has been updated in both Release 6 and Release 7. 

IMS is built on top of IP protocols -- IP itself is used as a homogeneous, access-independent 
network layer. SIP (Session Initiation Protocol) is used to register with the IMS network and 
to access services. Note that SIP used in an IMS network contains a number of 3GPP-
specific headers that would not be used in a non-IMS, internet / intranet deployment. 

The main parts of an IMS network are the Call Server Control Functions (CSCFs) that are 
effectively a set of SIP proxies that manage access to the IMS network. The user connects 
to the local P-CSCF (Proxy-CSCF), and thence to the S-CSCF (Serving-CSCF) in the home 
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domain. There is also an I-CSCF (Interrogating-CSCF), which acts as the border of a domain 
and through which inter-domain messages pass. Application Servers actually provide the 
services to the user. 

The sorts of services being offered through IMS include: presence (availability of contacts), 
messaging (similar to MSN, for example), Push-To-Talk over Cellular (PoC), Voice over IP, 
Videoconferencing, etc. 

A.3.1 RELATION OF IMS TO DSA 

Applications operating in a DSA environment have to be able to seamlessly switch between 
different networks. However, the current Internet routing model forces mobile hosts to 
acquire a new IP address for an interface when switching to another network, which is 
causing problems regarding session continuity. 

These issues are being addressed as part of IETF Mobile IPv6 mobility management 
protocol, together with authentication, authorization, and accounting (AAA) technologies for 
seamless roaming, e.g. in [Ref 20]. The technical solutions that are being developed may 
incorporated into a future DSA system in order to provide seamless mobility or 
price-initiated handovers. 

A.4 STANDARDISATION ACTIVITIES RELEVANT TO DSA 

A.4.1 3GPP 

A.4.1.1 Convergence Between GSM/GPRS and WLAN Wireless Access 

As a result of activities of the UMA technology consortium [Ref 16] inclusion of WLAN under 
a GERAN umbrella is captured in a 3GPP standard TS 143 318, [Ref 17]. 

A.4.1.2 Inter-working of UTRAN and WLAN Systems 

3GPP Technical Specification Group for Services and System Aspects (TSG SA2) is working 
on various aspects of interworking between 3GPP systems and WLAN systems ([Ref 21] -
 [Ref 23]). The reference model of this interworking is shown in Figure 82. 
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Figure 82: Interworking of WLAN and UTRAN networks (from [Ref 21]) 

The Working Group has identified six different scenarios of 3GPP - WLAN interworking. The 
scenarios range from common customer relationships (e.g. billing and customer care) at one 
end, to seamless mobility with services (e.g. VoIP) being transferred between the two RAT 
networks. This last scenario (scenario 6) can be seen as close to the technical 
implementation of DSA. 

The activities of this WG are ongoing, with technical specifications being included in Releases 
6 and 7. 

A.4.2 IEEE 802.11, .21 AND .22 

IEEE 802 represents a family of network standards. Several sub-groups of standards within 
this wide family cover various aspects of wireless networks. Depending on the type of 
network, the coverage can range from personal (802.15) over local (802.11) and wide area 
(802.16) to regional (802.22). 

Standardisation activities within the IEEE 802 community that are particularly relevant to 
the DSA concept are: 

• 802.11u – interoperating between cellular and wireless networks; 

• 802.11y – operation in the 3.7 GHz band in the USA that requires interoperation with 
existing systems in the same band; 

• 802.21 – handover and interoperability between individual 802, (e.g. 802.11 and 
802.16) as well as cellular networks, and 

• 802.22 – wireless regional access networks operating in VHF and UHF bands. 

The relevance of these standardisation activities to DSA is now discussed. 
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A.4.2.1 IEEE 802.11u 

The IEEE 802.11u programme deals with access to cellular services (e.g. SMS) using a 
laptop with WLAN capability. In order for this to be possible, the user has to be able to 
access a WLAN network he/she is not preauthorised to access, based on an agreement with 
the cellular network and an agreement between the cellular and the WLAN operator. 

Some technical and service aspects within the 802.11u have counterparts in DSA. Such 
aspects are, for example, the concept of accessing the cellular service through a different 
network, the problem of access rights, network selection, etc. An important element is also 
security and the need to support emergency calls. 

