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Against Contract: 830000084 
 

Summary 

This study was commissioned by Ofcom to ascertain whether improvements in spectrum efficiency could be achieved 
through the application of Interference Cancellation (IC) techniques to wireless systems. It was the aim of the study to 
identify practical examples where IC could be used to improve spectral efficiency within UK deployments, and to 
identify ways in which Ofcom could promote and encourage the use of IC techniques. 

The study has surveyed the literature on IC techniques and their application in radio systems. A wide variety of radio 
systems were considered at the start of the study (Cellular, Broadcast, Radar, Wireless LAN, Fixed Links and BFWA) 
following which, at the request of Ofcom, the Fixed Link and BFWA applications were taken forward for more detailed 
study. The study has considered performance at both the radio link level and the system level. A deployment cost 
analysis has been performed and regulatory issues examined. 

Fixed Links 

Point to Point microwave links are currently planned with high Wanted to Unwanted signal ratios, often requiring large 
distances between co-channel users. Whilst interference cancellation of cross-polar interference (XPIC) in co-channel 
dual polar links is commonplace, interference cancellation for co-channel signals from another transmitter is currently 
not considered. In this study the extension of XPIC techniques to interference cancellation of co-channel signals is 
considered. Link level simulations have shown reductions in Wanted to Unwanted ratios of up to 12dB are possible for 
a 2 antenna receiver, allowing for the presence of multiple interferers. System level simulations based on re-assigning 
frequencies of actual links contained in the Ofcom 7.5GHz assignment database have shown an increase in the re-
use of frequencies by up to a factor of 1.7.  

The need to add an extra antenna to support interference cancellation , plus additional baseband signal processing 
means that the cost of equipment with IC will increase. Excluding antennas the additional equipment cost has been 
estimated to be around £1800.  Further costs are incurred through the additional tower rental costs for mounting the 
antenna and also installation costs. The total additional cost of adding IC is estimated to be between 10 and 40% for 
a single link depending upon the costing scenario used. 

Given the additional cost in applying IC there is currently little incentive on the operator to adopt IC technology, unless 
an assignment in a frequency band (or operator preferred sub-band) cannot be obtained. In these cases the use of IC 
may be preferable on cost grounds to using a new frequency band or sub-band where the operator currently does not 
maintain spares. Changes to the licence fee structure have been considered, but because equipment and installation 
costs dominate over licence fee costs a large increase in the licence fees will be required to encourage operators to 
adopt IC enabled equipment. 
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BFWA 

The use of interference cancellation within BFWA systems is thought to be a necessity already by operators, and is of 
particular interest if applied to IEEE 802.16a receivers. Frequency re-use controls interference between cells, limiting 
capacity. Furthermore individual users can, because of their static nature, be throughput limited because of 
interference, so user perception is poor. IC will reduce the coordination required by operators, and reduce their costs.  
IC is thought to be technically feasible and there is only a small legacy issue. Two different IC algorithms were 
investigated in this work: a single user algorithm (SU) and a multi-user algorithm (MU) with different combinations of 
transmit and receive antenna elements. The work has examined both the link level performance and system level 
performance using a hypothetical layout of Base Stations and CPEs in the city centre of Bristol, using ray-tracing 
models to obtain propagation characteristics for both wanted and interfering signals. Link level simulations and 
system level simulations have shown that the largest gains are obtained with omnidirectional antennas and using the 
MU algorithm. Worthwhile gains are however obtained for directional antennas. On the downlink, for directional 
antennas, throughput can be increased by a factor of 1.28-1.94 depending on the algorithm and number of antennas 
at the BS and CPE. On the uplink, with directional antennas, throughput can be increased by a factor of 1.33-3.5 
depending on the algorithm and number of antennas at the BS and CPE. 

A cost analysis has shown that if IC can double the throughput of a BS, then to support the same number of CPEs 
with a given average throughput per user there is a cost saving of between 27% and 40% in deployment costs, 
depending upon the cost model used. The potential for cost savings and better service provision are considered to be 
the key drivers in the adoption of IC in BFWA systems, rather than changes in regulation. 
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1 INTRODUCTION 
This document is the final report for the ‘Application of Interference Cancellation Techniques’ Study performed for 
Ofcom against Contract 830000084 by a team comprising Roke Manor Research Ltd (RMR), the University of Bristol 
(UoB), CCLRC Rutherford Appleton Laboratory (RAL), and Red-M (formerly Cellular Design Services).  

The report is divided into two volumes; this volume and a second volume containing further appendices with the 
detailed results of the literature survey and descriptions of the candidate scenarios [Ref 1]. In addition a summary of 
the main report is provided in [Ref 2]. 

1.1 BACKGROUND CONTEXT  

Interference Cancellation (IC) techniques have the potential to allow spectrum efficiency improvements in systems 
where geographical co-channel frequency re-use is employed by allowing the distance between co-channel 
transmitters to be reduced. This potentially includes a wide range of wireless systems including Cellular, Fixed Links, 
Broadcast and Satellite. However, technical and commercial constraints can mean that in some systems introducing 
IC techniques may not be viable. It is the aim of this study to identify practical examples where IC could be used to 
improve spectral efficiency within UK deployments, and to identify ways in which Ofcom could promote and 
encourage the use of IC techniques. 

In the context of this study, IC techniques are any technique or combination of techniques that allow an existing 
receiver to operate with higher levels of co-channel interference. The motivation for improving a receiver’s 
performance in co-channel interference is to increase the spectrum efficiency of a system usually by allowing a 
greater geographical re-use of frequencies (although in the case of CDMA systems improved spectrum efficiency 
usually comes by allowing greater use of the orthogonal code space). 

It is a general principle that a communication system should be designed to avoid interference in the first place, either 
through network planning or with effective radio resource management and medium access control. However to meet 
the increasing demands placed upon the radio spectrum more efficient use is required and stringent requirements on 
interference levels can lead to large co-channel re-use distances in some radio systems. If IC can allow a receiver to 
operate with higher levels of interference, then there is potential for a spectrum efficiency improvement. Furthermore 
the increasing use of licence exempt spectrum means that interference is unavoidable and so the radio system must 
not only avoid interference but also mitigate against its presence. A key point is that the strategies employed to 
mitigate interference are very dependent on the source of the interference and its relationship to the wanted signal. 
The use of IC techniques can also make systems more reliable, either by design or by incorporating additional signal 
processing into existing systems, where a retro fitment is practical.  

IC techniques have long been applied to radio systems in conjunction with adaptive arrays, primarily in military 
applications, but also in some civil applications. Adaptive arrays exploit the spatial separation of the wanted and 
interfering signals to spatially filter or cancel the interfering signals. In some applications the use of an antenna array 
is prohibitive, for example in a mobile radio handset, and modifications to detection techniques have been devised 
that permit IC using a single antenna. Recently so called Single Antenna Interference Cancellation (SAIC) techniques 
have been introduced into the GSM standard where modified handsets can operate at lower signal to interference 
ratios than unmodified handsets, permitting greater frequency re-use and hence greater capacity for a fixed amount of 
spectrum. 

1.2 STUDY STRUCTURE 

The project comprised five workpackages. The initial task of the project was to perform a literature review covering IC 
techniques and applications (Workpackage 1). From the applications two were selected for further analysis. Link level 
simulations were then performed to determine the performance of an individual link with and without IC for the two 
selected applications (Worpackage 2). The results of the link level simulations then fed into system level simulations 
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that determined the overall benefit that IC can provide (Workpackage 3). The complexity and cost of deploying IC was 
then assessed for the two selected applications (Workpackage 4). Finally the study considered the regulatory issues 
that may be used to encourage the adoption of IC (Workpackage 5). The relationships between workpackages is 
shown in Figure 1 below.  The two applications selected for more detailed study in workpackages 2, 3, 4 and 5 are: 
Fixed Links and Broadband Fixed Wireless Access (BFWA). 

Workpackage 1 Literature Survey

Techniques Applications

Workpackage 2 Link Level
Simulation

Selection

BFWAFixed Links

Workpackage 3 System Level
Simulation

Fixed Links BFWA

Fixed Links BFWA

Workpackage 4 Cost and
Complexity Analysis

Fixed Links BFWA

Workpackage 5 Regulatory Issues

General

 

Figure 1 Project Structure and Workpackage Relationships 

1.3 REPORT STRUCTURE 

This volume of the report is structured as follows: 

• Section 2 provides a summary of the results of the literature survey on IC Techniques and Applications. 
The detail of the literature survey is contained within Volume 2 of the report 

• Section 3 describes the link level simulation results for the Fixed Link scenario 

• Section 4 describes the link level simulation results for the BFWA scenario 

• Section 5 describes the system level simulation results for the Fixed Link scenario 

• Section 6 describes the system level simulation results for the BFWA scenario 

• Section 7 describes the complexity analysis for the Fixed Link and BFWA scenarios 

• Section 8 describes the cost analysis performed for the Fixed Link and BFWA scenarios 

• Section 9 describes the regulatory issues   

• Section 10 gives the conclusions 

• Section 11 contains references 

• Section 12 provides a glossary of abbreviations used 
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2 SURVEY OF IC TECHNIQUES AND APPLICATIONS 

2.1 INTRODUCTION 

This section reviews a diverse variety of IC techniques that have appeared in the literature. A similarly diverse range 
of applications have also been considered. The aim of this survey was to identify the most promising techniques and 
applications for further consideration within the later investigations. A more detailed description of both the techniques 
and applications can be found in the second volume of this report [Ref 1]. 

2.2 TYPES OF INTERFERENCE 

Intersymbol Interference (ISI) results from time dispersion in a real channel. The non-flat frequency response of the 
channel will cause the pulse to spread out or disperse so that the distorted pulse has a greater duration at the 
receiver than was transmitted. When a stream of such pulses is sent, these are distinct entities (symbols) at the 
transmitter while at the receiver, each pulse will overlap with nine others. Equalizers are designed to reverse the 
effects of ISI. This form of interference was not considered further within the study, unless combined with cancellation 
another type if interference.  

Co-channel Interference (CCI) arises when two or more signals overlap in the frequency domain. This arises in 
cellular systems where a given frequency band is used in multiple cells according to the frequency reuse scheme.  

Multiple Access Interference (MAI) arises in a multiuser system where several different users share the same 
bandwidth. Early multiple access systems avoided MAI by employing orthogonal signals for different users (time 
division and frequency division multiplexing). More recent systems take a different approach. In a spread-spectrum 
multiple access system, all users share the same bandwidth without time division multiplexing. In this type of system, 
the interaction between different users' signals and the ability of the receiver to recover a given user's data from the 
signal multiplex are key aspects of the design process. Although the signals belonging to different users may be 
orthogonal when time aligned, the uplink (mobile transmitter to base station receiver) is typically asynchronous so that 
radio frequency signals belonging to individual users are non-orthogonal. Further, multipath interference will cause 
loss of orthogonality.  

While it is useful to classify the interference according to its source and relation to the wanted signal, in applying IC 
techniques the effectiveness will also depend on the interfering signals’ characteristics, as now described. 

The term Frequency Localized Interference (FLI) will be used in a relative sense to designate any form of interference 
whose bandwith is much less than that of the desired signal. The term narrowband interference is often used in the 
literature on spread-spectrum communications. 

Time Localized Interference (TLI) is a type of interference that arises from impulsive sources such as pulse jammers, 
car ignition systems, packet burst systems and electrical storms. This type of interference can be wideband or even 
pan-spectral because impulse functions, being of short duration, have a very broad spectrum. The term impulsive 
interference is a common synonym. 

For some systems, the interference can be both Time and Frequency Localised (TFLI), where it traces trajectories in 
the time-frequency plane and so both dimensions are required to describe its behaviour. Examples include chirped or 
frequency hopped systems.  

2.3 CLASSIFICATION OF IC TECHNIQUES 

A useful way of classifying techniques is by the type of structure involved. This covers both DSP structures and 
hardware. For the most part, this classification also provides an efficient logical organization because each category is 
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associated with a body of theoretical principles that can be unified into a coherent entity. This classification is used as 
the structural basis for the main body of this section: 

• Filter based 

• Transform methods 

• Joint detection/Multi-user detection 

• Cyclostationarity 

• Neural networks 

• Higher order statistics and source separation 

• Spatial processing 

• Analogue techniques 

The initial aim of the project was to consider IC (also known as suppression) with a single antenna, although multiple 
antenna techniques were also reviewed to put all IC techniques in context. 

Virtually all techniques make some assumption about the properties of the desired signal and interference. A common 
hypothesis is that the desired signal and interference are individually and mutually stationary random processes. This 
leads to a relatively simple theory that can be adequately handled with linear algebra and a few results from advanced 
calculus. The hypothesis of wide sense stationarity is a strong one. This is valid for some baseband signals but strictly 
wrong for modulated signals. A more accurate model for the latter is that of a cyclostationary process, and this forms 
the basis for frequency shift filtering.  

The emphasis in signal processing has been on linear systems because of simplicity and the ease of interfacing one 
linear subsystem with another. This has led to a large body of linear techniques with much less attention to the 
potentially larger class of non-linear methods. This is not to deny a number of valuable contributions from the non-
linear class. The conventional linear/non-linear dichotomy is itself evidence of this bias because non-linear embodies 
quadratic, cubic, quartic and multilinear relations, etc. In other words, non-linear is a bin for many different classes, 
each potentially as large as the linear class. 

Optimum solutions are useful because they represent the theoretical limits of a given approach. Typically, 
implementations start out falling short of optimum performance and progress towards the optimum with continuing 
research effort. However, with careful design the optimum can be closely approached at much lower complexity. The 
most common optimisation techniques in signal processing are minimum mean square error that achieves, on 
average, the smallest possible error and maximum likelihood that is based on probabilistic principles. The optimisation 
principle naturally plays a key role in the development of the theory. It is often the method by which a quantity 
representing the error is minimized. The MMSE principle usually leads to tractable mathematics. Maximum likelihood 
often leads to more difficult mathematics or involves probability distributions that cannot be known a priori. Maximum 
likelihood will yield a theoretical solution that is superior to that given by MMSE. As in any system there is a trade off 
between performance and complexity. 

2.3.1 FILTER BASED 

Filter based methods synthesise a filter that provides a desired frequency response function. While non-linear filter 
structures are possible, this section focuses on linear approaches, non-linear methods are discussed elsewhere (for 
example see Section 2.3.5 on Neural Networks). The optimum filter, as derived by Wiener, is based on prior 
knowledge of the spectrum of the wanted and interfering signals. The filter enhances regions of the spectrum with 
high SNR and suppresses those with low SNR. In many applications the assumption that noise is additive white 
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Gaussian noise (AWGN) is made, and a matched filter is consequently derived. The most common filter architecture 
is a transversal filter, with the difference between approaches being how the filter coefficients are derived. Prediction 
error filters and linearly constrained filters are described in Appendix H of [Ref 1].  

While the Wiener filter may exist as a theoretical optimum at any given point in time, the covariance functions that 
define it are not generally known a priori. The task of an adaptive algorithm is to maintain close to optimum filter 
weights on the basis of the received signal and possibly other information. The best known methods for adaptive 
linear filters are the least mean square (LMS) algorithm and recursive least squares (RLS) algorithms. 

The key points are: 

• Discrete time filters are used to remove frequency localized interference (FLI) from DS/SS signals  

• They are not suited to the removal of time localized interference (TLI) 

• The prediction-error filter has the lowest computational complexity of all the DSP methods considered  

• Linearly constrained filters have a computational complexity that depends on the number of constraints 
but is low compared with many of the other DSP techniques 

• The linearly constrained approach gives better results than a prediction-error filter and can be used to 
suppress multiple access interference 

2.3.2 TRANSFORM METHODS 

It is well known that a signal can be analysed and processed by decomposing it into frequency domain components 
and, for some operations, processing in the frequency domain can be more efficient. Frequency domain processing is 
an alternative approach to IC, as will be shown in this section. The Fourier transform as a means to represent a signal 
in a different basis is not the only transform that can be used. In fact, a number of other transforms are widely used 
and each has its own particular merits. The transform appropriate for a given application depends on the demands 
and constraints presented by that application, such as the signal type and features to be identified, computational 
complexity and so on. The established signal decomposition techniques fall into a number of categories: block 
transforms, filter banks and wavelets. 

Once in the transform domain, appropriate processing for IC can be applied. Although there is a wide variety of 
transforms available, the concept underlying transform-based IC is the same, Figure 2. The (analysis) transform 
should separate the wanted and interfering signals in the new basis such that removal of a subset of the transform 
components leaves either the wanted or interfering signals, with minimal distortion. The inverse (synthesis) transform 
will leave either the wanted signal or the interfering signal, which can then be subtracted from the received signal. 
This process is commonly known as excision, and IC is achieved with a combination of a transformation and excision 
process. The chosen combination is most effective when it is chosen using knowledge of the wanted and interfering, 
such that the signals are maximally separated in the transform domain.  

 

Figure 2 Transform Space Processing 

Where is it known a priori that one of the signals is constrained to one or few of the transform components, then more 
efficient implementations are possible since a complete analysis transformation is not required.  

Techniques described in Appendix I of [Ref 1] include: 

analysis 
section 

synthesis 
section process 
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• Block transforms, including discrete Fourier transform, Karhunen-Loeve transform and the discrete 
cosine transform 

• Time-frequency transforms including the short time Fourier transform or quadratic forms, such as the 
Wigner distribution or spectrogram. It is noted that the kernel function of the transforms should match 
the signal properties to be most efficient, and may need to be adaptive in time varying environments 

• Wavelet transforms, and adaptive time-frequency extensions 

• Chirplets 

The key points are: 

• These techniques work well when the chosen transform can separate the wanted and interfering signals 
into distinct transform components (or with a small overlap) 

• This requirement means that IC based on transforms can be applied to signals with dissimilar 
waveforms 

• Where the co-channel waveforms are similar or of the same type, transform methods are unlikely to be 
effective 

• Transform based techniques are used to remove FLI and sometimes TFLI from DS/SS signals 

• Adaptive time-frequency excisers are designed to suppress both TLI and FLI. Furthermore, the adaptive 
transveral filter (ATF) exciser has been demonstrated to outperform all other transform space 
techniques for the cases of FLI and TLI. This is a consequence of there being more flexibility in 
choosing the time-frequency tiling  

• Apart from the quadratic and chirplet excisers, the transform-based excisers have moderate 
computational complexity 

2.3.3 JOINT DETECTION/MULTI-USER DETECTION 

Where the wanted and interfering signals are of the same type, transform and conventional filter techniques will be 
ineffective. In this situation alternative distinguishing characteristics are required. It is then possible to jointly detect 
wanted and interfering signals, which will result in improved performance for the wanted signal. An example is using 
independence between channel impulse responses, however, such independence cannot always be guaranteed, 
such as in line of sight conditions. More commonly, a unique signature waveform is assigned to each user to facilitate 
signal separation. In this way Code Division Multiple Access (CDMA) methods inherently let different users share the 
same spectrum.  

In order to maximise performance, receiver processing that exploits the characteristics of the interfering signals, joint 
detection, is used. Joint Detection, or Multi-User Detection as it is often referred to, can be applied to single carrier 
TDMA systems or spread spectrum CDMA systems or OFDM systems. More detail is provided in Appendix J of [Ref 
1]. 

Multi-user detection is the study of receiver structures for multi-user communications, such as systems based on 
CDMA in which users are separated in the code domain. This means that each user has a distinct signature 
waveform, typically defined by a time domain spreading sequence or frequency hopping sequence. The central 
problem of multi-user detection is the recovery of individual signals from the coded multiplex. 

The effectiveness of this processing depends on the orthogonality of the signature sequences at the receiver. 
Recovery of signals belonging to individual users is straightforward for the case of orthogonal signature waveforms 
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since these have zero cross-correlation. The signature waveforms are designed to have low cross-correlations, 
irrespective of time alignment. Since these cross-correlations are non-zero, the base station receiver has to extract 
each user's signal from the non-orthogonal multiplex. Similarly, if the downlink is non-orthogonal, the mobile receiver 
has to recover its signal form the non-orthogonal multiplex. From the viewpoint of a given user, the part of the signal 
multiplex arising from other users that is correlated with his signal is a form of interference called multiple access 
interference (MAI). The conventional receiver applies a dispreading process to receiver the signal from the other 
users, but this ignores the characteristics of the other signals and is therefore sub-optimum. 

The optimum multi-user detector is exponentially complex in the number of users and therefore impractical except for 
small user populations. This led to the development of the decorrelating and MMSE detectors. The basic forms of 
these detectors all require at least the timing and signatures of all users. The MMSE detector can be implemented in 
blind adaptive form that requires only the desired user's timing and signature. The decorrelator and MMSE detector 
both have moderate computational complexity. Better performance can be achieved with non-linear detectors, such 
as parallel or successive IC methods. Further improvements are possible by using iterative detection techniques, 
which pass soft information between decoding stages. 

The key points are: 

• Joint detection allows the separation of similar signals, but some discriminating factor is required, such 
as channel response or signature sequence 

• Optimum detectors are too complex, and therefore practical implementations are suboptimal 

• Linear detectors (decorrelating, MMSE) may require pre-equalisation 

• Iterative methods are more effective 

• Adaptive methods have been proposed, that require less prior knowledge 

• There is limited research on multiuser detection with narrow band interference 

2.3.4 CYCLOSTATIONARITY 

By definition, the statistics of a stationary signal are constant over time. A cyclostationary signal will have statistics 
that vary periodically. A signal is cyclostationary of order n (in the wide sense) if and only if we can find some n-th 
order nonlinear transformation of the signal that will generate finite strength additive sine wave components, which 
result in spectral lines. In contrast, for stationary signals, only a spectral line at zero frequency can be generated.  

For many man-made signals encountered in communications, radar, sonar and telemetry systems, certain frequency 
shifted versions of the signal can be highly correlated with the original signal. This spectral coherence can be 
exploited for signal selection by adding appropriately weighted and frequency shifted versions of the signal. FRESH 
filters exploit spectral correlation in addition to temporal correlation. These linear time-variant filters can be used to 
suppress FLI in a DS/SS signal. Another application of FRESH filters is the separation of spectrally overlapping BPSK 
or QAM signals. Such signals can be separated, even if their carrier frequencies are identical. FRESH filters have 
moderate to high computational complexity, depending on the number of frequency shifts employed. In some cases a 
large excess bandwidth is required for these techniques to be effective and so may not be suitable for all systems. 
Further details are given in Appendix K of [Ref 1]. 

The key points are: 

• Capable of removing co-channel interference 

• Requires large excess bandwidth 
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• Three or five frequency shifts adequate 

• Can even separate signals with the same carrier frequency if the pulse shapes are not identical 

• Further development needed to eliminate direct reference to desired signal 

2.3.5 NEURAL NETWORKS 

Neural networks have a non-linear mapping capability and are therefore able to eliminate types of interference that 
linear filters and transforms cannot contend with. In particular, the perceptron based equalisers FSDFMLP and 
FSBLP (see Appendix L of [Ref 1]) can suppress co-channel interference in a multipath fading channel.  The 
FSDFMLP has the best performance of the techniques considered while the much simpler FSBLP is nearly as good. 
Both of these techniques surpass a conventional decision feedback equaliser. While the computational complexity of 
the FSDFMLP is high, the FSBLP is comparable to transform space techniques in terms of complexity. Neural 
networks are particularly useful where interference is not just a linear addition process (e.g. multiplicative or nonlinear 
distortion). 

The key points are: 

• Combined IC and channel equalization 

• Outperform the fractionally space decision feedback equaliser 

• High complexity 

• Supervised learning is required. This assumes the form of wanted and interfering signals are known, 
otherwise retraining may be required. Where new signals are present, the output behaviour can be 
unpredictable 

• The FSDFMLP has the best performance 

• The performance of the FSBLP is nearly as good as the FSDFMLP 

• The FSBLP has a low complexity in neural network terms 

2.3.6 HIGHER ORDER STATISTICS AND SIGNAL SEPARATION 

Many signal processing algorithms are based on the theory of (wide sense) stationary random processes. This theory 
involves only means and covariances, i.e. first and second order statistics. By incorporating higher (than second) 
order statistics, new algorithms can be developed with capabilities that are simply not possible in the framework of 
stationary random processes. Some examples are discussed in Appendix M of [Ref 1]. 

Higher order statistics have been exploited in several signal separation algorithms (source separation is synonymous 
in the literature). Such algorithms recover the individual signals from a mixture and therefore have interference 
cancelling and anti-jamming applications. It should be emphasized that the best known algorithms are designed to 
exploit the spatial diversity of the received signal by employing a sensor array. Other possible methods of obtaining 
signal diversity are: 

• Fractionally spaced sampling or oversampling 

• Passing the signal through a bank of analogue filters before sampling 

• Demodulating the RF signal with several parallel oscillators having different frequency offsets from the 
carrier 
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Another issue is how well BSS techniques are able to cope with time-variant channels. These algorithms require a 
large volume of data, and stationarity is difficult to guarantee in time variant channels. Finally, the assumption of a 
definite number of sources is built into the theoretical framework. Simple IC involves the desired signal, a source of 
interference and noise. The problem of interference from an unknown number of sources would need to be 
considered. 

The above source separation algorithms require no knowledge other than all signals are statistically independent. In a 
communication system the signalling format is known and can therefore be exploited. For example in digital 
communications a finite alphabet can be assumed. For some modulation methods the constant modulus constraint 
can be assumed. Such constraints are frequently used in blind equalisation techniques, where the constant modulus 
blind equaliser adapts the parameters such that the equalised signal matches the expected statistics of the known 
signal type. In this way even QAM signals can be equalised, even though they are non-constant amplitude. 

Amplitude domain processing (Appendix M of [Ref 1]) is a single antenna technique that can separate some classes 
of signals where the amplitude distributions are distinct and non-Gaussian, such as narrow band interference in a 
CDMA system. The amplitude distribution from a sequence of the input signal is estimated and an optimal amplitude 
transform is used to suppress the interference. The performance of time-domain amplitude methods diminishes 
rapidly as the number of interfering signal sources increases (even if they are at the same frequency) because of the 
rapid convergence of the combined amplitude distribution towards the thermal noise distribution. 

The key points are: 

• Signal separation based on higher order statistics is possible for independent signals 

• A large amount of stationary data is required, which limits time variability of the environment 

• High complexity 

• Multipath introduced dependent signals, which requires pre-processing 

• The number of sources needs to be known 

• Blind IC can use the constant modulus or finite alphabet properties of communication signals 

• Amplitude domain processing (ADP) can separate signals with distinct amplitude distributions, but 
performance degrades as the number of signals increases 

2.3.7 SPATIAL PROCESSING 

Adaptive antenna arrays have long been used to cancel interference particularly when the interference is spatially 
separated from the wanted signal. They have been used particularly in military applications where often the interfering 
signal is a high level jamming signal. In the civilian arena there has been less use of adaptive antenna arrays for IC 
Many of the algorithms discussed rely on having multiple antenna elements for their operation, or can be extended to 
use multiple antenna elements to provide improved performance. 

It was not the original intention of this project to consider multiple antenna techniques since two other SES projects 
are covering this subject (‘The Development of Smart Antenna Technology’ and ‘Evaluation of Software Defined 
Radio’). Therefore this section will only provide a brief review to put multiple antenna techniques in context with other 
approaches to IC, further details are given in Appendix N of [Ref 1]. 

Multiple antenna techniques such as beamforming, diversity or source separation, can be particularly effective where 
signal source channels are decorrelated or the sources are spatially separated. The price paid is not just in the 
additional processing, but also the additional antennas and RF processing. Interference is a particular issue for MIMO 
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systems, where full knowledge of all the signals present is required for reliable decoding. When the receiver has an 
excess of antennas, the extra degrees of freedom can be used for IC. 

The key points are: 

• Multiple antenna elements and RF chains are required 

• Beamforming exploits coherence between antenna elements to provide spatial discrimination, thus the 
technique is only effective when interference and wanted signals are specially separate 

• Diversity methods exploit independence between received signals, and discriminate signals by channel 
impulse decorrelation. Spatial separation is not required, but there must be sufficient scattering in the 
channels 

• MIMO techniques are increasingly being included as part of future systems. Moreover most capacity 
analyses of these systems have assumed a single user, or at most a single cell system, where intercell 
interference has not been at issue 

• Interference within MIMO systems has received little attention. Deploying an excess of antennas at the 
receiver gives additional degrees of freedom for IC    

2.3.8 ANALOGUE TECHNIQUES 

Analogue techniques are effective against high amplitude interfering signals that would create non-linear operation in 
the RF front end or conversion sub-systems. For dynamic interference environments a degree of tuning is required. 
Descriptions of the different techniques are given in Appendix O of [Ref 1]. 

Where the transmitter and receiver are co-located then adaptive echo cancellation type techniques can be employed 
to remove the interference. Such techniques can also be used to remove the need for a duplexer in a terminal. 

The Frequency Independent Strong Signal Suppressor (FISSS) can separate a strong signal from a weak signal and 
functions almost independently of the type of interference. Moreover, the device can be retro-fitted to existing 
equipment. However, a full understanding of the technique is lacking and design of devices at all frequencies of 
interest has not been demonstrated. 

The Smart AGC differs from a conventional AGC by preserving the envelope of the signal. For certain digitally 
modulated signals, the data can be recovered from the envelope of the desired signal contaminated with interference. 

The analogue neural network is the only technique reviewed that employs analogue processing under digital control. 
The network can be trained to closely approximate a specified frequency response, at least in amplitude. The phase 
response of the least complex version is unsatisfactory but could probably be improved with more interconnections or 
a more sophisticated training algorithm. A major requirement to implement this technique is an array of perhaps 40-
200 first or second order filters whose poles are either fixed or can be set at appropriate log-spaced frequencies. For 
practicality, these would need to be available on a single chip or a few chips. Micro-electromechanical (MEM) 
technology may provide such chips in the future. 

MEMS technology can provide a high degree of tuning of both centre frequency and bandwidth, and have been 
demonstrated over a wide frequency range. Fabrication facilities are becoming more widespread, and mass-market 
solutions will be widely available over the coming years. 

The SAW exciser exploits the near-ideal characteristics of SAW devices to implement a real-time Fourier transform. 
This approach can be used to excise FLI from DS/SS. The system in its basic form is equivalent to a fixed notch filter. 
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The PLL exciser locks onto a high-powered sinusoidal jamming signal, and subtracts a synthesized version of the 
jamming signal form the received signal. The interference cancelling ability is dependent on the match between the 
synthesized waveform, basically the output of a voltage controlled oscillator, and the jamming signal. 

The key points are: 

• Analogue techniques prevent overdriving of the baseband processing. 

• A number of techniques are possible, and maybe specific to particular signals. 

• Echo/RF cancellation is suitable when a ‘clean’ copy of the interference is present. 

• FISSS works when there is a large power range between signals, but generalised operation has not 
been demonstrated. 

• Smart AGC requires the information to be modulated in the carrier amplitude. 

• MEMS and SAW filters potentially provide tunable, frequency selective filters. 

• PLL excisers can remove sinusoidal interference.  

• Flexibility may be limited, but joint analogue digital and analogue processing may provide some 
adaptivity, e.g. analogue neural networks, MEMS.   

2.4 APPLICATIONS 

The literature review also identified a number of candidate systems and scenarios where IC could be applied and 
yield spectral efficiency benefits. The purpose of the literature review was to identify the systems most likely to benefit 
from IC, two of which would then be taken further for more detailed analysis. The detail of the literature review is 
contained in Appendix P of [Ref 1]. For the most promising of the systems studied a number of specific scenarios 
were identified and are summarised below. Further details of these scenarios are contained in Appendix Q of [Ref 1].  

A summary of the main scenarios considered is given below: 

• Cellular 3G Overlay on GSM Switchover between GSM and 3G is expected to occur over a time frame 
of many years and could be comparable to the Analogue/Digital TV switchover. The principle of allowing 
GSM and 3G to share the same spectrum (GSM being the primary user) may overcome the switchover 
problem and any technique to assist in this process is thought to have a high economic benefit. Applying 
cancellation of interfering GSM signals to UMTS receiver is thought to be technically feasible, and can 
be applied to UMTS equipment operating in GSM bands. Consequently there is no legacy issue. Rather 
than achieving any spectral gain the immediate need is to preserve the spectral utilisation of current 
GSM bands during the switchover.  

• Cellular GSM/GSM An alternative approach to the above is to improve GSM spectral efficiency by using 
GSM IC within GSM receivers. With level or declining traffic for the GSM service, less spectrum would 
be used by GSM, allowing 3G services to progressively occupy the existing GSM spectrum. The 
approach is technically feasible and would yield a significant economic benefit, but there is a legacy 
problem. For GSM IC to improve spectral efficiency a large percentage of the population of receivers 
must be equipped with IC. This is considered to be economically unattractive to operators. 

• BFWA The use of IC within BFWA systems is already thought to be already by operators, and is of 
particular interest if applied to IEEE 802.16 receivers. Frequency re-use determines the level of 
interference between cells, limiting capacity. Furthermore individual users can, because of their static 
nature, have a limit on the throughputs that can be achieved because of interference, so that user 
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perception of the service is poor. IC will reduce the coordination required by operators, and reduce their 
costs.  IC is thought to be technically feasible and there is only a small legacy issue. The spectrum gains 
could be considerable if frequency re-use of unity is possible, and as BFWA systems are in the early 
roll-out phase it is a timely issue. 

• Fixed Link / Fixed Link Ratios of the Wanted to Unwanted (W/U) co-channel signals used in assigning 
frequencies within Line Of Sight Radio Systems are quite high and there is scope to reduce these using 
IC, leading to reduced co-ordination distances between co-channel links. There are practical difficulties 
with retro-fitting IC because of the necessary downtime on links with contracted availability. There are 
possibilities for introducing IC equipment in new bands or where new equipment is being installed in 
existing congested bands. Fixed links provide backhaul links to cellular infrastructure so expansion in 
these networks with the roll-out of 3G services could require additional spectrum for fixed services or 
increase the pressure on existing bands.  

• Radar Radar systems use a significant amount of spectrum in the region of 1-10GHz. Being able to 
release any of this spectrum to other services, or permit more extensive sharing could be of significant 
benefit and increase spectral utilisation. The technical feasibility of IC within radar receivers is unclear 
and there is a considerable legacy issue. Improvements in the spectral efficiency of radar systems can 
be sought through improvements to the waveform design, or filtering of existing signals to reduce out of 
band emissions, and therefore guard bands may offer a short-term solution rather than IC. 

• WLAN The benefit provided by IC within WLAN receivers is restricted to overcoming the ‘Hidden 
Terminal’ problem because of the way in which the communication protocol operates. This is of some 
advantage in WLAN systems with a cellular-like infrastructure, but its impact in terms of system capacity 
would be limited by legacy issues. Furthermore the use of many different radio systems within the 
current WLAN bands means that IC would have to cope with many types of interference making it 
potentially unfeasible. 

• Broadcast Four separate broadcast scenarios were considered: Analogue/Digital switchover, cross-
border interference, application to DVB-T and DVB-H based networks. The most promising use of IC in 
broadcast applications is thought to be in allowing improved co-channel re-use in DVB-T networks. 
Although this may require retro-fitting receivers with IC equipment, it is thought that this only needs to be 
done at a relatively small number of locations (at the edge of coverage) to achieve some benefit. DVB-H 
also has potential for IC to improve spectral efficiency again through allowing frequencies to be re-used 
more often, either reducing the spectrum required, or allowing greater content within the same 
spectrum. Depending upon the take-up of DVB-H there is a significant Economic benefit, and no legacy 
issues. However provision for IC must be in the standard for it to have any impact upon spectral 
efficiency and this may be difficult given the relative maturity of the standard. 

Other systems and scenarios considered were sharing between fixed services and ESV’s (Earth Stations on Vessels) 
and sharing between fixed services and HAPS. Ultra Wideband Systems were also considered. 

The two scenarios that were selected by Ofcom for detailed study were Broadband Fixed Wireless Access and Fixed 
Links. 

3 LINK LEVEL SIMULATION OF THE FIXED LINK SCENARIO 

3.1 REVIEW OF POTENTIAL IC TECHNIQUES 

The primary interference mechanisms in fixed link applications are: 

• Line of sight (with sub-path diffraction) 
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• Beyond line of sight due to diffraction and elevated layer reflection/refraction 

Other mechanisms such as rain scatter or tropospheric scatter will not be considered as these mechanisms generally 
produce much lower levels of interference [Ref 5].  

