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Abstract

Thisthesis deals with the design of high-efficiency antennas for small mobile communi cations devices.
Owing to the continuoudly stricter requirements set for multisystem mobile terminals, the ongoing
need for efficient antennas in personal mobile communications is evident. In this work, the entire
system consisting of the antenna; the mobile terminal working actually as part of the antenna; and the
user of the terminal is considered. The ratio between the power radiated into the free space and the
antenna input power, i.e. the total efficiency of this system, forms a general concept for the studies.
The total efficiency is partly affected by the losses in the antenna element. As the antenna efficiency,
bandwidth, and volume are strongly interrelated exchangeable quantities, it is essentia to find other
approaches for enhancing the antenna efficiency than simply sacrificing other performance. Further,
the metal chassis of a mobile terminal has to be part of the antenna element design because of its
considerable effect on antenna performance. In addition, the total efficiency of the entire system is
partly affected by the losses owing to the user. Thus, the evaluation of antenna performance is equally
important when the mobile terminal islocated near a user or when it isin free space. The main goal of
this work is to provide novel and useful information for the design of mobile termina antennas with
special emphasis placed on the maximization of the total efficiency.

To obtain necessary background understanding for the design of antennas with minimized user
interaction, the general energy-absorption mechanism in the human tissue is studied in thisthesis. It is
shown that the peak SAR (specific absorption rate) is not actualy related to the antenna current, as has
been commonly believed. Instead, the SAR maximums can be explained by inspecting the antenna's
quasi-static electric near field components perpendicular and parallel to the surface of the tissue at the
air-tissue interface and utilizing the boundary conditions of quasi-static fields at the interface. As SAR
is directly proportiona to the total electric field in the tissue, the SAR distributions caused by a certain
antenna differ considerably in tissues with different permittivity values, e.g. brain and fat.

The bandwidth, efficiency in talk position, and SAR performance of a typical monoblock handset
antenna-chassis combination is comprehensively investigated in this work for clarifying the roles of
different parts of the radiating system. The system is treated as a combination of the separate
wavemodes of the antenna element and the chassis. Based on the results, guidelines are given to
control or analyze the combined performance both in the sense of radiation properties (bandwidth,
efficiency) and user interaction (SAR). It is aso demonstrated that there is a connection between the
studied three performance parameters. a local maximum in SAR vaues and a loca minimum in
radiation efficiency occur when the bandwidth reaches its maximum and the resonant frequency of the
chassis equals that of the antenna.

The suitability of dielectric resonator antennas (DRA) for mobile terminals is studied theoretically and
experimentally with the main attention paid to the loss characteristics. It is observed that DRAS are
appropriate for this purpose especialy when very small antenna elements are needed. As an
application example, a novel means to realize a high-performance dual-resonant antenna design for
mobile terminalsis presented.

In addition, losses in the frequency-tuning circuits of small resonant antennas are systematically
investigated. Design guidelines for tuning circuits with minimized losses with respect to the achievable
tuning range are given. Based on the proposed theory, a low-loss tuning circuit with suitable
characteristics for mobile termina antennasis introduced.
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1 Introduction

1.1 Background

The evolution of persona communications systems has increased the need for the development of
small antennas for mobile terminals. Currently, the tendency in wireless communications is in
universal multisystem terminals: modern mobile handsets need to operate in various systems and thus
in severa frequency bands. It is necessary to have a high-performance antenna for each system. Some
of the systems will also require the use of diversity antennas. In these respects, the number of antennas
in amobile termina will increase.

For some time, the main trend has been in interna antenna elements instead of externa whip and helix
antennas used previousdly in handsets. As there is a limited space for antennas inside the casing of a
terminal, antennas with as small size as possible are needed. One great chalenge in the antenna
development is to redize compact antenna e ements with sufficient bandwidth and high efficiency, as
there is a strong interrelation between the antenna volume, bandwidth, and efficiency. It is not
reasonable to simply improve one property while trading off another. Instead, alternative methods have
to be found. Besides, universal antenna elements cannot be realized because the antenna performance
depends strongly on the size of the meta parts of the device onto which the antenna is mounted
(chassis) and the location of the antenna on it. The antenna couples currents on the chassis, and the
device itself works as part of the antenna. Actually, the user of a mobile termina is also a part of the
radiating system, as the nearby human tissue affects the electromagnetic fields of the device. Thus, the
entire mobile communications device and its user have to be part of the antenna design.

The ongoing need for further antenna development originates from severa aspects, one being the
continuously stricter requirements, e.g. bandwidth-to-volume ratio, set for antennas in multisystem
mobile terminals, another being the radio frequency (RF) exposure limits, which al mobile termina
devices must meet in al conditions. The reduction of the absorption of RF power from mobile termina
antennas by the users will also make the antenna more efficient, which is another important reason for
investigations on mobile terminals in the vicinity of a user. Owing to the limited energy available, a
handset antenna has also to have as high free space efficiency as possible. A high-efficiency antenna
leads to technical advantages, such as lower power consumption, and thus a longer standby and talk
time of the phone.

1.2 Objectivesof the work

In this thesis, the entire system including the antenna; the mobile terminal being an important part of
the antenna; and the user of the terminal is considered. The main emphasis is put on the maximization
of the total efficiency of this system. This can be defined as the ratio between the power radiated into
the free space and the antenna input power. The ratio is affected partly by the losses in the antenna
element, partly by the losses in other mobile terminal parts, such as the plastics, battery, and display,
and partly by the losses owing to the user. The studies of this thesis are limited to antenna element and
user | osses.

The general objective of this work is to provide novel and useful information for the design of mobile
termina antennas. One of the main purposes is to improve the understanding of the basic energy-
absorption mechanism in the human tissue, as the earlier knowledge on this issue seems to be
somewhat unclear. Another important purpose is to comprehensively investigate the combined
performance of a small antenna and chassis, because the effect of the mobile termina chassis on the



antenna performance is known to be significant, but the existing analysis is inadequate. In this work,
specia attention is paid to the user interaction of an antenna-chassis combination. A further aim is to
study new approaches for realizing efficient mobile termina antennas with compact size and sufficient
bandwidth.

1.3 Contentsof thethesis

This thesisis divided into two parts. In the first part, an overview of the main design issues for mobile
termina antennas is presented including considerations for both the antenna e ement and the antenna-
chassis combination. In addition, this part includes a discussion on the basic energy-absorption
mechanism; and short descriptions of dielectric resonator antennas and of the frequency-tuning of
small resonant antennas. The first part aso forms a summary of the work, which is given to introduce
the background of the actual scientific work presented in the enclosed papers [P1]-[P7] forming the
second part of this thesis. In [P1], the general energy-absorption mechanism is discussed. The
combination of a mobile handset antenna and chassis is studied theoreticaly and experimentdly in
[P2], and its bandwidth, specific absorption rate (SAR), and efficiency performance is further analyzed
in [P3]. Paper [P4] describes the general characteristics of half-volume rectangular DRAS, and paper
[P5] presents a wideband DRA application for mobile terminals. A design method for frequency-
tunable antennas is proposed in [P6]. Based on the theory of [P6], a practical frequency-tuning circuit
for mobile handset antennas is introduced in [P7] to demonstrate a handset application.
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2 Main requirementsfor mobileterminal antennas

Antenna elements of mobile terminals can be defined as small antennas. A common definition for a
small antenna is that its greatest dimension is limited to be smaller than A¢/4 including any image due
to ground plane [1]. Here, Ay is the free space wavelength. Resonator theory can be applied to small
antennas, as near its fundamenta resonance, any small antenna can be approximated as a resonant
circuit, where a feed arrangement is added. A small antenna is not ways in itself resonant, in which
case amatching circuitry is added to achieve resonance.

In this chapter, the general requirements for small antennas in wireless mobile terminas are briefly
presented to be able to understand the basic challenges and limitations in antenna design. At present,
microstrip-type antennas are most commonly used in handsets. Therefore, most examples in this
chapter refer to this antenna type. However, the presented requirements apply to al types of antennas
in wireless mobile terminals. The primary requirements concern the volume occupied by the antenna
element and the electrical performance with bandwidth, efficiency, and specific absorption rate as the
most significant parameters. Only the most important performance requirements are discussed here
leaving out the essential requirements for antennas in commercial products, such as fabrication
considerations and antenna cost. In addition, the effect of the termina chassis, which is significant
from the basic operation point of view, is excluded from this chapter. However, that issue is
comprehensively considered in Chapter 4.

21 Size

In a mobile handset, there is only a limited space provided for an antenna. Thus, handset antennas are
required to be small in volume. A convenient shape of a mobile casing calls for low-profile antenna
structures. In general, the aim is a small-size broadband effective antenna. However, the antenna
dimensions cannot be diminished endlessly without antenna performance being affected, as will be
discussed in the next section. Hence, designing small antennas is aways a trade-off between the
antenna size, bandwidth, and efficiency.

2.1.1 Fundamental limitationson sizereduction

An antenna element couples to a free space wave, which has a settled wavelength value depending
simply on the operating frequency. This forms the basis for the limitations on small antenna size
reduction. The main studies of the fundamental limits and antenna performance have been published
aready tens of years ago [1], [2], [3], [4], [5], [6], [7]. They show that the impedance matching of a
small antenna can be achieved efficiently only over a narrow bandwidth. The smaller the antenna size
relative to the wavelength is, the narrower the achievable bandwidth becomes. When reducing the
antenna size, the radiated power also decreases in comparison to the ohmic losses. This decreases the
antenna efficiency.

The equation for the minimum theoretical radiation quality factor Q; is derived by assuming the entire
antenna completely enclosed within a sphere of radius r. Q, is caculated in terms of the
nonpropagating energy externa to the sphere and the radiated power. This approach was first
introduced in [3]. For the lowest order wavemode in a linearly polarized antenna the radiation quality
factor becomes [8]:

11
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(2-1)

where k = 27 1 is wave number and r is the radius of the smallest sphere enclosing the antenna.

Eqg. (2-1) can be referred to as the fundamental limit, as to how small an antenna can be made.
According to this equation, Q, grows rapidly when the antenna size decreases, as Q; is approximately
inversely proportional to the volume of the antenna in wavelengths (V/4). When the sphere
containing the antenna element becomes very small, no propagating modes exist, because all modes
are below cutoff frequency. Fundamenta limit on the electrica size of the antenna can be approached
but never reached or exceeded. In practice, antennas do not completely make use of the spherica
volume. In addition, also other wavemodes are excited than just the lowest ones. These additiona
modes, as well as the lowest order modes, aways store energy also within the enclosing sphere; this
inevitably increases the Q, [5]. In [9], it is studied how reachable the theoretical limit is with real
antennas. A sphericd helix antenna with four wires, which quite effectively utilizes the spherica
volume, gives a reference point for compactness. The ratio between the calculated radiation quality
factor and the theoretical one is 1.25. For more practical antennas, the calculated results stay further
from the theoretical ones, eg. for a small dipole (length/wavelength=0.2) Q,/ Q; theory = 9.17 [9].
However, the dipole utilizes poorly the available volume.

