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1. Introduction

Over the past few decades, the internet has greatly changed the way of life for
most people. More than half of the global population now have access to the
internet, a percentage that continues to increase. In addition to the number of
users, there has also been an increase in the number of devices connected to the
internet, now actually exceeding the global population. A significant part of the
continuously increasing global data traffic is due to wireless and mobile devices.
Currently, more than 50% of all internet traffic is due to wireless mobile devices,
a percentage that is expected to increase to more than 70% in 2022 [1], [2].

A significant part of the growth observed in the global use of the internet
is due to the evolution of mobile phones. Compared to the relatively simple,
at least according to today’s standards, voice- and text-based communication
devices, modern smartphones have large touchscreens and high-quality cameras
and are used to access a large number of online services thanks to fast data
connections. With the continuous consumer demand for increasingly higher data
rates, wireless communication systems need to be able to meet these new and
more demanding goals in the future.

As the part that transmits and receives all radio waves used for wireless
communication, antennas play an important role. Increasing the data rates is
relatively simple in theory. The capacity of a communication system depends on
the used bandwidth. Thus, increasing the frequency bands used increases the
data rates. Because the available radio spectrum is inherently limited, using
multiple transmitting and receiving antennas simultaneously can increase the
spectral efficiency (i.e., how much data can be transferred within a certain
bandwidth). Thus, using multiple-input multiple-output (MIMO) techniques
can also increase the data rates. However, realizing these goals directly conflicts
with the second large trend defining modern smartphones: device appearance
and form factor. Recently, the size of the touchscreen has increased to cover
almost all of the front part of the device, and visually appealing materials, such
as metals and glass, are often used for the rest of the device. As can be seen
in Fig. 1.1, the large number of internal components and large battery size
leave very little room for the antennas. Increasing the screen-to-body ratio
means that this volume also becomes smaller and smaller. According to the very
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Figure 1.1. Removed display panel and other internal components of an Apple iPhone 6.

fundamental properties of antennas, decreasing the size of the antenna while
covering a wider frequency band leads to a lower efficiency and, therefore, lower
data rates.

With the shift from the current fourth-generation Long-Term Evolution (LTE)
technologies to new fifth-generation (5G) systems, one of the main challenges
for handset antenna designers is to find a means for realizing all the required
antenna systems in a way such that they can be fitted into the extremely
challenging environment of current and future handsets. Although most of the
attention recently has been drawn to the new millimeter-wave systems operating
at frequencies of tens of gigahertz and offering very high data rates, the lower
sub-6GHz frequencies will continue to play an important role in the future. For
example, the first commercial realizations of 5G operate at 3.5GHz, which is
considered a favorable compromise between the data rate and coverage area [3].
A second major problem is the effect of the user in the vicinity of the antenna,
which can significantly degrade the antenna’s performance. Typically, handset
antennas are designed to operate in free space, although the most common use
case is the user holding the device. Traditional antenna solutions have struggled
to reach these increasingly difficult goals. Therefore, new ideas and techniques
are required to realize antennas for handsets.

1.1 Objectives of this work

The objective of this work is to develop new design methods and tools for handset
antennas using adaptive multiport antenna techniques. The focus is on finding
new ways to utilize the benefits offered by multiple active feeding ports with
such antenna structures, which can be integrated into handsets while taking
into account the restrictions set by the metal rims and small ground clearances
as well as other realistic limitations. New and efficient design tools, required
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because of the increasing complexity of multiport antenna systems, are also
developed to accelerate the design process of multiport antennas.

1.2 Main scientific merits

The main scientific merits of this thesis are as follows:

1. Developing new design methods and several new antenna designs utiliz-
ing multiport techniques on the basis of the combination of theoretical
approaches and practical applications for modern handset antennas.

2. Demonstrating different methods for using multiport techniques to im-
prove, for example, the efficiency, bandwidth, and MIMO operation of
handset antennas.

3. Showing that multiport antennas can be used to adapt to changing opera-
tion conditions, including the user’s hand holding the device and changes
in the internal structure of the device, and introducing a method for de-
signing and realizing hand-immune handset antennas.

4. Demonstrating new methods for combining multiport antennas with other
techniques, including lumped element matching networks, switches, and
tunable components, to realize antenna systems with good performance in
the very challenging environment of modern handsets.

1.3 Contents and organization of the thesis

This thesis consists of an overview and seven publications. In Chapter 2, the
main properties, parameters, and some essential theories and design tools
related to handset antennas are briefly presented for background information.
In addition, an overview of state-of-the-art solutions and main challenges is
presented. Chapters 3–5 present the actual new scientific work done in this
thesis. This overview includes only the most important content from these
publications. First, two design methods for multiport handset antennas and
the antennas designed using the proposed methods are presented in Chapter 3.
Chapter 4 starts by discussing the user effect with multiport antennas with the
designs presented in the previous chapter. Then, a new method for designing
hand-immune handset antennas is presented. Chapter 5 presents a method
utilizing multiport feeding and tunable matching that helps realize extremely
low-profile antennas inside smartphones, and then it presents the developed
design tool that can be used to accelerate the multiport antenna design process.
The publications are summarized in Chapter 6 and the work is concluded in
Chapter 7.
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2. Antennas in handsets

As antennas are the communication system parts responsible for radiating and
receiving electromagnetic (EM) waves, their properties play a significant role in
the performance and operation of whole systems [4]. This thesis is focused on
antennas for mobile communication applications, more precisely for handsets,
utilizing multiple active feeding ports. To allow presenting the multiport theory
later on in this chapter and the new results in subsequent chapters, basic
properties and concepts are first introduced for more traditional single-feed
antennas.

Handset antennas typically have several common properties and limitations
which will be introduced first. Moreover, some currently used antenna design
tools and methods will be briefly presented. The handset antenna require-
ments from the viewpoint of both communication systems and industry are also
discussed. In addition, antenna designs from the literature are introduced to
emphasize the challenges facing modern handset antenna designers and the
need for the new solutions developed in this work.

