
UNCLASSIFIED

Copyright © QinetiQ Ltd 2006
UNCLASSIFIED

This document has been produced by QinetiQ, Defence and Technology Systems for Ofcom 
under contract number 410000262 and provides an evaluation of SDR.

An Evaluation of Software 
Defined Radio – An Overview

Editor: Dr. Taj A. Sturman
QinetiQ/D&TS/COM/PUB0603673/Version 1.0
15th Mar 2006

Requests for wider use or release must be sought from:

QinetiQ Ltd
Cody Technology Park
Farnborough
Hampshire
GU14 0LX



UNCLASSIFIED

QinetiQ/D&TS/COM/PUB0603673/Version 1.0 Page 2
UNCLASSIFIED

Administration page
Customer Information

Customer reference number N/A

Project title An Evaluation of Software Defined Radio – An 
Overview

Customer Organisation The Office of Communications (Ofcom)

Customer contact Ahmad Atefi

Contract number 410000262

Milestone number Of/Qi/002

Date due March 2006

Editor

Taj Sturman MAL (801) 5378

PB315, QinetiQ, St. Andrews Rd, WR14 3PS Tasturman@qinetiq.com

Principal Authors

Alister Burr University of York

Julie Fitzpatrick QinetiQ

Tim James Multiple  Access Communications Ltd.

Markus Rupp Technical University of Vienna

Stephan Weiss University of Southampton

Release Authority

Name Ian Cox

Post Business Group Manager

Date of issue March 2006

Record of changes

Issue Date Detail of Changes

Version 0.1 13th Dec 2005 Creation of initial document including structure.

Version 0.2 23rd Jan 2006 First draft for review.

Version 0.3 7th Feb 2006 Incorporation of reviewed comments.

Version 0.4 9th Mar 2006 Incorporation of PQR & PQR(II) comments.

Version 1.0 15th Mar 2006 First Issue.

mailto:Tasturman@qinetiq.com


UNCLASSIFIED

QinetiQ/D&TS/COM/PUB0603673/Version 1.0 Page 3
UNCLASSIFIED

Executive Summary
This document provides an evaluation of software defined radio (SDR).  In an SDR, 
some or all of the signal path and baseband processing is implemented by software.  
That is, the term SDR refers to how the lower layer functionality is implemented.  
Crucially, the low level functionality of the radio in an SDR can be altered through 
changes to the software, without any physical changes to the hardware.  SDRs 
represent a significant step in the evolution of radio.

This document is the culmination of three phases of study, which in broad terms, 
address the following three key groups: (1) Technology Requirement Enablers; (2) 
Assessment of SDR; and (3) Spectrum efficiency gains of SDR and cognitive radio (CR). 

Two documents have arisen out of this study: An Overview Document (which is this 
document) and the Main Document.  It is the intention of this Overview Document to 
provide a concise account of a particular subject, for which the reader is then referred 
to the Main Document for greater detail and corresponding references.  

The various issues related to SDR, ranging from the physical implementation issues 
associated with SDR through to the radio management issues are considered in 
detail.  Specifically the assessment includes antennas, RF (radio frequency) 
linearisation, antenna processing, MIMO (multiple-input, multiple-output)
technology, waveforms and software aspects. In addition, the issues related to 
security, radio management, regulatory issues, commercial drivers, an assessment of 
SDR and spectrum efficiency gains have also been considered.

It is concluded that the emergence of SDR as a practical, realisable technology will 
mark a significant milestone in the evolution of radio.  Throughout the document, 
examples are provided of the current development of SDR, in connection with specific 
components within an SDR, and in connection with current wireless communication 
standards.  It is important to recognise that SDR, as a technology, is still in its infancy.  
Ultimately, however, SDR promises to open the door to concepts such as CR and the 
development of novel, spectrally efficient wireless communication systems.

As SDR technology is maturing over the coming years, practical reality will shake off 
some of the more blue-sky, long-term, idealised visions of SDR.  From a regulatory 
standpoint, it is essential that the development of SDR is reviewed regularly, for the 
foreseeable future at least, because overly restrictive regulation is likely to prohibit 
innovation and thus be counterproductive.  By the same token it might be prudent 
initially to be cautious, and use the knowledge and experience of practical systems to 
shape the regulatory approach long-term.

Epoch estimations related to SDR are provided in the relevant sections of this 
document for the course of the next ten years, or so.  However, the forecasts
presented in this study may contain some deviation as these forecasts are strongly 
influenced by many factors, ranging from the changes in market demands to the 
discovery of new technologies, and such developments may therefore severely distort 
these predictions.
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1 Introduction

1.1 Relation between the Overview Document and the Main Document

This Overview Document is a concise version of the Main Document [1], which 
provides a detailed account of an evaluation of Software Defined Radio (SDR).  It is 
the intention of this document to provide an overview on the evaluation of SDR, as 
well as allow an easy identification of the relevant parts provided in the more 
detailed work contained in [1].

1.2 Contractual Information

This document has been produced by QinetiQ, Defence and Technology Systems for 
Ofcom under contract number 410000262 and provides an evaluation of SDR.

1.3 Aim

The aim of the work reported in this document is to provide an evaluation of SDR.  In 
broad terms, the following three key areas are addressed: 

• Technology Requirement Enablers

• Assessment of SDR 

• Spectrum efficiency gains of SDR and cognitive radio (CR).

In the context of subject categories, the following key areas are outlined within this 
study:

• Antennas

• RF (Radio Frequency) Linearisation

• Transceiver Processing

• MIMO (Multiple-Input, Multiple-Output) Technology and SDR

• Waveforms

• Software Aspects

• Security

• Radio Management and CR

• Regulatory Issues

• Commercial Drivers

• Assessment of SDR`s First Applications and Areas of Deployment

• Spectrum Efficiency Gains of SDR and CR.
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1.4 The SDR Concept

The concept of an SDR has evolved over the past three or four decades, with 
applicability to various parts of a radio. Over this period, a wide range of sources have 
put forward their definition of SDR.  This gives rise to various interpretations of what 
SDR actually is, and what SDR is not.  A key reason for the degree of variability in the 
perception of SDR is that SDR is an all-embracing term that may, quite rightly, be 
applied to a wide range of radio platforms.  The differing visions arise from their 
authors focusing on particular attributes of the ‘ultimate’ SDR.  We start by briefly 
discussing what we mean by SDR.

Perhaps the single most important attribute of any SDR is that its behaviour at the 
physical layer (which is considered in more detail in [1, §1.4.1]), e.g., transmit power, 
frequency, modulation scheme, etc., may be changed in software without requiring 
any additional hardware modifications.  

1.4.1 Open System Interconnection (OSI) reference model and SDR

It is important that SDR is not confused with application software and other software 
not associated with the radio.  As stated previously, SDR describes the software 
emulating part, or all, of the signal path.  Thus, considering the OSI reference model, 
shown in Figure 1-1, SDR refers in general to functionality within the physical and 
data link layers and perhaps parts of the network layer.  Functionality in the higher 
layers is not specific to SDR and should not therefore be classed as such.

Data Link Layer

1

2

4

5

6

7 Application Layer

Presentation Layer

Session Layer

Transport Layer

Physical Layer

3 Network Layer

S
D

R

Figure 1-1: The seven-layer OSI reference model

For the purposes of this section, we will assume the following definitions for the 
terms ‘software defined radio’ and ‘radio’.

It is reasonable to assume that software defined radios are “radios that provide 
software control of a variety of modulation techniques, wideband or narrowband 
operation, communications security functions (such as frequency hopping), and 
waveform requirements of current and evolving standards over a broad frequency 
range”.  

In addition, the term ‘radio’ is taken to mean “any system that seeks to communicate 
with another system by means of a modulated signal within the RF spectrum”.  
Typical examples might be a mobile phone, a personal digital assistant (PDA), a 
mobile radio or a wireless-enabled laptop computer.
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1.4.2 SDR Definition from The SDR Forum

The SDR Forum, a non-profit corporation set up to support the development, 
deployment and use of open architectures for advanced wireless systems, have 
developed a multi-tiered definition of SDR.  The five-tier concept is summarised in 
Table 1-1.  Tier Zero represents ‘traditional’ radio hardware and forms a baseline
reference.  The uppermost tier, Tier Four, represents the ‘ultimate’ vision of SDR.  
Reality falls somewhere in the middle.  For most applications, state-of-the-art SDR 
currently aligns with the Tier Two definition.  Note that, as mentioned above, it may 
be argued that virtually all modern wireless communications equipment may be 
classified as being software-controlled radios (i.e., Tier One).

Tier Name Description

0 Hardware radio (HR) Baseline radio with fixed functionality.

1 Software-controlled radio (SCR) The radio’s signal path is implemented using 
application-specific hardware, i.e., the signal 
path is essentially fixed.  A software 
interface may allow certain parameters, e.g., 
transmit power, frequency, etc., to be 
changed in software.

2 Software defined radio (SDR) Much of the waveform, e.g., frequency, 
modulation/demodulation, security, etc., is 
performed in software.  Thus, the signal 
path can, with reason, be reconfigured in 
software without requiring any hardware 
modifications.  For the foreseeable future, 
the frequency bands supported may be 
constrained by the RF front-end.

3 Ideal software radio (ISR) Compared to a ‘standard’ SDR, an ISR 
implements much more of the signal path in 
the digital domain.  Ultimately, 
programmability extends to the entire 
system with analogue/digital conversion 
only at the antenna, speaker and 
microphones.

4 Ultimate software radio (USR) The USR represents the ‘blue-sky’ vision of 
SDR.  It accepts fully programmable traffic 
and control information, supports operation 
over a broad range of frequencies and can 
switch from one air-interface/application to 
another in milliseconds.

Table 1-1: SDR Forum’s tier definitions [1, §1.4]
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In order to aid the reader in visualising the concepts identified in Table 1-1, it is 
possible to consider the functionality contained within a radio and to identify, in 
broad terms, how the concepts presented by the SDR Forum’s five-tier definition fit 
within a radio.  Figure 1-2 illustrates an abstraction of the five-tier definition, where 
the length of the arrow indicates the proportion of the software content within the 
radio.  For example, it can be seen that, at tier 0 we have very little software element 
by virtue of the length of the arrow being minimal.  Conversely, at tier 4 we have the 
ultimate software radio (USR) where the entire signal at the output of the antenna 
has been digitised and operates within a software environment.  

Figure 1-2: High-level Abstraction of the SDR Forum tier definition

1.4.3 Additional views on the definition of SDR 

The approach adopted by the United States’ Federal Communications Commission 
(FCC) in their definition of SDR [1, §1.4.3] includes a requirement that the radio has an 
ability to operate over a very large frequency range, of e.g., 2 MHz to 2 GHz and 
above.  This requirement, often associated with the US Joint Tactical Radio System 
(JTRS) programme, relates to a high-level capability.  

The JTRS bandwidth is likely to be too challenging for SDR, at least in the short term, 
and a more realistic bandwidth, over the following ten years, or so, is a frequency 
range of 20 MHz to 2GHz, which is typically assumed to be the appropriate 
bandwidth for the purposes of this study.  

Radio Waves
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SDR: High-level and low-level Operation

Some definitions of SDR consider its high-level operation and simply require that 
certain waveform attributes can be modified under the control of software.  Here, the 
radio may be treated as a ‘black box’ with some form of software interface to allow 
parameters such as frequency and output power to be controlled.  Conversely, some 
definitions consider its operation at a much lower level and focus on how the physical 
layer processing is implemented, i.e., requiring that it is, in part at least, performed in 
software or in reprogrammable devices such as field-programmable gate arrays 
(FPGAs). The first definition describes software-configured radio and, while it 
encompasses SDR, arguably applies to almost all modern radio equipment.  However, 
the latter definition is much more prescriptive, clearly describing what is meant by 
the term SDR.

SDR: Field-reprogrammability

Other definitions require the radio to be field-reprogrammable, i.e., it can be 
reprogrammed after initial deployment.  In its simplest form, this may be achieved by 
downloading new software over the Internet, uploading new firmware from some 
form of mass-storage media, or employing field engineers to reprogram the hardware 
with specialist equipment.  Ultimately, software updates may be performed ‘over-
the-air’ and without any intervention from the user.  If we follow the argument that 
an SDR is an SDR because of how it is implemented, field-reprogrammability is not a 
mandatory requirement.  Certainly, by definition, the function of an SDR may be 
altered by changing the firmware.  

However, for many potential applications, there is not necessarily any reason why a 
user need be given a method to update this firmware after the radio has left the 
production line.  Radios without such a programming capability are still SDRs, albeit 
with nominally fixed functionality.  For example, an FPGA might be configured (using 
a configuration programmable read-only memory (PROM)) to emulate a stereo FM 
radio receiver with a radio data service (RDS) demodulator using sample data 
acquired by sampling the RF input directly.  This is certainly an example of SDR,
arising by virtue of the robustness to software modification within the front-end of 
the radio.  We note that history tells us that, even without easily accessible 
programming ports, consumer SDRs are likely to become tempting targets for hackers 
(malicious or otherwise).  Take, for example, the bypassing of regional encoding on 
DVD players.

SDR: Dynamic Changes in Functionality

SDR is sometimes discussed in the context of a radio that can modify its operation 
dynamically to deliver maximum perceived performance to the user and optimal 
spectral efficiency.  It is often the case that discussions on dynamic changes in 
functionality are actually about cognitive radio (CR) rather than SDR.  The two terms 
are occasionally, and incorrectly, interchanged.  It is true that SDR may play an 
important role in the realisation of CR.  However, SDR simply represents a very 
flexible, generic radio platform.  The intelligence required to realise a CR resides at a 
higher level.  CR is discussed in greater detail in the following section.  
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Looking towards the future, SDR technologies are an attractive proposition for mobile 
communication systems. In particular, SDR systems have the potential to offer 
reconfigurable, multi-mode operation capabilities.  A reconfigurable SDR provides the 
potential to upgrade or enhance the functionality of equipment without the need to 
change or modify the hardware. In essence, the enhanced functionality is simply 
‘downloaded’ onto the equipment.  In some cases, this operation may be completely 
transparent to the user.  

We conclude that an SDR is a radio platform whose signal processing path is 
performed, all or in part, using programmable devices such as (but by no means 
limited to) FPGAs, digital signal processors (DSPs) and general-purpose processors.  As 
such, the attributes of the transmitted/received waveform can be changed in 
software and without any physical changes to the hardware.  Ultimately, as more and 
more of the signal path is digitised, SDRs may offer superior tuning capabilities than 
more traditional radio architectures.  However, this is not a mandatory requirement 
of an SDR.  Similarly, an SDR may permit software updates to be applied post-
manufacture.  Such updates may be downloaded from the Internet, uploaded from 
plug-in media or, ultimately, transmitted over-the-air.  Again, this feature and, if 
supported, its method of implementation are not mandatory requirements of an SDR.