2.1.2 Miniaturization

When competently miniaturizing an antenna, the resonant frequency remains the same even though the
antenna size is reduced. Actually, miniaturizing can also be considered as a decrease in the resonant
frequency while preserving the antenna size. There are several means for miniaturization. Typically
downsizing can be accomplished:

- by appropriately placing a metdlic plane into an antenna system, and then utilizing image
theory to remove half of the antenna structure.

- by loading the antennain a way that the self-resonance is obtained when the antenna volume
issmaller than that of a basic structure. The antenna can be loaded dielectrically or reactively.

- by increasing the effective resonator length by bending the structure according to some
geometrical configuration, e.g. meandering.

Several techniques can be applied simultaneoudly to further reduce the antenna size. However, there
are no means for downsizing an antenna without sacrificing the performance. Thus, the interrelation
between the bandwidth, volume, and efficiency cannot be avoided, but the trade-off contributions can
be affected by applying different miniaturization methods. This issue has been studied in [10].

2.2 Bandwidth

When dealing with small antennas, the term bandwidth typically refers to the impedance bandwidth. A
handset antenna should have an adequate bandwidth covering the frequency range used by a certain
wireless communication system. The detailed requirements for operating frequency and bandwidth are
different for each system. Typically, the goal for the impedance bandwidth in cellular systems could be
defined as the return loss of L, > 6 dB for the whole operating frequency range. This meansthat up to
25 % of the tota input power is lost due to the mismatch. Bandwidth is typically measured in free
space, and owing to the dielectric loading, it is somewhat different from that in a typical handset use
position in the vicinity of auser [11], [12], [13], [14].

12



2.21 Multiband antennas

Current and future mobile terminals operate in various communications systems. Therefore, multiband
antennas, which have severa bands of operation, are needed. Sufficient performance in all bands is
essential. In microstrip-type antennas the multiband operation is typically implemented by dividing the
antenna element into two or more patches, which each have different resonant frequencies and operate
in different systems, e.g. [15], [16], [17], [18]. Resonant slots can aso be utilized in multiband
antennas [19]. Recently, dual-band dielectric resonator antennas have been realized by inserting an air
dlit into the dielectric resonator [20], merging the resonance of an aperture feed and a DRA [21], or
adding a parasitically coupled conducting strip to the structure [22].

2.2.2 Multiresonant antennas

Because of the problematic nature of small antennas concerning the interrelation between the antenna
size, bandwidth, and efficiency, there is no complete freedom to independently optimize each property.
Consequently, thereis a need for bandwidth enhancement techniques. With afixed size and efficiency,
one way to increase the bandwidth is to add more resonators into the structure. Multiresonant antenna
has severa resonances tuned close to each other to obtain a wider bandwidth. In [23], it has been
demonstrated that the bandwidth of a single-resonant antenna can be more than doubled with a dual-
resonant antenna structure of equal size. Multiple resonances can be realized by using parasitic
radiating elements [24], [25], [26] or resonant matching circuits [O9], [27]. Multiresonant antennas
have aso been studied in this thesis. In [P5], a dual-resonant dielectric resonator antenna, which is fed
by a self-resonant meandered probe, is proposed (see Section5.2). In [P7], a frequency-tunable
antenna utilizing dual resonance is presented (see Section 6.2). A multiresonant antenna can aso be
utilized when implementing a multiband antenna, e.g. [O2], [28].

2.2.3 Frequency-tunable antennas

Another feasible technique to improve the effective bandwidth of a small antennaisto eectricaly tune
its resonant frequency, and thus its operation band [29], [30]. This can be redlized by loading the
antenna with a reactive tuning component. Frequency band can be tuned within a system band or
between bands of different communication systems. Therefore, frequency-tunable antennas do not
necessarily cover the whole system band or many system bands simultaneously, but they provide
narrow instantaneous bands. The advantages are the reduced total antenna volume or the reduced
number of antennas, and the increased selectivity. However, the tuning circuit unavoidably increases
the component count and decreases the efficiency [31], [32]. In addition, distortion caused by the non-
linearity of the tuning components can also be a problem [33], [34]. Frequency-tunable antennas will
be further discussed in Chapter 6.

2.3 Efficiency

Radiation efficiency, which characterizes the losses in the antenna, is defined as the ratio of the
radiated power to the input power of the antenna. Radiation efficiency does not take into account the
losses due to mismatch at the antenna input. Thus, L., =6 dB at the edges of the operating band
means a 1.26 dB additional loss caused by the reflection. Tota efficiency of an antenna is defined as
the ratio of the radiated power to the power accepted by the antenna; therefore, it also includes the
effect of imperfect matching.
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The efficiency of handset antennas should be as high as possible. This leads to technical advantages,
such as lower power consumption, and thus alonger standby and talk time of the phone. In this thesis,
maximization of the antenna efficiency is emphasized.

2.3.1 Efficiency in free space

In a good design, the vaue for the free space radiation efficiency of a mobile handset prototype
including only antenna and metal chassis is approximately above 90 % over the operating frequency
band. It means that less than 0.5 dB is lost in the structure. In most publications, the information on
radiation efficiency is not available — in particular not for the whole band. Designs with relatively high
free space radiation efficiency values (approximately 1 dB loss at maximum, i.e. minimum radiation
efficiency of about 80 %) over the whole operating bands are described e.g. in [O2], [O9], [012], [28].
In these cases, the power is mainly lost in imperfect conductors, as the antenna structures do not
contain any additiona components, e.g. switches, which increase the total losses [31]. In rea mobile
terminals, the radiated power is partly lost in mobile phone parts, e.g. battery, display, and plastics.
Free space radiation efficiencies of commercial duaband phones were studied by measurements in
[35] and [36]. Values of 54-80 % and 32-72 % averaged over the GSM900 (880-960 MHz) and
GSM 1800 (1710-1880 MHz) bands, respectively, were reported.

2.3.2 Efficiency beside user

A mobile termina is located in very close proximity to the user in atypical operating situation. When
RF radiation is emitted from a mobile termina held next to a human, a portion is radiated away into
the surrounding air, and body tissues absorb another portion. When a mobile terminal is located in a
traditional talk position, mostly head and hand regions absorb RF radiation. The situation is different
when a mobile termina is located in some body-worn position, e.g. when it is in a pocket near the
user’s body.

Depending on the design, the human head absorption may be 1.5-10dB [37]. Variations are large
owing to e.g. different antenna types [12], [13], [38]; different chassis parameters (thisissue is studied
extensively in this thesis, see Section 4.3); different operating frequencies [14], [39]; different phone
positioning; and different ssimulation and measurement models used in the studies. Diverse values are
also reported for the absorption by hand. For example, very low hand absorption (< 0.2 dB) has been
reported in [11] for a handset with monopole antenna at 914 MHz, whereas 4-5 times larger absorption
was shown in a corresponding case in [12]. Typically, larger power absorption in hand is reported with
phones having a patch antenna than with phones having a monopole antenna[12], [40]. In addition, the
varying hand positions have been shown to radically affect the hand absorption [41]. Even very small
variations in the way the handset is held may affect the hand loss significantly, e.g. in [41], the hand
loss of approximately 2 dB is reported for a handset with patch antenna at 1800 MHz, while moving
the index finger increases the hand loss by additional 2.8 dB.

14



2.4 Specific absorption rate (SAR)

Regulatory agencies have set mandatory safety guidelines for RF exposure, which a mobile phone has
to fulfill (see Section 2.4.1). The primary dosimetric parameter for the evaluation is the specific
absorption rate. Therefore, SAR is an important design specification of a mobile terminal antenna. It is
ameasure to quantify the microwave energy absorbed by unit mass of tissue and defined as
E2
SAR=04 —, (2-2)
Y2,

where oy is the effective conductivity of the tissue (S/m), E is the root-mean-square (rms) value of the
induced electric fidd strength (V/m), and p is the tissue mass density (kg/m°). The SAR value is
expressed in units of watts per kilogram (W/kg), and it denotes the time rate of RF energy absorption
at agiven location inside the tissue.

There are two general approaches to the determination of the SAR in the human tissue: experimental
and numerica techniques. Both physical measurement and numerical simulation methods to evauate
SAR have been studied intensively. Representative descriptions on measurement setups and methods
aregivenin [42], [43], [44] and on numerica dosimetry in [45].

24.1 Limitationsand specifications

Several regulatory bodies have set safety limits for the SAR values caused by a phone, e.g. [46], [47].
The most widely accepted RF exposure recommendations are based on guiddines developed by the
Institute of Electricad and Electronics Engineers and American National Standards Institute
(IEEE/ANSI) [48] and the International Commission on Non-lonizing Radiation Protection (ICNIRP)
[49], which is an independent scientific organization sponsored by World Health Organization (WHO).
The SAR limits are provided to prevent whole-body heat-stress and excessive localized tissue heating.
The mgjor RF exposure recommendations have been developed by identifying the adverse effect of RF
exposure that has been found in animals at the lowest exposure level. There is a general agreement
with energy absorption of 4 W/kg of body weight being the threshold rate for the induction of
biological thermal effects. When exposed to this amount of RF energy, an animal stops performing a
task and begins a different behavior resulting from excessive body heating. With safety factors of 50
and 10, the human whole body exposure has been limited to 0.08 and 0.4 W/kg for uncontrolled and
controlled environments, respectively. In an uncontrolled environment, a person is unaware of the
exposure (genera public exposure), such as a mobile phone user, and in a controlled environment, a
person is aware of the exposure (occupational exposure). When the power absorption occurs in
confined body regions, as in the case of the head or hand exposed to a mobile phone, the local SAR
may have rather high values even if the average whole body SAR is below the basic limit. The
restrictions for partial body exposure are based on different rationales, e.g. the IEEE/ANSI limits are
based on the maximum approximate ratio of the peak SAR at one point to the SAR averaged over the
whole body (20:1) [48], and the ICNIRP guidelines have their basis on animal studies [49]. However,
no biological significance should be associated with these dlight differences. The main parameters of
the most important safety guidelines from the handset antenna design point of view are listed in Table
2.1.
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Table2.1 Basic RF exposure restrictions in an uncontrolled environment (general population) set
by IEEE/ANS and ICNIRP.

IEEE/ANSI |CNIRP

Whole body averaged SAR (W/kQ) 0.08 0.08
Spatia peak SAR (W/kg) in body 16 2
except hands, wrists, feet, ankles

Averaging mass (Q) 1 10

V olume shape Cube Any of 10 g contiguous tissue
Spatia peak SAR (W/kg) in hands, 4 4
wrists, feet, ankles

Averaging mass (Q) 10 10

V olume shape Cube Any of 10 g contiguous tissue
Averaging time (min) 30 6
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3 General energy-absor ption mechanism

When microwaves propagate in a dielectric material, such as human tissue, the generated interna
electric field induces transitional motions of charged particles and rotates charge complexes. Mainly
frictiona forces resist these induced motions and cause losses, which result in absorption of energy
[50]. Thus, it is well-known how the interna electric fields interact with material. However, the
rationale behind the connection between the originally applied external fields and the generated
internal fields, and therefore the resulting SAR values, i.e. a relevant part of the general energy-
absorption mechanism, has not been fully explained. Nevertheless, this is an important topic from the
efficiency point of view, as in general, al the power that is not induced into the user of a mobile
termina radiates into the free space. Therefore, minimizing the user interaction (SAR) improves the
total efficiency of a mobile terminal. The basis of the energy-absorption mechanism is considered in
this chapter.