A.4.2.2 IEEE 802.11y 

The IEEE 802.11y group of standards deals with the implementation of 802.11 operating in 
the 3.65 – 3.7 GHz band in the USA. The standard defines a contention-based protocol for 
operation of the WLAN in the area with incumbent systems in the same band. The way 
proposed for contention resolution is based on a licence server that will allow the WLAN 
network to operate on a particular channel. 

The concepts of cognitive ratio and registration with the authorisation server have a degree 
of relevance to the DSA concept. 

A.4.2.3 IEEE 802.21 

The remit of the IEEE 802.21 programme is to develop standards dealing with roaming, 
handover and interoperability issues between heterogeneous network types. The handover 
issues include handover between various 802-type networks, including wired access, as well 
as handover between them and cellular networks. In some respects, the concept of 
unlicensed mobile access, or UMA (Section A.2) is similar to the work of 802.21. 

The question of roaming and interoperability is one of the key elements of the DSA concept. 
In DSA, DCIEs can freely move from one system to another in order to obtain a better price 
or QoS. For this reason, the standards this group produces will have direct relevance to the 
issues covered by DSA. 

A.4.2.4 IEEE 802.22 

The IEEE 802.22 standard addresses the operation of a wireless regional area network 
(WRAN) in VHF and UHF frequency bands, mainly in the bands allocated to the broadcasting 
service. Standardisation concentrates on the PHY and MAC layers, with plans to keep the 
higher layers as similar as possible to the 802.16 standard. 

The concept of cognitive radio is, to some extent, also of relevance to DSA. For example, 
one of the criteria the DCIE may use in price formation can be active control of the amount 
of traffic, and hence interference, in the given frequency band. By doing this, the DCIE can 
keep the interference generated into some other system below a certain level, either defined 
by the regulator or agreed under the terms of spectrum trading. 
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A.5 FP6 IST AND OTHER PROJECTS RELEVANT TO DSA 

A.5.1 WINNER 

Winner is an FP6 Wireless World Initiative project. The acronym “Winner” stands for 
Wireless World Initiative New Radio. The main objective of the project is to identify and 
define the future radio access technology (that can be based on existing RANs), topology of 
that future network, and means of cooperation between existing RANs on the radio level. In 
the words of the Winner programme documents, the goals of the project are, among others, 
to “define radio level co-operation mechanisms between different Radio Access Networks 
(RANs)” and “develop methods for efficient and flexible spectrum use and spectrum 
sharing.” 

Seen in this light, the activities of the Winner project are almost orthogonal to the goals of 
DSA. The Winner concept aims to outline major aspects of the future “post-3G” unified 
mobile communication system that will incorporate existing systems as legacy. To this end, 
the existence of a common radio resource management entity (centralized or distributed) is 
assumed. 

The goal of DSA is to enable the user automatically to select the most favourable method of 
wireless access amongst existing access networks based on the QoS and price criteria, with 
minimal or no co-operation between the wireless access networks themselves. Network 
access management is distributed between the PRSAs (the selection algorithms) and DCIEs 
(the pricing algorithms). Each RAN manages its own radio resource independently, or at 
least not in the highly coordinated manner assumed in Winner. 

One aspect of the Winner project that may be of relevance to the DSA concept is an 
investigation of possible cooperation schemes between RANs in Winner WP4. Three 
deliverables of that activity are: 

• Identification and definition of cooperation schemes between RANs (deals with 
cooperation schemes between the WINNER and legacy RANs) 

• Impact and advantages of cooperation schemes between RANs, including complexity 
estimation, and 

• Identification, definition and assessment of cooperation schemes between RANs. 

The web site of the Winner project is at [Ref 24]. 

A.5.2 DRIVE 

“DRiVE” is an acronym for Dynamic Radio for IP-Services in Vehicular Environments. This is 
an Information Society Technologies (IST) project. The web site of the DRiVE project is at 
[Ref 25]. 

The objective of the DRiVE project is to develop a scheme of dynamically sharing the same 
frequency band between different systems (e.g. GSM, UMTS and DVB-T). The systems 
sharing a DRiVE-capable environment have to be able to dynamically switch the operating 
frequency sub-band, operate in non-contiguous sub-bands, monitor the C/I and adapt to the 
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offered traffic in that and other systems sharing the same band. The accepted scheme to 
organise the spectrum allocation in DRiVE is to use a common coordination channel, or CCC, 
in all systems. 

The problem addressed by DRiVE seem to be different from the objective of DSA, as DSA 
will not require participating systems to dynamically share the same frequency. 

