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Abstract. The ACE Network of Excellence was a European 
Commission funded Network of Excellence, which lasted 
from 2004 to 2007. One of the activities performed by this 
Network was in the frame of terminal antennas. In this 
activity, three aspects were covered in three projects: 
Small antenna technologies, small terminal antenna tech-
nologies and benchmarking of small terminal antennas 
measurement facilities. The overall aim was to identify the 
newest trends in antenna design and measurement for 
personal communications devices, and suggest novel solu-
tions and design methodologies for various applications. 
The results of this work are presented in this paper. 
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1. Introduction 
The Networks of Excellence were introduced in the 

6th Framework Program of the European Union as a new 
instrument to integrate and structure research activities 
around Europe, to increase the relevance of their results by 
avoiding overlapping [1]. Among them, the Antenna Cen-
tre of Excellence (ACE, 2004-2005) was created, comple-
menting the activities of the COST 284 action: "Innovative 
Antennas for Emerging Terrestrial & Space-based Appli-
cations" [2]. ACE 2 (2006-2007) follows up the work 
started in ACE, to try to achieve a durable structuring. In 
this contribution we give an overview on the activities on 
small and terminal antennas done within ACE and ACE 2. 
The work has been divided into three main domains: Small 
antenna technologies, terminal antenna technologies and 
the benchmarking of small terminal antennas measurement 
facilities. The two first aspects cover the fundamental 
physics behind electrically small antennas, design, simula-
tion and the prediction of new trends, whereas the third is 
related to the specific problematic of small antenna 
measurements. 

2. Small Antenna Technologies 
The evolution of the wireless communication services 

in the past decades have put new and interesting challenges 
to antenna designers: not only does the physical space 
allotted to antennas decrease with each new generation of 
handsets, but more and more services (working in different 
frequency bands) have to share the same space. This 
evolution, along with the apparition of services like RF-IDs 
and sensing require the use of devices with high energy 
efficiency. The future, therefore, lies in small, internally 
mounted, antennas that are able to work well across a large 
bandwidth. Neither the radiation mechanism nor the design 
of small antennas in modern applications such as Ultra 
Wide Band, MIMO systems and sensor networks, can be 
understood with traditional radiation theories for small 
antennas. New antenna requirements entail new modeling 
tools and new design technologies. Since the compactness 
of the RF transmitter and receiver is increasing, the effects 
of integrating the antennas with the active element are 
studied. The newest trends in compact small antenna 
design have to be rapidly detected. The aim of our work is 
to optimize the existing design methodologies, and make 
use of the possibilities offered by new methodologies 
applied to small antennas. 

Different downsizing techniques and their implication 
on antenna performances have been studied in literature 
see for instance [3], [4], and can be summarized as follows:  

• The use of parasitic resonators to obtain a double re-
sonant behavior; 

• Slit etching as a way of increasing the electrical path 
while maintaining physical size; 

• Short-circuiting walls to utilize the half-size reduction 
factor; 

• Dielectric loading, especially in packaged applica-
tions, for further size reduction at the cost of lower 
efficiency; 

• Loading with lumped reactive circuit elements like 
capacitors or inductors, at the cost of a narrower 
bandwidth. 
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These downsizing solutions are however not suffi-
cient when the new applications (UWB, MIMO, RF-ID) 
are considered, as the quality of these devices require ad-
ditional criteria : UWB system for instance asks from an-
tennas a very large frequency band, but also a very short 
impulse response, a phase centre which remains fixed over 
the entire frequency band and a high radiation efficiency. 
An important indicator of the quality of a MIMO system is 
the channel capacity. This capacity depends on many fac-
tors, namely the number of transmit antennas and their 
spacing, the number of receive antennas and their spacing 
and the multipath environment and, in particular the spread 
of direction of arrival angles. As result the antenna is get-
ting more and more interrelated with the system parameters 
(RF active parameters and channel parameters) which leads 
to the recommendation of considering the antenna as a 
central part of the system, designing its parameters in the 
context of the full system optimization.  In consequence, 
the actual modeling techniques basically formulated for a 
single port resonant antenna are not adequate anymore, and 
a deep approach to the requirements, modeling and design 
techniques for the future small antennas must be carried 
out, which implies a special effort. An intense ongoing 
research work is being done in this direction. 