2.1 Basic properties of handset antennas

Since the late 1940s, fundamental limitations for small antennas have been
a topic of numerous studies [5]. Small antennas, usually meaning electrically
small (i.e., small compared to the wavelength at the operation frequency), can
be studied theoretically using spherical modes [6]. One of the most important
results from these types of rather theoretical studies relates the minimum
quality factor (Q), generally defined as 2π times the ratio of the maximum stored
energy and the total energy lost by radiation per period, to the electrical size of
the antenna as follows [7]:

Q = 1
(ka)3 + 1

ka
, (2.1)

where a is the radius of a sphere circumscribing the antenna and k = 2π/λ is the
wave number. The importance of (2.1) stems from the relationship between the Q-
factor and the fractional bandwidth (FBW) of the antenna. For single resonance
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with a relatively narrow bandwidth, the bandwidth is inversely proportional to
the Q-factor [8]:

FBW∝ 1
Q

. (2.2)

It should be noted that this proportionality does not generally hold for all
antennas but is presented here to demonstrate the theoretical limitations related
to small antennas [9]. More details about the Q-factor and its relationship with
the bandwidth are presented in Chapter 5.

Equations (2.1) and (2.2) show that if an antenna is made smaller, the Q-factor
increases and, hence, the bandwidth decreases. More generally, the three main
properties that a small antenna should have are shown in Fig. 2.1. Because
of the physical limitations of electrically small antennas, only two of these can
be achieved simultaneously. In practice, this means that if, for example, the
bandwidth is to be improved, either the size has to be increased or the efficiency
will decrease [8]. In addition to these three traditional parameters for the outer
edge of this small antenna "challenge triangle," designers of modern handset
antennas should also take into account the device appearance, robustness, and
manufacturing, among other factors, which are parameters set by the industrial
requirements [10]. These requirements are explained in more detail in Section
2.4.

Bandwidth

Efficiency

Size

Industrial 
requirements

Figure 2.1. Challenges of the most important parameters of small antennas.

It should be noted, however, that there is no specific definition for an electri-
cally small antenna. The most common definitions include ka ≤ 1

2 and a ≤ λ
2π [11],

[12]. The sizes of modern smartphones, about 150×75mm2, imply that these
conditions are actually not necessarily met, and the antennas cannot be, strictly
speaking, defined as electrically small. However, the main challenges in handset
antennas, especially at lower frequencies below 1GHz, follow these limitations
very closely. In other words, the most important challenge is usually to achieve
the required bandwidth with a high efficiency while keeping the size of the
antenna as small as possible.

The bandwidth of an antenna can be defined on the basis of different antenna
properties depending on the application. Some definitions include radiation
pattern, beamwidth, polarization, gain, impedance, reflection coefficient, and
efficiency [13]. In this work, bandwidth refers to the reflection coefficient and
efficiency. The voltage reflection coefficient for a single antenna can be calculated
as [14]

Γ= ZA −Z∗
L

ZA +ZL
, (2.3)

where ZA is the input impedance of the antenna and ZL is the impedance of the
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load connected to the antenna, in practice, the integrated circuit (IC) transceiver,
and ()∗ is the complex conjugate. In this work, the load impedance is assumed
to be 50Ω. When the antenna impedance and load impedance do not satisfy
the condition ZA = Z∗

L, known as conjugate matching, the antenna is said to be
mismatched, meaning that part of the power fed to the antenna is reflected back.

This previous definition for matching, as in (2.3), holds when there exists
only one antenna. In most practical applications in modern handsets, there are
several different antennas with their own feeding ports. These can be used, for
example, for different antennas with different frequency bands, for multiple
antennas simultaneously in the same frequency band (for more details, see
Section 2.2), or for combining the operation of multiple feeding ports to improve
certain properties of an antenna (for more details, see Section 2.5). Regardless of
the use, the common factor between all of these cases is the interaction between
these antennas, which affects the operation of each individual antenna.

Scattering parameters, or S-parameters, are often used to characterize the
operation of systems with multiple feeding ports. These S-parameters are
defined as [15]

Si j = bi

a j

∣∣∣
ak=0 for k �= j

, (2.4)

where a and b represent the incident and reflected power waves defined as
in [16]. An antenna system with N ports is, hence, described as

⎡
⎢⎢⎢⎢⎢⎣

b1

b2
...

bN

⎤
⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎣

S11 S12 · · · S1N
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...
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⎡
⎢⎢⎢⎢⎢⎣

a1

a2
...

aN

⎤
⎥⎥⎥⎥⎥⎦

(2.5)

or written in a more compact form as

b=Sa. (2.6)

When every port is terminated with the reference impedance, Sii provides the
reflection coefficient of port i. Here, the Si j terms are the coupling coefficients
that describe how much of the power fed to port j is coupled to port i.

In addition to the reflection coefficients, the performance of an antenna is often
described with efficiency. Using the reflection coefficient, the matching efficiency
for a single-port antenna can be defined as

ηmatch = 1−|Γ|2 = Pacc

Pav , (2.7)

which describes how much of the available power (Pav) is accepted (Pacc) by the
antenna [14]. For systems with multiple ports, the matching efficiency of port i
can be defined as [17]

ηmatchi = 1−|Sii|2 −
N∑

i �= j

|Si j|2, (2.8)
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to take into account the power coupled to other ports in addition to the reflected
power.

It should be noted that the materials from which the antenna is made as well
as the materials in the near vicinity of the antenna affect its efficiency, that is,
how much of the power accepted by the antenna is actually radiated. Because
of resistive and dielectric losses, part of the accepted power is converted into
heat in lossy materials, such as the user’s hand. The ratio of the radiated power
(Prad) to the accepted power is known as the radiation efficiency:

ηrad =
Prad

Pacc . (2.9)

Combining the matching efficiency and radiation efficiency gives the ratio of the
radiated power to the available power, known as the total efficiency:

ηtot = ηmatchηrad =
Prad

Pav . (2.10)

The total efficiency is one of the most important parameters for handset
antennas. In older publications, only matching has often been considered in
the evaluation of antenna performance, possibly because it can be measured
relatively easily with a vector network analyzer (VNA). Traditionally, a −6dB
reflection coefficient has been considered as sufficient for handset antennas.
However, matching does not necessarily describe the true performance well
because it does not consider coupling to other ports or losses. Therefore, good
matching does not always correspond to a good total efficiency. Generally, total
efficiency is a better parameter for describing the performance of antennas.
There does not exist any generally accepted minimum level for total efficiency of
different antennas. At some point, 40% was often referred to as good efficiency
level for handset antennas. However, with decreasing volume available for the
antennas, increasing number of antenna systems, and wider frequency bands, it
is not always reached anymore, especially in the most challenging sub-1GHz
frequencies. From the perspective of the whole communication system, also
other parts have significantly developed, meaning that acceptable data transfer
performance can be achieved even with lower antenna efficiencies. This can be
seen, for example, in radiation properties of commercial devices where radiation
efficiencies below 20% have been observed at frequencies below 2.5GHz [18].
Instead of reaching a certain predefined total efficiency level, the task of modern
antenna designers can rather be seen as maximizing the performance in the
given environment and limitations.