One of the results of the DRiVE project is that dynamic spectrum access can increase the 
spectrum efficiency by 30% (compared to fixed sharing). This can be taken as an indication 
of the upper estimate of spectrum efficiency improvement due to DSA. The “upper limit” 
taken here is based on the assumption that the switching of the UE between different 
networks will be either static (i.e. made once at the beginning of the call) or slow (i.e. made 
once for each large burst of data packets), in order to reduce the associated overhead. 

Work within the DRiVE project that may be of relevance to the DSA concept is in the area of 
inter-working of cellular and broadcast networks on the IP level. Some of the results on IP 
infrastructure can potentially be reused in controlling the merging of traffic that a UE can 
potentially direct over different RANs over a duration of the single session, based on the 
dynamically changing price and QoS. 

A.5.3 AMBIENT NETWORKS 

Ambient Networks [Ref 26] is an R&D Integrated Project (IP) under the Information Society 
Technology (IST) domain under the 6th Framework Programme. 

The project goal is to investigate means of cooperation between different networks in order 
to provide connectivity to the user transparently in a highly mobile environment, i.e. “on the 
fly”. 

The areas investigated by the programme are given as follows: 

A.5.3.1 Concepts, Architectures and Technical Coordination 

Activities undertaken in this work package that might be of relevance to DSA are the 
evaluation of existing standards and research. This activity will also prototype some small-
scale scenarios (such as PAN) that might be of some secondary interest to DSA. It is, 
however, expected that DSA will concentrate on scenarios involving cellular, WLAN and 
WiMAX networks that are not addressed in the Ambient Networks study. 

A.5.3.2 Multi-Radio Access 

This work package deals with radio access. During this activity the following features have 
been proposed and investigated: 

• Multi-Radio Resource Management (MRRM). “A control-plane functionality 
designed to manage all the available radio access resources, potentially belonging to 
several Radio Access Technologies (RATs) in a coordinated manner”. This common 
RRM is to replace the individual RRMs belonging to individual RATs. In the DSA 
programme, the goal is to change the existing RRMs as little as possible. The choice 
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is down to the DCUE to select the RAT based on cost, whilst letting each RAT inform 
its own radio resource management. 

• A Generic Link Layer (GLL) that will provide a common interface to higher layers 
in all RATs. This is seen as a major revision of existing link layers of individual RATs. 
Again, the goal of DSA is to minimise modifications to the link layer, possibly by only 
making changes needed to support the broadcast of price/quality information. 

• Integration of new Non-conventional/Low cost Wireless Access (NLC) concepts 
into the multi-radio access network. Three concepts investigated in the NLC activity 
are: 

1. Low cost and smart coverage extension for rapid and temporary deployment; 

2. Public access to (co-operating) privately owned and operated local access; 

3. Wide area wireless networks with fixed relays. 

The results of this research are applicable to DSA. The first bullet point might be a 
justification for cellular operators to embrace DSA. The second point is of direct 
interest to the DSA concept. The WANs are one of the relevant scenarios. 

A.5.3.3 Network Composition and Connectivity 

Part of this work package that may be relevant to DSA is the development of a so-called 
non-signalled QoS service class for Ambient Networks. This consists of development of fine-
grained QoS control mechanisms and its communication to the congestion control 
mechanism. 

The second relevant element is the investigation of QoS assessment in so-called legacy 
networks. The mechanisms developed here might potentially be used in the DSA scenario 
too. 

A.5.3.4 Mobility and Moving Networks 

A result of this work package of potential interest to DSA is mobility issues in a so-called 
“multi-domain” environment (i.e. where there are more than one provider of access and 
connectivity). 

A.5.3.5 Smart Multimedia Routing and Transport - SMART 

This work package deals with routing through virtual or overlay networks. It is assumed that 
in DSA routing will be less dynamic, i.e. the user will not split its traffic dynamically and over 
several RANs simultaneously. Therefore, it is assumed that the results of this work package 
are not of direct relevance to DSA. 
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A.5.3.6 Context Aware Networks 

The Context Aware Networks concept relates to the idea that the terminal could benefit from 
the information about wireless access possibilities locally in the present or immediate future 
(so that it can defer connection to some better time). 

The DSA concept also assumes that the DCUE will assemble information by scanning the 
spectrum, but DCIEs will not distribute the information about other means of wireless access 
available. The DCUE will also only consider currently available services, and will not make 
predictions relating to some cheaper means of access that might become available in the 
future. Therefore, this work package is not seen as directly relevant to the DSA. 