A principal, often-referred-to paper [51] studies the general energy-absorption mechanism in the close
near field of dipole antennas operating above 300 MHz. One goal of this study was to find a ssimple
approximation for the relation between the fields of a dipole-like source and the corresponding worst-
case exposure SAR values. Thus, the starting point was to study magnetic fields, as eectric fields
undergo structural changes in the presence of dielectric bodies, whereas the antenna current
distribution is less affected. The SAR in the human tissue was shown to be mainly proportiona to the
square of the incident magnetic field strength at the skin surface of the user. Therefore, it was
concluded that the major interaction mechanism is based on the surface currents induced by the
magnetic fields, and the coupling of the electric fields is of minor importance [51], [43]. Asaresult, an
approximate formula for the spatial peak SAR caused by a nearby half-wavelength dipole antenna was
written as a function of antenna feedpoint current and human tissue parameters.

On the other hand, the conclusion drawn on the base of the main interaction mechanism in [51] is not
supported by the results of [52], in which numerical computation of fat layer effects on the microwave
near field radiation was presented. A dipole a 915 MHz was located beside a homogeneous muscle
phantom with and without a fat layer covering the abdomen. It was found that without a fat layer, the
SAR pattern was elliptical around the antenna feed point, which confirms the results of [51]. However,
with 0.8 and 1.6 cm thick fat layers on the muscle surface, two SAR hot spots were observed on the fat
surface near the ends of the dipole. No reason for the different locations of SAR maximums in the
muscle or in the fat layer was provided in the paper. It was also shown that the peak SAR, average SAR
and total power absorbed by the body with a fat layer were much lower than those without a fat layer,
as fatty tissues do not absorb RF power strongly due to their material properties (low & and owy).
Thus, it was reported that especially a thick fat layer behaves like a shielding structure for the muscle
tissue preventing microwave absorption in the muscle. However, the thick fat layer also increases the
distance between the antenna and the muscle, and this obviously decreases the power absorption in the
muscle as well.

Due to these rather controversia results, the electromagnetic absorption mechanism in the human
tissue seemed to be an issue, which had long been, to some extent, somewhat unclear. The topic was
investigated further in [P1], in which the behavior of the electric fields of small antennas located near
lossy dielectric half-space was studied by numerical simulations. The paper is limited to the study of
the electric fields utilizing the basics of the perturbation theory. Generally, the perturbation theory is
used to describe the interaction between the fields of an electromagnetic resonator and materials
inserted into it. The electromagnetic field perturbation of a resonant cavity by a small sample inserted
in it is a common method for defining the properties of low-loss materials. This requires determining
the shift of the cavity resonant angular frequency from the original unperturbed value to a new
perturbed value. The change in the imaginary part of the resonant angular frequency can be interpreted
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as the change in the loaded quality factor of the resonator, and therefore the loss mechanisms for the
interaction can be defined. The general perturbation formula, which applies to a change in magnetic
permeability («) as well asto a changein permittivity, is[53]:

o —w ,[[(grz_grl)goéz'éi +(ﬂr2_ﬂr1)ﬂoﬁz'ﬁihv
r2 ni__V

T = = — = 1 ’ (3-1)
@ Il5r150E2 "By +uu6H, - Hlbv
v

where @, is the angular resonant frequency, & is the relative permittivity, & is the permittivity in
vacuum, E is the electric field strength, 4 is the relative permeability, u is the permeability in

vacuum, and H is the magnetic field strength. The subscript 1 refers to the situation before the
insertion of the sample, and the subscript 2 refers to the situation after the change. Though normally
applied for small perturbations, the equation for the effect of materials on the resonant frequency is
actually valid aso for cases, where the dielectric object fills a significant part of the effective volume
of the resonator [54], likein the studied problem.

In Eq. (3-1), the magnetic field term in the numerator disappears when the permeability is unchanged
(41 = wr2), as is the case where we deal with non-magnetic materials. The denominator describes the
total energy in the resonator. At resonance, the stored electric energy equals the magnetic energy, and
the denominator can be substituted by twice the value of the first term in the integral. Therefore, when
considering static fields in low-conductivity non-magnetic materias, such as human tissue, the
magnetic fields are insignificant, and the analysis of just the electric fildsisjustifiable.

The results of [P1] show that contrary to the previous opinion, the SAR maximum does not actually
follow the maximum of the antenna current. Instead, the SAR maximums can be explained by the
general laws of the interaction of electromagnetic fields and matter by inspecting the real part of the
permittivity of the tissue and its effect on the electric field components perpendicular and parallel to
the surface of the tissue. This is illustrated in Figure 3.1. Figure 3.1a illustrates the simulation
geometry. A more detailed description of the ssimulation models is given in [P1]. Figures 3.1b-d show
the normalized E, (perpendicular to the dielectric surface) and E, (parald to the didectric surface) for
adipolein free space and when a dielectric half-space is located at x < 0 mm. The E,-components are
so weak (below —120 dB), that they are not shown. In Figure 3.1b, the whole dielectric half-space
consists of tissue-equivalent liquid (TEL, & = 42.50), whose material properties are those used for
SAR compliance testing. In Figure 3.1c, an 8 mm-thick bone layer (& = 16.62) and on top of that a 7
mm-thick muscle layer (& =55.95) cover the TEL surface. In Figure 3.1d, a 7 mm-thick fat layer
(& =5.00) covers the TEL surface. The plotted curves are from the center of a z-directed dipole
(z~ 0mm).

It can be noted from Figures 3.1b-c that for high values of the real part of permittivity, such as tissue-
equivalent liquid or muscle, the perpendicular electric field component (E,) is attenuated substantially
at the surface. In the case of fat layer, which has much lower real part of permittivity, the
corresponding component attenuates much less. The theoretical approximation for E, is obtained based
on boundary conditions by dividing the perpendicular component in free space by the real part of the
relative permittivity of the dielectric material, asin [P1]. In al three cases, the parallel component (E,)
near the center of the dipole isnot much affected by the surface, and its behavior is quite similar in free
space and when there is a dielectric surface.
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Figure3.1 a) Geometry of the ssmulation model, y = 0 mm. The dimensions and coordinates are in
millimeters. b) - d) Normalized electric field components in free space and when diglectric
material fills the half-space x <0 mm, y = 0 mm, z ~0 mm. Dielectric half-space consists
of b) TEL c) TEL+ bone (Layer2) + muscle (Layer1l) d) TEL + fat (Layerl).

To further illustrate the behavior of different field components of a dipole, Figure 3.2 shows the
normalized E,, E,, and Ey; (tota field) in free space and at the surface of dielectric half-space as a
function of z[P1]. In the figures, y = 0 mm (the plane containing the dipole feed point), and X ~ -1 mm.
Asthe dielectric half-space is located at x < 0 mm, the plotted values are taken just below the dielectric
surface. In free space, the values are recorded at the same distance from the dipole (d ~ 7 mm).

In high-permittivity tissues, like tissue-equivalent liquid and muscle, the SAR maximums are located
near the dipole feed point, as the SAR value is directly proportiona to the total E-field in the tissue.
The SAR maximum in these kinds of cases can be found in a location with low total original electric
field but significant components parald to the surface of the tissue (see Figures 3.2a and b). On the
other hand, for low-permittivity tissues, like fat, the SAR maximums are found near the dipole ends,
and thus close to the locations of the eectric field maximums without the tissue, because the
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attenuation of the perpendicular components is only moderate (see Figure 3.2c). Therefore, the results
of [P1] aso give a physical reason for the different peak SAR locations with muscle or fat layer
reported in [52]. These results aso suggest that from the SAR point of view, small loop antennas
should be advantageous owing to their low E-fields.
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Figure3.2 Normalized dectric field components in free space and at the surface of dielectric half-
gpace, y = 0 mm, x ~- 1 mm. Dielectric half-space consists of a) TEL b) TEL+ bone
(Layer2) + muscle (Layer1) c) TEL + fat (Layerl) [P1].

The study of [P1] was extended to a more redlistic case by replacing the dipole with a 900-MHz patch
antenna on a handset chassis. The chassis length was 120 mm, representing roughly a typical modern
mobile phone chassis. The simulation results of this patch-chassis combination showed similar SAR
characteristics than with the dipole. This could be expected, as the radiation properties of this kind of
structure resemble those of a half-wave dipole (see Chapter 4). Later, the results of the patch-chassis
combination were confirmed by measurements, as the investigations of [P1] were based entirely on
simulations. The SAR distributions in a flat phantom filled with fat-ssmulating liquid were measured
using DA SY 4 equipment by Schmid and Partner Engineering AG. Rapeseed oil was used for modeling
the fat tissue. The measured values for the liquid parameters were & ~ 3 (5 =5 in the simulations),

20



owt = 0.01 S/m (ox: = 0.025 Sm), and p ~ 900 kg/m® (p = 1100 kg/m°). The measured SAR maximums
in the fat-ssimulating liquid were located near the chassis ends. Thus, the so far unpublished
measurement results fully support the simulated ones and the conclusions drawn in [P1] on the main
absorption mechanism.
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4 Combination of antenna and chassis

The printed circuit boards (PCB) of current mobile terminals generally have a well-grounded layer. In
addition, meta shields at least on one side of the PCB are commonly used for EMC (electromagnetic
compatibility) purposes. The grounding layer of the PCB and the radiation shield typicaly form a
metal chassis for a mobile terminal. The dimensions of the chassis may vary a lot depending on the
handset design. In current monoblock mobile terminas, the typical length is in the range of 80-
140 mm, the width in the range of 40-60 mm, and the thickness a few millimeters. In clamshell-type
terminals or phones with a slider, the chassis dimensions change in different use positions.

The chassis is an important but often less considered factor of handset antenna design. However, it has
been known for years that the electrica characteristics of a mobile handset antenna depend strongly on
the size of the metal parts of the device on which the antenna is mounted and the position of the
antennaon it [55], [56]. The antenna couples currents on the metallic parts, and the device itself works
as part of the antenna. Thus, an appropriate selection of the chassis parameters is required for an
optimum antenna performance, as the bandwidth, efficiency, and SAR characteristics of mobile phone
antennas are strongly affected by the chassis. In consequence, the conventiona antenna element -based
approach is not adequate for an objective evaluation of the performance of mobile phone antennas, but
the effect of the mobile chassis should always be included in dl considerations of bandwidth,
efficiency, or SAR characteritics.

