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Abstract

Wireless communications has been a major motivator of small antenna research during the
last decade. New communication systems with wider system bands have been introduced,
single-band terminals have evolved into multiband and multimode terminals, the average ter-
minal size has decreased drastically, and internal antennas have been developed into standard
solutions. All this combined with strict limitations set for the energy absorbed by the users of
mobile terminals has created needs for improved antenna solutions and better understanding
of small antennas on small complex platforms. In response to these challenges, it is studied in
this thesis how the frequency band, over which the combination of an electrically small
antenna and a small radio device efficiently transmit and receive radiowaves, can be system-
atically maximized.

When a small antenna is attached to a small metal object, like the metal chassis of a mobile
phone, the size and shape of the object and the position of the antenna on it can have a strong
effect on the antenna performance. The thesis shows that the behavior of a radiating system
formed by a small antenna and the metal chassis of a small radio device can be studied by ap-
proximating the system as a combination of the separate resonant wavemodes of its com-
ponents. The modes of the antenna and the chassis are described with resonant circuits that
are combined into one dual-resonant equivalent circuit model. It is shown with the model that
the characteristics of the antenna-chassis combination depend on the unloaded quality factors
and the relative amplitudes of the resonant modes of the antenna and the chassis. Based on the
results obtained with the circuit model, several important conclusions on the significant prop-
erties of the system can be drawn.

The effect of the metal chassis on the bandwidth, radiation efficiency, and SAR (specific ab-
sorption rate) of internal mobile phone antennas is also studied with electromagnetic simula-
tions in the thesis. The results support those of the resonator-based analysis and show that in
addition to the impedance bandwidth, the radiation efficiency in talk position and SAR depend
strongly on the parameters of the phone chassis.

When the size and efficiency are fixed, making a small antenna dual-resonant or multireso-
nant is a very effective method of increasing its bandwidth. The method is extensively studied
in this thesis, which presents for the first time a unified theory for the impedance bandwidth
optimization of small antennas comprising two coupled resonators with arbitrary unloaded
quality factors (Qo; and Qo). Simulated and measured results are presented to support the
theory. In addition, results for novel antenna designs that were developed based on the theory
are presented. An example of the results is the first published single-feed internal mobile
phone antenna that covers the frequencies of E-GSM900, GSM 1800, GSM1900, and UMTS
with a return loss of at least 6 dB and high radiation efficiency.

One of the main problems of increasing the effective bandwidth of a small resonant antenna
with electrical frequency tuning is power loss in the tuning circuit. A systematic method for
the minimization of RF power loss in certain frequency-tuning circuits of small resonant
antennas is developed and demonstrated in the thesis. The design principles are also adapted
to the design of a novel frequency-tuning circuit for internal mobile phone antennas. It en-
ables adding a new band of operation to an existing dual-band antenna structure.
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1 Introduction
1.1 BACKGROUND

An antenna is a device used for receiving and transmitting radio waves. Antennas are spe-
cially designed to transform guided waves (that propagate in non-radiating transmission lines)
into free space waves, or vice versa, as effectively as possible [1]. When the electrical size of
an antenna is reduced, its ability to perform the main function suffers. It is a commonly
accepted fact that electrically small antennas have generally poorer performance than larger
antennas [2]-[5].

Small antennas are essential components in all personal radio communication devices. They
can either enhance or constrain the performance of a whole communication system. The
success and rapid growth of mobile communications has made mobile phones one of the best
selling electronic devices on the market, and each of those phones has at least one small
antenna. Furthermore, the number of small radio devices containing small antennas is
increasing, and therefore, small antennas have also an increasing economic significance.

The main problem of small antennas is the interrelationship between their size, efficiency, and
bandwidth [2], [4], [5]. One of these can be improved only at the expense of the others. For
example, a small single-resonant antenna with a high efficiency will always have a narrow
bandwidth. It can be increased by reducing the efficiency, by increasing the size, or both. It is
not possible to construct a simple universal antenna that would cover the frequencies of all
imaginable communication systems, radiate efficiently, and be small enough to permit
terminal sizes that would still sell on the increasingly demanding market.

One of the current trends in mobile communications is the increasing popularity of internal
mobile terminal antennas. Traditional whip and helix antennas have been replaced in many
applications by internal antenna solutions. Owing to the protective casing of the terminal, in-
ternal antennas are mechanically more reliable than external whips and helices. A terminal
with an internal antenna is also convenient to handle. Internal antennas can be regarded at-
tractive also from the industrial design and marketing points of view.

Many mobile terminal and antenna manufacturers have selected the short-circuited patch an-
tenna (shorted patch) or planar inverted-F antenna (PIFA) [6] as their basic internal antenna
solution. The general advantages of the short-circuited patch antenna include: fairly compact
size, light weight, low-profile, possibility to make the antenna conformal, easily obtained
matching with a built-in impedance transformer, simple structure, and low production costs.
In addition, if a short-circuited patch antenna is large enough compared to its bandwidth [P5],
which is still typically the case especially at the 1800 MHz frequency range and above, it can
be positioned in the terminal so that most of the radiation is directed away from the user when
the terminal is in talk position beside the user’s head. This reduces the power absorbed in the
head leading to higher radiation efficiency and lower specific absorption rates (SAR) [7], [8].
It is also fairly easy to develop dual-band and multiband antennas by using short-circuited
patch elements as the basis. The main disadvantage of the short-circuited patch antenna is the
narrow impedance bandwidth, which is common to all small antennas. If the size and effi-
ciency are fixed, the bandwidth of a short-circuited patch antenna element on a large ground
plane (e.g. 24y x 249) can be increased by adding more resonators into its structure or by us-
ing electrical frequency tuning to increase the effective bandwidth. The number of resonators
can be increased with parasitic radiating elements or resonant low-loss matching circuits. The



price for bandwidth improvement with electrical tuning, parasitic elements, or resonant
matching circuits is increased complexity. These methods may also reduce radiation
efficiency.

A mobile terminal antenna can be designed based on two opposite basic design concepts. The
first one tries to isolate the antenna from the terminal so that current excitation on the metal
chassis of the terminal is minimized [9], whereas the second one tries to utilize (or even maxi-
mize) radiation from the currents excited on the terminal chassis. Ideally, if an antenna can be
isolated from the terminal, the theoretical maximum bandwidth and efficiency of the antenna
depend only on the dimensions of the antenna [3], [10], [11]. Currently, however, the size
allowed for the antenna, e.g. in mobile phones, is too small for an isolated antenna to have a
sufficient operation bandwidth for most communication systems, especially around 1 GHz
and below. When a small antenna is used to excite strong radiating currents on the chassis, it
is possible to obtain much larger operation bandwidths (compared to the antenna element
size) than with isolated antennas. This has made the use of current very compact internal an-
tennas possible. Typically, the bandwidth of a small antenna attached to a mobile terminal is
several times larger than that of the same antenna on a large or infinite ground plane.
However, many characteristics of such an antenna are known to depend on the dimensions of
the chassis and the location of the antenna on it. For example, the bandwidth of a PIFA is
known to depend strongly on the effective length (largest dimension) of the chassis [12], [P5].
This ties the antenna performance strongly to the mechanical design of the whole terminal. As
a significant part of the radiation comes from the chassis currents, the nearby lossy tissues of a
user’s head and hand, which often cover most of a small terminal, can be expected to have a
strong performance degrading effect on the combination of an antenna and a chassis.
Profound knowledge on the joint operation of the antenna and the metal chassis of a mobile
terminal is required to optimize the performance of this type of an antenna-chassis com-
bination.

The radio frequency (RF) signal energy absorbed by the users of mobile terminals is de-
scribed with SAR values. Various regulatory bodies have set limits on the maximum allowed
AR values [13], [14]. The limits are typically based on international exposure guidelines
[15], [16]. Terminal manufacturers are required to ensure that their products comply with the
exposure limits using standardized evaluation methods [17]-[19]. On one hand, keeping the
AR values below the limits complicates antenna design. On the other hand, reduction of the
power absorbed by the user is desirable from the engineering point of view because it
increases the radiation efficiency of the terminal near the user’s body, and thus improves the
performance of the terminal.

One of the main technical challenges in the field of small antennas is the realization of small
multiband antenna elements for compact personal communications terminals with constantly
increasing requirements. The number of radio communication systems supported by a single
mobile terminal is increasing, which requires more radios and antennas in the terminal. To
keep the antenna performance at the current level, the volume reserved for the antennas inside
the terminal should be increased along with the number of antennas or frequency bands
covered by one antenna. This is, however, usually unacceptable, as the trend is still towards
more compact terminals, and the antenna is already one of the largest components inside the
terminal. In fact, there is constant pressure to decrease the size of the antenna, while
increasing its performance. The only choice is to try increasing the bandwidth-to-volume ratio
(BVR) of the antenna. This will require the use of various techniques that lead to increased
bandwidth. These are e.g. the use of a multiresonant antenna structure or a matching circuit,
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the performance optimization of the combination of an antenna and a terminal chassis, and the
electrical tuning of an antenna to a frequency or system band needed at a given time. Some of
the scientific challenges related to electrically small antennas have already been solved and
fundamental limits established [3], [10],[11],[20], [21]. However, showing the limits of
improvement that can be achieved with parasitic radiating resonators, electrical frequency
tuning, and by optimizing the combined performance of the antenna and the metal chassis of a
mobile terminal provides many possibilities to increase knowledge in the field of small anten-
nas. Typically, the results of mobile terminal antenna research have described novel shapes
for electrically small antennas. Less attention has been paid to understanding the fundamental
phenomena that define the combined performance of the antenna and the other metal parts of
the radio device. Based on the results, it is often obvious that e.g. the dimensions of the radio
device and the location of the antenna on it are at least as important for the performance as the
shape or type of the antenna element.

1.2 OBJECTIVES

The main objective of this thesis is to generate new scientific knowledge on how the combi-
nation of an electrically small internal antenna and a fairly small mobile terminal, with a
maximum dimension smaller than about one wavelength, can be systematically designed to
operate efficiently over the large bandwidths used in mobile communications. The work has
been divided into two main parts. The objective of the first part is to increase the
understanding of various methods of improving the performance of small internal antenna ele-
ments. The objective of the second part is to improve the understanding of the combined per-
formance of a small internal antenna and the metal chassis of a mobile terminal.

The study has been limited to low-profile internal antenna elements, such as shorted patches
and PIFAs, which fit naturally inside small radio devices. Furthermore, the considered termi-
nal type has a monoblock metal chassis as opposed to a clamshell type of chassis. The materi-
als used for antennas are traditional metals and dielectrics. Special materials, such as artificial
electromagnetic materials (metamaterials) or magneto-dielectrics, have not been used. Such
materials can be used in addition to the studied techniques.

1.3 ORGANIZATION

The thesis consists of nine previously published papers [P1]-[P9] and a summary. The
performance improvement of small resonant antennas with additional resonators is studied in
papers [P1]-[P4] and [P7]. Papers [P8] and [P9] consider the performance improvement of
small resonant antennas with electrical frequency tuning. The combined performance of a
small antenna and the metal chassis of a mobile terminal is studied in papers [P5]-[P6].

The summary part of the thesis is organized so that Chapter 2 briefly presents a few key topics
of the theory of small antennas. Chapter 3 deals with the bandwidth enhancement methods of
small antennas. The effect of the metal chassis of a small radio device on the performance of
small antennas is discussed in Chapter 4. Chapter 5 considers the development of internal
multiband antennas. The use of electrical frequency tuning is discussed in Chapter 6. Summa-

ries of the publications included in the thesis are presented in Chapter 7 and the conclusions in
Chapter 8.
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2 Theory of small antennas
2.1 INTRODUCTION

The small antennas studied in this thesis are resonators. Because a small antenna stores a
relatively large amount of energy, its input impedance has a large reactive component in ad-
dition to a small radiation resistance. To deliver power to (and from) the antenna, it must be
tuned to resonance, i.e. the input reactance must be cancelled out. Sufficient reactance can-
cellation can only occur inside a narrow bandwidth. In addition, the resonant resistance must
be transformed to match the characteristic impedance of the feed line. A small antenna can be
tuned to resonance with an appropriate additional reactance, or it can be self-resonant so that
the reactance cancellation at resonance happens naturally in the antenna structure.

In the following, some theory of electrically small antennas is briefly discussed. The purpose

is to define the most important terms and to explain what happens when the antenna size is
reduced.

2.2 QUALITY FACTOR

The quality factor of a resonator describes the rate at which energy decays in the resonator. It
is defined as

o, x energy stored in the resonator

27

W
) 2.1
& 2.1

decrease of energy per second

where @ is angular resonant frequency, f; is resonant frequency, W is stored energy, and P is
loss power [22], [23]. At the resonant frequency, the electric and magnetic energies of the
resonator are equal. The loss power can be divided into several load components, each of
which can be described with a separate quality factor. The total quality factor is called the
loaded quality factor (Q). It can be divided into the unloaded quality factor (Qp) and the ex-
ternal quality factor (Qg), as shown by Eq. (2.2). The unloaded quality factor describes the
internal losses of the resonator, which can be further divided into radiation, conductor, and
dielectric losses. These are described by radiation (Qy), conductor (Qc), and dielectric (Qg)
quality factors. One or more external quality factors can be used to describe the losses caused
by external connections to the resonator, such as the antenna feed.

1 1 1 1 1 1 1 (2.2)

— =t —=—f—+—
Q Q Q& Q& Q& Q Q

The unloaded quality factor of a resonator can be determined from a simulated or measured
frequency response of reflection coefficient as described e.g. in [24]. Equations for
approximating Qy, Qc, and Qq of microstrip antenna structures are given e.g. in [25].

2.3 BANDWIDTH

The useful bandwidth of an antenna may be limited by several factors, such as impedance,
gain, polarization, or beamwidth. The input impedance is generally the main factor limiting
the usable bandwidth of small antennas. The input impedance of a small antenna varies
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rapidly with frequency. This limits the frequency range over which the antenna can be
matched to its feed line.

Impedance bandwidth is usually specified in terms of a return loss (L;en) or voltage standing
wave ratio (VSWR). Typical matching requirements are VSWR<2 or Liegn>10dB
(VOWR < 1.92). Usually, the matching requirement is set in each case separately to meet the
requirements of the application at hand. In recent years, L;en > 6 dB (VSWR < 3) has become a
typical requirement for small internal antennas of mobile phones [26]-[28].

Near resonance, the input impedance of a small antenna can be modeled by a parallel or series
RLC lumped-element equivalent circuit. By using a resonant circuit model, it can be shown
that the relative impedance bandwidth B, of a small antenna is inversely proportional to its
unloaded quality factor Qo [29], [30]:

B, _1 /—(TS_I )(S_Tj’ (2.3)
Q S

where S is maximum allowed voltage standing wave ratio (VSWR < S), and T is coupling
coefficient. For a parallel resonant circuit, the coupling coefficient is calculated from
T =Yy/Gy, where Yj is the characteristic admittance of the feeding transmission line and Gy is
the resonant conductance of the antenna. For a series resonant circuit, the coupling coefficient
is calculated from T=2y/R), where Z, is the characteristic impedance of the feeding
transmission line, and R, is the resonant resistance of the antenna.

2.4 MINIMUM RADIATION QUALITY FACTOR OF A SMALL ANTENNA

The minimum radiation quality factor and the maximum bandwidth of an ideal single-
resonant small antenna are ultimately limited by the antenna size [3].