Interference can occur either off-axis or on-axis. Off-axis interference can be suppressed by antenna discrimination, 
although there are practical limits that can be achieved because of antenna sidelobes. To improve the antenna 
performance Antenna Sidelobe Cancellation schemes could be considered. In these schemes a separate sensing 
antenna is required to receive the interfering signal or signals and there needs to be sufficient gain to generate a 
received version of the interfering signal with a sufficient signal to noise ratio for cancellation to achieve an 
improvement in the signal to noise plus interference ratio. This is likely to mean some sort of directional antenna 
aimed in the direction of the interferer. If the interferer is in line of sight, then this would not be a problem, however for 
non-line of sight interference this could come from multiple directions at different times depending upon atmospheric 
conditions along each of the interference paths. The spatial correlation of such propagation conditions leading to 
significant signal enhancement is currently not known. Unless a dominant non-line of sight interferer could be 
identified then a directional sensing antenna would not cope with multiple interferers from different directions. To cope 
with non-line of sight interference from different directions the sensing antenna would need to have a much greater 
beamwidth resulting in a lower signal to noise ratio for the interfering signal, limiting the improvement that could be 
obtained by closed loop cancellation techniques that are often used in Antenna Sidelobe Cancellation schemes.  

Cross-polar interference cancellation (XPIC) is a well-established technique used in fixed link receivers for co-channel 
dual polarisation transmissions. There are many techniques described for XPIC, but all comprise some cross-coupled 
linear filter that allows equalisation of the two signal paths together with equalisation and cancellation of the cross-
coupled paths, for example [Ref 12]. Joint cross-polar interference cancellation and diversity combining has also been 
considered [Ref 11]. Initial adaptation of the coefficients would be expected to be blind, with some switchover to a 
decision directed mode once convergence has been attained. Similar techniques to those used for XPIC could be 
used for cancellation of co-polar co-channel interfering signals if a separate sensing antenna is used, and provided 
there is a low degree of cross-coupling between the two antennas (to permit initial adaptation of coefficients). An 
essential difference between the interfering signal considered here and cross-polar interference is that the interfering 
signal is from a different source, consequently there will not be timing or frequency synchronism between the two 
signals, and also the two signals may have different modulation properties or even different bandwidths.  

The transmission channel model including that of the interferer is a multiple input multiple output channel (MIMO), the 
minimum mean square error (MMSE) Decision Feedback and Linear Equaliser for this channel are derived in [Ref 9] 
for finite length filters, using knowledge of the channel impulse response for each of the signal paths. The cross-polar 
transmission channel also falls into the class of MIMO channels and cross-polar interference cancellers tend to use a 
cross-coupled linear transversal equaliser structure that would be identical to the MIMO linear equaliser structure. 
Consequently there are some similarities between existing cross-polar cancellation equipment and the MIMO-DFE 
that will be considered for interference cancellation of co-polar signals. Development of IC equipment for co-channel 
signals could therefore re-use much of the existing technology for XPIC. 

The MIMO-DFE is a joint detection approach to IC and is considered here because it has similarities to existing XPIC 
techniques employed in fixed link receivers. Other approaches are possible including cyclostationary methods and 
Neural Network equalisers. An advantage of cyclostationary methods such as FRESH filtering would be that different 
types of signals could be handled for the wanted signal and interfering signal, whereas joint demodulation approaches 
are restricted to modulation types that are nominally the same symbol rate. Co-channel FRESH filtering for high order 
QAM constellations such as 64 or 128 QAM is not thought to be possible because cyclic cross-correlations are weak 
in these modulations, unless cyclic cross-correlation is induced in the transmitter by introducing successive phase 
rotations on each data symbol transmitted, for example [Ref 10]. However this requires modification to the transmitter 
of both wanted and interfering signals and ideally such rotations should introduce unique and distinct cyclic 
correlations, therefore co-ordination is required. Another approach that is thought to have potential are Neural 
Network equalisers, but the complexity of such an equaliser is considered to be prohibitively complex for high bit rate 
links at present, and although co-channel interference suppression has been demonstrated in several papers in the 
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literature, for example [Ref 13] and [Ref 14], extension of these equalisers to handle high level modulation methods 
has yet to be demonstrated.  

3.1.1 ANALYSIS OF INTERFERENCE SCENARIO 

To obtain an improved understanding of the interference scenario the signal to interference ratio (S/I) and ratio of 
dominant interferer to the remainder of the interferers (D/R) has been evaluated using the data contained in an 
assignment database for the 7.5GHz band. Using [Ref 6] and [Ref 5] to calculate the received signal strength of the 
wanted and interfering signals respectively, the signal to interference ratio and ratio of dominant to the remainder of 
interferers was evaluated for co-channel signals at receiving sites within a 200km radius of Charing Cross (co-channel 
transmitters taken from a radius of 400km). It should be noted that in calculating the interference levels a radiation 
pattern envelope (RPE) of a class 2 antenna has been used for all transmitting and receiving sites. In practice some 
sites will use antennas with better performance than that dictated by the class 2 antenna RPE, consequently for some 
sites the calculated interference levels will be higher than those used in the assignment process. All the links 
considered were 28MHz bandwidth links employing a class 5a modulation method. For the wanted signal the median 
signal level is always considered, however for the interfering signals the enhanced level (0.01%) and median levels 
were considered. The cumulative distributions of signal to interference ratio and dominant to remainder ratio are 
shown in Figure 3 and Figure 4 below. 
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Figure 3 Cumulative Distribution of Signal to Interference Ratio for Receiving Sites within 200km of Charing 
Cross from 7.5GHz Assignment Database 
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Figure 4 Cumulative Distribution of Dominant Interferer to Remainder of Interferers for Receiving Sites within 
200km of Charing Cross from 7.5GHz Assignment Database 

The results of Figure 3 show that given the current assignment and assumptions about the antenna pattern roughly 
15% of links have a signal to Dominant Enhanced Interferer of less than 38dB (the requirement under the current 
assignment rules). Strictly these links should fail the assignment process, a more detailed discussion of why this 
occurs is provided in Section 5.6.1. It can be seen that the majority of sites have a much higher signal to dominant 
interferer ratio than the required minimum. In fact about 55% have a signal to dominant enhanced interferer ratio 
(S(50%)/Dominant_I(0.01%)) of more than 50dB as can be seen in the results of Figure 3. The results of Figure 4 
show that about 30% of sites have a Dominant Enhanced Interferer to Enhanced Remainder of Interference 
(D(0.01%)/R(0.01%)) ratio greater than 10dB, and that 20% of sites have a Dominant Enhanced Interferer to 
Enhanced Remainder of Interference less than 0dB.  

3.1.2 MIMO CHANNEL MODEL 

The channel model needs to cater for multiple transmit antennas and multiple receive antennas, to account for the 
wanted and interfering transmitters and the possibility of a primary plus an additional sensing antenna. Each 
transmission path between each transmit antenna and each receive antenna will be subject to frequency selective 
fading. This is modelled using the Rummler 3-path model described in [Ref 7]. The frequency response of the 
transmission path between the k-th transmit antenna and the j-th receive antenna takes the following form: 

( ) ( )( )[ ]τω−ω−−θ−=ω ),(
0

),(),(),(),( exp1exp)( jkjkjkjkjk jbjajH  Equation 1 

The frequency selective fade depth is given by ),(1 jkb− , ),( jka  is a frequency non-selective attenuation and ),(
0

jkω  

is the radian frequency of the notch. τ  is the delay of the multipath and in the model is set to 6.3ns for all 
transmission paths. A diagram depicting the channel model for a 2 transmit, 2 receive antenna model is shown below 
in Figure 5. 
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Figure 5 Two Transmitter, Two Receiver Channel Model 

In Figure 5 above no frequency non-selective attenuation is applied to the direct paths between the two transmit 
antennas and the two receiver antennas, but for the cross-coupled paths a frequency non-selective attenuation is 
applied, together with a random phase offset. This is intended to model the coupled signals between the two 
antennas. 

3.2 MIMO DECISION FEEDBACK EQUALISER 

A block diagram of the MIMO Decision Feedback Equaliser is given in Figure 6 below for two receive antennas and 
assuming two transmitted signals. The MIMO-DFE comprises a cross-coupled feedforward filter, a decision device 
and a cross-coupled feedback filter. In the block diagram of Figure 6 the decision devices shown are conventional 
decision devices for the modulation of the wanted and interfering signal. Other decision devices that take account of 
any residual interference in either the wanted or interfering signals can also be considered such as the optimum joint 
decision device or the V-BLAST detector described in [Ref 8].  
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Figure 6 Block Diagram of MIMO-DFE with Multiple Single Decision Devices  
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A model of the received signal at the j-th receive antenna is given below, where there are TN  transmitted signals, of 

which one is the wanted signal and the others are considered interfering signals. Each channel path between the k-th 
transmitter and the j-th receive antenna is characterised by the channel impulse response for that path 
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Where )( j
nw  are complex white Gaussian noise samples with variance 2σ . 

At the decision device for the k-th signal the estimate of the n-th transmitted symbol is given by: 
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The coefficients of the feedforward and feedback filter ( ),( jk
ic ) and ( ),( jk

ib ) respectively can be obtained from the 

approaches described in Appendix B of this document. One approach requires estimates of the channel impulse 
response to calculate the feedforward and feedback tap coefficients and this method has been used to obtain the 
simulation results given in the section below. Another approach is also described which is more suited to an actual 
implementation, where coefficients are obtained recursively using an initial blind error signal, and once satisfactory 
convergence is achieved a decision directed error signal can be used. 

The decision variables )(~ k
ns  will in general contain components of all TN  signals, the complex gain of these 

components ),( lkα between the k-th and i-th signals can be determined from the following: 
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A joint decision device can be formulated using the component gain values for each of the signals, the necessity for 
using this decision device over multiple single decision devices depends upon the magnitude of ),( lkα  for lk ≠ . 
Generally if the number of antennas is equal to or greater than the number of signals to be handled then there is only 
a small performance improvement from using the joint decision device.  
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The complexity of the joint decision device is proportional to ∏
−

=

1

0

TN

k
kM  where kM  is the alphabet size of the 

modulation of the k-th signal, consequently for large alphabet sizes such as 64-QAM or 128-QAM this will dominate 
the complexity of the receiver. The serial IC approach with optimal ordering as described in [Ref 8] (and more 
commonally known as the V-BLAST detector) is a lower complexity approach to the joint detection problem, although 
it does not quite achieve the same performance as the joint detector. 
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3.3 SIMULATION RESULTS 

Simulations have been performed to assess the performance of the MIMO-DFE for channel conditions representative 
of fixed LOS links using the channel model described in section 3.1.2.  A block diagram of the simulation is shown 
below in Figure 7.  

Modulator

Modulator RRC
Filter

RRC
Filter

Rummler MIMO Channel
Model

+

WGN

+

WGN

MIMO-DFE

Channel Estimator

 

Figure 7 Simulation Block Diagram 

 

The parameters of the modulation, channel and MIMO-DFE used in the simulations are given in Table 1. 

 

Parameter Symbol Value 
Symbol Rate sf  25Ms/s 

Root Raised Cosine Roll-off Factor α  0.3 

Constellation M  64 

Frequency Selective Fade Depth for 
Wanted Signal Path 

( )),1(
10 1log20 jb−  30dB 

Notch Radian Frequency for Wanted 
Signal Path 

),1(
0

jω  sfπ5.0  

Frequency Selective Fade Depth for 
all Interfering Signal Paths 

( )),1(
10 1log20 jkb ≠−  10dB 

Notch Radian Frequency for all 
Interfering Signal Paths 

),1(
0

jk≠ω  sfπ− 5.0  

Multipath delay for all transmission 
paths 

τ  6.3ns 
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Number of Taps in Feedforward 
Filter 

fN  16 

Number of Taps in Feedback Filter bN  11 

Length of Channel Impulse 
Response Estimate 

D  12 

Decision Delay Δ  15 

Table 1 Fixed Link Simulation Parameters 

The performance of the MIMO-DFE with 2 receive antennas for the channel conditions defined in Table 1 and for 
cross-coupling parameters ( )1,2()2,1( , aa ) of –10dB with and without IC are shown in Figure 8 below as a function of 

signal to noise ratio for a 20dB signal to interferer ratio. The cross-coupling parameters model the influence of the 
antenna and all signal to interference ratios quoted take this into account. Performance results for multiple Single 
Decision Devices (SDD) are given for the two receive antenna case. For the single antenna case performance results 
are given for the Joint Decision Device (JDD). In the single antenna case the Joint Decision Device is necessary to 
obtain a performance gain, whilst in the two antenna case there is no discernible difference between the performance 
of the JDD and SDD. In all cases correct decisions are fed back. Simulations have also been performed as a function 
of signal to interference ratio for a fixed signal to noise ratio of 25dB. The results for a MIMO-DFE with 2 receive 
antennas and a single interferer are shown below in Figure 9 together with results for a conventional receiver. 
Simulation results with a second interferer present, but with the receiver configured to handle only a single interferer, 
are given in Figure 10 for different ratios of the two interfering signals (D/R). 
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Figure 8 Performance of MIMO-DFE, Constant SIR, 1 Interferer, 64-QAM 
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Figure 9 Performance of MIMO-DFE, Constant SNR, 1 Interferer, 64-QAM 
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Figure 10 Performance of MIMO-DFE Constant SNR, 2 Interferers, 64-QAM, Single Decision Device 

The results of Figure 8 show that the MIMO-DFE with two receive antennas provides a substantial performance 
improvement over the conventional receiver, and that it almost attains (within 0.5dB at 0.1% BER) the performance of 
the conventional receiver in the absence of interference. 

The results of Figure 9 show that with a sensing antenna and coupling between the two receive antennas of –10dB a 
performance improvement can be obtained for all signal to interference ratios.  
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The results of Figure 10 show the effect of two interfering signals on the performance of the MIMO-DFE setup for one 
interfering signal with different levels for the power ratio of the two interfering signals. Performance improvements are 
now limited by the presence of the second interfering signal and highly dependent upon the ratio of the two interferers 
denoted by D/R in the results of Figure 10. Good performance improvements can be obtained for a D/R of 10dB, and 
even for a D/R of 5dB some worthwhile performance gains are obtained. 

In all the results presented so far correct symbols are assumed in the feedback filter of the MIMO-DFE. In the results 
below the performance with a single interferer and two receive antennas is examined with detected symbols in the 
feedback filter. 
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Figure 11 Performance of MIMO-DFE Constant SIR, 1 Interferer, 64-QAM, Effect of Detected Symbols in 
Feedback Filter 

The results of Figure 11 show that using detected symbols in the feedback filter has a small effect upon performance, 
which is to be expected on a minimum phase channel. The interference cancelling receiver with 2 receive antennas 
shows a greater sensitivity to the effect of decision errors, particularly at high signal to interference ratios. 

A timing difference between the wanted and interfering signal will exist in practice, and normally timing 
synchronisation will be performed for the wanted signal. Consequently the interfering signal will be offset in time 
relative to the wanted signal. In the results of Figure 12 the effect of a half-symbol timing shift in the interfering signal 
on the performance of the MIMO-DFE is investigated. 
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Figure 12 Performance of MIMO-DFE Constant SIR, 1 Interferer, 64-QAM, Effect of Timing Differences 
Between Wanted and Interfering Signals 

The results of Figure 12 show that with the worst-case timing offset of half a symbol there is little impact on the 
performance. In practice the symbol rates of the wanted and interfering signals would be dissimilar, and timing 
synchronisation would be performed on the wanted signal, meaning that the timing offset of the interfering signal 
relative to the wanted would be continually changing. A consequence of this is that the apparent channel impulse 
response of the interfering signal (including timing shift) will vary at a rate equal to the difference in symbol rates 
between the wanted and interfering signals. The ability of the channel impulse response estimator or tap updating 
algorithms to track changes in the channel impulse response will limit the difference in symbol rates between wanted 
and interfering signals that can be tolerated. Certainly given the required stability on symbol rates for fixed links this 
should not present a problem if the nominal symbol rate of the wanted and interfering signals is the same, but 
tolerating an interfering signal with a symbol rate different to that of the wanted would not be possible for this reason. 

Simulation results presented so far have only considered a cross-coupling of –10dB between the the two antennas 
and typically this would correspond to an interferer occuring at about 5 degrees off axis. To examine the performance 
with greater cross-coupling between the two antennas in the channel model, corresponding to an interferer occurring 
at less than 5 degrees off-axis, simulations have been performed with the worst case cross-coupling of 0dB 
representing the on-axis condition. The results are presented in Figure 13. 
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Figure 13 Performance of MIMO-DFE Constant SNR, 1 Interferer, 64-QAM, Effect of Cross-Coupling Between 
Antennas  

The results show that, provided the Signal to Interference Ratio is above 24dB, increasing the degree of cross-
coupling actually provides better performance. The reason for this is considered to be the diversity benefit of dual 
antenna reception when a high degree of cross-coupling occurs, and when interference levels are low this is 
particularly beneficial. 

The impact of a second interferer when operating with higher degrees of cross-coupling between the two antennas 
has also been investigated and the results are given in Figure 14. 
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Figure 14 Performance of MIMO-DFE Constant SNR, 2 Interferers, 64-QAM, 0dB Cross-Coupling Between 
Antennas  

The results of Figure 14 show that additional interferers can be tolerated even at high levels of cross-coupling 
between the wanted signal and dominant interferer. 

The performance of the MIMO-DFE has also been evaluated for a single receive antenna and performance results 
are shown in Figure 15. 
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Figure 15 Performance of MIMO-DFE Constant SIR, 1 Interferer, 64-QAM, Single Receive Antenna 
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The results of Figure 15 show that single antenna IC does yield a small performance improvement, but that this is 
only achieved at high signal to noise ratios. The poor performance with a single antenna is attributed to the high level 
of uncancelled residual interference that occurs at the decision point and that even using the JDD there is still little 
performance improvement to be achieved. The results of Figure 15 were obtained with correct symbols in the 
feedback filter. Simulations have also been performed with detected symbols in the feedback filter, and the results for 
a 40dB signal to noise ratio are shown in Figure 16. 
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Figure 16 Performance of MIMO-DFE Constant SIR, 1 Interferer, 64-QAM, Single Receive Antenna, Effect of 
Detected Symbols in Feedback Filter 

The results of Figure 16 show that at bit error rates below 1% only a small degradation occurs due to decision errors 
being fedback.  

3.4 SUMMARY OF RESULTS 

The link level results show that single antenna reception with IC does not provide much performance benefit. With 
dual antenna reception and IC very good performance can be achieved with a single interferer present, and this can 
be maintained even with the interferer along the axis of the link. When two or more interferers are present the dual 
antenna IC technique can still maintain very good performance provided the D/R is above 20dB, with a gradual 
degradation in performance below this level. For a D/R of 20dB the dual antenna IC receiver can operate at 12dB 
lower signal to interference ratio than a conventional receiver for a bit error rate of 0.01%. 

4 LINK LEVEL SIMULATION OF THE BFWA SCENARIO 

4.1 INTERFERENCE CHARACTERISTICS 

Interference comes in many forms. Within this project the focus is on interference from other transmitters, and not 
self-interference such as from synchronisation offsets or channel delay spreads longer than the guard interval for 
OFDM (which cause inter-symbol and inter-carrier interference). Two classes of interference are of interest: 

1. Co-channel interference (CCI), from remote transmitters, such as from other cell sites. 
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2. Adjacent channel interference (ACI), due to the finite suppression of adjacent channel emissions. In 802.16 the 
adjacent channel power suppression is required to be at least 25dB. Therefore the receiver will employ adjacent 
channel filtering specified such that it can operate in all modes with ACI C/I power levels of -4dB. 

To give an idea of the level of interference that can be tolerated in the 802.16 system, the required SNR ranges from 
9.4dB for QPSK to 24.4dB for 64QAM (AWGN channel, 10-6 bit error rate) [Ref 15]. With interference added, and 
assuming the effect is the same as adding the same amount of noise (reasonable in unsynchronised OFDM systems), 
then the required signal to interference ratios (C/I) that do not degrade noise performance by more than 0.5dB for 
these modes are 17dB and 33dB respectively.  

Without interference cancelling techniques, the required C/I is maintained by combinations of: 

• Frequency re-use (cell separation) 

• Transmit power setting during network planning – but low power setting will reduce the cell coverage 
area, particularly for the high rate modes.  

• Antenna directionality, typically sectorisation at the basestation (BS) and/or highly directional (few 10’s 
of degrees) antennas at the customer equipment (CPE). Sidelobe levels of -10 to -20 dB are reasonable 
[Ref 16]. 

Table 2 shows how the required protection can be achieved through a combination of cell separation and interference 
suppression through IC, directional antennas or other means. The interferer separation ratio S is given by: 

er transmitt wanted toRange
er transmittginterferin  toRangeS =  Equation 6 

A single slope path loss model with exponent 3 has been assumed. 

Level of Interference Suppression Required C/I 

0dB 10dB 20dB 

17dB 3.7 1.7 0.79 

33dB 12.6 5.8 2.7 

Table 2 Interferer Separation Ratio Requirement Related to Interference Suppression 

This shows that with just cell separation, the reuse distance will be large, especially for the high rate modes. With 
increasing suppression the reuse distance falls. If directional antennas with 20dB sidelobe levels could be achieved, 
this suggests that the lowest rate mode could operate without frequency reuse (though allowance for fade variation 
has not been included). However, even with 20dB suppression from the antenna, for this simplistic model 13dB is still 
required from other means (e.g. IC) to give full reuse for all modes. The cost of installation has been a hurdle in 
previous broadband wireless networks (many have failed), and so requiring specialist installation of antennas is not 
desirable. Therefore it is preferable to have either omnidirectional or self-aligning antennas. The first option places 
even greater demands on the performance of the IC scheme, and the second option is a significant step upwards in 
complexity. Understanding what can be achieved with IC will then inform the choice of suitable antenna 
characteristics. 

Within each system there are many different mechanisms of interference [Ref 17]. Which mechanisms are dominant 
will depend on factors such as channel reuse factor, cell spacing, antenna heights and channel characteristics. Below 
is a discussion on the dominant sources of interference for a BFWA system, according to whether up link (UL) or 
down link (DL) is considered, and whether the system is frequency division duplex (FDD) or time division duplex 
(TDD). 
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FDD DL The interference to the CPE will come from a small number of other cell BSs, most likely with wide angular 
separation. If the CPE employs directional antenna elements, the closest interfering BS signal is likely to be 
attenuated, and with narrow beams the chance of an on-boresight interferer is much reduced. When the angular 
separation between wanted and interfering BSs at the CPE is small, the installer might mispoint the directional 
elements slightly to improve C/I.  

FDD UL The interference to the BS from other cell CPEs. There will be many of these interfering sources, with an 
approximately uniform angular distribution. In a TDMA system only one CPE will be active at a time in each cell/sector 
and so the number of active interferers will be small as in the DL case. With sectored BS the number of interferers will 
reduce approximately in proportion to the number of sectors. Again, up to 20dB reduction in interference is possible 
with directional CPE elements at the interfering sites.  

TDD DL The interference will be from other cell BSs & CPEs. CPE interference is characterised by a large number of 
interferers in close proximity, especially with a low channel re-use factor (closely spaced cells), though again 
directional elements are beneficial. As before, with TDMA only one CPE will be active in each cell at a time. However, 
even though interfering BSs are further away, they may have low path loss due to their high elevation location 
(compared with the peer to peer channel of CPE to CPE interference), particularly for lower channel re-use factors.  

TDD UL The interference will be from other cell BSs & CPEs. While there will be a larger number of potential CPE 
interferers, line of sight between BSs would induce high levels of interference. BS-BS interference can be reduced by 
antenna down tilt that can be optimised to maximise coverage area (balancing path loss within the cell against 
interference from out of the cell). 

The scenarios just described assumed that frequency reuse (i.e. reusing the same frequency in different sectors) at a 
BS site was not employed. If site reuse is employed (to increase system capacity) then the protection between same 
frequency sectors is controlled by the BS antenna pattern, on both UL and DL. In TDD mode, CPE to CPE 
interference can be controlled between sectors by arranging the same frequency not to be diagonally opposite, to 
avoid CPE boresight to CPE boresight alignment. 

It is clear from this discussion that the use of directional elements at the CPE is highly beneficial, but this measure 
alone is not sufficient to guarantee the required C/I, especially for the higher rate modes. The gain in performance 
may not increase proportionally with directivity since more narrow beams will reduce the total power received and 
reduce the effective scattering in the channel (which impacts on some IC schemes). The FDD mode offers 
advantages for reducing interference between cells, and so with a target of complete frequency re-use (reuse factor 
1) this is the preferred approach. A further advantage of the FDD mode is that interference from the duplex channel is 
negligible since the duplex spacing is 100MHz, and so duplex interference power is likely to be low, and easily filtered 
if necessary. For adjacent channel interference (ACI) the 25dB suppression required for the spectral mask compared 
with 33dB required C/I for the highest modes as noted earlier, would limit performance and co-channel filtering, 
suppression from antenna patterns, network planning or IC would be required to ensure full rate operation. If TDD 
mode is used, then ACI at the BS with collocated antennas (or even sharing an antenna) would be a significant issue 
to address. 

4.2 SELECTION OF IC APPROACH 

From the wide range of IC algorithms available, this section discusses the options and identifies the most suitable 
class(es) of techniques for further consideration. Using the classes of techniques previously described (Section 2.3), 
and relating these to the proposed scenario as described in Appendix Q of [Ref 1], the following comments can be 
made: 

Filter based Not suitable for CCI, since there is no frequency separation. 

Transform space techniques with excision Since the wanted and interfering techniques share the same format, 
these techniques are unsuitable. 
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Frequency shift filters These techniques are unlikely to be effective with the limited excess bandwidth and near-
identical cyclic frequencies. 

Neural networks Since the interference is combined additively, the benefits of neural networks over other techniques 
may be limited. Complexity will be higher than other methods.  

Joint detection/multiuser detection These are suitable when there are only a small number of interferers for 
removal (such as the FDD DL). For the OFDM mode of 802.16, preamble sequences are the same for all transmitters, 
and so access to pilot information after the FFT is required. This may make initialisation and tracking slow, particularly 
when the interference has comparable power to the wanted signal, though this is less of an issue in the BFWA 
scenario. Separation is thus based on distinct channel impulse responses between wanted and interfering signals 
(each has to be estimated). The additional complexity needs to be considered. This is unlikely to be useful on the 
uplink due to the potentially large number of interferers1. The requirement of knowing the number of interferers is not 
a big issue on the DL, since the deployment is static over long timescales.  

Diversity and beamforming spatial processing The requirement for additional antennas and RF processing is a 
disadvantage, but the baseband processing complexity can be lower than joint detection methods. Performance can 
be scaled with more antennas, and so costs can be reduced by deploying CPEs only with the number required to 
suppress interference (e.g. single antenna at the cell centre, 4 antennas at the cell boundaries). Performance is 
dependent on correlation between antennas, and for diversity wide separation is required, though this is less of an 
issue at higher frequencies. If necessary, the support mechanisms for adaptive antenna systems (AAS) within 802.16 
can be used. Signal separation will be based on angular separation (most useful on the DL) with beamforming, or 
independence of the transmitters’ channel responses (diversity). 

Higher order statistics and source separation. The computational cost and requirement for long sample sets are 
disadvantages. The techniques fail if signals are correlated, which make operation in multipath environments difficult, 
and so further pre-processing is required. 

Analogue techniques. These are not suitable for CCI suppression in this application. However, the analogue signal 
cancellation techniques would be appropriate for reduction of ACI on collocated TDD BS’s. 

From these arguments, the most promising methods are the joint detection and multiple antennas. As noted, the JD 
method is unlikely to be useful on the UL with dense CPE deployments, and so two solutions are possible: JD on the 
DL with multiple receive antennas on the UL, or multiple receive antennas on both UL and DL. In order to simplify the 
modelling, the second approach with just multiple antennas will be investigated initially. However, as will be seen, the 
two approaches can be combined. 

Multiple antennas can be used for transmit or receive. With transmit array processing, apart from a pure beamforming 
approach (which could use the received directional information), for the chosen FDD mode, feedback from the 
receiver would be required. This can be achieved using the AAS protocols, though the extra traffic will offset some of 
the spectrum efficiency gains. A primary advantage of transmit array processing in this application would be to 
increase channel spatial diversity to improve signal separation, particularly where LOS paths exist. With the low 
Doppler spreads expected, delay diversity is unlikely to be effective for reasonable delays. The array gain and 
improved directionality would also be an advantage, though this is more of an interference avoidance approach, 
rather than IC. With small arrays, transmit processing on its own is unlikely to provide significant C/I improvements, 
though further work could consider transmit and receive processing. In this study just receive array processing will be 
considered initially. 

                                                           

1 Although with TDMA only one CPE is active at a time, which CPE is active will change frequently and so the channel response for 
each CPE needs to be estimated and tracked. With an asynchronous system, the interferers present could change during the frame. 
The IEEE802.16 standard recommends synchronising basestations, but this is not mandated.  
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4.3 MULTIPLE ANTENNA TECHNIQUES FOR IC 

This section will summarise the alternative processing methods for multiple antenna processing. For further details 
and derivations see Appendix C of this document. As already mentioned, the focus will be on receiver processing.  

The alternative techniques using multiple antennas will be discussed. 

Directional beamforming This method uses the direction of arrival (DOA) information of wanted signals, and 
possibly interfering signals for nulling. Performance is degraded with pointing errors that are likely with a small 
number of antennas (in this application the number will be less than 4, as low as 2) due to the limited angular 
resolution. Errors will also occur when the steering vectors are not accurately known, and so array calibration is 
required.  Also with small arrays the degrees of freedom for nulling are limited. 

Maximisation of SINR This uses knowledge of signal  and noise  correlation matrices. Maximisation of SINR is also 
known as optimum combining [Ref 20]. Note that even though beams are not explicitly formed, directional information 
and (calibrated) steering vectors for these directions are required.  

With M antennas and L interferers, it is possible to null up to M-1 interferers, and still optimise SINR [Ref 20]. If M-1<L 
then the SINR improvement may be limited. 

Reference signal based This method does not need to know DOA information, but will use a reference signal 
instead. This has the advantage of not requiring array calibration. The MMSE solution for the antenna array weights 
(w) is given by [Ref 18]:    

xdx rRw 1−=  Equation 7 

Where rxd is the cross-correaltion between received and wanted signals. Hence [Ref 22]: 

      [ ] [ ]( ) [ ]knknknMMSE ,,, )0(1HIRw −γ+=  

 Equation 8 

Here the index k makes the calculation for each subcarrier in OFDM explicit, this index is not needed for single carrier 
systems. γ is a diagonal loading term to prevent a singular matrix [Ref 23][Ref 24]. γ is set to be larger than the 
smallest (noise) eigenvalues, so γ~σ2. H(0) is the channel for wanted signal at each antenna – equivalent to the 
steering vector, and so the reference signal is used to estimate the channel response on each antenna. 

When there are multiple users, and the channels for each are known, for an M element array, L users, L<M, then a 
channel matrix H (LxM) can be defined [Ref 25], and thus the multiuser MMSE solution results  (MU algorithm): 

 wMU-MMSE=(HHH+σ2I)-1H 

  
 Equation 9 

Where only a single user’s signal is required to be detected, as in the BFWA scenario, the final term can be replaced 
by H(0). The calculation of the correlation matrix in Equation 8, and the users’ channels in Equation 9 imposes a high 
computational complexity, and so a complexity reduced version is to only use the estimated channel of the wanted 
user, giving: 

WSU-MMSE=(H(0) H(0) H+σ2I)-1H(0) 

  
 Equation 10 

Which will be denoted the SU algorithm. 
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Pre-FFT vs. Post-FFT 

Calculation and application of the weight vectors can occur before or after the FFT process within the OFDM receiver. 
Where pilots are interspersed across the OFDM symbol with the data, they can only be recovered and used for weight 
estimation after the FFT. However, the 802.16 standard uses preamble symbols that do not contain any data, and 
therefore weight calculation before or after the FFT is possible. The calculations are therefore in the time domain or 
frequency domain respectively. Pre-FFT calculation does not take into account the wideband nature of the signal 
unless the weight vectors are FIR filters, whereas post-FFT processing can carry out calculations on a per subcarrier 
basis. Bartolome [Ref 26] assesses IC in the time (pre-FFT) and frequency (post-FFT) domains. While the time 
domain method gives improved performance the complexity is higher (2 orders of magnitude). Reduced complexity 
with pre-FFT diversity combining is discussed in [Ref 27], and shows performance is degraded over post-FFT 
approaches. However, [Ref 27] is a channel diversity method and is not suitable for CCI suppression.  

It is important to present the FFT process with a good representation of the desired signal, requiring accurate time 
and frequency synchronisation, and moderate levels of interference. Consequently, pre-FFT combining techniques 
have the potential to operate at lower C/I. Post-FFT combining will have start up issues in high levels of interference, 
and may need initialisation first – but this is less of an issue for reference signal systems and where averaging across 
preamble symbols can improve estimation accuracy. 

This investigation will use post-FFT estimation and combining. Given the robust nature of the preamble symbols, and 
that directional antennas at the CPE will provide some initial interference suppression, initialisation and tracking 
should not be a fundamental problem. 

4.4 PROPOSED SOLUTION 

With multiple antennas, the interference suppression depends on the channel’s spatial characteristics. Some general 
points are worth mentioning at this stage: 

• High mounted BSs will mean the angular spread received at the BS is likely to be narrow. Given the 
large number of potential interfering sources, nulling individual interferers may not always be viable due 
to the tracking overhead (linear in the number of users). Thus some form of training based diversity 
combining is appropriate.  

• The mounting height at the CPE may nominally be at rooftop level, sometimes lower, and so angular 
spread will vary from high to moderate values, occasionally low when line of sight (LOS) is present. 
Although the number of interferers on the DL is small, the greater local scattering will make signal 
separation based on beamforming unreliable in some locations.  

In addition, the number of antennas is likely to be limited (maximum of 4), and so the effectiveness of beamforming 
will be limited. Consequently, a diversity method is more suitable for a wide range of environments. This is supported 
by [Ref 28], that shows reference-based approaches are more robust to wide multipath cluster widths, and are less 
complex, than beamforming solutions. Since the IEEE 802.16 standard includes regular preamble symbols, using this 
information as a reference signal will give the best performance. Further, the preamble symbols use QPSK 
modulation, and so in combination with directional elements, and averaging over adjacent preamble packets, 
operation down to 0dB C/I at the antenna input (before pattern weighting) may be possible. 

MRC is not optimal with CCI, instead a maximum SINR or reference-based approach would be preferred. The MMSE 
solution is applicable when only the wanted channel is known, but as shown in Section 4.3 this can be extended to 
the case where interfering source channel information is known (and thus approaches a joint detection method). The 
channel estimate can be found from the preamble symbols. 

For OFDM, the channel is flat fading per sub-carrier, and so can adapt each carrier independently. Equation 8 
demonstrates how the combining is repeated for each sub-carrier. As noted by [Ref 26], it is possible to exploit 
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coherence bandwidth and group sub-carriers together into groups, and have a common weight within each group. 
Channel estimates derived from the pre-amble are not available for every sub-carrier (every 2 or 4), and so grouping 
at this level will be employed. 

While an iterative estimation of the correlation matrix or channel estimate, or even applying an adaptive weight 
update, will reduce complexity, a block inversion approach has been used – one estimate per block of symbols (a 
block consists of the preamble symbol(s) and the following data symbol). Further work could consider these 
simplifications and particularly how appropriate they are for the slowly varying BFWA channel. 

Two MMSE based algorithms were considered, the SU variant, which offers a low complexity solution, and the MU 
algorithm, which demonstrates performance for a more complex solution. 

In summary, a reference-based solution has been investigated, with the reference data taken from the preamble in 
the frequency domain. The preamble information was used to derive the channel estimate of the wanted signal to 
each antenna for the SU algorithm. For the MU algorithm the channels are assumed to be known. The weight vectors 
for each sub-carrier are calculated from Equation 9 and Equation 10. 