In this chapter, the combined behavior of antenna element and phone chassis is characterized and
analyzed. The focus is on the areas related to the user interaction (SAR and efficiency in talk position).
As a basis for al further analysis in this chapter, a novel approach for understanding the combined
performance of the antenna and terminal chassis is introduced [P2]. Utilizing this knowledge, the
effects of different chassis parameters on antenna performance are explained. This chapter is based
mainly on the results of [P2] and [P3], but also other relevant studies available in the open literature
are considered. So far, al the related investigations have been conducted with monoblock terminals,
but the results can a so be applied to antennas of other terminal types.

4.1 Resonator-based analysis

The effect of the chassis on antenna performance has been identified in several publications. In [P2], a
new approach for analyzing the problem was taken, and a simple circuit model of coupled series and
parallel resonators was introduced for the antenna-chassis combination operating at one frequency
range. The basic idea behind this model is that an antenna-chassis combination supports two
significant, fairly independent wavemodes: the compact quasi-TEM wavemode of a self-resonant
antenna element and the single-wire waveguide -type wavemode of a chassis resembling a thick
dipole. The properties of the wavemodes (resonant frequency, Q-factor, field distribution) can be
manipulated quite independently and their relative amplitudes can be chosen by controlling the
coupling between them. These wavemodes can be used to describe both the impedance and the
radiation characteristics of the antenna-chassis structure. Later, in [57] and [58], the characteristic
mode theory defined in [59] has been applied to the wavemodes considered in [P2] to further analyze
the behavior of the antenna-chassis structure.

The presented circuit model clarifies the interaction between a small antenna element and a finite metal
plate. Based on the mode, the reasons for the performances of different antenna-chassis combinations
can be analyzed easily. The obtained theoretical results, which are also supported by the results of 3D
simulations with phone models as well as those of prototype measurements, indicate that at 900 MHz,
the contribution of the handset antenna element to the radiated power is small, typically below 10 %
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[P2]. Thus, the phone chassisis actually considered the main radiator, while the antenna e ement works
merely as a feed structure. At 1800 MHz, the effect of the handset antenna eement is much more
significant; a typical antenna element radiates approximately 50 % of the total radiated power.
Furthermore, it is shown in [P2] that the SAR or efficiency beside user at 900 MHz is not improved by
a patch antenna eement, when compared to those obtained for the chassis without any antenna.
Therefore, as most of the radiation is produced by the currents of the chassis, they are also the most
significant aspect from the SAR point of view. At 1800 MHz, the contribution of the chassis currents
on SAR and efficiency beside user was found to be smaller but still significant.

4.2 Effect of chassison the bandwidth

According to the fundamental limit for the radiation quality factor (see Section 2.1.1), such bandwidths
as required for mobile terminals cannot be obtained with antennas whose size is that of the handset
antenna element. Apparently, alarger current distribution is needed, and that is provided by the chassis
wavemode. Therefore, the total bandwidth of an antenna-chassis combination depends both on the
bandwidth of the antenna element and on the coupling to the chassis resonance [P2]. The chassis
wavemode explains the extremely large bandwidths presented in some publications, e.g. in [60] a 32 %
impedance bandwidth (L., >10dB) at the center frequency of 2.03 GHz was reported for a
12.5 x 27.0 x 3.5 mm® (length x width x height) meandered dual-element located on an FR4 substrate
of 72 x 30 mm®,

Chassis length

Research on the effect of chassis on the bandwidth performance has mainly focused on the chassis
length [P2], [P3], [O1], [O3], [O8], [010], [55], [56], [61], [62], [63]. In these articles, it has been
shown that the bandwidth changes rapidly as a function of chassis length. Thisis because of the dipole
-type radiation of the chassis currents [P2], [P3]. If the chassis resonates at the operating frequency of
the antenna element, the amplitude of the chassis wavemode is high, and the bandwidth of the antenna-
chassis combination increases strongly. When the chassis is resonant, its effective length is
approximately 0.544, which corresponds to the physical chassis length of ~ 0.4, [P2], [P3]. When the
chassis resonance is farther from the operating frequency, the bandwidth decreases due to the smaller
contribution of the chassis. See Figure 4.1 (chassis width 41 mm, chassis thickness 3.6 mm). All the
referred studies are performed in free space, but in [P3] similar characteristics are also reported when a
handset is |ocated beside a user.

In general, the contributions of the antenna element and phone chassis to the radiation bandwidth
depend on the design and operating frequency of the structure. The contribution of the chassis
wavemode is emphasized at lower frequencies due to the smaller volume of the antenna element
measured in wavelengths. Typicdly, the bandwidth of a planar antenna element located on a large
metal plate, which does not support propagating waves, is close to the minimum bandwidth obtained
for a similar antenna element on a handset chassis. This minimum is normally obtained with the most
unfavorable (“antiresonant”) size of the chassis. At 900 MHz, where the chassis wavemode is clearly
dominant, the maximum bandwidth obtained for a typical antenna element on a resonant chassis may
be over 20 times the minimum [P2], [P3]. At 1800 MHz, the maximum is 4-5 times the minimum [P2],
[P3].
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patch antennas in free space as a function of chassis length [P3] .

Thus, from the maximum bandwidth point of view, the ideal case is when the resonant frequency of
the chassis is close to that of the antenna element. In current handset designs (chassis length of the
order of 100 mm), the first order resonance of the chassisis typically around 1.1 GHz and the second
order resonance is around 2.5 GHz [P2]. Therefore, for the optimal bandwidth in current cellular
communications systems, the chassis resonant frequency has to be down-tuned. In a fixed-size metal
plate, it can be realized by lengthening the current path by using a slotted ground plane [P2]. The same
idea has been later applied at least in [64], [65]. In addition, the bandwidth can be increased by a
stronger coupling to the chassis, which has been demonstrated in [P2] by extending the patch over the
end of the metal plate and bending it. Also, the antenna orientation has been shown to clearly affect the
obtained impedance bandwidth [P2], [P3], [66], because the orientation affects the strength of the
coupling. Theoretically, by optimizing the coupling one can obtain approximately 95-100 % bandwidth
(Lren > 6 dB) when the resonant frequencies of the antenna element and the chassis are matched [P2].

In [P2] and [O14], it was suggested that very wide bandwidths (up to 95 %, L&, > 6 dB) are possible
with optimal coupling also by using practically non-radiating, non-resonant coupling elements. This
issue has been further considered in [O12] and [67]. The results of [P2], [012], [O14], and [67] show
that a standard coupling element (antenna) can be used in several designs and only the matching circuit
for it has to be redesigned. The results also demonstrate that simple, very compact antenna structures
are possible to redize. A prototype studied in [012] and [67] has a volume of only 1.3 cm®, which is
about one fourth of the size of atypical dua-band PIFA (planar inverted-F antenna) of a mobile phone,
and dtill the performance is competitive to the traditional PIFAs. In this study, the purpose was to
excite the chassis currents as efficiently as possible while minimizing the size of the coupling element.
However, as was discussed in Chapter 2, the size is always closely connected to the bandwidth and
efficiency. Therefore, these three parameters could be emphasized differently.

Chassiswidth

The effect of the chassis width on bandwidth was studied in [P3], [63]. Generally, the results follow
the behavior of chassis length [P2], [P3]. In [P3], it is shown that the bandwidth of the antenna-chassis
combination increases when the chassis approaches the resonant width. Wide bandwidths are also
obtained when the chassis is narrower than the antenna element owing to the strong coupling to the
chassis wavemode.
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Chassis thickness

In addition, the effect of the chassis thickness on bandwidth was studied for 1.1-11.1 mm-thick
chassis at 900 and 1800 MHz in [P3]. The chassis length and width were 101 and 41 mm, respectively.
With the studied structures, the chassis thickness was noticed to have only a minor effect on the
impedance bandwidth - the changes as a function of chassis thickness were one percent unit at the
maximum. At 900 MHz, the bandwidth (L, > 6 dB) was approximatdy 10 % for each chassis
thickness. At 1800 MHz, the corresponding value was 11 %.

4.3 Effect of chassison the SAR characteristics and efficiency in talk position

Besides the bandwidth, another important design consideration of handset antenna-chassis combination
involves the interaction of electromagnetic radiation with human body. Thisis a topic, which has been
given less consideration until quite recent studies.

Chassis length and width

In [63], the effects of the chassis length and width on the performance of a helical and a patch antenna
were investigated by FDTD (finite-difference time-domain) simulations at 900 MHz. A spherica
homogenous head model surrounded with a shell representing the skull was used. The minimum
distance between the phantom and the chassis was 8 mm. As a general remark about this study, it could
be said, that the head modd is considered unredistic because of a low-effective-conductivity skull
instead of a high-effective-conductivity skin as the outermost layer. Thus, the material parameters used
in the skull (relatively low & and oy, high p) probably caused very low SARs near the surface of the
head. However, no absolute SAR values or the locations of the SAR maximums were given in the
paper. In addition, owing to the spherica shape of the head model, only very small part of the phone
chassis can be located at the minimum distance from the head. It was reported that as the chassis
approaches the resonant length, the extended current distribution increases the bandwidth, and the
attenuated maximum current causes a reduction in the 10 g average SARs. On the other hand,
considering the novel information relating to the general energy-absorption mechanism [P1], the
attenuated maximum current does not explain the decreased SARs with the chassis of resonant length.
The efficiency characteristics were not reported in this paper.

In [68], the effect of different chassis lengths on SARs generated by mobile phones with integrated
antennas was studied with FDTD simulations. Phone models with antennas at 900 MHz and 1800 MHz
were studied with a distance of 5 mm to the surface of aflat phantom filled with homogeneous tissue-
simulating liquid. Generally, two maximums were found in the SAR distribution at 900 MHz, one near
the shorting edge of the antenna element and the other - higher - near the vertical center of the chassis.
At 1800 MHz, the coupling of the antenna element to the chassis is smaller, and the highest SAR
maximum appeared near the shorting edge of the antenna. In this study as well, the lowest SAR at
900 MHz was reached when the chassis was close to the resonant length. In addition, a direct relation
was observed between the distribution of the surface current density on the PCB and the distribution of
SAR. Thisfinding has its basis on the old common belief on the general energy-absorption mechanism
[51]. However, if this study was made with low-permittivity tissue as the outermost layer, based on
[P1], it could be assumed that there would not be a direct relation between the current density and SAR.
The efficiency was not considered in this paper either.

Despite these two studies, so far a systematic characterization and anaysis of the chassis effect on
antenna performance was not carried out. As a part of this thesis, in [P3], a comprehensive study of
this issue was performed, including also an investigation of the radiation efficiency with different
chassis parameters. The paper presents a study of two coarse phone models, which comprise an
internal patch antenna and phone chassis, and are positioned in actual handset use position beside an
anatomical, heterogeneous head model. One of the phones is for 900 MHz and the other for
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1800 MHz. The approach is based on the modal analysis [P2]. The main part of the study is based on
FDTD simulations, but some measurement results are also presented to validate the smulations. Parts
of this study were also published in [O8], [O10], and [69].