1.5 Cognitive Radio (CR)

The concept of a CR was originally coined by Joseph Mitola III in his doctoral thesis 
submitted in 2000.  Broadly speaking, a CR is a radio that can monitor its local radio 
environment and/or its geographical position and, using these data, adjust its 
characteristics in order to optimise its performance.  Thus, a CR may, for example, 
adjust its operating frequency to take advantage of unused spectrum and/or adapt 
its transmit power, modulation scheme or other waveform parameters to reach an 
acceptable compromise between quality of service (QoS) and spectral requirements.  

It is in this manner that CR has the potential to significantly improve the efficiency 
with which RF spectrum is used.  On the one hand it might search for and use 
underused spectrum, thereby relieving demand in congested bands.  On the other 
hand it might dynamically optimise its waveform configuration, thereby allowing 
more intensive reuse of spectrum either through improved resilience to interference 
received from other spectrum users or reduced interference caused to other users.

Conceptually, therefore, it can be envisaged that developments in SDR will drive 
developments in CR.  As a consequence, this will drive developments in dynamic 
spectrum allocation (DSA).  Therefore, in the long term, these concepts will give rise 
to more efficient management of the radio spectrum and include dynamic spectrum 
trading.  

The link between CR and SDR is therefore as follows: CR is the manifestation of the 
intelligence to manage the generic radio platform, with SDR representing the very 
flexible, generic radio platform.  

1.6 Background

The Main Document referred to by [1] is the culmination of three studies [1, §1.6],
which have been undertaken to categorise and outline the effectiveness of SDR; it
includes a discussion on CR.  
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In order to keep this Overview Document brief, the various images, tables, equations 
and specific references included in [1] are not presented and therefore the reader is 
referred to the relevant sections within the Main Document in order to gain access to 
greater detail.

1.7 Consortium Members

This study was completed through the collaboration of a consortium consisting of 
five members: QinetiQ, MAC Ltd., University of Southampton, University of York and 
the Technical University of Vienna.  Leading this consortium was QinetiQ.  The 
introductions for the consortium members are contained in [1, §1.7].

1.8 Report Structure

The report structure is outlined as follows:

• Chapter 1: Introduction

This chapter.

• Chapter 2: Antennas

A brief overview of antenna fundamentals and the requirements of the 
antenna in wideband SDR applications are considered in this chapter.

• Chapter 3: RF Linearisation

This chapter considers RF linearisation techniques, which enable a balance to 
be made between efficient power amplifiers and modulation methods.

• Chapter 4: Antenna Processing

Potential SDR receiver and transmitter architectures, including the signal path 
between the analogue RF signal at the antenna and the digital domain, are 
considered in this chapter.

• Chapter 5: MIMO (Multiple-Input Multiple-Output) Technology and SDR

This chapter considers MIMO, a concept which attempts to exploit a multi-
path environment to enhance channel capacity.  Although not a requirement 
of SDR, it might be argued that MIMO is a complementary technology to SDR.  

• Chapter 6: Waveforms

A review of modulation methods and the topic of waveform integration, 
including a brief overview of waveforms defined in some of today’s major 
wireless standards are considered in this chapter.

• Chapter 7: Software Aspects

This chapter considers software aspects associated with SDR, and existing 
standard software architecture models are assessed.

• Chapter 8: Security

The potential risks associated with over-the-air software updates and security 
measures which may protect such data transfers are considered in this 
chapter.
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• Chapter 9: Radio Management and CR

This chapter considers radio management and CR and discusses how CR
might be used to improve the effective use of the available radio spectrum.

• Chapter 10: Regulatory Issues

Regulatory issues associated with the development and deployment of SDR, 
in both Europe and the US are briefly reviewed in this chapter.

• Chapter 11: Commercial Drivers

This chapter discusses the potential advantages (and disadvantages) of SDR 
from the point of view of the manufacturer, network operator and end user.

• Chapter 12: Assessment of SDR’s First Applications and Areas of Deployment

A broad range of areas identified as potential markets for SDR including 
cellular networks, local and metropolitan area wireless networks are 
considered in this chapter.

• Chapter 13: Spectrum Efficiency Gains of SDR and CR

This chapter considers the spectral efficiency gains of SDR and CR and 
included within this discussion are the concepts of dynamic spectrum 
allocation and dynamic waveforms.

• Chapter 14: Conclusions

Finally, in Chapter 14, the main findings of this study are summarised.

1.9 Reference

As stated in Section 1.1, this Overview Document is the concise version of the Main 
Document [1], which is listed below:  

[1] Sturman, T.A. (Editor), Burr, A., Fitzpatrick, J., James, T., Rupp, M. and Weiss, S., An
Evaluation of Software Defined Radio – Main Document, March 2006.

1.10 Acknowledgements

The following people are acknowledged for their contributions and suggestions in 
this study: Ahmad Atefi, Daniel Bradford, Neil Briscombe, Alister Burr, Julie 
Fitzpatrick, Nick Frall, Peter Gould, Tim James, Markus Rupp, William Webb, Stephan 
Weiss and Gavin Wood.



UNCLASSIFIED

QinetiQ/D&TS/COM/PUB0603673/Version 1.0 Page 15
UNCLASSIFIED

2 Antennas
By Gavin Wood, QinetiQ.

2.1 Introduction

In this chapter we consider antennas, an essential component of any radio system.  In 
particular, we will look at advanced antenna systems that are most likely to be 
applicable to SDR systems.  We begin with a brief introduction to some fundamental 
aspects of antenna operation upon which further discussions will be made.  Finally, 
we will identify and discuss a range of antenna solutions that might be suitable for 
use in SDR systems.

2.2 Antenna Fundamentals

In order to fully appreciate the underlying issues with wideband antenna design, it is 
necessary to first understand some important, fundamental antenna characteristics.  
The fundamental characteristics of an antenna are its gain and half power (i.e., -3 dB) 
beamwidth.  The theorem of reciprocity dictates that the transmitting and receiving 
properties of an antenna are identical for a given frequency.

The gain is a measure of how much power at the input of an antenna is radiated in a 
particular direction [1, §2.3].  Antenna gain can be expressed with respect to a 
theoretical isotropic radiator (gain expressed in dBi).  An isotropic radiator is a 
conceptual antenna element that radiates equally in all directions.  

Figure 2-1 shows a graph of two antenna patterns as a function of angle.  The 
antennas both have a 1 m circular aperture, with the first antenna operating at 1 GHz 
and the second at 4 GHz.  It can be seen that the -3 dB beamwidth of the 1 GHz 
antenna is four times that of the 4 GHz antenna.
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The ramifications of these fundamental characteristics are that even if a single 
antenna could be designed to provide a good match over a broad frequency range, 
say, of 20 to 2000 MHz, the antenna would have non-uniform characteristics over its 
operating bandwidth.  At the lower end of the band the antenna would have low gain 
and be almost omni-directional (i.e. have a very wide half power beamwidth).  At the 
higher end of the band, however, the antenna would have high gain and a narrow 
beamwidth.  This is an important consideration when designing an antenna to cover 
a wide bandwidth and a number of different applications with potentially differing 
antenna requirements.

2.3 Antenna Options for SDR

In this section we will describe the types of antennas and antenna systems that are 
most likely to be applicable to wideband SDR systems.  A greater amount of detail on 
the various antenna options for SDR can be obtained from [1, §2.4].

Phased Array Antennas

Phased arrays provide spatial diversity in that the main beam can be steered in a 
chosen direction whilst ‘nulls’ can be steered in other directions simultaneously.  
Thus, the antenna can be adapted to give high sensitivity to the signals received from 
one user whilst suppressing those from other users.  

Beam-Steering Systems

In a beam-steering system, the main beam gain can be steered dynamically to a 
chosen direction by altering the ‘phase front’ applied to the elements in the array 
during the beamforming process.  Thus, the main beam gain from a base station can 
be steered in the direction of an individual mobile user.  

Beam-Switching Systems

Beam-switching uses a number of fixed beams steered to predetermined directions.  
An advantage of this type of system is that the predetermined beams can be set up in 
such a way as to minimise interference to other beams.  There are limitations to 
beam-switched systems.  The beams are predetermined and do not change properties 
dynamically.

Reconfigurable Antennas

Reconfigurable antennas provide dynamically selectable narrower instantaneous 
bandwidths at higher efficiencies than conventional antenna designs; one type of 
reconfigurable antenna is the shorted patch antenna.  This antenna occupies an area 
of approximately 30mm square and is tuneable across a number of bands from 800 
MHz to 2000 MHz, with input matches in each band of better than -10 dB.  Adding a 
capacitor across the main radiating edge reduces the resonant frequency.  It is the 
value of this capacitance that determines the radiating frequency.  A limitation of this 
type of antenna is the Q-factor of the capacitor, which determines the instantaneous 
bandwidth at the tuned frequency.  Another class of reconfigurable antenna involves 
mechanically tuning the antenna by changing its shape rather than electrically tuning 
it as in the shorted patch antenna.  Reconfigurable antennas are an exciting but 
relatively immature technology.  
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Antennas for Polarisation Diversity

Signals experience polarisation changes on reflection. In complex multipath 
environments, signals may undergo a number of bounces before being received. A 
complex multipath scenario may be mitigated by way of a polarisation diverse 
transmitter and receiver because the multipath may be worse or better at some 
alternative polarisation, e.g. we may have a scenario where we are transmitting on 
linear polarisation, but we have a significant contribution from a multipath bounce. 
Switching to circular polarisation may help, as circularly polarised signals reverse 
polarisation upon reflection, and would thus be attenuated at the receive antenna by 
an amount commensurate with the cross-polar rejection.

Multi-Band and Ultra-Wideband Antennas

The vast majority of antennas are designed to operate at a specific frequency and 
bandwidth. This is usually achieved by having a resonant structure within the 
antenna matched to a fraction of a wavelength of the required frequency, e.g., 
dipoles are a quarter of the operating wavelength in size.  Whilst allowing the 
designer to match the antenna to the correct frequency, the quarter wave 
dependency imposes a bandwidth limitation on the antenna.

Plasma Antennas

A collaborative effort primarily between Plasma Antennas Ltd and QinetiQ has 
yielded a new class of antenna, the solid-state plasma antenna (SSPA).  This 
constitutes a new approach to compact, low-cost, agile beam antennas suitable for a 
range of RF applications.  The antenna comprises a circular dielectric lens within a 
parallel plate waveguide structure and a small, electrically generated plasma region 
to form and steer beams in both transmit and receive modes.  Plasma is an ionised 
gas that behaves as a conductor when highly energised.  The plasma antenna uses 
this principle to generate localised concentrations of plasma within a silicon 
substrate to form a plasma mirror, which deflects an RF beam launched from a 
central feed position.  Plasma antennas have a frequency range limitation in that 
typically, it is used in the frequency range of 2GHz to 40GHz.  The solid state plasma 
antenna concept is shown in Figure 2-2. 

Figure 2-2: Solid state plasma antenna concept



UNCLASSIFIED

QinetiQ/D&TS/COM/PUB0603673/Version 1.0 Page 18
UNCLASSIFIED

2.4 Epoch for the Development of Antenna Technology

Table 2-1 provides an indication on the epoch for the development of antenna
technology; the forecast is based on the five principal antenna types identified within 
this chapter.

ANTENNA TYPE ABILITY TO MEET SDR 
REQUIREMENTS

SUITABILITY LIKELY COST AVAILABILITY IMPLICATIONS AND 
COMMENTS

Phased array

Frequency range:
1 GHz – 10GHz

Adaptive beam 
steering allows 
spatial diversity, 
potential for MIMO 
applications

Base stations 
primarily, 
may find uses 
in mobile 
units for 
MIMO

Expensive due to 
technical complexity, 
some emerging low 
cost techniques

Expensive 
techniques 
available now 
(mainly 
military), low 
cost near 
future (civil & 
military)

Apart from the three 
main domains, (time, 
frequency & code) 
phased arrays open 
up spatial domain for 
user separation

Reconfigurable

Frequency range:
5 GHz – 10GHz

Solves some issues of 
wideband antennas, 
antennas with < 10:1 
bandwidth

Mobile units 
and base 
stations

Expensive initially, 
depending on COTS 
availability of MEMS 
technology

Likely 2008 
onwards

May require 
sophisticated control 
systems to 
dynamically adapt

Polarisation 
diversity

Frequency range:
200MHz –
10GHz

Ability to TX and Rx 
on multiple 
polarisations for 
different 
applications

Mobile units 
and base 
stations

Low cost printed 
antenna techniques 
employed

now Generally requires 
more complex feed 
arrangements

Multi-band & 
UWB

Frequency range:
500MHz –10GHz

Solves some issues of 
wideband antennas, 
antennas with < 25:1

Mobile units 
and base 
stations

Low cost printed 
antenna techniques 
employed

now Exploitation of 
resonant properties 
gives narrow 
instantaneous 
bandwidth, but 
multiple resonances
allow use over wider 
bandwidth

Plasma antennas

Frequency range:
2 GHz – 40GHz

Electronically 
steerable, can be 
scaled for different 
frequencies

Base stations 
primarily

Low cost 
semiconductor
technologies

Likely 2009 
onwards

Novel immature 
technology, shows 
promise as a low cost 
alternative to phased 
arrays for some 
applications

Table 2-1: Epoch for Antenna Development

2.5 Conclusions

Traditional radio systems are limited to transmission and reception in narrow bands 
within the RF spectrum.  We investigated current and future trends in RF antenna 
technologies in general, and their potential application to future SDR systems. A 
number of assumptions pertaining to the operating frequencies of SDR have been 
made. Consequently, the report discloses a number of candidate antenna designs and 
techniques and discusses their suitability to SDR applications.

A table with estimates for antenna development is provided which quantifies the 
impact of the challenges, and provides a forecast of when novel antenna solutions 
might emerge.  Towards the future, antenna solutions have been identified that 
might be reconfigured on-the-fly to adjust dynamically the resonant frequency, gain 
and polarisation of the antenna, thus leading towards the realisation of true 
wideband antennas for SDR applications.
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3 Radio Frequency (RF) Linearisation
By Markus Rupp, Technical University of Vienna.

3.1 Introduction

This chapter considers RF linearisation.  The power amplifier is a key element in every 
radio communications system, and is required to serve the function of amplifying the 
information-bearing signal, without distortion, in an efficient manner.  However, 
distortion in power amplifiers occurs in two different ways [1, §3.1]: (1) nonlinear 
distortions and (2) temporal and linear frequency dispersive effects.

Typically, power efficient conversion of supplied DC power to RF signal power is done 
using a nonlinear amplifier; however, this gives rise to nonlinear distortions.
Employing nonlinear amplification reduces the signal fidelity.  In addition, in-band 
distortion occurs if viewed in the frequency domain.  