A.5.3.7 Security 

Security issues are seen as out of scope of the current DSA work. 

A.5.3.8 Network Management 

The question of network management is relevant to DSA, in regard to the appearance of 
edge networks operated by individual users. However, it is assumed that this activity is out 
of scope of the current DSA work. 

A.5.4 MAGNET 

MAGNET [Ref 27] is an acronym for "My personal Adaptive Global NET". It is an FP6 IST 
project. 

The goal of the MAGNET project was to enable commercially viable Personal Area Networks. 
The project has also addressed the interconnection of PANs with other PANs or WANs. 

Elements of MAGNET that are of relevance to DSA project are networking issues (such as 
resource, context and service discovery, self-organisation, addressing and routing, and 
mobility management) and business models for mobile data services in heterogeneous 
networks. 

The MAGNET project has continued into ‘MAGNET Beyond’. The project started on 
January 1st 2006. The main issues that will be addressed are user-centricity, personalization 
and personal networking aspects of Personal Area Networks. In that aspect, the work done 
in this project is not directly relevant to the DSA. However, there is an aspect of secure 
inter-provider communication (allowing a user to use devices (i.e. private WLANs) and 
services provided by other entities when authorised to do so) that will exist as an issue in 
DSA. MAGNET is also addressing architectures and protocols based on heterogeneous 
networks, so some of the results may be relevant to DSA concerning access to different 
networks. 

A.5.5 E2R 

E2R stands for End-to-End Reconfigurability. The project was part of the Wireless World 
Initiative (WWI) in the strategic objective "Mobile and wireless systems beyond 3G".  
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The goal of the E2R project was to develop and demonstrate the architecture of a 
reconfigurable UE that will be able to operate in a heterogeneous environment of radio 
systems. Support for reconfigurability has included the management and control and 
spectrum management.  

Project E2R has been followed with E2R II, with a goal to address the mobile platforms and 
systems beyond 3G. The goal of this second phase is to demonstrate and validate 
technologies that will provide a seamless experience to the users of an end-to-end 
reconfigurable system. 

Although a multi-system capable or reconfigurable UE is an essential element of DSA system 
implementation, the aspects of reconfigurability are seen as not directly relevant to the 
issues addressed in the DSA project. Economic aspects and selection of relevant scenarios 
can potentially be a useful input to corresponding DSA activities. 

A.5.6 TRUST 

The acronym stands for Transparently Reconfigurable Ubiquitous Terminal (TRUST). The 
project was funded under FP5 IST. 

The objective of the TRUST project was to address reconfigurable radio systems. The 
activities within the project dealt with terminal and network reconfigurability. Terminal 
reconfigurability was studied from the perspective of software-defined radio, where the UE 
would be able to provide access to various types of radio systems that exist at the user 
location. The TRUST project specifically addressed the development of reconfigurable UEs 
from the user-friendly perspective. 

In a manner similar to the E2R project, the activities performed in the TRUST project, 
although directly relevant to the technical feasibility of DSA systems, are not overlapping 
with the subject of DSA project. However, there is an element of the TRUST project that 
dealt with multimode monitoring and intelligent mode switching that could be of relevance 
to DSA work in the future.  

Work performed in the TRUST project has led to the follow-on project SCOUT. 

A.5.7 ANWIRE 

ANWIRE stands for Academic Network on Wireless Internet Research in Europe. The network 
was established under the FP5 framework, as a Thematic Network of Excellence. 

The ANWIRE activities were in the area of identifying 4G concepts and requirements, as well 
as design and standard specification roadmaps. They targeted the wireless Internet and 
reconfigurability in mobile wireless networks. 

The main topics addressed were: 

• Generic requirements & system concepts; 

• Efficient, always on & always best connected connectivity; 
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• Application architectures for the support of reconfigurability and adaptability; 

• Adaptable service architectures; and 

• System integration. 

A.5.8 PROJECT MESA 

This project [Ref 28] aims to develop specifications, as well as an ABC system for 
emergency services and public safety users. 

A system is envisaged as an ad-hoc ABC mesh network providing communication between 
authorities and organizations, over existing communications technologies and 
infrastructures. The main scenario is of emergency communication over partially existing 
infrastructure of multiple wireless access networks. 

Project participants include organisations such as ETSI and TIA, as well as industry and 
operators (Cingular, Cisco, Lucent, Motorola, Samsung, Thales, Verizon, etc). 