Contrary to the previous publications on the effect of chassis length to SAR [63], [68], this paper [P3]
shows that at chassis resonances with bandwidth maximums, aso the SAR caused by the phone reaches
its maximum values. SAR trends similar to those in [P3] can also be noticed in [70], in which the SAR
behavior of different size patch antennas located on chassis of constant sizes, which were positioned
beside an anatomical head model, were investigated as a function of frequency. Thus, the type of the
used phantom is significant when considering the SAR characteristics. The results seem not to be very
senditive to the differences in the anatomical head model type [P3], but the shape of the phantom is
significant (anatomical, spherica, or flat phantom). The different phantom shapes cause the internd
electric fields, and thus the SAR characteristics, to be dissimilar. However, the results for both
anatomical phantom and flat phantom are important: the anatomical phantom describes the situation in
the traditional talk-position while the flat phantom provides trends for body-worn terminals. At the
same time with SAR maximum in the anatomical head, a decrease in radiation efficiency occurs
compared to the general trend [P3]. This is illustrated in Figure 4.2. The same phenomenon can be
observed in the results of [70]. With a flat phantom as well, there are minimums in the radiation
efficiency at bandwidth maximums [P3], even though the SAR does not follow the same trend.
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Figure4.2 SARs and radiation efficiencies as a function of chassis length at a) 900 MHz and b)
1800 MHz. Solid lines represent cases where distance from head to phone d ~7 mm.
Dashed linesrepresent caseswhered ~2 mm. P, = 1 W[P3].

According to [P2] and [P3], at 900 MHz, the antenna element does not contribute much to the SAR,
which is mainly caused by the dipole -type resonant mode of the chassis. The SAR maximums are
generally located near the vertical center of the chassis, excluding the shortest chassis lengths (Figure
4.33). At 1800 MHz as well, the SAR maximums are located near the vertica center of the chassis
when the chassis length is close to the first resonant length (Figure 4.3b). For longer chassis, two locd
SAR maximums can be observed. The first maximum is located under the antenna element, and the
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second one lower in the chassis area, indicating that the chassis wavemode has a considerable
contribution to the SARs a so in these cases. These results suggest that at 1800 MHz frequency range it
IS possible to some extent optimize both bandwidth and SAR (or efficiency) by designing the antenna
element o, that local SAR maximums are avoided. At 900 MHz, the chassis is the main source of
radiation, and therefore, the only possibility to affect the SAR obtained with a certain size of chassisis
to control the chassis currents. This issue has been studied later in [71], in which a technique to
increase the efficiency of a handset placed beside a user was proposed for a 900/1800 MHz dualband
phone with a PIFA antenna. The improvement was designed for 900 MHz, because the contribution of
the chassis wavemode is dominant. The method was to add a parasitic radiator into the structure on the
opposite side of the chassis where the antennais located. It was realized as a metallic casing around the
phone display. SAR is reduced owing to the currents on the parasitic radiator, which are of opposite
phase to the currents of the chassis, and therefore cause a cancellation of the near field on the user’s
side of the chassis. It was demonstrated that at 900 MHz, the SAR is reduced by 6 dB, and the
efficiency is improved by 1.2 dB when the handset is located beside the user’s head. The SAR and
efficiency at 1800 MHz remained unchanged. As drawbacks, the free space efficiency at 900 MHz is
reduced by up to 4 dB, and the bandwidth is decreased significantly. A similar method for optimized
SAR was proposed in [72].
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Figure4.3 Distribution profiles of maximum 10g average SARs (W/kg) in head at a) 900 MHz
(Max. ~4.5 W/kg) and b) 1800 MHz (Max. ~9.4 W/kg). Distance from head to phone
d ~7 mm. Color figure can be viewed in [P3].

The effect of the chassis width on antenna performance was studied with two different chassis lengths,
lc=61mm and I, =101 mm [P3]. At 900 MHz, the shorter chassis is clearly non-resonant, and the
resonant frequency of the larger chassis approaches the resonant frequency of the antenna element. At
1800 MHz, the situation is the opposite. At both frequencies, when the chassis is narrower than the
antenna element (41 mm), and the bandwidth is increased due to the strong coupling to the chassis
wavemode, the SARs increase and the radiation efficiencies decrease strongly (Figure 4.4). Then the
SAR maximums are |located near the vertical center of the chassis with the chassis near the resonant
lengths, and their values are higher than those with the non-resonant chassis lengths. The bandwidth
also increases owing to the larger contribution of the chassis wavemode when the chassis width
approaches resonance. At this point aswell, an increase in the SARs can be observed.

Based on these results [P3], it can be claimed, that when a phone with a patch antenna is positioned in
actual handset use position beside an anatomical head, there is a connection between the impedance
bandwidths, SARs, and radiation efficiencies. higher SAR values and lower radiation efficiency are

27



obtained in cases where the bandwidth increases due to the strong excitation of the chassis wavemode.
In these cases, the reduced peak SAR can be seen as an increase in the antenna efficiency. The results
are considered to represent the typical characteristics of internal mobile phone antennas and can be
generalized to apply to any similar patch -type antenna elements. The presented characteristics can be
applied to dualband or multiband antenna elements as well, and scaled to other frequency ranges, even
though the study of [P3] isreaized for 900 MHz and 1800 MHz antenna el ements separately.
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Figure4.4 SARs and radiation efficiencies as a function of chassis width with two chassis lengths
(Ic =101 mm and I, = 61 mm) at a) 900 MHz and b) 1800 MHz. Distance from head to
phoned ~7 mm. P, = 1 W[P3].

Distance of the chassis from the head and chassi s thickness

In the literature, severa studies concerning SAR or radiation efficiency as a function of distance
between the head and phone model can be found, e.g. [11], [12], [39], [73], [74]. According to these
studies, the closer the phone is to the head, the less the antenna input power is radiated into the free
space, and the higher the SAR values and the lower the radiation efficiency are. In most of the
published studies, the phone is located relatively far from the head surface even with the nearest
studied positions, as the distance is typically varied roughly from 10 to 60 mm. In addition, the
thickness of the phone chassis (usually over 20 mm) increases further the distance between the antenna
element and the head. When modern handsets are considered, the typical distance between the phone
chassis (meta thickness ~ 2-5 mm) and the user’s head is approximately 3-12 mm assuming a handset
covered with plastic casing. Studies, where the phone is within this distance are reported e.g. in [O2],
[61], [63], [68]. However, no results regarding the effect of distance between the phone and head were
given in these papers. This subject was studied in [P3]. As could be assumed based on the previous
studies, the SARs decrease and the radiation efficiencies increase as the distance from the head to
chassis increases. However, the results give novel information, asit was noted that when the chassisis
close to resonant, the SARS decrease slower as a function of distance than when the chassis is non-
resonant.
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The effect of the chassis thickness (1.1- 11.1 mm) was studied in [P3] as well (chassis length and
width 101 and 41 mm, respectively). No other study of thisissue could be found in the literature. The
distance between the head and chassis was kept constant in all cases (d ~ 7 mm), thus a so the distance
between the head and antenna element increased as a function of chassis thickness. The general trends
in the SARs and radiation efficiency are those as could be expected: due to the weaker near fields the
SARs in the head decrease and the radiation efficiencies increase as the chassis thickness is increased.
Therefore, it is important to use a redistic chassis thickness, which is typicaly a few millimeters in
current mobile terminds, as the SAR and efficiency results for thicker chassis often used in the
literature (roughly 20 mm) are quite different from those for typical modern handsets. Also, it was
noticed that both at 900 MHz and at 1800 MHz, the SARs and radiation efficiencies at equal distances
between the head and antenna element, and thus equal distances between the head and antenna side of
the chassis, are roughly equal regardless of the chassis thickness.

Hand

As a hand is aways present in atypical operating situation of a mobile phone, the effect of the user’'s
hand with different chassis parameters was investigated in [P3]. The whole study was performed in the
presence of the anatomical head model. Two different block models of the hand were tested. Both
models consisted of two tissues, bone surrounded by muscle. The first one was similar to a typicad
hand model used in the literature [12], [13] and modeled mainly the palm, while the fingers were very
short. The second model, developed in this work, simulated a more realistic way in which a small
handset is held. The fingers of this model were clearly longer, and the thumb held one edge of the
chassis and the rest fingers the other.

Similar general behavior in the SARs in the head was observed with either one of the hand models than
when the hand was not present [P3]. The trends in the radiation efficiencies were also similar to those
obtained without hand. As expected [13], the worst-case SAR values in the head were obtained without
hand, because the hand absorbed part of the power. The SAR values in the hand models used in this
work were clearly lower than the specified maximum value (see Table 2.1). However, concerning the
efficiency of the antenna-chassis combination, it is necessary to consider also the effect of the hand, as
the decrease in efficiency due to the hand may be severa decibels. In [P3], the reported efficiency
reductions due to the hand were between 2 and 6dB at 900 MHz, and between 1 and 7dB a
1800 MHz, depending on the chassis parameters, hand model and aso on hand location. The largest
reductions in radiation efficiencies occurred when the hand covered those parts of the phone that are
the main contributors to the radiated power.
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5 Didectric resonator antennas

Traditionally dielectric resonators (DR) have been used mainly for energy storing in microwave
circuits such as oscillators, in which the resonators are enclosed by metal shields [75]. The
electromagnetic fields of a DR extend over the geometrical boundary of the resonator. Hence, open
DRs are useful as radiators if the feed mechanism, geometry, excited wavemode, and materia of the
resonator are chosen appropriately. Since the first reported use of a DR as an antenna element [76],
numerous studies of dielectric resonator antennas have been published. Antenna elements with
different shapes such as rectangular, cylindrical, and hemispherical; with different materials (&' ~ 10-
100); and with different feeding methods including probes, dots, microstrip lines, coplanar
waveguides, and conformal conducting strips have been studied extensively. A good review is
presented in [77].

The main purpose of the work in thisthesis was to study whether DRAS could be used as small internal
antennas of mobile terminals. The focus was on rectangular dielectric structures. The preliminary work
concentrated on characterizing the basic properties of DRASs (Section 5.1). The main emphasis was put
on the behavior of radiation efficiency of antennas miniaturized using high-permittivity materials, as
this subject had been given less attention previously. As promising results were obtained, the work on
the use of DRAS in mobile terminals was continued, and a novel wideband DRA for mobile phones
was developed (Section 5.2). Other recently published studies of DRAS in mobile terminals are also
reviewed in this section.

5.1 General characteristics of DRAs

The dimensions of a dielectric resonator antenna are approximately proportional to (&) ™2 because the
wavelength in the materia (4;) depends on the vaue of the relative permittivity according to
A= ol (&)Y2 where 1, is the free space wavelength. If needed, DRAs can be built very small
because high permittivity (up to &' ~ 100) low-loss (tans ~ 2.5-10™ or |less) materials are commercially
available. However, the higher the relative permittivity is, the more the electromagnetic fields are
restricted within the dielectric. Consequently, the smaller the radiating aperture will be, which leads to
decreased radiation and therefore decreased efficiency. In addition, the narrower frequency band the
antennawill have.