4.5 LINK LEVEL SIMULATION FOR BFWA 

4.5.1 PHYSICAL LAYER DESCRIPTION  

The OFDM variant of IEEE 802.16 has been designed for non-line of sight (NLOS) operation below 11GHz2. 256 sub-
carriers are employed, though some are defined as null subcarriers to provide a guard band between frequency 
channels. Other relevant parameters are shown in Table 3. 

Parameter Description Value 

NFFT FFT size 256 

NU Number of used subcarriers 200 

G Guard interval length (relative to useful symbol) ¼, 1/8, 1/16, 1/32 

 Lower frequency guard sub-carriers 28 

 Upper frequency guard sub-carriers 27 

 Pilot sub-channels ±13, ±38, ±63, ±88 

Table 3  IEEE 802.16 OFDM Parameters 

The sample rate is a function of the bandwidth and a sampling factor (see [Ref 15]). Table 4 shows signal parameters 
for bandwidths of 5, 10 and 20 MHz with an assumed guard interval of G=1/4. Initial simulations will use a 5MHz 
bandwidth (following the baseline cases described in [Ref 29]). 

                                                           

2 The  WiMAX forum has chosen to support the 256-OFDM mode exclusively, and this mode is therefore likely to be the dominant air 
interface. 
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Parameter 5 MHz 10 MHz 20 MHz 

Sample frequency 5.76 MHz 11.4MHz 22.8MHz 

Subcarrier spacing 22.5 kHz 44.53 kHz 89.06 kHz 

Useful symbol period (Tu) 44.4μs 22.46 μs 11.23 μs 

Guard period (Tg) 11.1 μs 5.61 μs 2.81 μs 

OFDM symbol period 55.5 μs 28.07 μs 14.04 μs 

Table 4  OFDM Parameters Related to Channel Bandwidth 

A number of modes have been defined, that vary the data rate and robustness according to the modulation and 
coding used. A block diagram of the IEEE 802.16 transmitter system is shown in Figure 17.  

 

 

 

 

Figure 17 IEEE 802.16 Physical Layer Transmitter Diagram 

The sub-systems are now summarised: 

Randomisation The data is randomised with a PRBS generator 

Modulation The Modulation schemes available are BPSK, QPSK, 16 QAM and 64 QAM.  

Coding Coding consists of concatenated Reed-Solomon (RS) outer code and a convolutional inner code. The code 
rate is changed through puncturing. The different coding modes are given below in Table 5. For mode 0, RS coding is 
bypassed. The results presented here use modes 1 to 6. Block and convolutional turbo codes are optionally available, 
and not considered further in this project. 
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Mode Overall 
Code rate 

Modulation Coded bits per 
symbol 

Uncoded bits 
per symbol 

Throughput 
(Mbps) 

0 ½ BPSK 192 96 1.73 

1 ½ QPSK 384 192 3.46 

2 ¾ QPSK 384 288 5.19 

3 ½ 16QAM 768 384 6.92 

4 ¾ 16QAM 768 576 10.3 

5 ⅔ 64QAM 1142 768 13.84 

6 ¾ 64QAM 1152 864 15.57 

Table 5  Data Modes for IEEE 802.16 Throughput for 5MHz Channel Bandwidth 

Interleaving A two stage interleaving is applied that ensures adjacent bits are mapped across sub-carriers and onto 
different levels of constellation bit significance. 

Pilot modulation The pilot tones (see Table 3) are modulated from a PRBS generator. 

Preamble A preamble precedes every frame. Two preamble symbols are defined. The preamble symbol S2 
modulates every other subcarrier, thus within one OFDM symbol the same sequence repeats itself twice (i.e. a 128 
sample sequence twice). The S4 preamble symbol modulates every fourth subcarrier, and a short sequence repeats 
four times within the same symbol period (i.e. a 64 sample sequence 4 times). On the downlink and network entry 
data bursts the preamble consists of one S4 symbol (with guard interval) and one S2 symbol (also with guard 
interval), this is known as the long preamble. The composition of the preambles is shown below in Figure 18. 

 

CP CPCP 12864646464 128

TuTg TuTg  

(a) Long preamble 

CP 128 128

TuTg  

(b) Short preamble 

Figure 18 Preambles for IEEE 802.16 OFDM 

The uplink only uses one S2 symbol as the preamble, this is the short preamble. On the uplink, the short preamble 
can also be used as a midamble, repeated after every symbol or after every 8, 16, or 32 symbols. On the DL the 
preamble repetition rate is the frame rate, where permissible frame intervals are: 2.5, 4, 5, 8, 10, 12.5 and 20ms. In 
addition, on the UL midamble symbols can occur every 8, 16 or 32 symbols. 

Interference is modelled by generating independent IEEE802.16 frames, with a chosen data mode. These signals 
(arbitrary number) are then power scaled to achieve the required C/I, and cyclically shifted to model timing offsets. 
Interference from non-IEEE802.16 sources is not considered, though AWGN at a chosen Eb/No can be added. 
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4.5.2 CHANNEL MODEL 

In order to develop the IC scheme the Stanford SUI channel models have been used [Ref 30], as these were 
developed for BFWA applications. They are suitable for the downlink channel, and initial results are therefore limited 
to this case. 

The multipath profile is modelled as the usual tapped delay line filter with exponentially decaying multipath 
components – only 3 components are used in the models. The Doppler spectrum consists of two parts, a fixed 
impulse component at 0Hz, and a scattered component, defined by: 
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 Equation 11 

Where fm is the maximum Doppler frequency. 

A number of channels for different environments have been defined in [Ref 30] for omnidirectional and directional 
(30°) antennas at the CPE. It is noted that with high gain antennas, with scattering in the channel, the antenna gain is 
reduced by a gain reduction factor, ΔBW. With multiple antennas the correlation between antennas is modelled by 
input and output mixing matrices as necessary, shown in Figure 19. 

 

Figure 19  Generic Structure of SUI Channel Models  

A summary of relevant parameters for these models are: 

• BTS antenna height: 30 m 

• Receive antenna height: 6 m 

• BTS antenna beamwidth: 120° 

• Receive Antenna Beamwidth: omnidirectional (360°) and 30° 

• Vertical polarisation only 

The tables in Appendix A of this document give the detailed parameters for the channel models. The tap powers are 
not normalised, and so a gain normalisation is defined to give a 0dB mean power gain through the channel. 

For simulations we assume a quasi-static channel (i.e. constant over one packet). The channels for the different users 
are independent for these simulations, clearly any correlation will degrade performance. 

4.5.3 SIMULATION CHARACTERISTICS 

A physical layer simulation has been developed using Matlab. This implements modes 1 to 6, as given in Table 5. 
Features of note are: 
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• Reads in a sequence of channel impulse responses from file  

• Arbitrary number of other IEEE 802.16 interferers, with user definable data mode, power and timing 
offset. The results presented here are for a single interferer 

• Interferers have independent channels from the wanted channel, but all have the same channel type 
(e.g. all SUI1) 

• AWGN power is definable 

• Modular design to allow new functionality to be easily incorporated 

• Bit error rate and packet error rate are measured over a defined number of transmitted frames 

There is no medium access control functionality, such as ARQ. The results presented here use 8 data symbols per 
packet, plus 2 preamble symbols. From the PER the throughput of the raw data is then derived. The throughput figure 
includes system overheads and signalling data, not just user data, and does take into account ARQ retransmissions. 
The loss due to the preamble is not included either, since this depends on the frame length for the downlink, and the 
midamble repeat rate (if midambles are enabled) on the UL. However, the comparison between methods remains 
valid, as the preamble overhead will be the same in a fair comparison.  

The basic IEEE 802.16 simulation has been extended to allow IC schemes to be incorporated. In particular, an extra 
dimension of the channel array is used for multiple antennas, and the additional signals added to allow an arbitrary 
number of antennas to be included (user defined). For the results presented here, the SU and MU combiners have 
been simulated, as described previously. The Viterbi decoder uses channel state information (CSI) to identify the 
reliability of the input symbols. In the single antenna case the power of each data symbol is used, with multiple 
antennas the geometric mean of the powers across the antennas is used.  

A programme was also written that generated the multiple antenna channel impulses responses, as described in 
section 4.5.2. This included user definable antenna correlation, though initially the values from [Ref 30] were used as 
given in the tables in Appendix A of this document. The simulations include both the omni-directional antenna case 
and directional elements with a beamwidth of 30°. The results will be presented parameterised as C/I at the output of 
the antenna, and so differences in the results between the two cases will be due to the reduction in delay spread and 
not antenna gain pattern.  

4.5.4 PHYSICAL LAYER RESULTS 

In the results of this section, receiver diversity with 2 or 4 antennas is considered at the CPE using both 
omnidirectional and directional elements. The SUI channel models with the same channel type used for interference 
and wanted signals. 

Omnidirectional CPE Antenna Elements 

The throughput as a function of C/I is shown below in Figure 20 for the different data modes and omnidirectional  CPE 
antenna elements for the different SUI channels. 

The most useful results will be the achieved throughput in each mode, and therefore the results presented have been 
restricted to throughput analysis for brevity. Further, only results for SUI channels 2 to 4 are presented because 
channels 5 and 6 are applicable to large cells not considered within this project and channel 1 is strongly line of sight.  

Figure 20 demonstrates the performance of the MU algorithm related to the SUI channel type with directional and 
omnidirectional elements at the CPE. 
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(a) SUI-2, directional elements (b) SUI-2, omnidirectional elements 
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(c) SUI-3, directional elements (d) SUI-3, omnidirectional elements 
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(e) SUI-4, directional elements (f) SUI-4, omnidirectional elements 

 

Figure 20  Performance of the MU Algorithm 
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These results demonstrate the performance gains of IC, though proportional gain varies according to channel 
characteristics and actual C/I. The benefit for near-LOS channels (SUI1 & 2) and directional elements is not large, but 
for more scattering channels and omnidirectional elements the throughput is improved with C/I improvements of over 
15db in some cases. For channels where IC is effective, the use of additional antennas provides clear benefits. For 
lower C/I the proportional gains in throughput are larger since with a single antenna the throughput is typically 
unusable. 

In practice with LOS to the wanted signal (close to BS), there would be significant scattering of the interfering signal 
(interfering BS further away) and IC would be expected to perform better. The system level analysis takes into 
account the different channels’ characteristics for wanted and interfering signals. 

Figure 21 compares the performance of the SU and MU algorithms for modes 1,3 and 6. 
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(a) SUI-2, directional elements (b) SUI-2, omnidirectional elements 
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(c) SUI-3, directional elements (d) SUI-3, omnidirectional elements 

-10 0 10 20 30 40
0

2

4

6

8

10

12

14

16

C/I (dB)

Th
ro

ug
hp

ut
 (M

bp
s)

SUI4 channel, directional elements

 

 
mode 1, SU, A=1
SU, A=2
SU, A=4
mode 1, MU, A=2
MU, A=4
mode 3, SU, A=1
SU, A=2
SU, A=4
mode 3, MU, A=2
MU, A=4
mode 6, SU, A=1
SU, A=2
SU, A=4
mode 6, MU, A=2
MU, A=4

 
-10 0 10 20 30 40
0

2

4

6

8

10

12

14

16

C/I (dB)

Th
ro

ug
hp

ut
 (M

bp
s)

SUI4 channel, omnidirectional elements

 

 
mode 1, SU, A=1
SU, A=2
SU, A=4
mode 1, MU, A=2
MU, A=4
mode 3, SU, A=1
SU, A=2
SU, A=4
mode 3, MU, A=2
MU, A=4
mode 6, SU, A=1
SU, A=2
SU, A=4
mode 6, MU, A=2
MU, A=4

 

(e) SUI-4, directional elements (f) SUI-4, omnidirectional elements 

 

Figure 21 Performance Comparison of SU and MU Algorithms 

The performance benefit of the MU algorithm over the SU algorithm is clear. In channels with limited spatial diversity 
the SU method with multiple antennas offers little or no IC improvement. 
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These results demonstrate the potential effectiveness of IC in BFWA, but the limitations of using the same channel 
type and making assumptions about antenna correlation mean conclusions about a particular scenario cannot be 
made. These shortcomings of the physical layer analysis have been addressed in the system level analysis. 

4.6 SUMMARY OF RESULTS 

The study has successfully demonstrated two MMSE based IC algorithms, but performance benefits are less 
impressive with highly directional elements or strong LOS channels. This is a consequence of reduced scattering 
(diversity) in the channel. The system level investigations will take this in to account, and consequently, while it is 
common to model OFDM interference as an uplift in the noise power, when the spatial distribution of signals is 
important (as it is here to exploit channel diversity) such an approach has less validity. Where wider bandwidths are 
available, up to 20MHz, the additional frequency diversity will also help performance benefits of IC. 

Directional elements will reduce the interference power levels, but they will also reduce the diversity in the channel 
with a respective impact on IC performance. There will be a trade between the two effects. In order to take advantage 
of the gain of directional elements, without reducing the performance gain of the IC technique, enhancements to the 
system may need to be considered. Note that while highly directional CPE elements provide a high gain to reduce 
path loss, for FDD it is the relative sidelobe level (front to back ratio) that limits the C/I. Transmit diversity will help to 
increase channel scattering, though wider element spacing will be required but at the BS this is less of an issue. 
Alternatively, using less directional elements will also increase channel diversity, though this needs to be traded 
against less link budget margin with lower antenna gain. A further advantage of less directive elements (or 
omnidirectional in the extreme case) is less specialised installation, thus lowering cost to the operator. 

The greater benefits seen in non-line of sight channels suggests that IC will have the greatest impact for large cells 
with no line of sight, or in mobile broadband applications. 

From the results presented, full frequency reuse for all operating modes is unlikely with the techniques investigated in 
this section, but cell coverage for each mode and therefore capacity will be improved. However, there are a number of 
limitations of a purely physical layer analysis using statistical channel models. Such limitations include: 

•  Only one interferer 

• All channels have the same statistics 

• Does not take into account the variation in channel characteristics over a cell 

Therefore in order to quantify the performance benefits of IC in a realistic scenario, a system level analysis is 
required. The approach taken in the next section is to use a real environment and determine the channels from a ray- 
tracing tool for all wanted and interfering signals. The system level analysis will quantify the capacity and coverage 
gains for different algorithms and antenna configurations.  



      
      

Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 
Page 46 of 175        72/06/R/036/U 

      

5 SYSTEM LEVEL SIMULATION OF THE FIXED LINK SCENARIO 
This section gives a description of the system level modelling undertaken for the fixed link scenario. The methodology 
used for assigning links is described, together with the characteristics of the generic link types that were considered. 

5.1 APPROACH 

The fixed link scenario was based on an existing set of assignments, where sites, links, service traffic rate and 
availabilities are already set and proven. The analysis of the network performance has been conducted following the 
re-arrangement of the frequency assignment according to the process described below, and examining various “case 
study” scenarios using a combination of IC enabled and non-IC enabled links. 

This approach was deemed to be a compromise between a scenario based on a totally new band, which might not be 
realistically achievable under the current spectrum constraints, and a congested band scenario that would be limited 
to a fully established network where the flexibility of increasing the link density could prove to be more complex. A 
congested band would also offer minimal returns (since networks could be operating at full capacity with potentially no 
additional links possible). 

The channel assignment of each link was made according to the process defined by Ofcom and described in Section  
5.4. A number of “case studies” were investigated as part of the scenario to assess the effectiveness of the IC on the 
spectrum efficiency of the network. The case studies included:  

• The build-up of the assignment using non-IC enabled receivers only for use as a benchmark 

• Assuming a proportion of the existing links within the area of interest are legacy links. Then assigning 
new links with IC-enabled receivers, noting any reduction in failed assignments or spectral gain in terms 
of channel reuse 

• Reducing the size of the “legacy region” and repeating the above process 

• Increasing the number of “candidate” links and assigning links using non-IC and IC-enabled receive, 
noting any gains in capacity 

5.2 SCENARIO DESCRIPTION 

The system level scenario and simulation parameters used the existing 7.5GHz fixed link assignments in the UK as 
the starting point, the database of which was provided by Ofcom. The scenario consisted of building up the 
assignment by using the existing sites and the links in a sub-region of densely packed sites from the database. 

The existing 7.5GHz assignment consists of 1048 links spread across the UK and beyond as illustrated in Figure 22 
(note that some links are to (and between) North Sea oil rigs).  
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Figure 22 Existing 7.5GHz Fixed Link Assignment 

As illustrated in Figure 23, a mixture of links with different Transmit/Receive spacing (T/R) and channel bandwidth (7, 
14 and 28MHz) was identified in the existing assignment. Various services (analogue telephony, broadcast, radar…) 
and transmit rates (17, 34 and 155Mb/s, …) were also found, indicating a substantial number of legacy links in this 
band. 
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Figure 23 Existing Band Plan for the 7.5GHz Assignment 

For the purpose of this scenario, only the links with a 28MHz channel bandwidth operating at 155Mbits/s traffic rate 
were used. These links appear to be part of the latest assignments in the band. 

5.2.1 EXTENT OF SUB-REGION 

In addition to restricting the links (and associated sites) to those specified above, the scenario also focused on a 
smaller region because of the otherwise extremely large computation time required for the interference calculation. 
The sub-region for reassigment was selected to be within 200km of Charing Cross (TQ30208040), with a bordering 
region of between 200 and 400km from Charing Cross for the additional interfering links. The size of this sub-region is 
consistent with the size of the coordination zone specified by Ofcom3 and includes the majority of the 
155Mbps/28MHz links on the database. 

                                                           

3 Fixed Point-to-Point Radio Services with Digital Modulation Operating in the Frequency Ranges 7.425 to 7.652 GHz paired with 
7.673 to 7.9000 GHz, Version 1.0 (January 2004). Technical Frequency Assignment Criteria: OF 47W. 
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Figure 24 Existing 155Mb/s Links within 200 and 400km of Charing Cross.  

(Note: Red links are vertically polarised while blue links are horizontally polarised) 

 

The existing links within this sub-region are shown in Figure 24. This sub-set shows some interesting features such as 
chains of links going to the North East, to the North West and to the West of the country. 

5.2.2 LINK CHARACTERISTICS 

The link characteristics were also taken from the existing 7.5GHz assignment database. For each link, the parameters 
that remain the same as those given in the database are given in Table 6 whilst the parameters assigned by the 
frequency assignment algorithm were frequency and polarisation. 
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Parameter Range Comment 

Site/antenna location (x,y 
and height) 

As per database Only sites 200km from Charing Cross will 
be assigned. Interferers up to a distance 
of 400km from Charing Cross will be 
considered. 

Antenna azimuth and 
elevation (for all links) 

As per database - 

Transmit bit rate 155Mbits/s Only 155Mb/s links will be assigned 

Channel bandwidth 28MHz All 155Mb/s links have 28MHz bandwidth 

Link availability 99.9%, 99.99% and 
99.999% 

Individual link availability from the 
database will be rounded to the nearest 
values given in the Range column on the 
left. 

Transmit EIRP [7.66 49.94] dB Individual link EIRP from the database will 
be used 

Antenna gain [30.1 46.5] dBi Individual antenna gain from the database 
will be used 

Table 6 List of Parameters as per Existing Assignment 

 

All antennas for the subset of links retained within the scenario’s sub-region have gains exceeding 30dBi (30.1 to 46.5 
dBi as indicated in Table 6. As a result, all antennas were assumed to be of Class 2 (see Appendix D of this 
document for a definition of Antenna Classes). For the purpose of the modelling, the RPE was normalised to the 
boresight gain and augmented by the antenna gain provided in the 7.5GHz database to keep the levels consistent 
with the current assignment. Assignment results were also obtained for Class 4 Antennas in order to examine the 
sensitivity of the results to the antenna pattern. 

5.3 LINK PLANNING 

5.3.1 PATH LOSS 

Path loss values between all the sites within the area of interest were computed for various time availabilities (99%, 
99.9%, 99.99% and 99.999%). All time availabilities outside these were rounded to the nearest value. Time 
availabilities at 50% were also computed for the purpose of estimating the interference level. 

5.3.2 CO-CHANNEL INTERFERENCE ASSESSMENT 

Interference was assessed according to the procedure defined by Ofcom3, which is consistent with the ITU-R 
Recommendation P.452-11. Referring to the extent of the sub-region defined in section 5.2, the distance between the 
planned link’s sites and the interfering site will be in the 0-400km range. A 200km cut-off distance was imposed as 
prescribed by the Ofcom assignment process. 

Interference was evaluated under the two conditions specified below and illustrated in Figure 25: 

• the minimum median unwanted signal must equal the W/U ratio below the faded wanted signal; and 

• the minimum enhanced unwanted signal must equal the W/U ratio below the median wanted signal. 
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Figure 25 Wanted to Unwanted Ratios to be Satisfied 

Both of these conditions need to be met before a channel can be assigned to a link. 

The level of the interference was computed for each potential on or off axis interferer (taking into account transmit 
power, path loss and antenna gain in the direction of the wanted site).  

For illustration purposes, if the link availability is at p%, the enhancement level is equal to (100-p)% and calculated 
using ITU-R P.452. 

The median level is estimated for 50% link availability. The fade margin is calculated using ITU-R P.530. 

For the type of links selected in the scenario (i.e. 155Mb/s, 28MHz channel representing Class 5a links), the W/U 
ratios given in Table 7 (as recommended by Ofcom) should be applied. This ratio includes an allowance for multiple 
interferers of 4dB from co-channel interferers. 

Spectrum 
Efficiency Class 

Capacity (Mbits/s) in 
bandwidth (MHz) 

W/U ratio (dB) 

5a 140/155 in 28 38 

Table 7 W/U ratio (Class 5a links) for Single Co-channel Interferer 

5.3.3 ADJACENT CHANNEL INTERFERENCE 

The W/U ratio for adjacent channel interference, for the traffic rate and channel bandwidth of interest, is given in Table 
8. This ratio includes an allowance for multiple interferers of 6dB from adjacent channel interferers 

Spectrum 
Efficiency 
Class 

Capacity (Mbits/s) in 
bandwidth (MHz) 

W/U ratio (dB) 

5a 140/155 in 28 18.5 

Table 8 W/U ratio (Class 5a links) for Single Adjacent Channel Interferer 

This ratio does not apply to links operating on a parallel path over the same hop, as (wanted and interfering signal) 
fades will be assumed to be correlated. Alternative channel assignment criteria such as polarisation discrimination, as 
advised by Ofcom, would be required under those conditions. 
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5.3.4 LINK PLANNING 

The ratios specified in Table 7 and Table 8 apply to the non-IC receivers and will be used in a first instance to test the 
output of the process described below in section 5.4 against the current assignment. The legacy links, which will be 
assumed to be non-IC will still have these ratios applied to them. 

For IC-enabled receivers, the W/U was reduced according to the findings of the link level performance analysis.  

5.3.5 “LEGACY” LINKS 

A proportion of the existing links within the sub-region were assumed to be legacy and, as a result, were classifed as 
links without built-in IC receivers. The proportion of legacy links depends on the extent of the legacy region during the 
assignment process. 

Legacy links have their parameters taken directly from the database with no changes. Interference to and from legacy 
links from new assignments are checked during the re-assignment process and before a channel is assigned to a 
candidate link. 

5.4 FREQUENCY ASSIGNMENT PROCESS 

An orderly channel assignment process was applied as part of the process and is in line with the Ofcom assignment 
process in the selected band3. 

The flow diagram in Figure 26 gives the high level process by which the links are assigned channels. 
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Figure 26 Channel Assignment Process 
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5.5 ASSIGNMENT PROCESS 

The individual tasks within the channel assignment process are explained in more detail in the following sections. 

5.5.1 DEFINE SUB-REGION 

The sub-region is a circle of radius 200km with its centre at London’s Charing Cross. All links within this region had 
their frequency/polarisation re-assigned following this process. Links with one site inside this region and the other site 
outside were also considered as being part of the sub-region and were therefore re-assigned. Consequently, a total of 
278 links from the existing 7.5GHz assignment were identified and re-assigned. 

A boundary region of between 200 and 400km from Charing Cross was also defined. The purpose of this outer-region 
was to provide a background of existing interferers while the new assignments were redefined. There are 160 links in 
the outer-region and all their assignments were kept the same as on the database. 

Additional simulations were performed using an inner region of 380km radius, leaving a thin outer region of 20km for 
the legacy links. 

5.5.2 START WITH LINK 1 

The 278 inner-region links were assigned (in pairs of partners) after a random permutation of their ordering to 
eliminate any local effects. 

The assignment process was repeated a number of times and first order statistics derived, the results of which are 
presented in section 5.6. A minimum of 20 iterations per assignment was performed. 

5.5.3 ASSIGN TX/RX 

The channels were assigned starting from the lowest end of the band (7442MHz) for site A and the corresponding 
high frequency for site B (7687MHz). The band provides a total of 8 low and 8 high channels, separated by 28MHz. 

By default, polarisation was set to horizontal, but was switched between H and V during the re-assignment process. 

5.5.4 COMPUTE W/U RATIO 

The interference level from and to each “legacy” link transmitting at the same frequency was then computed using the 
database EIRP of the link and the antenna loss from class 2 RPEs specified by ETSI. An XPD of -27dB (as specified 
by Ofcom’s assignment document) was added when the interfering link was cross-polar. 

For the IC implementation, the Dominant Enhanced Interferer at the time availability of the new assigned link was 
identified from the set of interferers and the summed power from the remaining interferers at 50% of the time was also 
computed. This calculation was then used to determine the gains in the W/U ratio compared to the standard criteria 
figure of 38dB. 

From the link level simulation results given in section 3.3 the W/U gains were determined as a function of the D/R 
ratio. These values are shown below in Table 9. 
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D/R ratio [dB] W/U gain [dB] 

D/R < 5 0 

5 ≤ D/R < 10 2 

10 ≤ D/R < 20 5 

20 ≤ D/R 12 

Table 9 W/U Ratio Gains as a Function of the D/R Ratio for Class 5a Systems 

A new W/U ratio was calculated for each new assignment subject to the D/R ratio by reducing the standard ratio by 
the gain given in Table 9. Variation of the W/U ratio gain with azimuth was not included as simulation results have 
demonstrated that provided the W/U ratio is greater than 24dB, then the full W/U gain as indicated by the model can 
be realised even with the interferer on boresight. 

5.5.5 W/U TEST 

Two tests were carried out on the interference: 

• The faded wanted to median unwanted (of the strongest interferer) was checked against the W/U ratio 

• The median wanted to enhanced unwanted (of the strongest interferer) was checked against the W/U 
ratio 

Only when both of these two conditions were met was the link assigned. 

5.5.6 RE-ASSIGN LINK PROPERTIES 

When a link assignment failed (i.e. when one of the W/U test conditions was not met), two actions were instigated: 

• In the first instance, the polarisation of the link was switched from H to V, keeping the frequency the 
same 

• If the link assignemnt failed again, the polarisation was switched back from V to H, and the frequency 
incremented to the next available channel  

• If the link failed again, the frequency was kept the same and the polarisation switched 

This process was repeated until all available alternatives had been explored. 

When the link is assigned, it was added to the pool of legacy and successfully assigned links and then used to predict 
interference to the next link to be assigned. 

There are a number of instances where links have failed to meet the assignment criteria. In these cases no channel is 
assigned. The process then moved on to the next link on the list of links to be assigned. 

5.6 LINK ASSIGNMENT RESULTS  

This section presents the results of the system level simulations performed as part of the analysis of the impact of IC 
on fixed links. 



      
      

Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 
72/06/R/036/U        Page 55 of 175 

      

5.6.1 ANALYSIS OF CURRENT ASSIGNMENT 

The distribution of channels within the inner region is plotted in Figure 27 using the current assignment as per the 
database. Only the low frequency assignment is shown on the plot. 

 

 

Figure 27 Distribution of Channels of the Current Assignment 
 

The interference environment in the current assignment was analysed using the assignment process described earlier 
and it was found that a large proportion of the existing links would fail the interference tests. The proportion of failed 
links was found to be of the order of 50% to 60% of the total assignment (using all links within 400km from Charing 
Cross). This proportion decreases significantly when using the more directive, narrower beamwidth of the Class 4 
antenna as seen in Figure 28. 
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Figure 28 Analysis of Current Assignment using Class 2 and Class 4 Antennas.  

(Failed links are all the links that did not pass at least one of the interference tests) 

In order to further examine the reasons behind the unexpectedly high proportion of links that failed the interference 
tests in the current assignment, the extent of the “failure”, or the amount by which the failed links did not pass the 
tests, and the dependence on the azimuth angle was investigated in more detail. 

 

Figure 29 Distribution of the Number of Failed Links as a Function of the Failure Margin for Class2 and 
Class4 Antennas. 
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For Class4 antennas, the majority of the failed links (over 55%) appear to miss the 38dB minimum requirement 
criteria by less than 6dB. The distribution of failed links was found to be strongly correlated with the angular 
separation between the direction of the partner site and the interfering site as suggested by the results of Figure 30. 
Most failed links do so because there is a co-channel interferer within 30º of the main beam. 

  

Figure 30 Distribution of the Number of Failed Links as a Function of the Azimuth Angle Separation 
Between the Partner Site and the Interfering Site for Class2 and Class4 Antennas. 

 

To summarise, the main reasons behind the large number of links that fail the interference tests in the current 7.5GHz 
assignment appear to be: 

• The actual assignment process uses the exact radiation pattern and generally the actual antenna will 
have sidelobe levels better than the RPE masks used in the assignment process performed in this 
study. Further the cross-polar discrimination (XPD) will usually be better than the figure of 27dB used in 
the assignment performed in this study. The use of actual antenna characteristics instead of limit masks 
is thought to be the main explanation for the failed links 

• It is also likely that the assignment criteria applied at the time of assignment were less strict than the 
current 38dB (for Class 5a links) 

• It is understood that the assignment process did not always follow the process described in [4] and that 
subjective criteria were sometimes built into the process (e.g. some operators may prefer to use a 
particular channel in order to minimise their infrastructure expenditure, availability being over-optimistic) 

• The computation of the path loss from ITU-R P.452 model and the fading using ITU-R P.530 have 
undergone improvements over the years, and these improvement may have resulted in some path 
losses being underestimated in the previous versions of the models 

• Some entries in the database might be incorrect (some links in excess of 50km have a TX EIRP of 0dB 
at both ends), leading to erroneous estimations of the wanted and interfering levels 

As a result, links might have been assigned using the old method that would not have been assigned using the 
current process. For these reasons, it is not practical to base the analysis of the impact of IC on the spectrum 
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efficiency of the network using the current assignment and a new assignment was therefore carried out as explained 
in the next section. 

5.7 ASSIGNMENT WITH APPLICATION OF IC 

5.7.1 INNER REGION OF 200KM 

The channels were re-assigned with and without application of IC using the process described in the section above 
and the results plotted in Figure 31. On this figure, the number of assignments is averaged over all the iterations 
performed and is therefore not an integer number. A total of 36 links have failed the interference tests during the 
process when IC is not applied. 

Comparing the non-IC channel distribution between Figure 27 and Figure 31, it is clear that there is a significant 
difference between the outcome of the two assignments.  

The result of the re-assignment on Figure 31 will be used as a benchmark for quantifying the subsequent spectrum 
efficiency gains since it is difficult to assess these against the current assignment for the various reasons listed in the 
previous section. 

 

Figure 31 Distribution of Assignments for the Lower Frequency Band in the Inner Region with and 
without Application of IC 

 

The re-assignment of the 7.5GHz using the process described earlier still produces some failed links which can be 
partly explained by the fact that during the process the transmit power was not adjusted according to the interference 
environment (only the frequency and polarisation of the links were re-assigned), leading to the links not being fully 
optimised. 

The assignment process with application of IC, with gains in the W/U ratio dependent on the dominant to remainder 
ratio, resulted in a significant improvement in the assignment distribution. 

Two significant enhancements to the assignment can be derived from these results: 

• A significant drop on the number of failed links 
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• A better reuse of the lower channels 

The number of failed links has dropped considerably, from an estimated 39 links to about 3 links on average, a ten-
fold improvement. It suggests that with IC at the receiver Ofcom should be able to assign more links in this band, 
given the conditions and assumptions used in the assignment process.  

A frequency re-use factor is introduced to express the number of times a given channel is used in the assignment 
region when IC is applied compared to when IC is not applied. 

The frequency re-use of the lower channels in a 200km region has improved significantly, thus providing some 
prospect for the “release” of the upper channels of the band for other uses. Results shown in Figure 32 indicate that a 
channel re-use factor of the order of 1.7 can be achieved for the lowest channel of the band (7442MHz). At the other 
end of the band, the 7638MHz channel’s use has been reduced by a factor of 0.6. 

 

 

Figure 32 Channel Re-Use Factor Following Application of IC in a 200km Region 

 

Another way of assessing the gains brought about by the application of IC is the increase in throughput that is 
possible from the reduction in W/U ratio. 

Figure 33 shows the co-channel W/U ratio required to achieve a given data rate in fixed link networks4. These figures 
assume all systems are of the same class (modulation scheme). 

 

                                                           

4 From ETSI TR 101 854, v1.3.1, 01/2005. 



      
      

Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 
Page 60 of 175        72/06/R/036/U 

      

Co-channel W/U ratio vs Data rate
in 28MHz bandwidth channels

20

23

26

29

32

35

38

41

0 50 100 150 200

Data rate [Mbit/s]

W
/U

 ra
tio

 [d
B

]

 

Figure 33 W/U ratio vs Data Rate for Co-Channel Interferers in 28MHz Same System 
Network 

 

The next set of simulation results show the channel distribution of the assignment obtained when a “hypothetical” 
fixed gain in the W/U ratio of 12dB is applied during the process to all new links. This simulation is hypothetical but 
nevertheless provides a valuable indication of the “average” gain that can be obtained across the entire network. 

The distribution on Figure 34 is very close to that obtained when a discriminate W/U gain is applied to the assignment 
process as shown in Figure 31. It appears, however, that the current assignment is such that the D/R is very rarely 
below 20dB, resulting in a W/U gain of 12dB for most of the newly assigned links (see Table 9 for W/U gains). This 
might not be the case with a denser network, where the “average” D/R ratio could be smaller and where two or more 
dominant interferers could be present for a larger proportion of the links. 

Under the present simulation conditions, and referring to the plot on Figure 33, the gains in W/U could translate to a 
potential increase in traffic capacity by a factor of between 4 and 5. 

 

Figure 34 Distribution of Assignments in the Lower Frequency Band Assuming a W/U Ratio of 
26dB (instead of the 38dB under non-IC conditions) 
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5.7.2 INNER REGION OF 380KM 

A further set of simulations was performed using an extended radius for the inner region, effectively reducing the 
number of “legacy” links and modelling a scenario akin to a new frequency band. This scenario offers another view on 
the gains to be made on the number of failed assignments since the process put in place during this work should 
optimise the channel assignment and reduce the number of failed links in a non-IC situation.  

The radius of the inner region was extended from the original 200km to 380km, with the outer region still kept at 
400km from Charing Cross. As a result, a total of 432 links were re-assigned, leaving the remaining 5 links in the 
outer region as legacy. 

Figure 35 shows the results of the assignment with and without the application of IC. Compared with the re-
assignment results over a smaller inner region (see Table 9), the relative number of failed links when IC is not applied 
is seen to have remained around about 25% of the total links to be assigned. The reasons for the persistence of failed 
links even with the new assignment process remain the same as explained before. The application of IC, with the 
gains listed in Table 9 dependent on the D/R ratio results in a significant reduction in the number of failed links; with 
an average of just 10 links (15 independent assignment iterations were performed) out of the 216 links with a low 
transmit frequency, i.e. a failure ratio of just under 5%. 

 

Figure 35 Assignment with and without Application of IC over an Inner Region of 380km Radius 
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Figure 36 Channel Re-Use Factor at the Low Frequencies for a Re-Assignment over an Inner Region of 
380km 

 

The “stacking” of channels has also improved, showing a re-use factor for the lowest channel of about 1.5-1.6, while 
the use of the highest channel in the low frequency band (7638MHz) has been reduced by a factor of 0.8. 

5.8 ADDITIONAL CAPACITY 

To determine the capacity gains achieved by the application of IC, the number of candidate links in the inner region 
(380km) was increased by a factor of 3 in order to assess how many additional links could be assigned when IC is 
applied. A re-assignment without the application of IC was also carried out to provide the baseline for comparison. 
The additional candidate links were obtained by duplicating the existing links. The assignment would therefore 
attempt to assign those new links subject to the interference tests being passed. 