The fields outside a virtual sphere (radius a), which completely encloses an antenna structure
or an arbitrary current distribution, can be expressed with a complete set of orthogonal,
spherical wave functions (spherical TMpy, and TEn,, wave modes) [3]. The space outside the
virtual sphere can be thought of as a spherical waveguide where the waves propagate in the
radial direction. The cutoff radius of the spherical waveguide is rc = N1y/2n, where n is the
mode number [3], [31]. The cutoff radius is independent of the mode number m. All the
modes excited by the antenna contribute to the reactive power while only the propagating
modes contribute to the radiated power [32]. When the sphere around the antenna decreases,
the number of propagating modes decreases and Q; increases. When the sphere becomes small
enough, even the lowest mode (n=1) becomes evanescent (non-propagating), and Q
increases rapidly, as evanescent modes contribute very little to the radiated power [32].

With the use of the spherical wave modes, it was shown in [3] that of all linearly polarized
small antennas, the lowest possible Q; is obtained with an antenna that excites only either one
of the lowest modes (TMy; or TEy;) outside the enclosing virtual sphere and stores no energy
inside it. The theoretical minimum Q; of such an antenna can be calculated from

1 1

Q :W+k_a’ (2.4)
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where K is wave number (k = 27/4), and a is the radius of the smallest sphere enclosing the
antenna [10], [11], [33], [34]. In practice, however, all the antennas store energy also within
the enclosing sphere, which increases their Q, [35]. Thus, Eq. (2.4) represents a fundamental
lower limit, which is not reached with practical linearly-polarized antennas.

According to Eq. (2.4), the radiation quality factor of an ideal small antenna is approximately
inversely proportional and thus its impedance bandwidth is approximately proportional to the

volume of the antenna in wavelengths (V/4;,). Based on the spherical wave mode theory,

practical small antennas, such as shorted patches, must behave qualitatively the same way as
the ideal antenna. The radiation quality factors of practical antennas are just higher, as
explained above.

When both TMy; and TEy; modes are equally excited, as in circularly polarized small anten-
nas, the theoretical minimum Q; is about half of that obtained when only TMy; or TE; mode
is excited. The theoretical minimum Q; of an ideal small antenna, with TM; and TEy; modes
equally excited, can be calculated from [11], [34]

Qr = +—. (25)

Generally, to minimize Qy, the antenna structure should use the space inside the enclosing
sphere as efficiently as possible [36], [37]. For example, the Q; of the PIFA is known to
decrease as its height increases [6]. The height of a basic PIFA can be increased without in-
creasing the radius of the enclosing sphere, because the condition for its fundamental
resonance is related to its length (l) and height (h) as | + h = A/4. Therefore, it can be argued
that increasing the height of a PIFA makes its Q; approach the theoretical limit because the
antenna utilizes the volume of the enclosing sphere more efficiently.

2.5 EFFICIENCY

Total antenna efficiency (7:) measures how well an antenna converts the input power
available at the antenna feed to radiated power (P;), which can be measured in the farfield
[38]. The total efficiency can be divided into radiation efficiency (7r) and reflection
(mismatch) efficiency (7ren):

e =T e - (2.6)

Radiation efficiency tells how much of the input power accepted by an antenna (Pj,) it
converts to radiated power, as shown by Eq. (2.7). Radiation efficiency can also be expressed
as the ratio of the unloaded quality factor to the radiation quality factor of the antenna. As
shown by Egs. (2.2) and (2.7), if Q, increases, Q; and Qg must be increased accordingly,
otherwise the radiation efficiency decreases. For a given radiation efficiency, a narrowband
antenna requires the use of less lossy materials than a wideband antenna.

_R_Q
nr - Pin - Qf (2.7)
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Proper matching ensures that a desired amount of the available power is transferred into the
antenna. Reflection efficiency is defined as

2

M =1-]T], 2.8)

where I is voltage reflection coefficient at the antenna feed. It can be calculated from

; 2.9)

where Z;, is antenna input impedance, and Z, is characteristic impedance of the feed line [38].

The typical radiation quality factors of the antennas studied in this thesis are small enough and
the materials are so good (Q. and Qq sufficiently high) that the radiation efficiency is not the
main factor limiting the total efficiency of the antennas. The total efficiency is mainly limited
by the reflection efficiency at the edges of the operation band (impedance bandwidth).
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3 Bandwidth enhancement of small antennas
3.1 INTRODUCTION

In the following, the bandwidth enhancement of small resonant antennas is discussed using
short-circuited microstrip patch antennas (or PIFAs) [6] and other patch type antennas as
examples.

3.2 INCREASING ELEMENT SIZE

The impedance bandwidth of a small antenna is ultimately limited by its electrical size
[2], [3]. Therefore, an obvious way to improve the performance is increasing the antenna size.
For example, the impedance bandwidth of an open-circuited or short-circuited patch antenna
is known to increase as its width or height (substrate thickness) increases or the relative
permittivity of its substrate decreases (length increases) [6], [39], [40]. Although effective,
increasing the antenna size is often impossible in small radio devices.

3.3 REDUCING EFFICIENCY

Besides increasing the size of a small antenna, its impedance bandwidth can be increased by
reducing its efficiency artificially. This can be done e.g. by manufacturing the antenna from
lossy material or by adding resistive components into the structure [41], [42]. By combining
Egs. (2.3) and (2.7), it can be seen that the relative bandwidth is inversely proportional to the
radiation efficiency. Thus, the impedance bandwidth can be doubled by halving the radiation
efficiency. The obvious disadvantage of this method is reduced antenna gain.

From the antenna design point of view, a simple way to improve the impedance bandwidth is
to add an attenuator in series with the antenna. For example, adding a 3-dB attenuator will
theoretically lead to a 6-dB return loss over an infinitely wide band, but it will also reduce the
total efficiency by 3 dB.

Another way of obtaining a larger impedance bandwidth at the expense of efficiency is simply
by accepting a smaller return loss. For example, by using Eq. (2.3), it can be estimated that
accepting a return loss of 6 dB instead of 10 dB will increase the impedance bandwidth of a
critically coupled single-resonant antenna by a factor of 1.7. This decreases the total effi-
ciency of the antenna at the band edges by 0.8 dB.

3.4 USING MULTIPLE RESONANCES

The use of multiple resonances is an effective method of increasing the impedance bandwidth
of small resonant antennas [4], [20], [21]. It enables a significant increase of bandwidth even
when the antenna size and efficiency are fixed. A multiresonant small antenna can be obtained
by adding one or more high-Q matching resonators [21], [30], [43] or parasitic elements
[44], [45] to the original antenna. In some antenna structures, it is also possible to excite two
orthogonal resonant modes with close enough resonant frequencies [46]. Generally, the band-
width increases as the number of closely-tuned coupled resonances increases. The price for
increased bandwidth with multiple resonances is increased design complexity. Adding
resonators may also increase the manufacturing complexity and costs. Furthermore, ohmic
losses in the additional resonators can reduce the radiation efficiency.
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3.4.1 High-Q matching resonators

A well-known method of increasing the impedance bandwidth of resonant antennas is adding
a matching network, which consists of high-Q (low-loss) resonators, between the antenna and
its feed line. The matching network may contain one or more resonators, and it can be sepa-
rated from or integrated to the antenna structure.

There are fundamental limitations on the broadband impedance matching of a purely resistive
source to a passive complex load, such as a small resonant antenna, with a reactive matching
network. The limitations were shown for a load comprising a capacitor in parallel with a re-
sistor in [20]. The work was extended to arbitrary passive loads in [21]. The results of [20]
and [21] show that regardless of the number of elements in the matching network, a perfect
match can not be obtained over the whole frequency spectrum or even at all frequencies
within a finite frequency range. A perfect match can be obtained only at a finite number of
frequencies, but even in that case, the theoretical maximum bandwidth is limited by the
inherent Q) of the load. Making the reflection coefficient very small at any point of the pass-
band decreases the theoretical maximum bandwidth. The best result is obtained if a less than a
perfect match is accepted and a maximum tolerance, such as a maximum allowed reflection
coefficient, is defined for the match. In broadband matching, the level or tolerance of the
match and the maximum bandwidth are exchangeable quantities.

Based on [20], [21], and [30], the theoretical maximum impedance bandwidth for a resonant
antenna having a certain Qp and a resonant matching network containing an infinite number of
purely reactive elements can be calculated from

B = Q,In{(S +7[1)/(S— )

Based on [21], it is also possible to calculate the theoretical maximum bandwidth obtained
with a given number of additional resonators. Figure 3.1a' shows the theoretical maximum
relative bandwidth B; for a resonant antenna having a certain Qp and an optimized resonant
matching network comprising n— 1 additional resonators as a function of the minimum al-
lowed return loss. The curve n=1 represents a single-resonant antenna that is optimally
coupled to its feed line. Figure 3.1a can be used to estimate the theoretical maximum
impedance bandwidths for different configurations. For example, an optimally-coupled
single-resonant antenna, whose Qp = 10, has the relative bandwidth (L;etn > 6 dB) of roughly
13 %. By adding one optimally-coupled lossless matching resonator, the bandwidth can be
increased to roughly 28 %.

(3.5)

The ratio of the impedance bandwidth obtained with an antenna having one or more addi-
tional resonators (N=2...00) to that obtained with an optimally-coupled single-resonant
antenna (N=1) is here called the bandwidth enhancement factor (F). The solid lines in
Fig. 3.1b show the theoretical maximum bandwidth enhancement factors for antennas having
n— 1 optimally-coupled lossless matching resonators as a function of the specified matching
requirement. The dashed lines show the behavior of F when the bandwidth of a perfectly-
matched single-resonant antenna is used as the reference, as was done in [30].

! Figures 3.1 and 3.2 are based on data obtained by numerically solving a and b simultaneously from Egs. (36)
and (38) of [21] at each value of A" / @, . The data has been calculated with a code originally written by
Dr. Jaakko Juntunen. The code is based on a two dimensional adaptation of the Newton-Raphson method.
Furthermore, one has to notice that A”® / @, in[21] equals to 2/ (Br QO)
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Figure 3.1. @) Theoretical maximum relative impedance bandwidth of a resonant antenna
having a certain Qp and a matching circuit comprising n — 1 additional lossless resonators as
a function of the minimum allowed return loss. b) Theoretical maximum bandwidth
enhancement factor (F) obtained with n —1 additional matching resonators as a function of
the minimum allowed return loss when optimally coupled (solid lines) and perfectly matched
(dashed lines) single-resonant antennas have been used as references.

Figure 3.2 presents percentages of the theoretical maximum bandwidth [given by Eq. (3.5)]

that can be obtained with a certain number of resonators. As shown by Fig. 3.2, roughly 60 %
of the maximum bandwidth can be obtained just by adding one optimally coupled matching
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resonator (N =2). However, the improvement saturates rapidly, and with five additional
resonators, roughly 90 % of the maximum bandwidth can already be obtained. Owing to the
increasing complexity of the design and ohmic losses in the matching resonators, it may not
be worthwhile to add more than two or three resonators. This limits the maximum bandwidth
enhancement factor that can be obtained with high-Q matching resonators in practice to less
than three when L;en > 6 dB.

100

©
o

80

70

60

303 = L _ >6dB
retn
oA —— LrethIOdB i
—A— Lretn >15dB

1 2 3 4 5 6 7 8 9 10 11 12
Number of resonators (n)

Percentage of theoretical maximum bandwidth (%)

Figure 3.2. Percentage of the theoretical maximum impedance bandwidth that can be
obtained with a resonant antenna having an ideal lossless matching network as a function of
the number of resonators in the system. The first resonator (n= 1) represents a resonant
antenna. The matching circuit contains n — 1 resonators.

Simple analytic equations for the maximum bandwidths of a single-resonant antenna and an
antenna having one additional matching resonator have also been derived. The maximum
bandwidth of a single-resonant antenna with a certain unloaded quality factor is obtained
when the feed line is slightly overcoupled to the antenna [29], [30]. The relative bandwidth
obtained in this case can be calculated from

2 —
By =2t (3.6)
2R,

which can be obtained either by simplifying Eq. (21) of [29] or by combining Egs. (6) and (8)
in [30]. The theoretical maximum relative bandwidth of a resonant antenna having a certain

unloaded quality factor and one optimally-coupled lossless matching resonator can be
calculated from [P1], [47], [49]

Baw o =~ (3.7)
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Equations (3.6) and (3.7) are in perfect agreement with the results of [21]. This can be seen in
Fig. 3.1a, where the circles represent the results calculated from Eq. (3.6), and the squares
represent the results calculated from Eq. (3.7).

Resonant matching networks can be regarded as bandpass filters between an antenna structure
and its feed line. Usually, such filters are designed to provide a perfect match at a number of
frequencies in the passband, which is to be avoided in the case of matching networks, if
maximal bandwidth is desired, because a too small reflection coefficient at any point of the
passband leads to a reduction of the maximum bandwidth [21]. Despite this essential
difference, filters and matching circuits can be designed using similar methods, many of
which are explained e.g. in [43]. Design methods for broadband matching networks of
resonant antennas have also been presented in [30], [49]-[51].

Dual resonant antennas with integrated matching resonators

In probe-fed patch antennas, the series inductance of the probe can be resonated with an ap-
propriate series capacitance, which offers a simple way of realizing an integrated matching
circuit [52]. A lumped-element equivalent circuit of such an antenna has the typical bandpass
filter configuration of consecutive series and parallel resonators. The bandwidth of a patch
antenna can be at least doubled (Fig. 3.1b), if the coupling between the matching resonator
and the antenna can be optimized. This requires a sufficiently large series inductance for the
probe, which can be inherently present in thick patches. For thinner antennas, the probe in-
ductance can be increased for example by reducing the probe diameter, by coiling the probe,
or by adding a suitably high-Q lumped inductor in series with the probe. The series capaci-
tance can also be realized in several ways, for example, by connecting on top of the probe a
plate, which forms a plate capacitor with the patch, or as a high-Q lumped capacitor. A design
technique for this type of dual-resonant patch antenna is described in [52]. Various related
realizations have been reported in [47], [S3]-[55]. This group includes also antennas with an
inverted-L shaped probe, which has been used to realize a dual-resonant open-circuited patch
in [56] and a short-circuited patch in [57].

Recently, an integrated matching resonator solution, the principle of which is complementary
to that described in the previous paragraph, has been presented in [58], [59]. By using a
suitable feed structure, the input impedance of a PIFA can be controlled so that is forms a
small undercoupled and slightly inductive resonant loop on the Smith chart. The loop can be
moved to the center of the chart with a suitable shunt capacitor, which is known to move
admittance points clockwise along the constant conductance circles of the Smith chart. This
enables the realization of a dual-resonant antenna, which in theory [Fig. 3.1b and Eq. (3.7)]
can have at least twice the bandwidth compared to a single-resonant PIFA of equal size.
Because the small inductor needed in the matching circuit is part of the radiator structure, it
can have a high quality factor (low conductor loss), and the efficiency of the antenna is
mainly limited by the Q of the additional capacitor.

3.4.2 Par asitic elements

Another general way of realizing a dual-resonant or multiresonant antenna is by adding one or
more appropriately coupled parasitic elements into a single-resonant antenna structure.
Matching resonators are typically non-radiating elements with high unloaded quality factors,
whereas parasitic elements are designed to radiate. Their unloaded quality factors are typically
of the same order as that of the driven element. Hence, the results and fundamental limits of
[21] do not apply, but new theory is needed. Usually, the driven antenna element and the
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parasitic element are of the same antenna type. However, in principle it is possible to combine
any resonant antenna types. For example in this thesis [P4], a dielectrically loaded meandered
monopole has been coupled to a half-volume dielectric resonator antenna in order realize a
dual-resonant wideband antenna.

