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EXECUTIVE SUMMARY 
 
Introduction 
Wireless systems are undoubtedly an essential part of modern society and are becoming more so as we 
move towards the “information society” and demand access to more information, more immediately and 
in more places. Concurrently, technological developments are making new applications possible, opening 
up new markets, and promising significant economic benefits. In all cases, spectrum is an essential basic 
resource which, although reusable, cannot be created to meet demand. It is, therefore, increasingly 
important to improve the efficiency with which use is made of the spectrum. As an example, the next 
generation mobile telephone system may require an order of magnitude increase in capacity. Since 
present day systems are close to the Shannon limit, there is relatively little to be gained by improving the 
modulation and coding schemes, and smart antennas have been identified as one technique that may 
close the predicted performance gap. 

A smart antenna is one that responds in some way to its electromagnetic environment in order to improve 
a specified performance metric; in so-doing, they can provide, for example, increased immunity to 
interference, or reduced signal level towards a vulnerable receiver. In general, provision of these 
capabilities requires the use of multi-element array antennas, with control over the excitation of each 
element. Smart antennas are not new in concept, yet, with a number of notable exceptions, they have not 
seen widespread adoption. This project, which was awarded as part of the Ofcom Spectrum Efficiency 
Scheme, set out to investigate smart antennas and their potential application areas, in an attempt to 
understand the reasons why they have not been implemented widely. Possible reasons for this may be 
that their forecast benefits are unobtainable, that the technology for their implementation is not mature, 
or that they cannot currently be implemented economically. These lead to the overall objectives of the 
project, namely, to assess and demonstrate the potential of smart antennas for enhancing spectrum 
efficiency in wireless systems. 

To meet these aims a work programme was developed, which drew on the skills of a number of 
organisations, namely, Vector Fields Limited, Quotient Associates, Plextek Limited, Loughborough 
University, and European Antennas Limited. 
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Work programme 
The activities undertaken during this project divide into four main areas: 

Application review 
The first element of the work, which is described in Section 2 of the main report, considers the types 
of smart antenna available and the applications that are most suitable for their adoption. In addition, 
it must be remembered that the use of the spectrum sits within a regulatory framework. How this 
may affect the use of smart antennas, and whether their amendment may assist more widespread 
adoption of smart antennas is preliminarily considered in advance of the other activities. 

Technology review 
Section 3 details a review of the technology available for the implementation of smart antennas, the 
main sub-systems of which are the radiating structure and the beam forming network. Both areas are 
considered to determine the options presently available and possible future developments. 

Technology development 
The technology review was expected to highlight areas where more novel, less mature techniques 
could benefit the performance of a smart antenna system. Provision was made within the programme 
to select and develop such a technique; the results of this are discussed in Section 4. 

Performance benefits analysis 
The assessment of the benefits brought by smart antennas is an essential part of the programme. 
From the outset, it was intended to perform a hardware demonstration of a smart antenna operating in 
a wireless system. 

An analysis of a wider area wireless system has also been performed, in this case by simulation 
rather than by hardware demonstration. The selected system, namely broadband wireless access 
(BWA), was chosen during the programme following the consideration of the most likely smart 
antenna applications. 

The details of the simulation and hardware demonstration are given in Section 5 of the main report. 

The results of the above activities allow us to form a view on why smart antennas have not achieved 
widespread adoption. This is addressed in Section 6 of the main report. 

 

The remainder of this Executive Summary describes the work performed and the findings from the above 
activities, and concludes with a discussion of adoption issues. 
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Summary of activities 
The work performed under each of the activities is summarized briefly below, and the principal findings 
highlighted. 

 

Applications 
As a precursor to considering potential applications, the various types of smart antenna were reviewed. It 
was found to be useful to classify them broadly as operating in “beam space” or “signal space”. The 
former uses knowledge of the geometry of the antenna, combined with an ability to vary the excitation of 
each antenna element, to steer and shape the radiation pattern (ie the beam). The latter uses knowledge of 
the structure of parts of the received signals, and adjusts the antenna element weights to minimize the 
difference between the combined signal at the output and the known (or training) sequence. Basic 
implementations of these require relatively little integration with the receive chain or the link protocol, 
and are often suitable for overlaying on the system as an appliqué layer. More sophisticated 
implementations combine one or other of these with processing in the time domain (ie space-time 
processing and detection) in order to incorporate signal components that have been temporally dispersed. 
While these offer improved performance, they are correspondingly more demanding on the signal 
processing hardware. Figure E1 shows how these techniques may be viewed in relation to their 
complexity, level of integration and to the characteristics of the propagation environment. 
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Figure E1: Main smart antenna methods and primary constraints for their application 

 

A distinction is made between those “smart” systems that achieve improved performance using diversity 
methods, for example diversity combining and MIMO, and those that adapt weighted excitations to the 
elements of the antenna to optimise its pattern performance. Simple diversity systems are used widely, 
and the incorporation of MIMO techniques is rising rapidly, albeit in advance of a formal specification. 
This project hence concentrated on the weight adaptation techniques, which are further from widespread 
adoption, but which may offer additional or complementary benefits to the diversity methods. 
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A wide range of possible wireless applications that have high economic value to the UK have been 
considered as candidates for the early adoption of smart antennas. These include mobile and broadcast 
communications, wireless local area networks (WLAN) and broadband wireless access (BWA). In some 
cases, smart antennas based on various techniques are already available commercially, or have 
undergone trials. The application requirements, possible benefits and current implementations have been 
reviewed, and conclusions have been drawn on which systems show the most promise for the near and 
long term. These are summarized below: 

 
Mobile communications: 

Given the significant capital investment required to grow these mobile networks, any benefit that can 
result from smart antennas is likely to be applied in the future. However it should also be noted that the 
roll-out of 3G services in the UK has been relatively slow, and it is unlikely that the significant capacity 
increases that can be delivered using smart antennas will be needed until demand increases substantially. 
Development of beamformer-type smart antennas has been halted within 3GPP, and MIMO is seen as the 
primary enabler to increase the capability of 3G mobile systems (in high multipath environments) once 
demand has increased sufficiently. By this time the MIMO specification should have been finalised, with 
fully compliant hardware available for integration. 

Retrospective application of smart antennas to existing 2G infrastructure is unlikely, given that the 
networks are at a mature level of deployment, and any expensive hardware upgrade would have a short 
period to recoup the costs before the expected re-farming to other technology (such as 3G). 

 
Broadcast communications 

Mobile receivers for DAB, DVB-T and DVB-H or other mobile broadcast variants could benefit from 
multiple antennas if they could be accommodated in mobile receiver systems. However the relatively low 
frequency at which these systems operate, results in a wavelength of the order of 1.5m for T-DAB or 
DVB-H at VHF, ~70cm for DVB-H at UHF band or a more manageable ~20cm for T_DAB at L-Band. 
With the possible exception of L-Band operation, none of these options are suited for the deployment of 
an array of sensors for use in a small portable device, and will not be considered further here. 

 
WLAN: 

WLAN offers higher speed access to nomadic users than 2 or 3G mobile systems can deliver. In addition 
WLAN offers benefits to enterprise networks in terms of reduced infrastructure (wiring) costs, and 
improved working flexibility. However the high penetration loss at 5GHz and the congestion experienced 
at 2.4GHz, particularly in busy public spaces (such as Heathrow) threaten to reduce the utility of WLAN. 
Significant effort is being invested in the development of MIMO capability for WLAN systems (in high 
multipath environments). The unit cost of including MIMO functionality with integrated single chip 
solutions is small (i.e. several dollars). However, simpler beam and signal space approaches are expected 
to have application as a complement to MIMO in the low and moderate multipath environments, 
provided that a similarly low cost impact can be achieved. 

 
BWA: 

The lack of enthusiasm demonstrated in the UK 28GHz broadband (fixed) wireless access spectrum 
auctions highlighted the potential difficulties in using conventional high frequency line-of-sight 
connections using proprietary systems. However equipment standardisation, such as ETSI’s HiperMAN 
II and the IEEE 802.16x and 802.20 standards, promise lower cost equipment and facilitate non-line of 
sight operation at lower frequencies, allowing additional savings by removing the requirement to 
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accurately align a high gain antenna. Together with spectrum liberalisation measures, BWA can offer the 
possibility of new, nomadic or even mobile, applications in the future. While the benefits of using smart 
antennas may not have been sufficient to kick-start the market in the past, there are signs that the market 
is now becoming more buoyant, and such antennas are expected to be helpful in lowering costs and 
improving link performance in these applications. 

 

From the above, broadband wireless access and wireless LAN were selected as the most likely 
applications to benefit from the use of smart antennas in the near term. These applications were adopted 
as the basis for the benefits analysis activity of this project. 

 
Regulatory issues 

In advance of the work performed on the other areas of this project, the possible impact of the regulatory 
environment on the adoption of smart antennas was considered.  

Since adaptive beam antennas modify the shape, and hence gain of the radiation pattern, the EIRP will 
vary on transmit unless the power is adjusted. However, to gain full advantage of the adaptive antenna, 
the maximum permitted power would normally be used. This may violate existing licence conditions that 
may specify maximum EIRP or maximum signal levels outside an agreed region. It is therefore 
considered that flexibility or redefinition of the licence conditions would be required as an enabler to 
smart antenna adoption. 
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Technology review 
The review considered a range of component technologies, and beamforming and adaptation 
architectures potentially applicable to smart antennas. The aims of this activity were to determine 
preferred options for implementation, and identify areas that would benefit from development. 

 

The component review covered both novel and more conventional options, including metamaterials, 
which have potential application in reducing the size and improving the performance of radiating 
structures. The review of adaptation architectures included consideration of the relative merits of beam 
and signal space adaptation, and of processing in the rf and digital domains. 

 

The principal conclusions are: 
Radiating elements and beamforming components 

1. An important technical challenge facing the radiating structure is the efficient use of space when 
integrated within user equipment. However, the current ongoing development of novel material 
structures allows this to be addressed for future systems. 

2. Several technology options exist for implementation of the rf components of a switching or 
beamforming network. Semiconductor devices are very mature and are the preferred choice for 
near term applications up to about 10GHz. 

3. MEMS devices offer the potential for significantly better rf performance for future devices, once 
improvements in lifetime and packaging are achieved. 

Beamforming and adaptation architectures 

1. A number of adaptive architectures are available for exploitation, based on the use of an array 
antenna. 

2. For all but the simplest systems, control over the complex weights to each element of the array 
should be provided; the use of parasitic arrays gives sub-optimal control. 

3. A signal-space adaptive approach is to be preferred for its robustness in real environments, 
which may have significant multipath and potential interference sources. 

4. For a new development, parallel downconversion and a fully DSP implemented approach is 
preferred to processing at rf frequencies. 

5. For a legacy system, an rf implementation would provide a low cost of entry route to adaptive 
capability for systems that do not require a high degree of integration with the link protocol. 

 

In general, technology of appropriate performance for the realisation of smart antennas is readily 
available. Some degree of technology development would be beneficial in order to reduce the size of 
antennas that need to be integrated in small user devices; for this the use of novel structures, or 
metamaterials, is a recommended option. As described in Section 44 of the main report, and summarized 
in the next Section below, some preliminary work in this area has been performed under this project. 

 

Technology development 
The technology review indicated that performance and utility benefits could accrue from more control 
over the size and beam characteristics of the antenna. One technique identified to achieve this is the use 
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of metamaterials. These are composite structures that exhibit electromagnetic characteristics that are not 
normally found in conventional homogeneous materials. A technology development activity was 
undertaken to demonstrate that the expected performance could be realised. 

 

The example requirement chosen was to be able to produce monopole-like radiation patterns from a low 
profile antenna. The motivation for this was that this would then aid integration of such antennas in low 
profile used equipment, while providing omni-directional coverage. 

The antenna concept selected was a near-planar leaky wave antenna, as depicted in Figure E2, designed 
to operate in the IEEE 802.11a band. As can be seen, the structure has the form of a dipole sitting parallel 
and close to a thin patterned substrate, itself backed by a ground plane. The periodically patterned 
substrate forms a so-called meta-surface, which can support a number of modes, including a set of fast-
wave modes, which radiate from the surface, and a slow-wave that is trapped until it reaches the edge of 
the structure, at which point it partially radiates by diffraction. 

 

 
Figure E2:  The selected antenna type 

 

The results of the investigation confirmed that the use of such novel materials can provide the expected 
improvement. The antenna produced a near omni-directional, vertically polarized pattern, as would be 
expected of a monopole. However this antenna is only one tenth the height of an equivalent monopole. A 
conventional low profile antenna, such as a patch, would produce a normally directed beam, with low 
gain near the horizon. The horizon gain of the antenna shown in Figure E2 was about 10dB higher than 
that expected from a patch. 
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Benefits analysis 
The potential benefits of smart antennas were assessed for the two applications determined to be 
candidates for near-term adoption of smart antennas, namely BWA and WLAN. The first of these was 
assessed by simulation and the second by hardware demonstration, as described briefly below. 

 

Broadband wireless access 
Smart antennas have the potential benefits of increased gain in the direction of a specific user terminal 
and of being able to direct nulls towards major interferers in neighbouring sectors. The aim of this 
analysis task was to understand how these benefits might translate to spectrum efficiency and cost 
improvements in BWA networks in urban, suburban and rural environments. It sought to establish the 
practical improvements in network performance that might be expected as a result of using beamforming 
techniques and express these improvements in terms of economic performance. 

WiMAX1 technology was chosen for this evaluation. It is an open and accessible standard, and flexible in 
terms of the spectrum bands and channel bandwidths that can be deployed. In particular it is expected to 
be available for deployment in the 2.5 to 2.69 GHz frequency band. 

The model simulated a network of sites and sectors having similar characteristics to real networks. They 
were arranged in a tri-sector pattern of tessellated hexagons, using wrap-around techniques to deal with 
edge effects. Simulations were based on Monte Carlo techniques and the rules that might be applied to 
the use of beamforming were modelled explicitly and evaluated. Both four and eight element smart 
antennas were included, each with the capability to both direct a beam towards intended users, and nulls 
towards interfering sources. A fixed beam antenna was also assessed for comparison purposes. 

 
Summary of findings 

The use of adaptive antennas was found to significantly improve performance of the system. 

Range improvements in noise limited, unloaded conditions are shown in Table E1. This is an important 
benefit for initial network rollout since it reduces the number of sites required to achieve coverage by 
48% for deployment of 4-element arrays and 64% for deployment of 8-element arrays. This greatly 
reduces initial network investment, and consequently the financial risk faced by operators. 

Environment No beamformer 4-element beamformer 8-element beamformer 

Urban 1.0km 1.4km 

(+40%) 

1.6km 

(+60%) 

Suburban 2.1km 2.9km 

(+38%) 

3.5km 

(+67%) 

Rural 3.3km 4.6km 

(+39%) 

5.5km 

(+67%) 

Mean (unweighted)  (+38% (+65%) 
Table E1  Noise limited maximum cell range for a 90% connection success rate 

 

                                                        

1 The modelling will be based on the IEE 802.16 (2004 release) standard. 

12 



Smart Antenna Technology CUL/EM/030854/RP/06 

Final Report (Issue 2) 

 
As the network grows, more customer premises equipment (CPE) are added to the system and the level 
of interference increases from other CPEs active at the same time. The beam agility and null forming can 
reduce the impact of interference, allowing a reduction in the required spectrum for a given number of 
users or over a given cell size. The results of the simulation of this are shown in Table E2, based on the 
case where an effective 39MHz of spectrum is initially available. 

 

4-element beamforming 8-element beamforming Environment 

Without nulling With nulling Without nulling With nulling 

Urban 65% 72% 75% 79% 

Suburban 63% 69% 74% 76% 

Rural 64% 70% 75% 78% 

Mean 
(unweighted) 

64% 70% 75% 78% 

Table E2  Spectrum reduction capability using different antenna options 

 

From these results, it can be seen that the major benefit in our example network arises from the 
beamforming aspect of the array. The ability to null interferers results in a relatively small additional 
improvement, indicating that the level of implementation complexity required for nulling in the transmit 
and receive directions may not be justified in this type of network. 

 

Further simulations were performed to consider the impact on performance in post rollout, fully loaded 
conditions. The results are shown in Table E3.  

 

4-element beamforming 8-element beamforming Environment 

Without nulling With nulling Without nulling With nulling 

Range increase over no beamforming case 

Urban 36% 45% 64% 64% 

Suburban 43% 48% 60% 72% 

Rural 39% 44% 63% 69% 

Equivalent reductionin site numbers 

Urban 46% 52% 63% 63% 

Suburban 51% 54% 61% 66% 

Rural 48% 52% 62% 65% 
Table E3  Range improvement and site reductions using the different antenna options under fully loaded conditions 

The range improvement is reasonably consistent across the three environments and the corresponding 
reductions in site numbers are substantial. It can be seen that the potential benefits provided by 
beamforming antennas in this application are not only available at the rollout stage, but are maintained 
under network load. 
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The improved system performance available from the use of smart antennas corresponds to potential cost 
savings in implementing and operating the network. The simulation results have been used to assess the 
impact on the infrastructure costs for a large scale rollout of a BWA network. For the purposes of this 
assessment it is assumed that the network is to cover 75% of the UK population, with cost savings 
evaluated using discounted cash flow analysis based on a 10 year period of operation. The cost savings in 
relative terms depend upon the total costs faced by an operator including backbone network, switching, 
operations, marketing, customer care and billing. We have assumed that backbone network costs were 
7% of total costs and that administration and marketing was 25% of total costs under the no 
beamforming case for a business of this type. These higher level business costs were assumed to be 
constant with the smart antenna implementation. The assessed net present value of the business costs are 
presented in Figure E3. 
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Figure E3  BFWA business costs relative to the case without use of beamforming antennas 

 

Although the economic impact of introducing beamforming antennas is muted by the scale of other non-
network costs associated with the operation, the savings at between 22% and 33% are still substantial. 
This level of cost reduction has potential to enable deployment in areas that would not otherwise be 
considered viable from a business perspective. 

 

WLAN 
The benefits available from the use of smart antennas in the WLAN environment have been assessed 
using a hardware demonstrator, constructed under this project. The demonstrator was based on IEEE 
802.11a, operating in an office environment, and using a four element adaptive array. 

 

The adaptation made use of a synchronisation sequence provided in the 802.11a data stream, which 
ideally has the form shown in Figure E4. The demonstration system uses this as the known reference, 
against which the received signal is correlated. The demonstration software runs in a continuous loop, 
snatching 2048 IQ samples (at 25MHz) into memory and, after applying IQ calibration and summation 
according to the current weight values, performs a 2048 point circular correlation against this ideal 
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synchronisation sequence. 

 
 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Real
Imaginary
Real
Imaginary

time (microseconds)  

Figure E4  Ideal synchronisation sequence 

 

The smart algorithm then involves running a least mean squares (LMS) adaptive filter using the above 
pattern as a reference, attempting to train the weights such that the difference between this reference and 
the filter output (the weighted sum of the four antenna signals) is minimised. The result is an antenna 
response that dynamically maximises the signal/noise ratio in response to a changing environment. 

 

The adaptive processor was integrated with a four element array, resulting in the breadboard system 
shown in Figure E5. 

 

  

 
 

Figure E5  Integration of antennas and adaptive hardware (top), alternative antenna array (bottom) 
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The radiating elements shown in the top half of Figure E5 are simple dipoles, arranged to give full 360 
degree azimuth coverage. However, the same processor, without need for adjustment will work with an 
array of any element type, disposed arbitrarily. For sector coverage, for example, a planar array of patch 
elements could be used; a commercial antenna of this type is shown in the lower half of Figure E5. This 
antenna was also integrated with the processor and its performance evaluated. 

 

 
Summary of findings 

During both bench testing and a live demonstration, in which moderate/severe multipath was present, the 
antenna was seen to provide an improvement of typically 10dB in signal/noise ratio, corresponding to a 
range increase of approximately three times in a noise limited environment. Alternatively, this 
performance improvement would offset the high propagation loss through walls that is experienced in the 
5GHz band - this loss is typically 10-12dB, compared with less that 3dB in the 802.11b/g band. This 
would provide the user with the capability that can be achieved in the lower band, but without the 
congestion often experienced there, and help to encourage migration into the presently under utilized 
5GHz band. 

 

In an interference environment, unwanted signal rejection in excess of 20dB was demonstrated – 
equivalent to moving the interfering source ten times further away. In typical situations, with comparable 
power in the interfering and wanted signals, this level of interference reduction allows near full data 
throughput, increasing utility in congested situations. 
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Adoption issues 
The results of the simulation and demonstration performed under this project indicate that significant 
benefits could be derived from the use of adaptive smart antennas, particularly in the BWA application. 
However, as has been noted, adoption is far from widespread. 

 

With the explosion in rf applications and devices over the past decade, the required rf components have 
already undergone extensive development; the challenge here is in packaging and in cost reduction for 
specific applications, particularly those, such as WLAN, aimed at cost conscious consumers. Similar 
comments apply to the digital processing hardware. However, the technology and performance 
requirements of the adaptive antennas are very similar to those presently being embodied in, for example 
MIMO hardware. Even in pre-standard form, chip-set costs of a few dollars have been achieved, 
allowing MIMO products to be offered on the market at similar prices to more conventional equipment. 
Indeed, some hardware incorporating MIMO techniques is already available for both WLAN and BWA 
(see Section 2.6). From this we may conclude that the more widespread adoption is not impeded by a 
fundamental lack of capable technology, or by the likely unit cost impact once in production. 

 

Hardware incorporating other smart antenna techniques is, or has been, also available for both BWA and 
WLAN. However, with few exceptions, these products have struggled to be successful commercially (see 
Section 2.6). The apparent failure of the technology may be due, at least in part, to the slower than 
expected growth in the BWA market, possibly caused by the ubiquitous availability of wired access at a 
competitive price. There are now indications that the BWA market is becoming more enthusiastic, and 
the adoption of smart antennas may assist this in due course by lowering both rollout and operating costs 
(Section 5.1). 

 

In WLAN, the complementary approach of MIMO has become popular over the past 18 months, with the 
launch of a number of products. Although a full standard has yet to be ratified, MIMO is serving its users 
well in the 2.4GHz band, offering several times the data rate of the 802.11g standard. 2.4GHz WLAN in 
the office or home location is an ideal application for MIMO, with its rich multipath, and the adaptive 
antenna has perhaps little to offer over MIMO. However, in lower multipath environments, for example 
in open WLAN installations, the capabilities of adaptive systems complement those of MIMO. In the 
5GHz band, where losses reduce both signal and multipath, the adaptive system can offer both S/N and 
S/I improvements, potentially providing comparable performance to the 2.4GHz system and encouraging 
migration from the more congested band (Section 5.2). 

 

The above points indicate that adaptive smart antennas have a role to play in improving system 
performance, offering this benefit at a cost effective price. As far as hardware is concerned, and given 
buoyancy in the target markets, new adaptive antenna products could be available relatively rapidly, 
requiring only product, not technology, developments; a conservative estimate, based on existing product 
life cycles, of time to market would be 12-18 months. However, the regulatory environment also needs to 
be considered. 

 

With the exception of diversity type systems, a smart antenna generally improves performance by 
shaping the antenna pattern, either explicitly, as in the case of beam steering, or as a consequence of 
antenna element weight adaptation. To gain maximum advantage from the adaptive system, such 
antennas would be used for both receive and transmit. This can result in increased antenna gain, and 
potentially an increased effective isotropic radiated power (EIRP). In order to take full advantage of 
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smart antennas it may be necessary to modify the regulatory requirements to allow for this higher EIRP. 
For example, in the BWA example simulated under this project, the beam adaptation resulted in a 6 to 
9dB increase in gain (Section 5.1). The main impact of this is upon the geographical definition of 
licences, such as those required to meet internationally agreed emission levels or UK licences designed to 
share the same frequencies on a geographical basis. 

 

Where beamforming antennas are deployed, the impact on geographically adjacent co-channel licence 
holders is likely to be that peak levels of interference will increase (due to the increased gain directed 
towards particular user), however the probability of such interference will decrease (due to the 
directionality of main lobe). Therefore we believe that mean levels of interference will be similar or even 
decrease from the case where no beamforming antennas are being used. 

 

If the adjacent licence holder also uses beamforming techniques it is possible the impact will be minimal 
and operators could be encouraged to adopt technologies that are mutually beneficial.  

 

However the increased peak levels may be a problem for non-compatible systems. In this case we 
recommend that emission limits are specified for licences in terms of power flux density limits at the 
boundary rather than EIRP limits at the transmitter. This will limit the advantages of beamforming 
antennas close to the boundary but still enable widespread deployment elsewhere within an operator’s 
network. 

 

The resolution of the regulatory issues is believed to be required before adaptive smart antennas can be 
used to their full potential; it is considered unlikely that significant adoption will take place before this 
time, even under buoyant market conditions. 
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Conclusions 
This project set out to investigate the use of adaptive smart antennas in wireless systems. The course of 
the work has identified applications likely to benefit from early adoption of the technology. Two in 
particular, namely BWA and WLAN, were selected for further investigation owing the expected match 
between their requirements and the capabilities of smart antennas. In BWA, the use of smart antennas 
was expected to reduce the number of base stations required by increasing system range, bringing 
economic benefits. In IEEE 802.11a WLAN, the ability to provide adaptive gain offers the possibility of 
overcoming a significant drawback of the 5GHz band, namely a lack of range, owing largely to wall 
losses, and so encourage users away from the overcrowded 2.4GHz band. The ability to null interfering 
signals gives the system protection should the 5GHz band become crowded in the future, and from the 
effects of interference from users of other system in the shared regions of the band. 

 

A combination of computational modelling and experimental demonstration has been employed to 
illustrate the benefits that can be derived. Specifically, the computational modelling task concentrated on 
BWA networks, and forecast the benefits to be considerable, including: 

• Increase in cell range of 40-70%. 

• Reduction in spectrum required 60-70%. 

• Reduction in network cost by up to 50% - resulting in a reduction in total business costs of up to 
one third. 

 

The use of a smart antenna in a WLAN system was investigated experimentally, using commercial IEEE 
802.11a hardware, augmented by a smart antenna system that was developed during the course of this 
study. During both bench testing and a live demonstration, in which moderate/severe multipath was 
present, the antenna was seen to provide an improvement of typically 10dB in signal/noise ratio, 
corresponding to a range increase of approximately three times in a noise limited environment. 
Alternatively, the performance improvement would offset the high propagation loss through walls that is 
experienced in the 5GHz band - this loss is typically 10-12dB, compared with less that 3dB in the 
802.11b/g band. This would provide the user with the capability that can be achieved in the lower band, 
but without the congestion often experienced there, and help to encourage migration into the presently 
under utilized 5GHz band. In an interference environment, unwanted signal rejection in excess of 20dB 
was demonstrated – equivalent to moving the interfering source ten times further away. In typical 
situations, with comparable power in the interfering and wanted signals, this level of interference 
reduction allows near full data throughput, increasing utility in congested situations. 

 

A smart antenna may be realised with conventional radiating structures and beamforming elements and 
commercially available digital signal processing hardware. However, the use of novel materials 
technology can give more flexibility over the design of antennas, allowing, for example, size reduction or 
the geometry to be tailored more suitably to the package into which the device must be integrated. In the 
example development undertaken during this study, the use of novel metamaterials allowed a height 
reduction of about 90% in an antenna with a monopole-like pattern. 

 

The availability of appropriate technology does not seem to be an impediment to the more widespread 
use of adaptive smart antennas. The main causes of the slow adoption appear to lie in the availability of 
competing technology, in the market conditions and in the regulatory environment. The principal 
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competing technology is MIMO; for example, its use is rising rapidly in WLAN, and it is expected to be 
commonly employed in other systems in the future. Despite this, there are circumstances, in particular 
low multipath environments, where the adaptive smart antennas should out-perform MIMO. 

In terms of performance and cost improvements, adaptive antennas would give significant advantages in 
BWA-like applications. However, this is an area where the market conditions, up to now, have slowed 
uptake; there are indications that this will change in the future. 

The regulatory issues arise principally from an increase the EIRP that is generally a consequence of 
employing an adaptive antenna on the downlink. While the effect of this on other systems may be 
minimal, particularly on those that also use smart antennas, modifications would be required to the 
present regulations. it is unlikely that significant adoption will take place before this takes place, even 
under buoyant market conditions 
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1 Introduction 
This document is the final report on Ofcom contract number 410000267, Development of Smart Antenna 
Technology, which was awarded as part of the Ofcom Spectrum Efficiency Scheme in October 2004.  

The broad aims of the project were to assess and demonstrate the potential of smart antenna technology 
for enhancing spectrum efficiency in wireless systems. To meet these aims a work programme was 
developed, which drew on the skills of a number of organisations, namely: 

• Vector Fields Limited; 

• Quotient Associates; 

• Plextek Limited; 

• Loughborough University; 

• European Antennas Limited. 

 

Together, these provide the required expertise, in particular: 

• detailed understanding of wireless systems, their application and markets; 

• detailed and current understanding of antennas and technologies for smart antennas; 

• knowledge and experience developing, manufacturing and deploying antennas for various wireless 
systems. 

 

In the following sections of this report the requirements and background to smart antennas are reviewed, 
the work programme is presented and the work performed is detailed.  

 

1.1 Background and objectives 

Wireless systems are undoubtedly an essential part of modern society and are becoming more so as we 
move towards the “information society” and demand access to more information, more immediately and 
in more places. Concurrently, technological developments are making new applications possible, opening 
up new markets, and promising significant economic benefits. In all cases, spectrum is an essential basic 
resource which, although reusable, cannot be created to meet demand. It is, therefore, increasingly 
important to improve the efficiency with which use is made of the spectrum. As an example, the next 
generation mobile telephone system may require an order of magnitude increase in capacity. Since 
present day systems are close to the Shannon limit, there is relatively little to be gained by improving the 
modulation and coding schemes, and smart antennas have been identified as one technique that may 
close the predicted performance gap. 

 

Smart antennas are not new in concept, yet, with a number of notable exceptions, they have not seen 
widespread adoption. This project set out to investigate smart antennas and their potential application 
areas, in an attempt to assess their potential benefits and to understand the reasons why they have not 
been implemented widely. 
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Possible reasons for this may be that their forecast benefits are unobtainable, that the technology for their 
implementation is not mature, or that they cannot currently be implemented economically. These lead to 
the overall objectives of the project, namely, to assess and demonstrate the potential of smart antennas 
for enhancing spectrum efficiency in wireless systems. 

 

In general, the term “Smart Antenna” may be used to describe any antenna system that incorporates some 
degree of adaptation to the rf environment to improve performance. There are a number of alternative 
approaches to incorporating this adaptation. These include methods that are based on beam space, signal 
space, space-time processing and space-time detection, each of which will be discussed in later sections 
of this report. However, it is appropriate to include a brief explanation of these terms here: 

Beam space methods are those that use either an implicit or explicit geometric interpretation of the array 
and propagation environment and apply weights to the array excitation to adapt the beam shape. These 
systems require the array response to be calibrated, and often essentially solve a ‘direction finding’ 
problem to assist detection of the required data. 

Signal space methods are those that process the received signals in order to optimise detection in the 
receiver. Signal space algorithms are based on the prior knowledge of the time structure of parts of the 
received signals. The receiver adjusts the complex weights in such a way that the difference between the 
combined signal at the output and the known training sequence is minimized. Those weights are then 
used for the reception of the actual data. This method does not require array calibration. 

Space time methods seek to combine data sampled in time and space in order to incorporate signal 
components that have been temporally dispersed. Such methods use time equalisers to realign delayed 
copies of the intended signal, and are so able to overcome the effects of multipath. Combined with 
weighted excitation of the signals from multiple antennas, the technique provides superior performance 
to space-only methods, particularly in multipath-rich environments. 

Space time detection methods solve signal detection simultaneously with combining the space and time 
components. While providing the best available performance, this method in also the most 
computationally intensive. 

 

The various wireless system applications may be mapped onto these methods to determine the most 
appropriate combination; this is addressed in Section 2. 

 

It should be noted that a distinction is made between those “smart” systems that achieve improved 
performance using diversity methods, for example diversity combining and MIMO, and those that adapt 
weighted excitations to the elements of the antenna to optimise its pattern performance. Simple diversity 
systems are used widely, and the incorporation of MIMO techniques is rising rapidly, albeit in advance 
of a formal specification. This project hence concentrated on the weight adaptation techniques, which are 
further from widespread adoption, but which may offer additional or complementary benefits to the 
diversity methods. 
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1.2 Work programme 

The activities undertaken during this project divide into four main areas: 

 

Application review 

The first element of the work, which is described in Section 2 considers the types of smart antenna 
available and the applications that are most suitable for their adoption. In addition, it must be 
remembered that the use of the spectrum sits within a regulatory framework. How this may affect the use 
of smart antennas, and whether their amendment may assist more widespread adoption of smart antennas 
is preliminarily considered in advance of the other activities. 

Technology review 

Section 3 details a review of the technology available for the implementation of smart antennas, the main 
sub-systems of which are the radiating structure and the beam forming network. Both areas are 
considered to determine the options presently available and possible future developments. 

Technology development 

The technology review was expected to highlight areas where more novel, less mature techniques could 
benefit the performance of a smart antenna system. Provision was made within the programme to select 
and develop such a technique; the results of this are discussed in Section 4. 

Performance benefits analysis 

The assessment of the benefits brought by smart antennas is an essential part of the programme. From the 
outset, it was intended to perform a hardware demonstration of a smart antenna operating in a wireless 
system. The IEEE 802.11 standard was initially identified as an appropriate vehicle for such a 
demonstration owing to the availability of hardware, unlicensed spectrum usage and the ability to 
perform the assessment under controlled conditions. This selection was confirmed by Ofcom during the 
course of the programme. 

An analysis of a wider area wireless system has also been performed, in this case by simulation rather 
than by hardware demonstration. The selected system here was chosen during the programme, following 
the consideration of the most likely smart antenna applications. 

The details of the simulation and hardware demonstration are given in Section 5. 

The results of the above activities allow us to form a view on why smart antennas have not achieved 
widespread adoption. This is addressed in Section 6. 
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1.3 Glossary 

 

2G, 3G Second generation, third generation 

3GPP Third generation partnership project 

ADC Analogue to digital converter 

AMC Artificial magnetic conductor 

ASIC Application specific integrated circuit 

BAW Bulk acoustic wave 

BER Bit error rate 

BFWA Broadband fixed wireless access 

BHC Burst header cell 

BPSK Bi-phase shift keying 

BS Base station 

BSS Basic service set 

BWA Broadband wireless access 

C/I, CIR Carrier to interference ratio 

CDF Cumulative distribution function 

CDMA Code division multiple access 

COST Cooperation in European Science and Technology 

CPE Customer premises equipment 

CPW Co-planar waveguide 

CRLH Composite right/left-handed 

CSD Chemical solution deposition 

CVD Chemical vapour deposition 

CW Continuous wave 

DAB Digital audio broadcast 
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DAC Digital to analogue converter 

DC Direct current 

DFS Dynamic frequency selection 

DSP Digital signal processor/processing 

DVB-H Digital video broadcasting-handheld 

DVB-T Digital video broadcasting-terrestrial 

EBG Electromagnetic band gap (structure) 

EC European Commission 

EIRP Effective isotropic radiated power 

EM Electromagnetic 

ETSI European Telecommunications Standards Institute 

EU European Union 

FCC Federal Communications Commission 

FDD Frequency division duplex 

FDTD Finite element time domain 

FFT Fast Fourier transform 

FIR Finite impulse response 

FLASH OFDM Fast low-latency access with seamless handoff OFDM 

FPGA Field programmable gate array 

FS-JD Fractionally spaced joint detection 

FWA Fixed wireless access 

GMSK Gaussian filtered minimum shift keying GSM 

GoS Grade of service 

GSM Global system for mobile communications 

HEMT High electron mobility transistor 

HPA High power amplifier 
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HSDPA High speed download packet access 

IEEE Institute of Electrical and Electronic Engineers 

IF Intermediate frequency 

IP Internet protocol, intellectual property 

IP3 Third order intermodulation intercept 

IQ In and quadrature (phase) 

ITU International Telecommunications Union 

JD-MMSE Joint detection minimum mean squared error 

Kbps, Mbps Thousand bits/second, million bits/second 

LAN Local area network 

LDPC low-density parity-check code 

LED Light emitting diode 

LIGA Lithographie galvanoformung abformung (X-ray lithography) 

LMS Least mean squares 

LO Local oscillator 

LOS, NLOS Line of sight, non-line of sight 

LWA Leaky wave antenna 

MAC Medium access control 

MCS Modulation coding scheme 

MEBG Metallodielectric electromagnetic band gap (structure) 

MEMS Micro electromechanical system 

MESFET Metal-semiconductor field effect transistor 

MIMO Multiple input, multiple output 

MMDS Multichannel multipoint distribution service 

MMIC Monolithic microwave integrated circuit 

MUD Multiple user detection 
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NPV Net present value 

NRI Negative refractive index 

OFDM Orthogonal frequency division multiplex 

OVSF Orthogonal variable spreading factor 

PBG Photonic band gap (structure) 

PCB Printed circuit board 

PCMCIA Peripheral component microchannel interconnect architecture 

PEC Perfect electric conductor 

PHEMT Pseudomorphic high electron mobility transistor 

PIC Parallel interference canceller 

PIFA Planar inverted F antenna 

PIN Positive – intrinsic – negative (diode) 

PMC Perfect magnetic conductor 

PMR Private mobile radio 

PRBS Pseudorandom binary sequence 

PTFE Polytetrafluoroethylene 

PVD Physical vapour deposition 

QoS Quality of service 

QPSK Quadrature phase shift keying 

R&TTE Radio and Telecommunications Terminal Equipment 

RAN Radio access network 

RF Radio frequency 

RIS Reactive impedance surface 

RMS Root mean square 

S/I Signal to noise ratio 

S/N, SNR Signal to noise ratio 
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SAGE Space-alternating generalised expectation-maximisation 

SDMA Space division multiple access 

SFIR Spatial filtering for interference reduction 

SMA Small microwave connector 

SME Small and medium enterprise 

SNIR Signal to noise plus interference ratio 

SOHO Small office, home office 

SPDT Single pole double throw 

T-DAB Terrestrial-digital audio broadcasting 

TD-CDMA Time domain code division multiple access 

TDD Time division duplex 

TDMA Time division multiple access 

TD-SCDMA Time domain synchronous code division multiple access 

TE Transverse electric 

TM Transverse magnetic 

TPC Transmit power control 

TSG-RAN Technical specification group - radio access networks (within 3GPP) 

UCPBG Uniplanar compact photonic band gap (structure) 

UHF Ultra high frequency 

UMTS Universal mobile telecommunications system 

UTRA UMTS terrestrial radio access 

VHF Very high frequency 

WCDMA Wideband code division multiple access 

WiFi Wireless fidelity 

WLAN Wireless local area network 

ZOR Zero order resonance 
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2 Smart antenna application review 

2.1 Background 

Future wireless systems are anticipated to deliver between one and two orders of magnitude 
improvement in communications capability compared with initial (i.e. WCDMA Release 99) 3G 
networks2. At the recent 3GPP workshop on future mobile Radio Access Networks3 (RANs), Nokia 
noted that the High Speed Downlink Packet Access (HSDPA) mode planned for existing WCDMA 
networks is within 1-2dB of the Shannon Limit and that more bandwidth, or more antennas, are needed 
to provide significant improvement in bit rate or performance. As part of the UK Government’s 
Spectrum Efficiency Scheme the work reported here is primarily concerned with the improvement that 
can be achieved with more (smart) antennas rather than simply the use of more bandwidth. 