The results from this exercise are shown in Figure 37. The frequency re-use gain is now seen to be uniform across 
the entire band, with all channels being re-used by an average factor of 1.5 as seen in Figure 38. As a result, the 
increase in capacity after the introduction of IC is of the order of 1.48 for the assignment. 



      
      

Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 
72/06/R/036/U        Page 63 of 175 

      

 

Figure 37 Channel Distribution in the Lower Frequency Band after an Assignment over an Increased Number 
of Candidate Links by a Factor of 3 

 

 

Figure 38 Frequency Re-Use in the Lower Band after an Assignment over an Increased Number of Candidate 
Links by a Factor of 3 

5.9 SUMMARY OF RESULTS 

The re-assignment of the 7.5GHz links with and without the application of IC has led to a number of observations that 
are highlighted below. 

During the assignment process: 
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• The failure of a large number of links from the current assignments to pass the interference tests 
specified by Ofcom’s technical frequency assignment criteria document has prompted the need to re-
assign the channels and polarisation of the links for use as a benchmark 

• An outer rim of “legacy” links, extending over a region of 400km radius centred on London’s Charing 
Cross, remained unchanged during the process and acted as a “background” interference environment. 

• The re-assignments were performed over an inner region of 200km and of 380km radius. 

 

The comparison in the channel distribution between the assignments with and without the application of IC has 
shown: 

• A significant drop in the number of failed assignments after the introduction of IC 

• An increase in the re-use factor of up to 1.6 for the lowest channel in the band 

• A lower use of the highest channel (by a factor of 0.6 to 0.8) 

 

The benefits from a more efficient use of the spectrum should result in: 

• A lower number of channels might be required to satisfy the demand 

• A higher data rate could be achieved by the operators on certain links 

• A reduced number of failures 

• An increase in capacity of up to 1.5 

6 SYSTEM LEVEL SIMULATION OF THE BFWA SCENARIO 

6.1 GENERAL APPROACH 

A system level simulator for a BFWA deployment was developed, from which coverage predictions for different 
scenarios/configurations were used to demonstrate: 

• The improvement in quality of service (as measured by throughput) that users could expect if IC 
techniques are deployed 

• The benefits to the network operators and regulators by permitting a tighter frequency re-use, or 
increase in transmit power to increase throughput 

The system level modelling presented in this section has three aspects:  

• Firstly, to gain an understanding of how the channel changes over the region of interest, and therefore 
which channel parameters have to be considered in the IC algorithms (Section 4.4). This also provides 
an indication of distribution of C/I over the region of interest.  Given the widespread use of the SUI 
models for physical layer simulations [Ref 38], the parameters for these models were compared to the 
channel parameters derived from the system level ray tracing model 

• Secondly, the study has shown the benefits of ‘idealised IC’ with assumed (fixed) levels of cancellation 
(e.g. with a fixed XdB C/I improvement). It is well known that multiple antenna-IC is only effective 
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against multiple sources of interference when there are sufficient antennas [Ref 20]. The effectiveness 
of idealised IC when only a subset of the interferers have IC applied has also been demonstrated. The 
outcome of this activity demonstrates some theoretical benefits of IC, and sets guidelines on the level of 
IC performance that provides worthwhile spectrum efficiency improvements 

• Finally, there are the actual physical layer simulation results and the coverage improvement is 
quantified. This stage has also consider the compromise between IC effectiveness and antenna beam 
width, as discussed in Section 4.5.4 

When interference is the limiting factor, the channel characteristics of wanted and interfering signals need to be 
determined. In order to provide a realistic analysis, a ray-tracing tool has been used to determine these channel 
characteristics. With a multiple antenna solution, the channel between each pair of channels is required (e.g. 16 
channels with 4 Tx and 4 Rx antennas5). Given the characteristics of the propagation channel, any antenna pattern 
can then be superimposed on the rays at either end, and therefore the channel impulse response for the simulations 
can be found. Since space-time coding is not being used, the transmit signal from each antenna (where a transmit 
array is used) will be the same, and therefore a compound channel impulse response to each receive antenna can 
then be fed to the existing physical layer simulation.  

6.2 SCENARIO DESCRIPTION 

The scenario used for this project covers the Bristol city centre area, with an area of 3km by 1.8km. Five base stations 
are deployed, one in the centre of the area for the cell of interest (BS1), and four surrounding base stations (BS2-5) 
providing the interference environment to the central BS. The BS locations were chosen to occupy tall buildings (such 
as greater than 30m in height where possible). CPEs are mounted at rooftop level on buildings (e.g. approx. 6m), and 
are distributed over the geographic area. The deployments are shown in Figure 39 overlaid on a digital terrain map of 
the area. 

The process of assigning CPEs to a BS and sector is described in Section 6.3.3. Of the 100 CPEs, 48 are assigned to 
the central BS (BS1), with the other BSs being assigned the remaining 52 CPEs. With 120 degree sectors, there are 
16 CPEs in each of BS1’s sectors. 

                                                           

5 This array of channels is represented by matrix known as the H-matrix, with dimensions NRxNT, where NR is the number of receive 
array elements, and NT is the number of transmit array elements. 



      
      

Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 
Page 66 of 175        72/06/R/036/U 

      

 

Figure 39 Digital Terrain Map and Location of BSs and CPEs 

An FDD mode of operation is used, and the 3.5GHz band has been modelled.  The UK allocation in the 3.5GHz band 
is for paired spectrum 3480-3500MHz and 3580-3600MHz. The 20MHz spectrum blocks will initially be sub-divided 
into 4 individual 5MHz bands6. Although 4 frequency channels exist, the model will only consider one of them, since 
there are no interactions between the different channels. If sufficient coverage can be demonstrated, then there will 
be less need for many frequency channels, and so additional bandwidth can be made available to each cell (e,g. only 
using 3 channels to provide complete coverage, rather than 4). The IEEE 802.16 air interface considered here is 
FDD/TDMA and there will be so no intra-cell interference for data packets.  

Perfect timing synchronisation of the receiver to the wanted signal is assumed, and there are no frequency offsets. 
The channel is quasi-static, i.e. constant over one packet interval, but changes between packets. Processing only 
occurs within one packet and so, as will be described in Section 6.3.4, the channel responses are independent 
between packets to help generate more consistent statistical analysis. 

By choosing an FDD/TDMA structure, the required MAC functionality employed in the model is limited, since UL and 
DL are independent (FDD), and there is no contention for channel access within a cell (TDMA). Consistent with the 
standard, an ARQ mode of operation is assumed, and therefore the throughput can be derived from the packet error 
rate. No signalling is employed, and mode adaptation will be perfect and instantaneous (i.e. the mode with the highest 
throughput will always be chosen), although a constraint is applied to ensure a mode is chosen if at least 75% of its 
maximum throughput can be achieved. Without this constraint the number of retransmissions becomes unrealistically 
high for effective system operation. For downlink modelling, interfering and wanted base stations will transmit 
continuously, and are not time synchronised. For uplink simulations, CPEs will also transmit continuously over the 
simulation period. For the UL, one CPE from each of the interfering cells will be chosen for each simulation run (it is 
TDMA), and this is repeated a number of times each with a different set of randomly chosen interfering CPEs. The 
averaged results will then be presented.  

Other key points of the scenario are: 

                                                           

6 Consistent with the Ofcom coordination document [Ref 29] 
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• Antenna spacing – 1 wavelength at CPE, 5 wavelengths at BS 

• CPE antenna arrays are always linear (ULA), broadside oriented towards the assigned BS (along the 
line of the strongest path) 

• BS arrays are uniform circular array (UCA) for omnidirectional patterns, and uniform linear array (ULA) 
for sectored system (in standard triangular configuration). The broadside orientations for the 3 sectors at 
all BSs are 90° (east), 210° and 330°. This 3 sector system is consistent with the SUI model 
assumptions [Ref 38], and so provides consistency between the Physical layer results in Section 4.5.4 
and this section 

• 2 array configurations are considered: 1. CPE & BS are both omnidirectional; 2. Three 120° BS sectors 
and directional 30° CPE elements 

• For directional elements types SS1 (beam width 120°) for the BS and DN2 (beam width 30°) for the 
CPE were used from [Ref 36] which is consistent with [Ref 29] 

• Transmit power is 30dBm for UL and DL, with the sectored system this total power is shared between 
the sectors. 10° of down tilt is applied to the BS antennas only. A boresight antenna gain of 6dB was 
applied to all antennas. This configuration was chosen to ensure the comparison was based on 
equivalent EIRP between scenarios, and in most locations performance was interference limited 

• 100 packets are transmitted for each link, with 8 OFDM data symbols plus preamble symbols in each 
packet 

6.3 MODEL DESCRIPTION 

6.3.1 MODEL OVERVIEW 

This section describes the simulation environment for a system level model for IEEE 802.16 (WiMax). This model 
provides achievable throughput rates between a base station (BS) and consumer premises equipment (CPE), based 
on channel data from a ray-tracing tool. For each link, a physical layer simulation is used to determine performance 
for each data mode. Given the potentially large number of links to be evaluated, the environment is designed to be 
run on a multiprocessor system (Condor), allowing each scenario to be broken into smaller tasks run in parallel. 
Further processing collates the results from all the runs and carries out analysis for the scenario. 

There are three elements to the process: 

• System level model: This schedules the analysis of each link, including setting up interference, ensuring 
links have the correct power level, passing channel responses to the physical layer model and saving 
throughput analysis. A common parameter file is used for all software components, and scheduling is 
directed from the CPE to BS assignment file (see Section 6.3.3) 

• Lower level modules: These include the physical layer model, processing of ray tracing data to form 
MIMO channels and determining BS to CPE assignment (and antenna orientation) 

• Multiprocessor environment (MPE): The system level model reads in links from the BS to CPE 
assignment file. The compiler aspect of the MPE reads in the global assignment file, breaks this into 
many individual assignment files (only one CPE in each), creates sufficient directories into which the 
assignment files go and results will be read into. The Matlab programme is compiled and the Condor 
control files are generated. The final element is a script that mirrors the compiler by reading in the 
individual results and combines them into a single results file. Graphical and statistical analysis of the 
results then follows 
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The control programme uses the assignment files to collect the channel characteristics (of wanted and interfering 
signals) and passes this to the physical layer model. The physical layer model then returns the bit error rate (BER) 
and packet error rate (PER). The PER is converted to a throughput value, which is then saved to file. The physical 
layer is run for each of the 6 data modes. 

Uplink and downlink can be defined from the parameter file. An FDD/TDMA protocol means that on the DL, the 
interference only comes from the other base stations. On the UL interference is from CPEs assigned to the interfering 
cells, with only one CPE active in each cell. Rather than just one selection of interfering CPEs, a number of drops can 
be run where each drop contains a random selection of interfering CPEs. The average throughput over all the drops 
can then be determined. Again, the control programme can run many drops, or just one with the MPE running 
different drops in parallel. 

The following sections describe the lower level processing elements in more detail. 

6.3.2 CHANNEL GENERATION FROM RAY-TRACING 

In order to provide a realistic system analysis a ray-tracing propagation model [Ref 35] is used to determine channel 
characteristics. The ray-tracing tool requires geographic data in the form of terrain, building, foliage and ground cover 
type, as shown in Figure 39. Then electromagnetic waves are traced in 3-D space from the transmitter to the receiver.  
Within this project there are 5 BSs and 100 CPEs covering an area of 3km by 1.8km in central Bristol. The ray-tracing 
tool was used to generate 5 database sets for single antenna (SISO) channels (one for each BS to all 100 CPEs). 
From the deterministic nature the channel, this data is valid for uplink and downlink channels. 

Figure 40 depicts the ray-tracing integrated with the system model. The channel processor is able to generate 
channels for i) both UL and DL, ii) any given antenna pattern and iii) Spatial Correlated MIMO (SCM) channel. It also 
has the ability to estimate Co-Channel Interference (CCI) for a multiple BS environment. The Channel Impulse 
Response (CIR) and MIMO H-matrix for each link are generated using the following procedure: 

• Determine the locations of BSs and CPEs, and assign parameters within the common configuration file, 
which will be loaded by other modules, such as the ray-tracing, channel processor and system model.  

• Trace the Multi-Path Components (MPCs) from BSs to CPEs using omnidirectional antennas; 

• Perform CPE to BS assignment based on power of the dominant ray (Section 6.3.3); the angle of arrival 
of the dominant ray also defines the CPE orientations;  

• Apply antenna gain at both ends (ETSI EN302 326-3 [Ref 36] has been implemented) and perform 
sector assignment; generate the extended H-matrix ( PNMN f ××× ) by the Ray-Tracing 

Deterministic MIMO (RTD-MIMO) model [Ref 37] (Section 6.3.4); 

Where N , M , fN  and P denotes the number of antennas at receiver and transmitter, number of sub-carriers and 

number of snapshots (equivalent to the number of packets).    
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Figure 40 Ray-Tracing Integrated with the System Model 

6.3.3 CPE-BS SECTOR ASSIGNMENT AND CCI ESTIMATION 

Within the multi-cell environment, each CPE needs to be assigned to one BS, and to one sector for the sectored 
configurations. The selection is based on determining the strongest (dominant) ray from each BS to the CPE, and 
then assigning the CPE to the BS with the overall strongest ray. Using the ray-traced angle of departure (AoD) from 
the assigned BS then determines which sector the CPE is assigned to. The ray angle of arrival (AoA) at the CPE 
defines CPE orientation, as shown in Figure 41. Figure 42 illustrates the BS-CPE-sector assignment for our 
simulation environment.   
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Figure 41 Sector Assignment for FDD/TDMA System 
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Figure 42 BS-CPE-Sector Assignment 

In the analysis for sectored configurations, the 3 sectors are assumed independent (i.e. different frequency channels). 
Therefore the system model is run 3 times, the first only using sector 1 BS elements and only CPEs assigned to 
sector 1 in any of the cells, and so on for the other 2 sectors. The results are then aggregated from the 3 runs. The 
ACI between sectors is assumed to be insignificant, which is not unreasonable for the chosen scenario (FDD/TDMA).  

6.3.4 RTD-MIMO MODEL 
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Figure 43 RTD-MIMO Model 

Within the RTD-MIMO model as described in Figure 43, MIMO H-matrices are fully determined from predicted MPCs. 
Using CIR information such as the amplitude, phase, time delay, AoA and AoD of each MPC, and given the array 
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geometries, it is then possible to extend the point source SISO data to derive a set of MIMO channel data. They are 
performed as 

1. Apply a random phase to all the point source MPCs7; 

2. Generate the H-matrix for each MPC based on the [m,n] array geometries; 

3. Apply time binning to the [m,n]-th H-matrix data set based on the system bandwidth to generate 
the CIR for the [m,n]-th link. Thus the MPCs in the same time bin are vectorially combined; 

4. Fourier transform each CIR to generate the [m,n]-th frequency response at each of the required 
OFDM sub-carriers; 

5. Repeat step 1-5 to achieve a statistically large set of channels for PHY layer (100 snapshots for 
this project). 

Figure 44 shows the MIMO array for the cases of ULA (Uniform Linear Array) and UCA (Uniform Circular Array), with 
an orientation to the east. Directional elements are shown, which when used align with the array orientation. All MIMO 
elements are also placed in the horizontal plane.  

                                                           

7 The expected Doppler rates for these channels is low, so the process described here generates channel characteristics widely 
separated in time and therefore independent. Each packet is processed independently of the others, and so the channel’s time 
history is not important. This procedure provides good statistical sampling with a limited number of packets. Modelling the true time 
history would not be computationally tractable within the allowable project timescales.  
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(b) UCA 

Figure 44 MIMO Array Configurations (Array Orientation to the East Shown as an Example) 

6.3.5 PHYSICAL LAYER IC ALGORITHMS 

Two algorithms have been assessed; a single user version (SU) that replaces the correlation matrix from the basic 
MMSE algorithm with one derived from the wanted signal channel estimate; and a multiuser version (MU) that 
replaces the correlation matrix with one derived from the channel responses of all the transmissions (wanted & 
interfering) – with perfect channel knowledge. These have been described in Section 4.3. Channel estimation for the 
SU method is based on the known preamble symbol data. This therefore represents a low cost algorithm that could 
be implemented without complication. Channel estimation for the MU scheme has not been implemented and so 
perfect channel knowledge is assumed. This is an idealised scenario, since estimation of multiple channels while all 
transmitters are active is not trivial, but does demonstrate performance advantages for more powerful IC algorithms. 
For a coordinated system, it may be possible to schedule channel estimation packets, where each transmitter is 
allocated a packet or symbols within a packet to transmit, while the other transmitters are silent. The AAS parts of the 
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frame could be used for this. This approach may be viable for DL IC, but the overhead for UL sounding is likely to be 
too high for large deployments. Alternatively, more complex channel estimation could be employed. However, this 
relies on being able to discriminate between transmitted signals. The UL preambles can be cyclicly delayed to give 
discrimination between different CPE signals. This has the effect of introducing a linear phase roll across the 
frequency bins. Where a large number of distinct preamble delays are required, the discrimination between them will 
become more difficult.  

6.3.6 PRESENTATION OF RESULTS AND ANALYSIS 

The packet error rate (PER) for each of the 6 modes over each link is determined. Based on an ARQ mechanism and 
taking account of throughput losses due to retransmissions, a throughput for each mode can be found. The mode with 
the highest throughput is chosen subject to the actual throughput achieving at least 75% of the maximum throughput 
for that mode, otherwise the number of retransmissions would be too high. 

The process is repeated for every link, and then the mean of the achieved throughputs is calculated to give a figure of 
merit. In later tables, coverage is also given. Coverage is defined as the proportion of CPEs that have a viable link in 
any mode. The average throughput based on only CPEs with a viable link could also be calculated, though it turns out 
that the qualitative conclusions reached are no different. 

For visual presentation, the average throughput at each CPE is interpolated over the area. As such the interpolated 
values are just an indication what might be achieved. A similar interpolation is also repeated for every mode, and 
pixels that exceed at least 75% of the maximum throughput for that mode are flagged as providing coverage for that 
mode. Coverage plots for each mode are then produced, and again this should only be taken as an indication of 
coverage. 

6.4 RTD-MIMO CHANNEL ANALYSIS VERSUS SUI MODEL 

The Stanford University Interim (SUI) channel model  [Ref 38] has been proposed for IEEE 802.16 WiMAX channels.  
There are six SUI channels (SUI-1 to SUI-6) that are constructed for three typical terrain types.  The SUI models 
define several major channel parameters such as K-factor, RMS Delay Spread (DS), Doppler, antenna correlation, 
gain reduction factor and normalization factor etc. See Section 4.5.2 for further details.  Within this project, 
parameters of interest are the K-factor, RMS DS, antenna correlation and C/I. An investigation comparing the ray 
tracing channel characteristics to the SUI models is described in Appendix E of this document. The results are 
summarised here.  

Compared with the SUI models, the RTD-MIMO model can provide a wide range of SCM modelling information for 
complex radio channels. In this section, we have described how to generate channel data by RTD-MIMO model 
based on SISO ray-tracing tool. BS-CPE-sector assignment has been presented for a 5 cells and each BS has 3 
sectors over 3 km by 1.8 km central Bristol.  In order to help setup physical layer simulation parameters, we have 
compared channel characteristics between the SUI model and ray model for omni/sector antennas and array 
geometries.  Results indicate that our simulation area is most similar to the SUI-2 or SUI-3 channel types, but 
concurrent agreement in all significant parameters between SUI models and RTD results is not seen.  

6.4.1 C/I DISTRIBUTION 

Using the two antenna configurations described previously in Section 6.2 (all omni, or sectored/directional), the 
distribution of carrier to interference ratio is demonstrated in Figure 45. From Section 4.1 C/I targets of 17dB and 
33dB are required for the lowest and highest order modes to be considered (though as seen in Section 4.5.4 this 
depends on the channel characteristics). With omnidirectional elements it is clear that many locations have a poor C/I 
and the links would not be viable. However, with directional elements the C/I distribution is very much improved, and a 
higher coverage would be expected, but still unlikely to be complete coverage. Also, many of the CPEs would not 
have a sufficiently high C/I to operate in the highest rate modes. It is expected from these results that, significant 
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improvements in performance would be achieved by using directional elements.  The addition of IC is likely to make 
most impact for the omnidirectional scenarios, but gains, particularly in throughput, are still likely with directional 
elements.  
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 (a) Omnidirectional elements (b) Sectored/directional elements 

Figure 45 Carrier to Interference Ratio Distributions  

It is expected from the results comparing the C/I distributions that significant improvements in performance would be 
achieved by using directional elements. The addition of IC is likely to make most impact for the omnidirectional 
scenarios, but gains, particularly in throughput, are still likely with directional elements. 

6.5 PERFORMANCE ANALYSIS FOR THE DOWNLINK 

6.5.1 FIXED IC 

Initially, let us consider the performance with fixed IC (i.e. the received power of N interferers is reduced by XdB), and 
compare as this is applied to different numbers of interferers. When not all interferers are reduced, the reduction is 
applied to the strongest received signals. These simulations were carried out using a 1x1 physical layer simulation 
with the channels from the ray-tracing model. Table 10 and Figure 46a shows clear benefits of applying IC.  

How many interferers ideal IC is applied to How much IC 

All 4 3 2 1 

0dB (no IC) 1.22    

3dB 2.18 2.18 2.16 1.9 

6dB 3.42 3.42 3.24 2.48 

10dB 5.91 5.80 4.95 3.17 

15dB 9.78 9.29 7.39 3.78 

20dB 12.60 12.02 9.17 4.06 

Table 10 Throughput in Mbps with Fixed IC (omni elements, DL)  
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In this interference limited scenario the average throughput without IC is less than 8% of the maximum achievable 
throughput (the maximum possible throughput is 15.57Mbps). These show that with moderate levels of cancellation 
applying IC to only a few interferers is still effective, and thus few antenna elements are required. But to achieve more 
cancellation, the number of elements needs to be close to the number of transmissions (or more). In the simulations 
below up to 4 antenna elements are considered, which would allow cancellation of 3 interferers. Table 12 and Figure 
46b below demonstrates the effectiveness of fixed IC with directional elements. 
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Figure 46 Average Throughput for (a) Omnidirectional Elements (b) Directional Elements, with Fixed IC 

6.5.2 ASSESSMENT OF IC ON THE DL WITH OMNIDIRECTIONAL ELEMENTS 

Table 11 provides a summary of the down link scenario analysis for omnidirectional elements. 
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Antenna 
(BSxCPE) 

Algorithm Averaged 
Throughput 
(Mbps) 

Relative 
Throughput  

Coverage (%) Relative 
Coverage 

1x1 No IC 1.22 1.00 25 1.00 

 3dB  fixed IC 2.18 1.79 40 1.60 

 6dB fixed IC 3.42 2.80 52 2.08 

 10dB fixed IC 5.91 4.84 81 3.24 

 15dB fixed IC 9.78 8.02 100 4.00 

 20dB fixed IC 12.60 10.33 100 4.00 

1x2 SU 3.11 2.55 48 1.92 

 MU 5.50 4.51 73 2.92 

2x1 SU 1.98 1.62 33 1.32 

 MU 2.57 2.11 40 1.60 

2x2 SU 2.91 2.39 44 1.76 

 MU 5.31 4.35 73 2.92 

2x4 SU 3.84 3.15 50 2.00 

 MU 9.83 8.06 96 3.84 

4x4 SU 4.08 3.34 52 2.08 

 MU 10.46 8.57 96 3.84 

Table 11 Performance for Different Configurations (Omni Elements, DL) 

The key points to note from the analysis are: 

• The SU algorithm is showing approximately the equivalent of 5dB and 7dB of perfect IC with 2 and 4 
antennas respectively 

• Equivalent figures for the MU algorithm are 9dB and 15dB 

• There is little to be gained for transmit diversity in this scenario, this is not surprising given the limited 
scattering near the BS antennas. There is no improvement with two antenna transmit diversity, and a 
modest improvement with 4 antenna transmit diversity. This latter improvement is due partly to the 
larger spatial separation between the extreme elements, and similar may be possible with just 2 
elements more widely spaced  

• The SU algorithm can only achieve 50% coverage, with an average throughput less than 26% of the 
maximum 

• The less practical MU method provides close to 100% percent coverage with 4 receive antennas, and 
2/3 of maximum throughput  
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Figure 47 compares the achieved throughput over the area covered by the central BS for different configurations8. 
The improvement in throughput and coverage area is clear. 

                                                           

8 For the following interpolated throughput and coverage plots please refer to comments in Section 6.3.6. 
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(a) No interference cancellation (1x1) 
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(b) SU 1x2 (c) MU 1x2 
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(d) SU 4x4 (e) MU 4x4 

Figure 47 Interpolated Throughput (Mbps) for the DL with Omnidirectional Elements (geographic area shown, 
with scale in km) 

Figure 48 shows how the coverage area for each mode is increased for the two algorithms with a 4x4 configuration 
(red areas show where operation in the mode is possible, coverage outside this area may be possible in some cases, 
but CPEs further away from BS1 will be assigned to other BSs). 
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Figure 48 Coverage Area for each Mode on the DL with Omnidirectional Elements 

Near full coverage of the central cell is only achieved for the MU algorithm and for the lowest order modes. 

6.5.3 ASSESSMENT OF IC ON THE DL WITH DIRECTIONAL ELEMENTS 

Table 12 demonstrates the results when directional elements are used (120° sectors, 30° directional CPE elements): 
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Antenna 
(BSxCPE) 

Algorithm Averaged 
Throughput 
(Mbps) 

Relative 
Throughput 

Coverage (%) Relative 
Coverage 

1x1 No IC 7.68 1.00 83 1.00 

 3dB PIC 9.31 1.21 92 1.10 

 6dB PIC 11.20 1.46 100 1.20 

 10dB PIC 12.89 1.68 100 1.20 

 15dB PIC 14.57 1.90 100 1.20 

 20dB PIC 14.53 1.89 100 1.20 

      

1x2 SU 9.85 1.28 94 1.13 

 MU 12.31 1.60 100 1.20 

      

2x1 SU 8.76 1.14 92 1.10 

      

2x2 SU 9.78 1.27 94 1.13 

 MU 12.02 1.57 100 1.20 

      

2x4 SU 11.20 1.46 98 1.18 

 MU 14.93 1.94 100 1.20 

      

4x4 SU 10.96 1.43 96 1.15 

 MU 14.93 1.94 100 1.20 

Table 12 Performance for Different Configurations (Directional Elements, DL) 

This configuration provides a significant step forward in the coverage and achieved throughput. The key conclusions 
for this scenario are: 

• The SU algorithm is showing approximately the equivalent of 4 and 6dB of perfect IC with 2 and 4 
antennas respectively. These are only 1dB less than achieved with the omnidirectional case 

• Equivalent figures for the MU algorithm are 8 and over 15dB, which again are similar to the 
omnidirectional case 

• As before there is little to be gained for transmit diversity, and even 4 element transmit diversity provides 
no additional benefit  
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• Without IC, sectorisation and directional elements at the CPE provide clear benefits, with high coverage 
figures, though less than 50% of maximum throughput 

• The SU algorithm can achieve high levels of coverage, but not 100%, with average throughput 
approximately 2/3 of the maximum. Additional benefits with 4 antennas are limited, and so the extra 
costs may not be justified 

• The MU algorithm provides 100% percent coverage in all cases, and 80% and 96% of maximum 
throughput with 2 and 4 antennas respectively 

Figure 49 compares the achieved throughput over the area covered by the central BS for different configurations. The 
improvement in throughput and coverage area is again clear. 
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(a) No interference cancellation (1x1) 
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(b) SU 1x2 (c) MU 1x2 
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(d) SU 4x4 (e) MU 4x4 

Figure 49 Interpolated Throughput for the DL with Directional Elements 

Figure 50 shows how the coverage area for each mode is increased for the two algorithms with a 4x4 configuration. 
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Figure 50 Coverage Area for Each Mode on the DL with Directional Elements 

This shows that with the MU algorithm, near full coverage is possible even in the higher order modes. 

6.5.4 SPECTRUM EFFICIENCY ANALYSIS OF DL SCENARIOS 

For the sectored system 3 frequencies have been assumed (sectors are independent and not interfering, except with 
the equivalent sector in another cell). Although three times the spectrum is used, three simultaneous connections can 
be supported. The spectrum efficiency is summarised in Table 13 (based on 5MHz channel bandwidth): 
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Antenna 
(BSxCPE) 

Algorithm Omni 
(bits/s/Hz) 

Sectored 
(bits/s/Hz)  

1x1 No IC 0.24 1.53 

 3dB PIC 0.44 1.86 

 6dB PIC 0.68 2.25 

 10dB PIC 1.18 2.58 

 15dB PIC 1.96 2.91 

 20dB PIC 2.52 2.91 

1x2 SU 0.62 1.98 

 MU 1.10 2.46 

2x1 SU 0.39 1.74 

 MU 0.51 - 

2x2 SU 0.58 1.95 

 MU 1.06 2.40 

2x4 SU 0.77 2.25 

 MU 1.97 3.00 

4x4 SU 0.82 2.19 

 MU 2.09 3.00 

Table 13 Spectrum Efficiency for Different Configurations (DL) 

In all cases sectored/directional elements outperform omnidirectional elements. However, with increasing IC the 
advantage is reduced. 

6.5.5 SUMMARY OF DL SCENARIOS 

 The overall conclusions reached are: 

• Sectorisation works well, but still cannot achieve full coverage and near-maximum throughput on its own  

• The performance improvement for the algorithms related to an equivalent level of perfect cancellation is 
similar between the two scenarios (omni/sectored) 

• Transmit diversity offers little gains 

• The step from 2 to 4 receive elements only offers valuable benefits for the SU with omnidirectional 
elements or the MU system 



      
      

Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 
72/06/R/036/U        Page 85 of 175 

      

• The sectored system consistently offers higher spectrum efficiency, though this advantage is reduced 
with higher levels of IC 

• The IC algorithms investigated work well even with a large proportion of LOS links  

 

6.6 PERFORMANCE ANALYSIS FOR THE UPLINK 

6.6.1 FIXED IC 

Initially, consider the performance with fixed IC (i.e. the received power of N interferers is reduced by XdB), and 
compare as different numbers of interferers have this applied. When not all interferers are reduced, the reduction is 
applied to the strongest received signals. These simulations were carried out using a 1x1 physical layer simulation 
with the channels from the ray tracing model. Table 14 and Figure 51 show clear benefits of applying IC.  

 

How much IC Omni Directional 

0dB (no IC) 1.02 4.31 

3dB 1.44 5.32 

6dB 2.26 7.15 

10dB 3.94 10.31 

20dB 9.69 14.64 

Table 14 Throughput in Mbps With Fixed IC (Omni Elements, UL) 
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Figure 51 Average Throughput for (a) Omnidirectional Elements (b) Directional Elements, with Fixed IC 
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6.6.2 ASSESSMENT OF IC ON THE UL WITH OMNIDIRECTIONAL ELEMENTS 

Table 15 provides a summary of the down link scenario analysis for omnidirectional elements. 

Antenna 
(CPExBS) 

Algorithm Averaged 
Throughput 
(Mbps) 

Relative 
Throughput 

Coverage (%) Relative 
Coverage 

1x1 No IC 1.02 1.00 35 1.00 

 3dB PIC 1.44 1.41 42 1.18 

 6dB PIC 2.26 2.22 40 1.12 

 10dB PIC 3.94 3.86 69 1.94 

 20dB PIC 9.69 9.50 92 2.59 

      

1x2 SU 1.70 1.67 50 1.41 

 MU 3.60 3.53 67 1.88 

      

4x4 SU 2.05 2.01 48 1.35 

 MU 11.30 11.08 96 2.71 

Table 15 Performance for Different Configurations (Omni Elements, UL) 

The key points to note from the analysis are: 

• Without IC the throughput and coverage are lower than the DL. Perfect IC is proportionately a little less 
effective on the UL 

• The SU algorithm is showing approximately the equivalent of 4.5 and 5dB of perfect IC with 2 and 4 
antennas respectively 

• Equivalent figures for the MU algorithm are 8 and in excess of 20dB. These are similar to the DL figures 

• The SU algorithm can only achieve 50% coverage, with an average throughput less than 13% of the 
maximum. The coverage is equivalent to the DL, but the throughput is halved compared to the DL 

• The MU method provides close to 100% percent coverage with 4 receive antennas (as on the DL), and 
over 70% of maximum throughput (higher than the DL). For the 1x2 antenna configuration the UL 
performance is worse than the DL. This is a consequence of limited scattering near the BS (receiver), 
and so in this scenario transmit diversity is more effective by exploiting scattering local to the CPE  

 
Figure 52 compares the achieved throughput over the area covered by the central BS for different configurations. The 
improvement in throughput and coverage area is clear. 
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(a) No interference cancellation (1x1) 
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(b) SU 1x2 (c) MU 1x2 
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(d) SU 4x4 (e) MU 4x4 

Figure 52 Interpolated Throughput for the UL with Omnidirectional Elements 

Figure 53 shows how the coverage area for each mode is increased for the two algorithms with a 4x4 configuration. 
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Figure 53 Coverage Area for each Mode on the UL with Omnidirectional Elements 

These results demonstrate that the UL suffers greater interference than the DL, though without IC the difference is not 
great. With 2 antenna receive diversity the performance gains are more significant on the DL, and so the asymmetry 
increases to 1:1.8 (DL:UL) for the SU algorithm. With the 4x4 configuration the asymmetry is ~2:1 for the SU 
algorithm, but the MU algorithm provides symmetric capacity in this configuration.  

6.6.3 ASSESSMENT OF IC ON THE UL WITH DIRECTIONAL ELEMENTS  

Table 16 demonstrates the results when directional elements are used (120° sectors, 30° directional CPE elements): 
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Antenna 
(CPExBS) 

Algorithm Averaged 
Throughput 
(Mbps) 

Relative 
Throughput  

Coverage (%) Relative 
Coverage 

1x1 No IC 4.31 1.00 79 1.00 

 3dB PIC 5.32 1.23 83 1.05 

 6dB PIC 7.15 1.66 92 1.16 

 10dB PIC 10.31 2.39 96 1.22 

 15dB PIC 13.27 3.07 100 1.27 

 20dB PIC 14.64 3.40 100 1.27 

1x2 SU 5.74 1.33 85 1.08 

 MU 11.60 2.70 100 1.27 

4x4 SU 7.79 1.81 83 1.05 

 MU 15.06 3.50 100 1.27 

Table 16 Performance for Different Configurations (directional elements, UL) 

This configuration provides a significant step forward in the coverage and achieved throughput. The key conclusions 
for this scenario are: 

• The SU algorithm provides worthwhile improvements in throughput (33% and 81%), though coverage is 
only slightly improved. 

• There is an asymmetry in throughput between DL and UL for the SU algorithm of  1.71: and 1.4:1 for the 
2x1 and 4x4 configuration respectively. 

• The throughput gains for the MU are more significant (170% and 250%), and 100% coverage is 
achieved in both cases. There is no longer an asymmetry between UL and DL.   

• Both algorithms benefited from transmit diversity. 

Figure 54 compares the achieved throughput over the area covered by the central BS for different configurations. The 
improvement in throughput and coverage area is again clear. 
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(a) No interference cancellation (1x1) 
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(b) SU 1x2 (c) MU 1x2 
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(d) SU 4x4 (e) MU 4x4 

Figure 54 Interpolated Throughput for the UL with Directional Elements 

Figure 55 compares the coverage area for each mode. A further improvement in coverage is demonstrated, with the 
higher modes providing a large coverage area. The impact of geography and building blocking is clear on these 
figures.  
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Figure 55 Coverage Area for each Mode on the UL with Directional Elements 

6.6.4 SPECTRUM EFFICIENCY ANALYSIS OF UL SCENARIOS 

As on the DL, for the sectored system 3 frequencies have been assumed (sectors are independent and not 
interfering, except with the equivalent sector in another cell). The spectrum efficiency is summarised in Table 17 
(based on 5MHz channel bandwidth): 
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Antenna 
(CPExBS) 

Algorithm Omni 
(bits/s/Hz) 

Sectored 
(bits/s/Hz)  

1x1 No IC 0.20 0.862 

 3dB PIC 0.29 1.06 

 6dB PIC 0.45 1.43 

 10dB PIC 0.79 2.06 

 20dB PIC 1.94 2.93 

1x2 SU 0.34 1.12 

 MU 0.72 2.32 

4x4 SU 0.41 1.56 

 MU 2.26 3.01 

Table 17 Spectrum Efficiency for Different Configurations (UL) 

In all cases sectored/directional elements outperform omnidirectional elements. However, with increasing IC the 
advantage is reduced. 