The bandwidth of a patch type antenna can be increased by adding one or more parasitic patch
elements on the same plane as the driven patch [44], [60]-[68], [P2] or on top of the driven
patch [45], [69]-[75], [P3], [P1]. The former are here referred to as coplanar parasitic
elements and the latter as stacked parasitic elements. Like traditional single-resonant patch
antennas, the driven and parasitic patch may have virtually any shape, which enables
numerous configurations with slightly different characteristics. This makes, for example,
fitting the antenna elements inside the covers of a mobile phone easier.

Coplanar parasitic elements can be coupled either to the radiating [61], [76] or non-radiating
[44], [77] edges of the driven patch or both [77], [78]. Typically, coplanar parasitic elements
have been separated from the driven element by a narrow gap [44], [61], [62], [77], [P2], but
to increase the coupling, they can also have a direct (galvanic) contact to it [68], [78]. In
addition to increased bandwidth, a major advantage of the coplanar configuration is easy fab-
rication because only one dielectric layer is required. Increased surface area and antenna size
are often stated as disadvantages of coplanar parasitics. However, it has been shown in this
work [P2] that the bandwidth of a short-circuited patch antenna can be increased by a factor
of around two without increasing its size by dividing the original patch into two properly
tuned and coupled narrower strips, of which one is fed and the other one is parasitic. Thus, a
significant improvement can be obtained without increasing the surface area or the volume
occupied by the antenna. Even larger improvements can be obtained by increasing the antenna
size. One potential problem of patches with coplanar parasitics is that their radiation charac-
teristics can change with frequency, especially if the antenna is not symmetric [77], [P2].

Stacked parasitic elements were first used with open-circuited patches [45], [69]. In this work,
it has been shown that a significant performance improvement can be achieved also when a
stacked parasitic element is added to a short-circuited patch [P3], [70], [71]. The stacked
shorted patch antenna has also been studied by others [72]-[74], [79]. The stacked configu-
ration may be more difficult to manufacture than the coplanar one because of the additional
metal layers. On the other hand, it is possible to use different substrates in different layers,
which may help in the performance optimization. Increased antenna thickness can be seen as a
disadvantage of the stacked configuration. However, as shown in this work [P3], the
bandwidth of a stacked short-circuited patch antenna can be nearly twice that of a single-
resonant short-circuited patch of equal size. Generally, the radiation characteristics of the
stacked configuration can be preferred to those of the coplanar one because similar frequency
dependent changes as those reported in the case of coplanar parasitics have not been observed
with typical stacked configurations.

At the moment, there are no simple general equations enabling systematic design of dual-
resonant and multiresonant patch antennas that have parasitic elements. Both simulated and
experimental designs are obtained iteratively. Despite the large number of papers reporting
various dual-resonant and multiresonant antenna structures, there has been a lack of a unified
set of simple design rules and general theory that would facilitate systematic design and
bandwidth optimization of all resonant antennas having parasitic elements. There are,
however, papers where the effects of various geometry-related design parameters on the
performance of dual-resonant patches are discussed.
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The design of open-circuited microstrip patch antennas with two identical parasitic patches
coupled to the non-radiating edges of a driven patch has been briefly discussed in [77]. It is
shown in [77] how varying the lengths of the parasitics and the width of the gaps between the
driven element and the parasitic elements affects the input impedance. The effect of changing
the position of the feed probe is also briefly described. The design of short-circuited patches
with one coplanar short-circuited parasitic patch has been studied first in [80] and later in
[67]. It is shown in [80] how the height of the antenna (substrate thickness) affects the input
impedance and the impedance bandwidth. The effect of the width of the gap between the
driven and the parasitic element and the effect of the position of the feed probe on the input
impedance is shown both in [80] and in [67]. Furthermore, the effect of the length and width
of the parasitic element on the real and imaginary parts of the input impedance of the antenna
is shown in [67].

The design of aperture-coupled stacked open-circuited patches has been discussed in [69].
The paper contains an informative parameter study showing how the patch sizes, substrate
thicknesses, and the length of the coupling aperture affect the input impedance. In [81], a
design strategy to achieve bandwidths in excess of 25 % for probe-fed stacked open-circuited
patches is presented. The paper discusses practical design limitations, suggests appropriate
dielectric substrate materials for the desired bandwidths, and outlines the effect of the
physical design parameters of the antenna on its input impedance. The effects of various
physical design parameters on the input impedance of stacked shorted patches have been
presented in [74] and in this work [P1], [75]. The effects of the patch lengths and the substrate
thicknesses on the real part of the normalized input impedance of a stacked shorted patch are
studied in [74]. A more complete study on the effects of the main physical parameters on the
input impedance locus of a stacked shorted patch on the Smith chart has been presented in this
work [P1], [75].

3.4.3 Excitation of two nearly orthogonal resonances

In some antenna structures, such as in suitably shaped open-circuited patch antennas [46], the
impedance bandwidth can be increased by exciting two resonant modes with equal resonant
frequencies and unloaded quality factors. One of the modes is excited by the feed, whereas the
other one is excited by a suitable perturbation in the patch shape. Such an antenna can be
obtained e.g. from a linearly-polarized, square-shaped, open-circuited patch by removing a
piece of the patch from one of the corners [46]. The coupling between the resonances is
controlled by the size of the removed piece. The described wideband antenna structures are
similar to those used as single-feed circularly-polarized patches. The main difference is that in
single-feed circularly-polarized patch antennas the coupling between the modes is adjusted for
optimal circularly-polarized radiation, whereas in the wideband antennas the coupling is
optimized to maximize the bandwidth. With this antenna type, the impedance bandwidth can
be increased by a factor of about 3.4, which is much larger than the maximum improvement
factor of 2.3 obtained with one high-Q matching resonator (Len> 10 dB) [P1]. The radiation
characteristics of this type of wideband antenna change with frequency, which limits its
applications. Furthermore, a square-shaped half-wave patch is more difficult to fit it inside a
small radio device than a short-circuited quarter-wave patch.

3.4.4 Other wideband antenna structures

One way to realize a dual-resonant patch antenna is to load the patch with a resonant slot.
Wideband antennas that are based on a U-shaped slot surrounding the feed probe of an open-
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circuited [82] or a short-circuited [83] thick patch have been reported. Recently, also an L-
shaped slot, with one open and one shorted end, has been used to realize thick dual-resonant
short-circuited patches [84], [85]. In the reported slot-loaded structures, the impedance right
below the lowest resonance is capacitive, and the probe inductance does not seem to limit the
patch height the same way as in traditional probe-fed patches.

A dual-resonant wideband behavior has recently been achieved also with a thick rectangular
patch structure that contains two separate short circuits and an irregular shaped slot [86]. The
origins of the two resonances are not clear.

A dual-resonant shorted patch has also been realized by connecting a resonant section of
microstrip transmission line to the patch near its short circuit [87]. The additional
transmission line section can also be located between the ground plane and the patch [88] or
on the opposite side of the ground plane than the patch [89].

3.5 ON THE DESIGN OF DUAL-RESONANT ANTENNAS
3.5.1 General

In this work, the bandwidth enhancement of shorted patch antennas has been studied both
theoretically [P1] and experimentally [P2], [P3]. Furthermore, it has been shown that an
optimally coupled parasitic element can be efficiently used to improve the performance of
multiband antennas [P7]. In [P1], an approximate dual-resonant lumped-element circuit model
was proposed for the systematic study of the impedance characteristics of dual-resonant small
antennas. In the study, patch antennas were used as examples. With the circuit model, it was
shown that concerning the impedance bandwidth the most important electrical parameters of a
dual-resonant antenna are:

- unloaded quality factors of the resonators,

- ratio of the resonant frequencies of the resonators,
- coupling of the feed to the driven resonator,

- coupling between the resonators.

The quality factors are important because they define the bandwidth potential of the antenna.
The other three parameters are important because they are used to optimize the impedance
behavior of the antenna so that the maximum bandwidth defined by the quality factors can be
achieved. In real antenna designs, it is only necessary to identify the primary physical
dimensions that control these electrical parameters; any secondary effects can be compensated
with minor changes in the primary design parameters. For example, the main parameter that
controls the resonant frequency of a patch antenna is well known to be the patch length [39].
In probe-fed patches, the coupling between the feed and the driven patch can be controlled by
changing the feed location [39],[90] and in aperture-coupled patches by changing the
aperture length [91], [92]. The coupling between the patches can be controlled by adjusting
the distance between them [69], [75], [77], [P1]. If necessary, the coupling can be increased
significantly by adding a narrow metal strip between the patches [68], [73], [78]. The general
theory of [P1] applies to any small dual-resonant antenna irrespective of the resonator type.

The best tool or aid in the design of dual-resonant antennas that have a parasitic element is the
Smith chart, on which the impedance locus (frequency response of reflection coefficient) of a
dual-resonant antenna has a doubly-looped shape. The design method used throughout this
work is based on positioning the small loop (coupling loop) of the impedance locus inside a
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circle representing a return loss or VSAR defined by the matching requirement. It is shown
that in theory [P1], the impedance locus corresponding to the maximum bandwidth has a
certain optimal shape and the coupling loop has an optimal size compared to the return loss
circle. These depend only on the ratio of the quality factors of the resonators and the matching
requirement. In theory, the coupling loop can be moved to the center from any location on the
Smith chart by adjusting the relative resonant frequencies of the resonators and the coupling
of the feed to the driven resonator. The size of the loop can be optimized by adjusting the
coupling between the resonators. In practice, these parameters can be adjusted only inside a

limited range, which depends on the antenna structure and sets limits to the achievable band-
width.

3.5.2 Theoretical maximum bandwidth

Based on the circuit model of two coupled resonators, an equation enabling the calculation of
the theoretical maximum bandwidth for a dual-resonant antenna having arbitrary unloaded
quality factors was derived in [P1]. The theoretical maximum bandwidth (or optimal
bandwidth) for such an antenna can be calculated from:

= [SP-1 1 1 1
Bdr,opt: Sz_l\/ D) (38)

1 QT
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where Qo and Q; are the unloaded quality factors of the first (driven) and second resonator,
respectively. If the first resonator is lossless (Qp =), Eq. (3.8) reduces to Eq. (3.7), the
results of which were shown to agree fully with those presented in [21].

After the publication of [P1], the author has found out that an equation for the optimal band-
width of two coupled resonators with arbitrary unloaded quality factors has been presented
also in the context of optimal lossy matching circuits in [48] and later by the same author in
an excellent paper [49] (Eq. 23). In papers [48] and [49], the equation is presented in a form,
which is different from Eq. (3.8), but it has been tested by this author to give the same results.
Equation (3.8) and Eq. (23) of [49] have been derived in different ways. Furthermore, it is not
shown in [48] or [49] that the maximum bandwidth is obtained when the resonant frequencies
of the resonators are equal or that for the maximum bandwidth Zi(f =fc) = Zy/S which are
shown in [P1].

In [P1], Eq. (3.8) predicted very well the maximum bandwidth in a case where two orthogonal
resonant modes with equal quality factors (Qo = Qp =30.7) were excited and coupled
optimally in a nearly square-shaped patch antenna. Compared to the maximum bandwidth of
only one resonant mode (Qy=30.7), the bandwidth enhancement factor (Len> 10 dB)
predicted by the model was 3.40 whereas that given by the simulations with a method-of-
moments (MoM) based simulator was 3.46. The agreement between the theoretical (F = 2.3)
and simulated (F=2.1) result was good also in the case of a non-radiating matching
resonator [P1].

3.5.3 Optimal order of resonators

According to Eq. (3.8), if the unloaded quality factors of two coupled resonators have
different values, the largest optimal bandwidth is obtained when the feed is connected to the
one with the higher value of Q. This is important for the design of antennas for small radio
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devices, in which the goal is to maximize the efficient bandwidth-to-volume ratio (BVR) of
the antenna.

The author has tested the theory with an antenna structure that comprises two coplanar short-
circuited patches, which are located so that their open edges face each other. The antenna type
has been originally presented in [61]. Here, both patch elements have air as the dielectric
substrate between the patch and the ground plane. The substrate thickness is 4 mm, and the
metal thickness is 0.2 mm. The widths of the patches are w; and wW,, where a subscript 1 is
used for the driven and a subscript 2 for the parasitic patch. The short circuits are as wide as
the patches. The center frequencies were set to 1.8 GHz. The patches were first simulated
separately with IE3D. The simulation models were built the same way as the stacked patch
model that was verified by measurements in [P1]. Unloaded quality factors (Qp; and Qy;) for
the patches were determined from the frequency responses of reflection coefficients by using
Eq. (2.3). Finally, the dual-resonant antennas were simulated and optimized with IE3D using
the theory of [P1]. The simulated radiation efficiencies were at least 88 % for all the cases.
The simulated and calculated results are presented in Table 3.1.

Table 3.1. Comparison of optimal dual-resonant bandwidths calculated from Eqg. (3.8) and
simulated with IE3D.

w; (mm) W, (mm) Qo1 Qo2 Bar opt (%), Eq. (3.8) Bar,opt (%), simulated
5 30 59 21 9.2 8.8
30 5 21 59 6.4 6.7

As shown by Table 3.1, connecting the feed to the resonator with the higher Q, gives a clearly
larger bandwidth using both methods. It is also noted that the agreement between the
theoretical and simulated results is very good.

3.5.4 Non-radiating resonant mode

Although the circuit model predicts the optimal bandwidth well in the cases mentioned above
in Sections 3.5.2 and 3.5.3, the results obtained in [P1] for a stacked shorted patch and for a
shorted patch with a coplanar parasitic coupled to one of its non-radiating edges were not as
good. The model seemed to overestimate the bandwidth enhancement potential for these
structures. Comparison of results obtained with the circuit model and with simulations in [P1]
showed that in these antenna structures, the simulated frequency responses of reflection
coefficient were clearly asymmetric, whereas those given by the model were symmetric. In
the mentioned cases, where the agreement between the model and simulation was good, both
methods produced symmetric frequency responses of reflection coefficient. The main reason
for the asymmetry is a phenomenon, which is in this work called a non-radiating resonant
mode. This is because at the frequencies where it occurs, the antenna almost stops radiating.
Similar phenomenon has been noticed in wideband aperture-stacked patch antennas [93], in
which it was characterized by a nearly 180-degree phase difference between the currents of
the upper and the lower patch. In its most severe form, the non-radiating mode causes a local
maximum in the frequency response of reflection coefficient and local minimums in the
radiation efficiency and realized maximum gain. In the author’s experience, the mode
typically occurs either above [P1], [P2], [28], [93] or below [62] the desired resonances, but it
can also appear in the middle of the band. The mode reduces the bandwidth increase obtained
with a particular dual-resonant structure. The decrease of bandwidth caused by the undesired
mode depends on the exact antenna structure. It is difficult to estimate it without electromag-
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netic simulations. The results of [P1] show that the resonant frequency of the mode can be
affected with antenna design. The bandwidth and efficiency of many antenna structures could
be improved if the non-radiating mode could be moved outside the desired band without
affecting the desired resonances. However, finding such methods requires further research.
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4 Effect of terminal chassis on the performance of mobile phone antennas
4.1 GENERAL

Most of the antennas used in current mobile phones are small unbalanced antennas for which
the existence of a ground plane or a counterweight is essential. This group includes e.g. short
whips, normal mode helices, IFAs (inverted-F antennas), PIFAs (planar inverted-F antennas),
shorted patches, and their derivatives. When attached to a fairly small finite ground plane,
various characteristics of these antennas are typically very different from those of the same
antennas on a large or infinite ground plane. In mobile phones, the metal chassis of the termi-
nal acts as a finite ground plane or counterweight for the antenna.