This Section of the report is intended to review how smart antenna systems function and the constraints 
and benefits that apply to the main applications that have high economic value in the UK, and to develop 
an understanding of the restrictions and requirements on smart antennas needed to optimise their overall 
benefits. 

This Section is structured to provide: 

• An overview of smart antennas and their application in different network communication 
configurations; 

• An overview of the main applications and their operating environments; 

• A review of existing smart antenna systems and a summary of the performance advantages 
claimed; 

• A preliminary overview of the regulatory environment that exists and what changes are being 
considered to facilitate the introduction of smart antennas; 

• An initial view on the application areas which are most likely to benefit from smart antennas in 
the short term and the technology required to realise this benefit. 

The Section concludes with a summary of which would be the most beneficial areas to address in a 
suitable demonstrator. 

2.2 Some systems aspects of Smart Antennas 

Current GSM systems can achieve a spectrum efficiency of approximately 0.1bits/s/Hz/Cell (BHC)4, 
which could rise to 0.2 BHC if tighter frequency re-use is used. Whilst WCDMA can potentially achieve 
2-3 BHC using HSDPA, Nokia stated at the 3GPP Ran Future Evolution Workshop in November 2004 
that a spectrum efficiency of 10 BHC is required to deliver the 200 Mbps throughput in 20 MHz channels 

                                                        

2 See for example, ‘Fourth Generation Cellular Systems: Spectrum Requirements’, Joseph Nowack, 
Motorola Communications systems and technology labs, Dec 6th 2000. 

3 See: http://www.3gpp.org/ftp/workshop/2004_11_RAN_Future_Evo/Report/REV_WS_Abstracts.pdf  
Compendium of abstracts from the 3GPP TSG Ran Future Evolution Workshop 2-3 November 2004, 
Toronto, Canada. 

4 This assumes that a 200KHz channel can support 8 conversations, each requiring a data rate of 
13Kbits/s, with a cell re-use factor of 7. 
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that it anticipates is needed for future wireless systems, and that the only solution to achieve this is to use 
more antenna elements.  

The purpose of this section is to review why multiple antennas are expected to deliver these performance 
increases and explore what methods are suited to different communications systems. 

2.3 A high level overview of smart antennas 

Smart antenna concepts include many methods to improve communications network performance. In this 
overview we will summarise the principles of diversity, beamforming, MIMO methods and also consider 
Multiple User Detection (MUD) methods of interference cancellation. Whilst Multiple User Detection 
does not require multiple antenna elements, it is a method that can improve system performance, and can 
benefit when used with multiple antennas, and is therefore relevant to the consideration of smart antenna 
methods, in general. 

Diversity Methods 

Diversity antenna processing techniques have been used to improve the link performance in many 
communication systems, including, since the early 1990’s, 2G mobile systems.  

The principle behind diversity methods is that the likelihood of simultaneous fast fading on multiple 
antennas (where each experiences different fading) is significantly less than would be evident on any one 
antenna in isolation. Different forms of diversity can be applied (space diversity using separated 
antennas, time diversity where the information is transmitted at a different time, possibly using a 
different modulation or coding method, frequency diversity where an independently fading frequency 
channel is used, or polarisation diversity). Multiple transmission methods, such as transmitting at 
different times or on different frequencies requires re-use of the available time/frequency resources of the 
network, whereas transmitting at the same time and frequency, or using multiple reception at separated 
antennas or on different polarisations can improve the receiver performance with no additional use of 
system resources. 

Spatial diversity requires that at least two different antennas sample the wave field, and that the antenna 
separation is sufficiently great that each antenna experiences independent fading. This is depicted5 in 
Figure 1. 

 

Figure 1: Simplified view of a two path diversity reception at the base station 

Both transmit and reception methods can be applied at the base-station. As will be demonstrated in 

                                                        

5 These figures do not show the multiple reflections and multiple path arrivals that would exist in any 
real propagation environment, but simply show a logical connection between a given transmitter and 
receiver. 
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Section 2.4, the azimuth spread at the mobile terminal is typically greater at the mobile handset owing to 
the local scattering environment. This means that it is possible to use diversity reception6 at a mobile 
terminal even though the antennas are a short distance apart. Larger separations are required at the base-
station. Fundamentally, diversity methods are predicated on transmission and/or reception of signals 
whose fading environment is (likely to be) uncorrelated. 

Different combining methods are used to extract the information from the received antennas. Selection 
combining uses a single receiver and simply takes the output from the antenna that is estimated to be 
‘best’; equal gain combining essentially averages the faded channels whereas maximum ratio or optimal 
combining coherently adds information from each channel prior to detection at the receiver. 

Beamforming methods 

Receive beamforming gain: 

Initially we shall assume that there is an array of M antenna elements, and that each of the elements 
receives a signal from a given user, as shown in Figure 2. 

Here each antenna would receive a replica of the same signal from the terminal, s(t). Assuming that each 
element has the same receiver noise characteristics, the noise level at each sensor, i, would be ni(t). A 
delay7 can be applied to the output of each sensor so that the signals arriving from the terminal can be 
added coherently, however the random noise at each sensor would add incoherently. This results in the 
beamformer output SNR being M times the SNR than had only a single sensor been used. 

 

 
Figure 2: Simplified view of a plane wave arriving at an antenna array 

In addition, it is possible to use a beamformer to obtain this gain of M, whilst simultaneously aligning 
nulls in the direction of an interferer. Typical arrays would have 4 – 8 elements, allowing a signal to 
noise improvement by a factor of 4-8 (or 6-9dB). However, the null can normally easily suppress 
interference by 20-30dB. Hence using the technique to suppress interference has potential to deliver 
additional system benefits than only improving the gain of the wanted signal. 

In general a fully adaptive narrowband beamformer of M elements can focus energy in P directions and 
null out N directions where P+N < M. The flexibility with which ‘null directions’ and ‘wanted 
directions’ can be distributed depends upon a number of factors including the number of elements, the 

                                                        

6 Power considerations would normally preclude transmit diversity in mobile terminals. 

7 If the fractional bandwidth of the signal is sufficiently small, this delay can be approximated as a 
simple phase shift. In practice beamformers use combinations of gain, phase and delay to affect the 
beampattern. 
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spatial separation of wanted and null directions and the optimisation algorithm used to select the gain and 
phase weighting of the antenna outputs (or the time delayed samples at the output of the antennas in the 
case of a wideband beamformer). However in general, the depth of the null that can be attained becomes 
limited when the null direction is close (normally less than the beamwidth8) to the direction of a ‘wanted’ 
signal. Typically, beamformer weights are selected to optimise some desired signal to noise ratio, or to 
reduce the total energy arriving at an array subject to a unit gain in a preferred direction.  

Other than fully adaptive beamformers, beamformer weights can be pre-calculated so that the antenna 
response can adopt preset patterns. Most commonly this is used to select fixed responses with equally 
spaced main lobes (sometime called switched beam beamforming). The constraints on the main lobe 
response are the same as for the fully adaptive case, except the weights are pre-selected, not allowing the 
available degrees of freedom to optimise the response to the environment, but significantly reducing the 
transceiver complexity. 

Transmit beamforming gain: 

In transmit beamforming each element of the array, i, radiates a signal that is received at the remote 
terminal SiT(t). The signals are timed to arrive simultaneously at the handset and ideally add coherently. 
Hence the total signal power arriving at the handset is (MST)2. Since the receiver noise is still (n)2 the 
array gain over a single antenna element is M2. In this example, however, the array is transmitting M 
times the power of the single antenna. If the output powers are adjusted so that the same power is 
transmitted from the array as the single antenna case (by reducing the power transmitted by each element 
by M), then the downlink array still has a signal to noise improvement factor of M (since the signals are 
coherently combined). This has the potential to improve system performance, whilst reducing the 
interference energy (either intra system interference, or interference exported to other users). For 
example, using the idealised performance from above, a 10 element array, transmitting 10W (1W from 
each element) could have the signal to noise ratio at a terminal equivalent to a single antenna system 
transmitting 100W. 

The potential to reduce the power required at each antenna (compared to a single antenna that achieves 
the same S/N ratio at the receiver), can significantly reduce the cost and performance requirements of the 
High Power Amplifiers (HPAs) at the transmitter. A problem in downlink beamforming is to estimate the 
appropriate weights that should be applied to maximise the performance at the receiver. These weights 
are typically estimated on the basis of the uplink signals, or measurement information transmitted from 
the remote terminal. Whilst the uplink channel can be a reasonable estimate of the downlink channel for 
TDD systems, the fast fading characteristics are not the same when FDD is employed. 

Fundamentally, beamforming methods are predicated on transmission and reception of signals at each 
array element that are coherent. In addition the array response from each element must be the same (or at 
least known). 

MIMO methods 

MIMO (Multiple Input Multiple Output) communication methods are based on using a number of 
transmit antennas, N, each of whose signals are received by a number of receivers M. Hence there are 
N.M paths between the transmitter and receiver. 

 

                                                        

8 It should be noted that the width of the main lobe is approximately the inverse of the array aperture 
expressed in wavelengths. 
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Figure 3: Simplified view of 2x2 MIMO 

A simple way to appreciate the benefits of MIMO is to consider the Shannon limit on the capacity (in 
bits/s/Hz) of a given channel between a transmitter and receiver. This is well known to be: 

( )SNRC += 1log2                                                            (1) 

Using M transmitters and M receivers, but reducing the power transmitted from any one transmitter to 
maintain the same total transmit power as the single antenna case, then the total capacity limit between M 
transmitters and M receivers becomes: 

                                                  ⎟
⎠
⎞

⎜
⎝
⎛ +=

M
SNRMCM 1log. 2

                                                       

     (2) 

Clearly the factor of M outside the log2( ) expression will result in rapidly increasing information transfer 
capacity. In the beamformer case, the overall SNR will increase, but the factor of M is within the log2( ) 
term, as so will increase more slowly than in the MIMO case.  

A key to understanding the improvements of MIMO techniques is that the transmitter is able to spread 
the information over the different channels between each end of the communications link in a way that 
exploits the capability of the eigenstructure of the channels9. Since the eigenstructure establishes an 
efficient basis set for characterising the channel, it is able to best match the channel dimensions to the 
degrees of freedom allowed by the antenna configuration. Optimising this match, however, requires 
knowledge of the state of the time-varying channel, which can be difficult. Other suboptimal methods 
based on partial or no knowledge of the channel state reduce complexity and performance – but seek to 
retain the main benefits. Since correlated channels would result in a lower rank basis set, MIMO systems 
perform best with uncorrelated channels, typical of high multi-path environments.  

MIMO methods spread the information to be transferred between the available channels. Analogously to 
interleaving techniques to mitigate temporal fades, space-time codes are used to spread the information 
that is transmitted across the set of MIMO antennas and distribute the transmit power to the antennas that 
can seek maximum benefit from the varying channel conditions. 

Multiple User Detection and Interference cancellation methods 

In a system with multiple simultaneous users (such as conventional mobile systems), the decoded signal 
from one user represents additional noise to all other wanted signals arriving at the same receiver10. The 

 

9 See for example, Michael A Jensen, Jon W. Wallace, “A Review of Antennas and Propagation for 
MIMO Wireless Communications” 

10 See the review paper, Interference cancellation for cellular systems: A contemporary review, Jeffrey 
Andrews, Feb 2005. www.ece.utexas.edu/~jandrews/ publications/InterferenceCancTut.pdf 
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principle of multiple user detection (MUD) and interference cancellation methods is to use detection 
algorithms that can simultaneously detect all the users and remove the interference effect of each user 
upon all others. This would therefore essentially remove intra-cell interference, and therefore increase 
capacity and range. 

In a conventional point to multi-point system (such as mobile cellular networks) MUD and Interference 
cancellation have normally been considered to be most appropriate at a base station, rather than the 
terminal. Improvements in processing capability now enable these methods to be considered for 
application in the mobile terminal. 

As would be expected these techniques are computationally complex. However, they do represent a 
method that is being considered (see, for example the EC’s I-METRA project) in parallel with multiple 
antenna methods to increase overall system capacity. Despite the high processing burden, these methods 
are now also being researched for future application in mobile terminals since the noise-like contribution 
of downlink intra-cell capacity can be reduced, and thereby increase downlink capacity.  

2.3.1 Other aspects that affect the application of smart antennas 

The simplistic overview above has not considered several fundamental issues relating the duplex, 
multiple access, mobility and even the modulation aspects of communications systems. Some aspects of 
these issues are discussed below. 

Duplex method – Frequency Division Duplex (FDD) and Time Division Duplex (TDD): 

TDD systems use the same frequency for transmission and reception at each end of the communications 
link. Each terminal shares the frequency channel and transmits and receives at commonly agreed time 
slots. Hence the measurements made by one receiver are broadly representative11 of the channel 
conditions in the other. This allows a beamformer to use the same weights in the transmit direction, as 
have been calculated to be optimal in the receive direction. In contrast, FDD systems are not able to 
directly measure the communication channel in which the transceivers transmit. In the frequency bands 
of interest, a FDD fractional frequency duplex spacing12 of 5-10% is used to separate the different 
frequencies of the carriers used for transmission to/from a base station and the user terminal; a bandwidth 
that is typically in excess of the coherence bandwidth of the channel13. Hence propagation channel 
estimates in one direction are unlikely to be a good estimate of the channel characteristics in the other 
direction. Practical measurements14 of a mobile urban macro cell have shown that using estimates of 
angles of arrival at the base station to form downlink beams frequently mis-directed the downlink beam. 
For this reason, in the absence of specific and timely channel state information, the downlink 
characteristics of an FDD channel are often estimated using average channel / direction conditions over 
some short time scale – in effect this estimates the mean channel conditions rather than the short term 
multipath environment. 

Hence the following observations can be made: 

• Channel estimates made at the base station in a TDD system are likely to be a more reliable 

                                                        

11 This assumes that the propagation channel is symmetrical and that the channel temporal decorrelation 
is small compared to the channel estimation update interval. In practice such errors are usually small. 

12 For example W-CDMA uses a duplex spacing of 190MHz, GSM1800 uses a duplex spacing of 
75MHz and GSM900 has a duplex spacing of 45MHz. 

13 Note that part of the benefits of using CDMA rely on having a channel bandwidth greater than the 
channel coherence bandwidth. 

14 Analysis of smart antenna outage in UTRA FDD systems. B.Allen, M.Beach and P.Karlsson. IEE 
Electronics Letters, January 3rd 2002, pp2-3. 
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guide to the attributes that should be used to control the transmissions in the return direction than 
in FDD systems; 

• TDD systems in some fast changing multipath environments may still have a reasonable level of 
uncertainty – particularly when the time between calculating the receive weights and transmitting 
the downlink burst is ‘long’ compared to the channel decorrelation time. 

Multiple access method (TDMA, CDMA, OFDM): 

TDMA systems divide each carrier frequency into timeslots and transmit information to one (or more) 
users in each timeslot. Different timeslots are used to send information to different users. GSM is a well-
known TDMA system which divides the carrier between up to eight users, where only one user is active 
at any one time on a carrier in a given cell. Adjacent cells use different carriers to limit the effect of inter-
cell interference. The same frequency can be re-used in other cells in the network and the re-use factor is 
a measure of the spectral efficiency with which a network can support a given capacity. Since TDMA 
systems, and some high bandwidth packet-based links (such as HSDPA) communicate with a small 
(often only one) user at a time on a given frequency and timeslot, only a small number of degrees of 
freedom are required at the antenna array to form the small number of nulls or beams needed to either 
reduce interference or focus a beam on the active users (in that timeslot). This is compatible with both 
the short spatial decorrelation distance in severe multi-path environments and with low additional 
complexity. Beamforming type smart antennas can be used in TDMA systems in two main ways: 

• Spatial Filtering for Interference Reduction (SFIR): Form narrow beams to communicate with a 
given user and nulls in the direction of significant interference, and so reduce the overall network 
interference (and optionally extend cell range). This reduces the required network frequency 
reuse factor; 

• Space Division Multiple Access (SDMA): Form several beams to communicate with different 
users in the cell at the same time, using the same frequency. This increases the capacity that can 
be served by a given cell using the same overall system frequency re-use. SDMA can provide 
additional gain compared with SFIR, but requires additional complexity at the base station. 

Although there are few simultaneous active users on the same frequency channel in a TDMA system 
(only one per timeslot in GSM), any beamforming must be updated every timeslot since the wanted and 
interference directions change from timeslot to timeslot. A true adaptive beamformer can use the 
estimates from the preceding frame and update the beamforming algorithm, but any beam selection 
method must be capable of switching on a burst to burst basis. The guard time between bursts is ~30µS 
in GSM, and would likely be less in a higher bandwidth system delivering higher data rates. Any 
physical beam switching for TDMA systems should therefore be performed in the order of several 
microseconds. 

CDMA and OFDM systems in mobile communications are typically intended to communicate with a 
large number of users simultaneously (say 20 – 50 active users in a typical mobile cell). 

• Smart antennas can be used to improve CDMA/OFDM capacity by reducing the interference 
generated in each cell (by focussing transmit and/or receive beams at each user). However, since 
there are so many potential interferers, placing nulls in the direction of all interfering users is not 
feasible – but dominant interference can be suppressed.  

• To minimise interference in both uplink and downlink directions for all users, a large number of 
concurrent beams needs to be formed. This would impose a significant processing burden and 
require that each element of the array is fed by a beam control (such as gain and/or phase) weight 
for each user (or group of users with similar spatial characteristics) leading to a complex transmit 
/ receive chain.  

Both the low-chip rate (TD-SCDMA) and the high chip-rate (TD-CDMA) variants of UTRA seek to 
combine TDMA and CDMA methods. These variants allow for several dedicated channels to be active in 
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either the uplink or the downlink at any one time (several users compared with the 20 – 50 concurrent 
users in the FDD variant). Each of the simultaneous dedicated channels in a given cell is separated by 
orthogonal spreading codes. Beamforming-based smart antennas were identified as a key element of TD-
SCDMA and the specifications have been defined specifically to accommodate this, particularly the 
novel aspect of synchronised reception of the multiple users signals at the base-station15. Specific support 
for the TD-CDMA and FDD variants, and the work item on Smart Antenna was deleted at TSG-RAN 
#10 in December 2000. However MIMO-based methods are being developed and are expected to be (a 
major) part of Release 7 for both FDD and TD-CDMA variants, and the 3GPP specifications are 
expected to be updated by December 2005. 

Mobility aspects and common channel requirements: 

Obviously, the channel characteristics vary significantly according to the service model. One particular 
issue in mobile networks is cell to cell handover. In CDMA systems some capacity is lost due to the soft 
handover areas between cells. In the downlink, this has the effect of increasing interference by making 
multiple transmissions to a user terminal from more than one base station and in the uplink for one user’s 
transmissions to contribute to other users’ interference in more than one cell. The extent of the overlap 
area is dependent upon the speed at which handover can be effected and the user terminal speed. These 
set a limit on the gains that can be realised by increasing the number of fixed sectors in a cell. Whilst 
beam-steering can be used with adaptive beamformers, mobility management aspects would need to 
accommodate users whose angular speeds or directions differ. Clearly these issues are not relevant for 
fixed wireless access systems where high gain switched beam and adaptive antennas have already been 
successfully deployed. 

Whilst techniques exist to improve cell range for dedicated channels, it is essential that the 
communications link is balanced in both uplink and downlink directions and for both common16 and 
dedicated channels. The requirement to increase common channel range can be particularly problematic, 
since the common channels need to cover the entire cell, not just high gain in the direction of a given 
user. Whilst a rotating high gain common control ‘beam’ can be used to sweep around a cell, this has the 
effect of reducing the common control capacity to any given location in the cell. Since common control 
capacity can limit system performance in existing 2G networks, this is clearly a serious consideration for 
any technique that seeks to increase cell range; unless the common channel capacity demand is low, the 
environment changes slowly or the link is tolerant of some increased delay (such as with WLANs). 

Support within the air interface and MAC protocol: 

Retrospective application of some smart antenna techniques can be difficult or impossible to achieve. 
Whilst retrospective provision of hardware at a base station can be costly, retrospective provision of the 
‘hooks’ in the air interface definition necessary to support the information exchange or to facilitate low 
complexity in the transceivers can be prohibitive. One feature included in UMTS to support 
beamforming type antennas was the inclusion of dedicated pilot channels. These allow that channel 
assessment on a dedicated pilot channel using a particular beam pattern is representative of the channel 
responses on other dedicated channels using the same beam response – which would not be the same if 
the omnidirectional common pilot channel was used to determine the channel characteristics. It is 
therefore of significant interest to note that the performance benefits of MIMO are sufficiently large that 
a large part of the standard definition of Release 7 of the UMTS standard is specifically to support 
MIMO. General consensus at the aforementioned RAN evolution workshop was that future air interfaces 
would be based upon OFDM and MIMO techniques and it is likely that these will be an integral part of 

                                                        

15 See overview of Smart Antennas in R1-99623 from 3GPP TSG RAN WG1#5, and the 3GPP 
workplan. 

16 Normally the link margin for common channels is at least as good as the dedicated channels, since, at 
the time of call establishment terminals would tend to be in less favourable channel conditions. 
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any system defined in the short term future. 

Any model that is intended to determine the system performance benefit of a smart antenna system must 
clearly consider the influence of all of the above factors, in both uplink and downlink directions. The 
computational complexity is such that any network performance model which seeks to incorporate the 
detailed physical layer and signal detection algorithms in a large scale network simulation is neither 
practical nor informative. The approach used to estimate the performance of 3GPP standards in realistic 
environments, and adopted in the European Commission’s I-METRA project is to characterise the link 
level performance, and to use these values in a suitable high level system simulation. This high level 
system simulation considers the higher level aspects such as duplex and multiple access method, based 
upon parameters that incorporate the performance of the link level simulations (including details of the 
multiple antenna receiver and transmitter performance). This same approach will be performed later in 
this project once a candidate smart antenna system and application environment has been selected and 
agreed with Ofcom. 

2.3.2 Smart antenna classification 

The preceding section has indicated that a large variety of different methods exist – and that all of these 
can be considered to be ‘smart antennas’. Figure 4 represents the main types of smart antenna methods 
and the primary constraints for their application. The algorithmic complexity increases in the direction of 
the ‘+ve x-axis’ and the required level of decorrelation between antenna elements (or channel 
dispersion), increases in the ‘+ve y-axis’. 

A key concept in this diagram is the separation of ‘beam space’ from ‘signal space’ methods. Beam 
space methods are those that use either an implicit or explicit geometric interpretation of the propagation 
environment and would typically use beamforming methods. These systems require the array response to 
be calibrated, and often essentially solve a ‘direction finding’ problem to assist detection of the 
communication data. Signal space methods are those that process the received signals in order to 
optimise detection in the receiver and do not require array calibration. Space time methods seek to 
combine data sampled in time and space in order to incorporate signal components that have been 
temporally dispersed, and space time detection methods solve signal detection simultaneously with 
combining the space and time components. This can offer improved performance at the cost of additional 
complexity. 
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Figure 4: Main smart antenna methods and primary constraints for their application 
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The further complication is that increased performance is often only achievable when the air interface 
(including MAC protocol) provides the hooks necessary to support the smart antenna processing. This 
required integration with the protocol, rather than a ‘bolt-on’ to an existing system. In general the 
maximum performance can be obtained with increasing complexity – but this only holds if valid 
conditions exist for the technique in the first place. Hence, some beamforming techniques could be 
expected to outperform MIMO methods in an environment where there is low channel dispersion and 
there is little overhead to deploy a calibrated array of suitable dimension. These constraints will be 
examined after a consideration of the main applications of interest and their environments. 

2.4 Applications and their propagation environment 

Two key aspects of smart antennas can be harnessed to realise significant performance benefits: 

i. Spatial selectivity: Improved spatial selectivity in transmission and reception to allow extraction 
of multipath components, interference suppression to remove co-channel interference, and 
transmission of signals (only) to the wanted location;  

ii. Diversity: Transmit and receive diversity gain (including MIMO). 

Both of these methods can be considered to be aspects of ‘smart antennas’, but each method has 
fundamentally different requirements on antenna positioning and the extent of the array (or antenna 
aperture). These requirements stem from the need to have low dispersion channels (in i), and to exploit 
the characteristics of highly dispersive channels (in ii). Hence, the feasibility of different smart antenna 
configurations depends upon the communications application, acceptable device characteristics and the 
nature of the propagation environment. These are summarised below to support subsequent analysis. 

2.4.1 Main target applications 

Key applications in the UK that have high economic value to the UK’s citizen-consumers are public 
mobile, TV and sound broadcast17.  License-exempt applications such as WLAN have also been 
estimated to be economically significant and this will increase as WLAN deployment continues18. Also 
of significant interest and likely to have a high economic value are the emerging applications based upon 
the IEEE 802 Internet Protocol standards such as IEEE 802.16 and IEEE 802.20. 

Each of these applications will be discussed in turn to identify the most likely candidates for the 
application of smart antenna technology: 

Mobile: There have been many papers describing how smart antennas can be applied to public 
mobile networks. Given the significant capital investment required to grow these mobile 
networks any benefit that can result from smart antennas is likely to be applied. However it 
should also be noted that, with the exception of ‘3’, three of the mobile phone operators in the 
UK have offered commercial 3G service for less than one year, and it is unlikely that the 
significant capacity increases that can be delivered using smart antennas will be needed until 
demand increases substantially. Data rates will increase with the likely provision of HSDPA, and 
MIMO-based smart antennas are likely to be available within one or two years after the 
completion of the specifications (i.e. around the 2007 timeframe). Retrospective application of 

                                                        

17 The Economic Impact of Radio – 2002 Update. The total value of applications using spectrum is 
£24.7Bn where the main contributors are mobile (~52%), terrestrial TV (16%) and sound broadcasting 
(5%). 

18 See Spectrum Management Strategies for License Exempt Spectrum. 
http://www.ofcom.org.uk/static/archive/ra/topics/research/topics/other/y32a018a/y32a018a-
finalreport.pdf
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smart antennas to existing 2G infrastructure is unlikely, given that the networks are at a mature 
level of deployment, and any expensive hardware upgrade would have a short period to recoup 
the costs before the expected re-farming to other technology (such as 3G). 

Broadcast: Digital networks to support TV and radio broadcast using DVB-T and DAB 
standards respectively now cover the vast majority of the UK19. Whilst these networks contribute 
a high proportion of the economic value of radio to the UK, the application of smart antennas is 
likely to be limited in the short term. Broadcast base stations would tend to have fixed, and 
normally omni-directional antennas; fixed customer receivers can use cheap high gain log-
periodic antennas to maximise signal from a given transmitter. Mobile receivers for DAB, DVB-
T and DVB-H or other mobile broadcast variants could benefit from multiple antennas if they 
could be accommodated in mobile receiver systems. However the relatively low frequency at 
which these systems operate, results in a wavelengths of the order of 1.5m for T-DAB or DVB-H 
at VHF, ~70cm for DVB-H at UHF band or a more manageable ~20cm for T_DAB at L-Band. 
However, with the possible exception of L-Band operation, none of these options are suited for 
the deployment of an array of sensors for use in a small portable device and, as agreed with 
Ofcom at an interim meeting on February 24th 2005, they will not be considered further. 

WLAN: WLAN’s economic importance within the UK has already been noted. WLAN offers 
higher speed access to nomadic users than 2 or 3G mobile systems can deliver. In addition 
WLAN is promised to offer benefits to enterprise networks in terms of reduced infrastructure 
(wiring) costs, and improved working flexibility. However the high penetration loss at 5GHz and 
the congestion experienced at 2.4GHz at busy public spaces (such as Heathrow) threaten to 
reduce the utility of WLAN – which are areas that can benefit from smart antennas and will be 
addressed in the following. 

BWA: The lack of enthusiasm demonstrated in the UK 28GHz broadband (fixed) wireless access 
spectrum auctions highlighted the potential difficulties in using conventional high frequency 
line-of-sight connections using proprietary systems. However equipment standardisation, such as 
ETSI’s HiperMAN II and the IEEE 802.16x and 802.20 standards, promise lower cost equipment 
and facilitate non-line of sight operation at lower frequencies, allowing additional savings by 
removing the requirement to accurately align a high gain antenna. Together with spectrum 
liberalisation measures, BWA can offer the possibility of new, nomadic or even mobile, 
applications in the future. Smart antennas can help improve link performance in these 
applications, and will be examined in the following. 

 

2.4.2  The propagation environment 

Based on the main applications discussed above, we can focus interest on both the type of environment 
and frequency range of interest. The frequency range is that normally used for mobile and some fixed 
applications and spans from (very roughly) 500MHz to 6GHz20. This band contains the spectrum of most 
economic value in the UK. The environments where technologies that are likely to benefit from smart 
antennas will be deployed are those: 

                                                        

19 The BBC anticipates 85% DAB coverage, and >90% DVB-T coverage (by land area) to be completed 
in 2004, see http://www.digitalradiotech.co.uk/coverage_maps.htm and 
http://www.wolfbane.com/articles/ukdcmap.htm. 

20 Though it is noted that IEEE802.16 is intended for operation between 10 and 66GHz, 802.16a is 
defined for operation between 2 and 11GHz, 802.16e is intended for operation between 2 and 6GHz and 
802.20 is intended for operation below 3.5GHz. See, for example, http://www.wi-
fiplanet.com/tutorials/print.php/10724_3065261_2. 
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• Where 3G mobile is deployed; 

• Where WLAN networks suffer from significant congestion or poor link quality; 

• Typical of the areas where new and emerging broadband wireless access networks will be 
deployed. 

A brief overview of some main propagation models will be presented to allow a consistent definition of 
the main parameters of interest. 

We can define the free-space path loss between any two hypothetical isotropic antennas as the ratio of 
the transmit power, Pt, to the received power Pr at the two points as: 
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where d is the LOS separation and λ is the wavelength (in the same linear units). Expressing Lfs in dB, 
with the distance in km and the frequency in MHz, results in the common expression for free space path 
loss as: 

( ) ( )2
1010 log.10log.2044.32 dfL fs ++=                                          (4) 

Whilst the free space model has application in isolated environments and some satellite links, effects 
such as interaction with any intermediate objects, the Earth curvature, reflection from the Earth’s surface, 
terrain roughness, slope and the environment type all significantly alter the signal strength and multipath 
characteristics of the signals arriving at a remote receiver. In general, if a link is not a LOS path, then the 
path loss will vary as dn, where n is the propagation decay index. The value of n typically ranges from 
approximately 2.6 in a micro cell which has a LOS component to 3.8 in a similar environment without 
LOS paths. In addition, the combination of the various multipath signals when the link is not solely LOS 
results in fading, and a spreading of the angle and time of arrival of the different multipath components at 
a receiver. Many of the basic modes of propagation can be classified using empirical models which 
augment (2) with various correction factors. These augmented approximations, such as the Modified 
Hata model, are sufficiently accurate to be useful for traditional mobile network radio planning – 
particularly if the parameter values for the correction functions are optimised to best fit actual measured 
values of representative areas. 

However, these wide-area, narrowband propagation models are not adequate to characterise the 
propagation environment to determine the suitability of smart antennas. To do this we need to understand 
more detailed aspects, such as: 

• Any changes to the propagation decay index (to understand the impact of both wanted signals 
and the rate at which interference reduces) in different environment types; 

• The characteristics of the multipath environment that we hope to either exploit or null; 

• The coherence bandwidth in different environments and the impact on the ability to characterise 
downlink signals from knowledge of the uplink; 

• The spatial angle over which wanted and undesired signal energy is spread, and the spatial 
proximity of wanted and interference signals; 

• The temporal coherency and multi-path spread of both wanted and unwanted components. 

For the indoor environment, we also need to understand: 

• Typical building external wall penetration loss and representative values of any internal wall 
penetration loss; 

• Penetration loss between different floors in typical multi-level deployments, such as offices. This 

42 



Smart Antenna Technology CUL/EM/030854/RP/06 

Final Report (Issue 2) 

 
is both to determine coverage and interference values between floors. 

The wide area and indoor propagation environments are described below. 

Wide-area mobile propagation environment 

The EU sponsored COST research initiative has developed and maintains recommended propagation 
models. The COST 231 model is concerned with characterisation of the mobile radio environment – 
particularly at the frequency bands for the operation of GSM and UMTS technologies. Whilst methods 
based on solving Maxwell’s wave equation or ray-tracing methods are becoming more useful, empirical 
models are still often used since they can be reasonably accurate in a relatively short computation time. 
Many of the COST-231 approximations are based upon the Okumura-Hata model with improved 
correction functions21.  

Part of the standardisation process for UMTS and the emerging IEEE 802.16 and IEEE 802.20 standards 
is to define channel models22,23 that can be used for conformance testing and to compare the performance 
of alternative system definitions. Whilst these channel models are not intended to perfectly characterise 
the propagation environment, they are intended to be representative and are likely to be sufficiently 
accurate for the purpose of this project. A key feature of the channels defined for the IEE802.16-2004 
standard is that these models are intended to characterise the channel in Non Line of Sight (NLOS) 
channels – which is a significant departure for the point to point channel models that have normally been 
associated with applications above 4GHz. It is therefore, perhaps, not surprising that the IEEE802 
channel models intended to characterise channels between 1 and 4GHz are very similar to the mobile 
propagation models based on modified Hata formulations intended for operation at 1 and 2GHz. 
Therefore we present in Table 1 a summary of parameters defining the wide-area propagation 
environments for non-line of sight radio conditions. The sources for the parameters are identified at the 
bottom of the table. 

                                                        

21 In practice the models use generalised parameters of a similar model structure so that the resulting 
model forms a ‘best match’ to propagation measurements taken in the local environment. 

22 See 3GPP specifications TR25.996v6.1.0, from www.3gpp.org

23 See IEEE 802163c-01_29r4 from www.wirelessman.org
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Attribute Units 2GHz 

Suburban: 3.5 
Urban: 3.5 
Micro (NLOS): 3.8 

Propagation decay index (*) n/a 

Micro (LOS): 2.6 
Typical building external wall penetration loss (dB) 10 – 12dB (typically) 

Suburban: 8 
Urban: 8 
Micro (NLOS): 10 

Lognormal fading (shadowing) Std. Dev. (dB) 

Micro (LOS): 4 
Suburban: 0.17 
Urban: 0.65 

RMS delay spread of energy temporal arrival(*) (µS) 

Micro: 0.25 
Frequency coherence bandwidth  ~(1/delay spread) (MHz) 2 - 6 

Suburban: ~5 
Urban: ~ 8 - 15 

Mean multipath azimuth spread at base station(*).  
Spread is log-normally distributed. 

(˚) 

Micro: ~19 
Suburban: 2 
Urban: 2 
Micro (NLOS): 5 

Per-path azimuth spread at base station (*) (˚) 

Micro (LOS): 5 
Suburban: ~10 Estimated spatial coherence distance (base station) 

~1/azimuth spread 
(λ) 

Micro: ~3 
Suburban: ~68 
Urban: ~ 68 

Mean multipath azimuth spread at mobile terminal(*). Spread 
is lognormally distributed. 

(˚) 

Micro: ~68 
Suburban: 35 
Urban: 35 
Micro (NLOS): 35 

Per-path azimuth spread (at handset) (*) (˚) 

Micro (LOS): 35 
Suburban: <1 
Urban: <1 

Spatial coherence distance (at handset) (**) (λ) 

Micro: <1 
Urban: ~0.001 Temporal azimuth variability (***) (mS) 
Rural: 1000 

Sources: 
(*) – From 3GPP TR 25.996 V6.1.0: Suburban and urban macro-cells are based upon Cost231 
Hata model; micro cell model is based upon Cost 231 Walfish-Ikegami. 
(**)– This approximation assumes that Angle of Arrival classification in S4.8 of 3GPP TR 
25.996 V6.1.0 corresponds to the environments that have a similar mean value of AoA. 
(***) – Spatial channel characterisation for smart antenna solutions in FDD wireless 
networks. IEEE 
Trans A&P, Vol 52, No 1, Jan 2004. Beach, et.al. 

Table 1: Primary propagation characteristics for mobile environment in frequency range 1-4GHz 
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Indoor propagation environment 

The ITU have published a recommendation24 that seeks to characterise representative indoor 
environments. Whilst any general description of indoor propagation cannot apply to any specific 
environment, this recommendation has been deemed acceptable for the purposes of establishing 
representative propagation effects adequate for initial deployment planning, without consideration of 
detailed aspects such as detailed office geometry, or material types, etc. Hence this is likely to be 
adequate for the purposes of this report and is shown in Table 2. 

Consequences of the propagation environment 

Two key aspects of interest from these data that constrain the functionality of any antenna are the spatial 
spread of the multipath components, and the time dispersion of these multipath components. The spatial 
spread determines the coherence distance of the propagation wavefront, and the time dispersion defines 
the approximate coherence bandwidth of the channel. Additionally, we must consider the time variability 
of the channel – in particular the time over which the channel can be considered to be stationary, and 
therefore allow a measurement at time ‘t’ to adequately characterise the channel at time ‘t+δt’. These 
constrain the physical dimensions of any antenna placement, suitable duplex arrangements and 
appropriate algorithms.  

Array processing or spatial combining methods (such as beamforming) rely on being able to form 
constructive and destructive interference by the coherent combination of spatially separated ‘replica’ 
signals at the output of each antenna25. Hence the maximum spatial extent of an array is limited by the 
spatial spread of the multipath components that can be usefully harnessed to improve signal detection, 
and limit the distance to a few wavelengths in both indoor environments and micro-cells. Suburban and 
rural environments can have larger apertures, since the angular spread is significantly less. Another 
practical constraint is the maximum aperture limited by factors such as wind loading on a large antenna. 