6.6.5 SUMMARY OF UL SCENARIOS 

 The overall conclusions reached are: 

• There are clear benefits of deploying a sectored system, with typically a spectrum efficiency 
improvement by over a factor of 3. This gain is reduced with more effective IC in operation  

• The UL is more susceptible to interference than the DL and therefore in most scenarios there will be an 
asymmetry between UL and DL throughputs. The asymmetry is less significant for the MU algorithm, 
and sores not exist for the 4x4 MU configuration  

• Transmit diversity is more effective on the UL, since scattering local to the CPE can be exploited 

• The MU algorithm again offers the best performance, with 100% coverage and 96% of maximum 
throughput being possible in the directional scenario 

 

6.7 SUMMARY OF RESULTS AND DISCUSSION 

This section has described an investigation into the performance of a realistic BFWA scenario, and has presented a 
performance analysis with alternative IC algorithms and antenna configurations. The original intention was to 
understand to what extent full frequency reuse could be achieved, that is, being able to reuse the same frequency(ies) 
at every BS. 

The performance with omnidirectional and directional elements has been investigated. Directional elements provide a 
mechanism for interference avoidance, which is always to be preferred to allowing interference and then trying to 
remove it. This demonstrated the clear benefits of using directional elements, but on their own cannot provide 100% 
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coverage of a high throughput across the whole cell. Therefore IC in conjunction with direction elements has shown 
that high coverage levels can be achieved even in the highest throughput modes. It has been noted that highly 
directional elements at the CPE will increase installation costs (requiring a higher level of skill), and so less directional 
elements in conjunction with IC could reduce such costs. In some scenarios, such as mobile terminals, fixed 
directional elements are not viable and so omnidirectional CPE elements will be required. 

The results have shown IC to offer significant benefits in average throughput and coverage. It was expected from the 
physical layer results in Section 3.2 that IC would offer most significant gains with diversity rich channels. However, 
the ray tracing analysis showed a high proportion of LOS channels, but effective IC was still achieved. IC is likely to 
be even more effective in NLOS scenarios, such as large cells or mobile BWA [Ref 39]. 

Results with a fixed IC performance improvement have been presented to demonstrate performance improvements 
that might be attained independent of the actual IC algorithm employed. The comparison of the scenario results to 
fixed IC showed that the effective fixed IC gain was similar between scenarios for the same antenna configuration and 
algorithm. 

A summary of the results are presented in the tables below. The relative throughput and coverage values are relative 
to the no IC case with the same configuration (omnidirectional or directional, uplink or downlink). The SU algorithm is 
effective as low cost option, with 2 antenna receive diversity always providing benefits. There is limited benefit of the 
more complex (4x4) arrangements for directional scenarios. As expected the MU algorithm is more effective, but did 
assume perfect channel knowledge. By exploiting known channels, 4 antenna receive diversity always offers 
significant benefits over 2 antennas.  

In both cases, transmit diversity offers little if any additional benefit on the downlink. Any gains due to transmit 
diversity are more significant with 4 antenna diversity, however this may be due to the wider separation of the extreme 
elements, and so simplification possible by just employing 2 antenna diversity with much wider spacing (20 
wavelengths). This result is expected since there is little scattering in the vicinity of the BS. On the uplink, transmit 
diversity is more effective (especially with the MU algorithm), since the scattering local to the CPE can be exploited 
more effectively. 

The uplink scenarios without IC had lower throughputs than the DL. While IC was still effective, the relative gain was 
less than on the DL. With high mounted BSs a larger proportion of interferers would have a LOS channel to the BS, 
and therefore, as suggested in the physical layer results, IC was less effective.  Except for the 4x4 configuration with 
the MU algorithm, all other configurations would offer asymmetric throughputs, such as ~2:1 (DL:UL) with 
omnidirectional elements. 

The results show that on the downlink, the combination of IC and directional elements with the SU algorithmcan 
achieve over 90% coverage and an average throughput of 2/3 of the maximum. Using the more complex MU 
algorithm provides 100% coverage in all DL cases, and average throughput of 80% and 96% of the maximum for 2 
and 4 antenna systems respectively. The additional expense of 4 antenna systems may not be justified with 
directional elements, but the benefit is more significant with omnidirectional elements. 

For the UL, the SU algorithm can achieve 85% coverage and 37% of the maximum throughput with directional 
elements. The MU algorithm can achieve 100% coverage and an average throughput of96% of the maximum.  
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 Downlink, omnidirectional, SU algorithm Downlink, omnidirectional, MU algorithm 

Antennas Relative 
throughput  

Relative 
coverage 

Spectrum 
efficiency 
(bps/Hz) 

Relative 
throughput  

Relative 
coverage  

Spectrum 
efficiency 
(bps/Hz) 

No IC 1.00 1.00 0.24 N/A N/A N/A 

1x2 2.55 1.92 0.62 4.51 2.92 1.10 

4x4 3.34 2.08 0.82 8.57 3.84 2.09 

Table 18 Summary of Omnidirectional Downlink Scenario Results 

 

 Downlink, directional, SU algorithm Downlink, directional, MU algorithm 

Antennas Relative 
throughput  

Relative 
coverage  

Spectrum 
efficiency 
(bps/Hz) 

Relative 
throughput  

Relative 
coverage  

Spectrum 
efficiency 
(bps/Hz) 

No IC 1.00 1.00 1.53 N/A N/A N/A 

1x2 1.28 1.13 1.98 1.60 1.20 2.46 

4x4 1.46 1.18 2.19 1.94 1.20 3.00 

Table 19 Summary of Directional Downlink Scenario Results 

 

 Uplink, omnidirectional, SU algorithm Uplink, omnidirectional, MU algorithm 

Antennas Relative 
throughput 

Relative 
coverage 

Spectrum 
efficiency 
(bps/Hz) 

Relative 
throughput 

Relative 
coverage  

Spectrum 
efficiency 
(bps/Hz) 

No IC 1.00  1.00 0.20 N/A N/A N/A 

1x2 1.67 1.41 0.34 3.53 1.88 0.72 

4x4 2.01 1.35 0.41 11.08 2.71 2.26 

Table 20 Summary of Omnidirectional Uplink Scenario Results 
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 Uplink, directional, SU algorithm Uplink, directional, MU algorithm 

Antennas Relative 
throughput  

Relative 
coverage 

Spectrum 
efficiency 
(bps/Hz) 

Relative 
throughput 

Relative 
coverage 

Spectrum 
efficiency 
(bps/Hz) 

No IC 1.00 1.00 0.86 N/A N/A N/A 

1x2 1.33 1.08 1.12 2.70 1.27 2.32 

4x4 1.81 1.05 1.56 3.50 1.27 3.01 

Table 21 Summary of Directional Uplink Scenario Results 

The emphasis in this report has been on keeping the same cell areas, and increasing throughput and coverage within 
the cell. An alternative approach would be to allow the BSs to be closer, providing smaller cells. The area spectrum 
efficiency (bps/Hz/km2) will increase since the total available throughput is spread over a smaller area. Referring to 
the equivalence in performance to fixed IC, the gain in interference rejection could be used to determine an indication 
of closer BS separation. Typical values of equivalent fixed IC gain were 4dB, 7dB and 15dB (taking a sample of the 
results). With an assumed path loss exponent of 3, these gains would allow BS separation to be reduced by factors of 
1.36, 1.71 and 3.16 respectively.  

The modelling approach has been demonstrated as an effective assessment tool for small cell BFWA scenarios. 
Limitations on the geographic database meant only a single cell could be modelled, and further work could consider a 
larger area. A larger database is also likely to introduce longer delayed multipath path components that are not 
currently included, which would add to the channel diversity and potentially improve performance benefits of IC 
further. The approach would be very applicable to mobile BWA modelling, where the benefits of IC are likely to be 
even greater. The tool would also allow for MIMO processing such as space-time coding to be implemented and 
assessed in the presence of interference. 

The MU algorithm offers the most significant performance gains, and further work should consider how the channel 
estimates might be derived (e.g. using the AAS mechanism, cyclic delay of the preambles or parallel estimation). 

7 COMPLEXITY ANALYSIS 

7.1 IC EQUIPMENT FOR FIXED LINKS 

7.1.1 BASEBAND PROCESSING 

The baseband processing for most fixed link equipment now utilises a single chip modem device that integrates all 
functions necessary for demodulation including sample timing recovery, carrier recovery, equalisation and forward 
error correction. Most baseband devices support dual-polar operation and will include a cross-polar canceller, usually 
implemented as a cross-coupled tapped delay line adaptive filter. An example of this type of device is the Provigent 
PVG 310 where XPIC is supported as standard, although two PVG 310 devices are required for dual-polar operation. 
Even if a link does not use co-channel dual-polar operation the same baseband device is likely to be used by the fixed 
link equipment manufacturer. In principle cross-polar interference cancellation (XPIC) techniques perform the same 
function as the IC algorithm described in section 3.2, particularly if XPIC implementations do not require horizontal 
and vertical polarised transmissions to be synchronous. The Provigent PVG310 for example does not require the bit 
streams applied to horizontal and vertical polarisations to be synchronised. Furthermore independent carrier phase 
tracking would be applied to the horizontal and vertical polarisations in the receiver, consequently frequency 
differences between wanted and interfering signals can be tolerated. In fact frequency differences up to 10ppm (at 
38GHz) between the two signals could potentially be tolerated for 28MHz bandwidth links. This is likely to be sufficient 
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for the oscillator stabilities encountered in fixed link applications. One potential issue in the use of existing XPIC 
techniques is whether a high degree of cross-coupling (> -10dB) between the wanted and interfering signals can be 
tolerated, as this will limit the use of the technique when an interferer is close to the link boresight. 

If the baseband processing device does not support XPIC then there would be a significant modification required to 
support IC. Similarly to support IC with co-channel dual polar transmission would require a significant modification of 
an existing ASIC. Most ASIC implementations are likely to include a DSP processor that will perform some low rate 
processing tasks that need not be implemented in hardware such as filtering, equalisation or error correction. The 
inclusion of a DSP processor within the ASIC will allow some scope for changes to certain algorithms, however the 
level of modification required if the device does not support XPIC, or is applied to a dual polar transmission would 
require significant hardware changes. 

A practical IC algorithm will require some mechanism to detect the absence of an interfering signal. If IC is applied in 
the absence of an interfering signal, then usually a performance degradation will result in the detection of the wanted 
signal, as the received signal model being used within the receiver does not match the received signal. The signal 
level of the interfering signal may only be large enough to cause a problem when it is enhanced, which is a relatively 
infrequent event. Baseband devices supporting XPIC may have to be modified because this functionality would not be 
expected for cross-polar IC. The extent of the modification required to incorporate such functionality will depend upon 
the precise implementation of the XPIC algorithm, however it is likely that with an integrated DSP processor a 
software implementation would be possible. 

7.1.2 RF PART 

A possible solution would be to re-use existing equipment supporting co-channel dual polar operation, however whilst 
duplication of the receive path to the baseband processor is necessary to support IC, the duplication of the transmit 
path is not. Consequently such a solution would not be cost effective. A better starting point might be to modify single 
polarisation equipment that supports space diversity reception. Most space diversity reception equipment implements 
switched combining at an intermediate frequency, therefore the baseband processor is presented with a single signal. 
Consequently the diversity combining function would be removed and the baseband processor replaced with one that 
supports XPIC. Typically this functionality would be integrated into a single unit along with the transmit path. A 
simplified block diagram of such a transceiver unit allowing IC is shown below in Figure 56. 

The modified transceiver unit would be incorporated into a typical hardware architecture for a fixed link transceiver 
using a branching network that supports space diversity reception to allow both sensing antenna and main antenna to 
be connected to one or more transceiver units (one of which may serve as a standby), an example is shown in Figure 
57. 
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Figure 56 Block Diagram of Transceiver Unit Incorporating IC 
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Figure 57 Hardware Architecture with IC 

7.1.3 RESTRICTIONS ON USE 

The implementation approach described above will have some restrictions on its use and these are highlighted below: 

• Single Polarisation Operation Only 

• Interferer to have similar symbol rate to wanted signal 

• Single dominant interferer in a fixed and known direction 

An extension to dual polar operation would be possible, but would require a completely new baseband IC being 
developed with four receive inputs (two from the main antenna and two from the sensing antenna).  

7.1.4 BASEBAND COMPLEXITY ANALYSIS 

The complexity of the MIMO-DFE for 2 signals and 2 antenna inputs is estimated in this section and compared with 
the complexity of a conventional DFE for a single signal and single antenna. The details of the complexity analysis are 
contained in Appendix F of this document. Although the complexity analysis is not used in developing the cost 
estimates, because actual equipment cost estimates are used, it does show the complexity increase relative to a 
conventional single signal receiver. 

The complexity analysis considers an ASIC implementation. Taking a clock speed of 250MHz for arithmetic units and 
assuming 12 bit arithmetic throughout (conservative), then for a symbol rate of 25Ms/s the number of gates required 
to implement a two-signal DFE is about 240k gates, whilst for a single signal DFE it is 64k gates representing an 
increase in complexity of a factor of 3.75. The two-signal DFE should be implementable with most of the structured 
ASIC devices available at the moment. 
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7.1.5 RECEIVER COST ANALYSIS 

Adopting the transceiver architecture of Figure 56 as the basis for the cost analysis, then the cost of adding IC is 
roughly the cost of adding space diversity from an RF point of view, plus the extra cost of the baseband IC that 
supports XPIC and the cost of an additional antenna.  In Table 22 below are costs for a typical single polar 155Mb/s 
link operating in the 7.5GHz band and with hitless protection. The costs for a link without this protection are roughly 
half. 

Description Cost 

Ceragon Microwave FibeAir 1500 7/8GHz Band, OC3, 28MHz, Single Polarisation, 1+1 
Protection 

£42,900 

Ceragon Microwave FibeAir 1500 7/8GHz Band, OC3, 28MHz, Single Polarisation 1+1 
Protection, Rx Space Diversity 

£44,100 

6’ 7GHz Single Polar Antenna £1,800 

Table 22 Basis for Cost Estimate 

The Ceragon FibeAir product family has built-in XPIC, and it is assumed that it is not enabled for equipment operating 
single polarisation links. Consequently the cost of adding space diversity is about £1200. If the cost of adding IC is 
comparable to adding space diversity, and allowing a margin to cover for increased baseband costs, then the cost of 
adding IC is estimated to be around £1800, plus the cost of two additional antennas if IC is implemented at both ends 
of the link. So the total cost per link assuming that IC is installed at both ends of the link would be about £5400. If IC is 
implemented at only one end of the link then the cost would be halved. For unprotected links there would be a further 
(small) cost reduction. The cost analysis presented above assumes that the market size for IC is similar to that for 
space diversity reception. 

7.2 IC EQUIPMENT FOR BFWA 

The IC technique proposed for BFWA employs receiver only processing with an MMSE-type algorithm. Both two and 
four antenna receivers are considered in the complexity analysis. Transmit antenna diversity has not been 
considered. The typical antenna spacing would be 80cm (~10λ) at the BS and 20cm (~2.3λ) at the CPE. 

7.2.1 ADDITIONAL EQUIPMENT 

At the CPE & BS additional antennas, RF chains and receiver digital conversion will be required. Additional DSP 
processing for the receiver will also be required. 

7.2.2 PROCESSING COMPLEXITY 

The complexity of the additional processing required to support IC has been estimated and described in Appendix G 
of this document. In terms of operation speed, taking 500 real MAC operations per sub-carrier per packet, would 
require 200MMAC/second for real time operation. This is achievable with one additional low performance DSP, for 
example see [Ref 40].  

The above analysis gives an indication of the additional complexity involved in implementing IC in BFWA receivers. In 
practice an ASIC implementation is likely for the CPE, although FPGA and DSP implementations would be 
considered for the BS. 
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7.2.3 ARCHITECTURE 

The receiver architecture is shown in Figure 58. Without IC only one RF/IF/ADC/FFT chain is required. With receiver 
IC, these processes are repeated for each antenna element. For the SU algorithm, the pilot information from the 
wanted signal is used to determine the channel estimate for just the wanted signal to each antenna. With the MU 
algorithm, a joint detection method will be required to estimate the channel from all transmitters (wanted and 
interfering) to each receiver antenna. The IC algorithm operates on these channel estimates to determine the 
combining weighting (per sub-carrier) for each antenna. After combination the remaining processing is the same as 
for the non-IC receiver.  

Baseband

RF/IF ADC FFT

Extract pilots

RF/IF ADC FFT

Channel estimation,
interference
cancellation/
equalisation

Detect/
decode

 

Figure 58 Receiver Architecture for BFWA with IC 

 

7.2.4 POWER CONSUMPTION 

The additional power consumption of the receiver algorithms is considered to have a negligible additional cost. 

7.2.5 INSTALLATION SKILL 

The CPE will be a single unit with all antennas integrated, and would be oriented as with any directional element. 
Less antenna directionality will reduce the required skill level since the alignment tolerance will be greater, and so the 
operator could consider using IC processing as an alternative to highly directional elements.  

It is expected that sectored elements with receive diversity will be deployed at the BS anyway, and so the additional 
skill is for upgrading the existing baseband units.  

The algorithms proposed do not require antenna steering vectors to be known, so precise location is not required. 
There is no requirement for antenna calibration. 



      
      

Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 
72/06/R/036/U        Page 101 of 175 

      

8 COST ANALYSIS 

8.1 STAKEHOLDERS 

This section identifies the various stakeholders who have an interest in the deployment of IC techniques for the two 
candidate systems that have been investigated, and looks at the impact of deploying these systems on their 
respective interests. 

8.1.1 TREASURY (UK PLC) 

From the Treasury’s perspective (or more generally the UK economy as a whole), introducing IC in fixed links and 
BFWA should generate additional income through the multiplication of businesses and increased competition, as 
more operators will be able to operate within the current limited spectrum. The additional services that operators will 
be able to offer as a result of the improved throughput or data rates should also generate extra revenues. 

Realistically IC is probably only a solution for incumbents and unlikely to encourage new entrants unless the gains are 
significant. In fixed links for instance, unless IC allows a significant number of new links in areas of existing high link 
density, there is little incentive for new entrants to invest in IC technology due to its increased cost. 

On the other hand, income from spectrum licensing may be reduced as IC would potentially allow a percentage of 
links to be squeezed in existing bands before new bands were necessary. 

8.1.2 REGULATOR (OFCOM) 

The impact of IC on the regulator is discussed in more detail in section 9 on Regulatory Issues. 

The regulator can adopt two attitudes towards IC:  introduce strict regulations mandating that any new systems use IC 
enabled equipment, or leave it up to the market forces to push IC through as a viable mechanism for managing the 
interference. An intermediate solution would be to introduce a light touch approach such as equipment type approval 
and registration mechanisms so new entrants are aware of what is transmitting and receiving in the service area for 
their own planning requirements. 

In the first approach (strict regulation), the onus will be on the regulator to guarantee a minimum service availability. 
Bearing in mind the performance uncertainty of any IC technique (most models will use a statistical description of the 
interference environment), this would expose the regulator to unnecessary challenges from unsatisfied spectrum 
users, particularly from high service availability operators such as those typically using fixed links.  

In the second approach (market forces), and in the case of BFWA, by allowing higher interference between cells there 
is a reduced need for coordination between operators, and therefore reduced need for regulator intervention. The 
existing coordination document can be updated to reflect this with reduced separation thresholds before coordination 
is required when systems employ IC. 

8.1.3 END-USERS 

IC techniques should be transparent to end-users. Possibly, the offering of higher quality links may be attractive (for 
new services) but capacity is more of an issue (for new customers). IC could potentially minimize disruption when 
offering more capacity if existing links are interference limited.  

For fixed links users, down-time to install IC on legacy systems could be important, although operators would 
generally have alternative solutions, particularly in high availability links. 
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In BFWA systems, larger or additional equipment on roofs and potentially higher costs (for operators will somehow 
need to recover some of their additional investment from their users), might put off a number of new customers or 
direct them to alternative non-wireless operators such as cable and leased lines. 

It should also be noted that users close to the BS may not need IC enabled equipment and the main beneficiaries are 
likely to be users on the edge of coverage who would otherwise not be served.  

8.1.4 OPERATORS  

Extra revenue will be generated from existing spectrum use due to extra capacity both in terms of additional 
customers being able to satisfy minimum service level requirements but also from customers being able to improve 
their data throughput and access additional services. As demonstrated later in this section, there is a significant 
saving to be made by operators for achieving a given capacity when IC is used, indicating that investment in IC 
technology should be more appealing than acquisition of new spectrum, acquisition of additional sites, etc, thus 
offering savings and higher profits. 

Higher system capacity and service availability would also translate into more satisfied users (less call-outs), fewer 
coverage holes, and less BSs to deploy. 

For the BFWA application, any new IC equipment would still operate within the IEEE 802.16 standard, so legacy 
equipment would still be supported. The operator would be able to deploy different cost equipments at consumer 
premises according to the interference conditions. With larger coverage areas, the operator might also he able to 
reduce the number of frequency channels in use – so either provide multiple layers (different channels in the same 
location, e.g. for hot spots) or increase available bandwidth to remaining cells. 

Despite all the advantages mentioned above, the aim of any operator remains to be able to achieve the desired link 
performance at the lowest cost. Although IC should help lower these costs, it also complicates the planning process  
as IC cannot be used as a shortcut or an excuse for poor planning. The fact that IC and non-IC links might co-exist in 
a given band makes that process particularly complex to manage, and sound planning guidelines will need to be 
developed and training provided to planners. Area modeling and occasional site surveys would be required to 
determine which version of CPE is required. 

As a result, existing tools and models will need to be adapted to allow for IC options. This may be easier for some 
tools than others. 

Another potential drawback for operators is the increased rents they will have to incur in accommodating additional 
hardware. This could result in contract renegotiation with all the additional costs associated with such a process. 

8.1.5 MANUFACTURERS 

Manufacturers of antennas and baseband equipment will see a great market opportunity if IC is adopted, provided 
volumes are sufficient to yield a reasonable profit margin. IC chipsets would be integrated into upgraded versions of 
the baseband systems and could be software enabled, providing a flexible product to the operators, depending on 
their requirements. 

For both antenna and baseband equipment manufacturers, some investment will be needed in R&D and testing 
before products can be launched on the market. For BFWA where volumes are expected to be high, a short term ROI 
could be expected since operators themselves would only start a service if uptake is profitable, which generally 
means an acceptable number of subscribers. 

For the fixed-links case, it is not as straightforward as BFWA because volumes are likely to be smaller, and 
investment costs higher. 
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8.1.6 LANDLORDS 

Introducing IC in equipment would benefit landlords through more rent from premises:  

• Cabinet space  

• Possibly providing space for additional towers (fixed links) 

• Renegotiation of contracts and acquisition fees 

In the BFWA scenario, landlords of business premises would be able to offer tenants broadband services as part of 
their tenancy in areas where IC would make it possible to deliver the services. Having additional RF equipment on the 
roof would however put additional burden on the landlord in terms of managing their airspace and issues such as 
health and safety would need to be addressed accordingly. 

8.2 COSTS 

This section provides detailed costing of the various elements required to deploy the IC technology. Where applicable, 
the section also clearly indicates the source of information and any underlying assumptions made regarding the 
deployment of the system. 

Four headline cost categories were identified:  

• Equipment cost. This is any additional equipment (antennas, cables, splitters…) that will be required to 
implement the IC solution for each of the two candidate systems (BFWA and Fixed Link) 

• Development cost (hardware and software). This is the cost of developing the IC solution 

• Deployment cost. This is to include installation, build (when required), commissioning, and setting-up 

• Running cost. This will include the cost of maintenance, monitoring (if required), power consumption, 
site rental, and equipment warranty premiums 

Costs of non-IC systems have also been examined with a view to determining the baseline expenses for each of the 
two systems and determine the excess expenditure associated with the introduction of the IC element to each system. 
The costs have been analysed from an operator’s perspective, as it is the operators who will ultimately bear the cost 
of fitting IC to their network. 

The section is split into two: one for each of the two scenarios under investigation. 

For each item, three costs have been determined: a low cost, a typical cost and a high cost. These should be 
regarded as an indication of the range of the costs and would generally be associated with differences in hardware 
performance, installation complexity, site type and other variations likely to introduce a sensible cost variability.  
Typically, these refer to: 

Low Cost Option 

• No tenancy / landlord issues 

• Rent free 

• Simply an additional box, cable & antenna. 

• Single interferer (in the case of BFWA) 
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• Low specification equipment used 

• No disruption to existing links 

• Planning required 

Typical Cost Option 

• Some re-use of existing infrastructure 

• Two interferers (BFWA scenario) 

• Deployment on a rooftop 

• Moderate amount of works/re-planning required 

• Rental costs are moderate 

• Medium specification equipment deployed 

• Planning application/acquisition 

High Cost Option 

• New mounting structure required with planning 

• Site survey, re-planning 

• Deployment on a mast, requiring professional rigging engineers and lifting equipment (fixed links case) 

• High rental costs 

• Significant containment work 

• High specification equipment deployed by the operator 

• Possible downtime on existing links required (fixed links). 

8.2.1 COSTS FOR THE FIXED LINK SCENARIO 

In this section the cost elements for the fixed-link scenario are presented, starting with the non-IC system to provide a 
baseline cost against which to compare the added expenditure of deploying an IC system. 

8.2.1.1 Non-IC Equipment Cost 

Indicative costs for basic fixed link systems are given in Table 23 below. These costs are a result of internal 
discussions between the project partners and are based on past experience since it was found difficult to obtain these 
costs from manufacturers directly. 
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Link cost item Low cost Typical High cost 

Hardware £20,000 £30,000 £40,000 

Installation, testing and 
commissioning 

£10,000 £15,000 £20,000 

Running and 
maintenance costs 

£5,000 £7,500 £10,000 

Table 23 Fixed Link Scenario Cost Elements 

The cost of the hardware comprising the RF, baseband, containment and accommodation, is expected to be in the 
range £20k to £40k. Installation, testing and commissioning were taken as 50% of the equipment cost and are typical 
of costs found in the industry. These figures are also found to be consistent with the BFWA system deployment and 
installation. 

Running costs mainly include the rental charge and an allowance for equipment warranty extension, the total running 
cost being estimated to be 25% of the hardware cost. 

8.2.1.2 Additional Costs Due to IC 

The RF hardware item is dominated by the cost of the antenna. The range of variation is very large and depends on 
the performance of the antenna in terms of gain, front to back ratio, cross-polar discrimination, VSWR and radiation 
beam characteristics. The figures reported here are extracted from the Andrew Corp catalogue9 for a 7.5GHz system. 

The site survey and acquisition cost includes a structural engineer’s assessment of the additional weight to the 
structure, the acquisition agent’s fee (generally this would be paid to the landlord as part of a managed service), 
drawings and preparation of documents for a planning permission application if required by the local authorities.  

The installation cost includes labour costs for installing and aligning the antenna and fixing the feeder cable to the 
host structure by a professional rigger. The variability in the costs between the different deployment scenarios is 
largely due to the type of hosting structure. For rooftop systems, the cost would be minimal but could almost double 
for a mast structure. The testing and commissioning of the system is also included in the installation cost. Between 1 
(low cost) and 3 days (high cost) of effort by a radio planner was accounted for in the cost for re-planning the network 
using the IC-specific protection ratios. 

Cost item Low cost Typical High cost 

RF Hardware £1,800 £4,100 £9,700 

IC Hardware £1,000 £1,800 £2,500 

Deployment costs £800 £8,100 £12,500 

Running and 
maintenance costs 

£600 £4,800 £7,000 

Table 24 Fixed Link Scenario Additional Costs due to added IC Capability 

                                                           

9 www.andrew.com 
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Running costs are primarily for renting space on the structure. In the low cost deployment scenario, we have assumed 
that there is no rental cost associated with the IC antenna deployment or the housing of the hardware (the associated 
acquisition costs were also set to zero for this scenario), assuming that the operator owns the hosting structure. The 
maintenance cost consists of a yearly visual inspection of the installation. Any additional cost for attending or fixing a 
detected problem is not included. It would be reasonable to assume that the operator would extend the support 
warranty of the non-IC equipment to the new equipment that is already accounted for in the non-IC running costs. 

8.2.1.3 Licence Costs 

Bandwidth Data rate Licence fee 

Not more than 3.5 MHz 8 Mbits/s £420 

8 Mbits/s £840 More than 3.5 MHz but not more 
than 7 MHz 

16Mbits/s £565 

16 Mbits/s £1,130 More than 7 MHz but not more than 
14 MHz 

34 Mbits/s £870 

34 Mbits/s £1,740 More than 14 MHz but not more 
than 28 MHz 

140 Mbits/s £1,125 

More than 28 MHz but not more 
than 56 MHz 

140 Mbits/s £2,250 

Table 25 Licence Fees for the 7.5GHz Fixed-Link Assignment 

Licence costs for the 7.5GHz band are given in Table 25 above. The figure used in the cost model was £2,250 as this 
corresponds to the scenario investigated in this study. 

8.2.1.4 Other Costs 

Other costs not included in the analysis are: 

• Backhaul Costs: These will depend on the commercial arrangement between the link operator and the 
capacity provider. In many instances, the same operator will have their own backbone network. As a 
result of the large variability in these costs, this parameter was not taken into account in the cost model. 

• Downtime Costs: Assuming a retrofitting of the IC system, the existing link would need to be turned 
down whilst the RF is diverted into the IC box. During that time, a temporary link would normally be set-
up nearby to support the service during the interruption of the existing link. Most operators with high 
availability links will already have in place back-up plans or redundant links for use during maintenance 
hours and could rely on these alternative options when retro-fitting. 

• New Structure Costs: The IC antenna requires being located close to the victim antenna for an optimum 
IC. This might not be possible in heavily populated masts where a second structure would normally be 
built. The cost of such a structure would far exceed the cost of the system itself and would be done 
following commercial negotiations between the landlord and the operator. As a result, the net cost to the 
operator would be difficult to assess as part of this study. 
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8.2.2 COST FOR BFWA SCENARIO 

This section summarises the costs for the BFWA scenario, firstly the cost of the BS and CPE without IC is examined 
followed by the additional cost of adding IC at the BS and CPE.  

8.2.2.1 Cost of the non-IC System 

The overall costs of the baseline BFWA equipment, without the IC, are given in the table below. 

BS cost item Low cost Typical High cost 

Hardware £20,000 £21,500 £27,000 

Acquisition/survey £6,500 £8,500 £10,500 

Installation £4,300 £5,200 £6,100 

Running costs £5,900 £7,200 £9,300 

Table 26 BFWA Scenario Base Station Cost Elements 

The cost of hardware is by far the largest expenditure item. The main hardware element on this table is a 4-sector 
basestation with receive diversity in each sector. Other configurations of the base station with different numbers of 
sectors are possible. As a result, the variation between low and high costs is quite small and refers primarily to the 
site type (rooftop or green field) and the difference in the number of sectors in (1, 2 or 4). 

The acquisition element is the second largest contribution to the overall cost and includes acquisition agent fees, 
survey and legal fees and design, planning and commissioning costs. These tend to vary considerably between one 
site and another due to complexities in the acquisition process. In general, landlords would provide a managed 
service for operators that would include space acquisition on existing structures/building rooftops. 

Installation will include network planning, setting-up of a frame to receive the BS antenna, installing the antennas, 
containing the feeder and installing the BS in a cabinet or in a dedicated accommodation if on a rooftop. 

Running costs are dominated by the rental costs, both internal (for the cabinet) and external (RF hardware) and by 
equipment warranty premiums which provides the operator with continuous support, estimated to be ~10% of the total 
equipment cost. Other running costs taken into account include software upgrades, electricity charges and an 
allowance for annual maintenance (all at about 1% of total equipment cost) and faults/call-out charges (~2.5%). 
These costs are comparable to the costs of current deployments. 

By comparison, the costs of the CPE are negligible as shown on the table below. 

CPE cost item Low cost Typical High cost 

RF equipment £40 £60 £100 

Subscriber unit £120 £220 £350 

Installation £40 £60 £100 

Table 27 BFWA Scenario CPE Cost Elements 

The subscriber unit cost is derived from several industry estimates of CPE cost for unlicensed bands. The low cost 
assumes large volumes whilst the high cost is for smaller volumes. Assuming a high take-up of the service costs 
would be expected to fall further. 
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Installation costs are quite small for a CPE as it does not require highly skilled installation engineer. The cost of the 
RF equipment (antenna, feeders, mounting brackets, lightning protection, and connectors) assumes a run of 10m of 
coaxial cable. 

Running costs (electricity and repairs) should be entirely supported by the client. 

8.2.2.2 Cost of the IC System at the BS 

The following costs for the BS IC equipment assumes retro-fitting. This might be less likely in the case of BFWA (than 
for fixed-links) since this is a relatively new technology and it should be expected that IC, if beneficial to the operator, 
be fitted in all new installs. 

BS-IC cost item Low cost Typical High cost 

RF hardware 0 0 0 

IC hardware £500 £1,250 £1,500 

Acquisition/survey 0 0 0 

Installation £100 £150 £200 

Running costs £100 £150 £200 

Table 28 BFWA Scenario Additional Costs at Base Station due to Added IC Capability 

There is very little cost associated with deploying the IC application at the BS, other than the cost of the baseband 
hardware supporting IC. As BFWA is a relatively new technology and currently BS volumes will be small, some 
additional cost for IC enabled hardware is anticipated. As BS volumes increase and if IC becomes a standard feature 
then the cost premium of adding IC will reduce.  

Installation costs consist of replacing existing baseband equipment with the IC enabled baseband. 

Running costs become part of the on-going running costs of the baseline system for any of the RF parts. An additional 
maintenance charge is included for the baseband IC hardware, general maintenance and support, rental and software 
upgrade as a percentage of the running costs of the non-IC system. 

8.2.2.3 Cost of the IC System at the CPE 

The costs of installing IC at the CPE unit are given in the table below. 

CPE cost item Low cost Typical High cost 

RF equipment 0 £40 £80 

IC Hardware 0 £50 £100 

Installation 0 £150 £200 

Running 0 £20 £30 

Table 29 BFWA Scenario Additional Costs at the CPE due to Added IC Capability 

A likely scenario is that a single antenna unit is developed with multiple elements. With high levels of integration in the 
RF front-end the actual cost of adding another receive chain can be negligible, further it would be possible to have the 
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RF front end and possibly baseband processing integrated into a single unit with the antenna, eliminating any extra 
cabling costs. For indoor window mounted equipment this level of integration would be achievable at low cost. For 
rooftop mounted equipment integrating RF and baseband in an external unit might be less cost effective than having a 
separate antenna with cabling and an indoor unit with baseband and possibly RF hardware.  The additional cost of IC 
will depend very much on the level of integration achieved in the RF and baseband circuitry of the CPE and this is 
reflected in the low and high costs. 

Running costs refer to a nominal maintenance cost which will consist of a yearly site visit to check the installation and 
that the antenna alignment is not affected by weather, blockage or other obstacles. No electricity consumption, rental 
or equipment upgrade charges were taken into account at the CPE as these would be at the customer’s expense.  

8.2.2.4 Licence Fees 

Fees paid at the 2001 licence auction by operators for the use of the 3.5GHz band ranged between £125k and £660k 
for a licence to operate in the provincial and urban regions outside London, and £1.9M for the inner M25 region. 
Three operators were awarded the licences at the time of the auction. The single largest operator (UK Broadband) 
has since purchased the other licences and has effectively become the sole licence holder in this band.    

The licences were awarded for metropolitan regions (mainly urban areas) and for provincial regions (mainly rural). 
Bristol, used in the network level simulations, is part of the Severnside region10 also comprising the urban centres of 
Cardiff and Newport. The total urban population in this region is around 840,000, for a licence fee of £330,000. This 
amounts to a price of about 40p per capita and is of the same order as for the 28GHz band [Ref 41]. For comparison 
purposes, the price is ~50p/capita for the South Coast and the Central Scotland regions and only 28p/capita for the 
Greater London region which is the densest region in the UK. 