In today’s typical mobile phone, the metal chassis mainly consists of the ground conductors of
the phone’s multilayer printed wiring board (PWB), the metal covers of the electromagnetic-
interference (EMI) shields [94], and other metal components that are connected to the ground
conductors of the PWB. Together these parts typically form a few millimeters thick metal
structure, which has the length and width approximately equal to those of the PWB. From the
RF currents point of view, the basic metal chassis is essentially solid, and it can be approxi-
mated as a fairly thin metal plate.

A long time ago [95], [96], it was shown that the efficiency of an electrically small antenna
can be increased considerably by using it to excite currents on a larger metal object, which is
a more efficient radiator because of its electrically larger size. In more recent publications,
motivated by the rapid growth of mobile communications, it has been shown that various
characteristics, like the impedance bandwidth [6], [12], [P5], [P6], radiation efficiency in talk
position [97], [P6] radiation pattern shape [27], [98], and SAR [27], [97], [99], [P6] of mobile
phone antennas depend strongly on the size of the metal chassis as well as on the position and
orientation of the antenna on it.

Based on the results of [95] and [96], it is already clear that both the antenna element and the
finite metal object, onto which the antenna is attached, form a radiating system or an antenna
system, in which both components are equally important for the performance. Therefore, to
optimize the performance both of these should be considered in the design. This applies also
to reporting scientific research results. As the effect of chassis is so strong, the chassis
dimensions and antenna location should be reported in addition to the antenna design
parameters, otherwise objective comparison of antenna performances becomes impossible.
For a more complete picture on the performance of e.g. a mobile phone antenna, the user
should also be included in the antenna system.

This thesis presents a novel approach for analyzing the combined performance of the antenna
and the chassis of a mobile phone [P5]. The main idea is to consider the antenna and the
chassis as a system of coupled radiating resonators. The resonator-based analysis is described
briefly in the next section. Ideas that emerged during the study reported in [P5] have been
studied further in [P6], in which the effect of the chassis on the bandwidth, efficiency, and
AR of internal mobile phone antennas is studied with electromagnetic simulations. The rest
of the chapter discusses the main findings of this work [P5], [P6], along with those presented
in the open literature, on the effect of the chassis on the performance of internal mobile phone
antennas.
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4.2 RESONATOR-BASED ANALYSIS

A mobile phone antenna is typically self-resonant and has a characteristic resonant wavemode
with fields and currents concentrated near the antenna element. For this wavemode, the metal
chassis of the phone acts as a ground plane creating the mirror-image effect for the antenna
element. The chassis length is typically slightly less than 4o/2 at 900 MHz and between A/2
and A at 1800 MHz, whereas the width and thickness are clearly smaller. Thus, the chassis
can also support resonant modes of its own with longitudinally dipole-like current
distributions, which are clearly distinct from those of the antenna element. The resonant mode
of the antenna is excited by its feed. The antenna in turn excites the resonant modes of the
chassis causing significant radiating currents to flow all over it. The level of the currents
depends on the coupling between the modes of the antenna and the chassis as well as on the
dimensions of the chassis. An example of a current distribution on the chassis of a mobile
phone at 900 MHz is shown in Fig. 4.1, where the different distributions of the antenna and
the chassis mode can be easily distinguished.
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Figure 4.1. Smulated current density distribution on the chassis of a mobile phone at
900 MHz showing the current concentration of the antenna wavemode and the dipole-like
sinusoidal current distribution and edge maxima of the chassis wavemode. The phone
contains an internal shorted patch antenna [P5] .

Formally, the above-described system of coupled resonators can be represented with an
equivalent circuit. A single-resonant single-band antenna attached to a typical mobile phone
size chassis can be studied with a circuit model that comprises two coupled resonant circuits.
For example, in the case of probe-fed shorted patch type internal antennas (Figs. 4.2a and
4.2b), the resonant mode of the antenna can be represented by a parallel resonant circuit and
the resonant mode of the chassis by a series resonant circuit (Fig. 4.2¢). The resonant circuits
are coupled by an ideal transformer. Furthermore, an additional ideal transformer can be used
to describe the coupling of the feed to the antenna-chassis combination.
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In the model, the modes of the antenna and the chassis are described by their respective
resonant frequencies (f; 5 and f; ¢) and unloaded quality factors (Qpa and Qo ), from which the
component values of the equivalent circuit can be calculated. The resonant frequencies of the
antenna and the chassis depend on their effective lengths. As in the case of thick dipoles, the
physical resonant length of a plate-like chassis is slightly smaller than its effective resonant
length, which is a multiple of 4/2. The type, position, and orientation of the antenna element
can also affect the effective chassis length because part of the currents of the chassis wave-
mode can flow on the antenna element. The effective length of the chassis can be increased
e.g. with slots and meandering [P5], [100].

The main idea behind the resonator-based analysis presented in [P5] is that relevant informa-
tion on the circuit and radiation characteristics of an antenna-chassis combination can be ob-
tained by combining the separately determined circuit and radiation characteristics of the
dominating resonant wavemodes of the antenna and the chassis. These characteristics are
defined by the respective resonant responses and current distributions of the antenna and the
chassis.
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Figure 4.2. Smplified mobile phone models with internal shorted patch antennas for
a) 900 MHz and b) 1800 MHz. All dimensions are in millimeters. ¢) Circuit model for the
radiating system formed by a single-resonant antenna and the chassis of a mobile phone.
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Typically, the resonant mode of the chassis has a considerable effect on the characteristics of
an antenna-chassis combination. This makes it difficult to determine a separate unloaded
quality factor for the antenna mode (Qpa). Although there are other methods, as explained in
[P5], representative values showing the difference in Q 5 at different frequency ranges can be
obtained by studying the ultimate lower limit for the radiation quality factor of a small
antenna (Eq. 2.4) [10], [11], [33], [34]. A typical internal mobile phone antenna and the major
parts of its wavemode can be enclosed in a sphere having a radius of 15 mm. In this case, the
minimum radiation quality factor for a single-mode antenna is around 50 at 900 MHz and
around 7 at 1800 MHz. For practical antenna elements, the radiation quality factor is known
to be several times higher. By taking into account the internal loss of the antenna element,
practical minimum values of Qs =100 at 900 MHz and Qpa =15 at 1800 MHz were
estimated in [P5].

As in the case of dipole antennas, the unloaded quality factor of the chassis (Qpc) depends
mainly on its transversal dimensions (or thickness). According to results obtained with a well-
known commercial method-of-moments based simulator (IE3D), the unloaded quality factor
of the A/2-resonance of a thin, 40 mm-wide metal plate in free space is around 3 at 900 MHz,

whereas the unloaded quality factor of the A-resonance of the same plate is approximately 4 at
somewhat above 1800 MHz [P5].

In the model, the coupling of the feed to the antenna-chassis combination is described with
the coupling factor N;, whereas the coupling between the resonant modes of the antenna and
the chassis is described with N,. The values of both coupling factors increase as the respective
couplings increase. For example, in the case of a probe-fed patch type antenna, N; increases
as the probe is moved towards the electric field maximum of the patch. The value of N,
depends at least on the type and size of the antenna as well as its location on the chassis.
Antennas located near the ends of the chassis are mainly capacitively coupled through their
electric fields. Inductive coupling near the magnetic field maximums is also possible with
loop-like antenna structures.

As discussed above, Qp a in modern mobile phones is typically much larger than Qg c. Usually,
the antenna elements are electrically so small that the bandwidth of the antenna mode alone is
not sufficient for most communication systems. Thus, some help is needed from the chassis
mode, the bandwidth of which is more than sufficient for most communication systems.

The effect of the chassis on various characteristics of an antenna-chassis combination depends
mainly on the coupling between the resonant modes of the antenna and the chassis. The
bandwidth of the antenna mode determines how strongly it must be coupled to the chassis
mode in order to obtain the desired bandwidth. This defines the relative excitation of the
antenna and chassis modes (the level of chassis currents), which in turn determines how
strongly the chassis dimensions affect various characteristics of the antenna-chassis
combination, such as bandwidth, far-field radiation pattern, efficiency, and SAR. The smaller
the antenna mode bandwidth, the more strongly it must be coupled to the chassis for a given
bandwidth, and the more the chassis dimensions affect the mentioned characteristics.

For a given coupling between the antenna and the chassis modes, their relative amplitudes de-
pend also strongly on the ratio of the resonant frequencies of the modes. The maximum am-
plitude of the chassis mode occurs when its resonant frequency matches that of the antenna.
This maximizes the impedance bandwidth of the combination of antenna and chassis. The
more f, c and f; 5 differ from each other, the stronger coupling is needed for a given bandwidth.
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The resonator-based analysis makes it possible to study also the connection between the
impedance characteristics and the relative contributions of the antenna and the chassis modes
to the total radiated power. When the impedance bandwidth is around 10 % (L;en = 6 dB), it is
estimated for a typical mobile phone in [P5] that the antenna mode contributes only about
10 % of the total radiated power at 900 MHz. At 1800 MHz, the contributions of the antenna
and the chassis modes are of the same order. Thus, the contribution of the antenna mode at
1800 MHz is clearly more significant than at 900 MHz.

4.3 BANDWIDTH
4.3.1 Effect of chassisdimensions
Length

The effect of the chassis length on the free space impedance bandwidths of 900 MHz PIFAs
mounted on relatively large portable radios was studied first in [12] and soon after that
in [101]. It was experimentally shown in [12] that the impedance bandwidth reaches its
maximum value at a certain chassis length, which depends on the antenna configuration. For a
single PIFA, the maximum bandwidth is obtained at a chassis length of about 0.44y. The
authors of [12] concluded that more research is needed to clarify the reason for the discovered
bandwidth behavior.

More recently, the effect of the chassis length on the bandwidth of shorted patch type internal
antennas has been studied for more compact devices with dimensions closer to those of
modern mobile phones in this work [P5], [P6] and in [27], [28], [102]-[107]. These
publications complement the work of [12] and [101] providing a more complete picture of the
interaction of a small antenna and a chassis. It is shown in this work [P5], [P6], [102], [103]
that the smallest bandwidth is obtained in free space when the chassis size equals that of the
antenna. The bandwidth increases as the chassis length is increased until the first maximum is
reached at a length of around 0.44y. Another maximum occurs when the chassis length is
increased from 0.4y by 0.54y, which was missed in the studies that considered only 900 MHz
antennas [12], [27], [101], [104].

Significant progress in understanding the effect of the chassis on the performance of mobile
phone antennas has been made in this work [P5]. The combination of a small antenna and a
chassis is considered as a system of coupled resonators, the performance of which is mainly
defined by the interaction of the dominating resonant modes of the antenna and the chassis
[P5]. The theoretical results show that if the resonant modes of the antenna and the chassis are
coupled, the bandwidth of the antenna-chassis combination increases considerably when the
resonant frequency of the chassis mode, which is mainly controlled by the physical length of
the chassis, approaches the resonant frequency of the antenna mode. The maximum band-
width is obtained when the resonant frequency of a chassis mode equals that of the antenna
mode. The length of current mobile phones is usually clearly larger than the other dimensions.
Therefore, a typical phone chassis supports longitudinally dipole-like current distributions,
and a chassis resonance occurs when the effective length of the chassis is a multiple of A/2 at
the desired frequency. The physical length is usually slightly shorter than the effective one,
which depends on the chassis shape and in practice also on the antenna configuration. The
results of this work [P5] explain the dependency of bandwidth on the chassis length noticed
e.g.in[12].
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In [27], it was shown that also the impedance bandwidth of a normal-mode helix antenna
depends strongly on the chassis length. Within the studied range of chassis lengths
(0.124...0.36 4y at 900 MHz), the general bandwidth behavior of a normal-mode helix as a
function of the chassis length is very similar to that of a PIFA, which supports the claim of
[P5] that the resonator-based analysis can also be used for other small handset antenna types
than shorted patches.

Width

The impedance bandwidth of a shorted patch type antenna depends also on the width of the
chassis [27], [101], [107]-[109]. As can be expected, the chassis resonates also when its
effective width is a multiple of A/2. If the resonant frequency matches that of the antenna, the
bandwidth increases strongly, unless the chassis is already longitudinally resonant [106],
[108], [109].

The results of [101], [106], [108] show that making the chassis narrower than the patch, so
that the patch extends partly outside the edge of the chassis, increases the bandwidth of
shorted patch type antennas. This increases the coupling between the resonant modes of the
antenna and the chassis the same way as extending the antenna longitudinally outside the
chassis [P5]. On the other hand, when the chassis is made wider than the antenna element, the
bandwidth decreases, especially if the chassis is near longitudinal resonance. The bandwidth
begins to increase again when the chassis width approaches the next resonant width [109].

Thickness

The effect of the chassis thickness on the impedance bandwidth of shorted patch type
antennas has been studied in [101] for relatively large phones with thick chassis
(0.194y...0.314 at 940 MHz) and more recently in [108] using smaller chassis thicknesses
(0.0034...0.064y at 900 MHz and 0.0074y...0.134 at 1800 MHz). Within the studied range
of values, the thickness of the chassis had only a minor effect on the bandwidth of antennas
positioned completely on top of the chassis.

4.3.2 Effect of antenna location and orientation

It is mentioned in [12] that the bandwidth of internal PIFAs depends on the location of the
antenna on the chassis. The general dependency of bandwidth on the antenna location can also
be explained using the resonator-based analysis [P5]. As mentioned in Section 4.2, the band-
width depends on the coupling between the resonant modes of the antenna and the chassis as
well as on the unloaded quality factors of the modes. The maximum bandwidth is obtained at
a location and with an orientation that maximize the coupling between the antenna and the
chassis modes. The chassis can be viewed as a resonator formed by a single conductor
transmission line bounded by two impedance discontinuities (open ends). It supports dipole-
like resonant modes, and e.g. an effectively A4/2-long chassis has its electric field maximums
at the open ends of the chassis and a magnetic field maximum at the center of the chassis like
a half-wave dipole. Shorted patch type antenna elements couple mainly capacitively. For
maximal bandwidth, such antennas should be located at the electric field maximums of the
chassis. Inductively coupled antennas, such as small loops, should be located at the magnetic
field maximums near the center of the chassis. For maximal coupling, the relevant fields of
the antenna and the chassis modes should be oriented in parallel.
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The results of this work [P5] and [110] show that the orientation of a shorted patch type
internal antenna element on a chassis has a considerable effect on the impedance bandwidth.
Generally, the largest bandwidth is obtained when the short circuit is positioned at the shorter
edge of the chassis as in Fig. 4.2. Furthermore, the results of [110] indicate that placing a
relatively narrow shorted patch, which has a short circuit at the shorter edge of the chassis, at
one of the longer edges of the chassis rather than between them will provide a larger band-
width. For example, moving a 5 mm-wide shorted patch from the center to the edge increased
the bandwidth by a factor of over 2.5 at 1800 MHz. Increasing the patch width reduces the
improvement factor.