The different types of antennas used in handsets can be divided roughly into
two categories on the basis of the behavior of their impedance: self-resonant
antennas and non-resonant antennas. Self-resonant antennas have impedance
that can be matched to the load impedance without any additional circuitry
by tuning the physical shape and dimensions of the radiating parts of the
antenna. Non-resonant antennas are tuned to resonate with external matching
networks consisting usually of lumped inductors and capacitors, especially in
the sub-6GHz frequencies.
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Before the emergence of smartphones with large touchscreen in the late 2000s
and early 2010s, self-resonant antennas have been the most commonly used
antenna type in handsets. Most antenna designs back then were based on planar
inverted-F antennas (PIFAs) or planar monopole antennas (PMAs). These types
of antennas allowed good impedance matching on two (or more) bands with
proper shaping of the antenna structure and placement of the feeding port and
ground connections. More design parameters can be achieved using, for example,
dielectric loading or parasitic elements [19]–[22]. A useful overview as well as
more details on these types of antennas used in real commercial products can be
found in [23].

In particular, at low frequencies below 1GHz, the main source of radiation is
actually the metallic chassis of the device instead of the antenna element [24].
By utilizing these ground-plane modes, which are excited with the so-called
coupling elements [25], the size and complexity of the antenna element can
be reduced relative to that of self-resonant antennas, such as PIFAs. The two
main types of coupling elements are capacitive coupling elements (CCEs) [24],
[25] and inductive coupling elements (ICEs) [26]. As coupling elements are
inherently non-resonant antennas, they require a matching network to radiate
well on the required frequency bands. This means that at least part of the
complexity of the design task is moved to the design and optimization of the
matching networks [27]–[29].

Although the antennas mentioned here were classified into self-resonant anten-
nas and non-resonant coupling-element-based antennas with matching circuits,
such classification is not that simple especially with more modern antenna
designs. Antenna designs often exhibit properties from both of these classes.
For example, the bandwidth of PIFAs can be extended with external matching
components. Coupling-element-type antennas also require heavy optimization
of the shape, size, and location of the element in addition to matching network
optimization.

2.2 Multiantenna systems

Recently, with the increasing demand for higher data rates, multiantenna sys-
tems have become one of the most important techniques for improving the
spectral efficiency of mobile communication systems. Multiple antennas at the
transmitter and receiver can be used in different manners, depending on the
use scenario and requirements. The two main multiantenna techniques are
diversity systems [30] and MIMO systems [31]. In diversity systems, the goal
is to improve the link reliability by receiving the same transmitted signal with
multiple receiving antennas through independent propagation channels. This
allows combining the received powers from the antennas in a useful way to
reduce the degradation of the signal-to-noise ratio (SNR) due to the small-scale
fading of the propagation environment compared to single-antenna systems.
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MIMO systems utilize spatial multiplexing (i.e., the multipath propagation
environment) to transmit and receive several different data signals, which allows
for a significant improvement in the channel capacity compared to that achieved
with single antenna systems [32]. MIMO communication requires a rather
complex system that includes the effects of the antennas, wave propagation,
and signal processing [31]. In this work, the focus is on antennas for handsets,
particularly the MIMO performance of these antennas.

The most important parameters of handset antennas, regardless of whether
they are used to improve the link reliability or the capacity, are the total effi-
ciency of the individual antennas and the correlation between the antennas (i.e.,
how similar their radiation patterns are). The complex correlation coefficient
between two antennas is calculated from the far-field patterns F as follows [33]:

ρ i j =
∫∫

4π F i ·F∗
j dΩ√∫∫

4π F i ·F∗
i dΩ

∫∫
4π F j ·F∗

j dΩ
. (2.11)

To present and compare the correlations of different antennas, the envelope
correlation coefficient (ECC) [34] is often used:

ECCi j =
∣∣ρ i j

∣∣2 . (2.12)

Typically, ECC values below 0.5 are considered sufficiently low, meaning that
the degradation of the capacity due to correlation is small.

The capacity per 1 Hz of bandwidth for a system with M transmitting and
receiving antennas can be calculated as follows [35]:

C = log2

(
det

(
IM + SNR

M
HHH

))
, (2.13)

where IM is an identity matrix of size M×M. In this equation, H is the MIMO
channel matrix, which is calculated as

H=R1/2
r HW (2.14)

when only the effects of the receiving antennas of the mobile device are taken
into account and ideal antennas are assumed for the transmitting base station.
HW represents a Rayleigh fading propagation channel (i.e., one with a rich
scattering environment), modeled with a matrix of independently and identically
distributed complex Gaussian random variable entries. The correlation matrix
Rr describes the effect of the antennas, including the efficiency and complex
correlation coefficients.

It should be noted that the capacity calculated from (2.13) is valid only for one
channel realization. To obtain a more suitable parameter, the average value from
a large number of different channel realizations, ergodic capacity, is used [36]. In
this study, the MIMO capacity is used to obtain a single parameter that describes
performance as part of the whole MIMO system. In addition, the maximum
capacity that a system with 100% efficient antennas with zero correlation would
have can be used as a reference to which the achieved capacities can be compared.
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2.3 Characteristic mode analysis

While the challenges facing handset antenna designers have significantly in-
creased from the first generations of mobile communication systems to modern
devices with multiple wide frequency bands and several MIMO antennas, new
design tools have also been taken into use. One of the most important tools is
characteristic mode analysis (CMA) [37]. The original theory behind this tool
was actually presented in the 1970s [38]–[40]. Characteristic modes (CMs) are
the natural orthogonal resonance modes of a structure without any excitations
applied, and they depend only on the size and shape of the structure.