Brought to a per served user cost, these figures are more likely to be of the order of a few hundred to a few thousand 
pounds depending on the service penetration of the operator. In urban centres, where density of user per km2 is the 
highest, BFWA would however be in direct competition with DSL and cable, both able to provide a similar service at 
lower costs and possibly higher availability.  

8.2.2.5 Other Costs 

Other cost items, which could potentially add to the overall cost of deploying IC, have also been identified. However, 
these were found to relate to specific conditions rather than to the general context of IC deployment, or could be 
bundled up with existing baseline costs. It was felt that their inclusion in the IC-specific costs could potentially skew 
the results and were therefore not taken into account. The following is a sample of these costs: 

• Licence cost: These have been summarised in section 8.2.2.4 above. Due to the relatively large impact 
of these on the overall operation costs, licence fees have not been included in the analysis. 

• Backhaul costs: this would be an underlying cost, with or without IC, and would very much depend on 
commercial arrangements between the operator and the fibre/fixed link operator 

• Network re-planning: this would assume that the baseline BFWA network is already in place, and that IC 
is retro-fitted to the existing BS and CPEs and a re-planning of the network is required. This scenario is 
however unlikely as discussed above. 

                                                           

10 See document “Fixed Wireless Access, Auction of 3.4GHz, Information Memorandum Volume 2” for full description of regions. 
This document is available on the Ofcom website. 
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8.3 COST MODEL 

This section presents various deployment scenarios considered as part of the cost analysis in order to quantify the 
cost of implementing IC in fixed link and BFWA systems. 

8.3.1 APPROACH 

Details of the approach taken to model the costs of each of the systems and the various elements of the model are 
presented in this section. 

8.3.1.1 Projection Period 

The model was developed by projecting expenses over a period of 5 years, with the capital expenditure (hardware 
and installation costs) taking place on year 0 (now), and running costs accrued over a 5-year period, augmented by 
an inflation rate assumed to be equal to 2.5% every year over that period. 

8.3.1.2 Volume Discount 

The cost of the hardware items are shown as the single item cost. Operators would generally secure a bulk price for 
these items depending on the volume of sales. To take this price reduction into account in our model, we have 
introduced a cost multiplication factor that depends on the number of items to de deployed. The formula for obtaining 
the cost multiplication factor is given by: 

15.2)log(05.01cos emsnumberofittfactor ×−=  

The expression provides a reduction of 10% on the listed price per item for a purchase of up to 25 items, 20% 
reduction on up to 150 items and so on. This kind of price reduction is quite common in the manufacturing industry 
and is in line with current practice and published price lists. The reason for the use of a ‘continuous’ reduction instead 
of the more common stepped reduction applied by equipment manufacturers was to remove discontinuities at the 
various volume thresholds from the resulting analysis. 

8.3.1.3 Deployment Mix 

Three scenarios for each of the two systems under investigation have been considered: a conservative, a moderate 
and an aggressive scenario, with each scenario corresponding to a proportion of the various deployment costs 
described for each of the systems. 

For the fixed link system, the proportion of low, typical and high cost elements is shown for each of the three 
scenarios. Given that a large proportion of links are likely to be deployed from masts, a low proportion of Low Cost 
elements are assumed in the conservative scenario.  

Fixed-links Conservative Moderate Aggressive 

Low cost  40% 20% 10% 

Typical 60% 70% 50% 

High cost  0% 10% 40% 

Table 30 Scenario/Cost Matrix for the Fixed Link Scenario 
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For the BFWA system, the proportion of low, typical and high cost network elements (i.e. BS or CPE) for each 
scenario is provided in Table 31 below. The conservative scenario assumes 80% of the elements are low cost and 
20% are typical. No high cost element is included in this scenario. 

For the moderate and aggressive scenario, 50% of the network elements are assumed to be of the typical cost type. 
The difference between the 2 scenarios is in the proportion of low and high costs elements, which are mirrored in this 
instance. 

BFWA Conservative Moderate Aggressive 

Low cost  80% 40% 10% 

Typical  20% 50% 50% 

High cost 0% 10% 40% 

Table 31 Scenario/Cost Matrix for the BFWA Scenario 

8.3.2 FIXED-LINK COST ANALYSIS 

In the case of fixed-link networks, there are no discriminate costs per link direction, so that the cost per link, for a 
given deployment type, remains the same. The following analysis is therefore applicable to any number of links, 
provided the deployment types fall in the proportions of the scenarios defined in the previous section. 
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Figure 59 Increased Expenditure as a % of non-IC Costs for the 3 Scenarios (Fixed-Link Case) 

In the case of 100% of the links being fitted with IC, the extra expenditure would range between 30% and ~45% 
depending on the deployment scenario and equipment used. In a moderate scenario where costs are mainly of the 
typical type, an extra 37% spending would be required by the operator to introduce IC. 
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These results reflect the mix of deployment types per scenario and are therefore very sensitive to the ratios of the 
various deployment types within the network. In the typical and high cost types, it is also assumed that the links are 
retrofitted, but not in the low cost type where installation/acquisition as well as the running costs would be shared with 
the non-IC deployment. For operators of single links, the increases would be 10.7%, 40.1% and 47.7% respectively 
for a low, typical and high cost type. 

In the case of the 7.5GHz fixed-link scenario, the licence fees are very small (see Table 25) and have therefore very 
little impact on the above results. The costs of deploying a second tower (in instances where there are no vacancies 
on an existing mast to host the IC antenna at the required height) could potentially be very high. Budgetary prices for 
a new tower can range between £60k and £100k, even though these costs would not be entirely supported by the 
operator. Downtime costs and backhaul costs are some of the other costs that have not been included in this analysis 
as they do not relate directly to the equipment deployment but rather to the type of service and to commercial 
arrangements that the operator would have set. 

8.3.3 BFWA COST ANALYSIS 

The sensitivity of the extra expenditure to the deployment scenario and to the number of network elements has been 
analysed for the BFWA case and the results presented in Figure 60 and Figure 61. 
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Figure 60 Increased Expenditure due to IC for a Single BS (BFWA case) 

In the case of a single BS, increasing the number of CPEs and introducing IC in each of the CPE units will tend to 
increase the overall cost of deploying a BFWA network by up to ~40%. In a conservative scenario where there are 
very little additional costs involved, the increase remains relatively flat at around 10-15% of the non-IC expenditure. In 
an aggressive scenario, the lower the number of CPEs, the more rapid the additional cost increases (15% of overall 
costs with 20 CPEs increasing to 22.5% with 50 CPEs). The additional cost will tend to level out for a higher number 
of CPEs (although there is a limit to the number of CPEs that can be served by a single BS), getting close to 40-45% 
depending on the deployment scenario. This analysis assumes that all the CPEs have been fitted with IC. 

Taking the other costs that were not considered in the analysis into account (such as backhaul and licence costs) 
would reduce the incremental costs due to IC accordingly. 
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The additional cost per base station is between 2 and 13% of the capital cost of the base station depending on the 
deployment. In contrast, the additional cost per CPE is of the order of 50% of the capital cost of the CPE. The cost of 
a CPE is however of the order of 1-2% of the cost of a base station. 
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Figure 61 Increased Expenditure due to IC for a 4 BS Network (BFWA case) 

For a deployment with a larger number of base stations (4 in the illustration of Figure 61), the incremental cost of IC is 
significantly reduced compared to a single BS deployment. As expected, this is primarily due to the bulk of the cost 
being attributed to the basestations since the incremental cost of IC per base station is much smaller than that of a 
CPE.  

However, such a scenario (large number of BSs with small number of CPEs) is unlikely, as operators would generally 
only deploy base stations where there already is a demand for the service. Assuming, in this scenario, that a BS 
would serve about 50 CPEs to justify deployment (i.e. a total of 200 CPEs for a 4 BS network), the incremental cost of 
IC would fall into line with the predictions of the previous figure which showed an increase of about 8.5% for the first 
50 CPEs in a conservative scenario and about 13% in an aggressive scenario. 

A simple case study was analysed to determine the additional expenses incurred by an operator for achieving a given 
capacity. The system level simulations have shown that an increased by a factor of 2 can be seen as an average gain 
in throughput when using a 4x4 antenna. Assuming that an IC enabled basestation combined with IC enabled CPEs 
serves 50 users, to serve the same number of users at the same average throughput per user would require 2 non-IC 
equipped BSs with non-IC equipped CPEs. Under these conditions and assuming a typical cost for the BS, the total 
cost to the operator (excluding licence fees costs) are given in Table 32 below: 
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Scenario 1xBS + 50xCPEs 
(with IC) 

2xBSs + 50xCPEs 
(without IC) 

Saving 

Conservative £108k £179k 40% 

Moderate £127k £190k 33% 

Aggressive £147 £201k 27% 

Table 32 Cost to Operator with and without IC for BFWA Scenario 

The results of the example show that by using IC the operator can make a saving of between 27% and 40% in 
deployment costs for achieving the same average throughput per user to the same population of users. The example 
does not take into account of the distribution of the users (other than in the cost weights associated with each of the 
scenarios which take into account the number of antennas required to achieve optimum IC).  

8.4 SUMMARY 

8.4.1 FIXED LINKS SCENARIO 

In the case of fixed links, the extra costs are found to be typically between 30% and 45% of the original non-IC costs, 
primarily caused by the additional hardware but also by the rental space, installation and maintenance. The sensitivity 
of these results is quite high and was found to vary between extremes of 10% and 50% depending on the difficulties 
of the deployment, equipment performance and running costs. The lowest figures (10%) are associated with minimal 
expenditure consisting of the doubling of the RF equipment and the additional cost of IC in the baseband. 

8.4.2 BFWA SCENARIO 

Depending on the business model of the operator, some or all of the costs of the CPE might be passed on to the 
customer, in which case the additional expenses incurred by the introduction of IC would become negligible relative to 
the capital expenditure. 

However, the cost model analysis presented in this section provides a good indication of what the expected additional 
expenditure would be to operators considering a move towards fitting IC technology to their systems. 

In the case of BFWA, the analysis shows that the cost at the BS end of the link is small and would typically remain 
below 10% of the total expenditure without IC. On the other hand, the cost at the customer end is large and would 
approximately double the cost of the non-IC system due to the additional infrastructure required such as antennas 
and cables. Careful planning would therefore be required, including a complete ‘sensitivity analysis’ to determine the 
best option under different forecasts and customer distribution. 
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9 REGULATORY ISSUES 

9.1 REGULATORY POLICIES TO ENCOURAGE THE UPTAKE OF IC TECHNOLOGY  
Regulation may be needed to encourage the uptake of IC technology by service operators if the benefits are to be 
realised in the near term. There are several policy choices that can influence the uptake of IC technology ranging from 
light touch to dictatorial prescription. In this section we address what positive steps the regulator can take to 
encourage the uptake of IC. The most likely to succeed are those where the operator realises the benefit rather than 
the community as a whole. Possible routes include: 

Incentive-Based 

Incentive based policies attempt to encourage IC by providing improved benefits to an operator if they deploy IC. 
These incentives include: 

• Reduced Fees 

• Reduced Overhead – e.g. not requiring site registration 

• Quicker Access – Fast track licence 

• Less co-ordination 

• Additional Spectrum only available to IC enabled systems 

• Higher permitted EIRPs and/or link margins 

• Relaxation of link length policies 

• Permitting new innovation – e.g. ability to increase data rate 

• Publicity – organising seminars etc to promote benefits of new technologies 

Disincentive-Based 

The regulator is in the unique position of being able to mandate the uptake of IC technology and has several potential 
choices, many if not all of which would not be popular with operators. They include: 

• Mandating the use of IC 

• Higher Fees for non-IC systems 

• Onerous co-ordination procedures to ensure interference is unlikely 

• Severe constraints on new deployments 

• No access to new spectrum for non-IC systems 

• Reduction in available spectrum for non-IC 

• Reducing protection ratios to the same level as IC enabled systems 
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While encouragement is generally favoured over mandatory practices, in licensed spectrum, there is little to no 
financial benefit for any operator to agree to update legacy equipment without mandation, especially where that 
equipment is blocking the deployment of a system by a rival.  

In light licensed bands the victim of interference is offered little protection and it is therefore in many users’ interests to 
employ IC, especially in congested spectrum. There is a danger here though that initial deployments without IC may 
be rendered obsolete as the spectrum fills up. This interference will not be mutual if newer systems using IC cause 
but do not suffer interference. 

Each of the policies listed above will now be evaluated for the BFWA and Fixed Links scenarios.  

9.1.1 FIXED LINKS 

9.1.1.1 Licence Fees 

Licence fees, where applicable can be used as either incentives or disincentives. The most obvious method being to 
reduce the licence fees for systems deploying IC, or to increase licence fees for systems not deploying IC; or both.  

It is an ultimate requirement that a prospective operator will be able to calculate for themselves the value of the 
licence fee before applying for a licence. It is also important that this fee will not vary unexpectedly over a reasonable 
operational period of 5-10 years. An unambiguous algorithm is needed to enable the operator to calculate the 
expected fee and this should not be too complicated for them to understand. 

The current proposed licence fee algorithm as defined in [Ref 43] may be expressed as follows: 

Fee = S x Bw x Bf x PL x A  x Dc x Du 

Where – 

S is the spectrum price, being a sum set at £88 per 2 x 1 MHz for each bi-directional link 

Bw is the system bandwidth (MHz)  

Bf is the band factor, which is determined by the frequency band 

PL the path length factor which is determined from the actual path length (Pl) and the minimum path length 
(Mpl) specified in [Ref 44] 

A is the availability factor, determined from the required system availability 

Dc is a conditional discount factor that can be 0.5 when certain criteria11 are met 

Du is a discount applied for unidirectional links of typically 0.75  

 

Of these, those that might be reasonably varied for IC enabled links include PL, Bf and Dc. The availability factor A 
might also be modified if a receiver is able to operate with more interference.  

                                                           

11  Conditions that must be met are ·Identical customer ids; Dissimilar RAREF link ids; identical (and very local)  NGRs at both sites;  
Identical high and low transmit frequencies with channel numbers; Due consideration of bandwidths using the values of the channel 
spacing; and Orthogonal polarisations; 
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None of these variable parameters are particularly strong modifiers, in particular A only varies over a factor of 2, 
taking values between 0.7 and 1.4 for links with availabilities ranging between 99.8 and 99.999 though the constraints 
on sharing are considerably different between these availability levels, especially in bands requiring high fade 
margins. 

Replacing the Availability Factor 

A feature that is missing from the pricing formula above is any consideration of the required protection ratio. A system 
using QPSK does not need as much EIRP and does not need as much C/I as a system using higher order 
modulation, for example 256QAM. It has apparently been assumed that systems using higher order modulation are 
more spectrally efficient.  

It is recommended that a Technology factor be incorporated into the pricing formula that bears more of a relation to 
EIRP and protection ratio. In order to avoid complicating the pricing formula further this factor could usefully replace 
the availability factor A as all of these parameters are related. 

Incentives 

As an incentive, the strongest influence is held by the PLand Bf parameters. PL currently ranges from 1 to 4 with Bf 
ranging from 0.17 to 1. PL is aimed at discouraging links below the minimum link length recommended for that band 
and Bf aims at encouraging the use of less crowded spectrum.  

A typical mast rental cost for a fixed link is of the order of £3000 per antenna per year. While reducing licence fees for 
IC systems is an incentive, it is not a significant one unless the reduction is greater than any extra rental costs. This is 
unlikely under the current fee policy, especially for low bandwidth links. 

It is useful to look at an example of a case where fee reductions could work. Table 33 shows some example fees 
based on paths of 99.99% availability occupying 28 MHz of spectrum: 

Band Path Length Fee (£) 

7.5 500m 7293.44 

7.5 7.75km 2658.24 

7.5 16km 1823.36 

22 500m 2217.60 

22 7.75km 739.20 

50 500m 418.88 

 

Table 33 Examples of Licence fees for 28 MHz Bandwidth Systems 

The large variation in fees in Table 33 reflects the fact that 500m is not a realistic path length at 7.5 GHz.  There is 
clear scope for encouragement of IC take up by relaxing the minimum path length policy at 7.5 GHz. This would 
require that the escalator PL (which has a maximum factor of 4) be dropped for links deploying IC. This would be a 
large incentive for very short links where operators may prefer, for their own reasons12, to use 7.5 GHz. 

 
                                                           

12 An operator may wish to use a particular band for commonality of equipment and to reduce spares holdings 
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Disincentives 

Instead of reducing fees for IC enabled systems it is also possible to increase fees for non-IC systems. This would be 
unfair for legacy systems and would need to be introduced over a sufficient length of time to allow legacy equipment 
to achieve its expected lifetime. 

A suitable approach might be as below: 

• Define the existing fee E for a link 

• Define a fee F for an IC enabled link such that F < E 

• Define date D for introduction of IC 

• Define a lifetime for legacy systems L 

• All equipment installed prior to D would pay the current fee E until date D + L. 

• All non-IC systems installed after D would attract an additional fee ΔF, possibly on a sliding scale 
starting from E to reach F+ ΔF at date D + L 

• After date D + L all remaining non-IC systems would attract the higher fee. 

    

Congestion Charging 

Currently the licence fee algorithm takes account of band congestion through the band factor Bf but does not take 
account of geographical congestion. As a result a link in an expensive band, e.g. 7.5GHz costs the same in London 
as in Durness. Requirements to install IC enabled systems and the associated penalties and incentives should also 
take account of link congestion.  

The further complication of congestion charging does not appear to have caused chaos in the transport industry and it 
is therefore proposed that it may also be used in fixed links licensing. As in transport systems, low pollution systems, 
i.e. IC enabled links would be exempt from this charge. The figures below show the geographical usage of the 7.5 
GHz band in the UK.  

Figure 62 demonstrates the extensive utilisation of the 7.5 GHz band. This band appears to be mainly used for longer 
links of around 50km with several chains of links that might benefit from IC techniques. In this band, cross-polar 
working is common practice in order to improve frequency reuse.  

Figure 63 shows the channels in use in South East England. It is evident that there are several major nodes in the 
network with many links radiating from these sites. These would be the sites where congestion is most likely to be an 
issue. There is a large concentration of links around major cities, especially London. 
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Figure 63 7.5 GHz links in SE UK (Red = Vertical, Blue = Horizontal) 

 

The same exercise is possible using the 38 GHz band. There are over 13000 links in the 38 GHz band, but only 10% 
are shown in Figure 64 for clarity. As path lengths are much shorter at 38 GHz a smaller area around London is 
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shown in Figure 65. There is clearly a large potential for congestion charging to encourage the use of IC in Greater 
London. 
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Figure 65 38GHz links around London by Channel 
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9.1.1.2 Assignment 

In making link assignments there is currently a culture that favours existing links, in that it is the operators of new links 
that are required to prove that they will not interfere rather than for the operators of existing links to prove that they 
would be interfered with. The entire assignment overhead burden is placed on Ofcom and the operator of the new 
link.  

Co-ordination is only needed because of the incumbent links, so why does the incumbent link operator not have to 
pay to defend their continued use spectrum? The argument is that the incumbent already pays through their licence 
fee, but if that incumbent is not using IC technology, they are arguably making the overheads larger for others. 

A radical change to the assignment process would be to use the petition system. Here the new link operator files with 
Ofcom a petition to install a link, stating the technical parameters to be used. This filing is made available to everyone 
with an interest and if there are no valid objections within some specified period the operator is permitted to install the 
link. Objections should be evaluated with a published algorithm similar to the current assignment process. Filing 
should carry a significant charge to prevent anticompetitive behaviour. Filing an objection should also attract a fee, for 
the same reasons, but in compensation there would be no need for an annual licence fee.  

This assignment method is market led, encourages the rapid removal of legacy links and, encourages the application 
of IC. Assignment costs will only occur when there are objections and the assignment overheads will be carried by the 
market. Operators of links in congested spectrum will have to regularly defend their allocations and this will ensure 
spectrum is used as efficiently as possible. 

9.1.1.3 Overheads 

As operators have noted at FWILF meetings there can be considerable overhead in the business of applying for and 
obtaining a link licence. There is also a large overhead for Ofcom in managing the spectrum. 

Incentives 

A method of encouragement could be to make the assignment process simpler, perhaps through Ofcom providing a 
free application assistance service to those systems using IC. The cost of this would need to be weighed against the 
increased benefit to the UK economy of higher spectrum efficiency. While this benefit may be large, it will not be 
directly realised by Ofcom and hence may be difficult to fund. 

While Ofcom continue to provide a rapid turn around for all licensed applications, it is not clear that any “fast tracking” 
of systems employing IC would provide significant encouragement13. Ofcom are expected to reduce costs by 5% per 
year in real terms [Ref 53] and it may be better to transfer some of the co-ordination burden to the operators. 

Disincentives 

Conversely to fast tracking, extra administration work is usually a disincentive to operators. The overhead of co-
ordination and link planning is currently carried by Ofcom. Requiring the operators themselves to perform or pay for 
the interference assessments for new non-IC links would encourage the use of IC technology. Applicants would be 
required to demonstrate proof of non-interference to existing systems. This may appear not to be practical as all 
existing link data would need to be made available. Traditionally this information is considered commercially sensitive, 
but it would be possible to operate through an independent 3rd party. 

                                                           

13 It is definitively not suggested that non-IC link applications be delayed by prioritising applications for IC links 
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9.1.1.4 Co-Ordination 

Easier co-ordination is an advantage of IC. Unlike ATPC this can really only be of benefit in spectrum where all 
systems are using IC technology. The widespread uptake of effective IC could greatly assist the development of 
spectrum trading of fixed links spectrum. 

Incentives 

Possible co-ordination incentives would be a relaxation in the trigger levels for co-ordination. However, the specific 
type of IC technology needs to be considered. If that technology is only able to cancel a limited number of interferers, 
or as in the case of additional antenna based systems only those in a defined direction, it will be unknown if there is 
any IC advantage until the co-ordination procedure is tried. Therefore it is not recommended that co-ordination 
procedures are relaxed. 

Disincentives 

As a disincentive, the co-ordination requirements for systems without IC technology at the receiver could be made 
stricter, or kept the same while those for IC enabled receivers are relaxed. While the latter is more likely to be 
accepted by operators, as IC technology becomes more widespread, it may be appropriate for an existing operator to 
be required to produce a sound case to re-justify their requirement for a link not using IC technology after each new 
co-ordination failure caused by that link that would not have occurred had IC technology been deployed. 

9.1.1.5 EIRPs 

There is a maximum EIRP14 that will be assigned and it is unlikely that decreasing this limit could encourage IC take 
up. Current fixed link service link EIRPs are already generous and have been assigned based on the predicted path 
loss at the required availability factor, e.g. 99.995% with an allowance of up to an extra 6 dB for paths that are 
obstructed. 

This high availability figure is spectrally expensive as margins of 30dB or more are needed in some cases with longer 
links being impractical in higher frequency bands. The resulting assigned links are therefore operating at many dB 
above the level needed for the majority of the time. This figure also feeds into the interference budget as the fully 
faded wanted signal is compared with the median unwanted. As a result longer links require more protection from 
interference. Although a large improvement in spectrum efficiency might be realised by looking at alternative methods 
of providing high availability it is unlikely incumbent operators would accept these. It is also unlikely that an IC solution 
would be deployed that did not at least guarantee the same level of availability as is currently assigned. 

Incentives 

As current IC technology only benefits the receiver it is unclear how EIRP policies could be used to encourage IC. 
Permitting higher EIRPs is not appropriate though there may be some minor benefits to equipment costs in allocating 
lower EIRPs owing to the reduced protection ratio requirements. 

Disincentives 

EIRP might be usable for future deployments with a penalty, so that higher EIRP links are either not permitted or are 
severely taxed.  

                                                           

14 For example, this is set at 40 dBW at 7.5 GHz (Source Ofcom TFACs) 
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9.1.1.6 Link Length Policy 

Figure 62 demonstrates that the link length policy is working as there are relatively few links below 20km in the 
7.5GHz band. The band related minimum path lengths are 15.5km for links >140MB/s and 9.5km for links <140Mb/s. 
It is clear that in some cases, operators would like to have the opportunity to put in relatively short links that would 
currently attract a punitive licence fee owing to the link length policy.  Modifications to the link length policy may be 
appropriate to encourage the deployment of IC technology. 

Incentives  

Permitting shorter links if they deploy IC technology has already been discussed in the section on fees. There is a 
second option that may have potential in fitting in short low power links into an existing plan. These links would not 
have sufficient EIRP to cause interference to existing systems but would in many cases fail current assignment 
criteria based on interference from existing systems. If this interference could be overcome the links may then be able 
to be assigned.  

An example of an assignment is shown in Figure 66 where a short link has been positioned in-between an existing 
link. The reverse channel assignment together with the low power of the new link is assumed to be sufficient to avoid 
interference with the existing link.  

 

Figure 66 Frequency Re-use in-Between Existing Link 

 

The new link is assumed to fail the assignment criteria based on interference to its receivers caused by the higher 
EIRP of the existing link. This interference must be overcome through IC.  

It is important that the geometry is chosen to not cause interference to the existing link. This will require careful link 
planning and may also require antennas to be placed much lower than is currently practiced. As far as we are aware, 
there is no link planning policy designed to minimise link antenna height and the current practice is to attempt to 
achieve good terrain/clutter clearance rather than just adequate terrain/clutter clearance. Economics dictate that 
operators will use lower masts but will still attempt to site these on high ground where this may not be optimum for the 
limitation of interference. 

As these additional shorter links would be new builds, legacy hardware will not be an issue.  

Disincentives 

The most obvious disincentive apart from higher fees would be to make the link length policy stricter by setting a 
minimum link length that would be licensed. A maximum link length might also be appropriate in the higher bands in 
order to reduce the rain fade margin requirements. 
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9.1.1.7 Higher Data Rates 

One difficulty in encouraging the take up of IC is that it is not usually the deployer of IC technology that benefits, but 
some other party who can deploy a link that would otherwise interfere. The advantage of permitting IC systems to use 
higher data rates is that it is the party upgrading a link to use IC technology that benefits. 

There may be potential to encourage the uptake of IC technology by allowing operators to operate existing links with 
higher orders of modulation while maintaining the original planned protection ratio and without increasing EIRP. 
These links would be more susceptible to interference but this could be overcome by IC. 

Increasing the modulation depth on a link is not likely to impact the interference to other links. The only link that might 
be degraded is the link increasing its data rate and therefore the benefit and risk are carried by one party. The 
importance of this should not be underestimated. 

Apart from equipment performance, the main limitation on modulation depth, and as a result link capacity in fixed link 
systems is the carrier to interference ratio15. IC should therefore allow higher data rates to be realised through nulling 
out interference. The question to be answered is by how much. 

The assignment procedure uses the reference sensitivity level and compares the faded wanted signal with the median 
interfering signal as test one, and the median wanted with the enhanced interferer as test two. Both tests must be 
passed to make the assignment. There is a margin set that includes the necessary protection ratio for the chosen 
modulation/coding scheme. 

 

Figure 67 Assignment Margins 

 

The W/U ratio varies with modulation depth as does the reference sensitivity level, which also varies with modulation 
rate. The current assignments also allow ~1 dB of the overall margin to cover interference (IM). If this interference 
margin can be eliminated the 25% increase in transmitted power could increase data throughput, or alternatively allow 
a ~0.3b/s/Hz increase in spectral efficiency.  
                                                           

15 Currently, many systems are limited by thermal noise but the carrier to thermal noise ratio can be improved by increasing EIRP 
and antenna gains until at some point interference will dominate over thermal noise. 
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Increasing the throughput further would require an increase in link EIRP or a larger receiver antenna. However, in 
many cases it may be possible to increase the data rate. These cases are: 

• The interference environment is not symmetrical and all potential victims still have large enough margins 
after the EIRP is increased 

• There is already more than enough margin because the minimum margin16 criteria is in operation and 
the EIRP is already sufficient to support the higher data rate. In this case there is no need to increase 
the EIRP 

• The victim of interference is also using IC and therefore has sufficient immunity to the increased EIRP. 
This will become more likely as IC becomes more widespread 

• The new system uses dynamic fade mitigation and falls back to the lower data rate under severe fading. 
In this case, there is no need for higher EIRP but the benefit of higher throughput is less attractive 

9.1.1.8 Publicity 

If operators are expected to deploy IC technology, it is important that they are aware of the benefits both to 
themselves and to the UK. Much can probably be achieved through improving the publicity of the benefits of new 
technology. It is proposed that as well as a full consultation exercise Ofcom organise appropriate events and press 
releases to promote IC to the industry and sponsor journal articles explaining the technology. The publicity should 
ensure that interested parties are aware of: 

• The results of the consultation exercise 

• The costs involved in deploying IC equipment 

• The benefits of deployment to operators 

• The benefits to the UK 

• Any risks of deployment, for example outages 

• The likely timescales for implementation 

• At what level licence fees will be charged 

• The implications of policies including lighter touch regulation and spectrum trading 

9.1.1.9 Determining who is the Victim 

The regulator can influence the deployment of IC technology via perception. It is generally considered clear in 
interference cases who is the cause and who is the victim. The cause is the interferer and the victim is the one 
interfered with. This is not necessarily a fair judgement. 

The user blocked from deploying a link because it would cause interference is not perceived as a victim, even if the 
root cause is a lack of immunity. The interferer may in some cases be the victim of sub-optimal hardware 
performance.  

                                                           

16 The minimum fade margin that can be allocated is in many cases fixed. So that a minimum margin will be allocated even if the 
margin required is less.  
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Currently, the responsibility for interference is almost universally placed on the source, not the victim.  It is not 
reasonable to accept the large constraints placed on the deployments of others by the continuing use of out of date 
technology. This point is rarely made. 

Protection from interference is a right provided by the regulator. To improve spectrum use, especially in bands where 
IC technology is being introduced, it may be advisable to regularly revise this right, especially with respect to 
protection ratios and availability criteria. 

9.1.1.10 Protection Ratios 

The reference limit on interference is currently defined as being less than the receiver sensitivity level that just 
achieves a maximum error rate of 1 in 106 by a factor equal to the W/U ratio.  Interference is being considered noise-
like in the assignment criteria. This W/U ratio is defined according to channel separation and what is interfering with 
what. This is summarised for a co-channel single interferer in Table 34. 

 

 

Table 34 Co-channel Interference Limits at 7.5 GHz 

An allowance, currently under review, is included in these figures for multiple interferers. The allowance was set in 
2004 at 4 dB co-channel and 6 dB adjacent channel. 

The introduction of IC may allow these figures to be reduced and if so it may be possible to assign a link where one 
might not be possible previously. This is an encouragement for the fortunate operator, now with a successful 
assignment but it will not benefit the operator with the reduced W/U ratio who is deploying the IC technology. 

In order to encourage a reduction of protection ratios, the operator must see some benefit, either through reduced 
costs or increased services.  A suitable benefit may be many more links being permitted, though this would also 
benefit the competition. 

It is interesting to note that the most “inefficient” modulation scheme listed in Table 34 requires 11 dB less protection 
ratio than the most “efficient” yet provides 34Mb/s vs. 155Mb/s in 28MHz. In spectral terms this is 6.6 dB less data 
and appears to be a poor trade for 11 dB of lost interference immunity. The lower order modulation also requires 9 dB 
less EIRP to achieve the same error rate. 

It may be better to only allow higher order modulation schemes to be used where the receiver has IC and rationalise 
all protection ratios to 27 dB. 
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9.1.1.11 Spectrum Access 

Spectrum access may be used to advance IC by releasing new bands, or re-farmed spectrum to only systems 
deploying appropriate technology. It is also possible to permit new systems to be deployed in existing bands that 
would otherwise be considered to be full.  

As bands are seen to be becoming full, only systems deploying IC should be deployed to maximise the band 
utilisation.  

9.1.1.12 Operator Managed Bands 

The current practice of managing bands within the UK could be dispensed with allowing operators to obtain a licence 
for the spectrum rather than on a per link basis. Assignment of frequencies within the sub-band covered by the 
licence would then be managed by the operator.  The introduction of IC would then be an economic assessment by 
the operator as to whether the increased equipment and installation costs outweighed the costs of obtaining a licence 
for a greater amount of spectrum and because many factors would influence the cost of the licence it is difficult to 
judge whether such a policy would lead to the widespread introduction of IC. 

9.1.1.13 Other Regulators 

Very little data has been found on other administrations approach to encouraging the uptake of IC technology in fixed 
links and BFWA systems. The UK is taking a lead here. However, there are several examples of a similar nature in 
the encouragement of ATPC. 

For example, the Irish commission for communications regulation has recognised “the need to modify existing 
guidelines to take account of the potential advantages offered by Automatic Transmit Power Control equipment.” [Ref 
45]. 

The action taken has been to introduce a “co-ordination advantage” to systems fitted with ATPC over systems without 
ATPC. This advantage has been set at 10dB, subject to the systems meeting a set of specified criteria.  

USA 

In the USA, the FCC has traditionally encouraged the development of new technology through more generous 
government derived research funding than is common in the UK. Currently the FCC is actively promoting the 
development of cognitive radio and ATPC. The working group on interference protection [Ref 46] has recommended a 
move towards an interference limited environment rather than one based on ambient noise limited and the 
development of interference mitigation techniques. The FCC site the advantages of ATPC as being [Ref 51]: 

• Simplified frequency coordination in congested areas  

• Less power consumption  

• Increased MTBF (Mean time between failure) 

The FCC permits ATPC but as the interference protection working group [Ref 47] noted, in the USA the use of ATPC 
is generally not required by law. There are some exceptions: 

• Satellite earth stations in the 20/30 GHz band “shall employ uplink adaptive power control or other 
methods of fade compensation such that the earth station transmissions shall be conducted at the 
power level required to meet the desired link performance while reducing the level of mutual interference 
between networks” [Ref 48] 
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• Earth stations in the Fixed Satellite Service operating in the 13.77 to 13.78 GHz band may use ATPC to 
increase power to compensate for rain attenuation [Ref 49].  

It can be concluded that in the USA, any encouragement for the use of ATPC in fixed links or BFWA must come from 
the advantages to the operator rather than licensing benefits in co-ordination, access to spectrum or reduced fees. 

 

9.1.2 BFWA SYSTEMS 
BFWA is a general term used to describe a variety of applications. The OFCOM UK Spectrum Coordination 
Document for public fixed wireless access in 3.4 GHz [Ref 4] is one application, and similar systems may be used in 
other frequency bands. This document envisages systems with base station antenna heights of 30 m above ground 
with 3 to 7 dBW EIRP and coverage ranges of up to 10 km, both dependent on the modulation state. The CPEs have 
directional antennas with 15° beamwidth at a height of 10 m. In this case (i.e. without IC) the coordination trigger 
distance is 36 to 48 km beyond the service boundary edge.  

 

Figure 68 Trigger Zone in a BFWA Honeycomb Style Network 

 

Taking as a hypothetical example the 3.4 GHz band with a bandwidth in each direction of 20 MHz, and a 5 MHz 
modulation bandwidth for a system, then a large service area could be served using a 4-cell repeat pattern. If base 
stations have contiguous coverage areas with typical radii of 5 km, then within a coordination trigger zone of 53 km 
radius, the same 5 MHz channel could be re-used up to about 34 times, and the next adjacent channel up to about  
68 times. Values for other service area scenarios are given in Table 35 
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Service area 
radius [km] 

Trigger zone 
radius [km] 

Channel re-use 
factor 

Adjacent 
channel re-use 

factor 

3 51 87 174 

5 53 34 68 

10 58 10 20 

Table 35 Channel re-use Factors for Selection of Service Area Radii 

Of course, these figures remain theoretical as in many instances, the service area will be screened by terrain 
features, etc., and it may not be likely to have uniform requirements for service across such a large area, but there is 
likely to be extensive interference which would need to be managed. 

There are several measures that the regulator can consider in order to encourage the uptake of IC technology in the 
BFWA market to improve frequency re-use.  These measures include relaxing the licensing regime including the site 
registration requirements, the equipment type approval requirements, and the potential for licence exemption for low 
power low height systems. It is also possible to reduce licence fees, where they exist, to permit higher EIRP, to ease 
the site registration process and to mandate the use of IC in new spectrum. 