Recently, it has been systematically shown that the best bandwidths for antennas like shorted
patches, which couple capacitively to the resonant mode of the chassis, are obtained by
placing the antennas at the edges of the top (or bottom) part of the chassis [111].

As shown in this work [P5], locating a shorted patch type of antenna so that its open-end is
partly outside the chassis increases the coupling between the antenna and the chassis modes
and thus also the bandwidth. Examples of antennas that utilize this technique are presented in
[112], [157].

4.3.3 Effect of head and hand

In typical talk position, the resonant modes of the antenna and the chassis are loaded by
human tissue, which from the electromagnetic point of view represents lossy dielectric
material. In theory [31], loading a resonator with lossy dielectric material decreases its
resonant frequency and unloaded quality factor. Both quantities decrease the more, the larger
portion of the space containing the electric field of the resonator is filled with the dielectric. In
addition, the resonant frequency decreases the more, the higher the electric field intensity is in
the parts containing the dielectric, and the larger is the relative permittivity of the dielectric.
Increasing the loss tangent of the dielectric decreases the unloaded quality factor [31].

It is known that placing a finger (or hand) on top of a patch antenna decreases its resonant
frequency and degrades the impedance match [8]. The changes are larger if the finger is
placed at the radiating edge, where the electric field intensity is the strongest, than if the
finger is placed at the short-circuited edge [113].

According to [106], placing a phone model in typical talk position beside a head (without
hand) caused only small changes in the behavior of impedance bandwidth as a function of
chassis length compared to the behavior in free space. The distance between the head and the
chassis was 7 mm, which is a typical distance used in current mobile phones.

4.3.4 Effect of chassison input impedance level

Changing the chassis length affects the impedance level at the feed point of e.g. a shorted
patch antenna. An example of this is shown in Fig. 4.3, which presents the simulated input
impedance loci for the phone models of Fig. 4.2 at several chassis lengths (Ic). The sizes of the
loops decrease when the bandwidth (potential) of the antenna-chassis combination increases,
which is here due to increased radiation by the chassis. The changes are larger at 900 MHz
than at 1800 MHz, because the relative radiation contribution of the chassis is larger, as
explained in [P5].
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Owing to the changing impedance level, e.g. a shorted patch antenna must be re-matched for
mobile phones of different lengths. The dependency of impedance level on the phone length
can complicate antenna design for phones, in which the length of the chassis changes in
different use positions such as clamshell (or fold) phones and other extendable phones.
Furthermore, the changing impedance level can complicate the design of frequency-tunable
antennas because the electrical length of the chassis changes along with the resonant
frequency. The impedance level may have to be transformed together with tuning the resonant
frequency.
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Figure 4.3. Smulated input impedances at several chassis lengths (l¢) for the a) 900 MHz and
b) 1800 MHz antenna models of Fig. 4.2. Electrical chassis lengths were calculated at the
freguencies of minimum reflection coefficients.

4.4 RADIATION EFFICIENCY AND SARIN TALK POSITION

When a mobile phone is beside a user’s head, the radiation efficiency and SAR values depend
considerably on the length, width, thickness, and shape of the phone chassis as well as on the
distance between the head and the chassis. The hand of a user has also an effect on the
radiation efficiency and SAR results. The effect of a hand depends on its size and the way the
phone is held (or the hand model). In the following, the effects of various chassis related
parameters on the radiation efficiency and SAR are briefly discussed. The topic is discussed
more thoroughly in [106], which is an extension of the study started in this work [P6].

4.4.1 Effect of chassisdimensions

Length

The effect of the chassis length on the radiation efficiency and SAR of mobile phones
containing shorted patch type internal antennas has been studied with finite-difference time-
domain (FDTD) simulations in [97] and in this work [P6]. The results of [97] show that the
smallest efficiencies occur nearly at the same chassis lengths at which the SAR values,
averaged over 1 g and 10 g of tissue, reach their maximums. Based on the data presented
in [97], it can be calculated that the smallest efficiencies occur at the electrical chassis lengths
from 0.334y to 0.384y, whereas the largest SAR values occur at the chassis lengths from
0.37 4 to 0.42 4y, depending on the case. It is also concluded in [97] that the SAR values are
reduced up to 30 % from the maximum ones for the chassis lengths of about 4p/4 and Ay/2.
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However, it is not considered in [97] how changing the chassis length affects the bandwidth.
Furthermore, no explanation is offered for the discovered behavior.

In this work [P6], the effect of the chassis length on the radiation efficiency and SAR has been
studied together with the impedance bandwidth. The results show that the maximum
impedance bandwidth in free space occurs at a chassis length of about 0.384, both at
900 MHz and at 1800 MHz because at that length the longitudinal resonant frequency of the
chassis matches that of the antenna, as reported in [P5]. The results of [P6] also show that the
radiation efficiency decreases and the SAR values increase compared to the general trends at a
chassis length of around 0.364y both at 900 MHz and at 1800 MHz (Fig. 4.4). This is nearly
the same chassis length that gives the maximum impedance bandwidth in free space. The
discovered behavior suggests a connection between the bandwidth, efficiency, and SAR in
typical talk position. The radiation efficiency decreases and the SAR values increase, when the
bandwidth increases due to increased chassis radiation, which in this case is caused by a
chassis resonance. The results of [P6] also show that the behavior of SAR as a function of
chassis length depends on the distance of the chassis from the head (Fig. 4.4). Despite the
differences in the antenna and phone models as well as in the positioning of the phone beside
the head, the results of this work agree qualitatively with those of [97]. The chassis resonance
and the results of this work [P5], [P6] explain also the behavior found in [97].
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Figure 4.4. Effect of chassis length on SAR values and radiation efficiencies of a mobile phone
positioned beside an anatomical head model at a) 900 MHz and b) 1800 MHz Hand is not
included in the model. Solid lines represent cases in which distance from head to phone
d ~7 mm. Dashed lines represent casesin which d ~2 mm. Pj, = 1 W[Pg].

The effect of the chassis length on the bandwidth and SAR of shorted patch type internal
antennas has also been studied in [27], [99]. The radiation efficiency is not considered in these
papers. Generally, the SAR results of both [27] and [99] are inconsistent with the results of
this work [P6] and [97]. This is mainly due to differences in the head models. A spherical
homogeneous head model is used in [27], whereas a flat homogeneous head model is used in
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[99]. In this work [P6] as well as in [97], a heterogeneous model of human head and
shoulders, which consists of six different tissue types, is used. According to [106], simulations
with the Specific Anthropomorphic Mannequin (SAM) head model, which is the standardized
head model used for SAR evaluations [18], [19], give similar results as those presented in this
work [P6].

The effect of the chassis on other antenna types used in mobile phones than shorted patches
(or PIFAs) has also been studied. The effect of chassis length on the radiation efficiency and
AR of quarter-wave whips attached to fairly large portable radios is studied in [97]. The
effect of chassis length, width, and antenna location on the impedance bandwidth, radiation
pattern, and SAR of a 900 MHz helix has been considered in [27].

Width

The SAR values and the radiation efficiency in talk position depend also on the width of the
chassis [106], [108]. A chassis begins to resonate when its effective width approaches a
multiple of A/2. Generally, SAR values increase and radiation efficiency in talk position
decreases, when the bandwidth increases due to an increased contribution of the chassis mode,
which can happen either because the chassis becomes resonant or because of increased
coupling between the antenna and the chassis modes. The effect of a transversal resonance is
more pronounced when the chassis is longitudinally non-resonant.

As mentioned in Section 4.3, the bandwidth of a shorted patch antenna increases because of
increased coupling between the antenna mode and the chassis mode when the chassis is made
narrower than the patch so that the patch extends partly outside the chassis [106], [108]. This
increases SAR values and reduces radiation efficiency. The boundary for this effect is not
abrupt. The SAR values begin to increase and the efficiency begins to decrease gradually
already when the chassis width approaches that of the antenna.

Thickness

Increasing the chassis thickness so that the distance from the chassis to a head remains
constant but the antenna element moves farther away decreases SAR values and increases
radiation efficiency. The effect is similar to moving a combination of an antenna and a thin
chassis away from the head [106], [108].

4.4.2 Effect of distance from phoneto head

Generally, the SAR values decrease and the radiation efficiency increases as the distance
between lossy tissue and a mobile terminal increases [8], [105], [106]. However, the results of
this thesis [P6] provide novel information by showing that when a combination of an internal
antenna and a chassis is positioned close to the head of a user, the rate at which the SAR
values change with distance depends on the dimensions of the chassis (see Fig. 4.4). When the
chassis is non-resonant, the SAR values decrease monotonously as the terminal is moved away
from the head [106]. With a resonant or nearly resonant chassis, the SAR values decrease
slower with increasing distance than with a non-resonant chassis. When the chassis is
resonant, the SAR values can even increase with increasing distance if the terminal is fairly
close to the head (Fig. 4.4). The radiation efficiency increases with increasing distance from
the head. When the chassis is resonant, the efficiency is generally lower than when the chassis
is non-resonant.

36



4.4.3 Effect of antenna location and orientation

Internal shorted patch type mobile phone antennas are typically located on the backside and
near the top of the phone. One reason for this is that for patch type antennas the necessary
coupling to the chassis mode, which is required for the desired bandwidth, is easiest to obtain
at the top and bottom ends of the chassis. The antennas are located on the backside of the
phone because this is considered to lead to the lowest SAR values and the highest radiation
efficiency. Near the top of the phone, the antenna is less likely to be disturbed by a user’s
hand.

When the bandwidth of a single-resonant small internal antenna in a mobile phone is roughly
10 % at 900 MHz, the radiation contribution of the antenna mode is so small that significant
AR reduction in the head or radiation efficiency improvement in talk position cannot be
achieved by redesigning the antenna element or by changing its orientation on the
chassis [P5]. The reduction of SAR requires decoupling of the antenna mode from the chassis
mode, which will reduce the bandwidth. This could be done e.g. by moving the antenna closer
to the longitudinal center of the chassis. Owing to the dominant role of the chassis mode, at
900 MHz, efficiency improvements in talk position and SAR control should be attempted by
changing the distribution of the chassis currents using methods presented in [115] and [116].

At 1800 MHz and above, where the contribution of the antenna mode is more significant, it is
possible to reduce the SAR values and to increase the radiation efficiency by locating a
shorted patch antenna correctly. When the antenna element is located on the backside of the
chassis, the most of the radiated field is directed away from the head, which reduces SAR and
increases radiation efficiency. The results of [105], [106] show that at 1800 MHz and above,
the SAR values and the radiation efficiency depend on the antenna orientation (location of
feed and short circuit).

4.4.4 Effect of hand

Generally, the effect of a user’s hand on the SAR values and radiation efficiency depends on
the frequency, chassis dimensions, hand size, and the way the phone is held (hand model and
its position on chassis) [108]. Including a hand in the evaluation reduces SAR values in the
head because the hand absorbs some of the power [114]. However, the general behaviors of
AR values in the head and radiation efficiency as functions of various chassis related
parameters have been noticed to be similar with and without the hand [106], [108].

A hand can reduce the radiation efficiency of an antenna-chassis combination considerably.
Based on the results of [108], it can be estimated that a hand can cause additional radiation
efficiency reductions ranging from 2 to 6 dB at 900 MHz and from 1 to 7 dB at 1800 MHz
depending on the hand model and its location. The largest radiation efficiency reductions
occur when the hand covers those parts of the phone that are the main contributors to the
radiated power [106], [108].
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5 Design of multiband internal antennasfor handsets
5.1 GENERAL

Current wireless communication systems utilize several different radio communication
standards and operate at many different parts of the frequency spectrum. In this fractured
service environment, terminals operating in multiple systems and frequency bands can offer a
better service coverage than single-band and single-system terminals. Multiband antennas are
essential components of multiband terminals.

Generally, there seems to be an increasing trend in the number of radios in a mobile terminal,
which translates into an increase in the number of antennas or antenna functions. For
example, a basic European mobile phone uses the Global System for Mobile Communications
(GSM) standard and operates at the 900 and 1800 MHz frequency bands. Globally, GSM
networks are currently used also at 850 and 1900 MHz frequency bands, and many recent
GSM phones operate already at three frequency bands (GSM900/1800/1900). The next
logical step is a quad-band (GSM850/900/1800/1900) terminal. The commercial use of
Universal Mobile Telecommunication System (UMTS) networks utilizing Wideband Code
Division Multiple Access (WCDMA) technology has also been started, and new networks are
gradually being opened to the general public. The first published UMTS terminals intended
for European markets are multiband and multimode GSM/UMTS devices. In addition to
cellular systems, mobile phones have radios that utilize non-cellular wireless communication
standards, such as Bluetooth (BT) short range radio link and Global Positioning System
(GPS). Many recent phones have also an analog FM radio receiver. Some manufacturers have
announced plans to incorporate Digital Video Broadcasting for Handheld (DVB-H) receiver
and Wireless Local Area Network (WLAN) functions into their terminals. Future mobile
terminals may also utilize Radio Frequency Identification (RFID) and Ultra Wideband
(UWB) systems.

When this thesis work began in 1997, commercial mobile phones were single-band single-
system terminals with external whip or helix antennas. In the field of multiband antennas, the
thesis has mainly concentrated on the development of internal multiband antennas for cellular
systems, such as GSM and UMTS. The antennas are mainly based on shorted patch (or PIFA)
type of antenna elements, which are demonstrated on monoblock type of phones. However,
the studied techniques can also be applied to antennas designed for other systems and terminal

types.

A considerable number of antennas for mobile phones have been published recently, enough
to be organized into a book [117]. In the following, a short overview of existing shorted patch
(or PIFA) type internal multiband antennas and their design techniques is presented to
illustrate the recent progress in the field. The author’s contributions are included in the
overview. The main contributions of this work are also summarized in Sections 5.3 and 5.4.

5.2 GENERAL REALIZATION METHODS
5.2.1 Separ ate antenna elements

Irrespective of the antenna type, a multiband antenna can be constructed by combining two or
more separate single-band antenna elements. If a large isolation can be achieved between the
antenna elements operating at different bands, they can be optimized nearly independently,
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which simplifies the design. For example, a matching circuit or a parasitic element can be
easily added to each antenna element to increase their bandwidth. Figure 5.1a shows an
example of a dual-band PIFA realized with two separate closely-spaced antenna elements
[118]. The isolation between the 900 and 1800 MHz antenna elements is at least 17 dB
despite a small distance of 2 mm between the elements. A related design for 900 and
1800 MHz that consists of two separate closely-spaced capacitively-loaded PIFAs with
capacitive feeds is presented in [119]. The structure of [118] has later been modified by
adding a third PIFA to create a triple-band antenna with resonances at 900, 1890, and
2440 MHz [120], [121].

5.2.2 Single element having two or mor e resonances

Antennas with one resonance per band

Another basic solution is the use of a single feed to excite two or more separate resonant
frequencies in one antenna structure. There are several different ways of realizing single-feed
multiband antennas. Multiband operation can be achieved by providing separate resonant
current paths, but it is also possible to use the dominant and higher-order mode resonances of
a single current path. Although this antenna type can be considered structurally simpler than
one comprising separately fed elements, its design is more complicated. The feed must be
appropriately coupled (matched) to all desired resonances, and finding a suitable coupling can
be challenging. A single-feed multiband antenna can be more compact than one realized with
separate elements, because at least some (and at best all) sections of the lowest band antenna
element are reused for more than one resonance.