Nonlinear amplification has a second major drawback.  Due to the generated 
harmonics, out-of-band emissions occur which can potentially cause interference to 
users in neighbouring frequency bands.  In addition, energy is transferred into 
undesired bands, thus lowering energy efficiency.  Pre-distortion techniques thus 
have the potential to make power amplifiers more power efficient, these techniques 
reduce the out-of-band spurious emissions and at the same time improve signal 
fidelity which are important factors for handheld terminals.

3.2 RF Linearisation and SDR

Digital pre-distortion techniques can be used to counteract the effects of both 
nonlinearity and linear dispersion which mostly arise from the use of analogue 
circuitry. These effects very much depend on the mode of operation, e.g., which 
modulation scheme is being used (influencing the crest factor, i.e. the peak to mean 
value of the signal amplitude) or the output power at which the amplifier is 
operating. Therefore, the benefits offered by the use of SDR, such as the flexibility of 
being reprogrammable and supporting various adaptive algorithms, will make it
possible to operate different modes of RF transmission.  This will in turn require 
different algorithms for RF linearisation.

3.3 Power Amplifier Linearisation Methods

In this section a very brief discussion on the most common linearisation methods for 
power amplifiers (PAs) is provided, more detail can be obtained from [1, §3.4].  PA 
linearisation methods are split into analogue methods that work entirely in the RF 
domain, or digital methods, which try to compensate for nonlinear and dispersion 
effects in the digital domain using DSP hardware.  

In [1, §3.4], a comparison of these methods is presented with respect to their ability 
to compensate for nonlinear effects, as well as their performance in compensating for 
dispersion effects.  The key hardware requirements of each method are also 
investigated.  The hardware requirements largely determine the integration 
feasibility in an SDR system and its implementation costs.  
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For the purposes of illustration, the digital pre-distortion scheme with crest factor 
reduction is shown in Figure 3-1. The crest factor reduction aims to reduce the high 
‘crest factor’ of modern communication systems like multi-code (MC) MC-CDMA and 
orthogonal frequency-division multiplexing (OFDM) in order to ease the subsequent 
pre-distortion task.

Nonlinear PA
I Quadrature

modulator

Phase adjust

Q

Quadrature
demodulator

LO

Crest factor
reduction

Digital
pre-distortion

Figure 3-1: Digital pre-distortion with crest factor reduction

The digital pre-distortion method is a feedback scheme and therefore able to react to 
drifts of the nonlinear power amplifier.  Two different approaches are commonly 
used for determining the pre-distortion filter (see [1, §3.4]): (1) Inverse Modelling and 
(2) Direct Inversion.

Figure 3-2 indicates some of the effects related to PAs; the blue line corresponds to a 
measured amplitude modulation (AM)-AM conversion (amplitude of the output 
signal |y(n)| vs amplitude of the input signal |u(n)|) of a standard power amplifier 
(Minicircuits ZLH-42W).  The input signal is a multi-tone signal with a bandwidth of 2 
MHz.  Memory effects cause the characteristic to broaden; noise is negligible due to 
the usage of high performance measurement equipment.  The red line illustrates the 
use of digital pre-distortion with a dynamic power amplifier model.  It can be seen 
that the additional processing pertaining to the red line provides a straight line with 
very little width.  The performance improvement can be measured in terms of error 
energy, see [1, §3.4].  

Figure 3-2: Digital pre-distortion with dynamic power amplifier model

3.4 Technology

A brief discussion on the three key architectures connecting SDR with RF linearisation 
is provided in the following; much greater detail is contained in [1, §3.5].

Fully Fixed Architecture

In the near future, SDR will offer flexibility in the domain of higher layer functions,
i.e., communication protocols (see [1, §3.5.2.1]).  
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The flexibility of fully fixed architectures lies only in software running on 
standardised processors and embedded DSPs.  The hardware part of the architecture 
is made entirely from standard blocks, which can neither be changed at design-time 
nor at run-time.  

Flexibility at Design-Time

The flexibility of the following architectures comes from both hardware and software 
at design-time and from software at run-time.  The hardware part of the architecture 
is composed of standard blocks, as well as custom blocks defined at design-time. In 
[1, §3.5.2.2], the following two examples are included within the discussion: (1) 
Application Specific Instruction Set Processor and (2) Field-programmable functional 
array (FPFA).

Flexibility at Run-Time

The flexibility of these architectures comes from both software and hardware, both 
at design-time and, in particular, at run-time. In [1, §3.5.2.3], included within the 
discussion there are the following three examples: (1) Parameterised Approach, (2) 
Maia Reconfigurable Processor and (3) PicoArray.

3.5 Epochs for the Developments of RF Linearisation Technology

Table 3-1 gives an indication of availability for the three different design 
characteristics identified in Section 3.4.

Technique University Proposal First Start-ups Mature Techn. Expected
Fully Fixed 2002 2006 – 2007

Flexible at design-time 2002 1999 2008 – 2010
Flexible at run-time 1997 2000 2012 – 2015

Table 3-1: Epoch expectations for SDR Technologies related to RF Linearisation

3.6 Conclusions

Some of the issues associated with RF linearisation have been presented in this 
chapter, including an illustration of a digital pre-distortion scheme with crest factor 
reduction and an indication of the performance of a PA with and without specific 
signal processing.

The emerging concept of SDR enables new flexible platforms, capable of providing 
reprogrammable hardware and supporting optimal adaptive algorithm for pre-
distortion.  The optimal algorithm for adaptive RF linearisation is not known. This 
field is relatively new and much is in progress and in movement. It is very likely that 
there will be different algorithmic techniques depending on the mode of operation 
rather than a single one.

A table has been generated which indicates epochs for the development and the 
maturity for SDR technologies related to RF linearisation.
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4 Antenna Processing
By Stephan Weiss, University of Southampton.

4.1 Introduction

This chapter considers the processing of the antenna signal, i.e. the conversion of an 
RF signal in the receiver into a digital signal, and the transformation of a digital signal 
into an analogue RF signal in the transmitter. The discussion in this chapter includes 
a brief overview of a radio receiver and transmitter, the key fundamentals of digital-
to-analogue converters (DACs) and analogue-to-digital converters (ADCs) and a brief 
consideration of commercial DAC and ADC devices.

4.2 Receiver and Transmitter Architectures

The aim of the transmitter is to convert a complex baseband signal, characterised by 
an in-phase and quadrature component, into a real valued signal oscillating at a given 
carrier frequency.  In the receiver, the task is reversed; a complex valued baseband 
signal has to be extracted from an RF signal.  In terms of hardware realisation, both 
transmitter and receiver often utilise the same RF antenna by means of an RF switch 
(e.g., for time-division duplex (TDD) operation) or a duplexer (e.g., for frequency-
division duplex (FDD) operation).  The remaining hardware building blocks between 
RF and the digital processing stage, albeit in general dual in their functionality, have 
to be realised separately for transmission and reception.  In the following sections we 
will present some example receiver and transmitter architectures suitable for use in 
SDR applications.

The receive signal chain is considered briefly for the direct conversion (zero IF) case, 
see Figure 4-1; greater detail can be found in [1, §4.2] on alternative receiver 
schemes.  Referring to Figure 4-1, the RF output from the antenna is passed via the 
duplexer to a low-noise amplifier (LNA).  The LNA is an amplifier that is constrained to 
minimally affect the RF signal in terms of non-linear distortion and noise corruption.

In a direct conversion receiver, a bandpass filter is used to select an RF band of 
interest.  This band is quadrature demodulated to baseband (i.e. to an IF of zero, 
hence the term zero IF) by mixing with a local oscillator (LO).  After mixing, the in-
phase and quadrature components are converted to the digital domain separately, as 
shown in Figure 4-1.

ADC
I

DSP

ADC
Q

cos ωc t

sin ωc t
AGC

LNA

RF

BPF

Figure 4-1: Direct conversion of zero IF receiver architecture
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4.3 Analogue-to-Digital and Digital-to-Analogue Conversion

The viability of the receiver and transmitter structures depends on suitable interfaces 
between the analogue and digital domains.  In order to push the boundary between 
analogue and digital domains towards higher IFs or even beyond, both the ADCs and 
DACs require a sufficiently high sampling rate.  Furthermore, high resolution in terms 
of the quantiser’s word length is important for achieving a large dynamic range.  

Sampling

A first step towards a digital number representation of an analogue signal, x(t), with t
being the continuous-time variable, is the sampling process to obtain discrete-time 
values.  This is generally performed by a sample-and-hold device.  If we assume ideal 
sampling of an analogue electrical signal, x(t), with a sampling period Ts (and hence a 
sampling rate of fs = 1/Ts), the result of the sampling process, xs(t), can be expressed 
by multiplying x(t) with a train of pulses spaced at integer multiples of the sampling 
period.  As a result, the spectrum of the sampled signal xs(t) will be periodic with 
respect to the sampling rate. Greater detail can be found in [1, §4.3.1], including 
Nyquist Sampling and Bandpass Sampling, and on their implementation.

Quantisation

A quantiser converts the continuous voltage value of the sample-and-hold output to 
a number that can be represented by a given binary word length R.  This process is not 
unambiguous and generally voltage values within a range q will be rounded to the 
same level representing a specific word.  An example is provided in Figure 4-2, where 
a quantiser with 3-bit number representation codes 23 = 8 discrete levels, to which 
the quantiser input is mapped by means of a quantiser characteristic.  

"010"

"001"

"011"

"100"

"110"

"101"

"111"

"000"
VMaxVMin

Input (V)

Output (binary)R = 3

q

Figure 4-2: Quantiser characteristic

A discussion is provided in [1, §4.3.3] on the quality measures for these devices and 
[1, §4.3.4] considers the requirements of data converters.

4.4 Commercially Applied Technology and Available Devices

A number of conversion architectures currently available on the market are reviewed 
in [1, §4.4].  Consideration is placed on ADC and DAC conversion techniques, which 
includes a discussion on commercially available devices including examples of current 
speeds, power consumption and prices.
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4.5 Research Development and Future Devices

When considering advances in ADCs and DACs, the bottleneck is imposed by the 
performance limitations of ADC devices available to date.  Current research is guided 
by attempts to overcome or bypass such limitations.  An overview of the various 
constraining problems are included in [1, §4.5].  In addition, it can be noted that:

• At low sampling rates, thermal noise is the limiting factor.  Depending on the 
scenario, a drop from approximately 22 bits at 10 kHz to 19 bits at 1 MHz has 
been stated

• In the mid-frequency range, say approximately 1MHz to 100MHz, the 
aperture of the sample-and-hold device limits the performance to a range of 
approximately 19 bits at 1 MHz to 4 bits at 10 GHz

• Ambiguities in the comparator (for Si CMOS) set limitations for the maximum 
achievable sampling rate to approximately 10 GHz, even at very low bit 
resolutions.

Superconducting Devices

A new family of semiconductor devices is based on rapid single flux quantum (RSFQ) 
digital logic, which has spawned a new type of ADC and DAC.  Such devices are 
characterised by a very high-speed acquisition and good resolution.  While systems 
sampling at 100 MHz with an effective resolution of 9.4 bits were operational in 
2002, recent developments report sampling at 20 GHz.

While literature portrays RSFQs as devices with a very high potential for SDRs, the size 
(and likely cost) of the cooling mechanism required to hold the superconductor at its 
operational temperature is considerable.  However, a number of base stations in the 
US use cooling systems for RF analogue filters on site, suggesting that RSFQ ADCs and 
DACs might be deployed in such base stations.

4.6 Epochs for the Developments of RF Antenna Processing Technology

Epoch expectations for ADCs
For ADCs with resolution 6-8 bits we expect a doubling of sampling rate about every 
3 years, with the expectation of lower confidence on this broad rule as time 
progresses.  Therefore, this gives rise to decrease in confidence for an estimate
occurring at a later period to one sooner (this calculation was undertaken at the end 
of 2005); Table 4-1 provides the epoch expectations for sampling rate for ADC with 6-
8 bit resolution.

ADC with resolution 6-8 bits
Year Sampling Rate (GHz)
2001 1
2005 3
2010 6 – 10
2015 12 – 30

Table 4-1: Epoch expectations for sampling rate for ADC with 6-8 bit resolution
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Epoch expectations for CMOS Power Consumption
The power consumption based on CMOS technology doubles about every two years, 
again with an assumed increase in error (i.e. a decrease in confidence of the estimate) 
for years far greater into the future; Table 4-2 provides some predictions.

CMOS Power Consumption
Year Power Consumption (mW)
2001 300
2005 1,200
2010 2,000 – 10,000
2015 2,000 – 50,000

Table 4-2: Epoch expectations for CMOS Power Consumption

The CMOS power consumption for 2010 and 2015 can be seen to be very significant 
and it is possible that the higher power estimated above would render CMOS devices
impractical in normal usage unless entirely new techniques are being developed by 
then.

Epoch expectations for DACs
For DACs, higher sampling rates even with higher resolution of 8-10bits can be 
expected to double every two years. Power consumption is not as critical as in ADCs 
due to CMOS technology. 

4.7 Conclusions

The signal path, from the output of the antenna up to the point of digitisation (and 
vice versa) has been considered briefly in this chapter.  The performance of current 
ADCs and DACs has been summarised.  Most development has been, and remains,
targeted at the enhancement of ADC circuits.  

In the near future, hybrid structures such as time-interleaved ADCs and the 
substitution of Si by SiGe technology can be expected to further boost the 
performance of conversion devices.  While such structures are currently often 
power-hungry, this may not prohibit their deployment in base stations, for example.  
If novel technologies such as optical sampling and RSFQ techniques mature and 
perhaps translate into commercially available ADCs, a considerable performance leap 
into the gigahertz range is expected.

Several tables have been provided indicating expected epochs for the development of 
the technologies associated with antenna processing.  Included within this discussion 
are the epoch expectations for sampling rate for ADC with 6 - 8 bit resolution and 
CMOS power consumption epoch expectations, which tend to suggest a future need 
for new technologies for such devices.
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5 MIMO Technology and SDR
By Alister Burr, University of York.

5.1 Introduction

Multiple-input, multiple-output (MIMO) techniques for wireless channels, involving 
the use of multi-element antenna arrays at both the transmitter and receiver, have 
been identified in the past few years as a means of dramatically increasing the 
capacity of wireless communication systems and networks.  In this section we explore 
the implications of MIMO for SDR systems (see [1, §5.1] for greater detail on MIMO).

5.2 Introduction to MIMO Techniques

The potential to provide dramatic increases in capacity and spectrum efficiency of 
wireless systems through the use of multiple antenna arrays at both transmitter and 
receiver was publicised by a press release from Bell Laboratories in 1998, which raised 
a great deal of interest in the wireless communications community by appearing to 
suggest that Shannon’s bound on channel capacity had been exceeded.  Similar work 
was also carried out at around the same time at AT&T.  Techniques exploiting this 
effect were termed MIMO.