9.1.2.1 A Lighter Licensing Touch 

A lighter licensing touch may be an appropriate incentive to encourage the uptake of IC. In such cases it would be 
possible to make statements as to the expected reliability on a statistical basis, dependent on all users applying the 
best IC techniques for the purpose. This may well be sufficient for BFWA systems, where there may be the 
opportunity to re-locate CPE station antennas on different parts of a building if service is unsatisfactory due to 
interference. 

By permitting IC enabled systems to go through a less onerous licence regime, the uptake of the IC technology can 
be encouraged. Only IC enabled systems are likely to be able to provide adequate quality of service under lighter 
touch regulation and therefore should be used. By only permitting IC technology to be used under lighter licensing, 
the regulator can avoid problems that might occur after, for example, a poorly protected system is deployed which 
later suffers from interference as usage increases. Suitable approaches might be to relax the site registration 
requirements and/or relax the interface requirements. 

Registering only Base Station Locations 

A licence might thus require base station location registration, for site clearance and identification purposes, and type- 
approved equipment to ensure consistent use in the band that will facilitate some IC techniques. The licence might 
also assign the channel to be used, since this will permit management of the overall spectrum load to maintain the 
statistical performance across the band within guidelines determined on the basis of the potential benefits of IC. 

This approach has the benefit of not requiring information about CPE stations and of not requiring technical evaluation 
by the spectrum manager (each base station service provider may need to undertake technical assessments or trials 
for each of his CPE stations). It does retain some control over the density and location of stations. 

Equipment Type Approval 

A lighter approach might be to require registration and use of type approved equipment but to make no provisions for 
controlling the density for base stations or the channels to be used. This reduces the task for the spectrum manager 
while maintaining some control for out-of-band concerns. It relies on the users of the spectrum making their own 
dispositions and judgements on the service quality that will be achieved. A disadvantage is that the service provided 
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by existing users may be progressively degraded as new users commence operation and there will be no control over 
the location and density of stations. 

A still lighter approach would be to permit a range of technologies so that type approval would only comprise some 
over arching parameters such as power, bandwidth, etc. 

Licence Exemption 

In point to point applications with low antenna height, the use of IC might provide sufficient protection to avoid the 
need for licensing. This would also be true for very low power systems where rules similar to the current WLAN 
regulations may be sufficient. 

 Each move down the hierarchy from fully licensed, light licensed to licence exempt is likely to result in less assurance 
as to the service quality to be expected, and thus there is greater risk for the service providers (as is currently the 
case in licence exempt bands where WLAN systems are deployed). 

Moreover, the ultimate risk once the band is fully occupied cannot be assessed based on an assessment of current 
interference levels. Each move down the hierarchy also reduces the on-going task for the spectrum manager, once 
the initial standards and procedures have been established. 

9.1.2.2 Reducing the Licence Fees 

As a means of encouraging uptake of IC in BFWA systems, a reduction in the licence fees could be offered for 
operators deploying IC-enabled systems. 

However, the way licences have been offered so far in the 3.4GHz and the 28GHz bands (through auctions) and the 
monopoly environment in which they are operated suggests very little room for manoeuvre is available. Operators 
have licences extending over large geographic areas, with boundaries between operators generally falling in low 
population regions where the requirement for IC might not be high on the operators’ priority list. 

The areas where operators would be keener to deploy IC would be in urban areas where high densities of CPEs can 
occur. 

9.1.2.3 Increasing EIRP 

The improvements made by adopting IC techniques are difficult to quantify as a general statement, since the specific 
improvement in any particular scenario will depend on both the IC techniques utilised and on the disposition and 
activity of potential interferers.  Improvements due to IC may be considered in various ways as appropriate for the 
system and application. It may be considered as a reduction in the necessary protection ratio, to be included in the 
link budget, or may be applied to extend the percentage of time for which the specified performance will be obtained. 

Alternatively, the improvement may be expressed in terms of coverage range, either to indicate the effect of IC on the 
spacing of co-channel stations, or in some geographic cases, where others may be assumed to be able to apply IC, to 
extend the coverage range by increasing the radiated power. The variation of signal intensity with range is discussed 
in Recommendation ITU-R P.1411 for various situations in an urban environment and for different antenna heights. 
Although this recommendation strictly applies at ranges up to 1 km, the methods apply to longer ranges. As a 
generalisation it may be assumed that the signal intensity will vary inversely with the fourth power of the distance. 
With this assumption the range and power vary as: 
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Level change 
[dB] 

Range change 
[%] 

1 6 

2 12 

3 19 

4 26 

5 33 

6 41 

10 78 

Table 36 Cell Range Change as a Function of C/I Gain 

These ratios may be interpreted as either the extent to which co-channel stations may, in general, be more closely 
spaced, or, in other circumstances, the extent to which coverage range may be increased due to an increase in 
radiated power. 

9.1.2.4 Antenna Clearance Height 

A clearance height restriction (above rooftop or effective height above ground) on all new approved systems could be 
imposed in order to limit interference. This will also limit coverage and the height restriction could be relaxed for 
systems with IC, which are less prone to interference, pending planning permission. 

9.1.2.5 Mandating use of IC 

Encouraging uptake through mandatory requirements would generally be counter-productive perceived as an 
ineffective route unless there is a clear benefit to the operator. This route would also be seen to be in contradiction 
with Ofcom’s current intent to move away from the command and control role it currently has in view of the 
recommendations contained in the Spectrum Framework Review. 

9.1.2.6 Preferential Treatment 

In a scenario where new deployments of BFWA would require site registration and approval, the regulator might 
consider giving certain operators preferential treatment such as shortening the period of time required to grant 
approvals for equipment that are IC-enabled. This would provide operators that do not intend using IC equipment a 
disadvantage that might be detrimental to their business in areas where competitors are prepared to invest in IC 
technology to service the same market.  

Other preferential treatments might include reduced overheads, processing fees for approvals or a simplified 
application procedure or a combination of all these. 

9.1.2.7 Dedicate New Spectrum Bands Exclusively for Users of IC 

All new bands identified for the use of BFWA could be allocated solely to operators using equipment that has IC. This 
would be particularly appealing if the band had been located in the UHF/VHF (for example, as a result of the spectrum 
review that will follow DTT switchover) as this band would offer many advantages from radio propagation and 
equipment perspectives. 
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9.1.2.8 Reduced Protection Ratios 

The protection ratio effectively drives the co-ordination procedure. Systems requiring high protection ratios, for 
example with high requested availability or high order modulation, are expensive in spectrum efficiency terms. As IC 
enabled systems require lower protection ratios, the regulator could simply reduce current protection ratios for new 
deployments to match those that can be achieved. This would have the effect of transferring the risk of interference to 
the operator not deploying IC. 
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9.2 BENEFITS AND RISKS 
Generally the major benefit of IC is seen as the ability to fit more systems into the existing spectrum with more 
flexibility for future change. The benefit is likely to be most significant in congested spectrum. It is possible that 
spectrum may be released for new applications and while some indications of spectrum value are available, this 
project has not attempted to put a financial value on spectrum efficiency gains from the deployment of IC techniques. 

An example of improved spectrum efficiency will be the increased the packing density of fixed links. While this may 
release spectrum, it is more likely that the current strong demand for more links will compensate. Eventually, where 
congestion is very high, demand will justify a wired solution but this is not likely in the near term. The benefit in 
economic terms is not easy to quantify. The improvement in spectrum efficiency has been assessed in section 5 and 
results indicate that a factor of 1.5-1.7 improvement in channel re-use is possible through IC.  

Cellular GSM systems in the USA are more tightly constrained in available spectrum, cellular services are allocated 
30% less spectrum in the 800/900MHz and 1800/1900MHz bands than in the UK. Further constraints on GSM 
operators in the USA mean that operators sometimes implement their service with the minimum spectral allocation, 
which is not as efficient in re-use terms (because of broadcast carrier re-use being higher) as the much higher 
spectral allocations given to UK operators. This has promoted the development of IC technology that has recently 
been incorporated into the appropriate standards [Ref 3]. While the pressure on GSM spectrum is not so high in the 
UK, it is possible that some GSM spectrum may be recovered for alternative uses. 

A further example is the reduced need for broadcast spectrum. Broadcast spectrum is expected to be released 
through the digital dividend and through the move towards on-demand services delivered through broadband IP 
networks. IC may permit even tighter packing of services potentially releasing spectrum for other applications. 

It is possible that none of the benefits will be realised owing to the strength of the incumbent lobby. For example the 
broadcast lobby may be strong enough to ensure that any broadcast spectrum released will be used for more 
broadcasting channels. This may be good for broadcasting, but the spectrum might be of greater value to other 
applications. There is a valid argument though, for using additional capacity for broadcasting with higher image and 
audio quality. It is possible that this capacity may be gained through IC technology, though as this is not built into 
current digital receivers the risk is that it is already too late. 

IC is likely to permit greater band sharing between radar and other systems. The problem again is the long timescale 
for legacy systems, especially the safety of life systems, which are likely to be several decades. The long time span 
between expenditure on implementation and realising the benefits may be too long to fit into a business plan and 
thereby will not be economic.  

Finally, in all systems there is a significant risk that if immature IC technology is used or if there are high profile 
failures, deployment could be significantly delayed through poor reputation. There is also a risk that interference 
through anomalous propagation, maybe a 1 in 10 year event could give the impression of poor performance in an IC 
system. It is important that appropriate technology is used and it is also important that the operators are suitably 
educated in the significant year to year variability of propagation phenomena. 

The benefits and risks differ between fully licensed and light licensed bands and these will now be looked at in more 
detail. 

9.2.1 LICENSED BANDS 
 

The systems that are considered to be likely to benefit most from IC include fixed point-point microwave links, 
licensed fixed wireless access, broadcasting, private business radio, passive services, navigation services, GSM/3G 
mobile telephone services and the satellite services. 

There is predicted to be a huge demand for more data capacity in the near term. While wired technologies such as 
xDSL have enabled “Broadband” to be delivered to many citizens and businesses, capacity requirements are 
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increasing all the time and there is only so much data that can be passed down a telephone line. ADSL is effectively a 
dead end technology limited to 10s of Mb/s at best. Fibre is seen as a solution but with cable installation costs of 
around £50-£100 per metre of trench there is considerable scope and economic justification for wireless broadband 
and for higher capacity fixed microwave links. There is still just as much radio spectrum in 2006 as there was in 1901 
and capacity is still to a large extent based on the maximum achievable when limited by background noise rather than 
when limited by interference. 

Increasing Shared Capacity by Moving to Interference Limited Planning 

The key benefit to be derived from the development and deployment of IC technology arises from the ability for 
spectrum use to move towards an interference-limited capacity constraint rather than a background noise limited 
capacity.  

Background noise, which at UHF and above arises principally from natural sources is accepted by all band users as 
an inevitable consequence of physics. Little can be done to significantly reduce background noise in terrestrial 
systems as the level is dominated by black body radiation from the ground.  

Interference on the other hand, is rightly seen as being avoidable, but when too much emphasis is put on interference 
avoidance, spectrum efficiency suffers. No known technology can cancel background noise, yet interference which 
can often be cancelled, is constrained to be below the background noise level. 

While unwanted emissions can be limited by design, interference into systems due to the wanted emissions of other 
systems can only be avoided through isolation. Traditionally, interference avoidance, where interference is 
constrained to not adversely affect the victim has been the method used to plan spectrum use. Each service is 
assigned either a “protection ratio” where the maximum ratio of interference relative to the wanted signal is defined, or 
through a blocking probability where the probability of interference occurring is limited.  

Forcing Down Protection Ratios 

Protection ratios are used in the fixed service, for example for sharing of television channels between regions or the 
sharing of spectrum between geographically separated fixed microwave links. Reducing these protection ratios would 
allow more services to share the available spectrum or the existing services to be fitted into less spectrum. 

9.2.1.1 Benefits 

Fixed Links Spectrum 

From Table 34 it is clear that the protection ratio is a large part of the margin used in fixed links planning. The results 
presented in Figure 38 show that introducing IC (which allows systems to operate at lower W/U ratios) allows 
frequencies to be re-used by a factor of 1.7 more often in the lowest channel.  

GSM 

The capacity simulations conducted by Cingular reported in [Ref 1] and based on an actual network topology show 
capacity gains of up to 57% assuming 100% of the mobile population uses IC. Results presented in [Ref 3] suggest 
that gains due to IC are linearly dependent upon the proportion of terminals with IC implemented.  

PBR 

Private business radio systems (taxis etc) are planned on a basis that takes into account the activity factor as well as 
the basic interference between systems. The protection ratio is used to determine the blocking probability between 
systems and if reduced would allow closer packing of networks. 

With all other radio characteristics remaining constant, for each dB of decrease in required protection ratio, a 
corresponding decrease in the path loss between victim and interferer(s) can be tolerated.  
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This benefit can be estimated using the principle of interference range. This is assumed to be the separation distance 
needed between victim and interferer to just satisfy the protection ratio and might be equated to a co-ordination 
distance. In a square law path loss environment, each dB reduction in protection ratio will allow a 0.5 dB equal to a 
12% decrease in the interference range.  

In a 4th power law propagation environment typical for mobile environments and PBR, this benefit is reduced to 0.25 
dB or 6%. Even so, a 1 dB reduction in protection ratio would make a significant difference to the packing density, 
which is proportional to the square of the interference range. 

System Typical Protection Ratio Standard 

Tetra to Tetra 19 dB ETS 300 392-2 

NBFM to NBFM (12.5kHz) 21 dB, intelligibility lost at ~7 dB ETS 300 086 

TAPS (Tetra advanced packet 
service)  

9 dB ECC Report 13 

AM to AM (No longer expected to be 
used in UK except for Aircraft) 

6 dB average intelligibility17 0.7 

9 dB average intelligibility18 0.9 

FCC Regulations 

Table 37 Typical Protection Ratios for PBR Systems 

Blocking probabilities are frequently used in planning. For example several adjacent19 networks may share a private 
business radio channel. If the activity factor is low, this works well. If the activity factor becomes high, the system 
rapidly breaks down as repeated failed attempts to pass traffic only add to channel congestion. Current channel 
planning algorithms (e.g. MASTS) take account of activity factor and the necessary protection ratio, together with 
acceptable blockage probability based on the agreed quality of service.  

Broadcast Spectrum 

While relatively few main broadcast transmitters are required to serve the majority of citizens, a large number of 
relays are required to serve the reminder. Much less broadcast spectrum would be needed if remote citizens were not 
served. While this is politically unacceptable, if the designs of broadcast receivers required less protection from 
interference, fewer channels would be needed and significant spectrum savings could be made in bands where the 
spectrum has high economic value.  

Digital broadcasting systems require significantly lower protection ratios than the old analogue systems they are 
replacing. Some example terrestrial television protection ratios are given in Table 38. 

                                                           

17 Average intelligibility of 0.7 in practice means on the verge of unintelligibility 

18 An average intelligibility of 0.9 indicates good commercial quality 

19 Adjacent – not co-located. Here we are considering interference that might arise between systems at a distance using different 
base stations, not the probability of two mobiles within the same network using the same base station clashing. 
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Broadcast Scheme Co-Channel protection ratio Adjacent Channel protection ratio 

DVB-T (16QAM) – DVB-T 15.7 dB -25 dB 

DVB-T (64 QAM) – DVB-T 19.8 dB -25 dB 

UK PAL – from UK PAL 45 dB -12 dB (From ITU-R BT.655-7) 

UK PAL – from DVB-T 40 dB -4.5 dB lower, -6 dB upper 

Table 38 Typical Television Broadcasting System Protection Ratios 

Co-channel 16QAM systems can get by with 16 dB of isolation. This in itself greatly improves spectrum efficiency. 
With IC it will be possible to use a single frequency per national multiplex. The majority of citizens will be protected 
sufficiently by the combination of distance, terrain and antenna isolation. The relatively small numbers that are not20 
will able to be protected through IC.  

In the UK, some of the original VHF broadcasting spectrum has been re-allocated to other services, for example for 
PBR and for T-DAB. These services will be the victims of interference from high-powered continental broadcasting 
during anomalous propagation conditions. 

Digital terrestrial radio broadcasting is currently deployed in the UK in the VHF band III around 225MHz. In the UK, 
this band is shared with military systems but no other services. The immunity of T-DAB is shown in Table 39, along 
with the immunity of some systems that UK T-DAB deployments might interfere with. These figures are the minimum, 
in planning typically 18 dB of margin will be added to the T-DAB figures to allow for propagation effects.  

                                                           

20 Worst case is assumed to be a receiver located equidistant from 3 transmitters with 10 dB antenna isolation, resulting in a C/I = 7 
dB. 
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Broadcast Scheme Co-Channel Adjacent Channel 

T-DAB from WBFM 4 dB -1 dB Δf = 0.7 MHz 

 -37.5 dB Δf =1 MHz 

 -45 dB Δf >1.3 MHz 

T-DAB to T-DAB 10 dB -- 

WBFM Stereo 45 dB 6 dB 200kHz 2 dB at 250kHz 

AM Typically 27 dB -- 

NTSC from DVB-T 52 dB 6 dB 

T-DAB from DVB-T (7MHz) 2 dB 0 dB @Δf = 3.7 MHz 

-49 dB @Δf > 4.5 MHz 

T-DAB from DVB-T (8MHz) 1 dB -1 dB @Δf = 4.2 MHz 

-50 dB @Δf > 5 MHz 

T-DAB from other services 
(CW) 

6.5 dB Δf   MHz –0.9 –0.8 –0.6 –0.4 –0.2 

PR dB –60.0 –6.6 2.7 3.2 4.1 
 

Table 39 Typical Radio Broadcasting System Required Protection Ratios 

9.2.1.2 Risks 

Naturally there is an increased risk in reducing the protection ratio, especially where a large community would be 
affected in the event of a failure. 

Anomalous Events and Bad Publicity 

There is a risk that the IC might not work well enough under anomalous propagation conditions, or that there is bad 
publicity from those forced to buy an IC equipped receiver. There is also the question of portable reception and the 
effect of in-house relays. 

Systems Currently Operating Beyond their Planned Parameters 

It may be the case that the existing procedures are already failing more than they should be and that hardware 
performance at slightly above specification is hiding this. As an example, a receiver noise figure is assumed for 
calculating receiver noise levels used in planning. Modern low noise front-end devices may be used in practice, 
significantly reducing the receiver noise floor, so that the Noise to Interference ratio (N/I) is already lower than 
expected.  

There is also the risk that the large recent increase in electromagnetic interference, especially below 1 GHz has 
already used up all of the margin. 

Drawbacks of Interference Limited Spectrum Planning 

Interference limited operation can have drawbacks, which can be illustrated by an example and mitigated through IC.  
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Cell phone users in tall buildings in central London, or in high locations in urban areas, will be aware that being high 
up does not necessarily mean they will receive good cellular coverage. This is because of interference between many 
line of sight base stations that would not be line of sight to a less elevated user. The cellular operators have designed 
an interference limited system that breaks down when a handset can see many base stations. This is accepted as the 
majority of users are not located on tall buildings, and by not providing for those who are, many more normally located 
customers can be served in the limited and expensive spectrum available. The benefit in call charges from more 
customers outweighs the risk of loss of call charges for the few. 

Where there is benefit from interference limited operation, there will also be benefit from IC.  

Interference Cancellation and Spectrum Trading 

One of the difficulties with spectrum trading, where it is planned that defined spectrum rights may be bought and sold 
on the open market, is coping with a change of use. Spectrum trades that do not cause any change of use will not 
cause any technical issues. Spectrum trades that do cause a change of use will have implications for the other users 
sharing that spectrum. 

Change of use can have unexpected consequences, for example the problems of incompatibility between Tetra and 
low quality television antenna boosters or even the effect of the move from analogue FM to GSM, which has had an 
impact on audio equipment. While IC cannot deal with these EMC problems it is able to mitigate against some of 
those caused by change of use. Certain trades may become possible where IC is used. It is likely that these would be 
limited to cases where there are relatively few victims. More aggressive sharing between fixed links and satellite earth 
stations may be possible. Moving Radars into the broadcast spectrum would not be practical.   

Additional and Unexpected Costs 

Some indication of the cost of replacing legacy equipment may be drawn from the current costs of buying and 
installing a link. Customer links, up to 34MB/s cost ~£13k to buy21 and 6 person days ~£6k to install22. Higher 
capacity links 155MB/s STM1 cost ~£20k with similar installation costs. 

IC enabled equipment should not take significantly longer to install, even with a second antenna and therefore the 
added costs of enabling IC are limited to the additional hardware costs. In the short term, the additional hardware will 
be expensive. In the longer term, the hardware cost is likely to approach those of a second antenna and feeder at 
each site ~£2k to ~£3k around 15-20% of the total cost. 

Perhaps the most significant risk is caused by the need for additional sensing antennas. There is a problem in the UK 
in gaining planning permission for telecoms towers owing to their visual aspect. Introduction of IC technology may 
require additional antennas. As there is an effective monopoly on many hilltop sites, the extra costs of additional 
antennas, which could amount to double the existing deployment may be more significant than expected. Further to 
this, if IC is used at non-hilltop sites, for example at mobile telephone base stations, there may be planning opposition 
to more backhaul antennas.  

9.2.2 LIGHT LICENSED BANDS 
The systems that are considered to be likely to benefit most from IC are light licensed fixed wireless access at 5 GHz 
and wireless local area networks. Other light licensed applications, principally low cost consumer devices including 
cordless devices, for example key fobs, family radio, collision avoidance radar are not considered likely to benefit 
owing to cost and form factor constraints.  

                                                           

21 From discussions with operators and manufacturers 

22 A reasonable allowance for climbing and technical effort is £1k per person per day 
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The major risk of IC technology deployment is that a user loses service through interference. As light licensed 
systems are offered no protection by the licence terms, it is not a direct concern of the regulator if non-IC systems fail 
owing to IC enabled systems nearby. Users should be aware that they carry this risk. The main risk to the regulators’ 
reputation is that owing to commercial interests, they are not made aware of it.  

It is very unlikely that spectrum can be released in the light licensed bands owing to the considerable demand for 
more spectrum. IC might help to mitigate this demand to some extent. 

Fixed Wireless Access and WLANs 

There are considerable benefits to the application of IC in the fixed wireless access service. This has been 
demonstrated by the results of the BFWA study that has shown a potential doubling of channel capacity. In WiMAX 
deployments, somewhere in the region of 5-15 dB of interference suppression is possible depending on the number of 
receive antennas and algorithm complexity. This is likely to apply in both light licensed and fully licensed bands as 
long as interference occurs between similar systems23.  

There is an immediate risk on deployment of IC technology to non-IC enabled systems. That is that the IC enabled 
systems will cause interference to non-IC systems but will not suffer it. This may have a negative impact on 
interference avoidance systems including carrier detection and CSMA that may reduce overall capacity during the 
transition phase to all users being fully IC enabled.  

9.2.2.1 Benefits and Risks Specific to BFWA 

As described in Appendix P of [Ref 1], there are a variety of systems and techniques that may be described as BFWA 
and which are currently provided under differing regulatory provisions. These range from fully licensed systems where 
the locations and technical parameters of BFWA systems are subject to planning and coordination with other 
spectrum users to ensure satisfactory grades of service and reliability, through a light approach in some frequency 
allocations where the locations of base stations are registered, to unlicensed systems. The approach used depends 
on the other users of the frequency allocations and also on the power and application of the BFWA systems and the 
consequent interference potential. 

The IC techniques described in this report will facilitate more intensive frequency usage, either by permitting a greater 
density of stations or by increasing the effective cell size or service range from a base station. However as discussed 
earlier, it is likely to be difficult to quantify the benefit of IC techniques in respect of specific paths between individual 
base stations and CPEs, although for each technique adopted it may be possible to provide a statistical estimate of 
the overall benefit. This will add further uncertainty to the interference assessment that would be part of a full licensing 
process. 

IC will result in a reduction in performance of a link from its planned interference-free level. However, as spectrum 
utilisation is intensified, so that links operate against a background of interference, then the use of IC techniques, as 
well as other measures, e.g. cognitive techniques such as adaptive power control and adaptive frequency 
management, are likely to result in an increase in effective spectrum usage as demonstrated in this study. 

Nevertheless, IC is primarily a technique that may only be applied at the receiving terminal.  In some special cases 
where a portion of the spectrum is used or managed by one organisation, such as is the case for cellular radio, then 
some collaborative techniques may be used at the transmitting terminals, for example by applying antenna beam 
shaping, power control or modulation adaptation. In this case this is possible since the emissions from a distant 
interfering source will be under the same network management as the wanted signal. But for BFWA, even where the 
same organisation manages a number of base stations within an area, it is unlikely that the control protocols would 

                                                           

23 While light licensed spectrum is technology neutral there is a spectrum efficiency case for interface requirement mandating 
systems capable of equitable sharing. 
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facilitate modifications to the signals from a distant base station to reduce interference elsewhere and it is even less 
likely that signals from CPE stations could be modified. These considerations cast some doubt on the value and 
purpose of the technical aspects of a licensing process. It has not been usual practice to apply regulation to receiving 
systems, apart from some spectrum management parameters that might be included in type approval specifications, 
and licensing which imposed operational conditions on receivers may be considered as unduly onerous. Thus the use 
of systems with IC will carry some performance risk, dependent on other users of the spectrum, and this would need 
to be emphasised in any authorisation for IC systems. 

The conventional approach to licensing the introduction of a new system into a frequency band would be to undertake 
a technical interference assessment using a propagation path loss model, taking account of details of the antenna 
locations, heights and directivity where appropriate, and also of the technical parameters of the equipment and the 
specification of the service requirement. Such assessments are unlikely to be sufficiently detailed to include the 
effects of small-scale features close to the terminals and may not be able to include sufficiently detailed models of 
vegetation, particularly important at high frequencies. Moreover the terrain and feature databases used in the models 
may not include recent changes and additions. Typically the predictions from the model would be made for a 
statistical confidence level of 50 %, although the specifications may include implicit margins. 

9.2.2.2 General Benefits 

In addition to the spectrum efficiency gains to be achieved by introducing IC in BFWA as demonstrated in the study, a 
number of other more general benefits would result from a generalised or even localised use of IC in future 
deployments. 

Good for the Economy 

The concept of broadband for all could be brought one step forward with the introduction of IC to reduce the impact of 
interference on the service availability in areas where this would have been otherwise not feasible. The end result, 
from the UK plc’s perspective is that more operators would be able to enter the broadband market, creating additional 
revenues for the treasury through taxation. 

This should create a momentum for new business opportunities, leading to employment opportunities for the local 
economies (antenna installers, equipment resellers, equipment manufacturers…). 

User Satisfaction 

Users should be able to benefit from increased throughput, resulting in improved services or access to new service 
that would otherwise not be available, particularly in marginal coverage areas. 

Benefits to the Operators 

In addition to an increase in service availability, operators would also benefit from: 

• Reduced expenditure as introducing IC would be equivalent to reducing the protection ratios. As a result 
cell sizes would increase, leading to a reduction in the number of base stations required to service a 
given area 

• Increased throughput would provide the operator with the possibility of offering additional services (such 
as video streaming) for which additional revenue could be generated 

• Reduced call-out charges as less customers will be experiencing service failures due to interference 

These benefits are not all cumulative. 
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9.2.2.3 General Risks 

The risks identified during this study are not specific to the IC implementation, but rather to the fact that an increasing 
number of wireless equipment could potentially be deployed as a result of implementing IC and what this could entail. 

Geographic 

Initially, and for economic reasons (operators would only consider deploying in areas likely to attract a sufficient 
number of subscriber to be economically viable), BFWA deployment would be confined to densely populated areas. 
Furthermore, the management of interference in rural areas should be simpler because of the limited coverage 
footprints offered by BFWA systems and the unlikely scenarios of having multiple operators offering the service to a 
limited population within the same geographic area. In this instance, single operators should be capable of 
overcoming the interference issues by careful planning of their system and would therefore not add cost and 
complexity to their deployment. 

Economic 

In urban and suburban regions where there is a stronger business case for deploying BFWA, operators will be in 
direct competition with cable and leased line operators which would be already well established and offer their service 
at a lower cost and potentially higher reliability. 

The BFWA model would only become viable in high demand areas where volumes would allow an acceptable return 
on investment. There is therefore a risk that encouraging IC uptake in BFWA through disincentives could lead to the 
technology being all together overlooked by potential operators. 

Social 

There is the risk that customers will reject the additional equipment that needs to be fitted, particularly when existing 
infrastructure is already installed (e.g. satellite dish, TV aerial etc.). To avoid this it would be possible to encapsulate 
these antennas in a single unit, consequently customers do not require multiple mountings, although the actual 
antenna is likely to be larger.  

There is also a tendency for people to be cautious about wireless systems in general, with health and safety and 
security high on their mind. 

Political 

There is the risk that additional infrastructure on roofs could be perceived as visual pollution, particularly at a time 
when authorities such as the Highways Agency are actively involved in reducing street “clutter”. Local authorities 
might view the deployment of additional antennas on roofs as a potential degradation of the environment and could 
introduce tougher planning application procedures to limit the amount and extent of additional antennas. To avoid this 
risk antennas should be encapsulated in a single unit. 

Environmental pressure groups and local neighbourhood groups could potentially block or delay deployment of 
systems requiring a large number of antennas in built-up areas. 
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9.3 ROADMAP 

It is assumed that the aim is to deploy IC technology where appropriate in as short a timescale as possible in order to 
realise the benefits as soon as possible. The key stages in the roadmap for the introduction of IC are: 

• Planning 

• Public Consultation 

• Hardware Development 

• Deployment 

• Realisation of benefits 

All of these can occur to a greater or lesser extent in parallel with timescales depending on service.  

9.3.1 PLANNING 

If the regulator wishes to encourage the development of IC significant changes to the current licensing regime may be 
required. For example, there may need to be a change in licence fees or modifications may need to be made to the 
interface requirements.  

Other more indirect methods of encouragement will also need to be developed, for example through publicising the 
benefits or through sponsored prototyping of equipment. 

An initial roadmap and timeline will need to be developed at this stage. These plans should then be put out to public 
consultation. 

9.3.2 PUBLIC CONSULTATION 

The public consultation is an important stage. All new technologies should only be deployed if there is agreement that 
they should be used. Ofcom will initially need to evaluate and document the costs, benefits and risks before 
presenting these for comment in an initial consultation and request for comment.  This initial consultation should 
include details from the planning stage, possibly with several alternative strategies. 

Following this, taking onboard the results of the initial consultation refinements to the plans should be made and a 
second consultation exercise undertaken. This will be more detailed with firmly defined parameters that are hopefully 
close to those that will eventually be implemented. For example through including proposed new interface 
requirements and licence conditions. 

9.3.3 HARDWARE DEVELOPMENT 

It is recommended that the development of hardware should run in parallel and take account of the public consultation 
and planning activities. It is expected that hardware development can be rapid in the BFWA and fixed links area as 
the technology already exists, but needs to be integrated into a viable system and made affordable.  

The development stages should move through prototyping to field trials, followed by refinement, development of 
equipment suitable for initial deployment and development for mass deployment. This process is expected to take 6 
months for BFWA and 12 months for fixed links.  

A potential delay may be caused by the need for standardisation through relevant standards bodies.  



      
      

Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 
72/06/R/036/U        Page 143 of 175 

      

9.3.4 DEPLOYMENT 

Deployment should commence with a field trial in order to prove the technology. These trials need to occur at an early 
stage and can make use of prototype hardware that may not be suitable for mass deployment. 

The field trials aim to test the technology in a realistic deployment. The requirements are different for BFWA and fixed 
links 

For BFWA systems, where the main benefits come from reducing the self-interference within deployments and in 
permitting rival operators to share spectrum more aggressively the field trials will need to have many sites but not run 
for a long time. This is because it is location variability that is most important.  Interference paths will tend to be 
numerous but short and temporal variability through propagation is less of an issue. 

For fixed links, longer term trials are needed to fully test the temporal variability. Fixed links tend to require very high 
availabilities and it is not likely that these can be tested within a reasonable timescale as several years worth of data 
would be needed. Fortunately, as the number of interferers is it is likely to be possible to use simulation based on 
measured data to speed up the trials. The results of the long-term measurement programme [Ref 52] will be useful 
here in providing channel estimations over the longer term. 

9.3.5 REALISATION OF BENEFITS 

Fixed Links 

From discussions with fixed link operators24, it appears that where the link requirements remain constant, the 
hardware deployed in fixed links tends to remain in reliable operation for around 10-15 years before being replaced. 
This figure should be regarded as a maximum lifetime as in many cases, changed requirements will require upgrades 
to or the removal of a link more often.  Typically customer links are replaced after 6-7 years for upgrading and higher 
cost trunk links are upgraded after 10-12 years. 

It is reasonable to expect that links installed now will last equally long and that should IC be mandated for new links in 
a band containing legacy links, the full benefits are unlikely to be realised in less than 15 years. Some benefits, for 
example the location of short low power links between existing deployments should be realisable immediately. 

If baseband devices equipped with XPIC can be used for cancellation of interference from other links, then the 
technology is at a high state of readiness, although some modifications to existing product lines will be necessary. 
The high availability requirements of fixed links suggest some trials would need to be performed of the technology 
before deployment with live links. A trial period of 1-2 years may be necessary, and assuming a successful outcome 
deployment could commence within the following year. Allowing for a period of 1 year to develop trial equipment and 
establish the trial followed by a 1 year trial period, then deployment could commence after 2.5-3years. 

To encourage the eventual adoption of IC for new links a large increase in the licence fee could be considered for 
non-IC links after say 2010, but perhaps only for links where a benefit of using IC can be established, so that non-IC 
links where no benefit can be determined from using IC would continue with the current licence fee. This could be a 
difficult situation to regulate as definite proof of a benefit will have to be established by the regulator, but without some 
escalation in licence fees it is unlikely that operators will replace non-IC equipment with IC enabled equipment 
because of the extra costs involved. There would only be a definite benefit for IC equipment in areas with high link 
densities, so the licence fee escalation could be introduced as a congestion charge. The increase in licence fee 
should be such that the payback of replacing a non-IC link with IC is over a period of 3 years. 
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If there is no change to the licence fee, then the only mechanism by which IC would be adopted is if an operator could 
not obtain an assignment in a band or sub-band without the use of IC. Operators with a large number of links prefer to 
minimise the frequency range over which their links operate, so as to minimise the number of spares required, 
consequently some operators may tolerate the additional cost of IC, if this avoids the need to maintain spares for a 
new frequency range. 

BFWA 

For BFWA the possibility of lower roll-out costs is likely to be the driver rather than eventual more efficient use of the 
spectrum. The study has established possible cost savings of between 27 and 40% for the same installed capacity, 
when using IC. If this is accepted by operators (and an initial trial might be required to confirm the feasibility), then the 
likely driver will come from operators requesting IC capabilities from equipment manufacturers. Manufacturers will 
respond to operators demands where possible, and the likely timescale for production equipment with IC equipment 
being available is probably around the 1-2 year time frame depending upon the amount of development effort 
required. A likely minimum time frame for the deployment of BSs and CPEs with IC is likely to be around 2-3 years, 
allowing some time for an initial trial and field tests of production equipment. 

10 CONCLUSIONS 

10.1 FIXED LINKS 

In applying IC to fixed links the following conclusions have been drawn: 

• Single antenna IC does not provide sufficient gain for high level QAM signals to warrant the complexity 
of implementation 

• Dual antenna IC can provide significant performance improvements using techniques akin to those used 
for cross-polar IC (XPIC) that are already commonly used in co-channel co-polar links 

• The presence of other interferers will limit the extent of performance improvements that can be obtained 
using dual antenna IC 

• Using the Ofcom database for 7.5GHz assignments the use of IC has been shown to improve the re-use 
of the lower channels by up to 1.7 times 

• The majority of interference is on or close to the link axis 

• The increased cost of adding IC is between 30% and 45% if all links are equipped with IC 

• IC can permit an assignment to be made in a congested frequency band, or allow assignments to 
continue to be made within an operator preferred sub-band 

10.2 BFWA SYSTEMS 

In applying IC to BFWA systems the following conclusions have been drawn: 

• Directional elements provide an effective interference avoidance measure, but full coverage and near-
maximum throughput cannot be obtained through sectorisation alone 

• The largest relative gain in throughput was obtained with multi-user algorithms and omnidirectional 
antennas 
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• Throughput gains through IC are reduced with directional antennas at the CPE, but the combination of 
directional elements and IC offers high coverage and high throughput performance 

• Transmit diversity offers little benefit on the downlink and greater benefits on the uplink 

• For a given installed capacity, IC can lead to infrastructure cost savings of between 27% and 40% 

10.3 GENERAL 

Drawing general conclusions on the application of IC is a difficult exercise when these conclusions are applied over a 
wide range of systems, and in some cases the following conclusions may not apply to a particular system, and do 
have to be taken as a generalisation. 