Figure 5.1b shows an example of a single-feed dual-band PIFA for 900 and 1800 MHz [118],
which is realized by galvanically connecting two patches near the short circuit. This provides
two resonant quarter-wave current paths of different lengths and different resonant
frequencies. A suitable position for the feed can be found so that both resonances are well
matched. The structures can be described also so that two subpatches, sharing a short circuit
and a feed, are formed by cutting an L-shaped slot to the patch. Later, various other slot
shapes and patch configurations have been reported e.g. in [122], [P7].

|

® Short circuit O Feed

(a) (b)

Figure 5.1. Top views of dual-band PIFAs reported in [118], a) dual-feed antenna, b) single-
feed antenna.

Metal strips producing the higher bands of a multiband shorted patch can also be positioned
inside the area of the lower band patch. In [123], a U-shaped slot in the middle of a
rectangular shorted patch was used to separate a smaller shorted subpatch from the
rectangular patch. The patches shared one short circuit and were excited by a single feed

(Fig. 5.2a).
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A dual-band antenna can also be realized by utilizing the first two resonances of one resonant
current path. By folding or meandering a shorted patch in a suitable way, the ratio of its first
two resonant frequencies can be varied so that e.g. dual-band operation at 900 and 1800 MHz
is possible. This can be done by folding a suitable section of the patch near the open end
upwards on top of the rest of the patch (Fig. 5.2b) [74] or downwards between the rest of the
patch and the ground plane (Fig. 5.2¢) [124], [125]. The same effect can also be obtained in a
single layer structure by meandering the patch in an appropriate way (Fig. 5.2d) [117], [126].
These antenna types can be modified to have three separate bands by providing an additional
separate resonant current path, as in [127].

In [128] and [129], dual-band shorted patches were created by adding a rectangular slot near
the open edge of a shorted patch (Fig. 5.2e) to reduce the frequency ratio of the first higher
order mode (TMy3) and the dominant mode (TMy;). The slot was nearly as wide as the patch
and located parallel to its open edge. By adjusting the length and location of the slot the
frequency ratio could be varied in the range from 2 to 3 [128]. By varying the width of the
short circuit, the frequency ratio of the design could be further reduced and varied in the range
from 1.6 to 2.2 [129].

One possibility for realizing a dual-band PIFA, e.g. for 900 and 1800 MHz is connecting two
separate patch sections with a parallel LC resonator (Fig. 5.2f) [130]. At resonance, the
parallel resonator acts as an open circuit (large reactance) disconnecting the two patch
sections, which produces the higher resonant frequency. At frequencies below its resonance,
the parallel resonator acts as an inductive load connecting the two patch sections, which
produces the lower resonant frequency.

I —
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Figure 5.2. Examples of dual-band shorted patch antennas presented in a)[123], b) [74],
c) [124], d) [117], e) [129], f) [130].

Antennas with multiple resonances per band

The main frequency bands used for cellular communications worldwide are concentrated at
slightly below 1 GHz and at around 2 GHz. The cellular system bands are so wide and the
antennas so small that it is difficult to cover more than one system band with one resonance. It
was theoretically shown by Fano [21] that the bandwidth of a passive complex load, such as a
small resonant antenna, can be approximately doubled with a single lossless matching

40



resonator connected between the load and its feed line. Furthermore, it has been shown in this
work that the bandwidth can be approximately doubled by dividing a single-resonant shorted
patch into two narrower coplanar shorted strips [P2], [P1], or by constructing a stacked
shorted patch into the same volume [P3], [P1]. The system band of GSM850 (824-894 MHz)
is approximately as large as that of GSM900 (880-960 MHz), and the bands are partly
overlapping. Therefore, in principle, by using any one of the mentioned bandwidth
enhancement methods, an antenna covering the band of GSM850 can be improved to cover
the GSM900 band [88]. The same applies to the GSM1800 (1710-1880 MHz) and GSM 1900
(1850-1990 MHz) bands.

It has been demonstrated in [128] that by using a rectangular slot near the open end of a
relatively large PIFA (Fig. 5.2e), it is possible to design a dual-band PIFA with two
resonances at the upper band.

It has been shown in this work [P7] that a parasitic radiating shorted patch element can be
used to make the upper band of a single-feed dual-band shorted patch antenna dual-resonant
and more wideband. This was demonstrated with an internal mobile phone antenna that
covers the system bands of E-GSM900, GSM 1800, GSM1900, and UMTS. The antenna was
realized by optimally coupling the resonance of a separate coplanar parasitic shorted patch to
that of the upper band section of the driven patch. The antenna feed was also appropriately
coupled to both the lower band resonance and the upper band dual resonance. Furthermore, in
[P7], the most important sections of the antenna were placed adjacent to the edges of the
ground plane so that the resonant modes of the antenna coupled strongly to those of the
ground plane in order to maximize the bandwidths at the lower and upper operation bands.

Following this work [P7], various related realizations of parasitic resonators have been
proposed. In [28] and [131], a dual resonance at the upper band of a dual-band shorted patch
was obtained by locating the driven and the parasitic shorted patch on different sides of the
lower band shorted patch element. Sufficient coupling between the driven and the parasitic
resonator was achieved by connecting the patches directly to each other at the short circuit in
[28] and near the short circuit in [131]. The use of a parasitic half-wave slot resonator, which
is integrated to the lower band element and parasitically coupled to the upper band element of
a dual-band shorted patch, has been proposed in [116]. A metal strip resonator connected
directly to the feed of a dual-band PIFA and located between the PIFA and its ground plane
has been presented in [132]. The additional resonator made the upper band of the antenna
dual-resonant and more wideband. A capacitive plate has been connected with a narrow metal
strip between the feed and the short circuit of a dual-band shorted patch antenna to create a
dual-resonant upper band in [125]. In [88], an integrated matching circuit similar to that of
[125] was used to extend the lower band of a dual-band PIFA to cover both the GSM850 and
GSM900 bands.

The next step forward is making both bands of a dual-band antenna at least dual-resonant. A
relatively large antenna structure that has four resonances grouped to two separate bands is
described in [133]. The antenna comprises a shorted U-shaped patch that has arms of different
lengths. This is fed by another probe-fed patch element on the same layer. According to [133],
the feeding patch operates at the upper band.

In [134], four resonances grouped to two separate bands were obtained by adding coplanar
parasitic shorted patches to both bands of a dual-band shorted patch antenna.
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A stacked shorted patch antenna structure with four resonances grouped to two bands is also
presented in [135]. The antenna is fed to the upper patch. Each patch includes a slot that
modifies the current paths so that two coupled resonances can be located near each other at
both bands.

In [136], a dual-band antenna with two coupled resonances at the lower and three at the upper
band is presented. The antenna comprises two similar meandered patch elements and a
rectangular patch in the middle. All the elements share one short circuit and one feed.

5.2.3 Matching circuits

Adding a reactive multiband matching network between an antenna element and its feed line
is one way of realizing internal multiband antennas. A very compact solution can be obtained
by utilizing the coupling element based antennas proposed first in this work [P5], [137].
Recently, it has been shown that at least a 6-dB return loss and a good total efficiency
(> 66 %, in free space) over E-GSM900 and GSM1800 bands is possible with a single
coupling element having a volume of 2.4 cm® [111]. The coupling element is located totally
on a 40 mm x 100 mm x 3 mm (width x length x height) ground plane (metal chassis). When
the antenna is moved partly outside the mentioned chassis, similar bandwidth and efficiency
(> 63 %) performance can be obtained with an element having a volume of only 1.3 cm’.
Examples of dual-band and multiband matching circuits have recently been presented
in [138].

5.2.4 Electrical frequency tuning

A multiband operation can also be realized by tuning the resonant frequency of an antenna
electrically from one frequency band to another. This can be used in applications, where the
mobile terminal antenna does not have to operate simultaneously at different bands, such as in
GSM. The main motivation for using frequency tuning is improved antenna performance for a
given antenna size. The main disadvantages are power loss in the tuning circuit, increased
design and manufacturing complexity and price as well as non-linearity of the tuning circuit.
Various issues related to electrical frequency tuning are described in more detail in Chapter 6.

5.3 ON THE DESIGN OF INTERNAL MULTIBAND ANTENNAS

The bandwidth and total efficiency of internal multiband antennas are limited by the total
volume allowed for the antenna. The bandwidth-to-volume ratio can be increased by
generating dual or multiple resonances at each band, which can be realized with various
methods, as discussed in Chapter 3 and in [P1]-[P4] and [P7]. These methods should be used
whenever possible. If the bandwidth becomes larger than necessary, it can be traded off for
smaller size or better matching and thus larger total efficiency. When the antenna size is small
enough, even the use of known multiresonant techniques will not provide sufficient operation
bandwidth.

As discussed in Chapter 4 and [P5], the characteristics of a small antenna attached to a fairly
small radio device depend on the relative amplitudes of the resonant modes of the antenna and
the metal chassis of the radio device. The relative amplitudes depend on the coupling between
the resonant modes as well as on the relative resonant frequencies of the modes. These are
controlled by the size, orientation, and location of the antenna element on the metal chassis
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and the dimensions of the metal chassis. This applies also to multiband antennas. The effect of
the chassis must be analyzed separately for each band.

From the basic operation point of view, the excitation of resonances at desired frequencies is
obviously important in the design of multiband antennas. Currently, however, the space
allowed for internal handset antennas is so small that the resonant modes of the antenna
elements alone cannot cover the necessary system bandwidths. This is especially true around
900 MHz and below. At 1800 MHz and above, the contribution of the antenna mode is larger,
but also there the help of the chassis is needed. When the necessary resonances have been
excited, in order to obtain a sufficient operation bandwidth (matching and efficiency), the
main objective is to find suitable locations and orientations for the important sections of the
antenna so that its resonant modes at different operation bands couple sufficiently strongly to
the nearest resonant modes of the chassis. Generally, this is not explained or considered in the
basic books and scientific contributions reporting differently shaped variations of e.g. single-
feed multiband PIFAs for mobile terminals.

5.4 MAIN CONTRIBUTIONS OF THISWORK

The main contributions of this work in the field of multiband antenna design are the
following. General understanding of the possibilities of two coupled radiating resonators was
improved [P1] and novel antenna structures were developed [P3], [P4], [P7]. It was shown
that a coplanar parasitic shorted patch could be successfully used to improve the performance
of a single-feed dual-band shorted patch antenna [P7]. This was demonstrated with an internal
mobile phone antenna that operates in E-GSM900, GSM1800, GSM1900, and UMTS
systems. To the author’s knowledge, it is the first published antenna capable of such per-
formance. Furthermore, to the author’s knowledge, the antenna type is currently being used in
commercial mobile phones.

It was also shown that and analyzed how various characteristics of a small antenna attached to
a fairly small radio device depend on the relative amplitudes of the resonant modes of the
antenna and the metal chassis of the radio device [P5], [P6]. The concept of a non-radiating
coupling device, which enables optimal use of the space reserved for the antenna, was
proposed in [P5],[102], [137]. This has lead to the recent development of very compact
multiband antenna solutions for mobile phones [111], [138].
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6 Design of low-loss tuning circuits for electrically frequency-tunable small
resonant antennas

6.1 GENERAL

The effective bandwidth of a small resonant antenna can be increased by tuning its resonant
frequency from one frequency to another. A telescopic dipole is a simple example of a fre-
quency tunable antenna. Its resonant frequency can be tuned mechanically by adjusting the
radiator length. This thesis considers small resonant antennas that need an electrically
controlled tuning circuit for achieving a change in the resonant frequency.

In small portable radio equipment, the main motivation for using frequency tuning is increas-
ing the effective bandwidth-to-volume ratio of the antennas. The increased bandwidth can be
used as such to increase the number of antenna functions. As the bandwidth of a small an-
tenna is interrelated to its size and efficiency, any extra bandwidth obtained with electrical
frequency tuning can also be traded off for smaller antenna size, which saves space inside
small radio equipment. Alternatively, the extra bandwidth can be traded off for better imped-
ance match. The total antenna efficiency increases, if the desired band can be covered with a
larger return loss. Electrical frequency tuning can also be used to compensate for the detuning
caused by external disturbances, such as nearby metal or dielectric objects [139].

Electrical frequency tuning can be used in applications where the instantaneous operation
bandwidth can be smaller than the total system bandwidth. In mobile communication systems,
the bandwidth of one frequency channel is typically only a fraction of the total system band-
width. Therefore, it is not necessary to cover the whole system band with one large passive
antenna. For example in GSM systems, a smaller narrow-band antenna could be tuned be-
tween the transmitting (TX) and receiving (RX) bands because the TX and RX functions are
not simultaneous [140]. Another possible application is tuning an antenna that covers a whole
system band from the frequency band of one communication system to that of another,
as in [P9].

Adding a frequency-tuning circuit makes an antenna structure and its design more compli-
cated and increases production costs. The tuning circuit is composed of lossy devices, which
can strongly decrease the radiation efficiency of the antenna [141]-[143]. Typically, electrical
frequency tuning is realized with switches or varactors, which are non-linear semiconductor
devices that distort the output signal. Non-linearity can limit the use of frequency tuning in
high power applications, such as transmitter antennas.

Besides cost, power loss, and distortion, the use of electrical frequency tuning in battery-
operated portable radio equipment can be limited by DC power consumption in the control
circuit. From this point of view, voltage-controlled devices are preferable over current-
controlled ones. The available DC control voltage may also limit the implementation possi-
bilities. As presented in [P5], the impedance bandwidth of a small resonant antenna depends
strongly on the ratio of the resonant frequency of the antenna to that of the chassis. Varying
the antenna resonance changes this ratio, which can have a considerable effect on the input
matching of the antenna, as shown in Section 4.3.4. Matching changes can limit the useful
frequency-tuning range of an antenna [P9]. When one band of a multiband antenna is tuned,
the tuning circuit can have an undesired effect on the other bands. This can complicate the
design of such antennas and tuning circuits.
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6.2 FREQUENCY-TUNING METHODS

The resonant frequency of a small antenna can be tuned by loading it with a suitable addi-
tional reactance that cancels out an opposite antenna reactance making the input impedance of
the antenna real either below or above the original resonance.

Another general method of tuning the resonant frequency is altering an antenna geometry in
such a way that the effective electrical length of the antenna changes. Various miniaturization
methods of small antennas offer a starting point for realizing antennas in which a frequency
tuning circuit is integrated to the antenna structure. This is because miniaturization methods
of small antennas can be regarded as passive methods for reducing the resonant frequency of
an antenna without increasing its physical size (electrical size decreases). An antenna, whose
resonant frequency has been decreased by modifying the structure, can be turned into a
frequency-tunable one by adding a switch or another control component to a suitable location
on the antenna so that changing the state of the control component compensates for the
original modification and thus increases the resonant frequency.

The resonant frequency of a short-circuited patch antenna can be decreased e.g. by reducing
the width of its short circuit [6] (or by reducing the number of shorting pins), by modifying
the shape of the short circuit, by cutting slots into the patch, or by meandering the patch [144].
These methods are often referred to as inductive loading. They are the most effective when
applied at the current maximum of the antenna. Another well-known method is to extend the
length of a patch slightly and then fold the extension towards the ground plane to avoid
increasing the physical length of the antenna [145]. This is usually referred to as capacitive
loading. It is the most effective at the high impedance edge of a patch, where the electric field
intensity is at maximum. Lumped components can also be used for inductive and capacitive
loading. In principle, most of the known passive methods for tuning an antenna resonance can
be exploited also when the tuning is electrically controlled.