The fundamental basis of MIMO techniques is to exploit multi-path propagation in 
the radio channel.  Multi-path is an effect (that has traditionally been regarded as 
deleterious rather than advantageous), which arises when the radio signal travels 
from transmitter to receiver via multiple paths rather than a single, dominant line of 
sight path.  The multiple paths (or simply multi-paths) occur due to reflection and 
scattering from objects such as buildings, trees and the general geographic features 
(or indoors from wall, furniture, etc.), as shown in Figure 5-1.  The paths interfere at 
the receiver to cause Rayleigh fading; if the multiple antenna elements are 
sufficiently separated, the fading at different elements may be largely uncorrelated, 
allowing diversity reception.  

Base
Station

Mobile
Terminal

Figure 5-1: Illustration of multi-path propagation
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The MIMO channel is generally modelled as a matrix and the details on its 
construction are contained in [1, §5.2].  Apart from the capacity enhancement, the 
MIMO channel, in principle, also provides a diversity advantage.  The elements of the 
channel matrix each can potentially provide a signal, and hence, provided they each 
fade independently, the available diversity order is related to the size of the matrix.

Clearly the performance of MIMO systems, both in terms of capacity and diversity, 
depends strongly on the propagation environment.  In some cases, where there is a 
strong line of sight and very little multi-path, MIMO gives no advantage because 
there is no spatial diversity available.  It has been traditional to evaluate the 
performance of MIMO systems assuming uncorrelated Rayleigh fading between each 
pair of transmit/receive antennas, but this, in effect, assumes an infinitely rich multi-
path environment.  

In practice, both capacity and diversity are limited by the number of multi-path 
components.  The discussion provided in [1, §5.2] shows that the number of sub-
channels, and hence the capacity enhancement is limited by the number of multi-
paths; the diversity order is similarly limited.

5.3 Literature Review

The literature review presented in [1, §5.3] includes a discussion on the following two 
concepts:

• SDR Implementations of MIMO Systems

• MIMO in Existing and Proposed Standards

The reader is referred to [1, §5.3] for greater detail on the above topics.

5.4 RF Architectures for MIMO Implementation in SDR

If MIMO is deemed essential for SDR and it turns out that MIMO is either 
incompatible with SDR, or it is excessively expensive, then this could be a barrier to 
future wireless systems.  There are two aspects to MIMO implementation in SDR: RF 
issues, including antennas, and baseband signal processing.  In this subsection we 
consider RF subsystems.  

The main issue here for MIMO is simply that MIMO inherently requires multiple 
antennas, which suggests multiple RF chains and ADCs/DACs.  In one sense this is 
irrelevant to the SDR issue since any MIMO system would inherently require these.  
However, there may be concerns if the terminal is required to reconfigure between 
different standards or modes which involve different numbers of antennas.  It would 
then be desirable to avoid the need to supply RF chains which are only used in one 
mode.  

Antenna arrays are a particular concern if different standards operate in different 
frequency bands.  Moreover, if antenna elements can be used in only one frequency 
band, then MIMO would require a total number of elements (and RF chains) given by 
the number of bands of operation multiplied by the number of elements in the array, 
which would rapidly become infeasible.  For this reason in [1, §5.4] consideration is 
placed on the implementation of RF subsystems for MIMO systems, including multi-
band antenna arrays, and ways of reducing the requirement for RF hardware, 
especially the possibility of sharing RF chains.
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5.5 Outline of MIMO SDR Implementation

The implementation of the baseband signal processing and, in particular, the 
additional complexity resulting from the use of MIMO techniques is considered next.  
Three basic types of MIMO techniques are envisaged for use in MIMO SDR schemes: 
STBC, spatial multiplexing and closed loop techniques, which include schemes like 
TSTD as well as more explicit beamforming techniques (see [1, §5.5] for greater detail, 
including a discussion on STBC, Spatial Multiplexing and Wideband Systems).

CDMA systems usually involve forward error correction (FEC) coding to reduce 
sensitivity to multiple access interference (MAI), and hence to increase capacity.  
Especially in the case of MIMO-CDMA, the performance of the receiver can be 
significantly improved by iterative joint decoding, MIMO and multi-user detection.  
The system referred to as space-time turbo-coded turbo parallel interference 
cancellation (ST-TuC-turbo-PIC) is considered in [1, §5.5].   An example of the bit error 
rate (BER) performance for the ST-TuC-turbo-PIC receiver is shown in Figure 5-2, 
which nearly reaches the single-user SISO bound, even with multiple MIMO users; for 
greater detail see [1, §5.5].

Figure 5-2: Performance of ST-TuC-turbo-PIC receiver

5.6 Adaptive MIMO and SDR

As mentioned above, MIMO can benefit significantly from adaptation to the channel, 
and adaptivity is, of course, a feature of SDR implementations.  In addition, since 
MIMO can potentially adapt to different air interfaces, they can readily adapt to 
relatively small changes within an air interface.  This adaptivity can take various 
forms, providing various levels of benefit.  Greater detail on this can be found in [1, 
§5.6] which includes a discussion and results on Adaptive Modulation and Coding, 
Receiver Beamforming and MIMO Exploiting Channel Knowledge at the Transmitter.

Firstly, we consider to what extent adaptation increases the complexity of SDR 
implementation compared with a non-adaptive system, and secondly how SDR, in 
comparison with a custom implementation, enables adaptive MIMO.  The 
fundamental complexity per bit of the underlying structure is little different in terms 
of operations per bit.  Although there are multiple encoder/decoders and 
modulator/demodulators, the total throughput is the same as in the spatial 
multiplexing system.  
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The matrix transformation at the receiver is equivalent to the MMSE transformation 
in the spatial multiplexing receiver.  The exception is that the de-multiplexing 
operation at the transmitter is replaced by a matrix multiplication, involving about na 

× nT complex multiply-accumulate operations.  Moreover, an additional infrastructure 
of channel estimation, eigensystem decomposition and power control is required, 
especially at the transmitter.  This will give rise to additional complexity, although the 
computations are in general required only once per frame.  

Although this type of adaptive architecture could be implemented using special-
purpose hardware such as ASICs, etc., it is clear that it is greatly simplified and its 
flexibility enhanced by using SDR.  SDR will allow the implementation of multiple 
separate encoder/decoders operating at different rates without requiring duplication 
of hardware.  It is well suited to performing complex matrix multiplications, since 
specialised processors are available for such functions.  Computations required for 
channel estimation and eigen-decomposition can be implemented efficiently in pure 
software.  This can allow efficiency for variable numbers of active sub-channels, 
noting that in an adaptive system this may vary widely depending on the channel.  

Sub-optimum adaptive MIMO schemes based on antenna selection can achieve 
throughput very close to the optimum, but reduce the peak to mean ratio of the 
transmitted signal, since one modulated stream is transmitted on each antenna.  
These are particularly well-suited to SDR implementation, since it readily allows for a 
variable number of antennas without requiring redundant hardware. 

5.7 Conclusions

We have considered the implications of MIMO for SDR implementation of wireless 
communication systems from two viewpoints: firstly, the extent to which MIMO 
creates a ‘barrier’ to the introduction of SDR, and secondly, the extent to which it can 
be regarded as a ‘complementary’ technology.  The potential barrier arises from the 
additional complexity that MIMO systems require, which arises in both the RF part of 
the transceiver (including antenna and ADC/DAC) and in the baseband processing.  If 
a terminal is required to be reconfigured for multiple frequency bands, antenna 
configuration becomes an issue for MIMO SDR systems, since the optimum antenna 
spacing varies with the wavelength of the radio signal.  

The implementation of baseband processing and especially the additional complexity 
required for MIMO was considered.  It has been demonstrated that the additional 
complexity inherent in the basic techniques is quite small and will not constitute a 
significant barrier to SDR implementation, especially when considered in terms of 
operations per data bit.  

Proceeding to the question of complementarity, we have considered the possible 
advantages of adaptive MIMO systems, since SDR will ease the introduction of 
adaptivity.  There is evidence that various forms of adaptivity can be deployed to 
significantly increase the capacity of MIMO systems.  Specifically the use of adaptive 
modulation and coding on the spatial channels provided by a MIMO system has been 
considered.  In addition, it has been shown that this is necessary to achieve the full 
information theoretic capacity predicted for MIMO.  

Overall, we conclude that the introduction of MIMO does not create an 
insurmountable barrier to the use of SDR techniques in the implementation of 
wireless communication systems.  On the contrary, SDR may enable the introduction 
of adaptive MIMO techniques and, in this sense, it is a strongly complementary 
technology.
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6 Waveforms
By Stephan Weiss, University of Southampton.

6.1 Introduction

This chapter considers waveforms and is broadly a tutorial and literature review.  The 
promise of achieving interoperability of communication devices between different 
standards and waveforms has, in the past, been a strong driver behind the 
development of software defined radio technology.  In particular, wireless 
communications standards have considerably spread out in their number and variety 
since the surge in the communications market and the desire of various companies 
and stakeholders to influence the utilisation of the radio spectrum.  Although
standardisation efforts have been focussed in organisations such as the IEEE, 
substantial differences remain and continue to exist between different regions, such 
as Europe, North America and Japan.  Interoperability of devices is therefore desirable 
in order to achieve a level of compatibility between communications equipment both 
over their lifetime and following possible changes of geographical location.

6.2 Factors for the Integration of Waveforms

In [1, §6.2], the characteristics of waveforms, with relevance to SDR, have been 
considered in some detail.  The discussion distinguishes between parameters that will 
affect the front-end and waveform properties that need to be taken into account 
when considering the baseband realisation and processing.

6.3 Wireless Standards

A broad range of wireless standards are considered in [1, §6.3], including mobile 
communications standards, wireless local area networks (WLANs), wireless personal 
area networks (WPANs) and wireless metropolitan area networks (WMANs).  In each 
case, in addition to identifying the application for the given standard, the modulation 
schemes, multiple access mechanisms and the typical data rates are tabulated.

6.4 Wireless Communications

Modulation involves changing one or more features of a signal at the data rate such 
that the input data can be recovered at the receiver.  If signal characteristics can be 
altered in such a way that M symbols are differentiable at the receiver, then log2 (M)
information bits can be encoded per symbol.  Here the term modulation is used to 
refer to digital baseband modulation, not bandpass modulation, where the desired 
information signal is multiplied with a sinusoid, called a carrier, for more efficient 
transmission.  

Several modulation methods, classified as being either linear or nonlinear, are 
employed in modern wireless telecommunication standards.  A selection of 
modulation methods including Phase Shift Keying and Quadrature Amplitude
Modulation are presented in [1, §6.4.2].  Example constellation maps are presented in 
Figure 6-1 for BPSK, QPSK and 8-PSK, which are used in some WLAN and cellular 
mobile systems today.
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Figure 6-1: BPSK (left), QPSK (middle) and 8-PSK (right) constellation maps

OFDM applies the principle of multi-carrier (MC) modulation by dividing the symbol 
stream sn, into P symbol sub-streams, each with a lower rate and requiring a smaller 
transmission bandwidth.  Conceptually, each symbol sub-stream modulates a 
separate carrier, as shown in Figure 6-2.  In practice, however, alternative means are 
applied for the implementation of OFDM (for more detail see [1, §6.4.4]).

Figure 6-2: Conceptual diagram of OFDM modulation

Direct sequence spread spectrum (DSSS) or direct sequence CDMA (DS-CDMA) is a 
modulation scheme whereby each symbol sn in a sequence is multiplied by a 
spreading code ck to derive a higher-rate, higher-bandwidth transmit sequence uk.  
Each transceiver has its own pseudo-random spreading code which is approximately 
orthogonal to all others.  To recover the symbols sn, the receiver performs a time 
correlation once per symbol period between the received signal and the transmitter’s 
spreading sequence (for more detail see [1, §6.4.5]).  

Frequency hopping spread spectrum (FHSS) is a spread spectrum technique in which 
modulated data bursts are transmitted with pseudo-random carrier frequencies.  The 
instantaneous bandwidth of the transmitted signal is relatively narrowband in 
comparison to the bandwidth over which the hopping occurs.  Gaussian frequency-
shift keying (GFSK) is used to obtain the narrowband signal in a number of WLAN and 
WPAN systems (for more detail see [1, §6.4.7]).  

6.5 Efforts at Integrating some Wireless Standards

A brief review of efforts geared towards the realisation in software and integration of 
major modern waveforms and some of their parameters is presented in this section.  
Here, the challenges are in the analogue front-end, where parameters reviewed in 
Section 6.2 (e.g., bandwidth, band position, etc.) impact implementation, are likely to 
be different from those to be found in baseband implementations.  In baseband 
implementations, other integration parameters are likely to influence the design, as 
reviewed in Section 6.2. Identified in [1, §6.5] is the distinction between RF and IF 
front-end integration for single and multi-band operation.  
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Experimental SDR systems have been reported in the literature [1, §6.5.1], relying on 
the realisation of a single signal path in the front-end, which include, for example, the 
UMTS UTRA TDD mode implementation, which is aimed at receivers with multiple 
antennas and uses 16 C6000 baseband DSPs and dedicated down-conversion 
hardware.  This system targets base station applications and, despite the processing 
power, is limited in the number of users due to processing constraints.  Discussion 
about other experimental systems for Mobile Standards is included in [1, §6.5.1].

The integration of wireless mobile standards from 2G up to 3G is considered in [1, 
§6.5.2], and included within the discussion are efforts made by several research 
organisations to parameterise the waveforms in a bid to identify the common 
processing structure and thereby simplify the SDR implementation of a range of 
waveforms.  Test systems implementing mobile standard integration have been 
reported; details can be found in [1, §6.5.2.2], which includes a discussion on the 
integration of both civil and military waveforms.

Efforts at WLAN and WPAN Integration are reported in [1, §6.5.3] and it is noted that 
wireless LANs can be integrated relatively simply if operated in the same frequency 
region.  Additional integration issues, with a particular focus on multiple access 
techniques, are considered in [1, §6.5.5].

6.6 Conclusions

We have briefly reviewed waveforms associated with a broad range of wireless 
standards in this chapter.  The factors influencing the integration of waveforms have 
been considered and it is noted that RF front-end implementations of waveforms 
have reached considerable complexity, with quad-band systems in experimental 
single chip fabrication; such systems are made possible through the availability of 
flexible antennas for wide frequency ranges.  

Integration has matured for the combination of 2G and 3G wireless standards, with 
single chip solutions covering the frequency range up to 2.2 GHz for UMTS.  The most 
costly component in SDR currently is the baseband UMTS implementation, which 
exceeds even WLAN standards due to the need for advanced and complex signal 
processing algorithms designed to mitigate the effects of fading in a highly mobile 
environment.

The integration of higher frequency bands, such as the 5 GHz regions of HIPERLAN/2 
and IEEE 802.11a, has been considered in theory and solutions for the RF front-end 
and the baseband processing have been suggested.  However, experimental systems 
that are fully operational in an SDR sense have not yet been reported.  In all these 
implementations, the lack of sufficient baseband processing power is currently the 
limiting factor.  Very little evidence has been found so far for the integration of 
WMAN standards, which may be due to their high complexity and their considerable
geographical variations in band position.