The basis of solving these modes numerically is the generalized eigenvalue
equation formulated for a perfect electric conductor (PEC) structure:

X (Jn)=λnR (Jn) , (2.15)

where R and X are the real and imaginary parts, respectively, of the impedance
matrix solved from the electric field integral equation (EFIE) or magnetic field
integral equation (MFIE) discretized with the method of moments (MoM) [41].
Here, λn and Jn are the eigenvalues and eigenvectors, or eigencurrents, of mode
n, respectively. The eigenvalues can be used to calculate several parameters
describing the properties of each mode. The most common ones are the modal
significance,

MS=
∣∣∣∣ 1
1+ jλn

∣∣∣∣ , (2.16)

and the characteristic angle,

αn = 180◦ − tan−1 (λn) . (2.17)

The modal significance is a number in the range [0,1], where the value 1
means that the CM is in resonance. This describes how well a mode can radiate
at different frequencies and how well it can couple to external excitations. A CM
is usually considered significant in the frequency range where MS≥ 1�

2
, and this

also predicts the bandwidth potential of the mode [37]. The characteristic angle
includes similar information on the CM’s ability to radiate efficiently as well as
on the bandwidth. The mode is considered to be in resonance at αn = 180◦, and
values of αn = 90◦ and αn = 270◦ correspond to modes storing energy. The slope
of the characteristic angle curve near the resonance predicts the bandwidth
potential of the CM [42].

After the characteristic mode theory was first developed, some applications,
including antenna shape synthesis and antenna pattern synthesis, were pub-
lished [43], [44]. However, the number of published works on the topic remained
low for a long time. CMA started gaining interest again within the antenna de-
sign community when its potential and benefits for mobile antenna designs were
discovered after the role of the chassis radiation modes and coupling element
antennas was understood. It should also be noted that the recent increase in the
computational power has made it a practical tool.
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CMA offers several benefits for handset antenna designers thanks to the
physical insights of the natural resonance modes of the studied structures. In
addition to modal significance and characteristic angle, the surface current
distributions of modes are considered to be extremely useful when designing the
placement of exciter elements. A certain mode can be excited with CCEs located
near the current minima or with ICEs placed near the current maxima [45], [46].
CMA can, therefore, be used to explain the results for the optimal placement
of coupling elements for handset ground-plane radiation modes found already
before the CMA was used [47], [48]. Because of the orthogonality of the modes,
CMA can also be used to design MIMO antennas. As the ground-plane mode is
the main radiator at frequencies below 1GHz, the largest benefits are usually
obtained at these frequencies [49]–[53], although recently some designs in which
CMA has been applied also at higher frequencies have been published [54].
Another important application for CMA in handset antennas is the merging
of modes for improved bandwidth. By analyzing the properties of the CMs,
structure modifications and exciting schemes can be designed so that multiple
modes can be excited simultaneously to increase the bandwidth [55], [56]. Other
recent examples of utilizing CMA in handset antenna design have been published
in [57]–[60].

In addition to handset antennas, CMA can be utilized in a wide range of
antenna design problems [61]. Some examples include the design of ultra-
wideband (UWB) PMAs [62], [63], antennas for laptop computers [64], base
station antennas [65], [66], slot antennas [67], antennas for smartwatches
and other wrist-worn devices [68], [69], antennas with defected ground-plane
structures [70], and antennas with stable radiation pattern characteristics [71].
In the recent years, new application areas for CMA have been found, for example,
in the design of low-profile patch antennas and metasurface antennas [72]–[75],
plasmonic nanoantennas [76], [77], and antenna arrays [78]–[80]. In addition,
the theory and computational tools are still developed further [81]–[83] and new
concepts and design tools based on CMA have also been published [84], [85].

However, the previous theory and presented results include only PEC struc-
tures. Therefore, recently, the CMA theory has been extended to include lossy
dielectrics [86], [87], allowing the analysis of the antenna structure modes with
the modes of a lossy object (e.g., the user’s hand holding the device) [88], [89].
In this thesis, CMA is utilized in [II] for PEC structures and in [V] for lossy
structures.

2.4 Requirements for modern handset antennas

If it were up to antenna designers, smartphones would have probably looked
really different from what the commercial products actually look nowadays. As
discussed in Section 2.1 and seen in Fig. 2.1, not all the desired parameters can
be achieved simultaneously, hence requiring compromises. The requirements for
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Figure 2.2. Evolution of display and clearance areas of commercial smartphones. Data obtained
from [90].

modern smartphone antennas are mainly driven by two conflicting goals. First,
increasing the data transfer rates requires new and wider frequency bands to be
covered and multiple antenna systems to be fitted into the devices for MIMO
operation. Second, the volume of the antennas should be as small as possible,
and their physical structure and visual appearance should be suitable from an
aesthetical point of view.

Starting from the latter, the most visible change in smartphones over the
last decade has been the increase of the whole device size, especially the size
of the screen. Fig. 2.2 shows the development of the area of the display and
clearance area (i.e., the area on the front panel that is not part of the display) for
a commercial smartphone model. Given that the size of the screen has increased
by 88%, the clearance area has decreased by more than 50%. Increasing the
display size and decreasing the clearance area mean that the volume in which
the antennas are typically placed has also decreased.

As modern smartphones offer a wide range of features in a relatively small
device, the components inside the device are very tightly packed, with very
little space available for the antenna. Fig. 2.3 shows an illustrative view of the
main components of a modern smartphone. The battery takes up most of the
inner volume, whereas the rest of the volume is taken up by the main logic
board, including the digital circuitry, memory modules, radio systems, and other
required components [91]. A large touchscreen can also have an effect on the
operation of the antenna since it consists of a glass panel on the outer edge
and a metallic microwave shield on the inner side (with several component
layers in between), which is very close to the metal rim where the antennas are
typically placed [92]. While using a very realistic simulation model is naturally
possible [93], [94], it might be overly complicated for the purpose of academic
research. However, it is important to also keep the real requirements in mind
within the academic community. Many publications nowadays do include a
study on more simplified smartphone models. Typically, these include at least a
model for the battery and the screen. In most of the cases, the addition of the
screen and battery does not significantly change the operation of the antennas.
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Figure 2.3. Illustrative view of the internal structure of a modern smartphone.

However, if the device model is inadequate from the beginning (e.g., with a
solid ground plane smaller than the real size of the screen), then the addition of
component models can have a significant effect [95].