Conversely, diversity methods rely on combining the outputs of antennas which sample the wanted 
signal transmitted through independent fading propagation channels. Hence in this case the antennas at a 
mobile base station should be separated by more than a few wavelengths even for micro-cells, but of the 
order of ten wavelengths in suburban environments. Mobile terminals can have much more closely 
spaced antennas since their multipath components have a significantly larger azimuth spread. The 
maximum apertures and minimum antenna element spacing26 for the different environments for the 
different application types are presented in Table 3. 

 

 

 

 

 

                                                        

24 ITU-R P.1238-2 “Propagation data and prediction methods for the planning of indoor 
radiocommunication systems and radio local areas networks in the frequency range 900MHz to 
100GHz”. 

25 See any text on Array signal processing, for example, Array Signal Processing by A Lee 
Swindlehurst. 

26 In practice these limits are not ‘hard limits’ but are useful guidelines to obtain optimum performance 
from the different methods of processing the inputs and outputs from multiple antenna elements. 
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Attribute Units 2GHz 5GHz 

Residential: 2.8 Residential: - 
Commerce: 2.2 Commerce: - 

Propagation decay index, r (*) n/a 

Office: 3.0 Office: 3.1 
Typical building external wall 
penetration loss (**) 

(dB) - 10 – 15.6 dB 

Light wall: 5.9dB Light wall: 6.5dB Typical internal wall penetration loss 
(***) 

(dB) 
Heavy Wall: 6.9dB Heavy Wall: 11.7dB 

Residential: n*4 Residential: - 
Commerce: 6+3(n-1) Commerce: 20 – 36 (n=1) 

Floor Penetration Loss, Lf(n) (where n is 
the number of floors) (*) 

(dB) 

 Office: 15+4(n-1) Office: 16 (n=1) 
Residential: 8 Residential: - 
Commerce: 10 Commerce: -  

Lognormal fading Std. Dev. (*) (dB) 

Office: 10 Office: 12 
Residential: 20,70,150 Residential: - 
Commerce: 55,150,500 Commerce: - 

RMS delay spread, to an omni-
directional antenna (representative low, 
medium and high values) (*) 

(nS) 

Office: 35,100,460 Office: 45,75,150 
Frequency coherence bandwidth Residential: 6 - 50  Residential: - 
~(1/delay spread) Commerce: 2 – 18 Commerce: - 
  

(MHz) 

Office: 2 - 30 Office: 6 - 20 
Temporal de-correlation time (*) (µS) Long compared to symbol rate.  

Mostly affected by object/people movement in vicinity of 
antennas and/or LOS path. 

LOS: 8-13 RMS angle spread of energy angle of 
arrival (terminal) (****) 

(˚) - 
NLOS: 20 - 40 

LOS: ~5λ Spatial coherence distance (handset) ~ 
1/angular_spread 

(λ) - 
NLOS: ~1-2λ 

Sources: 

(*) - ITU-R P.1238-2: The path loss equation used was: ( ) ( ) dBnLdf f
r

total 28)(log.10log.20 1010 −++=L   
where f = frequency (MHz), d = distance (km) and Lf (n) is the floor penetration loss The distance exponent r varies 
according to the local obstructions around the user terminal.  
Note that in large open spaces the LOS path dominates and r→2. In closed plan offices r→4. 
In corridors signal energy is focussed and r can be less than 2.0 (say 1.8).  
(**) – See Gibson and Jenn, “Prediction and Measurement of Wall Insertion Loss”, IEEE Trans. AP, Vol 47, No.1, Jan 
1999 and The Radiocommunications Agency RTCG Report, Building Loss at 5GHz, Sept 1997. 
(***)– See Wireless LAN Networks Design: Site surveying or propagation modelling. S.Zvanovec, P.Pechac, M.Klepal. 
www.rfprop.com/Propagation/clanky/WLAN/42-49-ba.pdf. 
(****)- See Spatio-temporal dispersion and correlation properties for the 5.2GHz WLAN indoor propagation 
environment. Chong, et.al. http://www.see.ed.ac.uk/~ccc/pimrc03b.pdf 

Table 2: Primary propagation characteristics for the indoor environment at 2GHz and 5GHz 
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 Base Station Terminal / Handset 
Indoor – Indoor ~ 1 - 6 λ ~ 1 - 6 λ 
Outdoor - Indoor - ~ < 1 λ 
Urban ~ 4 λ ~ 1 - 2 λ 
Suburban ~ 10 λ ~ 1 - 2 λ 
Rural ~ 10 λ ~ 1 - 2 λ 

Table 3: Approximate spatial coherence distances for different environments 

 
These attributes provide a guide on the maximum apertures or minimum antenna separation that can be 
used for beamforming and diversity methods respectively. For example, from Table 3 it is difficult to see 
how a beamforming array with more than a few elements could be facilitated in the small apertures 
where the wavefield is sufficiently coherent, unless methods can be used that significantly reduce inter-
element coupling. However these antennas may have limited gain owing to their limited aperture. 

Clearly diversity methods can be accommodated in outdoor base stations where inter-element separation 
of at least 10λ (or 1.5m at 2GHz) is readily achievable. However the performance of diversity reception 
on mobile handsets may not be optimal, where the coherence distance can be greater than a preferred 
physical device size, and so limit the ‘independence’ of the available diversity channels. 

2.5 Mapping applications and environments to smart antenna methods 

Figure 5 depicts a superimposition of the main applications of interest (Mobile, WLAN and BWA) onto 
the smart antenna ‘capability map’, Figure 4, shown in Section 2.3. 

Clearly applications for future systems can operate flexibly in the space described by Figure 5, whereas 
application of smart antennas to existing standards may be restricted to simpler beamforming or diversity 
methods. 

Emerging 801.11n and emerging mobile systems are focussing their efforts in areas at the top right of 
this diagram, where higher data rates and capacity are needed in high multipath environments. Low 
multipath environments, as would be found in more open spaces can benefit by the higher gain offered 
by some beam steering methods as is being supported in some BWA systems for rural broadband. 
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Figure 5: Mapping of Applications to smart antenna methods 

 

2.6 Existing smart antenna systems 

Research papers describing smart antenna systems and some early prototypes have been developed since 
the 1980’s. More recently smart antenna systems have been deployed in some cases – mostly in WLANs 
and some BWA networks. This section reviews the status of smart antenna deployment in mobile, 
WLAN and BWA industry sectors. 

In the following we refer to ‘uplink’ and ‘downlink’ directions. The uplink refers to the terminal to base-
station link, and the ‘downlink’ refers to the base-station to terminal link in a conventional point to 
multipoint architecture (such as a mobile cellular network). 

Smart antennas in mobile networks 

2G Mobile testbed results: 

Ericsson / Uppsala University27: This testbed was used to assess the uplink (only) performance of a 
modified GSM1800 base station using an adaptive 10 element circular array with an element spacing of 
0.56λ. The adaptive algorithm used the 26bit mid-amble sequence in the GSM traffic burst to train the 
beam response. The beamforming algorithm was required to be ‘regularised’ by diagonally loading the 
covariance matrix, to reduce pointing beam errors. The interferer (a GMSK modulated PRBS) was 
significantly attenuated by the array even when the angular separation between desired signal and the 
interferer was small. The study concluded that a minimum spatial separation between signal and 
interferer is 10˚ (which is slightly smaller than ½ the beamwidth, given the 0.56λ element spacing), 
allowing operation for a C/I ratio of –20dB. The authors then translate the benefits to be equal to a 
spectral efficiency increase of 6 – i.e. being able to deliver ~0.6BHC. 

Ericsson28: Ericsson used space and polarisation diversity antennas with 15 λ spacing to determine 

 

27 Experimental evaluation of an adaptive antenna for a TDMA mobile telephony system. 
http://www.signal.uu.se/Publications/pdf/c974.pdf 

28 Space-time processing in the evolution of IS-136 system. Fifth Stanford workshop on smart antennas 
in mobile wireless communications. July 1998. 
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diversity gains and interference nulling. Combined space and polarisation provided 3.5dB gain in SNR, 
and an additional 5dB path gain in an interference limited environment. Fixed beams were used in the 
downlink direction. 

3G Mobile Testbeds: 

Major studies on applying smart antennas to 3G (and beyond) mobile communications systems have 
been undertaken by the EC, and present a large body of research which includes major Universities, 
vendors and operators. Much of the research output has been input into 3GPP and is therefore an 
authoritative source of current developments. 

The EC has funded several studies under its Tsunami, Tsunami II and Sunbeam initiatives29. The main 
findings in these projects are of particular relevance to mobile communications systems since they were 
specifically intended to support the development of the 3GPP standards. Three main projects of 
relevance to this study are termed Asilum, Saturn and I-Metra and their main conclusions are 
summarised below. 

Asilum (Advanced Signal Processing Schemes for Link Capacity Increase in UMTS): The objective of 
the ASILUM project was to validate new transceiver concepts, for both base stations and mobile 
terminals, which would increase the capacity of the UMTS systems in the future using adaptive antenna 
arrays and multiple user detection schemes, for both FDD and TDD variants of UMTS. The Asilum 
project included Mitsubishi as a project partner and concluded30, that for UMTS systems: 

• Large performance gains are possible when combining interference cancellation methods with 
antenna arrays. Interference cancellation can more than double system capacity compared with 
beamforming only solutions; 

• Increasing the number of sectors in a cell can reduce system performance since larger soft 
handover areas need to be balanced with reduced intra-cell interference; 

• Linear array performance benefit tapers off after 4 elements in a given sector. Circular array 
performance increases roughly linearly for up to 12 elements but results in a large amount of 
intra-cell interference. Three sectors each with 4 element arrays significantly outperformed a 12 
element circular array. 

• FDD systems:  

o The SAGE (Space-Alternating Generalised Expectation-maximisation) algorithm 
preferred in the uplink and can yield ~7.5dB gain (using 4 elements) compared with 
single user rake receiver methods (with diversity). Space diversity methods 
outperform Direction of Arrival based methods (by ~3dB) and are less sensitive to 
calibration errors. 

o A multi-stage coded interference canceller can more than double cell capacity 
compared with single user detection methods. 

• TDD systems:  

o TDD systems are fundamentally limited by a shortage of scrambling codes; 

o Uplink capacity with multiple antennas per cell is very close to the code blocking 
limit, however PIC (Parallel Interference Canceller) and FS-JD (Fractionally Spaced 
Joint Detection) methods can increase cell capacity by ~20% compared to single user 
detection methods; 

                                                        

29 See http://www.cordis.lu/ist/ka4/mobile/proclu/c/adaptantennas.htm. 

30 See http://www.nari.ee.ethz.ch/~asilum/PublicDocs/D0-6.pdf.  
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o Further improvement would require a combination of joint detection receivers (i.e. 

MUD methods, to reduce the effects of intra-cell interference). This is needed to 
increase the cell range so that benefits from any downlink capacity31 increase can be 
realised.  

Saturn: This project’s initial objective was to explore the use of beamforming methods to improve bit-
rates in TDD-UMTS and HIPERLAN networks and to assist in localisation of the user. The project 
partners included Thales and France Telecom, and the main findings can be summarised as32: 

• Using array processing for TDD-UMTS systems: 

o Polarisation diversity can provide performance benefits in high multipath 
environments that are at least as good as space diversity methods on existing GSM 
networks. Similar benefits of polarisation diversity are expected in UMTS networks. 
+/-45º polarisation is preferred to Vertical/Horizontal polarisation. 

o Multi-User Detection methods in the uplink: Multistage PIC algorithm is preferred to 
the JD-MMSE (Joint Detection Minimum Mean Squared Error) algorithm since the 
same performance can be achieved with less complexity. Performance of a 4 element 
array is better than a single element receiver by between 5dB and 10dB; 

o Calibration of uplink and downlink receive chains must be reasonably accurate. 
Calibration errors of 2dB gain and 2° angle represent an upper bound for acceptable 
performance. Calibration errors of 5dB and 5° negates almost all the benefit of using 
an array; 

o For the downlink, a generalised beamformer algorithm outperforms conventional 
beamformer and pre-equalisation methods. In particular, the pre-equalisation 
algorithm cannot realise its theoretical advantages owing to the time variations in the 
channel (even over one time slot); 

o Downlink capacity: The generalised beamformer can significantly improve downlink 
capacity compared with no array by minimising the intra-cell and inter-cell 
interference. The actual performance gain depends on the number of Orthogonal 
Variable Spreading Factor (OVSF) codes assigned to a user (since the signal power 
using a different OVSF code appears as intra-cell noise) unless multiple user detection 
is employed at the handset33. 

I-METRA: This project focussed on the appraisal and development of multi-antenna receiver algorithms 
with a focus on MIMO. The project partners include Nokia Networks, Nokia mobile phones and 
Vodafone. Key findings34 are: 

• Large benefits are obtainable using multiple antennas and sophisticated receiver algorithms. 
Nokia stressed the importance not just in system capacity but in peak rates that can be 
transmitted to individual users when channel conditions are favourable; 

• Two receive antennas in a mobile handheld terminal should be considered the maximum for the 
near future – but standards should consider the possibility of more receivers when battery and 

                                                        

31 This assumes highly asymmetrical traffic based on internet access. A continuation in the trends to 
reduce link asymmetry through services such as multi-media messaging and bi-directional file transfer 
would change the balance of the capacity and coverage limiting directions. 

32 See the Saturn final report, http://www.dune-sistemi.com/saturn_final/saturn_final_report.zip. 

33 This is computationally intensive and unlikely to be available in the medium term. 

34 See http://www.ist-imetra.org/index_deliverables.html. 
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processing power permit; 

• The project also considered estimated equipment cost and computational increase for a range of 
different transmit and receive architectures and algorithms. In particular, cost increases can be 
offset against the deployment of smaller, lower power base stations for a more dense (and higher 
capacity network) base station deployment than used at present; 

• Vodafone emphasised the cost barriers of any retrospective (hardware) upgrade of any base 
station antenna system and the practical difficulty of deploying multiple antennas given 
European planning legislation. 

2.6.1 Smart antennas in WLANs 

A large number of companies offer WLAN-type products that claim to benefit from ‘smart antennas’ 
and/or smart technologies in their products. There are a wide variety of methods and manufacturers 
operating in the WLAN sector, and many are offering capability that is ahead of formal adoption by the 
standards body in the competition to gain early market entry for a superior technology. An advantage of 
WLAN systems such as the 802.11 series is that, assuming that the Carrier Sense Multiple Access/ 
Collision Avoidance resolves multiple access to a given access point, only one transmitter is active on a 
given ‘Basic Service Set’ (BSS), i.e. cell, at a time. Hence there is no need to use MUD techniques at the 
receiver. Co-channel interference from users and access points that form alternative BSSs is a major 
concern in some environments. 

Key performance advantages promoted by many of the major players are summarised below. 

’Enterprise’ Solutions: 

• Vivato35: Vivato’s VP2200 and VP2210 base stations use up to 6 steerable beams, in a 90º 
sector, to increase base station coverage to standard Wi-Fi 802.11 b/g terminals. Vivato see the 
main benefit being extended range, which reduces the overall number of access points required 
to cover a given metropolitan/office/industrial environment. This reduces installation and 
management costs. The mechanism by which Vivato scans or steers beams that have an extended 
range compared to broadcast channels on traditional omni-directional antennas is not clear. 

Appliqué Solutions: 

• Motia36: Motia’s Javelin analogue beamforming ‘appliqué’ uses 4 antennas and claims to 
increase range by 2 or 3 times (or 3 to 4 times if fitted at both ends of the link) for 802.11b/g 
systems. This solution is expected to add ~$20 to the cost of a Wi-Fi access point. The appliqué 
uses analogue spatial filtering with beam selection and switching in the first 2uS of the burst 
(time dictated by 802.11a/g air interface), with switching on a per packet basis. Since 802.11b/g 
are TDD systems, the same weight table is used for the return link.  

Beam switching solutions: 

• Airgain37: Airgain market 802.11b/g routers and access points that appear to use switched beam 
methods with patch antennas to provide 10dBi gain. It is not clear from their website how this 
device supports links to multiple users whose signals have different arrival angles at the base 
station, or how the broadcast channel and access channels achieve the same range. 

                                                        

35 See www.vivato.net

36 See www.motia.com

37 See www.airgain.com
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Diversity receiver systems: 

• CSR38: CSR recently announced its UniFi single chip solution for 802.11a/b/g. This device 
includes dual receive chains at both 2.4GHz and 5GHz bands to support a diversity combining 
scheme. The combining scheme is not clear but is assumed to approximate optimum combining. 
This device has a target price of <$10, the antenna configuration is not critical and is expected to 
be deployed in mobile devices39. 

Other methods of improving performance: 

• Atheros40: Atheros have a range of chipsets and performance enhancing techniques built into 
several of their standard products. Atheros chipsets can be found in a range of products – 
including Sony, Netgear and Dlink and Toshiba. Some Atheros products combine two 802.11a/g 
channels (so called channel bonding) to attain peak rates of 108Mbps (Super G), or gain range 
extension (XR) through using more sensitive receivers than demanded by the specification and 
increased rate adaptation.  

MIMO standardisation: 

The IEEE is developing a new 802.11 standard that uses MIMO techniques and is expected to support 
transfer rates of up to 540Mbps. This new variant of 802.11 is not expected to be completed until late 
200641. There are four main alternative technical solutions currently under review. Belkin has already 
released products based on one provisional solution known as Wwise, backed by Airgo Networks, 
Broadcom, Conexant, STMicroelectronics and Texas Instruments. This is the only solution compatible 
with the existing 20MHz channelisation – the others preferring 40MHz bandwidth. Another major 
proposal is backed by Atheros, Intel, Matsushita, Philips and Sony. Yet other proposed standards are 
backed by Qualcomm or by Motorola and Mitsubishi. It is not known what variant will emerge as the 
standard. 

MIMO Products: 

A plethora of WLAN products claiming to use MIMO technology was announced at the Consumer 
Electronics Show in Las Vegas in January 2005. Some of these, such products by Belkin, Linksys, 
Planex, Smartvue and SOHOware use the Airgo chipset based on their unapproved 802.11n proposal 
and claim to offer ‘true MIMO’.  

• Airgo42: Airgo offer a chipset which is claimed to be “pre-n” – i.e. compatible with the emerging 
802.11n standard. Detailed information on its ‘true MIMO’ solution is difficult to obtain, but 
Belkin which incorporates Airgo’s pre-n chipset claims an 800% increase in the area covered. 
This is consistent with Linksys’ claim of a 3 times range extension for its “SRX” technology 
which also appears to use the Airgo chipset. These systems claim a top transfer rate of 108Mbps, 
which appears to be achieved by overlaying 2 data streams (i.e. channel bonding), each with a 
channel rate of 54 Mbps, on a standard 20 MHz bandwidth, with dual antenna transmission and 
reception. Whilst this solution achieves significant benefits using MIMO-based methods, it is 
unlikely to reach the transfer rates of 540 Mbps stated as the ultimate objective of the IEEE 
801.11n standard which will probably require additional antennas and more sophisticated space-

                                                        

38 See www.csr.com

39 Nokia announced at the recent 3GSM in Cannes 2005, that all of their high end Enterprise phones will 
have WLAN by 2H05. See Deutsche Bank Report on 3GSM Congress, Cannes, 21 February 2005. 

40 see www.atheros.com

41 See IEEE Spectrum, Broader Broadband, January 2005, pp13,14. 

42 See www.airgonetworks.com
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time coding and detection methods. 

• Metalink43: Metalink also claims to offer a solution compatible with the emerging 802.11n 
standard – based upon the 40 MHz channelisation variety. It offers 2x2 MIMO (i.e. 2 transmit 
and receive antennas at both access point and the terminal) and 2x3 MIMO variants (3 antennas 
at the access point). It claims channel rates of up to 243 Mbps using channel bonding of two 40 
MHz channels, and up to 135 Mbps using one 20 MHz channels. Metalink claim to be 
backwards compatible with 802.11a.  

• Atheros44: Atheros announced45 the release of a MIMO capable variant of 802.11a/g in Jan 2005 
(the AR5005VL). Atheros claims that its solution is compatible with standard 802.11a/g, and can 
work with multiple antennas at either or both ends of the link. It claims actual throughput46 of 50 
Mbps when using MIMO at both ends of the link, 27 Mbps when used in mixed configurations. 
This compares well with the 18 Mbps that Atheros claim is realisable using conventional 
switched diversity. On its website it states: “The AR5005VL chipset supports up to four antennas 
to extend range and improve network performance. Rather than rely on a proprietary pre-802.11n 
(pre-n) transmission method, the chipset uses multiple radio outputs to focus a coherent 
802.11a/g signal towards the receiver - combining the techniques of phased array beamforming 
and cyclic delay diversity - in a way that is fully compatible with existing WLAN radios. The 
chipset also uses advanced signal processing techniques to combine multiple 802.11a/g radio 
inputs so as to improve overall signal strength and quality. This approach increases performance 
in any deployment scenario, maximizing compatibility with both MIMO and non-MIMO 
devices.” This chipset costs ~$23 for 10,000 unit quantities. 

2.6.2 Smart antennas in BWA Networks 

A range of proprietary Broadband Wireless Access technologies have promised to provide a competitive 
threat to the traditional fixed network over the last decade. Many of these, traditional, BWA systems 
used higher frequency bands (> 20GHz) to provide wideband fixed radio connections supporting 
fractional and multiple E1 links to SMEs and SOHOs. In the conventional ‘Point to Multipoint’ 
architecture, these systems required installation of fixed high gain antennas to close the high frequency, 
line-of-sight link between a base station and the customer premises. The limited take up in the first two 
28GHz BWA licence auctions in the UK demonstrated operators’ lack of confidence in the viability of 
this traditional approach.  

More recently, there has been a resurgence of interest in using wireless links as an alternative broadband 
last mile access mechanism. The factors underpinning this renewed interest include: 

• Use of lower frequencies that permit operation over non-line of sight paths; 

• Use of self-installation at the customer premises, significantly reducing the cost of deployment; 

• Delivery of high bandwidth IP-based links has allowed operators to support a range of different 
services and to include domestic consumers as part of the addressable market, to offer 
alternatives to fixed line xDSL links; 

• Adoption of a standards-based solution, such as HIPERLAN/2 or the IEEE802.16 (WiMax), or 

                                                        

43 See www.metalink.co.il

44 See www.atheros.com

45 See http://www.mysan.de/international/article20796.html

46 Note that this is interpreted to mean achievable user data rate. Typically, 802.11a systems offer a user 
data rate that is approximately 1/3 of the physical layer channel rate, which is quoted as being 54Mbps. 
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802.20 (MobileFi) families.  

In the following we summarise some of the main players in the BWA marketplace and identify what 
innovations they are using as part of their solution. 

802.16 systems (that don’t use smart antennas) 

• Alvarion47: Alvarion contributes to the IEEE 802.16x and ETSI HiperMAN standards and has 
recently announced its ‘Breezemax’ system, which claims to be compliant with the standards. In 
particular Alvarion uses the favoured OFDM modulation technique. Alvarion does not appear to 
use any smart antenna methodology to increase system performance, but claims to support 
3.8bits/Hz over their air interface (though this does not consider the achievable frequency re-use 
in a practical network). 

• Aperto Networks48: Aperto is another company at the forefront of defining WIMAX/HiperMAN 
standards and providing equipment to support fixed broadband wireless connections. Aperto’s 
New 200 Series equipment uses high gain antennas that give audible beeps to indicate when they 
are aligned. To improve resilience to multipath and interference, Aperto uses selective 
combining, adaptive coding and power control. These methods cannot be considered to be 
sophisticated or ‘smart’ compared to some of the methods considered elsewhere in this report, 
but they do allow the customer premises equipment to be self installed rather than relying on 
installation by the service provider. 

802.16 systems (that do use smart antennas) 

• L3 Communications49: L3 Communications bought IoSpan’s MIMO technology and assets. L3 
now markets its OFDM and MIMO-based non-line of sight “Primewave 3000 systems”. Little 
additional information is available publicly, but these units are intended to allow conventional 
point to multipoint fixed broadband networks to provide non line of sight connectivity, including 
indoor desk-top based subscriber equipment. 

• Beamreach50: Beamreach networks joined the WiMAX forum early in 2004 and offers 
broadband data to fixed users using ‘adaptive multibeam OFDM’ technology operating in the 
2.3GHz, 2.5GHz and 2.7GHz bands. The Beamplex system uses adaptive array technology at the 
base-station and a high gain fixed antenna at the customer premises. It combines adaptive 
beamforming and null steering with OFDM over a TDD channel, with transmit frequency 
diversity and is claimed to achieve 10bits/s/Hz/cell spectral efficiency. Unusually, the Beamplex 
system can transmit two signals on different frequencies where the data is independently coded 
on each frequency so that the two signals can be optimally combined at the receiver. 

 

Proprietary / proto 802.16e systems: 

• Navini51: Navini was once a member of the 802.20 (MobileFi alliance), but joined ‘the rival’ 
IEEE 802.16e WiMAX forum in the Spring of 200452. Navini’s ‘Ripwave’ system operates in the 
2.4GHz ISM band and 2.6GHz band. The base station has eight antennas and the Customer 

                                                        

47 www.alvarion.com

48 http://www.apertonet.com

49 http://www.pwcwireless.com

50 http://209.130.57.134/index.php 

51 www.navini.com

52 http://lists.nycwireless.net/pipermail/nycwireless/2004-April/008319.html 
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Premises Equipment (CPE) has three. The system uses time division duplex and CDMA. The 
base station processes the time-delayed multipaths and uses time-delayed transmission to allow 
coherent combination at the user terminal to pre-equalise the slowly varying channel. Navini 
claims that this pre-equalisation allows capacity to be increased by a factor of five. The system is 
claimed to provide “raw data rates” of up to 8 to 9 Mbps per modem, but the system is typically 
engineered to provide 1 or 2 Mbps on the downlink and 500 kbps on the uplink. When used in 
the MMDS band, a base station can serve three 5 km to 7 km sectors in a suburban environment 
and 18 km to 20 km in rural areas and can serve up to 300 (typically business) subscribers. 
Greater detail is difficult to obtain on Navini’s system but its solution has been deployed by a 
range of service providers53, including ADBnetworks, Bell South, IntroWeb, Irish Broadband 
and Unwired. 

Note: In April 2003 Navini raised US$25M in series C funding, which was intended to be the 
‘last round of funding’ and used to provide working capital, to fund sales and further product 
development. In June 2004, Navini required additional funding, and managed to raise a further 
US$30M (making a total of US$115M venture capital funding). Whilst the ability to continue to 
raise funding expresses a level of confidence from the capital markets, the failure to deliver 
against their April 2003 expectations would normally be of concern. This is in the context of a 
significant increase in the demand for broadband services. 

Proprietary / proto 802.20 systems: 

• Flarion54: Flarion is a leading member of the emerging IEEE 802.20 ‘standard’ and has products 
based on its proprietary Flash-OFDM technology (Fast Low-latency Access with Seamless 
Handoff OFDM). Flarion identifies its key technology differences compared to other providers 
of broadband mobile data as being design of low latency from an end-to-end perspective to keep 
latency below 50 mS, and use of Vector LDPC codes for its OFDM-based air interface. Flarion 
is essentially an alternative mobile technology, offering equipment that uses 1.25 MHz paired 
FDD channels in bands up to 3.5GHz to deliver downlink data rates of 1-1.5 Mbps (with peak 
bursts up to 3.2 Mbps) and typical uplink data rates of 300-500 kbps (with peak bursts up to 900 
kbps). No smart antenna technology is used. 

• ArrayComm55: ArrayComm has developed a fully adaptive array system which it terms 
‘Intellicell’ and have applied this to the Japanese PHS system, as well as to GSM and WCDMA, 
and now use as part of their proprietary BWA solution (‘iBurst’). For mobile systems 
ArrayComm uses between 4 and 12 elements to provide omnidirectional coverage from a base 
station, and claims up to 6 times increase in capacity for GSM and WCDMA networks (or 3 
times in coverage). ArrayComm’s original business plan was to develop adaptive antenna 
technology for use with a wide variety of air interfaces, including cellular, fixed wireless, 
wideband and GSM networks. However, the company changed its original focus, and has spent 
the last four years designing and developing their proprietary ‘iBurst’ system to provide mobile 
broadband. The iBurst system is one potential candidate solution for the future 802.20 standard, 
but ArrayComm is also promoting interoperability between multiple vendors of iBurst systems 
through the iBurst Forum 

o ArrayComm has commercial networks supporting mobile broadband in Australia 
and South Africa. Each base station can have extensive coverage (practical coverage 
of 1-2 km in dense urban environments and over 12 km in suburban have been 
demonstrated) supporting rate-adapted data rates up to 1 Mbps (downlink) and 345 

                                                        

53 http://www.navini.com/pages/providers/index.htm 

54 www.flarion.com 

55 www.ArrayComm.com
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kbps (uplink) to laptop PCMCIA cards. ArrayComm claims to be able to reuse the 
same frequency 3 times within each cell (spatial division multiple access), and is 
able to achieve a practical reuse of ½. The base station capacity is 20 Mbps/sector. 
ArrayComm claims that iBurst can deliver 4bits/s/Hz/cell and can rollout an entire 
network in only 5 MHz, where each cell can support 20 Mbps in the same 5 MHz 
bandwidth. This performance is in stark contrast to 2G cellular systems that have a 
spectrum efficiency of approximately 0.1bits/s/Hz/cell. iBurst TDD-based 
equipment is available in 1.8, 1.9 and 2.3GHz bands and is planned to be made 
available at 2.5GHz. Further details of the methods used in the ArrayComm 
beamforming solution do not appear to be publicly available.  

 

The overview of the research being performed and the products that are available corresponds reasonably 
well with the smart antenna mapping of Figure 5. 

We can summarise this as: 

• Development of beamformer-type smart antennas has been halted within 3GPP, and MIMO is 
seen as the primary enabler to increase the capability of 3G mobile systems (in high multipath 
environments). 

• There is significant effort being invested in the development of MIMO capability for WLAN 
systems (in high multipath environments). The cost of including MIMO functionality with 
integrated single chip solutions is likely to be small (i.e. several dollars) after the one-off 
development costs have been considered. 

• There may be some potential to use beamforming type methods for WLAN systems in low 
multipath environments, where inter-BSS noise is a major performance constraint (such as 
airports and other hot-spots in large open environments). Any beamforming system which seeks 
to increase performance, however, would need to be of very low cost. 

• Whilst the performance advantages of beamforming-type smart antennas are promoted by Navini 
and ArrayComm, many other BWA manufacturers are not including smart antenna functionality. 
At least two manufacturers who use beamforming type smart antennas are not achieving the 
financial targets that were expected – whilst there are many possible reasons for this, the existing 
deployments do not demonstrate any significant competitive advantage of using beamforming-
type antennas compared to standard base station deployments with efficient air interface methods 
(including HSDPA, OFDM and MIMO). 

Two main potential contradictions exist, to counter the above: 

• One is the use of Navini’s beamforming methods for the broadband mobile environment, 
particularly since Navini also uses pre-equalisation measures for this fast changing environment 
– a method whose theoretical promise was found not to be effective in the I-METRA project. 
This can be resolved if we consider that Navini’s iBurst system is primarily intended for slowly 
varying channels (as would be experienced in most nomadic or fixed environments) as opposed 
to mobile environments. Navini’s press releases indicate that their commercial deployments have 
primarily been for the fixed or nomadic environments, although trials have been performed in 
mobile environments. 

• Another is the use of ArrayComm’s ‘iBurst’ in the dense urban mobile environment where high 
level of multipath may be expected to limit the performance of the beamforming method. A 
possible explanation is that ArrayComm may use small arrays with closely spaced elements in 
this environment. However, the iBurst performance claims appear to be supported by operators 
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with whom they have conducted trials in both Seoul and Sydney56, and suggests that 
ArrayComm’s beamforming solution can perform well in high multipath mobile environments.  

 

2.7 Regulatory constraints on smart antennas 

One of the objectives of this study is to investigate if regulatory barriers exist that may be deterring or 
impeding the introduction of smart antenna technologies. In this report, we will consider the key 
elements that are of relevance and summarise the regulatory status that applies in major potential markets 
for smart antennas. 

Smart antennas can be applied to a range of technologies, operating in different frequency bands, 
supporting a number of applications. Some operate in licensed spectrum and others in licence-exempt 
spectrum. 

The major regulatory constraints on radio system deployment that are normally applied are: 

• That all emissions conform with international agreements (this essentially sets a signal level that 
should not be exceeded at a border, or other defined locus, such as the middle of the English 
Channel); 

• That the EIRP from a transmitter is below a given threshold. The user can therefore trade 
antenna gain for transmit power, but is unable to increase the range (to a given receiver) by using 
a higher gain antenna; 

• That emissions are limited from base station sites. This can be achieved by defining a maximum 
signal power that can be emitted from each transmitter, or define a limit for the entire base 
station site. Defining a limit for each transmitter can allow the range of a transmitter to be 
increased if antenna gain is used to boost the available power in a preferred direction. Limiting 
total base station site power is a method of limiting the field strength that can be experienced in 
the vicinity of the base station site (such as schools); 

• That users do not exceed defined signal threshold levels outside of an agreed region, for a given 
percentage of time (this permits flexibility within a given region and controls the export of 
interference outside of the agreed area). 

More than one of the above constraints can apply simultaneously. Some of these constraints are more 
appropriate to apply to some licence classes than others. For example, since it is difficult to control 
licence exempt devices after their introduction, transmitter characteristics have been defined at the device 
level.  

In the recent Spectrum Framework Review consultation57, Ofcom defined its vision for spectrum 
management as: 

• Spectrum should be free of technology and usage constraints as far as possible. Policy 
constraints should only be used where they can be justified; 

• It should be simple and transparent for licence holders to change the ownership and use of 
spectrum; and  

• Rights of spectrum users should be clearly defined and users should feel comfortable that they 
will not be changed without good cause. 

                                                        

56 See press releases at http://www.ArrayComm.com/ 

57 http://www.ofcom.org.uk/consult/condocs/sfr/
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Hence it is reasonable to assume that it is intended that licensed spectrum should be as free from 
constraints as possible, subject to ensuring that undue interference is not exported outside of the 
geographic area of their licence. Within the licensed area, it is in the interests of the licence holder (or 
spectrum manager) to manage the generation of interference effectively. Specific licence conditions will 
be examined in more detail later in this report, after system modelling simulations, in order to understand 
what constraints exist that may prevent deployment of smart antennas that may be of benefit overall. 

2.7.1 ITU developments 

In 2004 the ITU published ITU-R M.1678 to address the benefits (or otherwise) of adaptive antennas for 
mobile systems. Based on the ITU study report ITU-R M.2040, the recommendation found: 

• That adaptive antenna technology should be considered in the development of new radio 
interfaces and in the further enhancement of existing radio interfaces to increase spectral 
efficiency and improve spectral utilisation; 

• That, where practical, adaptive antenna systems should be incorporated into the deployment of 
new and existing land mobile networks to enhance their spectral efficiency and as a method to 
reduce their interference to other systems. 

It should be noted that the ITU-R M.2040 study report presents a useful high level overview of the 
idealised system benefits of smart antennas to coverage and capacity in both uplink and downlink 
directions for TDMA and CDMA multiple access systems. However, the ITU report does not consider 
MIMO based solutions that, based on the EC studies, would appear to offer promise in the future. 

2.7.2 The R&TTE Directive 

The R&TTE Directive 1995/5/EC was introduced to all EU member states in 2000. This directive 
supersedes former Directive 98/13/EC and national approval regulations for the placing on the market 
and putting into service of Radio and Telecommunications Terminal Equipment (R&TTE)58. 

Guidance59 from the European Commission on the interpretation of the R&TTE directive with regard to 
antennas notes that: 

Antennas may be subdivided into "active" and "passive" types. In this categorisation, an "active" 
antenna is one that, as supplied, includes one or more electronic components interacting with the 
signal. All other antennas are in principle considered "passive", irrespective of gain or directional 
properties. 

With this definition, smart antennas that use multiple elements for transmission could reasonably be 
considered as ‘Active’, and thus be subject to the full requirements of the Directive if placed on the 
market as a single commercial unit for distribution or final use.  

Hence smart antenna systems will need to demonstrate compliance with the R&TTE Directive explicitly, 
or be adopted as a Harmonised Standard (which is deemed to conform to the R&TTE directive). 

2.7.3 ETSI and standards developments 

One method of demonstrating compliance with the R&TTE Directive is to have the system adopted as a 
‘Harmonised Standard’. Approved 3GPP and ETSI standards are normally adopted as ‘Harmonised 
standards’ and any smart antenna element that is defined as a major part of the standard would therefore 
be deemed to be compliant. Hence, any equipment conforming to the UMTS standards that incorporates 

                                                        

58 http://europa.eu.int/comm/enterprise/rtte/index_en.htm 

59 http://europa.eu.int/comm/enterprise/rtte/tcam8.htm#antennas 
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MIMO functionality are likely to be deemed as conforming with the R&TTE equipment. Similarly, the 
harmonisation between ETSI and the IEEE standards for 802.16 and 802.20 are likely to result in 
Harmonised Standards approved for use in the EU. Given the large degree of flexibility within some of 
the emerging 802.x series of standards, the process of adoption as a ‘harmonised standard’ needs to 
consider the potential for increased interference.  

2.7.4 CEPT developments 

Current studies60 within WG SE (such as SE38), do not explicitly consider smart antenna, but are 
considering relaxing permissible power limits for FWA systems subject to aggregate interference effects. 

2.7.5 Licence exempt bands 

A major area where users may not understand the consequences of poor interference control, or not have 
the technical expertise to manage interference is in license exempt bands. Typically interference is 
controlled by class licenses that require manufacturer provided transmitters to conform to maximum 
power or emission limits. In the USA, the FCC manages civilian, state and local government use of 
spectrum. Part 15 of the FCC regulations is concerned with defining appropriate constraints on use in 
what the FCC term unlicensed spectrum (and the UK terms licence exempt). Owing to the supply of US 
approved equipment, the FCC limits have significant influence on what constitutes acceptable limits not 
just in the United States, but elsewhere. The FCC has recently announced the relaxation of limits where 
‘smart antennas’ are used for unlicensed spectrum. Hence we will compare the UK regulatory constraints 
against the regulatory constraints imposed by the FCC to gain an understanding of the main differences 
that apply. 

Licence Exempt Bands in the UK 

Although licence exempt spectrum exists at other bands (such as for PMR use at 455 MHz), the primary 
licence exempt spectrum is in the 2.4GHz band (i.e. between 2.4 to 2.4835GHz where 802.11b/g and 
Bluetooth are major users) and the 5GHz band (i.e. 5.15GHz to 5.35GHz, 5.47GHz to 5.725GHz and 
5.725GHZ to 5.850GHz). 