As an illustration to the problems sated above, let us 
consider the design, measurement and modeling problems 
induced by a new family of antennas, wearable antennas. 
Two main types of such antennas exist, flexible one, which 
are made of printed antennas on textiles, or rigid, button 
shape antennas. In both cases, new challenges are posed to 
the antenna designer: 

• The dielectric substrates used are new (mostly tex-
tiles), and specific dedicated measurement procedures 
have to be set up to obtain their dielectric constant 
and loss factor; 

• The entire system will be worn by the user, but should 
also be functional without the presence of the user, 
which means the design has to be robust to a drastic 
change of environment; 

• The system has to be characterized in presence and 
absence of the user. 

The same kind of consideration can be done for 
a large number of upcoming products and services.  

3. Small Terminal Antenna 
Technologies 
This activity focuses on two main directions: the 

identification of emerging needs, trends and standards for 
the future on one hand, and the study of upcoming novel 
application on the other. 

3.1 Future Trends 
This first focus can be subdivided in five actions: 

• The follow-up of the review of novel applications, 
technologies and materials; 

• The assessment of the effect of deep integration of the 
antenna into the system, with a special focus on the 
coupling mechanism between the radiators them-
selves and the surrounding devices; 

• The review and assessment of design methodologies; 

• The review of dedicated analysis tools; 

• The review of dedicated optimization tools. 

Once these reviews and critical assessments are fi-
nalized, the result obtained will be summarized into a new 
set of guidelines.  

3.2 Small Terminal Applications 
This second area of focus is centered on the problems 

created new small terminal applications.  

Multi-antenna systems and MIMO 

The optimization of multi-antenna topologies should 
be done taking into account the MIMO system perform-
ance point of view. Indeed, in new systems such as UMTS, 
multi-element antenna structures in the terminal are 
a popular way to achieve antenna diversity, in order to im-
prove the link reliability needed for reaching high data 
rates. 

It has been shown that MIMO wireless systems can 
provide increased capacity in rich multipath environments 
[5]. MIMO antenna systems can be used in a mobile termi-
nal to fight the impairments of the propagation channel, 
and thus obtain additional gain over other well-established 
classical strategies. 

This is also a very interesting solution for nomadic 
applications, such as laptops in a WiMAX environment 
[6]. In a small mobile terminal the number of antenna ele-
ments may range typically from two in a small handset, to 
four in a PDA, and up to sixteen or even more, in a laptop 
computer [7]. A realistic number of antenna elements 
placed on the quite small mobile terminals is probably less 
than five. In this context especially dual-polarized antenna 
elements are interesting, as they enable locating two anten-
nas in the same volume. Moreover, as 2G and 3G mobile 
networks will continue to coexist during a certain period, 
one antenna for each communication standards will have to 
be integrated above the same terminal [8] or at least, when 
the radio front-end modules will reach maturity, a multi-
band antenna covering the involved standards [9]. 
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Digital broadcasting, UWB systems 
One of the latest upcoming trends in mobile commu-

nications technology is the reception of digital-TV on mo-
bile terminals. Besides the reception of public video 
streams it would also be possible to use this broadcast 
technology for other large-bandwidth data traffic (in the 
reception side), such as general or commercial localized 
information distribution. Antennas for DAB terminals must 
therefore be adapted to cover these bands with a reasonable 
performance. 

RFIDs 
The great appeal of RFID technology is that it allows 

information to be stored and read without requiring either 
physical contact or a line of sight between the tag and the 
reader by using electromagnetic waves. The key design 
challenge is achieving tag antennas with sufficiently high 
gain. The tags are furthermore required to be small in size 
and mechanically robust against vibrations. In spite of the 
downsizing techniques that are used in order to design such 
meandered antennas, their dimensions are still quite large 
in comparison with the rest of the circuitry. 

Body Area networks 
Future mobile communications systems will include 

so-called body-centric configurations, with modules dis-
tributed all over the body of the human user, forming 
a "Body Area Network" (BAN). Such wireless networks 
should provide a communication system available in all 
circumstances, with a high degree of reconfigurability, yet 
unobtrusive to the wearer. Such on-body networks have to 
respond to unique problems, related to the rapid changes in 
the communications channel. Indeed, the later will change 
depending on the subject carrying the equipment, and even 
on the position of the wearer. 