Another important factor that affects the antennas is the materials from which
the device is made. Unlike fully plastic-covered devices in the past, most modern
devices utilize much more metallic parts for visual appeal as well as mechanical
robustness. A few years back, many top-of-the-line smartphones had a full
metal cover, meaning that the device had both a metal rim and a metallic back
cover. This metallic back cover may contain slots, which can be utilized for
the antennas [96], [97], or it may be fully metallic, making the realization of
antennas even more challenging [98], [99]. Currently, the most common choice
is to use a glass or plastic back cover (to enable, e.g., wireless charging) and a
metal rim. Since adding a metal rim to the device, as well as other internal
components, can have a large influence on the operation of the antennas [100],
utilizing designs with only a printed circuit board (PCB), without any metal
rim or other components [101], [102], for practical use in current metal-rimmed
smartphones is most likely impractical.

To enable increased data traffic, mobile communication frequency bands have
been extended in the latest generations. The sub-6GHz frequencies have been
divided into a large number of bands for LTE and 5G New Radio (NR) systems
[103], [104]. Table 2.1 lists all the frequency ranges that have been focused on in
this work. The three continuous bands are the 700–960MHz low band (LB), the
1700–2700MHz middle-high band (MHB), and the 3300–4200MHz high band
(HB).

As mentioned, a metal rim is a popular option for high-end smartphones
because of its visual and mechanical properties. The ultimate goal is to have an
unbroken metal rim around the device. In recent years, several antenna designs
for these types of devices have been published [52], [105]–[110]. A common
option is to form several loop structures to the rim and the PCB ground plane
with grounding pads and to excite the loop modes with a capacitive feeding
line or by directly feeding the rim [105]–[109]. Another option is to utilize
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Table 2.1. Frequency ranges and their abbreviations used in this work, as well as examples of
LTE and 5G NR bands at these frequencies

Name
Frequency

range (MHz)

LTE bands

5G NR bands

LB 700–960
5, 8, 12, 13, 17, 18, 20, 26, 28

n5, n8, n12, n20, n28

MHB 1700–2700
1, 2, 3, 4, 7, 25, 30, 34, 38, 39, 40, 41, 66

n1, n2, n3, n7, n25, n38, n40, n41, n66

HB 3300–4200
42, 46

n77, n78

the resonance modes of the rim [52], [110]. One of the main challenges with
continuous rims is the increased coupling between the antennas, which makes it
difficult to realize multiple antennas for MIMO operation. Moreover, achieving
a wide bandwidth is often challenging, for example, for the 700MHz band or for
extending the operation to the 3.5GHz HB.

Because of such challenges with unbroken metal rim antennas, a popular
option is to cut some slots in the rim. Different options for utilizing these
sections of the rim have been studied. One of the most popular options is to have
one or more sections of the rim at the short end of the device, which is used as
the actively fed antenna element, combined with grounding strips or reactive
grounding [111]–[115]. Similar to unbroken rims, slotted rims can also be used
to excite radiating currents in the rim sections and internal structures of the
device [57], [116]–[119]. Different types of slots utilizing rims and ground planes
have been proposed [120], [121].

With the introduction of the 5G and new frequency bands around 3.5GHz,
many antenna designs for 4-, 8-, 10-, or even larger-order MIMO systems have
been recently published. These designs usually utilize similar antenna elements
divided around the ground plane [54], [122]–[131] or tightly packed antenna
pairs with mode orthogonality, or other means of decoupling, to allow more
efficient use of antenna volume [132]–[144]. Several designs for devices with
slotted metal rims have been proposed [145]–[149].

One option to improve the operation of handset antennas is to implement
frequency tunability or reconfigurability. Making the antenna operate on nar-
rower instantaneous bands allows generally improving the performance [150].
Such tunability is most often realized by including tunable elements in the
matching circuits or as aperture matching components. Common options include
varactor diodes [151]–[154], on/off-type switches [155], [156] or switches between
different reactive loads [157], [158], microelectromechanical systems (MEMS)
tunable components [159], [160], and other tunable capacitors [60], [161], [162].

Although the presented designs fulfill some of the desired criteria, required
frequency bands, number of MIMO antennas, physical size, and integrability
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with the metal rim, most of them have weaknesses. In many of the LTE designs,
the full LB from 700MHz is not covered [52], [57], [107]–[109], [112]–[116], [119],
[120], MIMO is not included [57], [105]–[108], [110]–[113], [116], [118], [119], or
the clearances are too large for modern handsets [105], [106], [108]–[111], [116],
[117], [119]–[121]. For 5G MIMO designs, the problems are usually related to
not covering a wide enough frequency band [54], [124], [128], [132], [133], [135]–
[137], [139]–[142] or integrating the antennas in a device form factor together
with antennas for other bands and MIMO. Most of the proposed designs do not
include a metal rim at all, or they require large numbers of slots in the rim.
It is also typical to study and design only these HB antennas, and the volume
reserved for the LB and MHB antennas is often left impractically small [122],
[124], [128]. Therefore, it can be concluded that there still exist many challenges
related to sub-6GHz handset antennas and that new solutions are required to
reach such very challenging goals.

2.5 Multiport antennas

To improve the performance of handset antennas, new techniques are required.
One option that has been gaining increasing interest recently is to utilize multi-
ple feeding ports. One such multiport antenna method is the antenna cluster
technique originally proposed in [163], [164]. This technique is based on the
collaborative use of several coupled actively fed ports. Combined with weighted
feeding signal amplitudes and phases, coupling can be beneficially utilized to
improve the antenna’s performance. This technique is utilized and developed
further throughout this work in [I]–[VII].