The regulatory constraints for operation in these bands are defined in Annex 1 of Ofcom’s Wireless 
Broadband Update from April 200461, with further detail in the Interface Requirement definitions62,63. A 
key aspect of these requirements, which were approved by the EC prior to publication, is that licence 
exempt equipment in the UK, is subject to band-specific EIRP limits, with further requirements on 
Dynamic Frequency Selection (DFS) and Transmit Power Control (TPC) to mitigate interference 
generation. 

The main limits in the UK are: 

• In the 2.4GHz band (indoor and outdoor use) 

o Maximum EIRP of 100mW. 

• In the 5GHz band:  

                                                        

60 Pers. Comm. with Stephen Bond from Ofcom, 17th February 2005. 

61 www.ofcom.org.uk/research/consumer_audience_research/telecoms/wireless_update/ … 

wirelessbroadband/bwuAnnex1?a=87101# 

62 http://www.ofcom.org.uk/static/archive/ra/publication/interface/word-pdf/ir2005.pdf

63 http://www.ofcom.org.uk/static/archive/ra/publication/interface/word-pdf/ir2006.pdf
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o 5.15 to 5.35GHz band: a maximum EIRP of 200mW, indoor use only. 

o 5.47GHz to 5.725GHz: a maximum EIRP of 1W, indoor use only. 

o 5.725GHz to 5.850GHz: a maximum EIRP of 2W indoor or outdoor use, but operation 
precluded between 5.795GHz and 5.815GHz. 

Licence Exempt Bands in the USA 

On July 12th 2004, the FCC issued a Report and Order64, modifying Part 15.247 rules on unlicensed 
spectrum, partly to include more flexibility for systems that incorporate smart antennas. Whilst the earlier 
guidelines assumed either omni-directional or fixed gain antennas, the modifications are intended to 
allow deployment of smart antennas in the 2.4GHz band. In general the FCC limits are more relaxed than 
those considered acceptable in the UK and the EC, to date. The main characteristics at 2.4GHz and 5GHz 
bands65 are: 

• In the 2.4GHz band (FCC Part 15.247, prior to the July 12th 2004 R&O): 

o Operation for indoor and outdoor use: 

o For point to multi-point operation: Equipment is allowed to transmit up to 1W, using a 
6dBi antenna (i.e. 4W EIRP). Transmit power must be reduced in kind for any further 
antenna gain – so 4W is a maximum EIRP limit. 

o For point-to-point operation: The transmitters have a maximum power of 1W, but their 
transmit power only needs to reduce by 1dB for every 3dBi gain above 6dBi. Hence the 
EIRP is allowed to increase when more directional antennas are used. 

• In 2.4GHz after the July 12th R&O: 

o Sectorised or phased array systems are permitted, as long as they are capable of forming 
at least 2 discrete beams, where the beams occupy a total beamwidth no greater than 
120˚. 

o Each beam can use the same power limits that would apply to a point to point system, as 
long as the total power in all beams is less than 8dB above the maximum limit in a single 
beam; 

o Further, if any beams overlap (such as with steered beams), then the total signal power in 
any one direction must not exceed the power limit that would apply to a single beam; 

o Although these rules are based on a beamforming concept, the same power levels and 
rules are intended to apply to other smart antenna systems (including MIMO). 

• In the 5GHz band (primarily Part15.407): 

o Operation is split into low (5.15GHz – 5.25GHz), medium (5.25GHz – 5.35GHz) and 
high (5.725GHz – 5.825GHz) band. Low band is authorised for indoor only, whilst 
medium and high can be used indoor or outdoor. 

o For point to multi-point: 

 The FCC low band has a maximum output power of 50mW, and intended for 

                                                        

64 Docket No. 03-201 (FCC 04-165), 
http://gullfoss2.fcc.gov/prod/ecfs/retrieve.cgi?native_or_pdf=pdf&id_document=6516285598

65 Note this is a high level summary of 2.4GHz and 5GHz bands and ignores subtleties which modify 
these limits for specific modulation types, for example for frequency hopping systems with a limited 
number of hops. 

60 

http://gullfoss2.fcc.gov/prod/ecfs/retrieve.cgi?native_or_pdf=pdf&id_document=6516285598


Smart Antenna Technology CUL/EM/030854/RP/06 

Final Report (Issue 2) 

 
indoor operation only; 

 The medium band has a maximum power limit of 250mW, and can be for indoor 
or outdoor use; 

 The high band has a maximum power of 1W into a 6dBi antenna, or a maximum 
EIRP of 4W. 

o For point to point links: 

 The FCC (Part15.407(a)(3) allows a maximum power of 1W into a 23dBi 
antenna (i.e. a maximum EIRP of 23dBW), and requires a 1 dB reduction of 
power for any further 1 dB of antenna gain over 23dBi. 

 However regulation 15.247(b)(3)(ii) does not dictate power reduction 
irrespective of the antenna gain. The relevant constraint depends upon the type 
approval clause that applies to the equipment used. 

Whilst the 2.4GHz band has been modified by FCC Part 15 rules to be more ‘friendly’ to smart antennas, 
similar modifications do not apply to the 5GHz band. 

It is clear from the above summary that significant differences exist in the transmit power permitted and 
the type of antennas and the gains that can be used for license-exempt equipment in the UK and the USA. 
Subsequent to system modelling in a later part of this report, further work on regulatory aspects will 
consider whether relaxation of the existing license exempt constraints will be beneficial to the UK. 

2.8 Challenges for future smart antennas 

It is clear from Figure 5 and the overview of existing and forthcoming applications in Section 2.4, that 
different smart antenna solutions are likely to be developed for different environments. 

The key challenges that are identifiable in this Section are: 

• Extending range: 

o Without any increase in EIRP, range extension can be facilitated by advanced receiver 
methods (such as the joint detection methods identified in the EC project) and improved 
MIMO systems. Future systems need to be defined with this functionality incorporated as 
part of the system definition; 

o Without increasing the total transmit power from a site, multiple transmit antennas can 
generate a significant range extension when the signals are phased to arrive coherently at a 
remote receiver. Performance is limited by the number of antennas that can be 
accommodated on a transmitter site (including planning constraints), and the maximum 
aperture permissible given the multipath environment. Clearly, the opportunity is greater in 
suburban and rural environments. However, this solution requires relatively complex arrays, 
and good matching of the transmit and receive chains. Some companies using this type of 
technology have failed to meet their financial targets, though it is not known if the cost and 
complexity of the array technology has played any part in this. 

o Range can be extended by increasing EIRP in preferred directions. Maximum EIRP is 
constrained by regulation, as well as the issues identified above. Antennas which can adapt 
to permit high EIRP in preferred directions, but lower overall transmit power (and may also 
null dominant sources of interference energy) can result in more efficient spectrum use – but 
are not permitted if their instantaneous EIRP would exceed regulatory limits. This issue will 
be considered in a later section of this report. 

• Extending capacity: 
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o All of the smart antennas have methods to increase capacity, either by a reduction in the total 

interference energy generated or the effectiveness with which wanted signal components are 
extracted.  

• Operation in a multi-standard, multi-technology device: 

o All of the above techniques benefit with multiple antennas at each end of the 
communications link. It is likely that future terminals (certainly mobile terminals) will use a 
multitude of different networks and technologies (for example, 3G mobile for wide area 
mobile connectivity, Bluetooth for hands-free headsets or inter-device communications, 
multi-band 802.11 a/b/g Wi-Fi and/or UWB for network connectivity in the home or office). 
Each of these technologies operates over a range of frequencies, and may require more than 
one antenna. Accommodating a large number of antennas into a small terminal and 
maintaining sufficient isolation between the radio components is a challenge for antenna 
designers. 

 

2.9 Recommendations for the demonstrator 

A key deliverable from this part of the study is a prototype system that can demonstrate some of the 
benefits of smart antennas. It is significant that a large variety of products have become commercially 
available since this project was conceived or even since it was started. 

The selection of the prototype has been determined in co-operation with Ofcom. The following issues 
were considered as part of the selection process: 

• The smart antenna demonstrator should consider methods on the left hand side of Figure 5, or 
use proprietary communications links or devices that allow access to data from the received 
signals in order to run the smart antenna processing algorithm. 

The challenges for the main applications of interest are: 

• WLAN: Simple cheap interference nulling in low multi-path environments; 

• WLAN: Simple cheap MIMO, diversity or equalisation methods for high multipath 
environments; 

• BWA: Range extension for suburban/rural BWA using TDD; 

• Mobile: Smart antenna deployment on existing 2G and 3G network is likely to be limited (as 
stated by Vodafone) – so the challenge is defining appropriate solutions for future systems. This 
work is already under consideration by a large number of Universities and commercial 
organisations, including Navini, ArrayComm and Nokia. 

These applications, their primary challenges and different approaches where smart antennas could be 
used are summarised earlier in this Section. 

 

Two conclusions were drawn from the assessment. Firstly, the confirmation that an IEEE 802.11 WLAN 
is a suitable vehicle for a hardware demonstration. Its initial selection was based principally on the 
availability of hardware, the use of licence exempt bands, the ability to perform a small scale 
demonstration and the potential benefits of improving performance in a potentially ubiquitous 
application. The mapping of the requirements of the application onto the performance of the various 
adaptive methods, illustrated in Figure 5 confirms this to be an appropriate selection from a capability 
stand point. 
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The second conclusion is that broadband fixed wireless access (BFWA) is also a potential application 
and that the utility of adaptive antennas should also be demonstrated here. However, in this case, owing 
to the larger scale of the system and its use of licensed spectrum, the demonstration would be by 
simulation  

 

Both the WLAN hardware demonstrator and BFWA simulation are described in later sections of this 
report.  
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3 Smart antenna technology review 
This section details the activities undertaken during a review of the technologies available for the 
implementation of smart antennas. This review includes the radiating structures, beamforming 
components and architectures applicable to adaptive antennas.  

3.1 Radiating structures 

In reviewing the technology that can have potential benefit for smart antenna systems, it is important to 
identify the challenges facing smart antenna technology. The rapid expansion of wireless communication 
systems poses increasing financial, technological and social demands. As systems operating in the GHz 
frequency range have moved from the specialist to the consumer market, user expectation and market 
pressures on cost have both increased, resulting in the need to provide increased functionality at reduced 
price. Further influences are the requirement for aesthetic integration into products that are intended to 
provide multiple functions from smaller devices. 

 

To meet these demands, antenna systems will increasingly need to be more cost and space effective. A 
single antenna may need to operate over multiple bands, perhaps simultaneously or by switching; it may 
need to be reduced in size below that normally applicable to an efficient antenna or it may need to have a 
shape not normally associated with achieving given beam properties. 

 

A considerable body of work already exists in this area, and much progress has been made in multi-
function antenna systems. The available literature in this area has been reviewed, and the findings are 
reported in this Section. 

 

A considerable proportion of the reported work involves the use of complex media or metamaterials. 
These are engineered materials with electromagnetic properties not readily available in nature. Variants 
of these materials are known as Electromagnetic Band Gap (EBG) media, Artificial Magnetic 
Conductors (AMC) and Negative Refractive Index (NRI) materials; all of these types have been 
reviewed.  

 

 

3.1.1 Metamaterials 

It is well understood that the electromagnetic properties of homogeneous materials depend on their 
internal structure (atomic, molecular, crystal etc.). Electric and magnetic dipole moments formed by the 
internal structure couple with the electromagnetic field to produce the macroscopic properties that we 
observe. Metamaterials are a class of complex media that mimic the internal structure of materials and 
produce electromagnetic effects, only the elements are typically macroscopic objects. Table 1 
summarises the various types of metamaterials, including, Electromagnetic Band Gap (EBG), Artificial 
Magnetic Conductor (AMC) and Negative Refractive Index (NRI) materials, their properties and typical 
applications. 
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Table 1: Metamaterial Classification 

Type Properties Applications 

EBG Forbidden frequency band  Filtering, Isolation, Efficiency enhancement 

AMC Zero reflection phase Low-profile structures 

NRI Negative refractive index Miniaturisation, Backward waves / antennas 

 

Electromagnetic Band Gap (EBG) structures possess frequency bands where electromagnetic 
propagation is forbidden, similar to the way semiconductors possess energy bands where electrons are 
forbidden. EBGs have found applications in suppressing unwanted frequency components, for example, 
improving the efficiency of antennas, increasing their directivity, reducing the coupling between printed 
antenna elements sharing the same dielectric substrate and others.  

 

Artificial Magnetic Conductors (AMC) are surfaces that electromagnetically behave as the dual of 
electric conductors. While magnetic currents are yet to be observed, a typical property of such surfaces is 
that they reflect incident waves with a zero phase shift (while electrical conductors impose a phase 
reversal upon reflection). This finds direct application in reducing the profile of radiating elements, hence 
addressing installation constraints and aesthetic concerns. Numerous applications of AMCs have been 
reported in the literature and those with potential application to smart antennas have been reviewed. 

 

Negative refractive index materials (NRI) are another class of metamaterials are those whose equivalent 
permittivity and permeability can be engineered. Artificial dielectrics materials are well known, and have 
been studied for some years. For example, periodic arrangements of conductors can exhibit an electric 
plasma-like behaviour. In the past five years, metamaterials that exhibit a similar magnetic behaviour 
have been proposed, fabricated and tested. More recently reports in the literature have demonstrated 
materials with equivalent negative refractive index. Applications of these materials have been proposed 
for microwave components and antennas. Devices such as small antennas, phase shifters and rat race 
couplers can directly benefit from these advancements and leaky wave antennas with full backward to 
forward (180°) beam scanning capabilities have been produced. 

 

These types of metamaterials and the types of devices that have been investigated are discussed in more 
detail below. 

 

3.1.2 Electromagnetic bandgap structures 

Origin / technology maturity 

The term Electromagnetic Band Gap (EBG) is a variation of Photonic Band Gap (PBG) but referring to 
application mainly in the GHz rather than 100’s-1000’s THz range of frequencies. PBG emerged by 
drawing analogies between light (photons) and electrons, or mathematically between the Maxwell and 
Schrodinger equations. The related research initiated from optics with the introduction of the concept of 
photonic crystals as periodic media where Maxwell’s equations accept no real solution. The concept 
behind this goes back to Bragg and his observation that planes of atoms can act like perfect mirrors to X-
rays when the Bragg condition is met. The concept of Bragg reflection applies equally well to visible 
radiation except that we cannot rely on atomic structure, since the material must be arranged to have 
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some periodic structure on the scale of the wavelength of light: a fraction of a micron. Photonic crystals 
emerged as materials with periodically loaded refractive index (or dielectric constant). Subsequently, 
microwave engineers employed the concept at the GHz range of frequencies. Together with periodic 
arrangements of dielectric rods, at such low frequencies the use of metallic elements as scatterers was 
also introduced. Today Metallodielectric Electromagnetic Band Gap structures are well understood by 
the microwave community. Other properties of such structures are still being very actively investigated.  

Tutorial description 

There is a distinct difference between photonic crystals and EBGs made of resonating elements. In the 
first case, non-resonant scatterers (typically much less than the wavelength) are arranged periodically at 
distances around half wavelength. On the other hand, resonant scatters can be employed allowing more 
flexibility in fabrication and design. The current trend of EBG for wireless communications applications 
seems to be towards metallodielectric arrangements and a resonance approach is employed for the unit 
cell. Several mechanisms have been proposed for the miniaturisation of such structures. 

 

A very popular 2.5D EBG structure is the mushroom structure proposed by UCLA. In this case, metallic 
patches are printed on a grounded dielectric substrate and connected to the ground with vias (ie 
conducting feed-throughs). The structure is best analysed employing a lumped filter approach. Other 
research groups have proposed a variation of this structure without the vias, mainly in order to ease the 
fabrication complexity. In this case, the array elements are resonant and hence the arrangement typically 
increases in size. Several ideas have been produced to miniaturise such arrays. Another common 
topology, often referred to as defected ground plane, is where the elements are etched as apertures on the 
ground plane. A typical example of this is the Uniplanar Compact PBG (UCPBG) [9], but others have 
also been produced. Such arrays are readily integrated in filters and oscillators as means to suppress 
spurious harmonics.  

 

The dispersion curve around the contour of the Brillouin zone is typically employed as a means to 
characterise EBG media. In this diagram, the frequency is plotted versus the real part of the wavenumber 
(or vice versa). The frequency range where no real part of the wavenumber exists corresponds to the 
EBG range. From the experimental point of view, the arrays are characterised typically by measuring the 
transmission coefficient through the array.  

 

Another approach that has been adopted to describe such phenomena is the soft/hard surface approach. 
Typically these are anisotropic structures that allow propagation along one direction but have a bandgap 
along the perpendicular direction.  

 

A plethora of applications for EBGs has been proposed in the literature. This topic is the initiator in the 
area of complex media, for which the term metamaterials is often used.  

 

Published applications 

Application 1 

The generation of surface waves decreases the antenna efficiency and degrades the antenna pattern. This 
is particularly true for high dielectric constant substrates and/or thick substrates. Furthermore, it 
contributes to the mutual coupling within an antenna array, which causes poor and variable impedance, 
and the introduction of blind angles in a scanning array. Isolation between radiating elements of an array 
antenna can be increased by introducing EBG structure between array elements (Figure 6). This idea has 
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been verified by both the FDTD simulations and experimental results. In one example [1] an 8 dB mutual 
coupling reduction is observed from the measurements. This can clearly have benefits in antenna array 
applications. 

 

 

Figure 6: EBG structure between two patch antennas for increased isolation (From [1] © IEEE) 

 

The effect of using an EBG to reduce the problem of scan blindness is shown in Figure 7, where the 
radiation pattern of an antenna array with and without an EBG between the elements is shown in Figure 7.  

 

 

(a) 
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(b) 

Figure 7: (a) Fabricated prototype and (b) simulated and measured results for antenna arrays 
with and without EBG, where the problem of scan blindness is demonstrated and the 
improvement achieved with the integration of EBG (From [2] © IEEE) 

 

Application 2 

Point-to-point communication systems typically require antennas with high directivity, such as can be 
achieved by a horn antenna or an antenna array. In the case of the horn antenna, while it has a very good 
and well-understood performance together with wide bandwidth, it is bulky. Planar antenna arrays on the 
other hand pose the requirement for a rather complex feeding network. Metallodielectric EBG (MEBG) 
arrays have been utilised as partially reflective superstrate layers for the gain enhancement of simple 
radiating sources, such as microstrip patches and waveguide apertures [3], [4],[5]. Similar 
implementations using dielectric EBG structures have also been presented and novel explanations have 
been given[6],[7],[8]. An example is shown in Figure 8. 
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Figure 8. (a) Resonant EBG antenna using a 2-D EBG as superstrate. (b) 
Poynting vector and electric field distribution on the 2-D EBG structure 
(From [8] © IEEE)  

 

Application 3 

EBG structures inherently possess filtering properties. In this context, EBGs have been introduced in 
several passive or active circuits in order to suppress higher order spurious harmonics. Some authors 
have proposed to etch the EBG structure in the ground plane. This is often referred to as defected ground 
plane. One of the first widely accepted among those is the Uniplanar Compact PBG (UCPBG) [9]. Other 
authors have proposed to introduce the EBG as a thin layer of conductors in close proximity to the 
circuitry. This gives the advantage of easy tunability, as reported in [10]. Among the applications that 
have been proposed for defected ground plane are oscillators with reduced phase noise [11],[12]. 

Application 4 

One potential drawback of metallodielectric EBG structures arises from the physical size limitation. 
Typically, such structures are resonant and hence the size of the element is of the order of half 
wavelength. This is unacceptable for many applications, including handheld terminal devices. In order to 
overcome this limitation, several ideas have been proposed, including complex elements and close 
coupling between the elements.   

 

Application metrics 

Summary of technical benefits  

EBG structures are the most mature within the area of metamaterials. Their properties are well 
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understood and a variety of software tools have been developed to assist with the analysis and design. 
Several applications have been proposed and demonstrated where antennas directly benefit from EBG 
structures. The efficiency improvement of printed antennas is most beneficial for all wireless systems, 
including smart antennas. Furthermore, the idea of using EBG to isolate antenna elements in an array 
gives very promising results for the problem of scan blindness. EBGs have also been reported to produce 
highly directive beams when placed in front of a half-space radiating source. EBGs can also offer 
advantages in antenna feeding networks. This is particularly interesting for array antennas, which are 
often found in smart antenna systems. 

Reported limitations / other technical considerations 

Bandwidth: the bandwidth of EBG structures can in general be custom designed. Techniques have been 
invented that allow for design of very large bandgaps (e.g. 200% [13]). Narrow bandgaps have also been 
produced, for the case where the constraining the passband is important. The engineer should consider 
the effect of the finite size of the EBGs on the passband performance. Often some tuning of the finite 
structure is required to achieve the required frequency response. 

 

Dimensions: metallodielectric EBGs have been reported in the mushroom structure, with dimensions 
very small compared to wavelength (~λ/10). Structures without vias ease the fabrication, reduce the cost 
and allow higher frequency scalability; however in these cases the arrays typically consist of resonant 
elements. This means that unless other size reduction techniques have been applied, the elements are of 
the order of λ/2. Several such techniques have been developed, which can also allow unit cell dimensions 
of the order of λ/10. 

Efficiency/losses: In applications where EBGs are employed to suppress unwanted frequency 
components, the losses are often not a problem. In other circumstances though, the losses can be a 
consideration, e.g. in the case where the EBG is operated in the slow wave region. 

Speed, lifetime, power consumption  (switches) : Not applicable (passive elements) 

Manufacturing methods / costs 

The vast majority of Metallodielectric EBGs that appear in the relevant literature are suitable for 
fabrication with standard photolithographic techniques, even though other methods such as routing can 
be considered. The accepted tolerances are directly related to the frequencies, and for a few GHz, these 
are typically of the order of 0.2mm. The mushroom type of EBG also requires the fabrication of vias. 
These can be either embedded in the dielectric substrate before the etching, or drilled as holes and 
electroplated later.  

3.1.3 Artificial magnetic conductors 

Origin / technology maturity 

Artificial Magnetic Conductor (AMC) is the name that was established for the complex EBG surfaces 
initially presented as High Impedance Surfaces (HIS). The first HIS presented is the well-known 
mushroom structure [14]. The concept there was that the surface impedance of the structure is very high, 
(as opposed to very low for a Perfect Electrical Conductor - PEC). The analysis shows that the reflection 
of plane waves from such a surface occurs so that the reflected wave is in-phase with the incident (as 
opposed to a PEC, where the reflected wave is out of phase compared to the incidence). This property 
would be exhibited by a magnetic conductor (dual of the PEC), if such a material existed in nature [14]. 

 

AMCs have since been intensively investigated. It has been proposed to remove the vias from the ground 
plane. In fact, as opposed to the EBG property, the absence of grounding vias does not affect the AMC 
response, at least for normal incidence waves. However, in the absence of vias, the EBG typically shifts 
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to higher frequencies. Many, mainly antenna, applications of AMCs have been proposed and the 
improvement due to the AMC demonstrated. 

Tutorial description 

The vast majority of AMCs presented to date are multilayer structures with a ground plane as the final 
layer to ensure total reflection. Reports of volumetric AMCs have also been presented [15]. The 
operation typically relies not on the resonance of the array elements, rather that of the combined array-
ground plane structure. The method of moments is probably the most widely used tool for simulation of 
such surfaces. The computational complexity significantly depends on the complexity of the element 
geometry. Experimentally AMCs are measured with reference to an electric conductor. The reflection 
phase between a transmitting and a receiving antenna is measured and is normalised with respect to the 
same experiment but where a metal (typically copper) is employed as reflector. The method is accurate 
and typically good agreement with simulation is reported. 

 

The most obvious application of such a surface is the improved radiation performance achieved from a 
source placed in close proximity (low profile) to the AMC. As opposed to a PEC reflector, direct and 
reflected waves would be in phase for an AMC.  

Published applications 

Application 1 

A purely Reactive Impedance Surface (RIS) with a specific surface reactance can minimize the 
interaction between an elementary source and its image. A RIS can be tuned to have anywhere between 
perfectly electric and magnetic conductor (PEC and PMC) properties, offering the ability to achieve the 
optimal bandwidth and miniaturization factor. It has been demonstrated that RIS can provide 
performance superior to PMC when used as substrate for antenna integration, as well as offering 
compactness and low-profile characteristics [16]. 
 

Application 2 

Artificial Magnetic Conductors have been proposed as reflectors for a large aperture coupled patch 
antenna array [17]. Apart from profile reduction, the configuration reduces the parallel-plate modes that 
are usually present in traditional aperture coupled patch arrays. The planar PMC reflector in comparison 
to a traditional reflector has achieved an additional sidelobe suppression of over 6 dB. 
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Figure 9: Exploded view of a single element of the fabricated patch array 
antenna with reflector. On the backside of the superstrate, the radiating 
patches are located. The spacer ensures a correct distance between radiating 
element and coupling aperture. On the backside of the feed substrate, the feed 
network ensures the correct amplitude taper. The reflector finally is mounted 
on a second spacer. (From [17] © IEEE) 

 

Application 3 

A low profile wire antenna radiates efficiently near the EBG surface with good return loss and radiation 
patterns. In contrast, a thin, grounded slab whose surface-wave bandgap frequency and input-match 
frequency band do not overlap cannot work efficiently as a ground plane for such wire antennas. A 
horizontally oriented dipole over an EBG ground plane has been presented in [18] (see Figure 10).  

 

 

Figure 10: Low profile wire antenna (From [18] © IEEE) 

 

Application 4 

A high gain planar antenna may be realised using a partially reflecting surface (PRS) above a source, 
which itself is above a fully reflecting surface. This is depicted in Figure 11 (a) [5]. Such antennas can be 
analysed by a ray optics approximation as resonant cavities. The introduction of the AMC changes the 
reflection phase at the ground plane level, reducing the antenna profile by half (Figure 11 (b)).  
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Figure 11: Quarter wavelength resonant cavity antenna; principle of 
operation. Resonant cavity formed by (a) PEC and PRS, (b) PMC and PRS 

 

Application 5 

Two-dimensional beam steering using an electrically tunable impedance surface has been proposed [19]. 
By covering a metal ground plane with a periodic surface texture, the electromagnetic properties can be 
altered. The impedance of this metasurface can be modelled as a parallel resonant circuit, with sheet 
inductance L, and sheet capacitance C. The reflection phase varies with frequency from +180 to –180 
degrees, and crosses through 0 degrees at the LC resonance frequency, where the surface behaves as an 
artificial magnetic conductor. By incorporating varactor diodes into the texture, a tunable impedance 
surface has been built (Figure 12), in which an applied bias voltage controls the resonance frequency and 
the reflection phase. The surface can be programmed to create a tunable phase gradient, which can 
electronically steer a reflected beam over +40° in two dimensions, for both polarizations. This type of 
resonant surface texture can provide greater bandwidth than conventional reflect-array structures.  
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Figure 12: Steerable 2D leaky wave antenna (From [19] © IEEE) 

 

High-impedance electromagnetic surfaces have two noteworthy characteristics over a designed frequency 
band that makes them an ideal choice for antenna ground planes. Their ability to suppress the 
propagation of surface currents allows them to partially isolate the radiating elements from the nearby 
electromagnetic surroundings. The high electromagnetic surface impedance allows the radiating elements 
to be placed very close to the ground plane. These two properties have been utilized to build a compact 
low-profile antenna integrated into a small cordless handset while the antenna itself was shielded from 
the user (Figure 13). The peak antenna efficiencies were within the bandgap of the high impedance 
electromagnetic surface. 
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Figure 13: Miniaturised AMC surface for mobile handset applications. (From 
[14] © IEEE) 

 

Application metrics 

Summary of technical benefits 

Artificial Magnetic Conductors and Reactive Surfaces have been demonstrated to reduce the profile of 
antennas. While this property directly addresses significant aesthetics concerns, AMCs also provide 
solutions to some technical limitations. The AMC boundary condition for a ground plane allows good 
matching of a radiating source, when it is located in close proximity with the ground plane. 
Miniaturisation of antennas and bandwidth enhancement by virtue of a Reactive Surface has also been 
reported. As back reflectors in aperture coupled patch antennas, AMCs suppress surface waves in the 
structure, hence improving the sidelobes. 

Reported limitations / other technical considerations 

Bandwidth: An inherent limitation of reactive surfaces is their limited bandwidth. As such surfaces 
depend on resonant effects, the required properties are only exhibited within a limited frequency range. 
Several contributions have tackled the issue of increasing the bandwidth, with successful results. 
Multiband structures suitable for addressing multiband applications have also been demonstrated. 

Dimensions: As a general rule, the more closely packed the array elements are, the smaller the unit cell 
required and the broader the bandwidth achieved. Other geometrical parameters, such as dielectric 
thickness and dielectric constant have also been shown to affect the size of the AMC. Therefore in 
general there exist techniques to allow for size adjustment.  

Efficiency/losses: The resonant nature of the AMC operation suggests that dielectric and/or conductor 
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losses are introduced. These should be taken into consideration when designing such surfaces. Typically 
though, the losses for standard PTFE and copper structures can be maintained below 1dB. 

Speed, lifetime, power consumption  (switches) : Not applicable (passive elements) 

Manufacturing methods / costs 

The same comments as for EBG structures apply here. Note that when low loss is crucial, low loss 
materials should be used, with increased cost. Grounding vias are optional and are introduced typically in 
order to achieve simultaneous EBG operation. 

3.1.4 Negative refractive index 

Origin / technology maturity 

Complex dielectrics have been investigated during the past five decades. The activity on complex media 
was relatively slow for a period, and was revitalised in 1999, when Pendry proposed the equivalent 
magnetic medium [20]. Smith and Schultz combined the two concepts in order to produce the first 
reported medium with an equivalent Negative Refractive Index (NRI). Since this work, an increasing 
number of research groups have focused their efforts on NRI media. Another common term, somewhat 
more general, is the term Left-Handed Media (LHM). This term refers to the basic property of backward 
wave propagation but avoids characterising the medium as homogeneous. Increased effort is put today in 
implementation of such media at higher frequencies. The field is open to a debate, with many groups 
publicly arguing about the feasibility and the applications of NRI media, particularly with respect to the 
losses that they introduce. However the technology potentially offers significant technological advances, 
such as sub-wavelength resolution. 

Tutorial description 

While the term metamaterials includes a general description of complex media not readily available in 
nature, many authors use it in relation to complex media with engineered equivalent electrical 
permittivity and permeability, and more specifically for negative refractive index materials. It is well 
known that the electrical resonance of a periodic array of conductors produces an electrical type of 
plasma resonance. In other words, at resonance the dielectric constant varies rapidly from the initial 
value to a high peak, then drops negative and converges slowly to the outer medium permittivity as we 
move further above resonance. What is interesting is that close to resonance a wide range of equivalent 
dielectric constant values are available, including negative values. 

 

In 1999, it was proposed [20] that a similar magnetic response could be produced from an array with 
split-ring elements. This magnetic response has been subsequently demonstrated, including prototypes at 
THz frequencies [21]. This finding paved the way for simultaneous tailoring of the dielectric permittivity 
and magnetic permeability. It was theoretically predicted in the 60s that a material with simultaneous 
negative dielectric and magnetic constant would exhibit an equivalent negative refractive index and 
allow propagation of electromagnetic waves. Several interesting properties were then predicted for such a 
material. At that time the study was purely speculative, but in the last five years such materials have been 
produced and some of the particular properties of NRI media have been demonstrated. Science magazine 
even named such materials as one of the top ten scientific breakthroughs of 2003 [22]. 

 

An important objective regarding engineered complex materials is to derive the electric and magnetic 
characteristics of an equivalent homogeneous medium. In order to consider a complex element as an 
equivalent homogeneous material, assumptions regarding the size of the unit cell should be made. A 
more general term, that includes the effects of NRI but does not assume homogenous medium for a 
periodic structure is the term Left-Handed medium, often used by specialists in the field. 
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Published applications 

Application 1 

[23] proposed leaky Coplanar Waveguide (CPW) based slot antenna arrays for millimetre-wave 
applications (Figure 14). Both unidirectional and bidirectional versions of the antenna have been 
presented. The proposed structure consisted of a coplanar waveguide fed linear array of closely spaced 
capacitive transverse slots. This configuration results in a fast-wave structure in which the n=0 spatial 
harmonic radiates in the forward direction. Since the distance between adjacent elements of the array is 
small, the slot array essentially becomes a uniform Leaky Wave Antenna (LWA). The structure is 
inherently broadband. The structure allows for the simple integration of devices such as varactor diodes, 
for control of the radiation characteristics. These may be configured as shunt elements, integrated 
without the need for vias, and requiring only a low dc bias level. In addition, the transverse size of the 
structure is electrically narrow, which allows the compact integration of several antennas side-by-side in 
order to form pencil or switched beams. Measured and simulated radiation patterns, directivity, gain, and 
an associated loss budget has been presented for a 32-element antenna operating at 30 GHz. The 
uniplanar nature of the structure makes the antenna appropriate for integration of shunt variable 
capacitors such as diode or micro-electromechanical system varactors for fixed frequency beam steering 
at low-bias voltages. 

 

 

Figure 14: Antenna configuration and dimensions at 30 GHz (From [23] © 
IEEE) 

 

Similar work has also been presented in [24] (see Figure 15), where an electronically scanned periodic 
microstrip leaky-wave antenna based on the concept of composite right/left-handed (CRLH) 
metamaterials has been proposed. The antenna includes varactors modulating the capacitive loading of 
the unit cell and therefore the propagation constant of the structure, which results in voltage scanning of 
the radiated beam. The antenna has been demonstrated experimentally to exhibit continuous scanning in 
the dominant mode from backward to forward angles. 
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Figure 15: Prototype of the proposed antenna including shunt varactors. Scanning angle with 
voltage (From [24] © IEEE) 

 

Application 2 

Compact resonators and antennas have also been produced by virtue of the properties of left-handed 
materials [25]. The concept is that the phase shift imposed from a length of positive space is annihilated 
from a negative space resulting in a Zero Order Resonance (ZOR). A ZOR antenna has been 
demonstrated. Since resonance is independent of physical dimensions for the ZOR, the size of the 
antenna can be smaller than a half-wavelength. Instead, the antenna’s size is determined by the reactive 
loadings in its unit cells. Figure 16 shows the size reduction that is possible with a ZOR antenna with a 
design frequency of 4.88 GHz. The size of the antenna is 10 mm, while the length of the λ/2 microstrip 
patch antenna with the same substrate is 20.6 mm. 

 

 

Figure 16: Antenna comparison. (a) Four-cell ZOR antenna ( f0 = 4.88 GHz) (b) Microstrip 
patch antenna on the same substrate ( fo = 4.90 GHz) (From [25] © IEEE) 

 

Application 3 

A compact one-dimensional phase shifter has been proposed using alternating sections of negative 
refractive index (NRI) metamaterials and printed transmission lines (TL). The NRI metamaterial sections 
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consisted of lumped element capacitors and inductors, arranged in a dual TL, high-pass configuration. By 
adjusting the NRI-medium lumped element values, the phase shift has been tailored to a given 
specification. Various phase shifters have been simulated and tested in coplanar waveguide (CPW) 
technology (Figure 17). It has been demonstrated that small variations in the NRI-medium lumped 
element values can produce positive, negative or 0° phase shifts while maintaining the same short overall 
length. Thus, the new phase shifter offers some significant advantages over conventional delay lines, 
namely that it is more compact in size, it exhibits a linear phase response around the design frequency, it 
can incur a phase lead or lag which is independent of the length of the structure and it exhibits shorter 
group delays [26]. 
 

 
 

Figure 17: Single-stage, two-stage, four-stage, and eight-stage 0° phase shifter 
circuits compared to a conventional 360 TL at 0.9 GHz. Phase response (From 
[26] © IEEE) 

 

Application 4 

Woodpile magneto-dielectrics (Figure 18) that address fabrication issues for 3D metamaterials have also 
been proposed [27]. It has been shown that the magneto-dielectric woodpile is miniaturized and not only 
exhibits band-gap rejection values much higher than the ordinary dielectric woodpile, but also for the 
same physical dimensions it shows a rejection band at a much lower frequency. Composite magneto-
dielectrics have also been shown to provide certain advantages when used as substrates for planar 
antennas. These substrates have been used to miniaturize antennas while maintaining a relatively high 
bandwidth and efficiency. 
 

 

Figure 18: (a) Composite periodic dielectric and magneto-dielectric structure 
(periodicity in z directions). (b) A patch antenna over the engineered magneto-
dielectric meta-substrate. (From [27] © IEEE) 
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Application 5 

Uniplanar distributed NRI materials have been produced in order to ease the fabrication process and 
allow the scalability to THz frequencies (Figure 19) [28]. While currently this is blue skies research, 
there is much scope in designing engineered materials within the emerging nanotechnology. In fact, a 
magnetically active surface has been fabricated and tested [29]. 

 

 

Figure 19: Refractive index of spiral element array (From [28] © IoP). Unit 
cells of the spiral element, reciprocal lattice and irreducible Brillouin zone are 
shown as inserts. 

 

Application metrics 

Summary of technical benefits 

Negative refractive index metamaterials are an emerging area with increased research activity currently. 
Most of the research activity has been initiated in the past five years. While several practical applications 
have been presented, the technology is still being developed and the limitations being explored. Solid 
indications of improvements that could be of benefit to smart antennas however have been reported. 
Forward to backward leaky wave antennas have been produced. Furthermore, miniaturisation of several 
components could also benefit smart antennas applications, particularly phase shifters. Also there is 
much scope in investigating magnetically active materials for small antenna applications. 

Reported limitations / other technical considerations 

Bandwidth: An inherent limitation of negative refractive index as well as other types of metamaterials is 
their limited bandwidth. The effects that produce these properties are resonances and hence the properties 
are only exhibited within a frequency range. Dimensions: In order to achieve good homogeneity, it is 
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important to have the unit cell as small as possible compared to the wavelength. Typically the unit cell in 
the proposed distributed structures is a small fraction of the wavelength (between λ/5 and λ/10). 
However, lumped element structures have also been reported (with some concern regarding the 
frequency scalability)  

Efficiency/losses: A big concern exists within the community on the losses of metamaterials. However 
these are more pertinent to other applications not directly related to smart antennas. The wireless 
communications applications that have been proposed are not dramatically affected by the losses. 

Speed, lifetime, power consumption  (switches) : Not applicable (passive elements) 

Manufacturing Methods / Costs 

At low frequencies, and for two-dimensional structures, the fabrication can be made using standard 
techniques (e.g. photolithography). Complications arise in the case of three dimensional structures as 
well as implementations at higher frequencies. However efficient solutions have been proposed to 
address such issues [28]. 
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3.2 Steering and switching techniques 

The Section reviews techniques and components that can be used to reconfigure an antenna at the rf 
level. Employing these typically allows variation of the inherent radiation properties of a radiating 
element or the feeding network. Hence properties such as the operating frequency can be tuned or beam 
shaping can be achieved. Some of these technologies have been developed to a commercial level, while 
others are still at a research stage. 