The creation of future-proof devices may be limited to baseband processing since the 
analogue RF components might be tuneable, but only within the range of bands 
considered at the design stage.  Therefore, if new standards are assigned different 
frequency bands that are not considered in the initial SDR hardware design, the 
extension or reconfiguration of the system would be difficult if not impossible.  Even 
if methods such as parameterisation are able to cover most future waveform 
modulation methods, the limitation thus lies in the front-end hardware, since true RF 
sampled systems cannot be expected for the foreseeable future.  
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7 Software Aspects
By Neil Briscombe, QinetiQ.

7.1 Introduction

In this chapter we look at software aspects and consider the behaviour of networks 
associated with an SDR.  There are three main thrusts to this section that cover the 
software communications architecture, technologies that could support the
realisation of cognitive networks and human machine interface (HMI) issues.  

First, the more conventional SDR software issues are considered: the motivation 
behind the Software Communications Architecture (SCA), how SDR systems are 
defined through Object Management Group (OMG) models and the SCA reference 
implementation.  

Second, software related technologies are dealt with that will enable SDR platforms 
to extend beyond the traditional views of communication payloads towards cognitive 
radio and cognitive network visions.  We claim that in such complex systems of 
systems, where a high degree of configurability and dynamism may be exhibited, 
both system and service dependability will be crucial and pose difficult problems.  We 
propose that cognitive networks will require policy based management-services, 
which could be enhanced through using the World Wide Web Consortium’s (W3C’s) 
efforts towards security and that the union of wireless grids and SDR technologies 
would benefit each other.

The model shown in Figure 7-1 generalises these areas of research.  It is presented as 
a simplistic model for analysing research efforts towards SDR-related cognitive 
networks.  This is a minimum requirement for any system that could be used with 
any useful level of trust.  Electromagnetic environment sensing is deliberately 
excluded as a separate entity, as this function could be distributed within networks.

Figure 7-1: Research Model of SDR-related Cognitive Networks

Third, we briefly discuss HMI issues for SDR by classifying the user types of SDR and 
reviewing the issues relating to each type.
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7.2 Open Software Architectures

The motivation for SDR to adopt platform-independent software architecture is 
considered in some detail in [1, §7.2], and a brief summary of the discussion is 
provided in the following.  The incentive for the SCA lies in requirements for cheaper, 
more effective, adaptable and reconfigurable radio communication systems to allow 
new developments to be efficiently exploited.  

The OMG was established in 1989 and is the world’s largest software consortium.  Its 
mission is to help computer users solve integration problems by supplying open, 
vendor-neutral interoperability specifications.  The OMG efforts in SDR have enabled
a common modelling framework and the reuse of their significant efforts towards 
system integration through the common object request broker architecture (CORBA) 
concept.  The OMG’s commitment to focus on producing commercial 
implementations of its specifications through its structure and standardisation 
process is also given consideration. Greater detail on the objectives of the OMG in 
connection with SDR can be found in [1, §7.2.2].  Some of the efforts by the
Communication Research Centre, Canada (CRC) on the evolution and adaptation of 
SCA specifications are presented in [1, §7.2.3], which includes a discussion on the 
choice by the CRC to use the Java programming language in its first execution of the 
SCA reference implementation (SCARI).

7.3 Technologies towards Cognitive Networks

SDR brings the vision of cognitive networks of SDR nodes sharing resources such as 
spectrum.  The issues associated with this vision from a software point of view are 
considered in this section.  We start with broad notions of dependability, focusing on 
how these can be managed by policies, look to W3C standards as a means of 
providing a secure service-orientated architecture and scope the development of 
wireless grids that we assume will be the first realisation of cognitive networks.

The concept of managing faults in SDR networks and minimising the occurrence of 
failures is considered in [1, §7.3.1] and included within this discussion is the notion of 
the vulnerability of SDR networks to attack.  Ideas related to policies, specific to the 
management and control of problems in SDR are considered in [1, §7.3.2], which 
includes a discussion on the various types of policies and the key problems in the use 
of policies.

The concepts associated with the SDR Applicable Techniques from the W3C are 
considered in some detail in [1, §7.3.3].  The Web Service Architecture (WSA) 
comprises four models contained in an overarching meta-model; these are: (1) 
Message orientated model (MOM); (2) Service orientated model (SOM); (3) Resource 
orientated model (ROM) and (4) Policy model (PM).  

SDR and grid computing are considered in some detail in [1, §7.3.4]; grid computing 
heritage draws from parallel and distributed computing, and its emphasis is on the
controlled sharing of resources.  The concept of wireless grids comes from the 
culmination of three computing paradigms, namely grid computing, peer-to-peer 
(P2P) computing and web services, whereby services can be discovered and called 
upon in a mixed wired and wireless network.  The notion of resource sharing for 
virtual organisations (VOs) has specific relevance to both grid computing and wireless 
grids.
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7.4 SDR and Human Interface

The human machine interface (HMI) issues for SDR are considered in this section and 
this forms a basis for the classification for the SDR user types and discusses the issues 
relating to each type briefly. In the context of users, three user types have been 
identified: (1) Users of SDR equipment; (2) People creating/managing SDR equipment 
and (3) People creating/managing SDR software. It is anticipated that HMI will 
operate at several layers, but with a principal application-specific functionality.  
Examples are developed in [1, §7.4] which draw upon the relation between HMI,
video, networks and for the development of SDR.

There is still much work to be done before SDR capabilities arise from individual 
functions as an entire application (e.g., become a wrapped local service) and made 
exploitable as an explicit specification of a conceptualisation (e.g. at run-time 
through ontologies, introspection and Semantic Web-like interactions). If this can be 
achieved, some of the major challenges (such as human centric trust) can then 
directly be mapped on to, and tackled by, higher level applications.

7.5 Conclusions

In this chapter we have shown that the current approach for the development of 
platform-independent models, based on the OMG models, provides useful levels of 
abstraction for software engineers as well as communications specialists.  The 
generalised SDR model comprises the message orientated model, the service 
orientated model, the resource oriented model and the policy model.  These can be 
exploited in the commercial development of services and applications that utilise 
SDR, including automatic PSM mapping (if adequate tooling and third-party APIs are 
available).

Another means by which these models might be used is at run-time to allow flexible 
configuration, higher levels of HMI and even machine cognition based on 
introspection of metadata (i.e. the names and classification of properties, respective 
data types, etc.) especially where these are supported by specialist systems of 
knowledge representation for that domain.

However, there are inherent dangers in such flexibility if a means can be found to 
exploit them.  This is one of the drivers for controlling possible adverse behaviour 
emerging in SDR networks through the use of policies.  Policy-based networks can 
exert control over their elements to improve security, whilst still enabling the 
realisation of CR.

The shared resource identified in grid computing, when applied to an environment of 
flexible wireless transceivers, opens up a great potential to enable networks of nodes 
that are able to share and better manage their capabilities for the communities they 
serve.  The remaining problems of self-interest and mixed trust can be tackled with 
multiple techniques, including (but not limited to) semantically rich P2P resource 
trading and policy-based control.  All these are current areas of research.  However, 
the more likely risks to the promise of cognitive SDR grids are of commercial and 
legislative rather than a technical nature.

There are also some frameworks defined for the commercial application of wireless 
grids.  However, compelling, convincing examples have yet to emerge.  If realised, 
wireless grids and networks containing SDR elements are likely to increase consumer 
demands for ever more capable, flexible, adaptive, interoperable and service-aware 
devices that can deliver capabilities and infrastructures.  
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8 Security
By Daniel Bradford, QinetiQ.

8.1 Introduction

In this chapter we consider briefly the possible security requirements for SDR.  The 
fundamental aspects of security are considered and analysed.  Subsequently, 
appropriate technologies are identified that can be used to meet these requirements.  
The types of traffic associated with SDR are identified, each with potentially different 
security requirements.  Parallels are drawn to similar technologies such as GSM, 
public switched telephone network (PSTN) and conventional Internet protocol (IP) 
networking.

Finally, we look at why the architecture of a general purpose processor is 
fundamentally insecure and hence why it might not be suitable for a system in which 
a high level of security is required.  The issues revolve around the insecurity of the 
memory structure and technologies to enable improvements are suggested.

8.2 What is Security?

The security of a system is the extent of protection against some unwanted 
occurrence, such as the invasion of privacy, theft, the corruption of information or 
physical damage.  It is often useful to divide the security requirements into four areas, 
namely authentication, integrity, confidentiality and availability.  These are each 
considered in some detail in [1, §8.2], and included within this discussion are 
summaries of the technologies available to satisfy the four general security 
requirements for SDR.

8.3 Security Analysis of an SDR Environment

Considering security issues that are unique to SDR, we begin by describing the threat 
environment in terms of the possible types of attackers and their possible motives.  
The types of traffic that might be present in an SDR environment are considered and 
the security requirements for each examined. Finally, measures that might be 
needed to protect communication between SDR-enabled devices are suggested.

Analysis of the security environment in which SDR is expected to operate has given 
rise to the concept of a ‘threat vector’, which looks at security issues from several 
perspectives.  In the following, the categories of perpetrators and types of security 
violations that have been identified via this analysis are briefly outlined.

Perpetrators

A perpetrator is an individual who takes some action that may result in a security 
violation.  

Negligent

Negligent covers those individuals that are not deliberately causing security problems 
but for one reason or another do so.  Two types of potentially negligent users have 
been identified; the user who inadvertently overloads the system or the user who 
misuses the equipment and thereby interferes with other users.

Unauthorised
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This includes attempts to access the system by users beyond their normal access 
rights.  In general three types of unauthorised users can be identified: ‘interceptors’, 
‘probers’ and ‘impersonators’.  An interceptor is a person that wants access to 
information to which he/she has no right.  A prober is an individual who tests the 
system for weak points, perhaps just to see how it works.  An impersonator is an 
individual who attempts to access the network using normal procedures but with 
false credentials.

Malicious

This refers to stealing service or information, or disrupting system operation.  In 
general three types of malicious perpetrators can be identified: ‘thieves’, ‘intentional 
interferers’ and ‘insiders’.  A thief is defined as someone who wants to avail 
himself/herself of services or content that is offered for a fee without paying for it.  
An intentional interferer is a person with intent to disrupt or deny other users’ 
communications.  An insider is an individual authorised to access some part of the 
system who misuses his/her access to commit unauthorised acts.

Security Violations

Security Violations are split into categories of action taken by the perpetrator (for 
more detail see [1, §8.3.1.2]).

Impersonation Violations

In general, there are three ways that impersonation could be used to violate security:  
(1) when a user attempts to impersonate another user by either stealing or guessing 
his/her credentials; (2) where an individual attempts to impersonate the base station 
side of the communication link with the hope that legitimate users will be tricked 
into logging on to it; and (3) “man in the middle attack”, where a user attempts to 
intercept and then relay a legitimate user’s traffic to a genuine base station.  This 
would enable him/her to view and/or modify the traffic.

Unauthorised Access

Unauthorised access to a system results when a perpetrator finds some way of 
getting around the normal security procedures of a system by a method other than 
impersonation.  Techniques include extraction of the content of a transmission, 
unauthorised access to the control feature of a system and unauthorised access to 
keys and cryptographic material.

Denial of Access

In general, there are two possible ways in which a perpetrator could deny access to 
the system: (1) he/she could disrupt the system as a whole to deny access to the user 
community; or (2) he/she could find a way of altering parameters in such a way that 
one or more users gain elevated privileges at the expense of normal users.

Types of Traffic in an SDR Environment

In general, three types of traffic have been identified in an SDR environment: (1) 
Software Update; (2) Control Traffic; and (3) User Data.  These are considered in some 
detail in [1, §8.3.2].
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The requirements for a Secure SDR system

When considering the solutions for a set of security-related problems, it is very 
important that a cost-benefit analysis is conducted, which is generally done at two 
levels.  One is from the perspective of the attacker who is attempting to breach the 
security.  The other is from the perspective of the service provider who has to create 
and implement the required security measures. The issues which require 
consideration can be found in [1, §8.3.3] and Table 8-1 summarises the requirements 
for each type of traffic.

Type of 
Traffic Requirement for Confidentiality

Requirement for 
Integrity

Requirement for 
Authentication

Software 
download

Medium Strong Strong

Control traffic Medium/strong (Short term only) Medium Medium

User traffic Medium (User data may have 
additional security enhancements 

added at higher levels of the protocol 
stack)

Low Low

Table 8-1: Summary of the security requirements for different types of SDR traffic

8.4 Hardware Security

Issues related to hardware security, in the context of the architecture of a general 
purpose processor, may not be appropriate for SDR security. The deficiencies of a 
general purpose processor include, for example, buffer overflow.  In [1, §8.4.1] the 
buffer overflow vulnerability is discussed in some detail, and [1, §8.4.2] provides a 
possible solution to this problem.

8.5 Conclusions

In this chapter we have looked at the security requirements of an SDR system.  The 
types of traffic have been identified and the requirements for each have been
analysed in terms of authentication, integrity, confidentiality and availability.  

There does not appear to be a technological gap between current capabilities and 
those required for a secure SDR implementation.  However, standardisation is a 
significant obstacle, because it is essential that security algorithms and procedures 
are standardised to ensure current and future compatibility.

The specific problems of downloading software updates over an air interface have 
been discussed.  While there seems to be no technological barrier, standardisation is 
again an issue.  Several digital signatures will be required for each piece of 
downloaded software in order to meet likely regulatory requirements.  Exactly who is 
necessary to ‘sign’ software downloads is required to be standardised before the 
large-scale deployment of over-the-air SDR updates can be realised.

Finally, we have discussed the security implications of a general purpose processor 
and explained why conventional, general purpose architecture may not be 
appropriate for an SDR device.  Several technologies that may enhance the security 
architecture of an SDR terminal have been discussed.
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9 Radio Management and Cognitive Radio
By Daniel Bradford, QinetiQ.

9.1 Introduction

In this chapter we look at Cognitive Radio (CR) and how it could be used to make 
more effective use of the available radio spectrum.  There are two main thrusts to this 
section.  We start by looking at ‘radio management’.  Radio management is about 
making as much use as possible of the limited radio spectrum available whilst 
ensuring that all systems can coexist without causing unacceptable interference. 

Some measurements of typical spectrum utilisation are given which highlight how 
inefficiently spectrum is typically used.  These observations provide the motivation 
for the extensive research that has been carried out in this area.  There are already 
some examples of systems that have started to manage the radio spectrum using CR 
techniques.  Though these systems are quite primitive, they demonstrate the strong 
push for more efficient systems.  

9.2 The Current Radio Management Scheme

The current system of spectrum allocation is very static in nature.  Each system is 
allocated a range of frequencies that can be used.  All characteristics of the 
transmitted signal are specified, e.g., the maximum transmit power, out-of-band
power, etc. Usually, any system has to be accredited and licensed before it can be
deployed.  Once an allocation has been made, it is likely to remain in place for many 
years.  Making any changes to allocations is a difficult and often prolonged process.  