The basis of the cluster technique is to use several antenna elements simul-
taneously as one antenna. The signals fed to the ports are also coupled to the
other ports. The active reflection coefficient (ARC) of port i is also affected by
the coupling parameters and incident power waves of the other ports [165]:

ARCi = bi

ai
=

N∑
j=1

Si j
a j

ai
. (2.18)

When the coupled signals and signals reflected from the ports have proper
weighting, parts of the reflections cancel out and the radiated power is increased.
To describe the operation of multiple ports used collaboratively, the total ac-
tive reflection coefficient (TARC), corresponding to the traditional reflection
coefficient of single-port antennas, is often used:

TARC=

√∑N
i=1|bi|2√∑N
i=1|ai|2

=
�

bHb�
aHa

. (2.19)

The efficiency of an antenna cluster with feeding signals a is [163]

η= aHDa
aHa

, (2.20)
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where D is the so-called radiation matrix and ()H is the conjugate transpose. The
radiation matrix can be calculated from the S-parameters under an assumption
of a lossless antenna as follows:

D= I− ŜHŜ. (2.21)

In case the system includes more than one cluster, Ŝ represents a scattering
matrix including only the columns corresponding to the elements of the active
cluster in order to properly take into account the power coupling to the feeds
of the other clusters [166]. If (2.21) is used, the resulting efficiency, as seen
in (2.20), will corresponds to the matching efficiency. That is, it does not take
losses into account and is, therefore, suitable for lossless or low-loss antennas
operating in free space. If the antenna structure has losses, or if the antenna is
used in a lossy environment, the radiation matrix can be calculated from the
far-field radiation patterns [33], [166]:

Di j = 1
4π

∫∫
4π

F i ·F∗
j dΩ, (2.22)

where F i is the far-field pattern of the ith element. In this case, the resulting
efficiency corresponds to the total efficiency.

A key factor in the operation of an antenna cluster is to properly determine the
complex feeding weights. Because (2.20) is in Rayleigh quotient form, the com-
plex feeding weights maximizing this efficiency can be found as the eigenvector
corresponding to the largest eigenvalue of the radiation matrix [167]:

ηmax =max{eig(D)} . (2.23)

Because the optimal feeding weights depend on the frequency, the cluster can be
tuned to operate at the maximum efficiency at each frequency by changing the
weights accordingly.

With multiport antennas, there are more degrees of freedom that affect the
total efficiency than with traditional antennas. Fig. 2.4 illustrates these different
factors. The frequency-dependent feeding signals, the matching networks, the
reflection coefficients of the ports and coupling between them, and the radiation
properties of the elements all determine the total efficiency. For example, cou-
pling is an important factor in multiport antennas [168]. This means not only
that these can be utilized to improve the performance in comparison to tradi-
tional solutions, but also that the design and optimization process is often more
complicated because all of these factors need to be considered simultaneously.

For a practical realization, there is a need for a method to apply these
frequency-dependent weights. This can be done, for example, with a multi-
channel transceiver IC. The effects of the properties of this transceiver circuit
have been studied in [169], and a realization of such a circuit along with the mea-
surement results of a combination of an IC and an antenna cluster is presented
in [170]. In this work, however, we focus on the antenna part of the system.
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Figure 2.4. Concept of a multiport antenna cluster and different parameters affecting the perfor-
mance of the whole system.

In addition to the single-input single-output (SISO) and MIMO designs in [164],
[166], the cluster technique for handset antennas has also been utilized in [171],
[172], in which the multiport technique has been combined with a combinatory
feeding method (i.e., changing the number of active feeds depending on which
combination leads to the highest performance). Other antenna designs based
on multifeed structures include injection matched patch antennas [173]–[176],
different types of designs based on two-port differential feeding [177]–[181] and
other designs based on fixed power divider networks [182].

2.6 Research methods and tools

Modern antenna designs are based on two main tools: numerical computer
simulations and measurements of physical prototypes. This section briefly
introduces the main tools that have been used in this work.

2.6.1 Electromagnetic simulations

The design process of modern handset antennas relies on numerical EM simula-
tions, because the antenna properties cannot be solved with analytical means
in practice. Numerical EM simulations are based on discretizing the studied
3D structure with the simulation mesh and then numerically approximating
the solution to Maxwell’s equations for this grid. The most common methods
used for antenna simulations are the MoM and finite element method (FEM)
for frequency domain simulations and the finite difference time domain (FDTD)
and finite integration technique (FIT) for time domain simulations [183]. One of
the main differences between these methods is the type of discretization used.
Both FDTD and FIT use a hexahedral mesh, whereas MoM and FEM usually
utilize a tetrahedral mesh, which can model complex geometries with a high
accuracy, better than the hexahedral mesh.

Most of the simulations presented in this thesis have been performed with
the commercial simulation package CST Studio Suite [166]. Both FIT and

30



Antennas in handsets

FEM solvers are used in different cases and are also used to verify that both
provide similar results. Due to the formulation of the CMA theory, MoM is
used for all modal analysis simulations. The CMA simulations in [II] have been
performed with CST, whereas those in [V] have been performed with an in-house
code developed at the Department of Electronics and Nanoengineering, Aalto
University.

2.6.2 Numerical calculations

In addition to EM simulations, other numerical calculations have also been used.
In this work, these mainly include matching network design and optimization
and processing of antenna cluster data. These tools were developed by the
author. In this work, MATLAB was used for numerical calculations [184].

2.6.3 Measurements

Although the advanced simulation tools and computational power of modern
computers have made it possible to achieve a high accuracy with simulations, it
is important to also verify the operation with measurements of real prototypes.
Two main types of antenna measurements have been used in this work. Port
parameters (i.e., S-parameters) were measured with a VNA. Although VNA
measurements are quick to perform and can provide a quick look on whether
the antenna resonates on the designed frequencies or not, the real performance
can only be found by measuring the radiation properties of the antenna. All the
radiation properties (i.e., far-field radiation patterns and total efficiency) have
been measured with the MVG StarLab [185] antenna measurement system at
Aalto Electronics-ICT.

To measure the performance of the multiport antennas studied in this thesis,
measurements are performed in the following manner. First, the radiation
patterns of each feeding port are measured individually, while the other ports
are terminated with 50Ω loads. Then, the feeding weights are calculated using
these patterns, and the radiation patterns of each multiport antenna cluster
are calculated by numerically combining the element patterns with the feeding
weights applied. Finally, these combined patterns are used to calculate the total
efficiency, ECC, MIMO capacity, and other required parameters.
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3. Design methods for multiport handset
antennas

This chapter describes two design methods for multiport handset antennas
presented in [I] and [II]. Section 3.1 introduces a new design method based
on a multiport simulation model and an evaluation algorithm, which allows
efficiently evaluating large numbers of different antenna structures, along with
an antenna designed with this method. Section 3.2 introduces a multiport
antenna design for handsets with an unbroken metal rim designed using CMA.

3.1 Switch-reconfigurable MIMO antenna and design method

Designing modern handset antennas often requires the designer to solve a
complicated optimization problem. If the size, shape, location, and other details
of sometimes very complex structures with multiple antenna elements are
optimized, a large number of time-consuming EM simulations are required. This
means that designing handset antennas with demanding performance goals can
lead to a process that requires a very long time. In addition, finding radically
new and different ideas to reach these challenging goals is often very difficult
with traditional design methods. Therefore, new and efficient design methods
are required.