Patch antennas that can be tuned between discrete frequencies have been realized by con-
necting an additional reactive component between a patch and a ground plane [143], [146]
and by connecting sections of a patch to each other [147] with a switch. The switch can be a
PIN-diode, a FET-switch, or in the future possibly also a MEMS-switch. The number of short
circuits connecting a patch to a ground plane has also been varied with an array of switches
[148]. Continuous frequency tuning can be realized by replacing a switch with a varactor,
which is a voltage controlled variable capacitor [67], [141]-[143], [149]-[151].

Frequency-tunable antennas can also be realized by adding an adjustable matching circuit
between an antenna element and its feed line. As long as the input impedance of a small an-
tenna contains a real part, the antenna can be matched by a circuit containing e.g. reactive
lumped components, sections of transmission line, or both [23]. An apparent change in the
resonant frequency can be achieved by adjusting component values used to match the antenna
at one frequency so that it will be matched at a different frequency. Various frequency tunable
matching circuits can be designed using varactors (or switches and fixed capacitors) in
addition to fixed inductors. In such circuits, the varactors can be used e.g. to compensate for
the effect of inductors.
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6.3 EFFICIENCY AND DISTORTION

The main technical challenge in the design of frequency tunable antennas for small radio
equipment is achieving a sufficiently large electrically controlled frequency shift with
minimal degradation of the radiation efficiency and with minimal signal distortion.
Unfortunately, information on either the efficiency or distortion characteristics [139], [141],
[147], [150] or both [67], [140] has often been omitted from publications.

The power loss in a given load component depends on the square of the current (rms) flowing
through the load and the real part of the load:

Poad = ||Ioad |2 Re{zload } (6.1)

The current in turn depends on the load impedance and the voltage over it. Minimizing the RF
power loss in a given load component requires minimizing the current through the
component. However, without any RF current through the load (open circuit), there is no
frequency shift. The larger the current through a given load is, the larger the frequency shift
and the losses are. Thus, there is clearly a trade-off between frequency tuning range and
power loss. Minimizing the resistive part of the load by using low-loss components is also
important.

An optimal frequency tuning circuit provides the largest change in the load reactance
compared to the power loss in the circuit. Based on this idea, a systematic study on the
minimization of power loss in certain tuning circuits of small resonant antennas has been
conducted in this work [P8]. Ideally, any load reactance can be realized using a section of
open-circuited or short-circuited transmission line with length <A/2. The tuning circuit
selected for the study comprised two such sections connected by a PIN-diode switch
(Fig. 6.1). The arrangement forms a general electrically controlled tuning circuit that enables
switching between two resonant frequencies and allows e.g. changing the direction of tuning
with only minor changes in the configuration. The tuning circuit is first optimized by
maximizing the change of reactance relative to the power loss based on theoretical
calculations. The desired frequency shift is then set by adjusting the coupling between the
tuning circuit and the antenna, which also defines the final power loss in the circuit. The
coupling depends on the coupling method and the impedance level of the antenna at the point
where the tuning circuit is connected to it.
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Figure 6.1. A frequency-tunable short-circuited patch antenna.

Two prototypes with optimized low-loss frequency-tuning circuits were presented in [P8].
The original unloaded quality factors (without the tuning circuit) were 99 for the high-Q

46



prototype (A1) and 20 for the low-Q prototype (A2). The high-Q prototype was tuned slightly
over 5 % at the expense of about 20 % decrease of efficiency, whereas the low-Q prototype
was tuned slightly less than 5 % at the expense of only 3 % decrease of efficiency. To
demonstrate how well the tuning circuits proposed in [P8] minimize the efficiency reduction
caused e.g. by lossy switches, Fig. 6.2a shows the measured radiation efficiency as a function
of the series resistance (Rs) of the forward-biased PIN-diode (closed switch) for the two
frequency-tunable antenna prototypes presented in [P8]. Figure 6.2a suggests a linear
dependency between the radiation efficiency and the series resistance. The figure also
suggests that with the tested tuning circuits the radiation efficiency would not increase
considerably even if Rs could be reduced to zero from the value of 2.3 QQ, which was obtained
with the typical forward bias current (Ig) of 10 mA. By using the method proposed in [P§], the
DC bias current could be systematically reduced by 50 % or even more with only minor
degradation of efficiency, which is important for antennas of battery-operated devices. The
resistances given in Fig. 6.2 represent typical values taken from the datasheet of the used PIN-
diode [152] based on measured bias current. Figure 6.2b shows the dependency of the series
resistance on the forward bias current.
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Figure 6.2. @) Measured radiation efficiency for the high-Q (A1) and low-Q (A2) prototypes of
[P8] as a function of the series resistance (Rg) of the closed switch. The radiation efficiencies
were measur ed with the Wheeler cap method asin [P8]. The solid and dashed lines have been
fitted to the data using the least squares method. b) Typical series resistance vs. forward bias
current (I¢) for a single Infineon BAR64 PIN-diode [152] .

In both examples of [P8], the maximum efficiency was obtained when a forward-biased PIN-
diode was located near the current maximum of a short-circuited A/4-long section of
transmission line. However, the current on the line was minimized because the impedance of
the line was very high at the point where it was connected to the antenna. Owing to the
minimal current through the diode, both power loss and distortion were minimized. When the
PIN-diode was reverse-biased (switch open), it was located at the high impedance end of a
nearly A/4-long, nearly resonant section of transmission line, which shared a short circuit with
the antenna. At this location, there was a high signal voltage over the diode, which is assumed
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to be the main reason for the fairly high distortion in this switching state. It is assumed that
the distortion can be reduced by decreasing the signal voltage over the diode. This can be
done by changing the length of the first transmission line section further away from
resonance, which will also reduce power loss in the tuning circuit when the switch is open.
However, it will increase both power loss and distortion when the PIN-diode is forward
biased. Generally, there seems to be a trade-off between the achievable efficiency and
distortion performance.

In [142], it was mentioned based on full-wave simulations that the efficiency of a patch
loaded by a variable capacitor between the patch and a ground plane increases when the
capacitor is moved closer to the radiating edge of the patch, where the maximum electric field
occurs. This position maximizes the frequency shift obtained with a given reactive
load [141], [151], [153] and thus a smaller capacitive load is needed for a given frequency
shift. Reducing the capacitance increases the load impedance, which reduces the current
through the load increasing the radiation efficiency, as explained above.

Connecting a load directly between the radiating edge of a patch and its ground plane as in
[142] maximizes the signal voltage over the load. Therefore, it can be assumed that this
location also maximizes the distortion in certain non-linear loads, such as a reverse-biased
varactor and reverse-biased PIN-diode (in series with a small capacitor or large inductor). As
the load is moved towards a lower impedance part of the antenna, the signal voltage over the
non-linear load decreases, which should reduce the distortion. However, a larger load
capacitance is now needed for a given frequency shift, which increases the current through the
load and reduces the efficiency. Therefore, this solution also suggests a trade-off between
distortion performance and radiation efficiency.

The distortion generated by a forward-biased PIN-diode depends on the bias current. It
decreases when the bias current increases. This is shown e.g. in the datasheet of the BAR64
PIN-diode [152] used in [P8]. According to [154], distortion in forward-biased PIN-diodes is
caused by the modulation of the intrinsic region conductance by charge carrier injection from
the applied RF signal.

The reverse bias distortion characteristics of the BAR64 PIN-diode were not given in its
datasheet. In the measurements for [P8], it was noticed that the reverse-biased PIN-diodes
generated more distortion than the forward-biased ones. Furthermore, it was noticed that
increasing the reverse bias voltage reduced distortion. The results are consistent with those
reported in [155]. Contrary to ideal PIN-diodes, the boundaries between the intrinsic and the
(p and n type) end regions are not exactly abrupt in real PIN-diodes, but the doping
concentrations increase continuously towards those of the end regions. Because of these so-
called diffusion tails, the reverse bias capacitance of a real PIN-diode decreases continuously
with increasing reverse bias voltage for voltages beyond the punchthrough as the depletion
region advances into the end regions and the diode performance approaches that of an ideal
one [155]. According to [155], the main reason for the reverse bias distortion is the diffusion
tail related capacitance variation induced by the RF signal.

6.4 EFFECTS OF ANTENNA SIZE AND QUALITY FACTORS

When the size of a small antenna is decreased, its radiation quality factor (Q;) increases. This
complicates the antenna design, because the radiation efficiency of the antenna is decreased
more by a given cause of power loss [see Egs. (2.2) and (2.7)]. Decreasing the radiation loss
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by a certain factor requires the reduction of other losses by the same factor or otherwise the
radiation efficiency decreases.

For antennas that can be described with a parallel resonant circuit, such as open-circuited and
short-circuited patches (and PIFAs), it was shown in this work [P8] that the frequency shift
caused by a given parallel-connected reactive load is inversely proportional to the unloaded
quality factor (Qp) of the antenna. Thus, the narrower the antenna bandwidth is, the larger the
tuning admittance must be for a given frequency shift. It was also shown that in the studied
cases, the ratio of frequency shift to the associated power loss was inversely proportional to
the Qp of the antenna. In other words, wideband antennas (low Q) can be tuned a given
amount while maintaining a higher efficiency than narrowband antennas (high Q).
Alternatively, a larger tuning range can be achieved for a given efficiency. Therefore, a lot of
attention has to be paid to the material and tuning component losses when a very small, high-
Q antenna is tuned.

The results of [P8] also suggest that that distortion in the open state of a PIN diode switch
depends on the unloaded quality factor of the antenna. When the switch was open, the low-Q
prototype generated less distortion (third-order input intercept point, [IP; = 61 dBm) than the
high-Q prototype (I1P; = 46 dBm). The reason for this seems to be a lower RF voltage over
the diode. Based on circuit simulations with APLAC using the model presented in [P8], it can
be estimated that the RF voltage over the PIN diode switch in the low-Q prototype was less
than half of that of the high-Q prototype.

6.5 RADIATION PATTERN

Adding an electrical frequency tuning circuit to a small resonant antenna can affect its
radiation pattern [142]. For example, decreasing the resonant frequency of an antenna reduces
its electrical size, which decreases its directivity. However, owing to their small size, the
antennas studied in this thesis have inherently low directivity (2-5 dBi), and therefore, drastic
changes in directivity are not expected. When the radiator shape is changed e.g. by connecting
different sections of an antenna with a switch, the polarization of the antenna can change
significantly, which may limit the realization possibilities, but may also be utilized e.g. in
polarization diversity systems. If active components are used to control the polarization of
small antennas, similar problems can be expected as in frequency-tunable antennas.

6.6 FREQUENCY-TUNABLE INTERNAL ANTENNA FOR MOBILE PHONES

After having developed understanding on how the power loss in the frequency-tuning circuits
of small antennas could be minimized, the knowledge generated in this work [P8] was applied
to the design of a novel internal multiband mobile phone antenna in [P9], [156]. The goal was
to tune the lower band of a previously published [122] dual-band (GSM900/1800) antenna to
cover also the US cellular band (824-894 MHz). The main problem in the design was the
strong dependency of the input impedance of the antenna on the electrical length of the phone
chassis, as could be expected based on [P5] (see also Section 4.3.4). When the resonant fre-
quency of the antenna, which was well matched at 900 MHz, was tuned to the US cellular
band and thus further away from the resonant frequency of the chassis, the impedance level at
the feed point of the antenna increased considerably. This made the antenna too overcoupled
and poorly matched at the US cellular band. Adjusting the feed location to match the antenna
at the US cellular band made it too undercoupled and poorly matched at the GSM900 band. A
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suitable solution for matching the antenna was making it dual-resonant at both bands. This
could be realized by loading the antenna with a sufficiently long section of microstrip line, the
length of which could be varied. The tuning line was connected to the antenna with a narrow
pin at one end. The other end was open circuited. To vary the length of the line and thus the
reactive loading and the frequency of optimum impedance match, the tuning circuit was im-
plemented using three sections of microstrip line and a single-pole double-throw (SPDT)
switch. The first microstrip line section connected the pole of the switch to the antenna,
whereas the two shorter sections were connected to the throws of the switch for varying the
total line length. The power loss in the switch was minimized by locating it as close to the
current minimum of the loading line as possible. The switch generated very little distortion
because the voltage over it was low. Adding the tuning circuit deteriorated the bandwidth and
efficiency of the antenna slightly at the 1800 MHz band. However, it should be possible to
recover most of the bandwidth by adjusting the location of the feed pin. It should also be pos-
sible to further increase the bandwidth with a parasitic element as proposed earlier in this
work [P7].
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7 Summary of Publications

[P1] Design and bandwidth optimization of dual-resonant patch antennas

Paper [P1] presents for the first time a unified theory for the impedance bandwidth optimiza-
tion of dual-resonant antennas with arbitrary unloaded quality factors (Qy; and Q). The the-
ory is formally presented using an idealized circuit model, which makes it general enough to
apply to all fairly narrow-band dual-resonant antennas that can be sufficiently accurately de-
scribed with simple resonant circuits. Microstrip patch antennas are used as examples because
they represent a widely used modern antenna type and because of their central position in the
thesis.

At first, the main electrical design parameters concerning the bandwidth optimization of dual-
resonant antennas are systematically analyzed. It is shown that a system of two coupled reso-
nators, such as a dual-resonant antenna, has a theoretical maximum impedance bandwidth that
depends only on Qy;, Qo2, and the matching requirement (e.g. VSWR < 2). Equations for the
calculation of the maximum theoretical dual-resonant impedance bandwidth are also pre-
sented. By adjusting the ratio of the resonant frequencies of the resonators (f»/f;1), the cou-
pling between the resonators, and the coupling of the feed to the driven resonator, the imped-
ance bandwidth of any dual-resonant antenna structure can be controlled and optimized.

To support the theory, examples of various patch antenna structures are presented. The first
example shows that the electrical parameters of the circuit model have real world counterparts
as dimensions of a real antenna and that the model describes the main trends of the input im-
pedance locus correctly. The second example shows that the equations derived for the maxi-
mum theoretical dual-resonant bandwidth are very accurate when only two resonant modes
are excited. The last example reveals the existence of a non-radiating resonant mode, which
can reduce the bandwidth obtained with some dual-resonant antenna structures. It explains
why the theoretical maximum bandwidth is not always achieved in practice.

[P2] Radiation and bandwidth characteristics of two planar multistrip antennas for
mobile communication systems

The second paper [P2] presents an experimental study on the radiation and bandwidth charac-
teristics of two modified short-circuited microstrip patch antennas. The impedance bandwidth
of the studied antennas has been enhanced by dividing one wider patch into separate narrower
patches that are tuned to slightly different resonant frequencies. One of the patches is driven,
whereas the others are parasitically coupled. The results indicate that by dividing one rela-
tively wide patch into two appropriately coupled and tuned narrower strips, the bandwidth-to-
volume ratio of the antenna can be more than doubled. In addition, the study shows that the
use of one or more coplanar parasitic elements can cause the polarization of a shorted patch
antenna to become strongly frequency dependent.