There are two significant advantages associated with the current spectrum allocation 
mechanism: (1) the simplicity safeguards the existing users of the spectrum, e.g.,
public safety (i.e. emergency) etc., and (2) the scheme ensures some level of ‘fairness’, 
as low-power devices are not swamped by more powerful devices that might 
otherwise attempt to use the same band.

The neXt Generation (XG) working group has highlighted the two main deficiencies in 
the current system, which shows that, whilst the spectrum allocation tables (Figure 9-
1 (left)) indicate that the radio spectrum is very crowded, only a very small proportion 
of the usable spectrum is typically in use at any instance in time (Figure 9-1 (right)).  
The reader is referred to [1, §9.2] for more detail.

Figure 9-1: Snapshot of current spectrum allocation (left) and typical spectrum use 
(right) [1, §9.2]
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9.3 Spectrum Trading

It is now widely accepted that in order to make better use of the precious radio 
spectrum, greater flexibility is required in the way it is used.  A leading idea for 
increased flexibility is to introduce spectrum trading.  This is where the primary 
(legacy) licence holder is allowed to sell the rights to use part of the spectrum to a 
third party.  

Currently, there are several views on how to implement spectrum trading, which 
include long-term lease, permanent transfers and dynamic spectrum trading.  A range 
of these concepts is considered in some detail in [1, §9.3], which includes a ‘bank 
cashier’ analogy illustration using queuing theory to exemplify the benefits of 
dynamic spectrum assignment.  

The concept of Dynamic Spectrum Allocation (DSA) at the Network Level is considered
in [1, §9.3.3.2], and only a brief discussion is provided in the following.  Essentially, 
the idea outlines an approach in which the spectrum allocated to the radio network 
could be altered depending on the current demand, say, by considering contiguous 
and fragmented spectrum allocations, and using the concept of radio access 
networks (RANs).  In the most simple, contiguous case, each RAN is allocated a block 
of spectrum and each block is separated by an appropriate guard band.  The size of 
this block is allowed to vary depending on the demand on the system.  

This concept is shown in Figure 9-2.  The fixed spectrum allocation (FSA) is the 
scheme that is currently employed, where each service is allocated a fixed block of 
spectrum.  The scheme in the middle shows a scheme where the allocation to an RAN 
is allowed to shrink and grow depending on the current demand, and represents a 
contiguous scheme.  The third scheme is the fragmented dynamic spectrum 
allocation approach and allows RANs to be allocated frequency blocks that are not 
contiguous. A fully dynamic scheme is outlined in [1, §9.3.3.3].

Figure 9-2: Spectrum sharing at a network level [1, §9.3.3.2]

9.4 Cognitive Radio (CR)

CR is seen as the key enabling technology that will allow dynamic spectrum trading.  
Section 1.5 provides a definition of CR.  The motivation for CR is considered briefly in 
this section and [1, §9.4.2] provides greater detail on incentives for the use of CR.  A 
very simple and effective way that a cognitive radio could adapt to its environment is 
to adapt its modulation scheme; an example is where radio improves its throughput 
by switching to a more bandwidth-efficient scheme when a high signal level is 
available and to a more noise-tolerant one when the signal-to-noise-ratio is poor.
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In addition to the flexibility of switching between generic waveforms, it has been 
proposed that a CR could be used to access several different standard waveforms or 
protocols.  An example of this is shown in Figure 9-3.  This example is available in [1, 
§9.4.2], which describes a child on a journey playing a wireless computer game.  As 
the device moves away from the Wi-Fi hot spot, the radio establishes a 3G connection 
and seamlessly continues the call.  The device also switches to GPRS when the 3G 
service is not available.  As better communication options become available, the radio 
will switch back again.

802.11 3G GPRS 3G 802.11

802.11
3G

GPRS
3G

802.11

Figure 9-3: An example of a cognitive radio selecting the 'optimum' waveform 
throughout a journey

9.5 Technical Barrier and Enabling Technologies

It is widely accepted that SDR is the key enabling technology for CR. As well as the 
technological hurdles that are common to SDR, CR has some of its own.  Some of 
these obstacles are discussed in more detail in the following.  The term ‘radio 
etiquette’ is used to describe the protocols and techniques that different devices will 
use to share the spectrum.  If careful consideration is not given to this problem the 
network will quickly become unusable (for example problems and possible solutions
see [1, §9.5.1]).

There is a need to ensure that legacy users are protected, and therefore in 
environments where there is coexistence between legacy users and CRs, mechanisms 
are necessary to safeguard transmission for legacy users of the spectrum.  In simple 
terms, protecting legacy users means not transmitting when they are. However, in 
certain situations this simple rule may not be adequate; more detail can be found in 
[1, §9.5.2].

In the context of Spectrum Trading, although it has been shown that DSA would 
undoubtedly offer benefits in terms of spectrum utilisation and effective throughput, 
careful consideration has to be given to the commercial reality of such a scheme.  
Exactly how this trading would be done, and on what basis the costs would be 
calculated requires careful consideration.  There are various issues associated with 
this situation, with corresponding consequences; greater detail can be found in [1, 
§9.5.3].
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In the context of Regulatory Issues, Ofcom serves to further the interests of citizen-
consumers as the communications industries enter the digital age; increased 
spectrum utilisation, and the resulting increase in the number of wireless services 
available, is undoubtedly in the interest of the consumer.  

Although CR is becoming increasingly viable in terms of technology, the current 
regulatory position would significantly impede its development and deployment.  
Whilst there are very good reasons for the current regulatory framework, the current 
regulatory position has to be viewed as a hurdle to the successful deployment of 
cognitive radio and the benefits it might bring. 

Providing that sufficient radio etiquette is maintained and systems are designed 
properly, these systems should all be able to coexist.  However, procedures will have 
to be put in place to deal with devices that either intentionally or unintentionally 
operate incorrectly.  This will require a significant amount of effort from 
organisations such as Ofcom in the UK. Greater detail on the issues connecting CR 
with regulatory matters is presented in [1, §9.5.4], and a discussion on Regulatory 
Issues in general terms is presented in Chapter 10.

9.6 Conclusions

In this chapter we have shown that the current approach to radio spectrum allocation 
is becoming increasingly inadequate.  Much of the allocated spectrum is underused 
while there is very little ‘useful’ spectrum left for future applications.

Promoting the concepts of spectrum trading and liberalisation and opening up the 
spectrum to market forces should enable significant gains in spectral efficiency to be 
realised.  Different proposals for the ways in which this could be done have been 
discussed.  

The long-term spectrum trading notion would be towards a more dynamic method of 
spectrum sharing.  Research has shown that this would bring significant advantages.  
However, it might require fairly complicated technology to enable it to be 
implemented.  In order to implement the most dynamic visions of spectrum trading it 
is likely that cognitive radios will be required. 

Several definitions of a CR exist; most of them seem to restrict its definition to 
making dynamic use of the radio spectrum.  However, it has been shown that even 
with a fixed frequency allocation, there is plenty of scope for CRs to offer 
improvements over conventional radios.  

Finally, some of the technological hurdles that will have to be overcome before CRs 
can become a reality have been discussed.  CRs will most likely be based on SDRs.  
Therefore, any technological hurdle for SDRs is also a hurdle for CRs.  Other obstacles 
that may hinder the development of CRs are the development of techniques for the 
successful sharing of spectrum (known as radio etiquette), techniques for protecting 
legacy users from interference, and the actual mechanisms for trading radio 
spectrum.  Further, CR and spectrum trading are not possible within the current 
regulatory environment.
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10 Regulatory Issues
By Tim James, Multiple Access Communications Ltd.

10.1 Introduction

This chapter considers regulatory issues, summarises the FCC’s reaction to SDR and 
discusses the impact of SDR on the European Union’s (EU’s) radio equipment and 
telecommunications terminal equipment (R&TTE) directive.  The regulatory issues 
surrounding the use of SDR are, in some ways, quite different to the traditional 
means of regulation, considered applicable for the ‘traditional’ dedicated radio 
architecture concept, and these issues are briefly considered in the following.  

There is a separate study, commissioned by Ofcom and undertaken by the University 
of Surrey in conjunction with Fujitsu, which discusses regulatory issues in much 
greater detail [1, §10.1].

10.2 Regulatory Aspects for Different SDR Applications

The significance of SDR in terms of its benefits has been considered briefly in Section 
1 of this report, and it is considered in much greater detail in [1, §10.2] and [1, §10.3].  
In addition, [1, §10.4] provides some indications as to why SDR may be considered 
such a potential regulatory minefield.  The applicability of SDR for base station SDRs 
is considered in [1, §10.5.1], and it is noted that in the US, Vanu Inc. has been the first 
company to obtain type approval of an SDR base station through the FCC.  In [1, 
§10.5.2], a brief discussion is provided about user equipment SDRs with preloaded 
configuration data.

Let us consider a future form of functionality, when reconfigurable SDR user 
equipment becomes more viable.  There are perhaps two primary methods of 
reconfiguring an SDR as shown in Figure 10-1.  The first is to download new 
configuration data over the air from a central SDR software server.  The second is to 
reprogram the device ‘off line’, perhaps via a download from the Internet or through 
the insertion of a high-density data card, e.g., an SD card or a ‘mega’ SIM card.  There 
are, however, significant pros and cons relating to each method.

The Internet

SDR User
Equipment

Software
ServerMega SIM

Network Operator

Off Line Over the Air

Figure 10-1: Updating software on SDR user equipment
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Over-the-air downloads and an alternative, i.e., to allow the user to reprogram 
his/her handset ‘off line’, are considered in [1, §10.5.3], which highlights the potential 
difficulties in managing such implementations.  Subsequently, the use of 
reconfigurable user equipment SDRs in ad-hoc peer-to-peer networks is considered in 
[1, §10.5.4], and [1, §10.5.5] presents a discussion in connection with reconfigurability 
for cognitive radio networks.

10.3 Type Approving SDR Applications

The main regulatory problem concerning SDR is that of equipment type approval.  
Unlike conventional radio equipment whose function is typically defined at the time 
of manufacture, the function of SDR is not necessarily defined until after 
manufacture and can potentially be changed at will thereafter.  Thus, the traditional 
process of acquiring type approval for a new piece of radio equipment before making 
it commercially available is not necessarily suitable when considering SDR.  

This issue is potentially compounded when it is realised that it would be difficult, if 
not impossible, to verify the continued type conformance of SDRs reprogrammed in 
the field.  This is especially the case if the software update retargets the hardware at 
a completely different radio technology to that for which it was originally intended.  
In other words, whilst it might be possible to test an SDR platform at the time of 
manufacture using a range of software test configurations, it will not be practical to 
exhaustively test every unit for all potential radio configurations.  Therefore, type 
approval for radio configurations released as field updates will have to be acquired 
purely on the basis of test data generated from a batch of ‘typical’ hardware 
examples.  Production line testing may no longer be able to provide a safety net for 
non-conforming radios. 

One possible solution might be to require the inclusion of built-in self test (BIST) 
functionality, where a proportion of the transmitted power can be looped back on the 
receive path for analysis; detection of non-conformance might then ‘block’ the 
further use of that particular radio configuration.  However, such an approach is likely 
to add significantly to the complexity and hence to the cost of the system.  It might, 
therefore, be that the threat of the occasional nonconforming radio is outweighed by 
the advantages to be gained by allowing the use of reconfigurable radio platforms.

The scope of these type conformance issues is increased if it is considered that one 
manufacturer might develop and market the hardware whilst a third party develops 
the radio software.  Which of them, the hardware vendor or the software vendor, is 
responsible for guaranteeing regulatory conformance?  

On its own, i.e., without software, an SDR platform has no function and, with the 
exception of satisfying basic electromagnetic compatibility (EMC) requirements, 
cannot undergo type approval as there is nothing to prove it against.  Therefore 
hardware manufacturers can argue that they are not responsible for getting type 
approval.

A software developer might be able to prove through simulation that their radio 
implementation theoretically meets the minimum stated radio performance.  
However, the hardware will almost certainly cause some degradation from the 
theoretical performance, e.g., through the introduction of local oscillator phase noise 
with the wanted signal during mixing or through nonlinearity in the signal path.  
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However, requiring the software developer to get type approval for all combinations 
of new software with existing hardware versions might discourage would-be 
developers, especially if their business case requires them to target multiple 
hardware platforms. Further issues on this discussion can be found in [1, §10.6].

10.4 Equipment Type Approval in the United States by the FCC

The FCC in the US has identified the potential limitations that its current method of 
regulating telecommunications equipment might impose on SDR.  To this end, the 
FCC has undertaken extensive studies into SDR and proposed new type approval 
procedures as a result; additional detail can be found in [1, §10.7].

10.5 Equipment Type Approval within the EU and the R&TTE Directive

Within the member states of the EU, the type approval of radio equipment is 
currently governed by the R&TTE Directive 99/5/EC, and under the R&TTE directive
the manufacturer is responsible for ensuring type conformance.  Two classes of 
equipment are defined.  Class 1 equipment operates harmonised standards such as 
GSM, TETRA, DECT, etc. in harmonised frequency bands and can be marketed without 
restriction.  Class 2 equipment operates non-harmonised standards or operates in 
non-harmonised frequency bands and may be subject to restrictions in certain 
member states.  All approved equipment must carry the ‘CE’ mark as a sign of 
conformance.  In addition, Class 2 equipment must carry the ‘alert’ symbol, shown 
together with the CE mark Figure 10-2, which signifies that restrictions may be 
applicable in certain member states.  

Figure 10-2: The CE mark and the alert symbol

Note that terminal equipment that only transmits under the control of a network can 
be classified as Class 1 (subclasses 1.9 to 1.17).  This caveat might enable SDR user 
equipment in client/server networks to operate in non-harmonised frequency bands.  
This might prove to be important for the implementation of spectrum liberalisation 
and certain CR applications.  This needs to be clarified.

SDR implementing Class 2 equipment and the R&TTE directive are on a potential 
collision course.  The R&TTE directive requires that the relevant regulatory body is 
notified 28 days in advance of any product that operates in non-harmonised 
frequency bands being commercially released.  Note that if SDR is seen as an enabling 
technology for spectrum liberalisation, this, by definition, implies the introduction of 
SDR equipment into non-harmonised frequency bands.  The directive also devolves 
responsibility for ensuring that a product meets the necessary performance 
requirements to the manufacturer.  Both of these might prove to be contentious 
issues; additional information is provided in [1, §10.8].
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10.6 SDR and Spectrum Trading and Liberalisation

Historically, the process of regulating spectrum usage has been to allocate sections of 
the RF spectrum for particular uses at the international level.  Harmonisation and 
agreement at the international level is generally required to minimise and manage 
cross-border interference, foster the adoption of globally recognised 
telecommunications standards and support the globally recognised radio systems 
required for maritime, aviation and navigational purposes.  Both licensed (e.g., 
cellular) and unlicensed (e.g., industrial, scientific and medical (ISM)) spectrum bands 
are defined.  Within licensed spectrum bands, licences are assigned to spectrum users 
at the national level by the relevant spectrum regulator.  In the UK, this task falls to 
Ofcom.  This process of the national regulator controlling access to licensed spectrum 
is commonly referred to as a ‘command and control’ approach to spectrum 
management.  In 2000, over 95% of the usable radio spectrum in the UK was 
managed by this approach as shown in Figure 10-3.