 

3.2.1 Mechanical steering 

Origin / technology maturity 

Mechanical steering is a very basic way to alter the radiation characteristics of antennas. There could be 
several disadvantages in this, including high-power consumption, fragile configurations, slow response 
or requirement for complicated mechanical equipment. However, the technique also has advantages for 
the rf engineer; the design is generally straightforward and offers much flexibility. Furthermore, under 
certain circumstances the designed systems can be low cost. In the following two examples of 
applications will be described. 

Tutorial description 

Typically some mechanical component of the antenna is moved in order to alter radiation properties such 
as resonant frequency or beam direction. The steering can, for example, change the resonant length of an 
antenna, or shift one array with respect to another. The design is based on the ingenuity of the engineer. 

Published applications 

There are many examples of mechanically steered antennas. Below two recently published cases are 
described. 

Application 1 

On such example of many mechanically steered antennas is the low-cost beam tilting base station 
antenna [30]. The fabricated prototype together with the operating mechanism is shown in Figure 20. A 
multifunctional feeding network was employed, containing a one-to-eight Wilkinson-based power 
divider and eight microstrip lines backed with a slot array. The moveable card printed with seven metal 
strips serves as a novel phase shifter. By moving the card, the number and shielding area of the slot array 
can be adjusted and then the distribution of phase angle at each port of the feeding network can be altered 
accordingly. A progressive phase difference between the ports of the feeding network can be achieved 
and dynamically adjusted by changing the degree of perturbation on the slots array. The characteristic of 
beam tilting has been examined by measuring the phase angle at each port and also by the far-field 
radiation pattern of the patch antenna array integrated with the phase shifter, in various perturbation 
conditions.  
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Figure 20: Structural configuration of an eight-element patch antennas array including low-
cost phase shifters. (a) Overall antenna system. (b) Top side of feeding network containing 
Wilkinson power divider and slotted microstrip lines. (c) Bottom side of feeding network 
including slots array on the ground plane. (d) Phase shifter containing a perturbed card made 
up of metal strip lines printed on a bare FR4 substrate. Structural configuration of eight-
element patch antennas array including low-cost phase shifters. (e) Structural configuration of 
a slotted microstrip line perturbed by a metal strip: side view and top view. (From [30] © 
IEEE) 

 

Application 2 

A smart mechanically actuated two-layer electromagnetically coupled microstrip antenna with variable 
frequency, bandwidth, and antenna gain has been proposed in [31]. Experimental results have been 
presented for a tuneable mechanically actuated microstrip antenna with a parasitic director. A novel 
piezoelectric actuation system has been used to vary dynamically the mechanical displacement of the 
parasitic element. The centre frequency, bandwidth, and antenna gain was shown to change as a function 
of variable spacing between the driven and parasitic elements.  

Application metrics 

Summary of technical benefits 

The main limitations of mechanical steering are the slow response and possibly complex mechanical 
components. However the technology could prove ideal for applications where reconfigurability is not 
required continuously or rapidly. In this case there could be reduced costs related to such systems. 

Reported limitations / other technical considerations 

Bandwidth: Mechanical steering is not reported to considerably affect the bandwidth. Some limitations 
might emerge when the electromagnetic properties are deteriorated from the physical layout required for 
reconfigurability. 

Dimensions: The dimensions are typically large, unless other technologies are combined. Such systems 
are usually proposed for base stations 

Efficiency/losses: There does not seem to be any particular reason for increased losses 

Speed, lifetime, power consumption: Mechanically steered smart antennas are reconfigured at the speed 
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of the mechanical equipment employed, which typically is slow. Increased power consumption could 
also be an issue related to mechanically steered components. 

Manufacturing methods / costs 

The cost of mechanically steerable antennas depends on the particular design and can vary. Increased 
costs could incur where complex mechanisms are required. 
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3.2.2 Optically activated switches 

Origin / technology maturity 

Often used in the near-infrared region, optical components and networks have been integrated with 
phased array antennas to provide the beam forming networks. Low loss and dispersion characteristics 
offer advantages for both delay line elements and switching elements. 

 

Optically controlled rf switching offers new approaches for the implementation of active networks and 
systems. Placing an rf switch at the end of an optical fibre offers additional scope in the design of rf 
microwave equipment. In particular, the switches may operate in a remote environment without 
perturbing surrounding devices, circuits, antennas or EM fields  

 

Recently the optical control of components such as silicon switches, MEMS and PIN diodes has been 
researched. In particular, the technology of optically activated silicon switches is being developed for rf 
communications applications.  

Tutorial description 

Optically controlled MEM switches have optical, electrical and mechanical functionalities 
simultaneously. Distinguished from conventional MEMS, they are based on the photoconductive 
properties of a semiconductor substrate upon which MEM switches are fabricated. The bias voltage 
provided for actuation of the switch can be altered by illuminating an opto-electric portion of the switch. 
In other implementations photovoltaic devices provide voltage to trigger the switch without bias lines. 

 

Optically controlled Pin-Diode switches have been developed in two different implementations. The PV-
Pin diode switch is based upon conventional Pin rf switches controlled by current from an optically 
activated PV cell. The Pipins is a back-to-back Pin diode configuration where direct optical injection 
creates electron hole pairs in the intrinsic region of the diodes, producing the conduction (ON) state. 
Without illumination the diodes present a high (capacitive) impedance, producing the OFF-state. 

 

Optically activated silicon switches consist of a silicon die whose state is controlled optically using either 
an LED or laser source to alter the dielectric properties of the silicon. Until a minimum incident power 
threshold frees sufficient charge carriers to convert it to a conductive state, a variable capacitance can be 
selected. With appropriate optical conditions the switch can exhibit isolation of 35dB and an insertion 
loss of 1.5dB. Typically such a microswitch has about 2 µs switch on time and about 190 µs switch off 
time, but this can be reduced by altering the lifetime of the carriers at the expense of insertion loss and 
isolation. 

 

 

Published applications 

Application 1 

An optically switched X-band active antenna array is reported [32] for half duplex transmit and receive 
applications. Each element is built with two patch antennas, a power amplifier, a low noise amplifier and 
a pair of optical switches. The optical switches are employed to reduce the cost of a large number of 
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elements and also to reduce the effect that bias lines would otherwise have on the microwave fields. The 
optical switches are reported as requiring less optical power than p-i-n diodes. This system is a prototype 
smart antenna with reasonable results despite use of non-optimal, off the shelf components.  

 

 

Figure 21 Sketch of a cylindrical T/R active antenna lens array with half-
duplex operation. The insert shows details of the array element (unit cell). 
[From [32] © IEEE] 

Application 2 

An optically reconfigurable dipole antenna has recently been developed, based on coplanar waveguide 
(CPW) technology [33]. Optically activated silicon switches, controlled using fibre optic cables and near 
infra-red laser diodes, are placed on small gaps in the dipole arms. The switches enable the dipole length 
to be optically controlled, thus facilitating frequency switching. Measured return loss results that 
compare well to the simulated values are also presented, showing a frequency shift of 10.5%. Figure 22 
shows the antenna with plastic clamps holding the fibre optic cables at an angle of 45° over the silicon 
switches. 

 

 

Figure 22 Optically activated CPW dipole antenna 
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Application 3 

Used in conjunction with an Electromagnetic Band Gap (EGB) structure, both the amplitude and phase 
of the microstrip transmission line can be controlled by optically activated silicon switches (see Figure 
23). The velocity of propagation of a microstrip transmission line is determined by the interaction of the 
conductor and the dielectric substrate. Fixed for a particular substrate (a higher dielectric constant leads 
to slower propagation), the phase velocity is also constant. The change of phase and amplitude is 
proportional to the absorbed optical power in the switches. By adding an EBG, the propagation velocity 
is slowed down and this contributes to increasing the variable range of the switches. In the “dark” state, 
the silicon exhibits high resistivity (> 6000 Ωcm) thus isolating the load from the source. In the “light” 
state, the silicon resistivity drops to bridge the discontinuities in the microstrip line. Clearly, integrating 
these devices with elements of an array antenna would allow the beam to be steered. 

 

   

 

Figure 23 EBG-based resonator incorporating optical microswitches 

 

 

 

Application metrics 

Summary of technical benefits / reported limitations 

Optically controlled switches offer the advantages of electromagnetic isolation between switch and 
control lines. The surrounding EM fields are unperturbed and bias-free operation is possible. Optically 
controlled semiconductor based switches offer the advantage of high speed switching, which is required 
in high data rate communication systems. MEMS-based switches can be used in high frequency 
applications. For efficient optical power transfer, a fibre optic couples the optical source (LED or laser) 
to the switch. The optical network does not interfere with the radiating properties. The switches are 
widely used in the optoelectronics field and have a wide range of performance metrics. These include 
insertion loss, switching speed, polarisation dependence, wavelength dependence and transparency at 
1550 nm optical window. Some of the switches have better performance in free space and others in 
waveguide systems. The choice of an appropriate optical network allows for low coupling of adjacent 
channels for tight control in a beam-forming network [34]. 

 

While these switches are in the domain of the light network they have the advantages of polarisation-
insensitivity and switching speed. They are can be intrinsically low loss devices, however the coupling to 
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the light network must be efficient. Temperature stability can be important in some switches to avoid 
varying losses. 

Other technical considerations 

Bandwidth: Most of the switches are not wavelength dependent. 

Dimensions: The dimensions are typically small, as for semiconductor devices. 

Efficiency/losses: Losses of < 1.5 dB for transmission and > 35 dB of isolation are reported. 

Speed, lifetime, power consumption (switches): Switching times are in the order of 1.7 µs at 10 GHz with 
1.7mW of optical power.  

For the optically activated silicon die switches, fast transition from the off to the on state has been 
reported but the opposite transition is slower. Lower power consumption occurs in the pulsed mode and 
when using an LED source.  

Manufacturing methods / costs 

There are no reported exceptional costs in the literature. Costs are commensurate with components used 
in optoelectronics. Ordinary silicon treatment methods are applicable without complex integration issues.  
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3.2.3 Semiconductors 

Origin / technology maturity 

Semiconductor switches such as PINs, MESFETs, PHEMTs and HEMTs are very mature technology for 
microwave circuitry and have widespread use in systems. A PIN diode is a semiconductor device that 
operates as a variable resistor at rf and microwave frequencies.  

Tutorial description 

Switch devices (PIN diodes and FETs) are modelled simply as resistors in the on state and capacitors in 
the off state. The resistance value of a given PIN diode is determined by the forward biased dc current. In 
switch and attenuator applications, the PIN diode should ideally control the rf signal level without 
introducing distortion, which might change the shape of the rf signal. An important additional feature of 
the PIN diode is its ability to control large rf signals while using much smaller levels of DC excitation. 
When a PIN diode is forward biased, holes and electrons are injected from the P and N regions into the I-
region. These charges do not recombine immediately. Instead, a finite quantity of charge always remains 
stored and results in a lowering of the resistivity of the I-region. For FETs the capacitance is not a strong 
function of reverse voltage. The driver circuits for PIN diode switches and FET switches are quite 
different, since the former requires a DC current while the latter requires a DC voltage, usually negative 
polarity. 

 

PIN diodes are two-terminal devices, whereas FETs are three-terminal devices. In a practical sense, for 
FETs, the gate terminal is decoupled from the source and drain, so a bias tee is not required to separate 
the bias and rf signals. This also enables a FET switch to work from very low frequencies. 

 

Varactor diodes can also be used to reconfigure the response of antennas and microwave components. 
This is achieved by altering the diode bias, which corresponds to altering the capacitance of the diode. 

 

Published applications 

Application 1 

Pin diodes have been exploited as switches integrated with Frequency Selective Surfaces to change the 
properties of the surface from reflecting to transmitting structures [35]. Varactor diodes have also been 
used to reconfigure the response of FSS for microwave absorber applications [36].  

Application 2 

In the application described in [37], a PIFA antenna’s shorting strap is switched via a PIN diode to vary 
its resonance behaviour. The frequency agility affords additional frequency coverage using electrical 
small antennas that are normally inherently bandwidth limited due to their narrow resonant slots. 

Application 3 

Reference [38] describes a patch antenna with an orthogonal pair of slots incorporated into the patch, 
which could be switched to alter polarization by PIN diodes connected across the slots. One hand of 
circular polarisation was activated with the diodes biased on and the other with the diodes biased off, 
while using the same feeding probe.  

 

Additional polarization switching in antennas is reported whereby the transitions occur between linear 
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and both circular modes. Again, this done by using PIN diodes to select appropriate short circuits across 
slots the antenna structure [39]. 

Application metrics 

Summary of technical benefits / reported limitations 

The technologies are very well developed and widely used. They have long life cycle and are low cost. 
They can have very wide bandwidths and operate efficiently.  

 

The biasing networks can be complicated to integrate with radiating elements, particularly in dense 
circuit applications and they can impede the radiating performance of the application. The biasing 
circuits are viewed as complex. 

Other technical considerations 

Bandwidth: PIN diodes have been used to create switches from 10's of MHz to over 100 GHz. They have 
low frequency limitations due to carrier lifetime. While FETs work down to DC it is only recently that 
useful FET based switching elements at millimetre wave frequencies have been realised. The biasing 
networks for the switches can limit their bandwidth to about an octave. 

Dimensions: The dimensions are typically small. 

Efficiency/losses: The are efficient and low loss devices 

Speed, lifetime, power consumption (switches): Typically devices may draw up to10mA in the on state, 
and require a reverse bias of around 30V to switch off. 

Manufacturing methods / costs: Costs are low, consistent with semiconductor components generally. 
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3.2.4 MEMS 

Origin / technology maturity 

Micro Electromechanical Systems (MEMS) are an active area in research and development. The 
technology finds application in a wide range of devices. Currently the most developed application is in 
accelerometers and MEMS are now in many commercial products (typically for cars). Microsystems for 
Radio Frequency applications, known as rf MEMS, are expected to be the next breakthrough in micro-
machined devices after accelerometers. Examples of devices are micro-switches, tuneable capacitors, 
micro-machined inductors, micromachined antennas, micro-transmission lines and resonators, including 
micromechanical, BAW (Bulk Acoustic Wave) and cavity resonators. rf MEMS are manufactured using 
conventional 3D structuring technologies, such as bulk micro machining, surface micromachining, fusion 
bonding or LIGA (X-ray Lithography).  

 

The materials used include Si, GaAs, SiC or SOI substrates. In addition to their potential for integration 
and miniaturization, rf MEMS offer lower power consumption, lower losses, higher linearity and higher 
Q factors than conventional communications components. RF MEMS also enable new architectures for 
the next generations of telecommunication systems, offering easy and rapid reconfiguration, and 
operation over a wide frequency range. The products commercially available now include inductors, by 
Memscap (F), and BAW resonators, already manufactured in millions of units by Agilent (USA) and 
Infineon (D). Furthermore, the first MEMS switches – amongst the most challenging rf MEMS products 
to manufacture – are available in evaluation kits from Teravicta (USA) and Magfusion (USA). More than 
120 industrial and research organizations worldwide work on rf MEMS  

Tutorial description 

MEMS are an extension of photolithographic techniques used in electronic integrated circuits, but with 
an emphasis on physical construction rather than electrical functions. They can range in size from 
micrometers to millimetres. The majority of current rf/microwave MEMS products include four types of 
components: 

  

Switches — Compared with a semiconductor switch (FET or PIN diode), an electromechanical switch 
can have far less resistance, resulting in lower loss and less power dissipation. The small mass of MEMS 
switch actuators requires very little operating power, and some designs use electromagnetic latching to 
remove actuator power after making the switch transition. Examples of MEMS switch types are shown in 
Figure 24 
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Figure 24 Example MEMS switch configurations [84] 

 

The rf performance of these devices is very good indeed, with very low loss and high third order 
intermodulation levels. The downside is that they are still relatively expensive, compared with a 
FET/PIN solution, and overall reliability is still questionable in wide range temperature environments 
and systems requiring millions of switch operations. Being mechanical, they are also relatively slow 
when compared with semiconductor devices. Table 4 compares the performance of MEMS with Pin and 
FETS devices. 

 

Properties Switch Type 

Insertion Loss Isolation Power 
Consumption 

DC 
Voltage 

Speed Bandwidth 

PIN 0.1 –0.3dB 20 – 40 dB 1-5mW per device 1-10V 100ns Narrow/ Wide 

GaAs FETS 1-2dB 20 – 40 dB 1-5mW per device 1-10V 2-10ns Narrow/ Wide 

MEMS shunt 0.06dB @ 20GHz 30dB ~1uW 12-14V >30µs Wide (1-40GHz) 

MEMS series 0.3db @ 30GHz 50-60dB ~1uW ~20V >30µs Moderate (10-40GHz) 

Table 4: Switch comparison table 

The predicted lifetime of the MEMS switch element is of the order of 1 x 107 switch actions.  This 
equates to 6 x 103 switching actions per switch per day assuming 50% usage over 10 years. Reliability 
should improve as the manufacturing process improves. 

 

 

Varactors—A MEMS varactor closely resembles a traditional variable capacitor. In a MEMS varactor, 
the distance between capacitor plates is varied with a control voltage, changing the capacitance. Because 
air or inert gas is the dielectric, the capacitors can have a very high Q factor.  
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Inductors—A known limitation of semiconductor based on-chip spiral inductors is low Q due to lossy 
substrate materials. A MEMS inductor can be constructed with increased height above the substrate, 
reducing stray capacitance, and with more air surrounding it, reducing dielectric losses. Research reports 
indicate that MEMS inductors can have both increased inductance values and greatly improved Q over 
traditional chip inductors.  

 

Resonators—Resonators based on mechanical vibrations using MEMS technology can be used in 
oscillators and filters, with a physical size much smaller than any current technology. Also, resonators 
can be integrated onto the same chip as the supporting circuitry for oscillators and switched filters. This 
is a developing area that is likely to see much attention in the near future because of its potential to 
reduce the size of many wireless products.  

Published applications 

MEMS can have a variety of applications that could apply to smart antennas in a range of ways. It is a 
general technology that allows the realization of switches, varactors, resonators or inductors as discussed 
above. All these elements can be integrated at different stages of a smart system. In the following, some 
indicative recently proposed applications are reported. 

 

As reported in [40] and [41] MEMS have been applied as switches in the realization of phase shifters 
feeding a large antenna array. The application of MEMS switch technology in the fabrication of phase-
shifter circuits has been described extensively in the literature. When combined with integrated rf 
manufacturing techniques, MEMS phase-shifter technology has the potential to allow the production of 
large-scale array antennas at considerably reduced costs compared with competing technologies. RF 
MEMS technology could prove to be a performance and cost enabler for large lightweight array antenna 
systems. However, for the benefits of MEMS phase-shifter technology to be realized, the reliability and 
lifetime characteristics of the technology must meet the requirements of the intended antenna system 
application. 

Application metrics 

Summary of technical benefits / reported limitations 

RF MEMS provide switching solutions with low loss, small size and weight and low energy 
consumption. While MEMS fabrication requires advanced methods, the price can drop significantly, as 
these devices are suitable for mass fabrication. Currently MEMS have been developed to product level 
for other applications, such as accelerometers. There is significant capital invested on the development of 
MEMS technology, and in particular for rf applications. However there are still some challenges to be 
addressed before establishing rf MEMS as a viable alternative to semiconductor switches. In particular, 
packaging can significantly affect the performance of rf MEMS and the issue is still under investigation. 
Furthermore there are concerns regarding the switching speed and the power handling capacity that such 
switches can offer. Finally reliability issues, such as number of switching actions that a single switch can 
undertake are also among the concerns regarding establishing MEMS as rf components. 

Other technical considerations 

Bandwidth: No significant inherent bandwidth limitations have been reported.  

Dimensions: MEMS are inherently of small dimensions. 

Efficiency/losses: MEMS switches have been produced with losses of 0.15dB to 0.3dB (or 1% - 4%) at 
frequencies from 2GHz to 6GHz. For comparison, traditional GaAs switches and PIN diodes have losses 
of 0.6dB to 1.5dB (10 - 35%) depending on frequency and power.  
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Cost/manufacturing: MEMS fabrication typically requires clean room micro fabrication facilities. 
Packaging is particularly important in MEMS because the freestanding mechanical structures must be 
protected and free of contamination during both the manufacturing process and the lifetime of the 
component. Additionally, the layout and materials in the package of an rf MEMS device have a large 
effect on its rf performance. 

Speed, lifetime, power consumption, power handling, (switches): Switching speed for MEMS is often a 
limitation for high switch rate applications. Another limitation of MEMS is currently their low power 
handling capacity. Furthermore there are concerns regarding the reliability and number of switching 
actions. Some MEMS switches stand 20 billion cycles, however, very little is known on ageing of 
materials in the micron range. Thus, it is difficult to carry out accelerated ageing test. Unresolved 
technical problems include stiction of movable parts in tuneable capacitors and switches. 

Manufacturing methods / costs 

Two approaches are being developed for the integration of rf MEMS components with ICs into rf 
functional modules: hybrid integration and monolithic integration. Hybrid integration is rather 
straightforward. It uses wire bonding or flip-chip and is well suited for small to medium volumes. Hybrid 
integration makes it possible to optimise the design and manufacturing of the MEMS independently of 
the IC. This is important because even if MEMS and ICs are similar with regards to batch fabrication or 
use of silicon, the processes are very different. For example: IC manufacturers do not use sacrificial 
layers or the chemicals needed to remove them, as are required in the MEMS processes; while 12” 
wafers are coming for ICs, most MEMS are still manufactured on 4” or 6” wafers; some poly-silicon rf 
MEMS switches are manufactured at 1100°C whereas CMOS processes usually do not exceed 350°C. 

 

Monolithic integration reduces the number of interconnects. These results in smaller losses, increased 
reliability, and lower chip prices. As monolithic integration is much more complex than hybrid 
integration, it only makes sense for mass-produced products, where price pressure and high volumes 
justify the development of more complex processes. Above-IC integration of inductors and BAW 
resonators is a first step towards monolithic integration. However, the objective and the real challenge is 
the “In-IC” manufacturing, i.e., the manufacturing of MEMS in 100% CMOS-compatible lines. While 
BAW resonators are already manufactured in 90% CMOS-compatible lines, rf MEMS with a higher 
number of switches or tuneable capacitors still need dedicated lines. The full manufacturing 
compatibility of MEMS and ICs is a tough challenge for MEMS manufacturers as well as for equipment 
and materials suppliers, but it is key to meeting the extremely low price requirements from the rf MEMS 
killer application – mobile phones. Major rf MEMS players such as STMicroelectronics, the IMEC and 
several Taiwanese foundries are actively working to find a solution. 
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3.2.5 Ferroelectrics 

Origin / technology maturity 

Since the late 1960’s and early 1970’s, ferroelectrics have been regarded as attractive for applications in 
electrically tuneable microwave devices, and a number of practical devices have been demonstrated over 
the past several decades [42], [43], [44], [45]. 

 

Ferroelectric crystals are of theoretical and technical interest because they often have unusually high and 
unusually temperature dependent values for the dielectric constant, the piezoelectric effect, the 
pyroelectric effect and electro-optical effects - including optical frequency doubling. Ferroelectric 
materials also exhibit hysteresis properties and there is evidence for the existence of domains in them. 
The plot of polarization versus electric field for the ferroelectric state shows a hysteresis loop. A crystal 
in a normal dielectric state does not usually show significant hysteresis when the electric field is slowly 
increased and then slowly decreased. 

 

It is generally assumed (even if not stressed specifically in some publications) that for applications in 
electrically tuneable microwave devices, ferroelectrics should be in a paraelectric phase. Ferroelectrics in 
polar phase have not been considered for applications in tuneable microwave devices.  

 

Commercially available ferroelectric phase shifters have been incorporated into smart antennas by 
Paratex, (see www.paratek.com). 

 

Tutorial description 

A ferroelectric is a material that, in the absence of an applied electric field, has a spontaneous 
polarisation below a critical temperature Tc, which can be reversed by an external electric field. Above 
Tc the spontaneous polarisation disappears and then only an applied electric field will create a 
polarisation. Below Tc the ferroelectric is in a ferroelectric phase, above Tc it is in a paraelectric phase. 

 

Some materials have a spontaneous polarisation that cannot be reversed by an electric field. Strictly 
speaking they are not ferroelectric, but are said to be pyroelectric meaning that the spontaneous 
polarisation is temperature dependent (so all ferroelectrics are pyroelectrics but not all pyroelectrics are 
ferroelectric). Spontaneous polarisation also changes if an external stress is applied, since the stress alters 
the relative distance between the positive and negative charge centres, and hence the dipole moments 
change. This property is piezoelectricity. Some non-pyroelectric (hence non-ferroelectric) materials can 
become polarised by an applied stress. So from this a hierarchy emerges: all ferroelectrics are 
pyroelectric; all pyroelectrics are piezoelectric; all piezoelectrics are dielectrics. The reverse, all 
dielectrics are piezoelectrics etc., is not true. 

 

The dielectric constant, ε, of a ferroelectric increases to very large values, said to be anomalous, when 
the temperature is at or near Tc. Even away from Tc the dielectric constant tends to be larger than for 
non-ferroelectric materials. 
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Incipient ferroelectrics such as SrTiO (STO) and KTaO (KTO), have been traditionally used in 
electronically controlled microwave devices. These materials are used in the form of single crystals, or 
ceramics with normal metal or superconductor electrodes. Very little is known about the microwave 
properties of other ferroelectric materials and microwave devices based on them.  

Published applications 

A large number of ferroelectric microwave ceramic components, such as varactors, tuneable filters, and 
phase shifters have been demonstrated in the past. These are mainly applications of ferroelectrics in the 
paraelectric phase. Tuneable ferroelectric filters and duplexers are today commercially available. 
Recently, electronically scanned phased arrays based on ferroelectric phase shifters have been 
demonstrated. A commercial K-band two-dimensional phased array with one-dimensional (1-D) 
scanning of the beam has also been demonstrated [46]. The phase shifters in this array are based on 
sections of microstrip lines fabricated on bulk ceramic ferroelectric substrate. No tuneable microwave 
devices utilizing polar phase ferroelectrics (at least regarded as such) are reported thus far.  

 

Fewer applications of ferroelectric materials operated outside the paraelectric phase have been proposed. 
The reason is that most of the ferroelectrics in the polar phase have large losses at relatively low 
microwave frequencies (typically less than 10 GHz). However there is increasing research in exploiting 
other phases of ferroelectric materials for temperature insensitive varactors and phase shifters. 

Application metrics 

Summary of technical benefits / reported limitations 

Ferroelectric materials find a wide application in smart rf systems. They offer good tunability 
capabilities. Among the disadvantages is high temperature sensitivity. Currently the paraelectric phase is 
more widely used, mainly due to the reduced losses. However there is increased activity in exploiting 
other phases of ferroelectric materials. 

Other technical considerations 

Bandwidth: The comparison between ferroelectric and semiconductor varactors shows that the frequency 
range where the ferroelectric varactors may successfully compete with semiconductor analogues lies 
above 10–20GHz. Here the quality factor of semiconductor varactors decrease drastically, while that of 
ferroelectric varactors may remain high and, in some cases, even increase with frequency. However, at 
low frequencies (f < 10GHz) where the factor of semiconductor varactors is high, i.e., typically above 50, 
applications of ferroelectric varactors may be limited, since their semiconductor counterparts have the 
advantage of better integration with monolithic microwave integrated circuits (MMICs). 

Dimensions: The dimensions of the ferroelectric material depend on the specific application. It can be 
used as part of a component or as dielectric substrate 

Efficiency/losses: Perhaps the losses are the most critical issue in device applications, and most of the 
efforts in recent years have been devoted to the optimisation of film fabrication processes in terms of 
microwave loss reduction. However, no substantial reductions of losses have been achieved thus far. For 
this reason, at least at present, the application of epitaxial ferroelectrics in low-loss narrow-band filters 
with steep skirts is somehow limited, while they can be successfully used in other tuneable microwave 
devices. 

Speed, lifetime, power consumption (switches): Not directly applicable, depend on application. Hysteresis 
is an effect that should be taken into consideration depending on the application. 

Manufacturing methods / costs 

Ferroelectric ceramics: The processing starts with appropriate proportions of the oxides (e.g. barium 
oxide, BaO, and titanium dioxide, TiO2, in the case of BaTiO3) milled together to produce a finely 
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mixed powder, which is then heated to produce the ferroelectric compound. The compound is then 
ground and compacted into the required shape. This does not produce a single-crystal ferroelectric but a 
grained structure; each grain is crystalline but they are randomly orientated. This means that unlike a 
single crystal, the properties on the macroscopic scale are isotropic. One of the advantages of this 
preparation technique is that a wide variety of shapes can be made, which would not be possible during 
the formation of a single crystal. 

 

Thin film deposition: Several methods are in current use for depositing thin films, each of which has its 
merits and disadvantages. The methods can be classified into three groups: 

• Physical vapour deposition (PVD), e.g. rf sputtering and pulsed laser deposition 

• Chemical vapour deposition (CVD), e.g. metal-organic chemical vapour deposition 

• Chemical solution deposition (CSD), e.g. sol-gel. 

Although PVD and CVD techniques are currently favoured by the semiconductor industry - partly 
because of their existing investment and experience in using these techniques - CSD is a useful research 
and development tool requiring very little capital expenditure. The quality of the films is comparable 
across all three methods.  
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3.3 Beam forming and adaptive techniques 

Market pressures towards higher data rates and increased capacity has brought with it a need to use 
available spectrum as efficiently as possible. In terms of the antenna design, this means controlling beam 
patterns in an attempt to reduce interference to other users and maximise the signal to noise ratio in the 
receive direction. By reducing co-channel interference in this way, geographical frequency reuse can be 
more frequent and system capacity improved. 

This Section looks at beam steering techniques applicable to smart antennas, which use intelligent beam 
forming algorithms and are adaptive to the radio environment. 

For ease of comparison all adaptive beamforming examples are based on a four element rectangular 
array, λ/2 spaced on each side. This particular choice provides a good compromise between performance 
capability, cost/complexity and overall size 

3.3.1 Switched Array 

Switched beam antennas combine an array of antennas, with a switched phase network to provide a 
number of relatively narrow (usually overlapping) directional beams. The received SNR is monitored and 
best beam is selected. This system is limited to the number of beam settings available and will always be 
a compromise as the mobile moves away from the peak gain of each beam. 

3.3.1.1 Implementation options 

A switched array can be implemented by inserting a switched phase shift network, between the transmit 
output and the individual antenna elements. Examples of this are the Butler matrix, Blass matrix and 
Rotman lens. 

 

Butler Matrix 

The Butler Matrix (Figure 25) was first proposed in 1961 and can be a useful tool for the design of 
switched and steered beam antenna arrays as it can work equally well in transmit and receive mode. It 
has been used extensively over the years in radar, electronic warfare and satellite systems. 

The Butler matrix consists of passive four-port hybrid power dividers and fixed phase shifters.   It has N 
input ports and N output ports.   As a beamforming network, it is used to drive an array of N antenna 
elements. It can produce N orthogonally spaced beams overlapping at approximately the –3.9dB level 
and having the full gain of the array [53].  A Butler matrix fed array can cover a sector of up to 360° 
depending on element patterns and spacing.  

A switching network, at the rf input ports, can be used to select the beam required from a common 
transmit source, or the ports can be driven from individual transmitters to form a sectorised system for 
extra capacity. 

The implementation of the Butler matrix gives a certain amount of beam squint with variation in 
frequency and is therefore relatively narrow band. 
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Figure 25  

 

Blass Matrix 

The Blass matrix (Figure 26) uses transmission lines and directional couplers to form beams by adding a 
time delay gradient across the array. If the relative time delays are maintained accurately across 
frequency, by using a media with a uniform propagation constant, the device can be broadband. 

The Blass matrix can be designed for use with any number of antenna elements. In this example transmit 
drive at Port 2 is arranged to provide equal delays to all elements. This results in a beam broadside to the 
linear array. The other ports provide relative time delays between elements to produce beams that are off 
axis in either direction.  

One disadvantage of the Blass matrix is wasted power in the resistive terminations.  

Directional
Couplers Line Termination

1

2

3

 
Figure 26 
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Rotman Lens 

The Rotman lens is primarily used in radar and satellite applications where it is necessary to scan a wide 
area.   These lenses can be used as an alternative to a ‘circuit type’ multiple beamforming network where 
a Butler matrix is usually employed.  A Rotman lens can replace the multiple directional couplers, phase 
shifters, power dividers, cross-overs etc which become very complicated if a lot of them are required for 
a large array [52]. 

A Rotman lens is capable of forming several fixed beams to cover an angular sector.  The advantages of 
a Rotman lens include a large bandwidth (assuming a non-frequency dispersive dielectric is used) and 
relatively low cost.  However, the dimensions of the Rotman lens are in the magnitude of several 
wavelengths, and therefore it is used mostly for higher frequency applications. 

Figure 27 has been taken as an example from [50] and shows the layout of a multiple beam antenna fed 
by a Rotman lens. 

 

 

Figure 27 

3.3.2 Steerable Array 

Continuously steering a beam onto the wanted signal, rather than picking the best of a number of fixed 
beams, improves the system’s ability to optimise the wanted SNR. This is achieved through an algorithm 
that generates a set of complex (i.e. affecting both gain and phase) antenna element weights to construct 
the required beam. Several algorithms have been developed to do this, and examples of the three major 
classes (classical, beam-space and signal-space) are described below.  

3.3.2.1 Classical (Data-Independent) Methods 

These are spatial filtering algorithms that create beams without any knowledge of the characteristics of 
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the signal to be received, apart from its wavelength. Their performance, derived from the geometry of the 
array and the use of relatively simple processing, is predictable and robust although less than optimal. 

For many years directional antennas have been constructed from linear arrays of equally spaced elements 
all operating in phase with each other. The width of the resulting broadside beam is inversely 
proportional to the length of the array. The beam profile is improved (i.e. the sidelobes are reduced) by 
applying amplitude weighting (tapering the element response across the array from a peak at the centre to 
near-zero at the edges). 

Such beams can be steered by the addition of an incremental element-to-element phase shift. 

Consider a narrow band signal falling on the linear array in Figure 28 below. The source is assumed to be 
sufficiently distant for the wavefront to appear flat. 

The wavefront arriving from angle θ arrives at antenna 1 first. After travelling a further path difference 
of ∆l, the same wavefront arrives at antenna 2. 

 

The phase difference between antennas 1 and 2 is                           where dsinθ  =∆l
λ

2 l ∆
=∆

πφ
 

and d is the antenna spacing . This phase difference can be measured in the receiver. 
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Figure 28:  Classical Direction of Arrival (DOA) array 

Thus the direction of the originating signal can be determined from the phase difference between 
adjacent elements across the array. Similarly a signal can be transmitted on this bearing by applying the 
same element-to-element phase difference to the transmitted signal.  

A linear array of this type has a front-to-back ambiguity and would therefore only be appropriate for a 
180° sector. For a 360°, non-sectored network or mobile application, a two dimensional (e.g. rectangular) 
array is necessary. For convenience a square array (Figure 29), λ/2 on each side, will be used for the rest 
of this section.  
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Figure 29 

Figure 30 shows the four fixed beams that such an array can produce when each element has an 
independently switchable 90° phase shifter and uniform weighting (the response is plotted on a linear 
axis):  
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Figure 30 

A continuously rotating lobe may be obtained if the phase shifters are each variable over the range ±64°:  
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Figure 31: Phase shifts for continuous rotation 

Because of the simplicity of the array the beamshape varies somewhat as it is steered – Figure 32 shows 
the response at 0°, 15°, 30°, 45°, 60° and 75°: 

 

 

Figure 32: Rotating beams 

Although none of these beams in any way responds to the presence of unwanted signals, their selection 
or steering by the receiver either using known geometry or to maximise the received signal quality does 
allow the receiver a degree of adaptation with which to cope with interferers. 

 

An alternative technique to providing independent, explicit phase shifts to each element of an array is 
demonstrated by the so-called electronically steerable parasitic array. In this, only one element is directly 
connected to the transceiver, with the other, parasitic elements arranged around this driven element. The 
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elements themselves are chosen to have strong mutual coupling in the array environment, hence the 
scattered fields from each will affect the radiation pattern as measured at the driven element. By varying 
the loading on each parasitic element, this pattern may be controlled. 

 

One implementation of a parasitic array radiator antenna is shown in Figure 33. It consists of a central 
active element surrounded by 4 parasitic elements. The surrounding parasitic elements are terminated 
with variable load impedances (e.g. by varactors). Typically the elements are spaced λ/4. A larger 
spacing between the elements (e.g. λ/2 or more) leads to a reduced gain and an increase in significant 
back lobes [68].   

The antenna elements are often simple λ/4 monopoles mounted on a grounded baseplate.  

 

Parasitic Array Antenna

ReceiverLoad 
Control

Received signals

Downconversion 
Circuit

Tunable Load

Tunable Load

Tunable Load

Active 
Element

Parasitic 
Element 1

Parasitic 
Element n

Parasitic 
Element 2

Adaptive 
Beamforming 

Algorithm

Baseband

One central element in BLUE is surrounded by four parasitic elements.

The mutual coupling of the parasitic elements are used to steer the beam.  

Signals received (or transmitted) from the central RF port excite the parasitic antennas 
with substantial induced currents on them.

The antenna generates a directional beam based on tuning the load reactances on the 
parasitic elements.

Antennas spaced ~ λ/4 to maximise beamforming benefits.

 

Figure 33: Parasitic array antenna 

 

The arrangement shown in Figure 33 uses the central active antenna as the signal-combining element. 
The rf signal is then down converted through the receive chain and then decoded by a Digital Signal 
Processor. Several techniques can be employed, but the basic aim is to maximise signal quality. It does 
this by measuring the received Signal to Noise Ratio (SNR), then calculates an associated error function.  
A convergence theorem adjusts the load impedances on the parasitic elements by changing the bias 
conditions on the tuneable varactor diodes.  This alters the overall beam pattern of the antenna and the 
SNR is measured again.  This process is continuously repeated until the maximum SNR is found. 

This type of beamforming technique differs from pure digital beamforming because it only requires one 
rf receive (or transmit) chain.  However, it is not able to resolve the direction of the incoming wavefront. 
Hence a less efficient algorithm would be employed and this may impact overall system settling time. 