• Introducing IC into an existing system with a deployed base of receivers is difficult because the benefits 
of IC are often proportional to the number of receivers equipped with IC 

• Probably the way in which IC can achieve the maximum benefit is where an existing technology is to be 
deployed in a new band (for example new 3G bands) and mandating IC removes the legacy issues. 
Implementation and deployment of IC for an existing technology is more feasible than in a very new 
technology where development effort will be concentrated on basic features 

• New technologies should consider IC to be introduced at some stage in the system lifetime and ideally, 
if technology permits it, at an early stage 

• Market forces can lead to the adoption of IC in new deployments, but regulatory involvement is thought 
to be necessary for adoption of IC in existing deployments 

Conclusions applying to each of the systems examined in this report are: 

• Cellular Already demonstrated in GSM, but not taken up in the UK. Would be most effective for new 
bands where existing technology is introduced 

• BFWA Cost savings to be made during roll-out of BFWA networks in urban environments because a 
reduced number of base station sites will be required to achieve a given throughput 

• Fixed Links The benefit of IC is thought to be in allowing new assignments to be made in congested 
bands. Legacy issues will prevent the full benefit of IC to be obtained in the near term 

• Radar There is potential for the use of IC to improve band sharing with radar. However, legacy issues 
will hinder short-term spectral efficiency gains 

• Broadcast There is potential for IC to improve co-channel re-use in DVB-T and DVB-H systems. 
Applying IC to DVB-T would require retro-fitting of a fraction of the existing receivers. The number of 
receivers required to be retro-fitted is thought to be restricted to the fringes of coverage although this 
has not been verified in this study 

• WLAN Protocols used in WLAN applications limit the benefits that IC can provide. In WLAN systems 
with cellular-like infrastructure ‘Hidden Terminal’ problems could be overcome by the use of IC 
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12 GLOSSARY 
3G  Third generation 

AAS Adaptive antenna system 

ACI Adjacent channel interference 

ADP Amplitude domain processing 

AESA Active electronically scanned array 

AGC Automatic gain control 

ARQ Automatic repeat request 
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ATF Adaptive time-frequency (transform) 

ATPC Automatic transmitter power control 

AWGN Additive white Gaussian noise 

BER Bit error rate 

BFWA Broadband fixed wireless access 

BPSK Binary phase shift keying 

BS Base station 

BSS Blind signal separation 

C/I Carrier to interference ratio 

CCI Co-channel interference 

CDMA Code division multiple access 

CM Constant modulus 

CPE Consumer premises equipment  

CSI Channel state information 

CSMA Carrier sense multiple access 

DAB Digitial audio broadcast 

DFS Dynamic frequency selection 

DL Downlink 

DOA Direction of arrival 

DS Direct sequence 

DS/SS Direct sequence spread spectrum 

DSP Digital signal processing 

DVB Digitial video broadcast 

DVB-H DVB-handheld 

DVB-S DVB-satellite 

DVB-T DVB-terrestrial 

Eb/N0 Ratio of bit energy to one-sided noise power density 

ECCM Electronic counter counter measures 

EDGE Enhanced data rates for GSM evolution 

EIRP Effective isotropic radiated power 
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EKF Extended Kalman filter 

ELINT Electronic intelligent 

ESM Electronic support measures 

ESV Earth Stations on Board Vessel  

FDD Frequency division duplex 

FFT Fast Fourier transform 

FHSS Frequency hoppped spread spread spectrum 

FIR Finite impulse response 

FISSS Frequency independent strong signal suppressor 

FLI Frequency localised interference 

FSBLP Fractionally spaced bilinear perceptron  

FSDFMLP Fractionally spaced decision feedback multilayer perceptron  

FSS Fixed satellite station 

GMSK Gaussian minimum shift keying 

GPS Global positioning system 

GSM Global System for Mobile Communications 

HAP High altitude platform 

HSDPA High speed downlink packet access 

I/N Interference to noise ratio 

IC Interference cancellation 

IEEE Institute of Electrical and Electronic Engineering 

IFFT Inverse fast Fourier transform 

IRC Interference rejection combiner 

ISI Inter-symbol interference 

ISM Industrial, scientific and medical 

JD Joint detection 

LAN Local area network 

LMMSE Linear minimum mean square error 

LMS Least mean square 

LOS  Line of sight 



      
      

Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 
72/06/R/036/U        Page 151 of 175 

      

LPD Low probability of detection 

LPI Low probability of intercept 

MAC Medium access control 

MAI Multiple access interference 

MEM Micro-electro mechanical 

MIMO Multiple input multiple output 

ML Maximum likelihood 

MMSE Minimum mean square error 

MRC Maximal ratio combining 

MUD  Multiuser detection 

MVDR Minimum variance distortionless response 

NLOS Non-line of sight 

OFDM Orthogonal Frequency Division Multiplex 

OTH Over the horizon 

PAN Personal area network 

PER Packet error rate 

PHY Physical layer 

PLL Phase locked loop 

PRBS Pseudo random binary sequence 

PSK Phase shift keying 

QAM Quadrature amplitude modulation 

QoS Quality of service 

QPSK Quadrature phase shift keying 

RF Radio frequency 

RLS Recursive least squares 

RMS Root mean square 

RS Reed Solomon 

Rx Receiver 

SAIC Single antenna interference cancellation  

SAW Surface acoustic wave 
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SES Spectrum efficiency scheme 

SIC Successive interference cancellation 

SINR Signal to interference and noise ratio 

SNR Signal to noise ratio 

SSAP Statistical signal and array processing  

STAP Space-time adaptive processor 

STAR Space-time autoregressive 

TDD Time division duplex 

TDMA Time division multiple access 

TFLI Time-frequency localised interference 

TLI Time localised interference 

Tx Transmitter 

UL Uplink 

UMTS Universal Mobile Telecommunications system 

UWB Ultra-wideband 

WCDMA Wideband CDMA 

WLAN Wireless local area network 
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APPENDIX A PARAMETERS FOR SUI CHANNEL MODELS 
See Section 4.5.2 for a description of the parameters. 

A.1 SUI-1 CHANNEL 

Parameter Tap 1 Tap 2 Tap3 

Delay, μS 0 0.4 0.9 

Power (omni), dB 0 -15 -20 

K-factor (omni) 4 0 0 

Power (30°), dB 0 -21 -32 

K-factor (30°) 16 0 0 

Doppler, Hz 0.4 0.3 0.5 

Antenna correlation 0.7 

Gain reduction factor 0 dB 

Normalisation factor (omni) -0.1771 dB 

Normalisation factor (30°) -0.0371 dB 

A.2 SUI-2 CHANNEL 

Parameter Tap 1 Tap 2 Tap3 

Delay, μS 0 0.4 1.1 

Power (omni), dB 0 -12 -15 

K-factor (omni) 2 0 0 

Power (30°), dB 0 -18 -27 

K-factor (30°) 8 0 0 

Doppler, Hz 0.2 0.15 0.25 

Antenna correlation 0.5 

Gain reduction factor 2 dB 

Normalisation factor (omni) -0.3930 dB 

Normalisation factor (30°) -0.0768 dB 
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A.3 SUI-3 CHANNEL 

Parameter Tap 1 Tap 2 Tap3 

Delay, μS 0 0.4 0.9 

Power (omni), dB 0 -5 -10 

K-factor (omni) 1 0 0 

Power (30°), dB 0 -11 -22 

K-factor (30°) 3 0 0 

Doppler, Hz 0.4 0.3 0.5 

Antenna correlation 0.4 

Gain reduction factor 3 dB 

Normalisation factor (omni) -1.5113 dB 

Normalisation factor (30°) -0.3573 dB 

A.4 SUI-4 CHANNEL 

Parameter Tap 1 Tap 2 Tap3 

Delay, μS 0 1.5 4 

Power (omni), dB 0 -4 -8 

K-factor (omni) 0 0 0 

Power (30°), dB 0 -10 -20 

K-factor (30°) 1 0 0 

Doppler, Hz 0.2 0.15 0.25 

Antenna correlation 0.3 

Gain reduction factor 4 dB 

Normalisation factor (omni) -1.9218 dB 

Normalisation factor (30°) -0.4532 dB 
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A.5 SUI-5 CHANNEL 

Parameter Tap 1 Tap 2 Tap3 

Delay, μS 0 4 10 

Power (omni), dB 0 -5 -10 

K-factor (omni) 0 0 0 

Power (30°), dB 0 -11 -22 

K-factor (30°) 0 0 0 

Doppler, Hz 2 1.5 2.5 

Antenna correlation 0.3 

Gain reduction factor 4 dB 

Normalisation factor (omni) -1.5113 dB 

Normalisation factor (30°) -0.3573 dB 

A.6 SUI-6 CHANNEL 

Parameter Tap 1 Tap 2 Tap3 

Delay, μS 0 14 20 

Power (omni), dB 0 -10 -14 

K-factor (omni) 0 0 0 

Power (30°), dB 0 -16 -26 

K-factor (30°) 0 0 0 

Doppler, Hz 0.4 0.3 0.5 

Antenna correlation 0.3 

Gain reduction factor 4 dB 

Normalisation factor (omni) -0.5683 dB 

Normalisation factor (30°) -0.1184 dB 
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APPENDIX B COEFFICIENT CALCULATION FOR MIMO-DFE 

B.1 CHANNEL IMPULSE RESPONSE ESTIMATION 

In the simulation results presented in section 3.3 a block estimation method is used to obtain channel impulse 
response estimates, which are then used in the MIMO-DFE coefficient calculation. The block estimation method of 
channel estimation obtains the maximum likelihood estimate of the channel impulse response assuming that noise is 

additive white and Gaussian. Taking blocks of symbols )(
1

)( k
Nn

k
n ss −+K  for each of the transmitted signals, circulant 

matrices )(kS  are formed and concatenated to produce the matrix ⎥⎦
⎤

⎢⎣
⎡= − *)1(*)0( TNSSS K . The channel impulse 

response for the j-th antenna is then obtained from: 

( ) )(*1*)( jj rSSSh
−

=  Equation 12 

Where 
*

),1(),0()( **

⎥⎦
⎤

⎢⎣
⎡= − jNjj Thhh K and )( jr  are the received signal samples from the j-th antenna. 

B.2 BLOCK METHOD FOR MIMO-DFE COEFFICIENT CALCULATION 

Given estimates of the channel impulse response for each of the transmission paths it is possible to make a direct 
calculation of the coefficients of the MIMO-DFE. Denoting iH ′  as the TR xNM  matrix of channel impulse response 

coefficients at the i-th time delay then the following block circulant matrix is formed: 
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Defining [ ]*
1

*
0

*
−=

fNCCC L  and [ ]**
1

*
bNBB0B L=  as the block matrices containing the 

feedforward and feedback tap coefficients, then under the assumption that previous decisions are correct, and that 
DNN fb +=++Δ 1 , then the coefficients of the MIMO-DFE can be obtained by forming the following matrix: 

HRHRR 1*1 −− += nnss  Equation 13 

Where ssR  and nnR  are the covariance of the signal samples and the noise samples respectively. For uncorrelated 

signal samples and uncorrelated noise samples these are diagonal matrices. The resulting matrix can be factored 
using the block Cholesky factorisation: 
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Where 1L  is a ( ) ( )11 +Δ+Δ TT xNN  matrix. The feedback and feedforward coefficients are then obtained from 

the following: 

[ ]1)1(
*

−+ΔΔ=
TT NN eeLB K  Equation 15 



      
      

Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 
72/06/R/036/U        Page 157 of 175 

      

1*1

*
1)1(

1
1)1(

*1

* −−

−+Δ
−

−+Δ

Δ
−

Δ

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

= nn

NN

NN

TT

TT

d

d
RHL

e

e
C M  Equation 16 

Where ie  is the i-th unit vector having a one at position i and zero elsewhere. The matrix L  is a lower triangular 

matrix from the Cholesky factorisation of the matrix R . 

The decision delay should be optimised to minimise the trace of the error covariance matrix given by BRB 1* − . In 
practice it has been found that setting the decision delay to the channel duration is a good compromise between 
complexity and performance. 

For the linear equaliser there are no feedback coefficients and so the coefficients C  are obtained from the following: 
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B.3 RECURSIVE METHOD FOR MIMO-DFE COEFFICIENT CALCULATION 

An alternative approach to the block oriented procedure described above is to use a recursive procedure to obtain the 
coefficients of the MIMO-DFE. With a recursive approach blind start-up is possible and an algorithm is described here 
using a modification of the Godard algorithm that is better suited for Square QAM constellations for initial 
convergance [Ref 33] alternatively the so-called ‘Stop and Go’ algorithm described in [Ref 34] could be used. Once 
initial convergence has been obtained it is possible to switch to a decision directed mode of operation. 
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Filter coefficients are updated recursively in the following manner:  
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Where μ  is a small positive constant, and will take different values depending upon which error signal is being used. 

The error signal ( )(k
nε ) may be either blind or decision directed: 
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The constant α is determined by the ratio of the fourth and square of the second moments of the modulated symbols, 

thus: ⎥⎦
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APPENDIX C MULTIPLE ANTENNA TECHNOLOGIES FOR IC 
This section will review the alternative processing methods for multiple antenna processing. As already mentioned, 
the focus will be on receiver processing. First notation is reviewed (following [Ref 18]). 

x1(k)

w1(k)

y(k)

x2(k)

w2(k)

xN(k)

wN(k)

+

Antenna
elements Weights

Combine

 

Figure 69 Antenna array system 

An antenna array system is shown in Figure 69. With M antennas, the received signals xl(k) (k is the time index) from 
the antennas are combined with array weights are wl. Thus the output y(k) is given by: 

∑
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M

l
ll kxwky

1

* )()(   

 Equation 23 

For broadband systems, an FIR filter (length K) may be used on each antennas signal before combining, thus the 
output for broadband processing is given by: 
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     Equation 24 

These can be combined into: 

)()( kxwky H=  Equation 25 

For broadband signals phase variation across the array complicates the analysis, and requires processing such as 
FIR weighting networks (as in Equation 24). An alternative approach is to split the incoming signal into parallel 
frequency channels, where each one is considered narrowband, and each channel is processed separately [Ref 19]. 
This frequency domain approach is the natural choice for OFDM signals. 

For a propagating wave from direction θ, the array outputs are ))(()( θω lkj
l ekx Δ−= , where Δ is the relative time 

delay on each branch (0 for reference branch), and ω is the carrier frequency. By substitution, 
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Where d(θ,ω) is the steering vector, and τi(θ) are the combined propagation delays and system delays from the 
reference element. The beam pattern is the magnitude squared of r(θ,ω). 

For multiple signals (L), and M antennas, then we can write: 

 ( ) ( )[ ]Ldd θθ=θ K1)(A  

( ) ( ) ( )[ ]TL tstst K1=s   Equation 27 

 ( ) ( ) ( ) ( )ttt nsAx +θ=  

With notation defined, the alternative techniques will be discussed. 

Directional beamforming. This method uses the direction of arrival (DOA) information of wanted signals, and 
possibly interfering signals for nulling. Performance is degraded with pointing errors that are likely with a small 
number of antennas (in this application the number will be less than 4, as low as 2) due to the limited angular 
resolution. Errors will also occur when the steering vectors are not accurately known, and so array calibration is 
required.  Also with small arrays the degrees of freedom for nulling are limited. 

Maximisation of SINR. This uses knowledge of signal ( xR ) and noise ( nR ) correlation matrices. If the signal is 

narrowband, and the wanted DOA is θ, then the solution is given by:  

( )ωθα= − ,1dRw n  

 Equation 28 

Where α is a constant. Maximisation of SINR is also known as optimum combining [Ref 20]. SNR is independent of α. 
Note that even though beams are not explicitly formed, directional information and (calibrated) steering vectors for 
these directions are required. When noise (with variance σ2) and interference are uncorrelated then: 
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*2σ  Equation 29 

Typically, it is possible to null up to M-1 interferers, and still optimise SINR [Ref 20]. If M-1>L then the SINR 
improvement may be limited. 

When the array is constrained to have unit response in the look direction, the constant is given by: 
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H −=  Equation 30 

and hence : 
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Which is called NAME in [Ref 21]. Replacing Rn by Rx (which is easier to estimate) gives the minimum variance 
distortionless response solution (MVDR) or SPNMI in [Ref 21]. 
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Reference signal based.  This method does not need to know DOA information, but will use a reference signal 
instead. This has the advantage of not requiring array calibration The MMSE solution is given by [Ref 18]:    

xdx rRw 1−=  

 Equation 32 

Hence [Ref 22]: 

[ ] [ ]( ) [ ]knknkn xMMSE ,,, )0(1 HIRw −+= γ  

 Equation 33 

Here the index k makes the calculation for each subcarrier in OFDM explicit, this index is not needed for single carrier 
systems. γ is a diagonal loading term to prevent a singular matrix [Ref 23][Ref 24]. γ is set to be larger than the 
smallest (noise) eigenvalues, so γ~σ2. H(0) is the channel for wanted signal at p-th antenna – equivalent to the 
steering vector, and so the reference signal is used to estimate the channel response on each antenna. 

This is seen to be related to Equation 28, where instead of DOA information, the channel response is used in its 
place, and the two are closely related. The cross-correlation in Equation 32 has been replaced by the channel 
estimate (which is true to a scaling). 

When there are multiple users, and the channels for each are known. For an M element array, L users, L<M, a 
channel matrix H (LxM) can be defined [Ref 25], and thus the multiuser MMSE solution (MU algorithm) results: 

wMU-MMSE=(HHH+σ2I)-1H 

  
 Equation 34 

Where only a single user’s signal is required to be detected, as in the BFWA scenario, the final term can be replaced 
by H(0). The calculation of the correlation matrix in Equation 33, and the users’ channels in Equation 34 imposes a 
high computational complexity, and so a complexity reduced version is to only use the estimated channel of the 
wanted user, giving: 

WSU-MMSE=(H(0) H(0) H+σ2I)-1H(0) 

  
 Equation 35 

Which will be denoted the SU algorithm. Maximum ratio combining (MRC) is a simplified method using only the 
channel estimate with: 

wMRC= H(0)/| H(0)|2    

 Equation 36 

It can seen that when H(0) is small the solution is not stable (typical of zero forcing solutions), whereas the diagonal 
loading term in the MMSE solution prevents this situation. Is is clear that the SU variant of Equation 35 is the MRC 
algorithm with the addition of the diagonal loading term. 

Adaptive estimation 

The previous approaches assumed the correlation matrix is known. In practice this needs to be estimated. Block 

adaptation calculates xR as: ∑
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K are the sample vectors available. 
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When new samples become available it is possible to apply an update equation to calculate R iteratively: 
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 Equation 37 

Using the matrix inversion lemma, an iterative calculation for the inverse (where required) is given by: 
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with 0,1)0( 0
0

1 >=− eIR
ε

 

Which is the basis of the RLS algorithm. But these assume R is stationary. 

More commonly, a gradient descent method is used to calculate the weight vector, typically the least mean squares 
(LMS) or recursive least squares (RLS) methods are used. As an example the unconstrained LMS method has a 
weight update equation: 

)(*)()()1( kekxkwkwLMS μ+=+  Equation 39 

Where yd is the desired signal (reference), and the error from the beamformer is e=yd-wHx. Performance depends on 
the eigenvalue spread, and convergence can be slow, since for l dimensions, there are l time constants: τl=1/(2μλl). 
Other LMS approaches are the sign algorithm, constrained LMS and normalised LMS, these are described further in 
[Ref 21].  

An alternative is the RLS algorithm that minimises a weighted sum of past square errors, and often provides faster 
convergence, at the expense of higher complexity. 

Pre-FFT vs. Post-FFT 

Calculation and application of the weight vectors can occur before or after the FFT process within the OFDM receiver. 
Where pilots are interspersed across the OFDM symbol with the data, they can only be recovered and used for weight 
estimation after the FFT. However, the 802.16 standard uses preamble symbols that do not contain any data, and 
therefore weight calculation before or after the FFT is possible. The calculations are therefore in the time domain or 
frequency domain respectively. Pre-FFT calculation does not take into account the wideband nature of the signal 
unless the weight vectors are FIR filters, whereas post-FFT processing can carry out calculations on a per subcarrier 
basis. Bartolome [Ref 26] assesses IC in the time (pre-FFT) and frequency (post-FFT) domains. While the time 
domain method gives improved performance, the complexity is higher (2 orders of magnitude). Reduced complexity 
with pre-FFT diversity combining is discussed in [Ref 27], and shows performance is degraded over post-FFT 
approaches. However, [Ref 27] is a channel diversity method and is not suitable for CCI suppression.  

It is important to present the FFT process with a good representation of the desired signal, requiring accurate time 
and frequency synchronisation, and moderate levels of interference. Consequently, pre-FFT combining techniques 
have the potential to operate at lower C/I. Post-FFT combining will have start up issues in high levels of interference, 
and may need initialisation first – but this is less of an issue for reference signal systems and where averaging across 
preamble symbols can improve estimation accuracy. 
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APPENDIX D FIXED LINK ANTENNA RADIATION PATTERNS 
The radiation patterns used for the various links will be those defined by ETSI25. The ETSI specification defines 3 
types of radiation pattern envelopes (RPE) that apply to the frequency band of interest (3 to 14 GHz) depending on 
the application, operator requirement and regulation. The 3 types of RPE relate to Classes 2, 3 and 4 and are 
reproduced below in  Figure 70 to Figure 72. 

 

Angle (°)  Co-polar (dBi)  Cross-polar (dBi)
5 26 10
10 20 5
15 5
20 12
30 -3
50 5
65 2
70 -3
80 2
100 -20
105 -20
180 -20 -20  

Figure 70 RPE for Class 2 antennas in the range 3 to 14 GHz 

 

                                                           

25 Fixed Radio Systems; Characteristics and requirements for point-to point equipment and antennas; Part 4-2: Harmonized EN 
covering essential requirements of Article 3.2 of R&TTE Directive for antennas, ETSI EN 302 217-4-2 V1.1.3 (2004-12). 
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Angle (°)  Co-polar (dBi)  Cross-polar (dBi)
5 20 5
10 0
13 -5
20 8 -5
40 -6
50 -10
70 -5
75 -15
95 -25
100 -25
180 -25 -25  

Figure 71 RPE for Class 3 antennas in the range 3 to 14 GHz 
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Angle (°) Co-polar (dBi) Cross-polar (dBi)
5 16 5
10 5 0
13 -5
20 -7 -15
30 -20
40 -24
45 -24
50 -18
70 -20 -25
85 -24 -25
105 -30 -33
180 -30 -33  

Figure 72 RPE for Class 4 antennas in the range 3 to 14 GHz 
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APPENDIX E RTD-MIMO CHANNEL ANALYSIS VERSUS SUI 
MODELS 

E.1 K-FACTOR 

SUI models give 90% and 75% cell coverage for SUI-1 to SUI-6, 50% K-factor values are also given for SUI-5 and 
SUI-6. SUI models assume 1200 antenna beamwidth at the BS and omni-directional (3600) or 300 antenna beamwidth 
for CPEs. The 300 beamwidth CPE antenna increases K-factor around 6dB as shown in Table 40.  

For our simulation environment, ray tracing results demonstrate 43% of CPEs only have single dominant ray and 57% 
have K-factor mostly between -5dB and ~38dB as shown in Figure 73. Also, increase in K-factor from the 
omnidirectional antenna to the 300 CPE antenna is less than stated in the SUI-models, e.g., 0.8dB and 2dB for 90% 
and 75% coverage respectively. Results also indicate that, the SUI-3 has good agreement with the ray-tracing model 
for both the omni antenna and the 300 beamwidth CPE antenna.  

90% K-factor 75% K-factor  

Omni antenna 300 antenna Omni antenna 300 antenna 

SUI-1 5.18dB 11.46dB 10.17dB 16.45dB 

SUI-2 2.04dB 8.39dB 7.08dB 13.38dB 

SUI-3 -3.01dB 3.42dB 2.04dB 8.45dB 

SUI-4 -6.99dB 0dB -2.22dB 5.05dB 

SUI-5 -10dB -3.98dB -5.23dB 1.14dB 

SUI-6 -10dB -3.98dB -5.23dB 1.14dB 

Ray-tracing -3dB -2.2dB 6dB 8dB 

Table 40 K-factor for 90% and 75% cell coverage 
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(a) Ray traced (omni antenna at BS and CPE) 
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RT: omni CPE 
SUI-1: omni CPE 
SUI-2: omni CPE 
SUI-3: omni CPE 
SUI-4: omni CPE 
SUI-5: omni CPE 
SUI-6: omni CPE 
RT: 30 deg. CPE
SUI-1: 30 deg. CPE
SUI-2: 30 deg. CPE
SUI-3: 30 deg. CPE
SUI-4: 30 deg. CPE
SUI-5: 30 deg. CPE
SUI-6: 30 deg. CPE

SUI-3

43% CPE only has single traced ray

 
(b) SUI antenna beamwidth (BS: 1200 ; CPE: omni or 300) 

Figure 73 K-factor Comparisons 

E.2 TIME DISPERSION  

As mentioned in section 6.2, the scenario covers a 3 km by 1.8 km area. The size for each cell is much smaller than 
the SUI models defined (cell radius of 7 km). Therefore, the RMS DS from ray-tracing is lower than the SUI models 
(see Table 41) and they mostly lie between 10~250ns, as presented in Figure 74. In case of 300 sector CPE antenna, 
the RMS DS less than the case of omni antenna. SUI-1 has lowest RMS DS. For omni-directional CPE, 0.111 μs and 
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0.202 μs are defined for SUI-1 and SUI-2 respectively. For 300 CPE sector antennas, 0.042 μs and 0.069 μs are 
specified for SUI-1 and SUI-2. The SUI-3 to SUI-6 models lead to very large RMS DS (RMS DS up to 5.240μs).  The 
SUI-2 can be seen to be close to our simulation environment.  

 Omni antenna 300 antenna 

SUI-1 0.111μs 0.042μs 

SUI-2 0.202μs 0.069μs 

SUI-3 0.264μs 0.123μs 

SUI-4 1.257μs 0.563μs 

SUI-5 2.842μs 1.276μs 

SUI-6 5.240μs 2.370μs 

90% value: 0.046μs 90% value: 0.029μs Ray-tracing 

75% value: 0.051μs  75% value: 0.039μs 

Table 41: RMS delay spread 
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(a) omni CPE antenna 
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(b) 300 sector antenna at CPE 

Figure 74 PDF of RMS Delay Spread 

E.3 SPATIAL DISPERSION 

When employing multiple antennas, the radio propagation characteristics result in spatial selective fading, which can 
limit the level of spectral efficiency that can be achieved in practice. SUI models have implemented 1x2 SIMO 
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channels, which are derived from a correlation matrix R.  Within the correlation matrix, the diagonal coefficients are 
equal to 1 and other two coefficients are assumed independent but equally distributed. Those assumptions are based 
on the BS and CPEs being located in a similar surrounding environment. Also, all tap correlations are set equal to 
antenna correlation and the values are from 0.7 down to 0.3 for SUI-1 to SUI-6. Figure 9 indicates that RMS Angle 
Spread (AS) is not the same at the BS and CPE, either in azimuth or elevation, and therefore different antenna 
correlations are to be expected. The RMS AS at CPE is greater than at BS due to more local scattering. The RMS AS 
in elevation are quite low, this implies there will be higher spatial correlation between vertically displaced elements 
compared to horizontal spacing. Consequently, placing array elements in the same horizontal plane will be more 
effective. 
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(a) Azimuth 
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(b) Elevation 

Figure 75 PDF of RMS Angle Spread 
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APPENDIX F BASEBAND COMPLEXITY ANALYSIS OF IC IN FIXED 
LINKS 

 

The complexity analysis considers the extra complexity of the MIMO-DFE for a 2-signal equaliser in terms of the 
number of arithmetic operations and compares this to a single signal equaliser. A gate count estimate for an ASIC 
implementation is then obtained based on the analysis of the number of arithmetic operations.  

The complexity estimate assumes that the additional complexity associated with sample timing tracking, carrier phase 
tracking for the 2-signal equaliser is small compared to the complexity of the filters forming the equaliser and the 
coefficient updating process.  The number of multiplies, adds, delay units and comparisons is expressed in terms of 
the parameters defining the configuration of the MIMO-DFE in Table 42, namely the number of transmitted signals 
( TN ), the number of receive signals ( RM ), the number of symbols that the forward filter spans ( fN ), the number of 

taps in the feedback filter ( bN ) and the number of samples per symbol used in the forward filter ( λ ). 

Operation Mults Adds Delays Comps 

Forward Filter λTRf NMN4  ( ) TRf NMN 24 +λ  ( ) λ− TRf NMN 14   

Feedback Filter TTb NNN4  ( ) TTb NNN 24 +  ( ) TTb NNN 14 −   

Forward Filter 
Coeffs Update 

λTRf NMN4  λTRf NMN4  λTRf NMN4   

Feedback Filter 
Coeffs Update 

TTb NNN4  TTb NNN4  TTb NNN4   

Decision Device 
∑

=

TN

i
iM

12
1

 ∑
=

TN

i
iM

14
3

 
 

∑
=

TN

i
iM

1
 

Table 42 Complexity of MIMO-DFE with Recursive Tap Updating  

Using the parameters defined in Table 43 below the number of arithmetic operations per symbol is evaluated for the 
2- signal MIMO-DFE and denoted in parenthesis the equivalent value for the conventional DFE operating on a single 
symbol. The results are given in Table 44. 

Parameter Symbol Value 

Symbol Rate sf  25Ms/s 

Number of Forward Taps (at Symbol 
Rate) 

fN  16 

Number of Feedback Taps bN  11 

Number of Samples per Symbol λ  2 

Constellation M  64 

Table 43 Parameters for Complexity Estimate 
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Operation Mults Adds Delays Comps 

Forward Filter 512 (128) 520 (130)  504 (126)  

Feedback Filter 176 (44) 184 (46) 172 (43)  

Forward Filter 
Coeffs Update 

512 (128) 512 (128) 512 (128)  

Feedback Filter 
Coeffs Update 

176  (44) 176 (44) 176 (44)  

Decision Device  64 (32) 96 (48)  32 (16) 

Sum 1440 (376) 1488 (396) 1364 (341) 32 (16) 

Table 44 Number of Arithmetic Operations per Data Symbol 

In obtaining a gate count estimate for an ASIC implementation the required number of gates for each hardware 
element is shown in Table 45. Assuming a a clock speed of 250MHz for arithmetic units and assuming 12 bit 
arithmetic throughout (conservative), then for a symbol rate of 25Ms/s the number of gates required to implement a 
two-signal DFE is about 240k gates, whilst for a single signal DFE it is 64k gates representing an increase in 
complexity of a factor of 3.75. The two-signal DFE should be implementable with most of the structured ASIC devices 
available at the moment. 

Hardware Element Number of Gates 

mxn Multiplier 10mn 

n bit Adder 16n 

n bit Delay 2n 

Table 45 Assumptions for Arithmetic Units in Gate Count Estimate 
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APPENDIX G BASEBAND COMPLEXITY ANALYSIS FOR IC IN 
BFWA 

In this analysis 1 MAC is a multiply and accumulate process. All complex calculations have been converted into an 
equivalent number of real calculations. A complex multiply is 4 real MACs. A complex divide is 8 MACs plus a real 
divide. The calculations below are approximate, and more efficient algorithms may be able to reduce complexity. It is 
also convenient to express the complexity in terms of calculations per sub-carrier. 

Baseline complexity – no IC will require a channel estimation (h) for the wanted user, and then equalization. For 
MMSE equaliser, this is: h/(|h|2+σ2) (σ2 is noise power estimate). Assume noise power is known (this is used in the IC 
technique, so common between the two), thus per sub-carrier there are 5 MACs and 1 real divide. 

Although channel estimation, is based on alternating sub-carriers in the preamble, for simplification it is assumed that 
this is carried out for every sub-carrier, which involves one complex division. This is for a basic channel estimation 
scheme without any tracking between symbols, and is carried out once per packet. 

Define: 

• Number of users:  U 

• Receive antennas:  A 

• Symbols/packet:  S 

• Subcarriers used:  SC 

For the IC technique, the component elements are: 

• Channel estimation (CE). As baseline, multiply above estimate by the number of estimates needed, i.e. 
U*A.  

• Equalisation (post combining). Same as baseline. 

• Matrix inverse. Based on a Gauss-Jordan elimination method; A=2, 32 MAC, 2 real divides; A=4, 120 
MAC, 6 real divides.  

• Matrix multiplication. Multiplying mxn * nxp complex matrices requires m*n*p complex MACs, or 4*m*n*p 
real MACs. 

• Correlation matrix. This is a matrix multiply of AxS * SxA, so 4.S*A2 real MACs per subcarrier. 

• Apply weighting: For each symbol there are A complex multiplication and additions per subcarrier, so 
S*A*4 MACs. 

Different variants of the processing: 

• Estimate correlation matrix and wanted user’s channel response. U=1 for CE plus R calculation. A*A 
complex adds, matrix inverse, AxA * Ax1 matrix multiplication. 

• Multi-user variant. U>1, but only 2-4 likely, for CE. Multiply channel matrices. AxU * UxA matrix 
multiplication, so 4*A2*U MACs (no correlation calculation). Otherwise same as above. 

Additional memory will be required, but this is less of a real cost issue. 
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Taking examples of 2 and 4 receive antennas for the two algorithms, and assuming 2 or 4 interfering signals, 8 data 
symbols per packet and 200 sub-carriers in use, the total calculations per packet are shown in Table 46 below. 

Calculations per Subcarrier Method Antennas 

Real MACs Real Divides 

Baseline 1 48 9 

2 320 13 Single user 

4 992 19 

2 256 16 Multiple user (2 
ints) 

4 544 26 

2 320 20 Multiple user (4 
ints) 

4 672 34 

Table 46 Operations per Sub-Carrier for Different Interference Cancellation Algorithms 

The evaluation of the number of operations per sub-carrier shows under an order of magnitude increase in 
computational complexity for a 2-antenna system, and slightly over an order of magnitude increase for 4 antennas. 
For the multi-user variant, when it is known that only a few interferers are present then complexity can be reduced. It 
is interesting that the multiple user algorithm has lower complexity than the single user with correlation variant. This is 
because the correlation matrix calculation dominates the complexity (576 MACs with 4 antennas), whereas the multi-
user approach uses channel estimation instead, which is based on only one pilot symbol. The correlation calculation 
can be simplified by either averaging over less symbols, or using the wanted user’s channel estimate instead as in the 
SU-E example, though performance may be degraded. The reduction in complexity for the SU-E case over SU-C is 
clear. Note that the complexity calculation for the MU algorithm has assumed protocols that would allow channel 
estimation complexity to be proportional to the number of signals present (such as using blanking periods to isolate 
one transmitter at a time). Where all transmissions are concurrent, joint (parallel) channel estimation will be required 
which would increase complexity further. 

To put these figures in context, one FFT operation is required per symbol, with complexity O(Nlog2N) complex 
multiplications. With N=256 the approximate number of MACs per packet is 73,728, or approximately an average of 
368 MAC per sub-carrier. So in terms of overall complexity the additional complexity is equivalent to 1 or 2 additional 
FFTs. 

In terms of operation speed, taking 500 real MAC operations per sub-carrier per packet, would require 
200MMAC/second for real time operation. This is achievable with one additional low performance DSP, for example 
see [Ref 40].  

The above analysis gives an indication of the additional complexity involved in implementing interference cancellation 
in BFWA receivers. In practice an ASIC implementation is likely for the CPE, although FPGA and DSP 
implementations would be considered for the BS. 
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