High efficiency is generally considered a magjor merit of DRAS. Dielectric losses of DRAs are typically
very small, although the materia loss factor normally increases slightly when &’ increases. In general,
the conductor losses of DRASs are small compared to those of other typica small antennas, such as
microstrip patches, because DRAS have less metal parts. The power loss in conducting portion may
reduce the efficiency of typica metal antennas significantly especially at higher frequencies, as
conductor losses increase with the square of the operating frequency.

As a part of this thesis, in [P4], the size reduction of rectangular haf-volume (HV) DRAs was
investigated experimentally by increasing the relative permittivity of the dielectric material. The
emphasis was on the behavior of radiation efficiency, as this information was not available in the open
literature. The geometrical shape of al the studied antennas remained unchanged, but the materia
permittivity was increased to shrink the antenna (g’ = 2 - 70). One edge of the dielectric element was
metallized to form a half-volume structure similar to that presented in [78]. The prototypes were
located on large ground planes compared to the size of the antenna to avoid the effects due to currents
induced into the mobile terminal size metal plate, which were discussed in the previous chapter. The
radiation efficiency of the studied antennas was observed to decrease as a function of permittivity, as
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could be expected. Still, the radiation efficiency of the prototypes stayed fairly high also for high
valuesof &', e.g. 7, ~ 86 % for & = 70, which gives agood basis for the miniaturization of HV-DRAS.

The efficiency of miniaturized antennas was further investigated by studying theoretically the metal
losses of DRASs and dielectrically loaded patch antennas. Four basic antenna elements were selected
for the study: DRA, HV-DRA, half-wave patch, and quarter-wave patch (see Figure 5.1). The design
criterion was to keep the resonant frequency approximately equa for all the studied antennas, while the
sizes of the antennas were scaed using materia s with different permittivity. The antennas were located
on large ground planes.
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Figure5.1 Structures of the studied antennas. a) Dielectric resonator antenna, b) Half-volume
dielectric resonator antenna, c) Half-wave patch, d) Quarter-wave patch.

The DRAs were rectangular structures excited by the lowest order wavemode (TE;1;). The ratios of the
dimensions were similar to those in [P4]. All the antenna dimensions were scaled according to the
relative permittivity, thus the antenna shape was preserved. Nevertheless, in HV-DRAS, some small
modifications to antenna dimensions were needed to reach the design goal of approximately constant
resonant frequency. With the DRASs &' = 12...200, and with the HV-DRASs &’ = 12...150. The lengths
and widths of the patches were scaled according to &', but the antenna heights were kept constant.
Two different antenna heights were selected: 2 and 4 mm. In the half-wave patches, the antenna
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lengths were approximately twice the widths. In the quarter-wave patches, the lengths and widths were
approximately equal. With the half-wave patches &' =1...70, and with the quarter-wave patches
& =1...38.

The approximate equation for the quality factor due to metal losses (Qc) for a patch and the associated
ground plane has been derived e.g. in [79]. The surface current density isfirst found from the magnetic
field assuming perfect conductivity; the power loss is then given by the surface integral of the surface
resistance times the square of the surface current density. The total stored energy is given by twice the
volume integral of the square of the magnetic field, as the stored e ectric energy equals the magnetic
energy at resonance. The metal |osses for the short circuit in a quarter-wave patch and the metal parts
of DRA (ground plane) and haf-wave DRA (ground plane and short circuit) were derived following
the same approach. The magnetic field components of DRAs were obtained from [80]. In addition, the

DRA wavenumbers satisfy the following equations: kZ +k7+kZ =¢k7, k, =x/a, k,=xz/b,

K, tan(kzd / 2) = \/ ((gr - 1)k§ — kf) [80]. The resulting approximate equations for the Q.s are given in
Table5.1.

Table5.1 Approximate equations for the quality factors due to metal |osses.

Al2-patch [ A/4- —hSund
patch + ground Qu Hofle@
plane
Short circuit of the
= | porf
l4-patch* Qe =Y a0
Al4-patch + ground 1 1 -1
plane + short Qu = (_ + _j
circuit Qu Qe
Ground plane of : :
the DRA / HV- i {((kxkz P+ (k,k, ) {1_ S”‘k(kd)J O (1+ gl(‘if)ﬂ
DRA _o z z
Qc4—2\/ﬂoﬂfr0' ) sin(k d) : - sin(k d)
(kyk, 2 1= ) (2 4 k2| 14 2
k,d y k.d
Short circuit of the . :
HV-DRA [((kxkz P+ (k. P {1— S‘T((kd)} ks k§)2(1+ sl(kéd)ﬂ
a z z
ch—E\/ﬂoﬂfrO' ] sm(k d) 2 - sm(k d)
(k K, Pl 1- 22 |y (k2 k2P| e 2
g k.d y k,d
Ground plane and 1 1 1
short circuit of the | Q, = £_+_j
HV-DRA Qu Qs

*The length of A/4-patchisl|/2.

The resonant frequencies and radiation quality factors of the antennas were determined by simulations
using a commercial FDTD-based electromagnetic solver (Semcad by Schmid and Partner
Engineering), as no precise methods could be found for determining those theoretically. All the metal
parts as well as the dielectrics were modeled lossless, because the meta losses could not be modeled
with the software, and the dielectric losses were assumed negligible compared to the conductor losses.
The radiation efficiencies for the antennas were calculated according to the smulated Q, and the
theoretical Q.. The conductivity value used in the calculations was o = 1.9-10° ¥m (value for tin
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bronze). The resonant frequencies of the antennas are 2500 MHz + 5 %. The resulting values for Q,
Q., and 7, are plotted in Figure 5.2.
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To get aclearer idea of the studied antennas in practice, details of afew structures are briefly presented
as examples. The dimensions of the DRA with V/1y°> = 0.201 are 14.0 x 6.9 x 3.2 mm° and &' = 100.
For the DRA with V/o> = 1.13, the dimensions are 25.6 x 11.6 x 5.8 mm® and &’ = 30. The quarter-
wave patch (h = 4 mm) with V/Ag° = 0.179 is filled with material having &' = 16, and the patch area is
9.0x 8.0mm? For the quarter-wave patch (h= 4mm) with V/1,°=1.03 the patch area is
21.0x21.0mm°and &' = 2.

Due to fewer metal parts, DRAs have lower conductor losses and thus higher radiation efficiencies
than patches (Figure 5.2), as expected. These results confirm the earlier experimenta results of [P4]
that the metal losses are not very significant even for quite small-size DRAS. It is also noted that the
metal losses in very low-profile patches (h=2mm) are higher than in respective thicker ones
(h=4mm), as a relatively larger part of the antenna surface area is metalized leading to smaller
radiating aperture and consequently a larger relative contribution of metal losses. In addition,
excluding the smallest antennas, the Q,s of lower patches are higher resulting in relatively larger
contribution of metal losses. According to the used approximate equations (Table 5.1), the quality
factors due to patch and ground plane losses are equal with haf-wave and quarter-wave patches of the
same height. Thus, it is obvious that the absolute metal 1osses are dightly higher with quarter-wave
patches due to the added short circuit. However, excluding the very smallest antennas, the radiation
efficiencies of half-wave patches are lower compared to those of quarter-wave patches. Thisis because
the contribution of metal lossesisrelatively larger in half-wave patches owing to higher Q,s. With very
small antennas, the losses in the short circuit become significant, as the area of the short circuit is
substantia compared to al meta parts of the antenna. The results of Figure 5.2 also demonstrate that
using a short circuit to halve the antenna volume is an efficient way for miniaturizing, especially for
patches the additional antenna half of half-wave structures actually degrades the total performance.

5.2 DRAsfor mobileterminals

Based on the results of the previous section, dielectric resonator antennas may have potentia
applications in mobile terminals, especialy when very small antenna e ements are needed. In addition
to having high efficiency, DRAS are easy to incorporate into microwave integrated circuits as they can
be integrated directly on the PCB of the device. So far, most of the studies have focused on
demonstrating the general possibilities and advantages of DRASs for wireless applications [22], [81],
[82], [83], [84], but the practical issues, regarding e.g. the finite ground plane or suitable antenna
shape, have been less considered. Some DRA designs for mobile terminals are presented in the
following.

In [85], a 180-degree sector of a cylindrical DRA was proposed as an internal handset antenna for the
GSM1800. The antenna was located near the top of the metal plate having dimensions 100 x 40 mm.
It was positioned in a way that a 90-degree sector of the antenna was on the metal plate and another
90-degree sector in the air. The volume of the antenna element was 5 cm® (V/4,® = 1.45), and it was
fabricated from materia with gr' = 12. The bottom of the half-cylinder was metallized. The measured
impedance bandwidth of the structure ranged approximately from 1680 MHz to 2300 MHz
(VOWR < 2), which satisfies easily the GSM 1800-system specifications (1710-1880 MHz). Actually,
the bandwidth could be reduced e.g. by fabricating the antenna with material having higher relative
permittivity. At the same time, this would reduce the antenna size, which is now too large for practical
handset applications. However, the shape and location of the proposed antenna element would still be
rather inconvenient considering a modern mobile handset. In addition, the effect of the chassis
wavemode on bandwidth has not been mentioned in the paper. The radiation pattern measurement of
the proposed structure in free space shows reduced radiation towards the user’ s head, but no results for
the SAR characteristics or radiation efficiency were given.
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A compact DRA for WLAN (wireless local area network) applications was introduced in [86]. It
consisted of a rectangular DRA (g = 12.6) with partial vertical and horizontal metallizations. The
volume of the antenna e ement was only 0.18 cm® (V/4,® = 0.964), and it was |located on the corner of a
metallic plate of an FR4 board with size 85 x 55 mm?. This tiny antenna in fact approaches the
structure of a chip antenna. A 12 % bandwidth (L,s,>10dB) at around 5.25 GHz was reported.
However, the antenna positioning was reported to have a significant effect on the bandwidth. With this
structure, a 2.4 size reduction factor was obtained compared to the volume of a conventional HV-DRA
with similar electrical properties. The size reduction was explained by the curvature of the field lines
due to the partia electric wall boundary effect by the meta strip. Although the efficiency was not
given in the paper, it can be assumed that owing to the metallizations, the losses of the proposed
structure are larger compared to atraditional DRA.