This system is worth considering, in battery powered/cost sensitive applications, but may not offer the 
best overall performance; power loss in the parasitic elements increases the noise figure and there is less 
flexibility in the attainable beam shape compared with an antenna that can independently control each 
element excitation. 
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3.3.2.2 Adaptive Data-Dependent Methods 

Adaptive antenna arrays differ from simple beamformers in that they respond to their signal 
environment. The complex weights (i.e. gain and phase) associated with the elements are continually 
adjusted by an algorithm whose goal is to optimise, within given constraints, some parameter of the 
received signal itself. Apart from enhancing the wanted signal, these antennas generally have the 
additional ability to generate null responses in the direction(s) of strong interference, which is a 
significant advantage in an interference-limited environment. 

For a very thorough discussion of several methods, see [81]. 

 

3.3.2.3 Beam-space (Capon) 

Capon’s algorithm measures the spatial characteristics of the received signals by computing a covariance 
matrix. This matrix contains all the time-averaged auto- and cross-correlations between the antenna 
elements. It is inverted and combined with the wanted signal’s direction vector to derive a set of complex 
element weights that result in a beam profile which normalises the gain in the wanted direction while 
simultaneously minimising the total energy from other directions (nulls being an extreme form of this 
minimisation where interference is concentrated).    

Consider an L-element antenna array. At any instant t the signal set will be  

 

 

The spatial covariance matrix R, averaged over sample sets from N time instants, is defined as 

X t( ) x1 t( ) x2 t( ) x3 t( ) .... xL t( )( )
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where XH is the conjugate transpose, or, in terms of the individual elements,  

 

 

 

where xj(tn)  is the complex conjugate of xj(tn). 

The response of the array to a distant point source at bearing θ due to the array geometry is the steering 
vector a(θ), which contains one complex value for each antenna element. 

Capon’s method derives the array weighting w that minimises the total signal power from the array while 
maintaining the array gain in look direction θ at unity. The solution is 

Ri j,
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The benefit of this approach is that the array response adapts to minimise the reception of energy from 
directions other than the specified look angle θ (placing “nulls” on large discrete interferers). Figure 34 
shows the response to a wanted signal (red) and an interferer (blue). Note that the response can be greater 
than unity in places – the overall noise power, however, will be minimised. Simple arrays like this four 
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element square cannot generate narrow beams – the nulls are the most precise feature. 

 

 

Figure 34: Capon Beamformer Response to a Signal and Interferer 

 

The main difficulties with the algorithm are (i) with the inversion of the matrix R, which is a non-trivial 
operation and can lead to mathematical instability, and (ii) the specification of the steering vector a(θ), 
which has to accurately correspond to the wanted signal or that too will be treated as an interferer. Figure 
35 shows a “wanted” signal (red) being classed as an interferer because it lies a few degrees away from 
the steering direction (0°): 
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Figure 35: Capon Beamformer with Steering Error 

There are two basic ways of creating the steering vector a(θ): either by direct computation from the array 
and scenario geometry, which can be inaccurate if oversimplified, or by derivation from the antenna 
response to the wanted signal itself, which is accurate but presupposes that the wanted signal can be 
detected. A significant amount of work has been done to reduce the sensitivity to steering errors [76] and 
to make the method more robust to interferers which are correlated with the wanted signal (which corrupt 
the wavefront from the wanted direction) [77], [78], [79], [80], [83]. 

A consequence of this is that the Capon beamformer does not perform well in high multipath 
environments. Figure 36 shows the effect of adding a smaller multipath component (dotted red): 

 
Figure 36: Capon Beamformer Response to Multipath 

Another approach [82] is to move away from the statistical nature of the covariance matrix and process 
the data a sample set at a time. This avoids the need to make any assumptions about the underlying 
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statistics as the data is all present (by definition). The benefits claimed for this approach are that it is 
capable of handling multipath components. 

The need for a steering vector is also problematic in that it implies an accurate or calibrated array where 
the theoretical and actual steering vectors are in good agreement.  

3.3.2.4 Signal-space 

A different but well-established way to optimise received signal quality is to use an equaliser. This 
normally takes the form of a Finite Impulse Response (FIR) – sometimes known as “transverse” - 
channel filter. Its frequency response is driven by a control loop such that it counteracts the deficiencies 
in the transmission channel, leading to an overall output signal which is as close as possible to the ideal, 
i.e. the mean square error is minimised. Normally knowledge of the wanted signal’s modulation scheme 
and the regular insertion of a known test sequence are required. Figure 37 shows a typical (I component) 
eye diagram for a received QPSK signal, and Figure 38 the corresponding I/Q modulation trajectory. 
Note that the signal does not simply jump between symbols – it spends all its time on a minimal-
bandwidth route between them. 
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Figure 37: Ideal Received QPSK Signal (Eye Diagram) 
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Figure 38: Ideal Received QPSK Signal (Constellation) 

 

The demodulator strives to sample the waveforms at the maximum eye opening, which is the point where 
the modulation trajectory should pass through one of the points (1,1), (1,-1), (-1, 1) or (-1,-1) (these 
points, which are the modulation conditions corresponding to the possible symbols, are known as 
constellation points). When the signal contains a known training sequence the exact point by point 
sequence is known, so the instantaneous (complex) error between the received signal and the intended 
constellation point is readily determined. The equaliser training algorithm attempts to reduce this error 
towards zero by making small corrections based on each error measurement. Over time the corrections 
build up to eliminate systematic errors (such as those induced by the channel response) and the equaliser 
training is complete. Note that it is important that the training data sequence should thoroughly exercise 
all combinations of symbols within the filter (or in the frequency domain, be wideband (white) rather 
than narrow-band). If this is not so then there will be a statistical bias which will distort the results. 

Figure 39 shows the basic structure of an equaliser FIR filter. The signal, normally sampled at twice the 
symbol rate (i.e. at intervals of T/2 where T is the symbol period), is shifted through a multi-stage delay. 
Outputs are taken from each stage, multiplied by a coefficient (C1 – C4 in the figure) and summed. This 
result goes to the decision-making circuitry. 
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Figure 39: Basic Equaliser FIR Filter Structure 

 

Figure 40 shows a complete equaliser embodying the Least Mean Squares (LMS) algorithm. The error ε 
is multiplied by the scaling constant ∆ and taken to each stage of the filter. There, it is multiplied by the 
complex conjugate of the data (which must be the data that was at that filter stage when the error was 
produced) and subtracted from the existing coefficient. 
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Figure 40: Complete LMS Equaliser 

 

Mathematically, if at any instant the complex signal samples are X t( ) x1 t( ) x2 t( ) x3 t( ) .... xL t( )( )
 

and the complex element weights are 

 

then the complex equaliser output will be    S t

 

 

If the ideal (known reference) signal at the same instant is R(t) then the complex error is given by:  

ε(t) = S(t) – R(t) 

 

 

The LMS coefficient update algorithm is 
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Now the change in the filter output brought about by such an update will be  
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Usually ∆(t) is set to a constant value somewhat less than this. The exact value is a trade-off between 
agility and stability (noise). Over time the result of this algorithm is to minimise the mean square error 
between the equaliser output and the reference signal. 

Once this kind of equaliser is trained, it is possible to continue training on unknown data, providing the 
bit error rate (BER) is not too high, by deriving a reference signal from the output of the decision-making 
circuit (see the switch at the right hand side of Figure 40). Usually a smaller value of ∆ is used in this 
data-directed mode. 

The processing complexity can be reduced significantly by doing away with the multiply operations 
completely and just modifying each coefficient component by a small (fixed) step whose sign is 
dependent only on the signs of the error and data component signs. This penalty for this is slower 
training and increased noise. 

The algorithm can be modified to do away with the need for reference data entirely. Such “blind” 
equalisation is performed using a data-independent parameter of the wanted signal. One common 
example is constant amplitude. Although most modulation schemes do not result in true constant 
amplitude their amplitude distribution is known and contained, and it turns out that the best equaliser 
setting is that which results in the minimum amplitude excursion at the equaliser output. In this approach, 
because there is no reference phase information the instantaneous error is usually taken as the complex 
difference between the observed output and a complex value having the same argument (angle) but a 
fixed (reference) modulus (length). Blind equalisation performance is limited but can usefully take the 
equaliser to a point where the errors are low enough for data-directed training to take over.  

In the smart antenna application, equalisation is applied to a signal that is spatially rather than temporally 
sampled. The filter is thus a combiner, as the data is not shifted through it – rather each stage is one 
sample of the signal from a specific antenna element. When trained, the result is optimal combination, 
giving the best signal quality. This results in an antenna beam profile which exhibits main beams and 
nulls just like the Capon beamformer. The main difference is that, unlike the Capon beamformer, this 
approach is not invalidated by multipath components. Rather, the components are combined (within the 
constraints of the antenna) for the best signal quality possible. Another difference is that the gain is not 
set to any specific value. Rather, the filter is adjusted to create the reference signal from the received 
signal. 

Figure 41 shows the general arrangement.  
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Figure 41: Spatial Equaliser 

Figure 42 shows the response of a four tap LMS equaliser to a signal with multipath. Note that the gain 
for the smaller multipath component (dotted) is lower than for the main component, as one would expect 
for optimal combining. Notice how much more appropriate this response is compared to that of Figure 
36.  

 

 

Figure 42: Response of Spatial Equaliser to Multipath 

 

Another key advantage of the equaliser approach is that no steering vector is required. In fact, no specific 
antenna geometry or calibration is required, as the process of equalisation, being adaptive, takes all these 
things into account. 

The spatial equaliser algorithm naturally extends into the time domain by assigning multiple time-
delayed equaliser stages to each antenna element, as shown in Figure 43.  
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Figure 43: Equaliser with Spatial and Temporal Dimensions 

All these weights are still treated as a single (now much larger) equaliser. This extension provides several 
benefits: 

• It allows rf channel frequency response compensation, which may enhance noise and interference 
rejection (although note that the training signal should reflect the character of the wanted signal – 
training on a QPSK pilot for OFDM data may not be helpful). 

• When the sample rate is sufficiently high (e.g. twice the symbol rate) it incorporates symbol retiming 
(the trained weights time-align the equaliser output with the reference signal). 

• The structure, which can be viewed as a set of beamformers distributed in time, should be able to 
accommodate symbol-level time delays between multipath components. 

The cost of this is an equaliser that trains much more slowly and requires more processing power. 

Figure 44 below shows the response of such an equaliser, with 10 taps per element, combining three 
multipath components which are, for the purposes of the simulation, time aligned with taps 2, 7 and 10. 
The resulting beam profiles from these three taps are shown below, with their respective signal 
components in the same colour and interferers (which being uncorrelated have no time component) in 
black: 

 
Figure 44: Response of Spatial and Temporal Equalisation to Time-Spread Multipath 

Because of their complex and non-linear beamforming characteristics, parasitic array antennas are 
potential candidates for signal space methods. However, since only the final output is observable, any 
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training algorithms must be significantly less directed and therefore will train more slowly and have 
lower performance. 

 

3.3.3 Applications 

3.3.3.1 General 

The benefits of data-dependent smart antennas in a real system will to a great degree depend on how the 
data dependency is achieved. For robust operation the antenna should be trained on the same block of 
data that is being demodulated, so that all the uncontrolled variables are held constant (it would be of 
limited use, for example, to train on an interference-free burst and then apply this setting to receive a 
burst with heavy interference). This ideal may be hard to achieved where existing protocols place severe 
restrictions on the time available for demodulation or limit the timely knowledge or control of, for 
example, transmitter identity, both for interferer recognition and correct beam profile selection.   

Where interference is not a serious problem it can normally be reasonably assumed that the radio 
environment will change slowly compared to the burst rate, so that, given the right synchronisation 
processes, the beam profile from one burst can be used as a good starting point for determining the best 
profile for the next. 

 

3.3.3.2 Initial Acquisition 

Where the environment is such that a signal is only useable after the antenna has optimised its response, 
it is worth considering how such a signal might be acquired (assuming that subsequent changes in the 
environment are slow enough to be followed). Without any other information,  suitable methods might be 
blind equalisation to a general signal characteristic (e.g. constant amplitude), as long as these are not 
shared by any interferer, or sweeping the environment with a switched or steerable beam, which will 
allow the environment to be observed with both higher gain and some useful interference rejection. 

 

3.3.3.3 Transmit 

The responses illustrated above have been derived for the receive case, and it is natural to think that 
similar benefits may be obtained for the transmit case also. Although communication between passive 
antennas is reciprocal, the active rf circuitry which accompanies them may have sufficiently different 
transmit and receive characteristics (especially over time and temperature) to give an array quite 
dissimilar transmit and receive beam profiles – particularly when it comes to nulls. When receiving, the 
propagation, antenna and rf circuitry characteristics (and imperfections) are visible (although not 
independently) to the signal processing, so that any measurement or training incorporates them. In 
transmit mode this is not so, without either some form of feedback (either self calibration or 
communication from some other receiver) or the ability to infer them from an appropriate received 
signal. 

This suggests that attempts to accurately reconstruct an optimum receive beam profile for transmission 
are unlikely to succeed without significant additional cost and complexity. Even then it creates the 
additional problem of how simultaneous transmit and receive training might be managed so as to 
guarantee stability. A suitably wide beam aimed in the general direction of the receiver (estimated from 
the optimum beam profile when the transmitting unit is itself receiving) is probably the best approach. 
This should not be sensitive to pointing errors, and will probably source the majority of the multipath 
components that the receiver originally saw, which is helpful because it will not be easy to identify which 
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part of the original transmit profile caused any particular multipath component at the receiver. 

Even without sophisticated transmit profiles, however, a smart antenna at the receiver does make a useful 
contribution to reducing generated interference – its ability to improve the SNIR of the signal, either 
through improved gain or interference rejection, should allow the transmitter to operate at reduced 
power. 

3.3.4 Implementation options 

In either a steerable beam or fully adaptive array, some form of variable or switched vector control will 
be required to each of the antenna elements. This can either be performed by individual vector 
modulators at rf, or by complex weighting at baseband. 

3.3.4.1 RF Phase Shifting Techniques 

Binary weighted phase shifter 

A phase shift to each group of antenna elements can be arranged by switching various lengths of 
transmission line in or out of the rf signal path.  By arranging the switching such that the line lengths are 
in the ratio of a binary weighted sequence, the logic switching can also be simplified.  The number of 
“bits” required is dependent on the overall shift range and resolution required across the antenna array. 
For example, if the line length for a 360° overall phase shift is X, the binary weighted line lengths for a 4 
bit (16 step) phase shifter would be: 

X/2, X/4, X/8, X/16, giving 22.5° shift per bit.  

The optimum choice of individual line lengths, within the switch mechanism, will be determined by 
development, and will be affected by the performance requirements for both uplink and downlink modes. 

 

 
Figure 45 : Example of binary weighted switched lines 

 

Variable Reactance Reflection Phase Shifter 

If a continuously variable phase shifter is required, then a reflection design using a quadrature hybrid 
coupler is a suitable choice. A typical architecture is shown in Figure 46 below. The input signal is 
divided by the coupler into two quadrature phase branches, each terminated with identical varactor 
diodes, providing the same variable reactance on each branch. The still quadrature, but phase shifted 
reflection from the varactors, re-combines in the coupler to add at the output port and cancel at the input 
port. This results in a good input match across the tuning range and an overall phase shift equal to the 
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reflection phase shift provided by a single varactor.  

 

 

Control volts

OutputInput

0                        -90

3dB Quadrature
Hybrid

Varactor

 

Figure 46 Variable reactance reflection phase shifter 

 

 

Vector modulator (RF or IF) 

To achieve full beam control, it is necessary to control both the phase and amplitude to each antenna 
element. The vector modulator provides a suitable analogue method of achieving this aim. 

As shown in Figure 47, the vector modulator splits the rf signal into two orthogonal components. Each 
signal is passed to individual analogue multipliers or balanced mixers, where the relative amplitudes and 
sign are controlled by the I and Q levels. The output of each is summed to provide a vector that can be 
modulated in both amplitude and phase over a full 360 deg. 
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Figure 47 Vector modulator 

 

Diode IQ Vector Modulator 

Below is an example of a Diode IQ modulator specification. 

 

RF Bandwidth   1805 – 1880 MHz 

IQ Bandwidth   DC – 5 MHz 

Conversion Loss  10dB 

Carrier Rejection  30dB 

Sideband Rejection  30dB 

IQ Harmonic Suppression 3rd -40dBc, 5th -65dBc  

 

Carrier leakage, LO quadrature and overall balance of this type of modulator, typically limit the accuracy 
of the resulting vector phase to a few degrees. Trimming of the DC offsets at the I and Q input can help, 
but variations over temperature and frequency will limit performance 

This does not present a problem in a system that is adaptive, but would limit accuracy where a fixed 
value steering look up table is being used. 

 

IC IQ Vector Modulator 

Figure 48 is an example of an active vector modulator. This performs a similar function to the diode 
mixer vector modulator, but is smaller and has less loss. Broadband noise is generally higher. 
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Figure 48 Active vector modulator 

 

 

Below is an example of an IC IQ modulator specification. 

 

RF Bandwidth   700 – 1000 MHz 

IQ Bandwidth   230 MHz 

Conversion Loss  2dB 

Carrier Rejection  30dB 

Sideband Rejection  35dB 

Noise Floor   -149dBc/Hz 
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Example of a vector modulator used at IF 

 

 

Figure 49 Vector modulator used at IF 

 

In this example, shown in Figure 49 each signal path is down-converted prior to the vector modulators.  
This has several advantages.  

 

- The noise figure is improved, because any loss / noise generated by the vector modulators is 
preceded by front end gain. 

- Overall performance of the vector modulators is generally improved, since circuit/device rf 
strays are less at the lower IF frequency. 

 

However, there are a few aspects which need care 

 

- A common LO should be used for each mixer and care taken to ensure phase tracking between 
the mixer LO ports across temperature and frequency. 

- The down converters used in each channel need to be matched across temperature and frequency. 

 

 

3.3.4.2 Digital Baseband Techniques 

All of the operations described in the rf domain can be carried out using complex arithmetic in the digital 
baseband domain as well. In fact those that operate hand in hand with the demodulator (e.g. the LMS 
algorithm) are particularly convenient there, as the demodulator itself is normally implemented digitally. 
For a very thorough discussion of algorithms see [81]. One key advantage of Digital Signal Processing 
(DSP) is that device performance will be precise (i.e. both accurate and linear) and consistent from unit 
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to unit – there should be very high yield with no need for component selection, and many aspects of 
performance can be guaranteed by design.  

 

Conversion 

Between the rf and baseband sections are one or more stages of conversion. The number and type of 
conversions depend whether the ADC or DAC converters can operate at IF and if so at what frequency. 
The Nyquist criterion states that the sampling rate must exceed twice the signal bandwidth (not its 
highest frequency component). A suitably designed ADC can sub-sample an IF signal at significantly 
below the IF frequency – the intentional aliasing of the IF is a special case of mixing, although it must be 
done with care to prevent excessive wideband noise being folded into the spectrum, and noise due to 
sampling jitter (a high IF has a high slew rate so that sample timing errors appear as large voltage errors). 
Similarly an IF frequency can be taken from a suitably designed DAC which is converting at a lower 
rate. 

The general relationship between the IF and ADC frequencies is 

 

fadc
4 fif⋅

2 n⋅ 1+
n 0 1, 2, ...., 

 

The cases n = 0, 1, 2 and 3 are illustrated in Figure 50 below: 

 

 
Figure 50: Subsampling 

 

Converting an IF is usually preferable to mixing down to analogue I and Q because it removes any 
imbalance between the I and Q circuitry and also avoids any mixer DC offset problems. IF sampling 
creates a sample sequence of the form I, Q, -I, -Q, I, etc. The I and Q components themselves are 
obtained by suitably combining their respective samples (effectively mixing the residual fadc/4 IF down to 
DC), with time correction if necessary (the I and Q samples are interleaved and so do not theoretically 
form a single complex sample – whether this is important depends on the modulation bandwidth). This is 
most conveniently done with a FIR filter.  
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Digital Signal Processing (DSP) 

DSP can take many forms, from the ubiquitous single-chip DSP processor to dedicated (ASIC or FPGA-
based) hardware. The most challenging requirement is probably the time to multiply two numbers and 
add a third, which forms the basis of most algorithms and rules out processors not intended for high 
performance DSP. The extension of this to complex numbers is usually required. 

The main arithmetic algorithms that need to be performed are filtering (adaptive or otherwise), Fast 
Fourier Transforms (FFTs), band shifting (multiplying by a complex sinusoid), signal conditioning (e.g. 
trimming frequency and phase offsets) and parameter extraction (e.g. instantaneous and rms errors, such 
as might be used by equalisers). These have to be supported by fast memory access and conditional 
execution (the ability to alter or select processes depending on the results of previous processes).  

The actual processing power required will depend on the intended data rate, as the processing generally 
has to “keep up” with the input signal, unless it has the luxury of acquiring a signal burst quickly but 
processing it more slowly (i.e. using the time until a subsequent burst). The IEEE 802.11b 11Mb/s rate 
means that all the processes required to process 1 bit of a received signal must be completed in under 
91ns. The 802.11g rate of 54Mb/s reduces this to 18.5ns. Fortunately, depending on the modulation and 
coding, bits may not be processed individually at all, and efficient block-processing algorithms have been 
developed. The trend will always be towards higher rates, and processing devices are following in the 
same direction. 

The advantage of digital signal processing, particularly in dedicated hardware, is that the processing 
capacity can be increased by pipelining (placing processing stages one after the other, all working, on 
successive data, at the same time), parallelism (placing processing stages side by side, each working on 
different fractions of the data at the same time), and lookup tables (the implementation of complex 
functions by reading from a precompiled table in memory) without the additional noise or signal 
degradation of analogue circuitry. Note however that digital processing has its own equivalents to 
contend with, e.g. limited word length and truncation. These, however, are under a designer’s control 
(subject to cost and power constraints) rather than being unavoidable. 

Most modern communication standards and algorithms are a direct result of the availability of DSP, and 
indeed are commonly defined in DSP terms (e.g. using 16 bit integer arithmetic). Since the cost of a DSP 
device stems from its silicon area and pin count, it does not necessarily scale directly with algorithm 
complexity. Certainly the algorithms described above do not present a significant hurdle to cost- and 
power-effective solutions. 
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3.4 Summary 

This Section has presented the results of consideration of the technologies available for the 
implementation of smart antennas. This has included the radiating components, switching and 
beamforming components, and architectures applicable to adaptive antennas. 

 

The principal conclusions are: 

Radiating elements and beamforming components 

1. The principal technical challenge facing the radiating structure is the efficient use of space when 
integrated within user equipment. However, the current ongoing development of novel material 
structures allows this to be addressed for future systems. 

2. Several technology options exist for implementation of the rf components of a switching or 
beamforming network. Semiconductor devices are very mature and are the preferred choice for 
near term applications up to about 10GHz. 

3. For applications requiring modest switching speeds, MEMS devices offer the potential for 
significantly better rf performance for future devices, once improvements in cost and lifetime are 
achieved. 

Beamforming and adaptation architectures 

1. A number of adaptive architectures are available for exploitation, based on the use of an array 
antenna. 

2. For all but the simplest systems, control over the complex weights to each element of the array 
should be provided; the use of parasitic arrays gives sub-optimal control. 

3. A signal-space adaptive approach is to be preferred for its robustness in real environments, 
which may have significant multipath and potential interference sources. 

4. For a new development, parallel downconversion and a fully DSP implemented approach is 
preferred to processing at rf frequencies. 

5. For adaptation of a legacy system, an rf implementation would provide a low cost of entry route 
to adaptive capability for systems that do not require a high degree of integration with the link 
protocol. 

In general, technology of appropriate performance for the realisation of smart antennas is readily 
available. Some degree of technology development would be beneficial in order to reduce the size of 
antennas that need to be integrated in small user devices; for this the use of novel structures, or 
metamaterials, is a recommended option. As described in Section 4 some preliminary work in this area 
has been performed under this project. 

 

With the explosion in rf applications and devices over the past decade, the other required rf components 
have already undergone extensive development; the challenge here is in packaging and in cost reduction 
for specific applications. Similar comments apply to the digital processing hardware. However, the 
technology and performance requirements of the adaptive antenna are very similar to those presently 
being embodied in, for example MIMO hardware. Even in pre-standard form, chip-set costs of a few 
dollars have been achieved, allowing the products to be offered on the market at similar prices to more 
conventional equipment 
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4 Technology development 
 

The technology reviews performed during this study have not highlighted any severe technological 
obstacles to the deployment of smart antennas. However, as mentioned earlier, there is a continual 
pressure to reduce size or to comply with space envelopes that are not ideal for the design of 
conventional antennas. Novel structures offers the possibility of increased design freedom, potentially 
providing the ability to improve the performance of antennas in such constrained environments, and 
giving characteristics that are otherwise unavailable. As an example, the radiation pattern characteristics 
of conventional antennas are generally constrained by their geometry. A low profile or flush mounted 
antenna would typically incorporate planar elements, such as patches, which have a beam directed 
normal to their surface, and low levels of radiation towards the plane of the surface. However, in some 
instances it may be advantageous to provide higher signal levels away from the normal direction. Such a 
case could be a ceiling mounted access point serving many clients spread over a large open plan area, 
where peripheral users would otherwise suffer from both higher space loss and a lower pattern level. The 
conventional solution may be to use a monopole or dipole antenna. However, such an antenna would be 
typically be a quarter wavelength high (for a monopole), which may be less desirable, particularly at low 
frequencies. In such an instance, the use of novel materials can provide the additional flexibility over the 
antenna design, to allow the pattern of a low profile antenna to be tailored better to the requirements. 

 

The technology development undertaken here concentrated on the above case, and was intended to 
provide a practical example of the potential of novel materials – it was not intended to be representative 
of a definitive application. The requirement adopted was to provide monopole-like radiation patterns 
from a low profile antenna in order to increase the gain at large angles from boresight. A design 
frequency within the IEEE 802.11a band was adopted; although the height of a monopole in the band 
would be only about 15mm, this band was chosen for commonality with the adaptive antenna hardware 
demonstrator. 

The antenna concept selected for development was a near-planar leaky wave antenna, as depicted in 
Figure 51. As can be seen, the structure has the form of a dipole sitting parallel and close to a thin 
patterned substrate, itself backed by a ground plane. The periodically patterned substrate forms a so-
called meta-surface, which can support a number of modes, including a set of fast-wave modes, which 
radiate from the surface, and a slow-wave that is trapped until it reaches the edge of the structure, at 
which point it partially radiates by diffraction. 

 

  
Figure 51 Low profile antenna configuration 
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4.1 Design Procedure 

Using an empirical analysis, F. Yang et al. [88] observed an antenna with surface waves, trapped by the 
meta-surface elements, which propagate towards the edges. At the substrate edges, the surface waves 
were described as diffracting to produce a monopole type of radiation pattern. The metamaterial 
comprised a periodic array of square conducting elements on a dielectric groundplane. 

 

For the purpose of this application, the periodic array was modelled to investigate its reflection phase 
prior to a planned scaled design at 5.25 GHz. The design in [88] showed a reflection phase of 140 
degrees. It was assumed that by creating a similar reflection phase of 140o at 5.25 GHz, the radiation 
properties could also be reproduced. However, this initial design attempt proved fruitless and other 
approaches were pursued. 
 

To allow a more deterministic design for this application, emphasis was placed on explaining the nature 
of the operation. In fact our investigation has produced evidence that the structure operates more as a 
leaky wave antenna, rather than a surface wave antenna. In this Section we present our approach in the 
following steps: 

 

Investigation of the infinite periodic array. 

In the absence of excitation, the infinite array properties were studied using dispersion diagrams to 
analyse the permitted bounded and leaky wave modes that exist on the infinite structure. 

 

Investigation of the effect of the finite structure. 

By truncating the original infinite array, significant differences emerge, visualised particularly in the 
structure’s surface wave behaviour. The effect of the finite size was analysed using full wave simulations 
of finite structures (including the excitation) with various dimensions. 

 

Investigation of the effect of the dipole feed. 

Although it was initially assumed the radiation was primarily due to the array, the dipole feed impacts the 
impedance match and radiation pattern significantly. A series of parametric studies on the dipole 
excitations offer further explanation. 

 

Full wave simulations 

To complete the analysis, a series of full wave simulations of the whole structure were run to verify the 
conclusions drawn from the initial studies. These are presented along with the conclusions. 

 

While several different structures have been simulated, only the results from the optimised design are 
presented here. 
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4.1.1 Dispersion Characteristics of a Metasurface 

 

The properties of the infinite periodic array were investigated in the absence of the dipole excitation. The 
aim is to identify the surface or leaky modes that are contributing to the radiation. This was studied using 
by calculating dispersion characteristics. Figure 52 shows the dispersion diagram of the first four modes 
for a rectangular patch array, with a patch element width=4.3mm and inter-element gap=1.0mm, printed 
on dielectric with εr=2.33 and thickness= 3.173mm.  
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Figure 52:  Dispersion diagram of the first four modes for a rectangular patch array.  Patch width=4.3mm, 
gap=1.0mm, εr=2.33 and dielectric thickness= 3.173mm 

 

At the frequency range of interest (5.25GHz), three modes are identified in the dispersion diagrams. 
Mode 1, which lies below the light line, is a slow wave mode, since β > ko. Modes 2 and 3 are fast 
waves, since for the frequencies of interest β < ko. These two modes will radiate when the structure is in 
free space, as the free space wavenumber can be analysed in two components: (1) β aligned to the 
structure and (2) kz, which is normal to the structure. In this case the leaky wave will radiate at angle φ 
(see Figure 53). 

 

β 

ko kz 
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Figure 53:  Vectorial projection of wavenumbers for fast waves 

 

Figure 54 illustrates the field distribution of each mode. The propagation direction is along the y-axis and 
the propagation constant is 0.988rad/mm, which corresponds to a 30o phase shift along the propagation 
direction (according to φ=β*D). 
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Figure 54:  E-field distributions for the 4 first modes of the array under investigation 

 

The 1st mode can be described as bounded (a surface mode), since the E-field diminishes rapidly above 
the surface, which differs from the other three leaky modes. Furthermore, careful examination reveals 
that the 1st (bounded/surface), 2nd and 4th (leaky) modes are TM modes while the 3rd mode is a TE mode. 

 

By assuming no direct radiation from the feeding mechanism in the “infinite-case” scenario, only the 2nd 
and 3rd order modes could radiate at the frequencies of interest (and up to 5.79 GHz). This is because the 
1st order mode is a slow wave (hence it cannot match the free-space wavenumber) and the 4th order mode 
is below the cut-off frequency. Once excited, the leaky wave mode angle can be estimated from the 
predicted value of β using simple trigonometry (Figure 53) at each frequency in the dispersion relation 
(Figure 52). Since both modes have similar propagation constant values, the produced cones have similar 
angles. However, it is important to note the existence of potential modes does not imply they will be 
ultimately excited by arbitrary sources; as this study showed the dipole feed predominantly excited the 
TM modes. 

 

In the “finite-case” scenario, the surface wave mode that travels bounded to the surface along the y-
direction, will reach the edge of the substrate. It will partially reflect but the partial diffraction will 
contribute to the radiation of the antenna array. Since the surface wave is a TM mode, it is expected to 
interact with TM polarised radiated modes to form the pattern.  

 

Another fact that has to be considered is the feeding of the array. This is important since from all the 
possible modes of the array, only those that are coupled to the feed are excited. Furthermore, the feed 
could also radiate directly and therefore affect the radiation pattern. In the F. Yang antenna, the feeding is 
an unbalanced dipole. As we shall see, this predominantly excited the TM modes. Due to its non-
balanced nature, it also imposes an asymmetry on the structure on the plane where it lies. This fact is 
shown to affect the radiation pattern in that plane. 

 

In summary, the investigation has identified three potential radiation mechanisms for the F. Yang et al. 
[88] antenna: 
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• Two leaky wave modes, provided they are excited, will radiate while travelling from the 
excitation point to the board edges. 

 

• The surface wave mode will radiate once diffracted at the substrate edge. 

 

• The excitation itself (dipole), a resonant element, radiates in contact with free space. 
 

While this theoretical analysis offers some insight, the antenna design remains complex. For this reason, 
the design was developed using rigorous full-wave simulations of finite structures. 

4.1.2 Simulations of finite structures 

Finite arrays were simulated, using commercial electromagnetic analysis tools, in the presence of a 
coaxially fed dipole excitation. The initial array geometry used patch dimensions of 4.3mm x 4.3mm 
wide with a 1mm inter-patch gap. The dielectric substrate was εr=2.33 and had a thickness of 3.173mm. 
The dipole was 15cm long and had a 0.3mm radius. The dipole was suspended 1.5mm above top surface 
of the artificial ground plane. The 400 element antenna array was 108mm x 108mm. Figure 55 shows the 
dipole above the patch loaded grounded slab. 

 
 

Plan View

Oblique View

 
Figure 55:  Top and cross view of surface wave antenna geometry 

 

The return loss of the 5.244 GHz resonant structure has a 2.25% bandwidth at 10dB and is shown in 
Figure 56.  
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Figure 56:  The return loss of the antenna array 

 

 

 

 

 
Figure 57:  The far field 3D all-polar E-field radiation pattern 

 

While there some slight skew attributed to the imbalanced dipole, Figure 57 illusrates the desired 
monopole pattern, which gives a wide coverage.  

 

A series of parametric studies were run on several antenna geometries to determine the effects of dipole 
positioning with respect to the array and of the overall size on antenna performance, such as the match 
and radiation patterns. 
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4.1.2.1 Study of the dipole feed  

 

It was found that varying the dipole location with respect to the array played an important role in the 
matching and radiation pattern of the antenna. Figure 58 shows the positioning of the dipole and the 
effect it has on the return loss. 

 

 

 
(a) (b) 
Figure 58:  Exciting the array with (a) non-symmetrical and (b) symmetrical dipole positions 

 

Figure 58 illustrates that the match is enhanced when positioned symmetrically with respect to the array. 
However, placing the dipole through a patch should be avoided. Figure 59 shows how the radiation 
pattern gain is enhanced (in black) when the symmetrical feed position chosen. 
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Figure 59:  Improving the match improves the gain. 
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4.1.2.2 Effect of antenna size 

 

With constant dipole parameters and a fixed height above the array, two further antennas were 
investigated to observe how the pattern changes as the total area varies. The first was 55mm x 55mm x 
5mm (10 x 10) element array. The second was 214mm x 214mm x 5mm with a 40 x 40 element array. 
Their radiation patterns are shown in Figure 60. 

 

 
 

 
Figure 60:  Radiation patterns of the small (left) and large (right) arrays. 

 

A comparison of the patterns shown in Figure 60 for the small and large arrays, shows that when the area 
is increased the main lobe of the pattern moves further from boresight; here the radiation peak moves 
closer to the direction that a leaky wave would propagate along an infinite array, ie along the 
groundplane. The unbalanced dipole effect is not as pronounced in the larger antenna, illustrating that the 
direct radiation from the dipole is becoming less significant compared with that from the array. 

 

It is concluded that the size of the array provides control over the pattern performance, allowing a degree 
of optimisation for a particular scenario, provided, of course, that the dimensions are not constrained by 
other reqirements of the application. 
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4.1.3 Experimental investigation 

To validate the simulation analysis and design strategy, a demonstrator prototype was planned for 
measurement. As some the design parameters were particularly sensitive, a selection of designs was 
fabricated to allow for some further empirical optimisation. To aid reproduction, the manufacturing 
procedure and the measurement setup are first described. This Section also includes the measurement 
results for the finalised prototype. 

4.1.3.1 Manufacturing 

A PTFE based substrate with εr=2.33, thickness=3.175mm and an 18µm copper cladding were chosen 
from Taconic Advanced Dielectric Division (product number: TLY-3-1250-CH/CH). This choice 
stemmed from the thickness of the material used in the original antenna concept [88].  

 

The antenna array elements were etched in the copper cladding using standard photolithographic 
techniques for planar printed circuit boards. The sensitivity of element parameters to dimensional 
tolerances was assumed to be significant, so care was taken in the photolithography process to limit over-
etching and pattern under-cut in the chemical processes. This included reversal of the light mask to layer 
the emulsion surface of the transparent film directly onto the photosensitive laminate on the copper 
cladding. Chemical etching of the surface exposed to ultra violet light left a copper pattern with 
dimensional tolerances better than 100 µm. 

 

Several prototypes were fabricated. The procedure was: 

• A through hole to feed the dipole is drilled in the centre of the metamaterial ground plane. This is 
in the middle of the printed patches. 

• A section of coaxial inner wire from an RG402 semi-rigid cable was exposed and bent to create 
the “inner” dipole arm. A similar, slightly non-symmetrical wire was soldered to the cable outer 
for the dipole “outer” arm. 

• The dipole was placed through the hole and the outer cable soldered to the substrate ground 
plane, such that the dipole was suspended at the correct height and direction above the 
metamaterial surface. An SMA plug connector was fitted to the feed end of the semi-rigid cable. 

 

 
Figure 61:  The assembled antenna on measurement mounting screws prior to the dipole being tuned 
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Figure 62:  Detailed view of the excitation dipole 

 

 
Figure 63:  Plan view of the antenna 

 

 

 
Figure 64:  Side view of the assembled prototype 
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Once assembled, the antenna was connected to a vector network analyser to monitor the resonant 
frequency while the dipole arms were trimmed to the required length.  

 

4.1.4 Experimental Setup 

The prototypes were measured in the Loughborough University’s far field chamber which is connected to 
a Hewlett Packard 8753D vector network analyser. Input impedance, match, radiation patterns and gain 
parameters were recorded. The antenna and positioner configuration in the chamber is shown in Figure 
65. A single polarisation broadband horn antenna was used as the standard antenna.  
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Figure 65:  Chamber measurement set up 
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Figure 66 The prototype mounted on the chamber for measurement 
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4.1.4.1 Measurement Results 

The measured results of both the 20 x 20 element and the 40 x 40 unit cell arrays are included for 
comparison. In particular, the array dimensions are: 

 

Array 1 (Small):  patch width=4.3mm, gap=1.0mm, overall size= 109mm 

Array 2 (Large):  patch width=4.3mm, gap=1.0mm, overall size= 215mm 

 

The antennas were measured in the fully anechoic chamber at 200MHz frequency steps in the 4GHz and 
6GHz frequency range. The selective results demonstrate the performance of the antenna and validate the 
design analysis outlined above. 
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Figure 67:  Measured reflection coefficient for the fabricated prototype 

 

Figure 67 shows the measured S11 of the antennas mounted in the chamber. There is a 100MHz 
resonance shift between the two ground plane sizes. However, within the desired frequency range the 
antenna has a return loss of better than 10dB. 