A.5.9 TONIC 

TONIC stands for “Techno-economics of IP optimised networks and services”. This project 
was conducted under the IST framework, and it was aimed at the techno-economic 
evaluation of service and related network evolution strategies. 

TONIC used various business case studies to assess various broadband and IP service 
scenarios, assessing economic results, and quantifying the associated risks. The results 
derived are economic indicators such as net present value, internal rate of return, and 
payback period. Based on these results and on the risk analysis, the project derived 
recommendations for optimal service rollout strategies. 

The project has investigated four different business scenarios involving fixed and mobile 
broadband access. Scenarios addressed viability of business where a UMTS operator would 
enhance its services using WLAN technology. The analysis did not address the convergence 
of these two access technologies. For this reason, the results of the work are of limited 
value to the DSA project. 

A.5.10 TINA-C 

TINA-C was a consortium formed in order to define and design common software 
architecture for future communication services. The work involved some 40 
telecommunication operators and equipment manufacturers and resulted in a set of 
architectural specifications covering the areas of service, network and control resources and 
applications. The consortium terminated its work in 2000. 
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A.5.11 SHUFFLE 

SHUFFLE was an IST project with an aim to develop resource reallocation agents. The 
resource is mostly channel assignment. The agents were collaborative, but they were also 
decentralised, thus working using partial information only.  

The results of the SHUFFLE project are of some relevance to the DSA work, mainly 
regarding the aspects of cooperation of distributed agents in managing the common 
resource. 

A.5.12 DSAP - DYNAMIC SPECTRUM ACCESS PROTOCOL  

DSAP [Ref 29] provides a centralized method for managing and coordinating spectrum 
access. It enables lease-based Dynamic Spectrum Access via a coordinating central entity. 
Here a lease refers to a collection of configuration parameters assigned by a DSAP server to 
a client that gives its owner the right to use a certain channel, subject to some restrictions. 
Spectrum leases are allocated at small timescales in limited geographic areas on a per-LAN 
as well as a per-host basis. DSAP defines only a negotiation framework and hence, it is 
independent of access technology. 

DSAP defines three components: 

• DSAP Client - Any wireless device that uses DSAP for coordinated spectrum access;  

• DSAP Server - Centralized entity that coordinates spectrum access requests;  

• DSAP Relay - An entity that allows multi-hop communication between DSAP server 
and clients that are not in direct range of each other. 

DSAP also defines a database called the RadioMap. It is a database that stores information 
about all the clients (possibly including geographical location) and channel conditions 
throughout the network. This database is updated by periodic reports from clients on local 
channel conditions. When a node (say A) wants to reach another node (say B), it sends a 
ChannelDiscover message to the server to request a channel lease. Depending on prior 
spectrum assignments, the RadioMap and policies, the server sends a ChannelOffer message 
with a lease that would let node A reach node B. In response, the client may propose a 
modified lease with ChannelRequest, which the server may accept or deny with a 
ChannelACK message. DSAP allows clients’ active leases may be updated at any time. 

Like DSA, DSAP is independent of access technology. Furthermore, spectrum access is more 
or less user-driven and on-demand. The main difference is that DSA is more network-
oriented whereas DSAP is spectrum-oriented. DSA proposes a meta-networking architecture 
in which there are number of DSPs that have one or more DNPs in their respective domains. 
Roaming between DSPs allows End Users registered one DSP to connect to the DNPs of 
another DSP. The operation of DSAP is critically dependent on the RadioMap which relies on 
periodic updates from spectrum users that can prove to be a big overhead. 
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A.5.13 DIMSUMNET: DYNAMIC INTELLIGENT MANAGEMENT OF SPECTRUM FOR 

UBIQUITOUS MOBILE-ACCESS NETWORKS 

The DIMSUMNet [Ref 30] approach aims to coordinate Dynamic Spectrum Access. Spectrum 
access in a particular geographical region is controlled and coordinated by a centralized 
entity. It defines the so-called Coordinated Access Band (CAB) which is a contiguous 
spectrum band reserved by a regulator for controlled dynamic access. Parts of the CAB are 
allocated for limited duration to individual networks / End Users by spectrum broker. The 
following two modes of operation are supported: 

• Mode 1 - Requests for spectrum can only be made by operators; 

• Mode 2 - Requests can be made by End User devices.  