In this thesis work, a small, high-efficiency, wideband DRA to be used e.g. in a mobile termina in
UMTS-system was designed [P5], [O15]. The presented antennais simple in structure and thus easy to
manufacture. Furthermore, direct integration onto the PCB of a mobile termina is possible. The
studied prototype consisted of a metal-plated FR4 PCB having size 100 mm x 40 mm and a probe-fed
rectangular HV-DRA with two metallized edges (volume~ 2.8 cm®, VIA,® = 1.36, & = 16) placed on
the top corner of the PCB. This was assumed the most favorable location from the practica point of
view. The reverse side of the PCB as well as the area under the DRA were |eft unmetallized, although
in practice it is probably not preferable to remove the ground plane partialy. The measured impedance
bandwidth of this structure was 28 % (L, > 6 dB) at f. = 2.36 GHz. The wide bandwidth was obtained
owing to a novel configuration utilizing dual-resonance. This was reaized by tuning the feed probe
resonance and the first volumetric resonance of the didectric dice nearly equal. The design is
analogous to the design of dual-resonant patch antennas [23]; by properly adjusting the frequencies of
the resonances, the coupling between them, and the coupling of the feed line to the driven resonator
(here the resonant probe), a significantly wider impedance bandwidth is obtained than with a
traditional single-resonant structure without increasing the size needed for the antenna. In the
prototype, the bandwidth of the dua resonance was not fully optimized with respect to the matching
requirement. The optimal bandwidth would be approximately 1.2 times the measured value. Neither
the dimensions of the PCB were optimized with respect to the bandwidth. However, this would be
complicated owing to the shaped PCB metallization. The measured radiation efficiency was high (84-
99 %) over the whole impedance band.
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6 Frequency-tunable antennas

Frequency tuning is one method to improve the inherently narrow impedance bandwidth of small
antennas, as was discussed in Section 2.2.3. This technique enables e.g. the use of an antenna element
with a smaller size than usualy needed or the use of a single antenna element in several systems
without increasing its size. Electrical frequency tuning can be realized by loading the antenna with an
electrically controlled reactance or a passive reactance that is coupled to the antenna with a switch. In a
microstrip antenna, a tunable reactance or switch is typically connected between the patch and the
ground plane [29], [31], [33], [87]. Another common approach is to connect separate parts of the
antenna with a tuning component [25], [88]. To maximize the frequency shift, the tuning components
in such designs are typicdly positioned at high RF voltage or current locations, respectively, which
may result in high distortion or significant losses in the tuning component. Power 10ss in the tuning
circuit is actually a major problem of frequency-tunable antennas. Other crucial problems are the
complexity and distortion owing to the non-linearity of the switches or electrically controlled
reactances in the tuning circuits. In general, the main emphasis in the previous studies has been on the
achievable tuning range, whereas other items have received less attention. In this thesis, low-loss
tuning circuits were investigated comprehensively aiming at the minimization of power loss in the
tuning circuit with respect to the achievable tuning range [P6], [O13]. This study is presented in
Section 6.1. In addition, the theory of [P6] was successfully applied in [P7], in which a novel low-loss
frequency-tuning circuit for mobile handset antennas was proposed. This chapter also introduces this
study and presents some other state-of-the-art designs for mobile terminals.

6.1 Design method for single-resonant frequency-tunable patch antennas

A general design method for single-resonant frequency-tunable small resonant antennas was proposed
in [P6] for systematic analysis and minimization of power loss in the tuning circuit. Simple circuit
models for patch antennas with a fairly narrow impedance bandwidth were used to develop formulas
for the theoretical caculation of the frequency shift and the associated power loss as a function of the
parameters of the tuning circuit. By investigating the ratio of frequency shift and loss, an optimal
configuration for the tuning circuit could be determined. The theoretical results can be used e.g. to
provide optimal starting values and design curves that facilitate the final design with an
electromagnetic simulator.

To support the presented theory, the design procedure was demonstrated with two example antenna
structures, for which both ssimulated and measured results were presented [P6]. In both cases, the
tuning circuit consisted of two transmission line sections connected by a PIN diode switch. The goal
was to minimize the power loss in the tuning circuit and to obtain approximately equal radiation
efficiencies in both switching states. The antennas were located on large ground planes to exclude the
effects caused by the currents induced into the mobile terminal size meta plate (see Chapter 4). The
tuning ranges of both prototypes were selected to be approximately 5%, and their operating
frequencies were around 900 MHz. As afirst example, a narrowband frequency-tunable shorted patch
with a very high unloaded quality factor (Qq, = 99) was designed. The high Qo , Was selected to repre-
sent a very difficult case to tune; the theoretical ratio of frequency shift and loss is inversdy
proportional to Qp, (EQ. (6) in [PE]). Thus, any antenna with Qu, < 99 can be tuned an equa amount
with less power lost in the tuning circuit than with this antenna. Alternatively, an antenna with lower
Qo Can have alarger tuning range instead of a higher efficiency. The second prototype with Qg5 = 20
represented roughly a mobile terminal antenna for GSM900. It was designed for switching between the
transmitting and receiving bands of a GSM900 mobile station. For the narrowband prototype
(Qo.a =99) without the tuning circuit, the measured radiation efficiency at the resonant frequency was
77 %. The fairly low value is explained by the very low-profile (3 mm, 0.0094,) antenna element (see

36



Section 5.1). When the tuning circuit was added, the measured radiation efficiencies a the resonant
frequencies were 55 % and 68 % with the switch open and with the switch closed, respectively. For the
prototype with wider bandwidth (Qq, = 20), the corresponding values were 98 % (no tuning circuit),
95 % (switch open) and 95 % (switch closed). The simulated results were close to the measured ones
for both prototypes. Therefore, with the proposed method, a moderate frequency tuning of even a very
narrow-band antenna can be realized with fairly small reduction of efficiency caused by the tuning
circuit. The designed examples and measured results clearly support the theory.

In addition, the linearity characteristics of the prototypes were studied by measurements. The tuning
circuits of both prototypes caused only negligible distortion when the switch was closed. When the
switch was opened, the distortion was increased and further increased when the reverse bias voltage
was decreased. In this switching state, the switch was placed in alocation with a high voltage over it,
which is assumed the reason for worse linearity. The prototype with wider bandwidth was found to be
more linear than the narrowband prototype. Based on simulations, the signal voltage over the switch
was clearly higher in the narrowband prototype.

6.2 Frequency-tunable antennasfor mobileterminals

Although severa innovative frequency-tunable antenna designs that are intended for use in mobile
terminals have been reported recently, such as[87], [88], [89], [90], [91], many practical factors, which
may restrict the use and performance of certain tuning circuits in mobile terminal antennas, have been
given less attention in these publications. These limiting factors are e.g. the complexity, the losses in
the tuning circuit, the available dc-bias and distortion of the switching component as well as the effect
of the mobile handset -size metal plate. All these issues need to be carefully considered before a certain
design can find realistic applications in multisystem terminals. A few designs, which take into account
at least some of the mentioned factors, are presented in this section.

In [30], different possibilities for realizing frequency-tunable PIFAs for mobile terminals operating in
GSM900 and GSM 1800 systems were investigated. The studied antennas were single-band devices,
and they were located on large ground planes. In the most promising designs, the tuning was realized
by changing the inductivity of the antenna short circuit. This was done by placing a capacitive loading
in series with the short circuit. The switching was implemented by a PIN diode. The bias current was
restricted to 10 mA, which is a tolerable value for mobile termina applications. The am was a
switching solution that tunes the resonance between the transmitting and receiving bands and fully
covers those bands. Based on the measured results, the prototypes did not fully satisfy the bandwidth
requirements (L, > 6 dB), although the volumes of the antenna elements were large, 9.8 and 3 cm” at
900 and 1800 MHz, respectively. However, positioning the prototypes on a metal plate with size equal
to a typical mobile terminad is likely to increase their bandwidths. At 900 MHz range, the measured
radiation efficiency at the resonant frequency without the tuning circuit was 82 % and with the tuning
circuit 73 % and 70 %, when the switch was open and when it was closed, respectively. At 1800 MHz
range, the corresponding values were 93 % (no tuning circuit), 80 % (switch open), and 69 % (switch
closed). The distortion properties were not analyzed. As a main shortcoming, these solutions required
the original antenna to resonate even at lower frequencies than the desired operation band, which
makes these structures ineffective from the antenna miniaturization point of view.

In [32], practica implementation issues and limitations of small narrowband frequency-tunable mobile
termina antennas were discussed. A dual-tunable shorted patch antenna structure for the US cellular
(824-894 MHz) and GSM900 (880-960 MHz) systems was demonstrated. The structure had two
antenna elements, one for the reception bands and one for the transmission bands. In both antennas, a
PIN diode (a3 V battery as the supply voltage) was used for switching a loading capacitor to change
from one system to another. The antennas were located on a 100 x 40 mm? test ground plane
consisting of real handset parts. However, the ground plane structure was not accurately described in
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the article. A 10-15 MHz bandwidth was obtained with 30-40 % efficiency measured in free space
with the transmitting antenna having a volume of approximately 3 cm?®. Similar bandwidth was
obtained for the 1.5 cm® receiving antenna, but the peak free space efficiency was only 15 %. As such,
the presented antenna does not cover either the US cellular or GSM900 band totally but only narrow
parts of the both bands. More tuning states are required to cover completdy the both system bands,
which requires more switches. This leads to even higher losses. The losses due to the PIN diodes were
determined by replacing the used diodes with perfect switches (open circuit or shorting wire), and the
resulting measured free space efficiency was found to be 50 % for transmitting and 20 % for receiving.
It was also mentioned that the used switches exhibited nonlinearities, but no exact results were
reported. As one finad remark, the use of MEMS (micro-electromechanical system) switches was
suggested as a future alternative, as they will have much smaller insertion loss and better linearity than
the current PIN and FET switches do.

In [P7] of thisthesis, the basic design principles of [P6] were adapted to a novel low-loss frequency-
tuning circuit for practica mobile handset antenna (see Figure 6.1a). A tuning circuit was added to a
previously published dual-band antenna element [18] for the European GSM bands to cover dso the
US cellular system band with the same antenna. The 4.9 cm® antenna was positioned on a metallized
PCB having dimensions 110 mm x 40 mm, thus representing the PCB of a typical mobile phone. The
tuning circuit, consisting of low-loss transmission line sections and an SPDT (single-pole, double-
throw) FET switch, which had suitable characteristics for use in real mobile phones (bias voltage 3 V),
was fabricated directly on the substrate of the PCB. The basic idea was to connect the first tuning line
having length I, in turn to the second tuning line having length either |,, or I,, (Figure 6.1b), and
thereby change the reactance loading the antenna. However, the paper introduced a problem that
involves to frequency-tunable antennas positioned on a PCB with size of a typical mobile terminal;
because of the strong frequency-dependency of the coupling between the feed and the antenna el ement,
sufficient matching in both US cellular and GSM900 bands cannot be obtained by simply switching
the resonant frequency of a mobile handset antenna between the two systems. This significantly
complicates the design of frequency-tunable antennas for mobile handsets. In the paper, the bandwidth
problem was effectively addressed by utilizing dual-resonance to provide adequate bandwidth for both
systems. In the presented design, a doubly tuned resonance was used in both system bands. The results
showed that an additional band of operation could be added to an existing dual-frequency antenna
design with a ssimple tuning-circuit that causes only a small amount of additiona losses (measured
radiation efficiency > 72 %) and distortion (measured 11P;> 64 dBm and harmonic frequencies
< -81 dBc). Besides, when comparing the design of [P7] with those of [30] and [32], it is claimed that
the performance of the antenna presented in [P7] is much closer to the acceptable level considering a
real mobile terminal.
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Figure6.1 a) Photograph of the studied prototype, b) Sructure of the tuning circuit.
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7 Summary of publications

[P1] On the general ener gy-absor ption mechanism in the human tissue

In this paper, the general energy-absorption mechanism in the human tissue is investigated. The
purpose is to study fundamental background to increase the understanding of this process, which has
previously been somewhat unclear. The behavior of the electric fields of small antennas located near
lossy dielectric half-space, which consists of several materia layers, is studied by numerica
simulations using a commercia FDTD-based electromagnetic solver. Two different RF sources
operated at 900 MHz are used: a half-wave dipole and a patch antenna on a mobile handset chassis.
The results show that the peak SAR is not actualy related to the antenna current, as has been
commonly believed. Instead, the SAR maximums can be explained by inspecting the quasi-static
electric near fields of the antenna at the air-tissue interface and utilizing the boundary conditions.