 

The measured 3D radiation patterns of the small antenna prototype are shown in Figure 68 at the 
frequencies 4.8GHz, 5GHz, 5.2GHz and 5.4GHz. Figure 69 shows four sectional cuts of the 3D plot at 
the target design frequency of 5.2GHz. 

 

Hereafter the E-plane is defined to be that parallel to the length of the dipole while H-plane the plane is 
normal to the dipole. In this experimental arrangement, the E-plane corresponds to the elevation plane 
φ=0o while the H-plane corresponds to the elevation plane φ=90o. In the two principal planes (φ=0oand 
φ=90o), the co-polar component is the Eθ while cross-polar component is the Eφ. 
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Frequency: 4800 MHz Frequency: 5000 MHz 

  

Frequency: 5200 MHz Frequency: 5400 MHz 

  

Figure 68 Measured 3D radiation patterns at 4.8GHz, 5GHz, 5.2GHz and 5.4GHz for the small antenna prototype  
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Figure 69:  Measured E-field plots for the small antenna prototype at 5.2GHz in four elevation planes 

 

The measured radiation patterns (E-Field Plots) of the large antenna in the two principal planes, between 
4GHz and 6GHz (with a frequency step of 200MHz) are shown in Figure 70 below (stretching across 
several pages).  
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E-Field Plots Frequency: 4000 MHz 

 

  
E-Field Plots Frequency: 4200 MHz 

 

  
E-Field Plots Frequency: 4400 MHz 

 

  
E-Field Plots Frequency: 4600 MHz 
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E-Field Plots Frequency: 4800 MHz 

 

  
E-Field Plots Frequency: 5000 MHz 

 

  
E-Field Plots Frequency: 5200 MHz 

 

  
E-Field Plots Frequency: 5400 MHz 
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E-Field Plots Frequency: 5600 MHz 

 

  
E-Field Plots Frequency: 5800 MHz 

 

  
E-Field Plots Frequency: 6000 MH 

Figure 70 E-Field Plots of the large antenna in the two major planes between 4GHz and 6GHz 
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4.1.5 Discussion  

4.1.5.1 Small Array 

Monopole-type radiation patterns from a low profile, 1.5mm thick, dipole fed antenna have been 
produced. Since a quarter wave monopole would be about 15mm at the operating frequency of around 
5GHz, a reduction ratio of 10:1 has been achieved. The measurement results validated the computational 
analysis and supported the design approach. 

 

The smaller antenna showed a better, approximately dipole, pattern, as evidenced in all the 3D polar 
plots. The pattern bandwidth is more than 1GHz, although the boresight null tends to weaken somewhat 
above about 5.4GHz. The match bandwidth (S11<10dB) is more than 10%, from about 5.2GHz to above 
5.7GHz. Therefore, we have a useful bandwidth for the antenna of between 5.2GHz and 5.4GHz. This is 
enough to satisfy the IEEE 802.11a requirements at 5GHz. 

 

From the boresight radiation levels in Figure 69 it is clear that there is a null in one polarisation. This 
corresponds to the polarisation of the leaky mode, which in theory produces a conical beam. Cross-polar 
levels are relatively high, but in all cases the radiation level at boresight in all polarisations remains at 
least 10dB below the maximum radiation at the angle of maximum radiation, therefore maintaining a 
monopole-type of radiation pattern.  

 

The null polarisation is normal to the dipole direction in the H-plane (the plane normal to the dipole) and 
parallel to the dipole in the E-plane (the plane of the dipole). This has been explained by the fact that the 
main radiation mechanism is not direct radiation from the dipole, but rather the leaky waves that are 
excited on the surface. In this case the dipole merely acts as an excitation source. This validates the 
supposition that the main radiation mechanism of the antenna is the leaky TM mode. Hence in the two 
main planes, the E-field polarisation lies along the direction of the plane and this reproduces the 
monopole type of radiation pattern. 

 

In the E-plane (elevation angle 90°), the nulls are not as sharp and are often skewed out of symmetry. 
This is attributed to the un-balanced dipole feed. However this asymmetry does not exist in the H-plane 
where the null is symmetrical and very sharp. 

 

The co-polar null around boresight is typically more than 20dB below the maximum radiation in the 
φ=0o cut. However, in the other polarisations, it can appear only 10dB below the maximum value. This is 
related to other radiation mechanisms of the structure, namely direct radiation from the dipole and edge 
diffraction of surface modes. The surface wave mode would travel bounded to the surface and reaching 
the edge of the array, it would partially be reflected and partially radiated. The radiation is expected to 
change the antenna pattern, and in particular make the null less prominent. Note that before the present 
investigation, this was assumed as the main (only) radiating mechanism of the antenna [88].  
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4.1.5.2 Large Array 

While the small array produces results that may better meet the requirements, a larger array was 
assembled to validate conclusions in respect of the antenna’s leaky wave nature. It was anticipated that in 
a larger array, more power would leak as the wave travelled to the array edges, thus the properties of the 
leaky mode would be more evident. 

 

As the frequency increases, the pointing direction of the main beam (Eφ component) moves towards end-
fire, i.e. towards greater angles from the normal. This is in good agreement with the theoretical prediction 
from the dispersion curves, and supports the assertion that a main radiation mechanism is the leaky wave. 
As shown from Figure 53, for leaky waves, the angle φ reduces for larger values of the propagation 
constant, i.e. the main beam shifts towards end fire. Now from the dispersion curve of Figure 52, it is 
evident that at higher frequencies, the propagation constant increases. Therefore, the cone of the main 
lobe scans with frequency as predicted from the leaky wave model.  

 

To quantify the above, Figure 71 shows the pointing angle of the main lobe, as estimated from the 
dispersion curve of Figure 52 and the simple vectorial representation of Figure 53. On the same figure, 
the pointing direction of the measured lobe is superimposed for comparison. Although there are some 
differences, the trends of the two curves agree to a very good extent. This is a good validation of the 
leaky wave radiation as a major contributor of radiation for this antenna.  
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Figure 71:  Angle of main TM lobe as calculated from the dispersion curve and as measured in the chamber 

 

Further, note that as the frequency increases, the strength of the Eφ component drops. A full study of the 
leaky wave properties of the MGP apart from this would also show how the real part of the imaginary 
constant Γ=a+j*β varies with frequency. While this study has not been undertaken within this project, it 
is common for leaky wave modes to get increasingly bounded when the point towards end-fire. In other 
words, as the frequency increases, and the beam direction shifts towards end-fire, typically the leakage 
rate reduces. This is also in accordance to the observed radiation patterns. At the same time, the Eθ 
component increases and the radiation pattern in the H-plane becomes more co-polar, resembling the 
pattern of a dipole is half space. In other words, we can assume that as the frequency increases, the leaky 
wave mode becomes less important in the radiation pattern of the antenna and the radiation from the 
resonant dipole becomes more important. 
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4.2 Summary 

 

In this Section we present the outcome of the work undertaken under the Technology Development 
activity. The motivation has been to demonstrate how the use of novel materials could benefit the 
performance of a wireless system. The selected application was the development of a low-profile (quasi-
planar) structure that would produce a monopole type pattern, i.e. a conical type of radiation pattern with 
a null at boresight. This would find application in, for example, WLAN systems, as the base station 
antenna located centrally in the ceiling of an open plan office. 

 

The research has been initiated from, in particular, work by F. Yang et al [88]. In their work the authors 
proposed a metamaterial surface wave antenna, consisting of a dipole in close proximity to an array 
printed on a grounded dielectric substrate. In their approach, they assumed the structure to operate as a 
surface wave antenna that radiates from the edges of the PCB board. For the specified band, this 
approach would reduce the profile of a standard monopole by about 90%. 

 

In this present work package the structure was analysed both theoretically and empirically. The 
theoretical investigation of the infinite structure concluded that a prominent radiation mechanism of this 
antenna is the TM leaky wave mode. A series of full wave simulations of the finite structure including 
the feeding were carried out to understand how the various parameters of the antenna affect the 
performance. This led to a final array configuration, which was fabricated in two differing overall 
dimensions; the small and large array prototypes. 

 

The results demonstrated that the low profile antenna design was capable of producing radiation patterns 
with the desired characteristics, in terms of impedance match and pattern shape. Compared with 
conventional antennas of a similar profile, the pattern modification provides a gain enhancement of 
approximately 10dB in regions where users were more distant. Compared with a conventional antenna of 
similar pattern performance, the profile was reduced by a factor of about 10. Such a reduction would 
allow this type of antenna to be integrated into near planar structures. 

 

Clearly, this is only one example aspect of the use to which novel materials may be put in the design of 
antenna and microwave components. It has demonstrated that the properties required for the materials 
may be realised, and that the expected effect on the device operation can be achieved. 
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5 Performance benefits analysis 
This Section considers the benefits that could be gained from using smart antennas in the two 
applications identified in this study, namely BFWA and wireless LAN. The first of the assessments is 
performed by simulation, the second by hardware demonstration, using a smart antenna developed during 
the study. 

5.1 Smart antennas in BFWA 

An evaluation of the economic benefits of smart antennas has been undertaken as part of this project. An 
earlier task within the project established a range of potential applications for smart antenna techniques, 
and the regulatory issues that surround them. It established the range of smart antenna types and their 
limitation in terms of technology types and environments in which they might be deployed; in particular, 
it highlighted beamforming techniques, which form the basis of the demonstrator developed as part of the 
is project. The purpose of the work reported in this Section is to quantify the potential benefits of using 
beamforming antennas by illustration within a hypothetical network deployment. 

Beamforming has potential benefits of increased gain in the direction of a specific user terminal and 
being able to direct nulls towards major interferers in neighbouring sectors. However, it was established 
that since its performance is sub-optimal in fast changing, high multipath situations, then it might best be 
deployed for Broadband Fixed Wireless Access (BFWA) networks, where the user terminals tend to 
move more slowly even when nomadic services are being provided. 

The aim of this analysis task is to understand how these benefits might translate to spectrum efficiency 
improvements in BFWA networks in urban, suburban and rural environments. It seeks to establish the 
practical improvements in network performance that might be expected as a result of using beamforming 
techniques and express these improvements in terms of economic performance. 

5.1.1 Scenarios modelled 

Ofcom is considering making spectrum available for new services in the 2.5 GHz band (2.5 to 2.69 GHz) 
and the 3.6 GHz band (3.6 to 4.2 GHz)66. The 2.5 GHz band will be designated for mobile services and 
WiMAX is likely to be permitted as a potential fixed or mobile technology in the band. Of the 190 MHz 
in the band, 140 MHz is to be Frequency Division Duplex (FDD) and 50 MHz to be Time Division 
Duplex (TDD). The 3.6 GHz band includes 2 x 186 MHz of spectrum currently used for Point to Point 
fixed services and Fixed Satellite Services. BFWA services may be permitted in this spectrum on a 
shared basis with the current services. However, the options considered so far have been based on FDD 
channelisation. 

It has been shown in earlier work that beamforming antennas are more appropriate for use with TDD 
channelisation. This eases channel estimation since the base station is able to form sensible estimates of 
the downlink channel on the basis of observations made in the uplink. This suggests that the 50 MHz of 
TDD spectrum in the 2.5 GHz band might be the most appropriate for application using beamforming 
antennas; therefore we have based our analysis on this spectrum block. However, we note that under 
spectrum liberalisation proposals, spectrum may be re-configured in the future from FDD to TDD 
providing it does not contravene international obligations and provides adequate protection to other 
users. 

 

                                                        

66 Ofcom has consulted on allocation options for the 2.5 to 2.69 GHz band and the 3.6 to 4.2 GHz bands in the 
Spectrum Framework Review: Implementation Plan, January 2005. 
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The major benefit of using beamforming techniques is to enhance the link budget available to network 
operators. This may be used to: 

Maximise network capacity for a given number of sites and spectrum; or, 

Minimise the number of sites for a given subscriber density and spectrum; or, 

Minimise spectrum for a given number of sites and subscribers. 

From a spectrum efficiency point of view each of these is valuable. Maximising capacity allows more 
consumers in congested areas to access the service and derive benefits from the spectrum. Minimising 
the number of sites allows more economical deployment and the ability to deploy services in areas that 
might otherwise not be profitable. Minimising spectrum use in congested areas potentially releases 
spectrum for other uses, or facilitates deployment in spectrum blocks that may not have sufficient 
bandwidth for another technology. 

The nature of beam forming antennas means that although higher power is directed towards wanted 
subscribers, high levels of interference might also be experienced from neighbouring sectors. There are a 
number of approaches that networks might adopt to deal with this interference: 

Avoidance by the use of detection and dynamic allocation of channels and timeslots to avoid major 
conflicts; 

Use nulling techniques to detect and direct nulls towards major interferers (constraints are detection 
efficiency, spatial spread of interferers and angular proximity to desired signals). 

There are advantages and constraints with these approaches. The modelling allowed these techniques to 
be compared in terms of increased range, increased capacity or reduced spectrum requirements. 

5.1.2 Modelling approach 

The application of beam forming antennas was evaluated within BFWA networks in urban, suburban and 
rural environments. Each of these environments was characterised in terms of subscriber density and 
appropriate propagation models. 

WiMAX67 technology was chosen for this evaluation. It is an open and accessible standard, and flexible 
in terms of the spectrum bands and channel bandwidths that can be deployed. In particular it is expected 
to be available for deployment in the 2.5 to 2.69 GHz frequency band. 

The model simulated a network of sites and sectors having similar characteristics to real networks. They 
were arranged in a tri-sector pattern of tessellated hexagons, using wrap-around techniques to deal with 
edge effects. Simulations were based on Monte Carlo techniques and the rules that might be applied to 
the use of beamforming were modelled explicitly and evaluated. 

5.1.3 Economic analysis 

For the introduction of beamforming techniques to be viable, reduced quantities of sites and other 
network elements leading to cost savings in network deployment, should outweigh the costs of deploying 
beamforming antenna techniques. However, the overall savings depend upon the scale of rollout and the 
nature of the business. We have evaluated the economic benefits of using beamforming antennas from an 
operator’s perspective by considering a range of practical rollout scenarios (with and without 
beamforming antennas) and have assessed the resulting cost savings relative to total typical business 
costs faced by operators. 

 

                                                        

67 The modelling will be based on the IEE 802.16 (2004 release) standard. 

144 



Smart Antenna Technology CUL/EM/030854/RP/06 

Final Report (Issue 2) 

 
5.1.4 Network and service assumptions 

5.1.4.1 Services 

The simulated service was a BFWA network, which delivers communications to residential and small 
business subscribers by wireless transmission from a network of base station sites. Subscribers were 
assumed to be issued with small, portable antenna units known as Customer Premises Equipment (CPE) 
which connect directly to their PC. Each CPE antenna unit utilised a directional antenna that was aligned 
to the base station supplying the strongest signal either by customer alignment or intelligent automatic 
switching of sectorised antenna elements. 

The simulated service delivered to the subscriber was essentially an IP pipe having a throughput to an 
individual CPE that can vary from 80 kbit/s to 19 MBit/s, although it aimed to ensure that a rate of 
2 Mbit/s was achievable at the edge of coverage. The actual instantaneous bit rate demanded by a CPE 
depended upon the applications being used at that time. The maximum throughput was structured around 
simultaneous access to five service types as detailed in Table 5. 

 

Minimum throughput Service 

Downlink Uplink 

Delay 
sensitivity 

GoS Busy Hour 
Activity 
factor 

Voice 0.08 Mbit/s 0.08 Mbit/s High 1% 8.0% 

Video 2.00 Mbit/s 1.00 Mbit/s High 10% 0.8% 

Timely-data 
transfer 

1.00 Mbit/s 0.50 Mbit/s High 5% 0.2% 

Web-surfing 0.16 Mbit/s 0.08 Mbit/s High 5% 2.8% 

Non critical data 
transfer 

0.05 Mbit/s 0.05 Mbit/s Low n/a 3.8% 

Table 5  Definition of services used for the simulation (service rates and activity factors are based on estimates of market 
demands in 2015). 

The probability of a service being active in the busy hour is a function of the total busy hour volume of 
traffic demanded by the subscriber and the minimum throughput rate for that service. The Busy Hour 
Activity Factor defined this probability for each service. The usage forecasts in Table 5 were derived by 
combining gross volume predictions from the BROADWAN 68 project and with analysis of internet 
traffic measurements by application made at the universities of Wurzburg and Cornell69. The minimum 
service rates are typical for services of this type. 

Each service was defined by its minimum throughput and its delay sensitivity. Within the simulation, 
delay sensitivity was used very simply. If a service had high delay sensitivity then we ensured that there 
was sufficient network resource to allow adequate Grade of Service (GoS) for the call to be established70. 

                                                        

68 European Commission Sixth Framework Integrated Project, Broadband services for everyone over fixed 
wireless access networks, Deliverable D6, “User and service requirements”. 

69 University of Wurzburg Institute of Computer Science, Research Report no 246, “The dependence of Internet 
user traffic characteristics on access speed”, January 2000 and University of Cornell, Internet usage statistics, 
www.cit.cornell.edu/computer/students/bandwidth. 

70 We chose to use the single metric of GoS to represent QoS in the network. In reality, network operators are also 
concerned with all aspects of QoS such as dropping rates and service interruption. However, for this study we were 
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Where a service had low sensitivity then we assumed that traffic would be queued in the network or CPE 
when congestion occurs.  

5.1.5 WiMAX system aspects 

The WiMAX network assumed for the analysis was based on a cellular system, where sites are deployed 
in a regular pattern with each site serving three sectors. The coverage areas of the sectors form a 
tessellated hexagon pattern. In each sector a number of TDD channels using discrete frequencies are used 
for communications with CPE within its coverage area. Each channel allows simultaneous sessions from 
a number of CPE to be time multiplexed onto the channel in both the uplink and downlink directions. An 
important parameter in TDD systems is the level of asymmetry applied to the channel. We have assumed 
that one third of the channel time would be devoted to uplink communications and two thirds to 
downlink, and that this would be synchronised across the network. This reflects the asymmetry implicit 
within the usage assumptions in Table 6. 

The WiMAX system is highly flexible in its ability to be configured for a mix of services. Any 
communications path can be assigned as much of the channel as required and the Modulation and Coding 
Scheme (MCS) is adjusted to maintain the best throughput possible for the available Carrier to 
Interference Ratio (CIR). Therefore the amount of the channel that a CPE occupies depends upon the 
services demanded at that instant and the CIR that is available at the CPE and base station receivers. 

The WiMAX system is able to change MCS within a frame according to the CIR available at any 
location and time. The CIR requirements and throughput assumptions are detailed in Table 6. 

 

Modulation Coding Downlink 
Throughput 

Uplink 
Throughput 

CIR 

BPSK 1/2 2.3 Mbits/s 1.1 Mbits/s 1.8 dB 

QPSK 1/2 4.4 Mbits/s 2.2 Mbits/s 4.9 dB 

QPSK 3/4 6.6 Mbits/s 3.3 Mbits/s 7.4 dB 

16-QAM 1/2 8.7 Mbits/s 4.3 Mbits/s 10.5 
dB 

16-QAM 3/4 13.1 Mbits/s 6.5 Mbits/s 13.8 
dB 

64-QAM 2/3 17.4 Mbits/s 8.7 Mbits/s 16.8 
dB 

64-QAM 3/4 19.7 Mbits/s 9.8 Mbits/s 19.5 
dB 

Table 6  WiMAX modulation and coding schemes. The throughput includes allowances for asymmetry factor and 
signalling overheads and is based on use of a 7 MHz channel bandwidth. 

The proportion of a channel used by CPEs is continuously variable frame by frame, but to simplify 
modelling we assumed that the channel would be organised into a series of timeslots where a single 
timeslot corresponds to the throughput required for the least demanding service in terms of minimum bit 
rate (voice at 80 kbit/s) at the MCS having the highest throughput. On this basis, other service types 

                                                                                                                                                                                  
only concerned with establishing a realistic benchmark measure of service quality that can be made consistent for 
all scenarios. On this basis we considered that a single GoS figure could be representative of more complex QoS 
measures or other ‘rule of thumb’ approaches used by operators such as contention ratios. 
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would occupy more than one timeslot, as will voice calls requiring a lower MCS. Since each timeslot 
experiences different levels of interference depending upon activity in other sectors and sites, the MCS 
also varies timeslot by timeslot. 

Frequency re-use was based on re-using the same frequencies at each site for sectors having the same 
orientation. In this way CPE equipment typically experiences interference from three dominant sectors 
using the same frequency at adjacent sites. In the uplink a base station typically picks up dominant 
interfering transmissions from CPE in three sectors.  

The assumptions for typical rf parameters in the WiMAX system are detailed in Table 7. 

 

Transmitter power 1 Watt 1 Watt 

Feeder and coupling losses 1.5 dB 0.25 dB 

Frequency 2.69 GHz 2.69 GHz 

Channel bandwidth 7 MHz 7 MHz 

Noise Figure 5 dB 5 dB 

Temperature 290 °K 290 °K 

Table 7  WiMAX RF parameter assumptions 

The transmission power from the WiMAX BS and CPE was assumed to be constant, and there was no 
use of power control. MCS alone was used to compensate for variations in CIR.  

5.1.6 Antenna characterisation 

The analysis compared the use of three base station antenna types: a conventional 65° beamwidth 
antenna as commonly used for fixed and mobile cellular systems, a 4-element beamforming antenna 
which is capable forming a beam with a 38° beamwidth, and an 8-element beamforming antenna which 
is capable of forming a beam with a 19° beamwidth. The two beamforming antennas are also capable of 
orienting a number of nulls towards dominant interferers. 

The antennas are defined by a number of model input parameters to characterise them as detailed in 
Table 8. 
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Parameter 65° sector 
antenna 

4-element 
beamforming antenna 

8-element 
beamforming antenna 

Single element gain 18 dBi 18 dBi 18 dBi 

Beamforming gain 0 dB 6 dB 9 dB 

Main beam width  
(+/- 3dB points) 

65° 38° 19° 

Main beam adjustment 
angle 

No adjustment +/- 30° +/- 30° 

Number of 
configurable nulls 

0 3 7 

Typical null depth Not applicable -30 dB -30 dB 

Nulls adjustment angle Not applicable +/- 90 degrees +/- 90 degrees 

Minimum separation 
between nulls and 
main lobe 

Not applicable 19° 9.5° 

Table 8  Base station antenna definition. These parameters represent what is practically achievable in low multipath 
environments. 

It was assumed that base station equipment is intelligent enough to identify and remember the orientation 
of the main beam required for each CPE that it serves, and that the main beam may be directed to 
different CPEs for consecutive timeslots if necessary. Similarly, it was assumed that base station 
equipment will continually ‘scan’ the nulls so as to maximise the CIR experienced on a timeslot. This 
assumption requires that the adaptive system is able to optimize the antenna pattern rapidly. The validity 
of the assumption is evidenced by the availability of existing hardware implementations that incorporate 
comparable complex adaptive processes within the first 2µs of a timeslot71. 

 

Hence our assumption was that nulls will always be oriented efficiently towards the dominant interferers 
within their range of adjustment. The positions of the main beam and nulls are identically configured for 
both uplink and downlink transmissions to the same CPE72. 

The 65° radiation pattern used for modelling was one designed for mobile cellular systems73. The 
radiation pattern of this antenna is shown in Figure 72. 

                                                        

71 For example, the Motia Javelin™ system. 

72 Although the uplink and downlink timeslot allocations may work independently, little benefit will be obtained 
from nulling if the combination of CPE simultaneously using a particular timeslot is different in the uplink and 
downlink directions. In the simulation, we have assumed that uplink and downlink timeslot mapping is coordinated. 

73 Andrew Vertically polarised 65° beamwidth antenna (Model No. UMW-06517-2DH) 
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Figure 72  Radiation pattern for a 65° beamwidth antenna relative to its nominal gain 

The beamforming base station antenna response was based on an array of similar antennas to that 
depicted in Figure 72. We assumed the use of phase and weighting techniques in our analysis to isolate 
the benefit of the beamforming approach, therefore time delay compensation (which has potential to 
further improve antenna gain) has not been used in this analysis. The application of beamforming 
typically modifies the underlying radiation pattern and a representative response is shown in Figure 73.  
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Figure 73  Typical result of beamforming using 4 elements. The antenna response shown was calculated for a main beam 
orientation of -5° and 3 controlled nulls oriented at -45°, -25° and 20°. 

Within the model, the beamforming response was characterised by: 

• A main beam approximated by the first lobe of a sinc pulse, oriented towards the CPE served by 
the base station for that channel and timeslot combination; 

• A background level which encompassed the sidelobes of the antenna radiation pattern. This 
characterised the beamforming gain between the main beam and backlobe except where specific 
nulls are directed to major interference sources; 
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• Specific nulls applied in particular directions. The null was assumed to apply an attenuation of 

up to 30 dB below the underlying radiation pattern in the direction of the major interferers. For 
simplicity, only controllable nulls were considered and it was assumed that only the interference 
from the CPE at which the null was oriented was actually nulled. 

The CPE antenna had a directional radiation pattern which for modelling purposes was assumed to be 
optimally oriented with the serving base station. It had a gain of 6dB in the direction of the main beam. 
The pattern assumed for the analysis is similar to a commercially available 2.4 GHz antenna74. Its 
radiation pattern is shown in Figure 74 . 
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Figure 74  CPE antenna radiation pattern 

5.1.7 Environmental aspects 

The objective of the model was to characterise a typical WiMAX network in urban, suburban and rural 
environments under typical (longer term) loaded conditions. The differences between environments 
relate to the subscriber density75 and the propagation model used for analysis. The main parameters that 
vary with environment are shown in Error! Reference source not found. 

Environment CPE Density    
(note 1) 

Clutter loss         
(note 2) 

Building loss Standard 
deviation 

Urban 100 CPE/km2 12 dB 12 dB 8 dB 

Suburban 39 CPE/km2 0 dB 10 dB 8 dB 

Rural 13 CPE/km2 -8 dB 10 dB 8 dB 

Note 1: CPE density is calculated from typical population densities of 23, 9 and 3 people/Hectare for 
urban, suburban and rural areas respectively, 2.3 people per household, 10% service penetration rate and 
one CPE per household. 

Note 2: The clutter loss is relative to the loss assumed for the suburban environment. 

Table 9  Characterisation of the environmental conditions 

                                                        

74 Wireless Interactive Directional 2.4 GHz indoor antenna (Model No. WIIN24-6DD) 

75 For simplicity we assume that subscribers in each environment have similar traffic usage; therefore only 
subscriber densities change by environment. 
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The path loss was calculated using the Erceg76 propagation model as submitted to the IEEE 802.16 
(WiMAX) working group. The Erceg propagation model is based on measurements made in macro-cell 
suburban environments, however the same propagation model is used for each of the environments with 
three parameters: the shadow (clutter) loss, the mean in-building penetration loss, and the standard 
deviation of received signal levels used to adjust for the different environments. The typical values for 
these parameters are shown in Error! Reference source not found. 

5.1.8 Description of the model 

The basic analysis task for the program is to evaluate the relationship between the number of sites and 
the amount of spectrum available for network deployment. Therefore for each environment we 
established a curve describing this relationship. Each point on the curve was determined from a 
simulation of the network operation. In general the network dimensions were set and the amount of 
spectrum determined to enable an adequate grade of service. The range of values for site separation was 
determined from a practical minimum spacing (approx 500m) and the maximum as dictated by the link 
budget. 

Therefore the primary output from which insight was drawn was a set of curves for each environment 
showing how the number of sites varies for differing levels of spectrum allocation and the advantages in 
reduced network costs that may be obtained from using beamforming antenna techniques.  

5.1.8.1 Static versus dynamic simulation 

Static Monte Carlo simulation was used for this analysis. This enables the analysis of a number of 
independent snapshots to be evaluated with respect to the spectrum required to accommodate the volume 
of traffic at that instant. Monte Carlo simulation provides understanding of blocking that might be 
experienced by users on real networks. However, it does not provide information on the failure rates for 
calls that are not completed due to unforeseen interference during the call. Dynamic simulation is more 
appropriate for analysis of performance during a call or session, but dynamic simulation alone would not 
allow spatial variability of customer locations to be taken into account, unless it was combined with 
Monte Carlo analysis. 

We considered that static Monte Carlo analysis would be adequate for the purposes of this study since: 

We are only seeking a consistent measure of service quality against which to gauge spectrum 
requirements in different scenarios; 

In general networks give priority to calls already established because non-completion is perceived as 
being more disruptive that call blocking. 

We do not consider that insights potentially gained from dynamic simulation warrants the additional 
complexity and analysis time, therefore the model uses Monte Carlo analysis alone. 

5.1.9 Simulation process 

The model considers a single scenario for analysis, and the input parameters of this scenario are varied to 
perform the full evaluation. The scenario inputs are the current environment (urban, suburban or rural) 
and the type of beamforming techniques applied (none, 4-element or 8-element). The modelling process 
is depicted in Figure 75 with a structure comprising three main loops. 

 

                                                        

76 V. Erceg et al., “An Empirically Based Path Loss Model for Wireless Channels in Suburban Environments”, 
IEEE Journal on Selected Areas in Communication, vol. 17, pp. 1205-1211, July 1999. 
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Figure 75  Outline of the simulation 

The outermost loop (‘Scenario loop’) configures the simulation and varies the site spacing of the 
simulated network. This has the effect of increasing or decreasing the number of CPEs within the 
simulated area. For each site spacing, a number of Monte Carlo snapshots are evaluated to determine the 
distribution of spectrum required to ensure network performance for a CPE at the limit of coverage. 
From this distribution, the model calculates the spectrum that would provide an adequate grade of service 
for all services required by the CPE. 

The ‘Simulation loop’ generates a sample of typically distributed CPE and calls in progress according to 
the nature of the BFWA services and their arrival rates. These calls are then allocated to channels and 
timeslots within the frame structure such that all the calls can be accommodated. From this the total 
spectrum required to serve that snapshot is calculated. Within each snapshot the innermost loop (‘Re-
packing loop’) minimises the amount of spectrum used such that a call to a “probe” CPE (in the centre of 
the simulated area) can be maintained with successively less spectrum. 

By running the model with multiple site spacing we were able to establish the relationship between site 
spacing and spectrum, and hence the costs of network deployment and spectrum required. This 
relationship was established for each beamforming antenna technique and provides insight into their 
practical benefits. 

Each element of the process is discussed in more detail in the following sections. 
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5.1.10 Scenario loop 

5.1.10.1 Structure of the simulated area 

The model establishes the amount of spectrum required to maintain an adequate grade of service for a 
‘Probe’ CPE located at the centre of a sample network comprising 48 sectors (16 tri-sector sites). The 
layout of these sectors and the Probe is shown with in Figure 76, with the simulated area being denoted 
by the dashed square. 
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Figure 76  Simulation area illustrating site and sector positions 

A major problem often encountered in cellular network simulation is that at the edge of the simulated 
area, interference from outside is represented by a non-varying approximation of mean interference 
levels. This means that results gained at the edge of the simulated area are usually considered inaccurate 
and therefore the area must be made large enough so that statistically valid samples can be obtained from 
a central region. The large area means that simulation takes longer. 

We have used wrap-around techniques to overcome this problem. The concept of wrap-around is that the 
interference emanating from one edge of the pattern is used to represent the interference coming into the 
pattern on the opposite side. The concept is illustrated in Figure 77. 
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Probe CPE
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Tri-sector site

Probe CPE
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Figure 77  Layout of the simulation area and the positions of the eight images of the 16 sites 
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Interference experienced from outside the simulation area is represented by images of the 16 core sites. 
Hence when considering a particular receiver in the simulation area, the total interference received from 
an interfering transmitter in the simulation area will also includes power received from its eight images. 
In some cases at the edge of the simulation area, the serving sector may be the image of a base station on 
an opposing side of the simulation area. In this way coverage is wrapped around the simulation area. 

The major advantage of this approach is that simulation is confined to an area within which valid 
statistics can be obtained, and the wrap-around paths provide an approximation of outside interference 
that varies from snapshot to snapshot in a representative manner. 

5.1.10.2 Obtaining statistics from the simulation 

The statistics that can be obtained from a single Monte Carlo snapshot are very limited since it does not 
take into account the historical loading in the network. All the calls in progress are added to the 
simulation in an assumed historical sequence, however it is only the performance of the last call to be 
added that is statistically valid. This is because the success (or failure) of all the preceding calls relied on 
the existence of earlier calls which were completed prior to the snapshot. Therefore, for a snapshot we 
are only interested in recording the performance of the last call to be added to the simulation. 

However, real network design aims to ensure a certain probability of coverage (with adequate Grade of 
Service) at the boundary of coverage; therefore we are also only interested in recording the statistics at 
these locations. One approach to this problem would be to run the simulation for a vast number of 
snapshots and discard any where the final call to be made is not at the boundary of coverage. 

An equivalent process is to use a technique of call insertion. For this approach we choose a Probe CPE 
location (at the boundary of coverage from three sites) and assume that calls of each type are in progress 
for each snapshot, and that these are the last calls to be established. The number of remaining CPE is 
adjusted to compensate for the Probe’s pre-existence. 

Within each snapshot, the amount of spectrum necessary to serve the offered traffic will be determined 
and a separate value is calculated for each service at the Probe. These amounts of spectrum are recorded 
and from the Cumulative Distribution Function (CDF) of these spectrum quantities, the level of spectrum 
is determined that would have enabled the target GoS to be maintained for each service.  

5.1.11 The Simulation loop 

The purpose of the Simulation loop is to generate a snapshot of the network at a single instant and 
determine the amount of spectrum that would have been required to ensure that the Probe CPE is able to 
receive the service at that instant. A value of spectrum is determined for each service type used in the 
simulation. 

The number of CPE is calculated from the CPE density in the simulation area. This number of CPE does 
not change from snapshot to snapshot. They are distributed at random across the simulation area, 
changing positions for each snapshot. 

Each CPE potentially has a call in progress of each of the 5 service types. For each CPE and Service type 
an instance (or not) is generated at random according to the probability inherent in the activity factor. 
Each call is given a sequence number so that when call failures are assumed they can be failed in reverse 
order of arrival.  

This approach takes both the temporal and spatial variability of call activity into account77. 

                                                        

77 In reality, the locations of the CPE are largely static (although we can expect increasing nomadic use). However, 
a network planner does not know the precise locations of subscribers in advance, but wishes to achieve a target 
success rate no matter where the precise locations lie. This suggests that a distribution that varies with each 
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5.1.12 Re-packing loop 

5.1.12.1 Overall objectives 

For each snapshot we are interested in determining the minimum spectrum that would be required that 
would still allow a call of each type to be established for the Probe CPE. Since at that instant the sector 
serving the Probe may not be the most heavily loaded sector, to form an estimate of spectrum based on 
serving all calls in all sectors, would overestimate the amount of spectrum required. 

Hence we first find the spectrum required to support all calls in progress, then constrain the spectrum 
until the service at the Probe can only just be supported. As the spectrum is reduced, calls need to fail in 
sectors that demand the most spectrum. These calls are failed in reverse order of arrival. As calls are 
removed from the snapshot, the interference environment is improved and with re-packing, the spectrum 
required for all sectors will reduce (including that serving the Probe). Continuing this process, the sector 
serving the Probe will eventually become the one requiring the highest spectrum and this is the spectrum 
that would have been required to guarantee that that call type could be maintained for the Probe. 

5.1.12.2 Timeslot allocation 

For a call to be allocated successfully there must be sufficient capacity in the sector available in both the 
uplink and downlink directions. The channel and timeslot maps for uplink and downlink are allocated 
independently. Calls are mapped onto the channels and timeslots using a simple algorithm based on: 

Each call may only use a single channel; 

Calls must use consecutive timeslots; 

Calls are allocated from one end of the channel/timeslot map; 

Calls are allocated in order of throughput (highest data rate first); 

For a call to be allocated to a set of timeslots, each timeslots must have adequate CIR to support at least 
the lowest MCS, and there must be sufficient consecutive timeslots on a single channel to enable the 
complete throughput for the call. 

5.1.12.3 Assessing CIR 

When re-packing the calls in progress within a sector, the CIR is calculated in both the uplink and 
downlink directions for each channel and timeslot combination (channel/timeslot).  

Downlink 

The calculation of the wanted signal at the CPE receiver assumes that the main beam (where 
beamforming is used) of the serving sector is oriented towards it, and that the CPE antenna is oriented 
towards the serving sector (or the image of a serving sector if this has the lowest path loss). The total 
interference is calculated from linearly summing the thermal noise within the CPE receiver with the 
received power from all the sectors where the channel/timeslot is used (excluding the wanted signal). 
This includes all the images as well as sectors within the core simulation area.  

Hence, the CIR is given by the following equation: 

∑∑ ++
=

SectorsAll_Image_
Sector

ectorsAll_Core_S
Sectorth

ctorServing_Se
Downlink RxPowerRxPowerN

RxPower
CIR

                                                                                                                                                                                 

 

 
snapshot is realistic. 
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Where RxPowerSector is power received from a sector in mW 
  Nth is the CPE receiver thermal noise in mW 

The power received at a CPE from a particular base station transmitter is given by: 

RxPower (dB) = transmitted channel power from base station (dB) 

- base station feeder and connector losses (dB) 

+ sector antenna gain in direction of CPE (dB) 

- path loss (dB) 

- shadow fading loss (dB) 

- building loss (dB) 

+ CPE antenna gain in direction of the base station (dB) 

- CPE feeder and connector losses (dB) 

Clearly, the interference received from other sectors will depend upon the current orientation of their 
main beam and nulls for that channel/timeslot. 

Uplink 

Like the downlink, the calculation of the wanted signal at the base station receiver assumes that the main 
beam (where beamforming is used) of the serving sector antenna and CPE antenna are oriented towards 
each other. The total interference is calculated from summing the thermal noise within the base station 
receiver with the received power from CPE using the same channel/timeslot. This includes all the images 
as well as CPEs within the core simulation area. 

The CIR is given by the following equation: 

∑∑ ++
=

SectorsAll_Image_
CPE

ectorsAll_Core_S
CPEth

Target_CPE
Uplink RxPowerRxPowerN

RxPower
CIR  

Where RxPowerCPE  is the power received from a CPE in mW 

 Nth is the base station receiver thermal noise in mW 

The power received at a base station from a particular CPE transmitter is given by: 

RxPower (dB) = transmitted channel power from CPE (dB) 

-CPE feeder and connector losses 

+ CPE antenna gain in direction of the base station (dB) 

- path loss (dB) 

- shadow fading loss (dB) 

- building loss (dB) 

- base station feeder and connector losses (dB) 

+ sector antenna gain in direction of CPE (dB) 

The calculation takes account of the antenna response and orientation of the CPE antennas, and assumes 
that base station antenna nulls will be directed towards dominant interferers. 
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5.1.13 Simulation results 

5.1.13.1 Range improvement in unloaded conditions 

The benefits arising from the use of beamforming techniques at the base station site are to provide 
additional gain in the direction of the beam orientation and to attenuate interference arriving at an angle 
outside the main lobe. The additional main lobe gain provides a link budget improvement for the wanted 
signal which increases the absolute range of a noise limited system. In the case of the 4-element 
beamforming antenna this improvement was assumed to be 6 dB and for the 8-element beamforming 
antenna it was assumed to be 9dB. 