Licence exempt
(4.3%)

Licence exempt
(6.9%)

Command and control
(21.6%)

Command and control
(96.7%)

Market mechanisms
(71.5%)

2000 2010

Figure 10-3: The balance of spectrum management in the UK in 2000 (left) and 2010 
(right) [1, §10.9]

The efforts for spectrum trading and liberalisation are considered in some detail in [1, 
§10.9] and incentives for optimising spectrum utilisation are discussed. 

10.7 Conclusions

SDR is likely to revolutionise radio design and prove to be a key enabling technology 
for the concepts of spectrum trading and spectrum liberalisation, which Ofcom is 
keen to pursue with the view of better managing RF spectrum in the UK and 
promoting the more efficient utilisation of the available spectrum.

The regulatory procedure currently implemented in the UK has been briefly 
considered.  Long term, however, there is still a danger that the regulatory procedures 
will inhibit utilisation of the full potential of SDR.  For example, the FCC require 
conformance testing of all hardware/software combinations before software updates 
can be released.  Whilst this is certainly the safest route, it might discourage the 
development of a high-level, innovative method of defining new SDR configurations.  

However, regulatory bodies, including Ofcom, have identified SDR and CR as 
realisable, practical concepts, which are still in their infancy.  Therefore, it is 
anticipated that further policy reviews will be undertaken in the future, as the 
technologies mature and become better established.
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11 Commercial Drivers
By Tim James, Multiple Access Communications Ltd.

11.1 Introduction

In this chapter we examine the key factors that have driven the introduction of SDR in 
the commercial arena in recent years.  We also speculate on the commercial drivers 
that are likely to define the progress that will be made in this area in the years to 
come.

When examining these drivers, it becomes clear that different types of organisation 
(e.g., manufacturer, network operator) have quite different reasons for adopting SDR 
technologies.  In the following sections we consider the commercial drivers from a 
range of different perspectives.  Many of the views expressed in this section have 
been derived from a workshop held on 26 January 2005 with some of the key 
‘stakeholders’ from the SDR community, including network operators, equipment 
manufacturers and semiconductor houses.  We would like to take this opportunity to 
thank these organisations for their contribution to this project.

11.2 A Manufacturer’s Perspective

A range of different manufacturers are involved in the design, development and 
production of radio equipment.  As we start to consider the motivation for each type 
of manufacturer to adopt SDR technologies, we discover once again that different 
types of manufacturers will have different reasons for adopting SDR.  In the following 
sections we consider the factors driving the adoption of SDR in each type of 
manufacturer.

Infrastructure Vendors
Cost has always been a key driver in the development and production of 
telecommunications infrastructure equipment, but in recent years its importance has 
increased significantly such that it is perhaps the single, dominant factor on which 
infrastructure vendors compete for business; more detail can be found in [1, §11.2].

In an attempt to decrease equipment cost and to offer a range of other benefits to 
equipment manufacturers, the infrastructure vendors have turned towards SDR, 
which will impact on the equipment cost in the following ways (see [1, §11.2]:

a) Decreased equipment development cost.  

b) Decreased hardware platform cost.  

c) Faster time-to-market.  

d) Ability to track changing wireless standards.  

e) Post-manufacturer bug fixes.  

Terminal Manufacturers

In large-scale mobile radio networks, the business of designing, manufacturing and 
selling terminal devices (e.g., mobile phones, laptop wireless cards, wireless personal 
digital assistants) is quite different to the business of designing, manufacturing and 
selling infrastructure equipment.  



UNCLASSIFIED

QinetiQ/D&TS/COM/PUB0603673/Version 1.0 Page 48
UNCLASSIFIED

The end customers are quite different, hence, they have different requirements and 
priorities.  These two key aspects of the terminal business may affect the uptake of 
SDR techniques within these devices:

a) End user requirements.  

b) Volume sales.  

These devices are considered in more detail in [1, §11.2], which includes other views 
that were expressed during the stakeholders’ meeting.  

Semiconductor Houses

Digital semiconductor devices used within radio equipment appear to fall into three 
main categories, namely general programmable devices, wireless-specific 
programmable devices and technology-specific devices; these are considered in more 
detail in [1, §11.2].

Test Equipment Manufacturers

In addition to the terminal, infrastructure and semiconductor manufacturers, it is also 
important to consider another key manufacturer of radio equipment, the test 
equipment manufacturer.  The test equipment industry has been exploiting SDR 
techniques for many years.  The SDR approach has a number of benefits from the 
perspective of a test equipment manufacturer, including the following (see [1, 
§11.2]):

a) Lower development cost.  

b) Increased customer loyalty.

Software Houses

SDR presents an opportunity for companies to develop and sell software to run on 
SDR platforms.  Based on our investigations and the discussions at the stakeholders’ 
meeting, there appear to be two main types of software product opportunities within 
the SDR market.  Firstly we have IP blocks, which are software modules or device 
configuration files that can be used to implement parts of a radio system on a 
programmable device and the second type of software providers are those 
organisations who develop complete software applications to run on an SDR
platform; for more detail see [1, §11.2].

11.3 A Network Operator’s Perspective

Consider the commercial drivers for the use of SDR within network operators, i.e. 
organisations which deploy and operate large-scale public access or private radio 
systems (e.g., cellular network operators, public safety network operators, fixed 
wireless access network operators).  These drivers can be divided into two broad 
categories.  The one category of drivers relies on the use of programmable devices in 
the equipment and these do not require the equipment to be reconfigurable after 
manufacture.  

The other category relies on the use of programmable devices in the equipment and 
the ability to reconfigure the equipment once it has entered operation, i.e. post 
manufacture.  These are considered in some detail in [1, §11.3].
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11.4 A Consumer’s Perspective

Finally, in our examination of the commercial drivers that might encourage the 
adoption of SDR technologies, we consider the perspective of the consumer.  Once 
again, the factors that impact on their decision to purchase a particular terminal are 
quite different to the factors that affect the network operators’ decision to purchase 
a particular piece of equipment.  Based on our discussions with the various 
Stakeholders, it appears that the key factors in the consumers’ purchasing decisions 
are the cosmetic appearance of the product (Is it the latest style?), the size, weight 
and battery life and the number of features supported (e.g., MP3 player, FM radio, 
Bluetooth wireless technology).  

Clearly the cosmetic appearance has little to do with whether or not the product 
makes use of SDR techniques.  As far as the size, weight and battery life of the 
product are concerned, they will tend to drive users away from devices based on SDR 
hardware, since these will tend to lead to bulkier, more power-hungry devices.  
Therefore, it seems that the key driver towards the adoption of SDR from the 
perspective of the consumer is the ability of the product to support more and more 
features.  If devices based on an SDR platform can support more features than non-
SDR devices, then this may encourage their uptake within the cellular subscriber 
base.  However, given the price sensitive nature of the consumer market, the cost 
associated with adding this SDR flexibility to the product must be kept to a minimum 
and this may prove to be a barrier to its adoption.

11.5 Conclusions

In this chapter we have considered the commercial drivers that could encourage the 
adoption of SDR techniques within the radio communications industry.  We have 
examined these drivers from the perspective of each of the key stakeholders within 
the industry and considered the arguments for and against adopting SDR techniques 
within each part of the value chain.  

Our main conclusions are that the drive towards the adoption of SDR technologies 
appears to be the strongest with the network operators, where equipment ‘future-
proofing’ and the ability to rapidly introduce new technologies and services are 
attractive features for SDR.  We also see a marked drive towards SDR in the 
infrastructure equipment and with test equipment manufacturers.  It appears that 
the organisations with the weakest drive towards SDR are the terminal 
manufacturers, where the factors that drive the design of the latest terminals (e.g., 
size, weight, power consumption) tend to oppose the use of SDR technologies.

Therefore, if SDR is to be a means of supporting spectrum trading and spectrum 
liberalisation through reconfigurable radio and cognitive radio, it appears that the 
area of reconfigurable terminals must be addressed and factors must be introduced 
to encourage the use of SDR in these devices.
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12 Assessment of SDR`s First Applications and 
Areas of Deployment
By Julie Fitzpatrick, QinetiQ.

12.1 Introduction

This chapter provides an assessment of SDR with an emphasis on its application and 
areas of deployment.  Attention is focused on the commercial applications of SDR 
with a review of the various market sectors that SDR may be applicable to, a 
discussion on SDR products that have begun to emerge and a view on future 
deployment of SDR in these areas.  

12.2 SDR in Cellular Networks

As a consequence of standards within cellular networks continually changing, SDR 
provides the opportunity for manufacturers to future-proof their equipment, and 
thereby reduce cost in the long term.  AirNet has been providing SDR base stations 
since 1997 but recently has been joined in the market by Airspan (Airspan is a 
registered trademark of Airspan Networks, Inc.) and Vanu.  A brief review of currently 
available SDR products offered by each of these groups is provided in the following.  

AirNet AdaptaCell® Base Transceiver Station (BTS)

AirNet are a US based company and have been providing SDR base station solutions 
since 1997; their flag ship product is the AdaptaCell® (AdaptaCell is a registered 
trademark of AirNet Communications Corporation) BTS which is based around a 
broadband software defined architecture that supports GSM (for more detail see [1, 
§12.2.2.2]).  

Vanu Anywave™ Base Station

Vanu Inc. is a US based company focused around the development of software radio 
products and began business in 1998; greater detail is provided in [1, §12.2.2.3].  
Recently they have received a lot of attention as in March 2005 their Anywave™ GSM 
base station became the first product to receive approval under the new US FCC 
software radio regulations.  It was also awarded the 2005 GSM Award for Best 
Network Infrastructure.  The Anywave™ base station provides a software 
implementation of the BTS, BCS and TRAU units of the BSS and is run on a general 
purpose server.  The base station uses COTS hardware components consisting of an 
antenna, wideband transceiver and general purpose processing platform (see Figure 
12-1). 

The Anywave™ (Anywave is a registered trademark of Vanu Inc.) base station 
currently supports GSM and can be upgraded to GPRS and EDGE.   A CDMA upgrade is 
in development.  The BSC connects to the backhaul network infrastructure via Gigabit 
Ethernet switches and is compatible with T1, microwave, fibre and satellite backhaul 
infrastructures. An example of reduction in costs and enhanced flexibility for an 
operator (Mid Tex Cellular) arising from the use of the SDR-based Vanu base station is 
reported in [1, §12.2.2.3].
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Figure 12-1: Vanu AnywaveTM Base Station Architecture - Picture courtesy of Vanu Inc.

Airspan AS.MAX Base Stations

In March 2005 Airspan released the first commercially available IEEE 802.16 or
WiMAX base station (for more detail see [1, §12.2.2.4]).  WiMAX offers wireless 
broadband access to PDAs or laptops and is being discussed as a 4G standard by 
some.  The AS.MAX base stations use picoChip’s picoArray™ (picoArray is a registered 
trademark of picoChip Designs Ltd.) and a reference software implementation of the 
IEEE 802.16d standard, greater detail can be found in [1, §12.2.2.4].

Open Base Station Architecture Interface (OBSAI)

The issue of interfacing with existing cellular products may be made easier for SDR 
start-ups if initiatives such as the Open Base Station Architecture Interface (OBSAI) 
are successful.  This is an industry group aiming to standardise the key components of 
base stations and the interfaces between them.  

Previous SDR 3G Roll out Forecast

In 2001 the 3GNewsroom was reporting SDR base stations as the key solution to 3G 
roll-out problems.  However, looking at the situation in the UK in 2005, 3G is in the 
process of being rolled out and SDR hasn’t played the key role that was anticipated in 
2001, and some key reasons for this are (see [1, §12.2.3] for more detail): Lack of SDR 
UMTS solutions; Lack of track history and lack of compatibility with existing 
infrastructure.

Included in [1, §12.2.3] is an assessment of the industry’s interest in SDR and an 
industry map for the cellular mobile industry.  

12.3 SDR in other Commercial Applications

In addition to the mobile cellular industry, which has been the main target for 
commercial SDR developments, there are other commercial application segments, 
including GPS, WiMAX, WiFi and the WLAN or WMAN standards. 

Recently there seems to have been a flood of wireless standards entering the market 
such as Wi-Fi, WiMAX, UWB, Bluetooth, Zigbee and Near Field Communications 
(NFC).  However, rather than being direct competitors to one another, they have each 
been developed with a specific application in mind.  A detailed discussion is provided 
in [1, §12.3] identifying the key features of the various wireless standards, examples 
of applications of these standards and the suitability for SDR to these standards.  
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The recent efforts by Vanu and General Dynamics Decision Systems to realise a 
handheld software radio prototype PDA are provided in [1, §12.3.3], which includes 
an image of the corresponding handheld device.

12.4 SDR in Public Safety Mobile Radios

Lack of interoperability across the public safety sector is a widely recognised issue and 
this has given need to various programmes with the objective of harmonising radio 
services; SDR is being noted as a key technology in this area.  Examples are provided 
in [1, §12.4], which include the efforts for harmonisation of UK radio and a discussion 
is provided about the JTRS programme, which shows how the US defence sector has 
recognised the ability of SDR to promote interoperability between forces.

12.5 Forecast of SDR Roll Out

The commercial and technical barriers make it very difficult to predict how, where 
and when SDR will be rolled out by the communications industry. Figure 12-2 gives 
an overview of the areas identified by this report where SDR is likely to have an 
impact on in the near future. 

Figure 12-2: Forecast of future applications of SDR
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The accuracy of the forecast provided in Figure 12-2 is dependent upon a wide range 
of parameters, and provided in [1, §12.5] are a collection of tables which show the 
technical and commercial issues that still surround SDR, which therefore make it 
quite difficult to forecast its future deployment accurately.  The deployment of SDR 
has happened but the speed at which it is adopted will depend on the success of 
initiatives like OBSAI, partnerships between SDR start-ups and main manufacturers 
and future regulation of SDR devices.

12.6 Conclusions

This chapter has shown that, outside the defence sector, the commercial markets 
that SDR could benefit include Cellular Networks, Wireless Network Services (i.e. WiFi, 
WiMAX and Bluetooth), Transportation and Public Safety.

Of these, the cellular network industry is the market that is being targeted the most 
with SDR products already being deployed.  This market is likely to continue to grow, 
especially as other wireless network services, such as WiFi and WiMAX, have been
adopted to complement existing cellular products.  