Each CAB has a designated set of frequencies for control signalling which supports a 
unidirectional control channel from a base station to wireless terminals and a bidirectional 
control channel between a basestation and wireless terminal. The main components of 
DIMSUMNet architecture are briefly described below: 

• Spectrum Information and Management (SPIM) Broker - It manages all dimensions 
of CAB spectrum (time, space, frequency, signal and power) and also maintains 
complete topographical/spectral map of the region; 

• Radio Access Network (RAN) - It communicates with the broker to get local 
spectrum-map snapshots and broadcasts to clients and also provides information on 
local conditions to broker. Furthermore, it communicates with the RAN manager to 
acquire spectrum lease and configure its devices 

• Radio Access Network Manager (RANMAN) - It controls spectrum leases to base 
stations. The RANMAN has knowledge of static and dynamic capabilities of each base 
station. It is responsible for negotiating with spectrum broker on behalf of base 
stations; 

• Protocols - Two protocols are defined: 

– Spectrum Lease (SPEL) protocol (between BS, RANMAN and broker); 

– Spectrum Information Channel (SPIC) protocol (between a base station and 
End Users). 

At boot up, a base station registers with its RANMAN which negotiates spectrum lease with 
broker. After obtaining lease, RANMAN configures the leased spectrum in base station that 
configures its devices to work in the leased spectrum band. After that, the base station 
sends spectrum information to clients using broadcast or multicast. 

When a node wants to send data, it requests a base station to acquire spectrum lease and 
configure a traffic channel between them on-the-fly for a fixed duration. A base station 
aggregates such requests and sends them to RANMAN which forwards it to the Broker. 

The DIMSUMNet approach is also technology-independent and is based on dynamic 
allocation of spectrum. The difference here is that End Users demands are aggregated by 
the Radio Access Network. The latter then negotiates with a Broker to obtain spectrum that 
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can fulfil user requirements. Depending on the aggregation strategy, this approach may 
result in significant delays before an End User obtains network access. This is in contrast to 
DSA, where each End User request is treated independently by its DSP. 

A.6 CONFERENCES RELEVANT TO DSA 

DySPAN 2005. IEEE Symposium on New Frontiers in Dynamic Spectrum Access Networks, 
8-11 November 2005, Baltimore, USA. 

MobiQuitous 2005, The Second Annual International Conference on Mobile and Ubiquitous 
Systems: Networking and Services, July 17-21, 2005, San Diego, California. 

2nd Euro-NGI Conference, Next Generation Internet Design And Engineering, April 3-5 
2006, Universidad Politécnica de València, València, Spain. 
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APPENDIX B BUSINESS MODEL LITERATURE SEARCH 

In this section we provide reviews of three papers that relate to specific business aspects 
that are relevant to the DSA concept. 

B.1 ALWAYS BEST CONNECTED 

E. Gustafsson and A. Johnsson, “Always Best Connected”, IEEE Wireless 
Communications, February 2003, pp.49-55. [Ref 13] 

The Always Best Connected (ABC) concept allows users to connect to applications using 
devices and access technologies that best suit their needs, thereby combining the features 
of access technologies such as DSL, Bluetooth and WLAN with cellular systems to provide an 
enhanced user experience for 2.5G, 3G and beyond.  

The definition of ‘best’ according to Gustafsson and Johnsson depends on personal 
preferences, size and capabilities of the device, application requirements, security, operator 
or corporate policies, available network resources and network coverage. However, the issue 
of price was not mentioned as a criterion in this definition. 

The paper considers the relationships and agreements between access operators and service 
providers, user experience of ABC and finally discusses possible technical solutions in the 
terminal and network for implementing ABC. The business relationships between operators 
and service providers are complex and in order to be able to realise these business 
agreements, there needs to be a common authentication, authorization and accounting 
(AAA) infrastructure. In addition, user experience can also be enhanced by including various 
levels of mobility support, application adaptability and solutions for virtual private networks 
(VPNs).  

The ABC concept and stakeholder groups described are very similar to DSA as presented in 
this report. The authors also propose a number of technical components (Access Discovery, 
Access Selection, AAA Support, Mobility Management, Profile Handling and Content 
Adaptation) that are in principle similar to the DSA technical architecture described in 
section 3 of this report. 