The success rate for connections in the absence of interference depends upon the degree of shadowing in 
the immediate vicinity of the CPE. This has variability that is log normally distributed and therefore 
100% connection success rates cannot be assured. The potential to serve a particular location from a 
number of directions helps improve the success rate, nevertheless, operators commonly design networks 
with a shadow fade margin chosen to achieve a connection success of 90% or greater. 

The connection success rates were monitored during simulation for the three environments and the 
connection success rate in urban environments is plotted as a function of the maximum cell range in 
Figure 78. 
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Figure 78  Connection success rates for CPEs in typical urban environments 

It can be seen from Figure 78 that the use of beamforming techniques substantially increases the 
maximum range of a cell in unloaded conditions. In the example shown the range increases by 
approximately 40% using a 4-element beamforming antenna and 60% using an 8-element beamforming 
antenna. The improvements in maximum range are detailed for all three environments in Table 10. 
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Environment No beamformer 4-element 
beamformer 

8-element 
beamformer 

Urban 1.0 km 1.4 km (+40%) 1.6 km (+60%) 

Suburban 2.1 km 2.9 km (+38%) 3.5 km (+67%) 

Rural 3.3 km 4.6 km (+39%) 5.5 km (+67%) 

Mean (unweighted)  (+38%) (+65%) 

Table 10  Noise limited maximum cell range for a 90% connection success rate 

 

It can be seen that range improvements are similar for all three environments with an unweighted mean 
range increase of 38% for a 4 element antenna and 65% for an 8-element antenna. This is an important 
benefit for initial network rollout since it reduces the number of sites required to achieve coverage by 
48% for deployment of 4-element arrays and 64% for deployment of 8-element arrays78. This greatly 
reduces initial network investment, and consequently the financial risk faced by operators. 

5.1.13.2 Capacity handling 

As the network grows, more CPEs are added to the system and the level of interference increases from 
other CPEs active at the same time. Even in the network with no beamforming antennas the interference 
is suppressed to a certain extent by the 65° beamwidth sector antenna. However, adding beamforming 
elements to the base station antenna system provides additional off-beam attenuation which serves to 
further reduce the levels of interference from other active CPEs. For each beamforming antenna, we also 
considered the impact of using nulling techniques in both receive and transmit directions. The simulation 
suggested that nulling in the base station receive direction (uplink) alone would not convey overall 
performance improvements. This was because, given that uplink and downlink C/I ratios are well 
balanced, improvement is required in both directions simultaneously to obtain a benefit. However, it is 
theoretically possible to take advantage of uplink C/I improvements by moving the TDD switchover 
point to increase downlink capacity79.  

The simulation model was used to calculate the spectrum required in each of the three environments as a 
function of cell range. The results are shown in Figure 79, Figure 80 and Figure 81. 

                                                        

78 The calculation of site numbers is based upon rollout using these ranges in each environment. Therefore it is 
weighted by the proportions of each environment type in a typical rollout. 

79 It is possible that with better C/I ratios available using nulling in the receive direction, timeslot occupancy can be 
reduced in the uplink, and the TDD asymmetry point could be moved to take advantage. This would provide an 
overall increase in system capacity. The simulation model assumed a fixed TDD asymmetry point.  
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Figure 79  Spectrum as a function of cell range in the urban environment 
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Figure 80  Spectrum as a function of cell range in the suburban environment 
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Figure 81  Spectrum as a function of cell range in the rural environment 

It can be seen that the use of beamforming antennas in all three environments exhibit a similar 
improvement characteristic, albeit at different ranges. The reduction in spectrum required depends upon 
the spectrum available and the site spacing; however, for the purposes of comparison we have considered 
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the case where 39 MHz of spectrum might be available80. The reductions in spectrum required at this 
point are summarised in Table 11. It should be noted that the simulation did not include the impact of 
multipath fading on the efficiency with which beams can be directed, and therefore the results for the 
urban environment should be regarded as the maximum improvement achievable using beamforming 
techniques. 

 

4-element beamforming 8-element beamforming Environment 

Without 
nulling 

With  
nulling 

Without 
nulling 

With  
nulling 

Urban 65% 72% 75% 79% 

Suburban 63% 69% 74% 76% 

Rural 64% 70% 75% 78% 

Mean(unweighted) 64% 70% 75% 78% 

Table 11  Spectrum reduction capability using different antenna options 

 

This shows that where 39 MHz of spectrum is available, the 4-element beamforming antenna has 
potential to reduce the spectrum required by approximately 64%, and the 8-element beamforming 
antenna by 75%. When transmit and receive nulling is taken into account, these spectrum reductions 
increase to 70% and 78% for the 4-element and 8-element antennas respectively. 

From these results, it can be seen that the major benefit in our example network arises from the 
beamforming aspect of the array. Within the simulation it was observed that without use of beamforming 
arrays, it is difficult to establish calls at adjacent sites on the same timeslot because of mutual 
interference. With a 4-element antenna array, the off-beam attenuation provided by the beamformer 
allows calls to be established at adjacent sites in the same timeslot in a widespread manner, and this 
results in a substantial capacity increase. Implementing an 8-element array also has a significant impact 
since it serves to further reduce interference from a large number of simultaneous users enabling better 
C/I ratios and lower timeslot occupancy. 

Implementing nulling in the transmit and receive directions further improves the C/I ratio available to 
simultaneous calls, and consequently reduces timeslot occupancy, but since this is applied to a small 
number of interferers81, it tends to be a second order improvement. The ability to direct nulls towards 
interferers in the transmit direction is a major area of complexity in beamforming antenna design. The 
success of the technique relies on the uplink interference assessment being a good estimate of downlink 
conditions and close matching between transmit and receive paths at the base station. The simulation 
shows that the level of improvement may not justify the implementation complexity of nulling in the 
transmit and receive directions for such TDD WiMAX networks. 

                                                        

80 The 39 MHz was chosen as representative of the full 50 MHz of TDD spectrum likely to become available at 2.5 
GHz, less 5.5 MHz of guard spectrum at each end of this band to protect users in adjacent bands. It was assumed 
that the channelisation might be adjusted to make optimal use of this spectrum. Although WiMAX is standardised 
around fixed channel bandwidths, assuming continuously variable channelisation allowed the antenna improvement 
to be isolated within the simulation. 

81 Note that only one user is active per timeslot at each base station. The use of directional antenna at the CPE 
would reduce the benefits of nulling at the base station compared to the use of omni-directional antennas. 
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5.1.13.3 Range improvement in fully loaded conditions 

Translating these benefits to cell range and corresponding site quantities, it can be seen that the 
maximum range is substantially increased using beamforming antennas. Using a reference spectrum 
allocation of 14MHz82 the simulation demonstrated range improvements as detailed in Table 12. 

 

4-element beamforming 8-element beamforming Environment 

Without 
nulling 

With  
nulling 

Without 
nulling 

With  
nulling 

Range increase over the no beamforming case 

Urban 36% 45% 64% 64% 

Suburban 43% 48% 60% 72% 

Rural 39% 44% 63% 69% 

Equivalent reduction in site numbers 

Urban 46% 52% 63% 63% 

Suburban 51% 54% 61% 66% 

Rural 48% 52% 62% 65% 

Table 12  Range improvement and site reductions using the different antenna options under fully loaded conditions 

 

 

The range improvement is reasonably consistent across the three environments and the corresponding 
reductions in site numbers are substantial. It can be seen that the potential benefits provided by 
beamforming antennas in this application are not only available at the rollout stage, but are maintained 
under network load. 

5.1.14 Economic analysis 

5.1.14.1 Benefits to BFWA operators 

The economic benefits arising from the use of beamforming antennas depends upon how a BFWA 
operator may make use of the underlying technical benefits provided by beamforming antennas. The 
primary benefit of beamforming antennas is to provide an improvement in C/I ratio, which can be used to 
reduce the spectrum required, reduce the number of sites required or enhance the capability of the service 
offered to customers.  

Spectrum reduction – This has little economic impact at early stages of network deployment or where 
spectrum is plentiful. Therefore this aspect is unlikely to result in financial benefits in rural or suburban 

                                                        

82 The time required for simulation increases dramatically as the site spacing increases due to the increasing size of 
the simulation area and the total number of CPE to be processed. The reference level of 14MHz is one at which data 
were available for all antenna configurations in the three environments. 
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areas. In urban areas it could allow an operator to consider a smaller (cheaper) spectrum package, and 
provide the operator with a corresponding saving in cost; 

Service enhancement – The widespread C/I ratio improvement resulting from deployment of 
beamforming antennas allows higher data rates to be supported for each subscriber. This can be exploited 
by an operator in two ways, both of which may result in increased revenue. It can either charge higher 
prices for the (improved) service or use the service enhancement to make the service more attractive and 
so increase its subscriber base; 

Reduction in infrastructure costs – The enhanced range of the system under both loaded and unloaded 
conditions results in fewer sites being required to achieve a particular coverage and capacity. This would 
provide a direct saving in deployment costs to operators. 

The benefits of spectrum reduction and service enhancement would rely on a thorough assessment of the 
BFWA markets, which would be too speculative to provide a sound appreciation of the economic 
benefits of beamforming antennas. We have instead taken the approach of quantifying potential savings 
in infrastructure costs for a large scale rollout of a BFWA network covering 75% of the UK population, 
with the potential cost savings in urban, suburban and rural areas being identified.  

5.1.14.2 Economic modelling 

To evaluate the economic impact of beamforming antennas a typical cost structure for a BFWA operator 
was considered over a 10 year period for a network rollout in urban, suburban and rural environments as 
detailed in Table 13. For each environment the amount of infrastructure required to cover the area was 
estimated with and without the use of beamforming antennas. The costs of deploying beamforming 
antennas were offset against the cost savings in reduced infrastructure, thereby allowing us to determine 
an absolute net cost saving for each type of deployment. The amount of spectrum assumed was 14MHz 
consistent with the range analysis of Section 5.1.13.  

 

Environment Area Subscriber density 

in year 10 

Total subscribers 

in year 10 

Urban 122 km2 100 subs/km2 122,000 

Suburban 7,287 km2 39 subs/km2 284,193 

Rural 13,725 km2 13 subs/km2 178,425 

Total  21,134 km2 584,618 
Table 13  Typical BFWA rollout assumptions underpinning the economic evaluation 

 

Using the cell ranges calculated previously, it was found that without the use of beamforming antennas 
around 1,500 sites would be required to meet the coverage needs of this network deployment at rollout. 
In year 10, the loading of subscribers increases the number of sites to around 4,700.  

The costs elements assumed in the model are detailed in Table 14. The costs of WiMAX equipment were 
obtained from the WiMAX forum83. Other costs are from Quotient’s experience with BFWA network 
operators. 

 

                                                        

83 “Business case models for Fixed Broadband Wireless Access based on WiMAX Technology and the 802.16 
standard”, WiMAX Forum October, 2004. 
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Item Cost 

 No 
beamforming 

4-element 
beamformer 

8-element 
beamformer 

Capital costs 

Site acquisition per site £50,000 £60,000 £60,000 

Tower, Cabinet etc per site £5,000 £10,000 £12,000 

Backhaul per site £12,000 £15,000 £15,000 

Base station equipment per site £21,900 £21,900 £21,900 

Channel equipment per sector £2,933 £2,933 £2,933 

Antenna cost per sector £350 £3,700 £6,050 

Installation costs 15% of capital equipment costs 

Operational costs 

Maintenance  7% of capital equipment costs 

Annual site rental per site £14,500 £20,000 £20,000 

Table 14  Equipment and other site costs used for the economic analysis 

 

Clearly, a four or eight element array antenna would be considerable wider than a single element. For 
example, the antenna quoted in Section 5.1.6, whose performance is used in the simulation, has a width 
of 173mm and height of 2057mm. Modified versions of this, incorporating 4 or 8 elements on the 
azimuth plane are estimated to have widths of approximately 360 and 600mm respectively. The estimates 
in Table 14 include allowances for the additional costs involved in acquiring the site, in the structure of 
the tower and in installation that may result from such increases in antenna size. 

The cost savings in relative terms depend upon the total costs faced by an operator including backbone 
network, switching, operations, marketing, customer care and billing. We assumed that backbone 
network costs were 7% of total costs and that administration and marketing was 25% of total costs under 
the no beamforming case for a business of this type. These higher level business costs were assumed to 
be constant for the other scenarios. 

The model estimates of the value of cost savings using Discounted Cash Flow (DCF) analysis based on 
real cashflows and a 10 year period of operation. A real discount rate of 15% was used for the analysis. 
This was benchmarked against Competition Commission estimates for UK mobile network operators in 
its analysis of mobile call termination rates84. The Commission estimated real costs of capital ranging 
from 7.95% to 14.65%, and the value chosen for our analysis lies at the upper end of this range reflecting 
the higher costs of capital typically faced by a new project of this type. 

The Net Present Value of the business costs are shown in Figure 82 relative to the case with no 
beamforming antennas. 

                                                        

84 Vodafone, O2, Orange and T-Mobile: Reports on references under Section 13 of the Telecommunications Act 
1984 on the changes made by Vodafone, O2, Orange and T-Mobile for terminating calls from fixed and mobile 
networks, Competition Commission, 2003. 
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Figure 82  BFWA business costs relative to the case without use of beamforming antennas 

Although the economic impact of introducing beamforming antennas is muted by the scale of other non-
network costs associated with the operation, the savings at between 22% and 33% are still substantial. 
This level of cost reduction has potential to enable deployment in areas that would not otherwise be 
considered viable from a business perspective. However, adaptive beamforming is not the only technique 
available to increase performance. Beamforming antennas must compete, in this and in other 
applications, for development funds against perhaps more established techniques, such as antenna 
diversity and, latterly, MIMO. These have proven capability in similar systems. It is intended that the 
demonstrator built as part of this project would go some way towards investigating the effectiveness of 
an adaptive beamforming antenna in a realistic environment, and hence increase the data available upon 
which an informed view on the worth of such systems may be made. 

5.1.15 Producer and consumer surplus 

The value to society from the implementation of beamforming antennas arises from greater utility 
enjoyed by users of the services and increased profits obtained by producers. However, the value that 
might be attributed to the use of beamforming antennas depends upon how operators take advantage of 
the benefits:  

If operators choose not to lower prices then they will enjoy higher profits and this serves to increase the 
producer surplus; 

If operators reduce the amount of spectrum required then they can make savings on the spectrum 
acquired (possibly through auction) or capitalise on this through secondary trading (assuming that there 
is excess demand for the spectrum); 

If operators choose to reduce prices to customers then this will not only increase the consumer surplus 
for existing customers, but will usually result in a larger market which further increases the number of 
consumer that enjoy the service offered; 

If the prices are maintained but an improved service capability is offered to customers then customers 
will attach a higher value to the service and this also results in a higher consumer surplus. 

All of these aspects tend towards net gains in social benefits arising from the use of beamforming 
antennas. 
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5.1.16 Regulatory impact 

5.1.16.1 Competition 

The use of beamforming antennas can potentially enhance competition in the market in two ways. 

Where beamforming antennas enable operators to reduce costs, operators are able to compete more 
effectively, which has the effect of reducing prices for consumers. Increasing competition in this way 
stimulates competitors to lower their prices and an overall enlargement of the market.  

Where beamforming antennas enable network deployment using less spectrum, spectrum packages may 
become more affordable at auction and new entrants may be able to enter the market where they might 
previously have been outbid by larger, better funded players. 

5.1.16.2 Licensing 

A considerable barrier to the introduction of beamforming antennas in licensed spectrum is regulatory in 
origin. The benefits of beamforming antennas implemented at the base station rely on improvements in 
both the uplink and downlink directions and currently EIRP limits are placed on sites to limit their rf 
emissions. This means that downlink benefits can only be obtained from a base station by relaxing the 
EIRP limits. In our analysis, overall antenna gain in the wanted direction was improved by 6 to 9 dB and 
similar relaxation of EIRP limits would be required to obtain such benefits. 

The main impact of this is upon the geographical definition of licences, such as those required to meet 
internationally agreed emission levels or UK licences designed to share the same frequencies on a 
geographical basis. 

Where beamforming antennas are deployed, the impact on geographically adjacent co-channel licence 
holders is likely to be that peak levels of interference will increase (due to the increased gain directed 
towards particular CPE), however the probability of such interference will decrease (due to the 
directionality of main lobe). Therefore we believe that mean levels of interference will be similar or even 
decrease from the case where no beamforming antennas are being used. 

If the adjacent licence holder also uses beamforming techniques it is possible the impact will be minimal 
and operators could be encouraged to adopt technologies that are mutually beneficial.  

However the increased peak levels may be a problem for non-compatible systems. In this case we 
recommend that emission limits are specified for licences in terms of power flux density limits at the 
boundary rather than EIRP limits at the transmitter. This will limit the advantages of beamforming 
antennas close to the boundary but still enable widespread deployment elsewhere within an operator’s 
network. 

5.1.16.3 Corporate responsibility 

Corporate responsibility is taken increasingly seriously by mobile network operators and care is taken to 
demonstrate this in the form of annual Corporate Responsibility Reports. In particular, public concern 
over the siting of radio transmission masts and the contribution to climatic change due to energy 
consumption has prompted operators to consider these aspects in some detail. 

Beamforming antennas can help in this regard by lowering the number of sites required to deploy a 
network. As well as reducing the overall number of masts, their placement becomes less critical with 
longer cell ranges. However, it should be noted that this benefit is offset somewhat by the larger profile 
of beamforming antenna arrays, which are aesthetically less pleasing. Reduced site numbers also directly 
reduces the energy consumption in the network. 
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5.1.17 Recommendation 

This simulation work has shown that implementing beamforming antennas has potential to provide 
substantial economic benefits for BFWA service providers and should result in higher overall economic 
benefits to society. Therefore we recommend that the use of beamforming antennas be promoted by 
Ofcom. 
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5.2 Smart antennas in WLAN - hardware demonstration 

The application review carried out under this project indicated that BFWA and wireless LAN were both 
suitable candidates for a cost effective adaptive smart antenna system. Given the availability of hardware, 
the use of unlicensed spectrum and the ability to operate and demonstrate in a controlled indoor 
environment, it was considered that WLAN is the more suitable choice for a hardware demonstrator, 
whereas simulation was an appropriate route to investigate the properties of smart antennas in the BFWA 
application. 

 

It had originally been intended to develop the demonstrator around an IEEE 802.11b network. However, 
under direction from Ofcom, this was modified to an IEEE 802.11a WLAN. The principal reason for this 
is that the 5 GHz band is presently under-exploited owing to the perception of relatively poor 
performance compared with the 2.4 GHz band. The origins of this lie mainly in the greater wall and 
space losses at the higher frequencies, which reduce the signal quality and hence the maximum range for 
a given data rate. Overcoming this performance disadvantage would then encourage users to adopt or 
migrate from the crowded 2.4 GHz band. 

 

The role of a smart antenna would be to improve the signal level and reduce the effects of both 
deleterious multipath of the wanted signal, and interference from sources in the same band. The first of 
these may be achieved by increasing the gain of the antenna: suppression of the unwanted signals 
requires the ability to place, and control the placement of, nulls in the radiation pattern. 

 

5.2.1 Requirements 

The broad requirements for the demonstrator follow directly from the above, namely, that it should 
provide adaptive beam and null steering to counter the effects of multipath and co-channel interference, 
whilst providing some useful gain in the direction of the source. In addition, for a demonstration, it is 
necessary to provide a user interface to control the adaptive process and display data to indicate the 
operation of the system. 

 

5.2.2 Implementation 

Current 802.11a chipsets are highly integrated and dedicated to providing only the signals required for 
standard operation. The development of bespoke chipsets is beyond the resource and timescale 
constraints of this project. On this basis, it was decided that the demonstration system would be an 
overlay on a standard 802.11a link, which allowed full control of the training algorithm and detection 
method used. 

 

5.2.2.1 Design and operation 

The demonstrator hardware is depicted schematically in Figure 83. 
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Figure 83  Block diagram of the demonstrator hardware 

 

A simple phased array of four antennas provides the signals into the receiver. The design of the system is 
insensitive to the radiation pattern characteristics of the elements of the array, which may be selected to 
provide the required coverage. The choice of antenna is discussed in Section 5.2.2.3. 

Four identical ‘Direct conversion’ receivers provide IQ drive to an 8 channel 25MHz ADC card located 
in the system PC. A common local oscillator maintains the phase and amplitude relationship between the 
rf input and IQ output 

Captured IQ samples are examined for evidence of the 802.11a fixed preamble sequence by using a 
correlation function against a reference waveform. If this is found, a portion of the sequence is examined 
in greater detail and its amplitude, timing and phase determined. The system then optimises complex 
weights applied to each of the four channels to obtain the minimum error between the actual and ideal 
waveforms using the LMS algorithm. The final error level is used to calculate a SNR value. 

5.2.2.2 User interface 

A user interface has been developed to allow simple control of the demonstrator and display of the 
outputs. A typical screen shot is shown in Figure 84. Amongst other parameters, the interface can display 
the SNR and plot the dynamic polar pattern of the array, inferred from the optimised elements weights. 

For information a selection of other signals can be displayed against time in the Scope window, and the 
weights themselves are plotted on the complex plane. 
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Figure 84  User interface 

 

5.2.2.3 Antenna selection 

As stated above, the design of the system is insensitive to the radiation pattern characteristics of the 
elements of the array, which may be selected to provide the required coverage. For example, omni-
directional elements, such as monopoles or dipoles, can provide beam steering and selective nulling of 
unwanted interference over a full 360 degrees. Elements such as patches would give sectoral coverage, 
but with higher gain. 

Examples of both omni-directional and sectoral antennas were produced, namely four-element arrays of 
monopole, dipole and patch elements. These are shown in Figure 85. 

The demonstrator was initially configured with four sleeve dipole antennas, mounted on a dielectric 
support, rather than on a metallic groundplane. These were selected because they provide 360 degree 
coverage with the maximum gain around the horizon, which is suitable for a demonstration in which the 
wireless access point and client devices are on approximately the same height. For a ceiling mounted 
access point, a more appropriate array element may be a monopole on a ground plane. The coverage 
from this is still 360 degrees in azimuth, but the beam maximum is deflected approximately 45 degrees 
above the ground plane. When inverted and ceiling mounted, this provides enhanced gain towards clients 
further from the access point. 

 

The nearest neighbour element spacing in the dipole array was chosen to be approximately 0.3 
wavelengths, resulting in a spacing across the diagonal of a little less than a half wavelength. This 
provides a good compromise between nulling performance and the prevention of grating lobes. 

 

Most of the development of the adaptive system was performed with the dipole array The patch array 
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was provided as an alternative antenna, in part to demonstrate that the system is tolerant to the antenna 
characteristics. Unlike many implementations, the adaptive technque selected here does not 
requirecalibration of the in-situ performance of the antenna. Element pattern data needs to be provided 
only to depict the resulting array pattern during adaption, they are not used within the adaption process 
itself.  

 

  

 

 

Figure 85  Antennas provided for the demonstrator. Top, dipole array. Bottom, patch array 

 

5.2.2.4 Construction 

The receiver rf design is based on 50 Ohm surface mount blocks (amplifiers and mixers), mounted on a 
low loss Rogers PCB. This is shown semi-schematically in Figure 86. This PCB is repeated four times – 
once for each of the four channels. 

An external signal generator acts as a common local oscillator for all four channels to maintain the phase 
relationship. An internal Mini-Circuits splitter provides isolated feed ports to each mixer. 

Extra amplification, buffering and filtering of the IQ baseband signals is provided by Wideband MAXIM 
op amps, mounted separately. 
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Figure 86  Receiver PCB (one of four) 

 

The receiver boards were installed in a conducting case with the antenna array mounted on a dielectric support 
structure above the case, as shown in Figure 87. Power was provided from external supplies. 

 

  

Figure 87  Installation of antennas and adaptive hardware 

 

5.2.2.5 Software 

Calibration 
To ensure the fidelity of the IQ signal from each receiver, the mixers were characterised and calibration 
data recorded. It should be noted that this calibration is to enable correction of the differences in the 
receive channels, not from differences in the antenna characteristics. 

The errors take the form of gain and phase differences both between the I and Q components and 
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between receivers, which are apparent when a common CW signal injected into all four receivers results 
in different ellipses on an I/Q display. A software package, AKS02 (shown in Figure 88), was written to 
show this effect, using a difference frequency between the injected signal and the LO of 312.5kHz 
(which has a period equal to the length of an 802.11a symbol). 

 

 

Figure 88  Detected IQ signals for equal input signals 

 

The levels and phases of the I and Q components were measured and corrections of the form 
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derived from simple trigonometry. When these coefficients were applied to the I and Q components the 
resulting corrected signals appeared aligned in both amplitude and IQ quadrature, as seen in Figure 89. 
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Figure 89  Corrected IQ signals after calibration 

 

Furthermore, the very slight gap in the circular traces slightly to the right of the top of the circles, which 
can be seen to be present for all traces, confirms phase alignment, which is confirmed in the trace of all 8 
signals against time (Figure 90). 
 

 

Figure 90  Overlay of the eight corrected IQ signals 

 

The 16 calculated coefficients were saved to a calibration file for each 802.11a channel. 
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Adaptation to an IEEE 802.11a signal 
The 802.11a standard provides a synchronisation sequence, which ideally has the form shown in Figure 
91. The demonstration system uses this as the known reference, against which the received signal is 
correlated.  The demonstration software runs in a continuous loop, snatching 2048 IQ samples (at 
25MHz) into memory and, after applying IQ calibration and summation according to the current weight 
values, performs a 2048 point circular correlation against this ideal synchronisation sequence. 
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Real
Imaginary
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Imaginary
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Figure 91  Ideal synchronisation sequence 

 

The ADC card has a gating input which is fed from the drive to the 802.11a unit’s transmit switch, thus 
ensuring that transmissions from the unit in the same PC as the smart antenna would not be captured. 

If a correlation is not detected then the data is discarded and a new set of sampled obtained. 

Otherwise, a 3.2 µs (80 sample) section of the first half of the sequence (dotting) is selected for further 
processing, in which a further correlation reveals the amplitude, timing and phase of the pattern. 

The selected algorithm is then run. This varies from the simple selection of a single antenna element 
through co-phasing of the elements (i.e. no amplitude control) to maximise the response in a specified 
direction, up to the smart algorithm. 

The smart algorithm involves running an LMS adaptive filter using the above pattern as a reference, 
attempting to train the weights such that the difference between this reference and the filter output (the 
weighted sum of the four antenna signals) is minimised. To ensure that the training achieves its aim, the 
process on this 80-sample data block is performed 16 times in succession, during which time the 
coefficient update gain coefficient is reduced – a standard technique to allow initial agility but then 
reduced noise. 

After each algorithm the weights are normalised. Since the original concept was to provide a fixed gain 
(rather than the fixed output level that is common on static communication links), the reference 
amplitude is derived from measurements on the weighted received signal. This circular relationship 
makes some growth or decay inherent unless steps are taken to prevent it. The simplest approach is to set 
the amplitude of the largest weight to unity (other approaches, like setting the RMS value of the weights 
to unity) were tried, but none proved superior. 
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The measurements of signal and signal error are separately squared and divided to give an SNR value, 
which is filtered slightly and displayed numerically and on the user interface as a bar graph. 

The weights are plotted on a complex grid so that their relationship and movement can be seen. 

Combining the azimuth responses of each antenna element (data supplied by European Antennas Ltd) 
according to the weights allows the cumulative antenna response to be plotted. 

When all this has been done (after perhaps 200ms) the program loops back to acquire the next block of 
signal. 

5.2.3 Demonstration 

As part of the overall project, a demonstration day was held in early December 2005. Approximately 30 
people attended the day, which was held on the site of Plextek Limited, in Cambridgeshire. Presentations 
were given in the morning by each participating organisation, covering all aspects of the project. These 
were followed by a demonstration of the operation of the smart antenna. The presentations will be made 
available on the Ofcom web sit following completion of this project. 

 

The scenario for the demonstration is depicted in Figure 92. The equipment was set up in a large room on 
Plextek’s premises, with the 802.11a access point at one end of the room, and the smart antenna 
(comprising the PC running the demonstrator code c/w 8 channel ADC, the hardware, an LO signal 
generator and amplifier, and an 802.11a PCI receiver) at the other. An additional signal generator and 
horn were also provided to generate controlled interference. 

A long .avi file was transmitted over the 802.11a network and played (and viewed) on the smart antenna 
PC. The smart antenna hardware and software’s response to this transmission (and the movement of the 
observers) was the object of the demonstration. 
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Figure 92  Demonstration scenario 
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5.2.3.1 Results 

With dipoles fitted it was immediately apparent that significant multipath existed, as steering a beam 
manually showed SNR figures rising and falling in time and with direction, although there was an 
improvement over the SNR from a single dipole. Regardless of the scenario, however, adaptive operation 
consistently showed a higher and more stable SNR, typically improved by approximately 10dB, which 
confirmed that the spatial algorithm was indeed adapting to the received signal as predicted. This 
improvement was seen to be obtained in the relatively dynamic multipath environment caused by the 
presence of a number of people (approx 15) in the room, some of whom were moving between the access 
point and client. Screenshots of the user interface during operation in a similar set-up are shown in Figure 
93. 
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Figure 93  Beam options explored 

 

The smart operation also demonstrated the ability to reduce the effect of the intentional interference, 
placing a null in the beam at the bearing of the interferer. In this case, the smart antenna was set to omni 
mode, and the interference level adjusted to provide about 0dB S/I ratio. When adaptive operation was 
enabled, the antenna succeeded in providing a sustained improvement in S/I of between 20 and 25dB. 

The dipoles were replaced by the sectoral coverage patch array, orientated to place the access point 
within the antenna’s coverage. It was demonstrated that no adjustment was required to allow the system 
to train with this antenna and hence maximise the signal quality; the only change made to the system was 
that the pattern characteristics of the dipoles were replaced by those of the patch. However, these data are 
use only for display of the radiation pattern, and not for the training process itself. The main observations 
on changing the antenna were that the S/N was improved by about 7dB compared with the dipole 
antenna, and that the calculated antenna weights were more stable in time. These are to be expected from 
the higher gain of the antenna and its narrow beam, which offered some inherent rejection to multipath 
signals outside the man beam. 

176 



Smart Antenna Technology CUL/EM/030854/RP/06 

Final Report (Issue 2) 

 

6 Adoption issues 
The results of the simulation and demonstration performed under this project indicate that significant 
benefits could be derived from the use of adaptive smart antennas, particularly in the BWA application. 
However, as has been noted, adoption is far from widespread. 

 

With the explosion in rf applications and devices over the past decade, the required rf components have 
already undergone extensive development; the challenge here is in packaging and in cost reduction for 
specific applications, particularly those, such as WLAN, aimed at cost conscious consumers. Similar 
comments apply to the digital processing hardware. However, the technology and performance 
requirements of the adaptive antennas are very similar to those presently being embodied in, for example 
MIMO hardware. Even in pre-standard form, chip-set costs of a few dollars have been achieved, 
allowing MIMO products to be offered on the market at similar prices to more conventional equipment. 
Indeed, some hardware incorporating MIMO techniques is already available for both WLAN and BWA 
(see Section 2.6). From this we may conclude that the more widespread adoption is not impeded by a 
fundamental lack of capable technology, or by the likely unit cost impact once in production. 

 

Hardware incorporating other smart antenna techniques is, or has been, also available for both BWA and 
WLAN. However, with few exceptions, these products have struggled to be successful commercially (see 
Section 2.6). The apparent failure of the technology may be due, at least in part, to the slower than 
expected growth in the BWA market, possibly caused by the ubiquitous availability of wired access at a 
competitive price. There are now indications that the BWA market is becoming more enthusiastic, and 
the adoption of smart antennas may assist this in due course by lowering both rollout and operating costs 
(Section 5.1). 

 

In WLAN, the complementary approach of MIMO has become popular over the past 18 months, with the 
launch of a number of products. Although a full standard has yet to be ratified, MIMO is serving its users 
well in the 2.4GHz band, offering several times the data rate of the 802.11g standard. 2.4GHz WLAN in 
the office or home location is an ideal application for MIMO, with its rich multipath, and the adaptive 
antenna has perhaps little to offer over MIMO. However, in lower multipath environments, for example 
in open WLAN installations, the capabilities of adaptive systems complement those of MIMO. In the 
5GHz band, where losses reduce both signal and multipath, the adaptive system can offer both S/N and 
S/I improvements, potentially providing comparable performance to the 2.4GHz system and encouraging 
migration from the more congested band (Section 5.2). 

 

The above points indicate that adaptive smart antennas have a role to play in improving system 
performance, offering this benefit at a cost effective price. As far as hardware is concerned, and given 
buoyancy in the target markets, new adaptive antenna products could be available relatively rapidly, 
requiring only product, not technology, developments; a conservative estimate, based on existing product 
life cycles, of time to market would be 12-18 months. However, the regulatory environment also needs to 
be considered. 

 

With the exception of diversity type systems, a smart antenna generally improves performance by 
shaping the antenna pattern, either explicitly, as in the case of beam steering, or as a consequence of 
antenna element weight adaptation. To gain maximum advantage from the adaptive system, such 
antennas would be used for both receive and transmit. This can result in increased antenna gain, and 
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potentially an increased effective isotropic radiated power (EIRP). In order to take full advantage of 
smart antennas it may be necessary to modify the regulatory requirements to allow for this higher EIRP. 
For example, in the BWA example simulated under this project, the beam adaptation resulted in a 6 to 
9dB increase in gain (Section 5.1). The main impact of this is upon the geographical definition of 
licences, such as those required to meet internationally agreed emission levels or UK licences designed to 
share the same frequencies on a geographical basis. 

 

Where beamforming antennas are deployed, the impact on geographically adjacent co-channel licence 
holders is likely to be that peak levels of interference will increase (due to the increased gain directed 
towards particular user), however the probability of such interference will decrease (due to the 
directionality of main lobe). Therefore we believe that mean levels of interference will be similar or even 
decrease from the case where no beamforming antennas are being used. 

 

If the adjacent licence holder also uses beamforming techniques it is possible the impact will be minimal 
and operators could be encouraged to adopt technologies that are mutually beneficial.  

 

However the increased peak levels may be a problem for non-compatible systems. In this case we 
recommend that emission limits are specified for licences in terms of power flux density limits at the 
boundary rather than EIRP limits at the transmitter. This will limit the advantages of beamforming 
antennas close to the boundary but still enable widespread deployment elsewhere within an operator’s 
network. 

 

The resolution of the regulatory issues is believed to be required before adaptive smart antennas can be 
used to their full potential; it is considered unlikely that significant adoption will take place before this 
time, even under buoyant market conditions. 
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7 Conclusions 
This project set out to investigate the use of adaptive smart antennas in wireless systems. The course of 
the work has identified applications likely to benefit from early adoption of the technology. Two in 
particular, namely BWA and WLAN, were selected for further investigation owing the expected match 
between their requirements and the capabilities of smart antennas. In BWA, the use of smart antennas 
was expected to reduce the number of base stations required by increasing system range, bringing 
economic benefits. In IEEE 802.11a WLAN, the ability to provide adaptive gain offers the possibility of 
overcoming a significant drawback of the 5GHz band, namely a lack of range, owing largely to wall 
losses, and so encourage users away from the overcrowded 2.4GHz band. The ability to null interfering 
signals gives the system protection should the 5GHz band become crowded in the future, and from the 
effects of interference from users of other system in the shared regions of the band. 

 

A combination of computational modelling and experimental demonstration has been employed to 
illustrate the benefits that can be derived. Specifically, the computational modelling task concentrated on 
BWA networks, and forecast the benefits to be considerable, including: 

• Increase in cell range of 40-70%. 

• Reduction in spectrum required 60-70%. 

• Reduction in network cost by up to 50% - resulting in a reduction in total business costs of up to 
one third. 

 

The use of a smart antenna in a WLAN system was investigated experimentally, using commercial IEEE 
802.11a hardware, augmented by a smart antenna system that was developed during the course of this 
study. During both bench testing and a live demonstration, in which moderate/severe multipath was 
present, the antenna was seen to provide an improvement of typically 10dB in signal/noise ratio, 
corresponding to a range increase of approximately three times in a noise limited environment. 
Alternatively, the performance improvement would offset the high propagation loss through walls that is 
experienced in the 5GHz band - this loss is typically 10-12dB, compared with less that 3dB in the 
802.11b/g band. This would provide the user with the capability that can be achieved in the lower band, 
but without the congestion often experienced there, and help to encourage migration into the presently 
under utilized 5GHz band. In an interference environment, unwanted signal rejection in excess of 20dB 
was demonstrated – equivalent to moving the interfering source ten times further away. In typical 
situations, with comparable power in the interfering and wanted signals, this level of interference 
reduction allows near full data throughput, increasing utility in congested situations. 

 

A smart antenna may be realised with conventional radiating structures and beamforming elements and 
commercially available digital signal processing hardware. However, the use of novel materials 
technology can give more flexibility over the design of antennas, allowing, for example, size reduction or 
the geometry to be tailored more suitably to the package into which the device must be integrated. In the 
example development undertaken during this study, the use of novel metamaterials allowed a height 
reduction of about 90% in an antenna with a monopole-like pattern. 

 

The availability of appropriate technology does not seem to be an impediment to the more widespread 
use of adaptive smart antennas. The main causes of the slow adoption appear to lie in the availability of 
competing technology, in the market conditions and in the regulatory environment. The principal 
competing technology is MIMO; for example, its use is rising rapidly in WLAN, and it is expected to be 
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commonly employed in other systems in the future. Despite this, there are circumstances, in particular 
low multipath environments, where the adaptive smart antennas should out-perform MIMO. 

In terms of performance and cost improvements, adaptive antennas would give significant advantages in 
BWA-like applications. However, this is an area where the market conditions, up to now, have slowed 
uptake; there are indications that this will change in the future. 

The regulatory issues arise principally from an increase the EIRP that is generally a consequence of 
employing an adaptive antenna on the downlink. While the effect of this on other systems may be 
minimal, particularly on those that also use smart antennas, modifications would be required to the 
present regulations. it is unlikely that significant adoption will take place before this takes place, even 
under buoyant market conditions 
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