[P2] Resonator-based analysis of the combination of mobile handset antenna and
chassis

In this paper, the performance of the mobile handset antenna-chassis combination is analyzed by
treating the system as a combination of the separate wavemodes of the antenna element and the
chassis. A double resonator equivalent circuit model is presented and used to estimate the impedance
bandwidth and the respective distribution of radiation losses with typical parameter vaues at 900 and
1800 MHz. The goal isto clarify the roles of different parts of the radiating system and give guidelines
to control or analyze the combined performance both in the sense of radiation properties and user
interaction. It is noticed, that at 900 MHz, the radiation contribution of the antenna element wavemode
represents typically less than 10 % of the total radiated power. Thus, the antenna element works mainly
as a matching element, which couples to the low-Q resonant wavemode of the chassis. At 1800 MHz,
the contribution of the antenna element wavemode is larger, approximately 50 %. The results given by
the theoretica study are validated by three-dimensional phone-model simulations, including
calculation of the impedance bandwidth, SAR, and radiation efficiency in talk position. It is shown that
at 900 MHz and around 10 % bandwidth, which describes a typical situation for a GSM900 mobile
terminal, the contribution of the antenna element wavemode is so small that it does not have any
significant effect on SAR or efficiency beside user. At 1800 MHz, the contribution of the chassis
wavemode is found to be smaller but still significant. In addition, experimental results are presented
for a prototype designed based on the model. They demonstrate that a compact non-radiating coupling
element, which effectively excites the chassis wavemode, can replace a conventional self-resonant
antenna element.

[P3] Bandwidth, SAR, and efficiency of internal mobile phone antennas

This paper presents a thorough investigation into the effects of several phone chassis -related
parameters — length, width, thickness, and distance between the head and phone — on the bandwidth,
efficiency in talk position, and specific absorption rate (SAR) characteristics of interna mobile phone
antennas. The goal of this parametric approach is to provide a basis for the optimal design of antenna-
chassis combination considering the performance in free space as well as beside a user. The studied
antenna-chassis combinations are located beside an anatomical head model in a position of actual
handset use. The effect of the user’s hand is also studied with two different hand models. The main
part of the study is based on FDTD simulations, but also experimenta results, which support the
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computationally obtained conclusions, are given. The results show the genera trends of bandwidth,
SAR, and efficiency with different chassis parameters. The results also reveal a connection between
these three performance parameters. an increase in SARs and a decrease in radiation efficiency occur
compared to the general trend when the bandwidth reaches its maximum. This happens when the
resonant frequency of the chassis equa s that of the antenna.

[P4] Characteristics of half-volume DRAswith different per mittivities

This paper studies experimentaly the size reduction of rectangular half-volume didectric resonator
antennas. The main motivation is to determine how much the radiation efficiency decreases when
downsizing the antenna by increasing the relative permittivity of the dielectric material, because this
information was not available in the open literature. A set of DRASs of different permittivity material
(&' =2-70) but of the same geometrical shape is investigated. The measurement results are given for
the bandwidths, radiation patterns, gains, and radiation efficiencies of the prototypes located on large
ground planes. The results show that the efficiency stays fairly high aso for high vaues of g’
(7 ~ 86 % for & = 70), which gives agood basis for the miniaturization of HV-DRAS.

[P5] Wideband dielectric resonator antenna for mobile phones

This paper describes a novel small dual-resonant dielectric resonator antenna. An antenna prototype,
which is suitable for mobile terminals, is studied both theoretically and experimentally. The antennais
fed by a self-resonant meandered probe located on the surface of the dielectric dice. With this
structure, a dual-resonant frequency response of the reflection coefficient and a wide impedance
bandwidth is obtained. The measured impedance bandwidth (L&, >6 dB) is28 % at f. = 2.36 GHz
when the antenna is positioned on a 100 mm-long chassis. The measured radiation efficiency is
above 84 % over the operation band. In addition, the presented antenna is structurally simple and can
be directly integrated onto a PCB.

[P6] Low-losstuning circuitsfor frequency-tunable small resonant antennas

This paper deals with the minimization of power loss in the tuning circuits of frequency-tunable small
resonant antennas aiming for an optimized configuration for the tuning circuit. The frequency shift and
the associated power 10ss in certain tuning circuits are theoretically calculated based on approximate
circuit models of fairly narrowband resonant antennas. The theoretical results are used to obtain design
curvesthat facilitate the final design with an electromagnetic simulator. To support the theory, a design
procedure is successfully demonstrated with two example antenna structures, for which both smulated
and measured results are presented.

[P7] Frequency-tunable internal antenna for mobile phones

This paper introduces a novel low-loss frequency-tuning circuit for mobile handset antennas. The
design is based on the theory presented in [P6]. The proposed tuning circuit takes into account severa
factors that affect the practical mobile handset antenna design, such as the biasing limitations and
distortion of the switching component as well as the effect of the mobile handset -size metal plate. A
handset antenna prototype that is capable of switching between the US cellular and GSM systems at
800-900 MHz frequency range is designed and measured. The designed antenna has high radiation
efficiency (> 72 %) and very low distortion (I11Ps > 64 dBm, harmonic frequencies < -81 dBc) in both
system bands.
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8 Conclusions

The entire system, which includes the antenna; the mobile termina working in fact as part of the
antenna; and the user of the terminal was considered in this thesis. The ratio between the power
radiated into the free space and the antenna input power, i.e. the total efficiency of this system, formed
a general concept for the studies. Theratio is affected partly by the losses owing to the user [P1]-[P3],
partly by the losses in the antenna e ement [P4]-{P7], and partly by the losses in other mobile termina
parts.

Despite the large number of studies reporting the interaction between the mobile terminal and its user,
the existing information on the general energy-absorption mechanism in the human tissue has been
somewhat unclear. This thesis has made significant progress in understanding this phenomenon. It was
demonstrated in the work that the peak SAR is not actually related to the antenna current, as has been
commonly believed. Instead, the SAR maximums can be explained by inspecting the quasi-static
electric near fields of the antenna at the air-tissue interface and utilizing the boundary conditions. It
was demonstrated that for high values of the real part of tissue permittivity, such as tissue-equivalent
liquid used for SAR compliance testing, the perpendicular eectric field components are strongly
attenuated at the surface. For low-permittivity tissues, like fat, the attenuation of the perpendicular
components is only moderate. A simple theoretical approximation for the perpendicular electric field
component in the tissue was obtained by dividing the corresponding component in free space by the
real part of the relative permittivity of the tissue. The tissue surface has a similar effect on the paralld
components in both cases. As SAR is directly proportiona to the total electric field in the tissue, the
SAR distribution caused by a certain antenna is not similar in different tissue types. The presented
novel information is valuable when designing antennas with minimized user interaction, and the
obtained results provide a good theoretical basis for further practical antenna designs.

Designing antennas for mobile communications devices aso requires the understanding of the
combined behavior of a small antenna and the metal chassis of a mobile terminal, as this has long been
known to affect the antenna performance. However, this has previoudy been inadequately analyzed.
The novel information presented in this thesis provides a clear and comprehensive picture of the
interaction between a small antenna and a chassis. The studies of this thesis were made with
monoblock terminals, but the results can also be applied to antennas of other terminal types, such as
phones with a slider or clamshell terminals. The presented analysis is based on an approximate
decomposition of the waves on the structure into two resonant wavemodes. the antenna element
wavemode and the chassis wavemode. It was shown that the contribution of the chassis wavemode to
the total radiated power is significant, and very large bandwidths can be realized with relatively small
antenna elements by optimally utilizing the chassis wavemode. It was also demonstrated that at
900 MHz, the antenna element could actually be replaced with a practically non-resonant matching
element, which was coupled to the low-Q resonant wavemode of the chassis. This idea can also be
utilized in other frequency ranges. Besides the bandwidth, also the efficiency in talk position and SAR
performance of a typical monoblock handset antenna-chassis combination were comprehensively
investigated in this work. The general trends of the studied three performance parameters with
different chassis parameters were shown. Also, it was demonstrated that there is a connection between
these three parameters. when the resonant frequency of the chassis equals that of the antenna, the
bandwidth reaches its maximum and there occur alocal maximum in SAR values and alocal minimum
in radiation efficiency. Based on the results, it is concluded that the chassis currents have an important
role when determining the total performance of a handset antenna-chassis combination. A thorough
analysis on the behavior of the chassis currents has been presented in this thesis, but controlling those
to optimize the antenna performance is an issue that should be further studied.
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New approaches to realize highly efficient antenna e ements for mobile terminals were also studied in
this thesis. Firstly, as an alternative to commonly used microstrip-type antennas, the suitability of
dielectric resonator antennas for mobile terminals was studied both theoretically and experimentally
with the main attention paid to the loss characteristics. It was observed that the metal 1osses were not
very significant even for quite small-size DRASs. Therefore, the radiation efficiency of the studied
structures stayed fairly high also for antenna e ements with high &', which gives a good basis for the
miniaturization of DRAs. Furthermore, it can be concluded that DRAs are suitable for mobile
terminals, especially when very small antenna elements are needed. As an application example, a novel
means to realize a high-performance dual-resonant DRA design for mobile terminals was presented in
the work. Secondly, low-loss frequency-tuning circuits for small resonant antennas were systematically
investigated. Equations for the theoretical caculation of the frequency shift and the associated power
loss as a function of the parameters of the tuning circuit were derived in the work. Prototypes showed
the validity of these equations. As the main results, general design guidelines for tuning circuits with
minimized losses with respect to the achievable tuning range could be given, and an optimal
configuration for the tuning circuit could be determined. In addition, the basic design principles were
successfully adapted to a novel low-loss frequency-tuning circuit for practica mobile handset
antennas.

This thesis provides novel and useful information for the design of mobile terminal antennas.
Increasing the general understanding of the basic energy-absorption mechanism in the human tissue; a
comprehensive analysis of the operation of a small antenna-terminal chassis combination; and
improving the knowledge of dielectric resonator antennas and of frequency-tuning circuits of small
resonant antennas both relating especially to losses in the structures can be listed as the main scientific
achievements of this thesis. In addition, the work has created severa technical innovations in the field
of small antennas.
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