SDR products are already on offer in the cellular network industry from companies 
like Vanu and AirNet.  Base stations that can be remotely upgraded and support 
migration from GSM to GPRS to EDGE are available.  The next step will be to provide 
base stations that can provide smooth migration to 3G and 4G services.  

The ability of SDR start-ups to continue to penetrate the cellular industry could be 
supported by standardisation initiatives, like OBSAI, and their ability to form 
partnerships with existing established manufacturers.  It is clear that a general 
migration to reconfigurable platforms has begun, with the widespread usage of DSPs 
and FPGAs in 3G base stations. However, the pace of this migration could be driven by 
the success of SDR start-ups and pressure on established manufacturers to keep pace.

Due to the adoption of multiple cellular standards, the US will be the most attractive 
market for current SDR base stations.  Once technical barriers have been overcome to 
incorporate SDR into mobile devices, its adoption could become much more 
widespread.  The ability of SDR to offer mobile users multiple services from one 
device could be the key factor that drives its widespread adoption.  Due to power 
constraints, early mobile SDR devices may not be handsets but a size comparable to 
laptops or PDAs.  These will migrate to handsets as technical barriers are overcome 
but this will take some years to achieve.

Lack of interoperability in the public safety sector, particularly in the US, means that 
public safety could really benefit from SDR.  However, long procurement cycles in this 
sector mean that it will be a slow process to get widespread adoption of SDR.  
Investment in a public safety version of the JTRS programme to give incentives for 
developments in this area could really pay dividends for the public safety sector.

Finally, the growing interest in national and international compatibility in the 
transport sector could be a good opportunity for SDR.  This is an emerging market 
that will take time to define itself.  However, it does offer a market that SDR could 
dominate from the outset.

Overall, SDR fits with the long-term future direction of communications as the 
industry moves towards more complex and flexible systems incorporating more 
services.   SDR is a key enabling technology of more spectrally aware devices, such as 
Cognitive Radio, which in turn could help reach targets for greater spectral efficiency 
and spectrum trading in the long term.  
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13 Spectrum Efficiency Gains of SDR and CR
By Tim James, Multiple Access Communications Ltd.

13.1 Introduction

Attention is placed on the spectrum efficiency gains of software defined radio (SDR) 
and cognitive radio (CR) in this chapter, and consideration is given to how CR-enabled 
SDRs might help improve the efficiency with which the RF spectrum in the UK is 
utilised.  

Three basic classes of CR are considered: perhaps the simplest form of CR might 
consist of a multi-mode terminal that intelligently switches between modes 
according to service availability and the requirements of the user.  Subsequently, 
consideration is placed on CRs that use dynamic spectrum allocation (DSA) to take 
advantage of unused RF spectrum and finally we consider the idea of dynamically 
adjusting other physical layer parameters such as transmit power, modulation 
method and/or channel coding to maximise the efficiency with which spectrum is 
used.

13.2 Existing Systems Exhibiting Limited Cognitive Capabilities

In this section we are primarily interested in the spectral benefits of CR-enabled SDRs.  
However, as stated previously, SDR is not necessarily a prerequisite of CR.  As proof of 
this, some existing radio systems already exhibit limited cognitive capabilities.  Two 
of these, namely digital enhanced cordless telecommunications (DECT) and universal 
mobile telecommunications system (UMTS), are discussed briefly in the following.

DECT and UMTS

DECT is most commonly associated with its application in domestic cordless 
telephones.  However, DECT is designed to support numerous applications and 
services and is part of the IMT 2000 third-generation (3G) family of cellular 
technologies; greater detail can be found in [1, §13.2.1], which identifies that the 
cognitive element of the DECT radio system lies in its dynamic channel selection and 
allocation mechanism.  The Universal Mobile Telecommunications System (UMTS) 
standard is discussed in [1, §13.2.2], and two features associated with it are identified 
as providing limited cognitive capabilities: transmit power control (TPC) and its use of 
variable spreading factors; for more detail see [1, §13.2.2].

13.3 Multi-Mode Terminals

Perhaps one of the simplest forms of CR will consist of a multi-mode terminal with an 
intelligent control entity that can automatically switch modes depending on the 
location of the user, the user’s requirements and service availability.  Thus, these so-
called ‘always best connected’ (ABC) devices try to configure themselves to provide 
the user with an optimal compromise between connection performance, reliability 
and cost.  As an example, consider a terminal supporting DECT, GSM/EDGE, UMTS 
and a wireless local-area network (WLAN) technology such as 802.11a or 802.11b.  
The cognitive element of the terminal would monitor the requirements of the user, 
i.e. service type and the availability of the supported services; this concept is 
developed in [1, §13.3].
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Consider now a scenario in which the user travels from his/her workplace to his/her
home, as shown in Figure 13-1. When within the workplace, the terminal will
automatically connect to the office WLAN; this connection might be used for both 
data and voice services using voice-over-internet protocol (VoIP), for example.  On 
leaving the workplace the terminal will drop out of range of the WLAN and 
automatically reconfigure itself as a UMTS terminal, again offering both voice and 
data services.  As the user moves away from the urban centre he/she might leave the 
coverage of the UMTS network.  Without UMTS coverage the terminal will 
automatically fall back to operation as a GSM/EDGE terminal, offering voice and 
limited data services.  Finally, on reaching his/her home, the terminal will detect the 
user’s home DECT system and will reconfigure itself so that voice and data traffic can 
be routed via the user’s landline connection.
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Figure 13-1: Operation of a multi-mode CR terminal

The benefit, from the point of view of the user, is that such a device might save the 
user money by automatically taking advantage of more cost-effective connections 
when within range of recognised WLAN or DECT systems.  Furthermore, support of 
GSM and UMTS cellular standards might provide the user with a higher probability of 
coverage when on the move.  

It is acknowledged that the large telcos are unlikely to be receptive to schemes that 
will draw customers away from their networks.  However, cellular operators in the UK 
already offer WLAN services.  Vodafone, for example, currently offer business users 
access to over 1500 WLAN hotspots across the UK (in association with BT Openzone); 
see [1, §13.3] for more detail on this concept.
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13.4 Dynamic Spectrum Allocation

DSA attempts to maximise spectral efficiency by allowing devices to use unused 
spectrum on a short-to-medium-term basis.  DSA might be implemented in both 
licensed and unlicensed spectrum.  Both applications are discussed in more detail in 
[1, §13.4].  SDR is often discussed in the context of CR-enabled DSA because SDRs are 
often associated with radios that are extremely frequency agile at RF as well as highly 
flexible at base band.  Contained within the discussion provided in [1, §13.4] are 
examples of received signal strength indication (RSSI) measurements suggesting the 
degree of spectral activity and the application of the Erlang B formula, to quantify the 
mean channel utilisation achievable via the availability of a greater number of 
channels.

The brokered DSA in Licensed Spectrum concept, where the proposed relaxation on 
spectrum trading and spectrum liberalisation brings with it the possibility that 
primary licence holders might allow third parties to use parts of ‘their’ spectrum on a 
temporary basis, is considered in [1, §13.4.2].  An example of how such a system 
might operate is shown in Figure 13-2.  The figure illustrates the mobile SDR terminal 
initiating the call, and where the on-line spectrum broker is involved.

Figure 13-2: Example showing how temporary data channels might be set up under a 
brokered DSA scheme

A specific case is shown in the previous example; other cases are possible, e.g., the 
base station paging the mobile to find its location before requesting spectrum for the 
necessary traffic channels.
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Greater detail on the efficient reuse of spectrum is provided in [1, §13.4.2], which 
includes a discussion on improving spectral efficiency for a cellular UMTS service and 
a digital terrestrial TV (DVB T) service as well as opportunistic DSA concepts.

13.5 Dynamic Power Control, Modulation and Channel Coding

DSA aims to improve spectral efficiency by ‘packing’ multiple users into shared 
spectrum.  DSA requires flexibility in the RF front-end.  Another approach to 
improving spectral efficiency is to dynamically adjust the characteristics of the 
transmitted waveform to allow more efficient utilisation of the available spectrum.  
Two different approaches are considered in the following sections, namely the use of 
dynamic power control and the use of dynamic modulation and/or channel coding.

Dynamic, closed-loop power control or TPC is a well established concept.  Indeed, TPC 
is a fundamental part of cellular CDMA systems such as UMTS (see [1, §13.2.2]).  A 
further discussion on how dynamic power control might operate is provided in [1, 
§13.5.1], which includes an example of how the spectral efficiency can be maximised 
by dynamic uplink power control, thereby reducing the distance needed between 
independent radio systems sharing common spectrum. Consider the application of 
dynamic modulation and/or dynamic channel coding.  Here the focus is on using 
improved SNR nearer the base station to maximise channel throughput as illustrated
in Figure 13-3.
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Figure 13-3: Using dynamic modulation to improve spectral efficiency of a cellular 
network; an isolated cell without dynamic modulation (top), and with dynamic 
modulation (middle) using SNR (bottom) to switch between modes of operation
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With reference to Figure 13-3 (top) the base station uses a binary modulation 
scheme, e.g., BPSK, to transmit and receive data from users operating within its 
coverage.  For a given QoS, a maximum BER and hence minimum Eb/N0 or SNR is 
required.  Assuming a constant transmit power, we note that the effects of path loss 
mean that users located towards the centre of the cell operate with an unnecessarily 
high SNR as shown in Figure 13-3 (bottom); this implies an inefficient use of the 
spectrum.

Now consider the scenario shown in Figure 13-3 (middle).  As the SNR increases for 
users located towards the centre of the cell, we find that we can move to higher-order 
modulation schemes whilst maintaining the required BER and QoS.  Thus, users at the 
cell boundary use BPSK as before.  Moving towards the cell centre we find that we 
move first to QPSK (two bits per symbol), then to 8 PSK (three bits per symbol) and 
finally 16QAM (four bits per symbol).  

Its advantage is that, assuming that the symbol rate is maintained, the higher-order 
modulation schemes mean that the channel data rate is increased.  Therefore, users 
operating QPSK can transmit the same amount of data as BPSK users in half the time, 
8 PSK users can transmit the same amount of data as BPSK users in a third of the time 
and so on. Greater detail can be found in [1, §13.5.2].

13.6 Conclusions

In this chapter we have considered how SDR and CR-enabled SDR might be used to 
improve the efficiency with which the RF spectrum is utilised.  Ways of improving 
spectrum utilisation are needed because it will not always be practical to simply 
allocate previously unallocated spectrum at higher frequency ranges in response to 
continuing demand.

The potential of SDR to improve spectral efficiency has been considered in three 
areas.  First, we considered cognitive, multi-mode terminals.  Second, we have
considered dynamic spectrum allocation and finally, the use of dynamic waveforms 
to help maximise the spectral efficiency of a particular system.  Whilst we have 
considered these concepts each in isolation, we note that they might be combined in 
practice to great effect.  Thus, for example, we might envisage a multi-mode terminal 
implementing new, spectrally efficient, dynamic waveforms incorporating dynamic 
spectrum allocation as well as various legacy waveforms. 

We conclude that radio systems using techniques such as dynamic spectrum 
allocation and/or dynamic waveform control might be used to realise significant 
gains in the efficient utilisation of RF spectrum within the UK.  SDR, through its 
inherent flexibility, is well suited to the implementation of these techniques.  A 
slightly less ambitious application of radios with cognitive capabilities is that of 
multi-mode, ‘always best connected’ radios.  Again, SDR platforms are well suited to 
such applications because they may be reconfigured rapidly to switch between radio 
systems using common hardware resources.  Furthermore, SDR-based terminals 
might be designed to support post-manufacture software updates to support new or 
updated waveforms - a feature not practical in terminals implemented using more 
traditional radio architectures.
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14 Conclusions
A wide range of issues related to SDR have been considered in this study; epoch 
estimates and general conclusions for SDR are provided in the following.

14.1 Epoch Estimation for Technology Development

Epoch estimation for the technology development of SDR is presented in Figure 14-1.  
It is important to note that the estimates provided within this figure, and indeed in 
various sections within this study, contain a certain degree of uncertainty, as is 
common to any forecast.  There is a wide range of factors, from the rate of advance of 
research and the discovery of new technology to the market demands for a particular 
requirement, which will influence the rate of development of a technology, and can 
therefore severely distort these predictions.

Figure 14-1: SDR-related Epoch Estimations
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14.2 General Conclusions

A broad collection of topics associated with SDR have been reviewed in this study, 
which has culminated in a two-part document providing an evaluation of SDR.  This 
Overview Document provides a concise evaluation of SDR, and the companion Main 
Document presents greater detail on a range of subjects addressed in this study,
thereby ensuring an informative reference document on the subject of SDR.  

Included within this evaluation of SDR are discussions on cognitive radio (CR), a 
candidate technology which will intelligently manage a future SDR.  The overall goal 
of SDR, in conjunction with the various additional technologies, such as CR, is to 
provide an optimal radio spectrum environment.  

CR should enable signals transmitted by the radio to be modified in a manner that 
allows wireless communications with minimal impediment to the user of the radio 
device (e.g., removing issues such as the “network busy” icon possibly observed on 
mobile phones, or the long delays sometimes experienced when receiving wireless 
video imaging).  Therefore, this will allow Ofcom (and equivalent regulatory bodies in 
other countries) to make provision for the optimum utilisation of radio spectrum.

There are many complexities which need to be overcome to enable this ideal vision of 
minimal impediments for wireless communications.  These range from the current 
limitations of the actual physical radio device through to issues of regulation.  
Therefore, on the one hand there are issues on the development of technology to 
enable these concepts to materialise, and on the other, the need to ensure the 
regulation on radio spectrum allows for the dynamic capabilities of future radios.

The assessment of the various issues related to SDR presented in the two documents 
has been structured in a manner that allows the potential obstacles and enablers of 
SDR to be identified and discussed initially, which is then followed by an assessment 
of the first application and areas of deployment of SDR.  The final part of the study 
provides an assessment of the spectrum efficiency gains of SDR and CR.

It is important to recognise that SDR, as a technology, is still very much in its infancy.  
Consequently, it will be essential that the progress of SDR as a viable radio 
technology is reviewed regularly over the coming years as the technology matures 
and the distinction between practical reality and long-term, idealised vision becomes 
less blurred.

Key groups of investigation undertaken within this study include an assessment of 
antennas, RF linearisation, antenna processing, MIMO technology, waveforms and 
software aspects. In addition, the issues related to security, radio management, 
regulatory issues, commercial drivers, an assessment of SDR and spectrum efficiency 
gains have also been considered.  

Various conclusions are raised within this pair of documents, which indicate the 
significance of the key technologies and how they are expected to develop over the 
course of the next ten, or so, years.  It can be seen that the emergence of SDR is a 
practical, realisable technology, which marks a significant milestone in the evolution 
of radio.

We conclude that SDR heralds the beginning of an exciting new era in the 
development of novel, spectrally-efficient wireless communication systems.  
Moreover, the development of flexible SDR platforms will represent a significant 
stepping-stone towards the realisation of networks of CR and of comparable 
technologies. 
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