B.2 DIGITAL MARKETPLACE 

J. Irvine, “Adam Smith goes Mobile: Managing Services Beyond 3G with the Digital 
Marketplace”, Proceedings of the European Wireless 2002 Conference, February 
2002, Florence, Italy. [Ref 14] 

This paper describes and discusses the rationale for a digital marketplace with market 
agents controlling services within a mobile communication system in order to ensure free 
competition. Marketplaces are agent-based, that is different parties to the negotiation are 
represented by agents. Two significant trends in service provisioning that exist today are 
separation of service and transport and dynamic pricing.  

The paper identifies five major requirements for a market-based system. The first two relate 
to accessibility, the third to transparency and the final two to accountability. How each of 
these can be achieved is discussed in the article in more detail.  
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The digital marketplace actors as described in this paper are listed below together with the 
equivalent actors in the DSA marketplace: 

• Customer (End User) 

• Market Provider (No equivalent in DSA) 

• Network Operator (DNP / DNSP in DSA) 

• Service Provider (DSP / DNSP ) 

• Application Provider (Application Service Provider) 

• Terminal Provider (Terminal Supplier) 

A key difference is that the DSA concept as outlined in this report does not require a market 
provider. 

B.3 DYNAMIC PRICING 

E.D. Fitkov-Norris and A Khanifar, “Dynamic Pricing in Mobile Communication 
Systems”, 3G Communication Technologies Conference 2000, pp. 416-420. [Ref 
31] 

Dynamic pricing is defined as the variation of tariffs according to system utilisation, i.e. the 
price of calls changes as the demand fluctuates. When the demand is high, the price of calls 
rises in order to deter additional subscribers from accessing the network or holding the 
channel for long periods. During off-peak periods, the price drops as an incentive to users to 
encourage them to use the under-utilised network. 

The authors report that dynamic pricing has been studied in relation to several aspects of 
the telecommunications industry; fixed telephony, Internet and Asynchronous Transfer Mode 
(ATM). Dynamic pricing for cellular networks depends on the user demand for cellular 
service, which in turn can be classified as either deterministic demand or chaotic/random 
demand. Dynamic pricing acts on both the overall call generation rate and the average call 
holding time. Provided that network users change their demand for network resources in 
response to tariff changes, then dynamic pricing will in principle be able to evenly distribute 
network traffic both temporally and spatially. The implementation of dynamic pricing in GSM 
and UMTS is different. In GSM, the dynamic pricing algorithm would be implemented in the 
Base Station Controller (BSC). One possible implementation of dynamic pricing in UMTS as 
suggested in this paper is based on the “shadow pricing” introduced by Kelly in [Ref 5]. In 
this way, the price charged would be proportionate to the total number of users on the 
network and also on the bandwidth utilised by each user.  

Two mathematical models for user behaviour are discussed in this paper. The first uses the 
Markov-modulated traffic model [Ref 32] and the second uses the gravity model of trip 
distribution [Ref 33]. Based on the simulations performed, it is argued that with dynamic 
pricing, a natural prioritisation of calls occurs ensuring that only low priority calls are lost 
(i.e. calls not made as a result of the high price at peak times). 
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B.4 AUCTION SEQUENCE 

D. Grandblaise et al, “Towards a Cognitive Radio based Distributed Spectrum 
Management”, Proceedings of the 14th IST Mobile Summit, June 05 [Ref 34] 

The Auction Sequence approach proposes an auction mechanism that is used by network 
operators to offer spectrum to End Users and allocate it after the auction. For this purpose, 
spectrum is divided into discrete parts, for example subcarriers in OFDM. The auction 
mechanism assigns these spectrum parts to End Users according to their bids and at the 
same time determines the price depending on the bids and the reserve price. The 
‘auctioneer’ is located in the MAC layer of the Radio Access Technology (RAT) in a specific 
cell while the ‘bidder’ is located in the MAC layer of a wireless terminal. The auctioneer 
offers a certain amount of ‘goods’ leased for a certain time ΔT where goods can be 
bandwidth, data rate or an amount of data. The auction process is repeated every ΔT to 
offer free spectrum. Both existing as well as potential End Users can participate in each 
auction round. 

There are two main components as described below: 

• Spectrum Allocation Agent - It is located in the MAC layer of the wireless terminal. 
The Spectrum Allocation Agent translates customers requirements to the bidding 
sequence by a parameter set to fulfil the QoS constraints with respect to reduced 
costs; 

• Auctioneer Agent - It is located in the MAC layer of the RAT. Its primary objective is 
to increase the spectrum usage efficiency and the auctioneer’s revenue. It can also 
influence the auction by varying the reserve price. 