A new design method based on a single multiport EM simulation and an
evaluation algorithm using circuit simulations has been developed in [I]. By
transforming the problem from a computationally demanding EM problem to
a very computationally efficient circuit problem, the design process can be
significantly accelerated. Moreover, by studying a very large number of different
antenna structures systematically with an evaluation algorithm, the designer
does not have to make any assumptions about the structure beforehand, hence
making it possible to find new and surprising solutions that would otherwise be
very difficult to discover.

The basic idea of the method is shown in Fig. 3.1. An antenna model with
several unit antenna elements (i.e., similar elements which are replicated to
form the whole antenna structure) with a feeding port and a port connecting or
disconnecting the unit elements is first simulated. Then, the optimal way for
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Figure 3.1. Basic principle of the design method with (a) a multiport simulation model and (b) a
circuit representation of finding the optimal combination of feeding ports and open
or short circuits. [I]

placing the feeding ports and the open or short circuits is found. In Fig. 3.1a,
four unit elements are used and two feeding ports and two open circuits are
placed in the possible feeding ports, as shown in the circuit representation in
Fig. 3.1b.

For a practical application example, this method was applied for a handset
antenna design for a metal-rimmed device in [I]. To utilize the metal rim as
efficiently as possible, the multiport cluster technique and switches are utilized.
In practice, switches allow the use of different structures for LB and higher fre-
quencies so that larger elements can be used at the challenging low frequencies
while a larger number of MIMO antennas can be used for higher frequencies.
The EM simulation model is shown in Fig. 3.2. To limit the number of possible
options for the evaluation algorithm, only half of the perimeter is covered with
the unit antenna elements. After this model is used to find the most potential
candidates, the structure is mirrored to form the full structure.

Fig. 3.3 shows a more detailed operation principle of the evaluation algo-
rithm. In Fig. 3.3a, the general process is described. Because it is usually more
challenging to achieve good performance with LB frequencies, optimization is
first performed for the LB structure. The MHB and HB frequencies are then

140 mm 5 mm

69 m
m

3 m
m

3 m
m

Figure 3.2. A multiport simulation model utilizing unit antenna elements for the evaluation
algorithm. [I]
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Figure 3.3. (a) Design process steps and (b) more detailed flowchart of the evaluation algorithm.
[I]

optimized on the basis of the LB results. This allows the designer to utilize
the same feed locations and open/short circuits so that the number of switches
required for the final structure can be kept as small as possible. A more detailed
description of the algorithm is presented in Fig. 3.3b. All possible combinations
for the chosen number of data streams, i.e., MIMO order NT , the number of
feeds in an antenna cluster Nf , and the number of open circuits in the rim
NOC, are first created. Using the S-parameters, as in (2.21), the matching
efficiency, as in (2.20), is calculated for all the possible combinations, and the
most promising ones are chosen for the full structure study. To include other
parameters affecting the performance besides efficiency (e.g., correlation), a full
structure evaluation is performed for the total efficiency and MIMO capacity
C. Finally, when the unit elements are combined into the final elements and
the unused feedlines are removed, the operation can slightly change. To take
this into account and make sure that the best performance is achieved, a final
optimization step is performed to fine-tune the locations of the feeds, metal rim
slots, and switches.

The optimization method developed was used to design a MIMO handset

p1

p2
p3

p4

p5

p6
p7

p8

(a) (b)

Figure 3.4. (a) Simulation model and (b) measured prototype of the proposed antenna design. [I]
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Table 3.1. Antenna cluster port configurations [I]

LB
Data
stream

1 2

Ports p1, p4 p5, p8

HB
Data
stream

1 2 3 4

Ports p1, p2 p3, p4 p5, p6 p7, p8

antenna system. After studying different parameters for the described design
method, two-element MIMO for the 0.7–0.96GHz LB and four-element MIMO
for the 1.7–2.7GHz MHB and 3.0–4.0GHz HB were chosen with two feeds in
each antenna cluster. Switches were realized with PIN diodes, with a total of 10
of these switches. The simulation model of the final antenna structure is shown
in Fig. 3.4a, along with a photograph of the measured prototype in Fig. 3.4b.
Table 3.1 presents the antenna cluster port configurations.

Fig. 3.5 shows the simulated and measured total efficiencies, and Fig. 3.6 shows
the MIMO capacity. The efficiency achieved is 30–40% in the LB, 50–70% in the
MHB, and 25–75% in the HB. The correlation results demonstrate good ECC
performance with values below the usual threshold of 0.5 in the whole frequency
band. The MIMO capacity is about 8bits/s/Hz in the LB, 19–20bits/s/Hz in the
MHB, and 17–19bits/s/Hz in the HB. These correspond to about 71% of the ideal
2×2 capacity in the LB and 77–90% of the ideal 4×4 capacity in the MHB and
HB. More details on the design process and the results can be found in [I].

Given the relatively small 5mm clearance at the short edge of the device and
the height of only 4mm, the achieved results can be considered very good. Even
in relatively new designs, ground clearances of 7mm up to more than 10mm are
still used, although these are impractically large for any real handsets. With
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Figure 3.5. Total efficiencies of the designed antenna in the (a) LB mode and (b) MHB and
HB modes. Results for the clusters are shown with thicker lines and the results of
individual antenna elements with thin lines. [I]
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Figure 3.6. MIMO capacity performance of the designed antenna. [I]

other published designs, MIMO operation is often limited to a maximum of two
in the LB and MHB. In many designs, the HB operation is not considered at
all and the LB operation does not always cover the whole band starting from
700MHz. Keeping these factors in mind, the developed optimization method
can be used to design antennas with properties that are not found in many
publications.

3.2 Unbroken metal rim MIMO antenna based on characteristic
mode analysis

As discussed in Section 2.4, having an unbroken metal rim in a smartphone
is a highly desired feature thanks to its visual and mechanical properties. For
antenna designers, however, this causes different challenges. The presence of
such a continuous metal rim causes different antenna elements to suffer from
high coupling, making it particularly challenging to design MIMO antennas.
Thanks to the antenna cluster technique, this coupling is not always a negative
feature. Because there needs to be enough coupling for the elements to efficiently
operate as a cluster [168], this coupling due to the rim can actually be used
in a useful way. In [II], an antenna design for a device with an unbroken
metal rim utilizing multiport antennas was presented. Different ways to utilize
the benefits that the cluster technique offers, depending on, for example, the
frequency response and type of coupling between the elements, are demonstrated
with this design.