In-Body applications 
Designing antennas for in-body applications is very 

challenging, due to reduced antenna efficiency, the need to 
reduce the antenna size, the impact of the environment and 
the multipath losses. However, the apparition in medical 
applications of ultra-small devices (which can be injected 
into a vein, for instance) and the need to be able to com-
municate with them is leading to need of ultra miniaturized 
antennas optimized for working in lossy media. Indeed, the 
frequency bands foreseen for these applications are the 
standard MICS band (402-405 MHZ), the Body Area Net-
work (BAN) band (433-434 MHz) and the ISM band at 
2.45 GHz, which means that the allowable antenna size for 
an implantable device can be as small as 0.03 λ.  

There are some works about implantable antennas in 
literature. Most of them concern antennas for therapeutic 
applications [10], [11] (hyperthermia, balloon angioplasty, 
etc.) or for sensing applications. In both cases, the antennas 
works in its near field, and propagation over a certain dis-
tance is not an issue. The situation is completely different 
in telemetry applications, where the antenna is used to 
transmit diagnostic information [12], [13]: in this case, 
features like the radiation efficiency and the bandwidth 

become essential in order to provide transmission over a 
large enough range with a high enough data rate.  

4. Benchmarking of Small Terminal 
Antennas Measurement Facilities 
Benchmarking of test facilities is a work package in-

cluded in the small terminals and smart antennas activity 
within ACE – Antenna Centre of Excellence [1]. Among 
the main objectives of the work package are the definition 
of test cases for the characterization of terminal antennas 
and the comparison of results from measurements per-
formed at different antenna test facilities around Europe.  

Usually, antennas are characterized by their radiation 
patterns. This is useful when the lobes are narrow and there 
is line of sight between the two sides. For the case of ter-
minal antennas, e.g. mobile phone and PDA antennas, the 
environment varies with time and is complex with several 
scatterers, so it can only be described statistically. A better 
way to describe the radiation characteristics of terminal 
antennas is to use the total radiation efficiency. This in-
cludes contributions from losses in the antenna itself, 
losses in the near-in environment of the antenna and im-
pedance mismatch. When the impedance mismatch is not 
included, we call the remaining factor the radiation effi-
ciency. The total radiation efficiency is a correct measure 
of the quality of antennas that are designed for use in a so-
called uniform multi-path environment, where there is no 
“line of sight” to the base station and reflected and scat-
tered waves come in with equal probability from all direc-
tions in space. Total radiation efficiency can be measured 
using many different methods, e.g. by measuring the 3D 
radiation pattern and integrating, using a reverberation 
chamber [14] or a Wheeler cap [15]. Therefore, a test case 
that should be used for benchmarking of different test fa-
cilities must be constructed so that it can be used in differ-
ent set-ups and at the same time be configurable so that 
several test cases can be defined. It is also an advantage if 
the test case is simple enough to allow numerical simula-
tions with good accuracy for enabling additional compari-
sons. The developed test fixture fulfils these requirements 
and can be used for both efficiency and diversity gain 
measurements.  

For the active devices total radiated power (TRP) and 
total isotropic receiving sensitivity (TIS) are measured. 
TRP is measured for two test cases: a GSM phone with 
special software allowing it to radiate at a constant power 
level, and a specially developed 1.875 GHz device. Sensi-
tivity is measured for a standard GSM phone, and therefore 
a base station emulator is needed for these measurements. 
Both the TRP and the TIS measurements for the GSM 
phones are done with the phone both in a free space posi-
tion and in a talk position close to a head phantom. TRP for 
the 1.785 GHz device is only measured for free space con-
ditions. An overview of the different test cases can be seen 
in Fig. 1. 
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Fig. 1. Benchmarking test antennas. 

As an example of results that came out of the comparison 
of the different testing equipment, the total radiation effi-
ciency for a 5.2GHz slot antenna measured at ten facilities 
is shown in Fig. 2. The maximum deviation from mean is 
of 2.7 dB. 

 
Fig. 2. Benchmark antenna and benchmarking results. 

5. Conclusions 
In this paper, we presented the main activities of the 

ACE Network of Excellence in the field of terminal anten-
nas. The discussions and work covered three main domains 
of this field, mainly new trends, new technologies and 
issues related to the characterization of electrically small 
antennas. 
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