In this approach, auctions take place every T seconds. The network operator starts an 
auction by announcing the Reserve Price and the available bandwidth. It waits for certain 
duration while customers compute their bid vectors and then requests the bid vectors 
individually. After receiving all bids, the operator assigns the spectrum according to a 
specific auction mechanism (i.e. this could include second price or other suitable auction 
mechanisms) and broadcasts the allocation vector. A new auction/allocation sequence is 
started by the operator T seconds later. 

The Auctions Sequence method is technology-dependent and also operator-specific. Unlike 
DSA, auctions are periodic and a End User requiring spectrum has to wait until the next 
auction to make a bid. The operational performance will depend on the auction period T. A 
small T will mean that auctions will be held too frequently resulting in high volume of control 
traffic as well as a high probability of session disruption if an auction is lost during an 
ongoing call. A large value of T will mean that new End Users will have to wait longer before 
they get a chance to bid and hence the call setup delay could be quite large. 



      
      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this 

document 
72/06/R/353/U        Page 183 of 186 

      

APPENDIX C WIFI MODEL DETAILS 

This appendix describes the WiFi Model used in the Mobility Simulation. 

Realistic MAC layer simulations of IEEE 802.11 gave the two performance curves for long 
(0.8ms) and short (0.08ms) packets (at a fixed data rate) respectively in Figure 83. 
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Figure 83: IEEE 802.11 efficiency for a) long packets, b) short packets 

For long packets the efficiency is around 50%. The number of nodes in the system, Nsharing, 
is not a large effect, except in the low connectivity, no RTS-CTS scenario. High connectivity 
(meaning all nodes can detect each other – no hidden nodes) cannot be guaranteed in a 
DSA environment. The most efficient combination would be to use RTS-CTS for a high node 
count and switch it off for a low node count (i.e. following cyan then magenta curves). For 
short packet lengths the efficiency is much poorer (~10%) but less dependent on node 
count. Clearly RTS-CTS should not be used. 

A general WiFi efficiency model was created to approximately fit the best performance 
curves of each case and interpolate values for different packet lengths (up to 1.5ms): 
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The WiFi loading for DCIEn may then be calculated as: 
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where NDCIE(n) is the number of co-channel DCIEs within the channel sharing distance of 
DCIEn. Channel sharing partitions may be precalculated for simulation since the DCIE to 
DCIE channel is fixed. Finally the available load at DCIEn may be calculated as: 

∑
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iLnL      Equation (9) 

Table 10 shows a list of other parameters that are used in the DSA simulations. 

Parameter Value 
Transmit Power (dBm) 48 (higher than strictly permissible, but 

allows greater range with COST231 model) 
Antenna gain 5dB 
Sensitivities (dBm) -82, -81, -79, -77, -74, -70, -66, -65 
Data Rates (Mb/sec) 6, 9, 12, 18, 24, 36, 48, 54      
Channels available 3 

Table 10: WiFi Parameters 
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APPENDIX D DSA ARCHITECTURE AND TERMINOLOGY 
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Billing Agent Billing Agent, responsible for exchanging billing information and the settling of charges 

between DSPs and DNPs 

DCIE  DSA Capable Infrastructure Equipment, i.e. a Base Station, Access Point, etc. 

DCIE-AR  DCIE Address Register, stores the IP addresses of the PQGs associated with each DCIE 

DCUE DSA Capable User Equipment, an End User terminal typically capable of accessing a 

range of network types, could be combined with a non-DSA legacy capability  

DCUE-LR  DCUE Location Register, stores the list of DCIEs that are currently available to a DCUE 

DNP  DSA Network Provider, provider of DCIEs, could range from a legacy cellular network 

operator to an individual providing a residential WiFi Access Point 

DSP  DSA Service Provider, provider of the DSA service to End Users, the intermediary 

between End Users and DNPs  

PQG  Price Quote Generator, associated with a DCIE and responsible for providing price quotes 

PQG-Proxy Price Quote Generator Proxy, required to obtain price quotes from DCIEs affiliated to 

DSPs other than the DCUE’s own DSP 

PRSA  Price Request and Selection Agent, responsible for obtaining price quotes from 

DCIEs/PQGs and selecting the ‘best’ quote on behalf of the DCUE/End User 

Service Gateway Service Gateway, used to allow DCUEs to access services 

User Interface User Interface, allows the End User to enter price and QoS preferences, etc. 
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