[P3] Thin dual-resonant stacked shorted patch antenna for mobile communications

The third paper [P3] introduces a novel thin stacked shorted patch antenna for the 1800 MHz
frequency band. The antenna is dual-resonant and small in size. It has a very low profile
(0.0244¢) and a bandwidth of almost 10 % (Len > 10 dB), which is sufficient, for example,
for GSM 1800 or GSM1900 systems. The radiation pattern is suitable for the internal handset
antenna application. In the paper, a measured frequency response of reflection coefficient and
measured cuts of the radiation pattern are given. In addition, many design aspects are
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discussed, and two other novel antenna structures with slightly different characteristics are
presented. These structures can be used if the coupling between the driven patch and the para-
sitic patch needs to be adjusted. The paper demonstrates experimentally that the impedance
bandwidth-to-volume ratio of a short-circuited patch antenna can be almost doubled by using
the proposed stacked structure.

[P4] Wideband dielectric resonator antenna for mobile phones

The fourth paper [P4] presents a novel dual-resonant dielectric resonator antenna (DRA),
which is based on a compact cuboid-shaped dielectric resonator (DR) with two metallized
faces. The DR is fed by a resonant meandered probe, which makes the antenna dual-resonant
and increases its impedance bandwidth. The antenna element is attached to the top corner of a
printed wiring board (PWB) having the size and shape equal to those of a typical mobile
phone. The paper reports both theoretical (FDTD) and experimental results for the antenna in
free space. The measured impedance bandwidth is 28.4 % (L;an> 6 dB) at the center fre-
quency of 2.36 GHz. The radiation efficiency, which was measured with the 3-D pattern inte-
gration method, is at least 84 % over the band of operation. The radiation pattern of the an-
tenna resembles that of an off-center located monopole at the top of a metal chassis. The study
shows that a compact but efficient wideband DRA can be realized by tuning the resonances of
a DR and its feed probe close to each other and by arranging proper coupling between these
resonators and also between the feed line and the resonant probe, as described in [P1]. The
novel antenna has potential applications in small portable radio devices, such as mobile com-
munication terminals.

[P5] Resonator-based analysis of the combination of mobile handset antenna and chassis

Paper [P5] presents a novel approach to analyze the characteristics of the combination of a
small antenna and the metal chassis of a mobile handset. The analysis is based on an
approximate decomposition of waves on the structure into two significant wavemodes: the
resonant wavemode of the antenna and that of the chassis. These are modeled with separate
resonant circuits that are coupled to obtain a dual-resonant equivalent circuit model. It is used
to study the behavior of the impedance bandwidth and the respective distribution of radiation
loss in the handset (radiation contributions of the wavemodes) with typical parameter values
at 900 MHz and 1800 MHz.

The bandwidth and radiation characteristics of the antenna-chassis combination are shown to
depend on the unloaded quality factors and the relative amplitudes of the antenna and chassis
modes. The relative amplitudes in turn depend on the coupling between the modes as well as
their relative resonant frequencies. If the radiation quality factor of the antenna mode is
increased, but the bandwidth is kept fixed by increasing the relative amplitude of the low-Q
chassis mode, the relative power radiated by the antenna decreases. It such case, it can be
expected that the relative significance of the antenna on characteristics like radiation pattern,
efficiency, and SAR decreases. It can be estimated that at 900 MHz, the typical radiation
contribution of the antenna wavemode represents less than 10 % of the total radiated power.
Therefore, the antenna works mainly as a matching element that couples to the low-Q
resonant mode of the chassis. At 1800 MHz, the contribution of the antenna mode is of the
same order as that of the chassis mode and thus clearly larger than at 900 MHz.

To support the theory, phone models comprising an antenna and a simple metal plate chassis
were designed and studied with full-wave electromagnetic simulations. The studied charac-
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teristics included impedance bandwidth, radiation efficiency, and SAR. A prototype compris-
ing a novel small capacitive coupling element, a microstrip matching circuit, and a metal plate
chassis was also designed and measured. The simulated and measured results confirm the
theoretical results obtained with the circuit model. Furthermore, the prototype demonstrates
that a traditional self-resonant antenna element can be replaced by a small, virtually non-
radiating coupling element that only excites the wavemodes of the chassis and may offer more
degrees of freedom in the design.

[P6] Effect of the chassislength on the bandwidth, SAR, and efficiency of internal mobile
phone antennas

Inspired by the results of paper [P5], paper [P6] considers the effect of the length of a mobile
phone chassis on the characteristics of internal mobile phone antennas at 900 MHz and
1800 MHz. In the work, phone models comprising a shorted patch (or PIFA) type antenna
element on a metal plate chassis were studied with MoM simulations in free space and with
FDTD simulations beside an anatomical heterogeneous head model. The results confirm that
in addition to the impedance bandwidth, both the radiation efficiency in talk position and SAR
depend strongly on the length of the phone chassis, which defines its resonant frequency. The
impedance bandwidth of the antenna reaches its maximum when the resonant frequency of the
chassis matches that of the antenna element. When this happens, a decrease in the radiation
efficiency and an increase in the SAR values compared to the general trends can be observed.
The results suggest that effect of the chassis should be considered whenever the bandwidth,
efficiency, or SAR of mobile phone antennas is studied.

[P7] Internal dual-band patch antenna for mobile phones

Paper [P7] presents a novel internal shorted patch antenna for mobile phones. The antenna
demonstrates innovative use of the theoretical and experimental results of papers [P1], [P2],
and [P5] in the design of practical internal handset antennas. The antenna was designed to
have two continuous bands of operation, which cover multiple communication system bands.
The lower operation band is single-resonant, whereas the upper one is made dual-resonant
with an optimally coupled coplanar parasitic element. To the authors’ knowledge, this is the
first published internal mobile phone antenna that covers the frequencies of E-GSM900,
GSM1800, GSM 1900, and UMTS with a return loss of at least 6 dB. Its simulated radiation
efficiency in free space is at least 95 % over the desired bands of operation. Beside a model of
a human head, the simulated (FDTD) radiation efficiencies at the frequencies of 915 MHz,
1730 MHz, and 2100 MHz are 29 %, 72 %, and 75 %, respectively. The simulated SAR values
are below the maximum values allowed in Europe. The antenna type is currently being used
in commercial mobile phones.

[P8] Low-losstuning circuitsfor frequency-tunable small resonant antennas

Paper [P8] presents a systematic method for the minimization of power loss in certain fre-
quency tuning circuits of small resonant antennas, such as microstrip patches. First, the fre-
quency shift between two resonant frequencies and the associated power loss in the tuning
circuits are theoretically calculated based on approximate circuit models of fairly narrowband
resonant antennas. Then, by investigating the ratio of frequency shift and power loss, an opti-
mal configuration for the tuning circuit can be determined. The theoretical results can be used
e.g. to provide nearly optimal starting designs and design curves that facilitate the final design
with more accurate full-wave electromagnetic simulators or by experiments. According to the
presented theory, the ratio of frequency shift to power loss in the studied tuning circuits is
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inversely proportional to the unloaded quality factor of the antenna. Thus antennas with large
bandwidth can be tuned a given amount while maintaining a higher efficiency (or a larger
amount while maintaining a given efficiency) than narrow-band antennas. To support the
theory, a design procedure is demonstrated by designing two antenna prototypes with optimal
tuning circuits. Both simulated and measured results for the prototypes are presented,
including impedance bandwidths, radiation efficiencies, and distortion characteristics. The
simulated and measured results clearly support the theoretical estimates.

[P9] Frequency-tunableinternal antenna for maobile phones

Paper [P9] presents a novel low-loss frequency-tuning circuit for internal mobile phone anten-
nas. The design takes into account several factors that affect practical mobile phone antenna
design, such as the biasing limitations and distortion of the switching component as well as
the effect of a mobile phone sized ground plane. To demonstrate the performance of the
tuning circuit, an antenna prototype capable of switching between the bands of US cellular
(824 - 894 MHz) and E-GSM900 (880 - 960 MHz) systems was designed, constructed, and
measured. The prototype is based on an existing dual-band antenna element
(E-GSM900/1800), which is positioned on a metallized printed wiring board (PWB) with the
size equal to that of a typical mobile phone. The tuning circuit, comprising three transmission
line sections and an SPDT (single-pole, double-throw) FET switch, was fabricated directly on
the substrate of the PWB. The designed antenna covers the US cellular and E-GSM900 bands
with a return loss of at least 7 dB. The measured free space radiation efficiency at the US
cellular band is above 79 % and at the E-GSM900 band above 72 %. Adding the tuning
circuit affects the antenna performance also at the GSM1800 band. Therefore, some further
adjustments in the design are needed to optimize it. The tuning circuit generated very little
distortion in the two-tone intermodulation and harmonic distortion measurements. The study
suggests that the bandwidth of an existing dual-band antenna can be increased to cover an
additional system band by adding a simple tuning-circuit that causes only a small amount of
power loss and generates very little distortion.
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8 Conclusions

This thesis explains how the combination of an electrically small internal antenna and the
metal chassis of a portable radio device, such as a mobile phone, can be made to operate effi-
ciently over the large bandwidths required in mobile communications. In the work, under-
standing of the importance of different components and phenomena that are related to the de-
sign of compact wideband internal antennas for small portable radio devices has been system-
atically increased. The achievements of the work include new theory [P1], [P5], [P6], [P§]
and several technical innovations in the field of small antennas [P3], [P4], [P5], [P7], [P8],
[P9], [70], [137], [156]-[159]. In the work, new scientific knowledge has been generated to
facilitate the design of small internal antennas, with improved characteristics, for future
personal radio communication terminals.

A small antenna and the metal chassis of a small radio device, such as a mobile phone, form a
system of coupled radiating resonators [P5]. The characteristics of the system depend on the
unloaded quality factors (bandwidth potentials) and the relative amplitudes of the resonant
modes of the antenna and the chassis. The relative amplitudes of the resonant modes depend
on the coupling between the modes as well as their relative resonant frequencies. If the reso-
nant mode of the antenna is loosely coupled to that of the chassis, the bandwidth is mainly
defined by the Qo of the antenna mode. In this case, the bandwidth of an electrically small
antenna is narrow, but its characteristics (bandwidth, efficiency, SAR, and radiation pattern)
do not depend much on the parameters of the chassis. If the antenna mode is strongly coupled
to the resonant mode of the chassis, the bandwidth is mainly defined by the Qy of the chassis
mode, which is typically much smaller than that of the antenna. In this case, very large band-
widths can be obtained with electrically small antenna elements, but the characteristics of the
antenna-chassis combination depend strongly on the dimensions of the chassis. If the resonant
modes of the antenna and the chassis are coupled, the bandwidth reaches a maximum, when a
resonant frequency of the chassis matches that of the antenna. When this happens, a decrease
in the radiation efficiency in talk position and increases in the SAR values compared to the
general trends can be observed [P6].

The bandwidth-to-volume ratio (BVR) of a single-resonant small internal antenna can be
maximized by setting the resonant frequencies of the antenna and the chassis modes equal and
by optimizing the coupling between the modes [P5], [P1]. The BVR can be further improved,
if the antenna structure is optimized only for coupling to the resonant mode of the metal chas-
sis, and then resonated with additional external components [P5]. Ultimately, the antenna
turns into a (multiresonant and multiband) high-Q coupling and matching element between
the feed line and the metal chassis of a terminal.

Although simple in principle, adjusting the resonant frequency of a metal chassis can be dif-
ficult in practice, because it will be set by the mechanical design of the terminal, which is a
compromise over many objectives. If it is not possible to obtain the required bandwidth by in-
creasing the coupling between the resonant modes of the antenna and the chassis, the band-
width can be increased by adding more resonators into the antenna structure either in the form
of high-Q matching resonators or parasitic radiating elements. The maximum bandwidth in-
crease obtained with high-Q matching resonators can be estimated based on the literature
[20], [21]. In this work [P1], a unified theory for the impedance bandwidth optimization of
small antennas comprising two coupled radiating resonators with arbitrary unloaded quality
factors (Qp; and Qo) has been presented. A system of two coupled resonators has a theoretical
maximum impedance bandwidth that depends only on Qy;, Qp, and the matching require-
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ment. For a given antenna, the maximum bandwidth can be obtained by optimizing the rela-
tive resonant frequencies of the resonators, the coupling of the feed to the driven resonator,
and the coupling between the resonators. It is also shown in the work how this can be
achieved in practice.

In some dual-resonant antenna structures, mainly those that have a parasitic radiating element,
a non-radiating resonant mode can appear near the desired band [P1]. It reduces the possible
bandwidth improvement from the theoretical maximum. The exact bandwidth enhancement
factor depends on the configuration, which defines the effect of the non-radiating mode.

Adding one either coplanar [P2] or stacked [P3] parasitic patch or a high-Q matching resona-
tor to a short-circuited patch antenna can increase its BVR by a factor of about two. Increasing
the number of parasitic elements can further increase the BVR. However, in a fixed volume,
the improvement with parasitic elements will saturate fast because the sizes of the driven and
the parasitic antenna elements will have to be decreased (Qp values increase) as the number of
elements increases. Furthermore, optimization of the coupling between the elements becomes
increasingly more difficult in the limited space available for the antenna.

It has been shown for the first time in this work [P7] that a coplanar radiating parasitic resona-
tor can be efficiently used also in a single-feed multiband shorted patch antenna structure.
This was demonstrated with the first published antenna design that covers the frequencies of
E-GSM900, GSM1800, GSM 1900, and UMTS with a return loss of at least 6 dB and a high
radiation efficiency. Similar antennas that utilize the concept proposed in [P7] are currently
being used in commercial mobile phones.

The effective operation bandwidth of an antenna can be increased by tuning its resonant fre-
quency electrically. It was shown in the work, both in theory and in practice, that the RF
power loss, which is a major problem of electrical frequency tuning, could be systematically
minimized in frequency-tuning circuits of small resonant antennas [P8]. The ratio of the
frequency shift and the associated power loss in the studied tuning circuits is proportional to
the bandwidth potential of the antenna. A wideband antenna can be tuned a given amount
while maintaining a higher efficiency (or a larger amount while maintaining a given effi-
ciency) than a narrow-band antenna. The performance improvement obtained with electrical
frequency tuning can be limited by the distortion generated by non-linear components in the
tuning circuit. Narrow-band antennas seem to generate more distortion than wideband anten-
nas [P8]. Some antenna efficiency may have to be traded off to reduce the distortion. In small
portable radios, where the resonant modes of the antenna and the chassis are coupled, the
input impedance level and thus also the impedance match depend strongly on the Qys and the
relative resonant frequencies of the antenna and the chassis, especially when a chassis reso-
nance is near the antenna resonance. This can limit the achievable effective bandwidth of fre-
quency-tunable antennas in practice. The input impedance level may have to be transformed
while tuning the resonant frequency, which can complicate the design of the tuning circuit.

Based on the results of this thesis, the limits on the maximum bandwidth obtained with tradi-
tional passive internal mobile terminal antennas are already visible, although demonstration of
optimal antenna structures still requires further work. The maximum bandwidth obtained with
passive antenna structures can be exceeded by tuning the resonant frequency and the imped-
ance level of an antenna-chassis combination electrically. However, as shown in the thesis,
electrical tuning also involves trade-offs between the tuning range, efficiency, and distortion.
Linear and low-loss tuning components simplify the design, as they can be more freely placed
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in the antenna structure. Further work is required to demonstrate the optimum between the
tuning range, power loss, and distortion as well as to demonstrate tuning circuits that actively
also compensate for the impedance level changes. The use of novel artificial electromagnetic
materials (or metamaterials) together with the techniques presented in the thesis may also
provide further performance improvement.
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