To be able to design the elements for the clusters with the right amount of
coupling, in addition to low coupling and correlation for elements in different
clusters, CMA, as discussed in Section 2.3, can be used, especially in the sub-
1GHz frequencies. Fig. 3.7 shows the modal analysis results for a ground plane
with an unbroken metal rim. At the LB frequencies, there are two orthogonal
modes with a similar resonance frequency, as can be seen from the eigenvalues
in Fig. 3.7a. The results also suggest that the first of these modes has a larger
bandwidth potential. Therefore, the goal in [II] was to utilize mode 1 to cover the
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Figure 3.7. CMA results for an unbroken metal rim. (a) Eigenvalues for the two lowest modes
and modal current distributions at the resonance frequency for (b) mode 1 and (c)
mode 2. [II]

whole 0.7–0.96GHz band and mode 2 in the narrower 0.824–0.96GHz band to
enable two-element MIMO operation. The modal current distributions shown in
Figs. 3.7b–3.7c can be used as the starting point for designing exciter elements.
The first mode is excited with antenna elements placed near the current minima
at the opposite ends of the device. Similarly, the second mode is excited with
elements near the current minima on the long edges. To leave space for the
MHB and HB elements, the two elements for mode 2 are placed on one of the
long edges and the elements for higher frequencies on the other.

The final antenna structure was designed on the basis of this starting point.
Fig. 3.8 shows the simulation model of the designed antenna and the measured
prototype. The exciter elements are inverted L-shaped coupling elements placed
in the space between the ground plane and the metal rim. Due to the non-
resonant nature of these elements, matching networks are also required to make
the antennas resonate properly in the desired frequency ranges. The resulting
S-parameters in Fig. 3.9 show that the couplings between the elements forming
a cluster (e.g., S21 and S43) are high and that those with elements in other
clusters (e.g., S31, S32, S41, and S42) are low. The simulated matching efficiencies
shown in Fig. 3.10 demonstrate that a high coupling is not detrimental like in
traditional single-feed antenna systems. A matching efficiency higher than 50%
is achieved in the two LB frequency ranges as well as in a very wide frequency
band starting from around 1.5GHz up to 4GHz. Two different ways for utilizing
the elements in a multiport operation can also be identified: using elements
with a similar frequency response, as seen in the LB operation, or combining
elements with different frequency responses to cover wider frequency bands, as
seen at higher frequencies.

Fig. 3.11 presents the resulting total efficiencies. It can be seen that LB cluster
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(a)

(b)

Figure 3.8. (a) Simulation model of an antenna with elements of each cluster marked with the
same color and (b) measured antenna prototype. [II]
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Figure 3.9. Simulated and measured S-parameters for (a) LB and (b) HB. [II]
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Figure 3.11. Total efficiencies for the (a) LB and (b) HB. [II]
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Figure 3.12. MIMO performance: (a) ECC, (b) capacity. [II]

1 achieves an efficiency higher than 40% and cluster 2 achieves an efficiency
higher than 20%. At higher frequencies, an efficiency of 25–80% is achieved
in the very wide 1.56–4GHz band. The ECC, as shown in Fig. 3.12a, is mostly
below 0.2, and the maximum is about 0.5, indicating good potential for MIMO
operation. Particularly in the LB, at which the largest benefits can be achieved
from the CMA, the ECC is below 0.1. Fig. 3.12b shows the calculated capacities.
It can be seen that the 2×2 MIMO capacities are in the range of 7.3–9.8bits/s/Hz,
corresponding to 65–87% of the ideal 2×2 capacity. Compared to other published
designs with unbroken metal rims, these results show very good performance.
Typically, larger ground clearances are used, the LB antennas cover only the
824–960MHz band, and the HB is not included at all.

This chapter outlined different methods for utilizing multiport antenna tech-
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niques to implement MIMO antennas for handsets. Depending on the limitations
set by the platform, in this case, for example, an unbroken metal rim or a rim
with slots, multiport antennas with different properties can be designed. In
[I], wide frequency bands can be covered with a large number of MIMO an-
tennas, but several slots are required in the rim. In [II], a more challenging,
but visually and mechanically more appealing, continuous metal rim can be
effectively utilized. Compared to traditional antenna solutions, using multiport
techniques provides benefits in both cases and helps achieve good results in
terms of antenna performance.
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4. Adaptive operation and user effect
with multiport antennas

Although handset antennas are most often designed to operate in free-space
conditions, they are normally not used as such. The operation environment
(e.g., the device being held by the user in hand or next to the head) can have a
large impact on the operation of the antennas. Generally, the user effect almost
always significantly reduces the efficiency of the antennas and, in worst-case
scenarios, can completely destroy the operation. Hence, different methods for
reducing this negative effect caused by the user have been studied over the
years [186]. Such methods included, for example, dynamically choosing the
least affected antennas from a larger set of identical antennas [187]–[189] and
antenna shielding, in which one of two identical antennas is actively used while
the other acts as a shield [190], [191]. While these techniques have been shown
to be effective in reducing the user effect, applying them has become more and
more difficult in newer designs, in which the space reserved for the required
additional structures has become smaller.

In this chapter, it is first shown that the antenna cluster technique can be
used to reduce the negative user effect effect [III], [IV]. Then, a hand-immune
handset antenna design from [V] is presented.

4.1 Reducing user effect using multiport techniques

Because of the frequency-reconfigurable feeding weights used in the antenna
cluster technique, it is possible to utilize these to change the operation of a
cluster for different operation environments (e.g., free space and the user’s
hand holding the device). To study this, the two multiport antenna designs
from [I], [II], shown in Fig. 4.1, were used in [III], [IV]. Both antennas were
measured using a Speag SHO3T0110-V3RWC hand phantom, with electrical
and mechanical properties similar to an average human hand, also used in
standardized testing [192]. Using the measured far-field patterns, the feeding
weights can be re-optimized using (2.22) and (2.23) from Section 2.5 to take into
account the hand and achieve an optimal performance both in free space and
with the user.
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(a) (b)

Figure 4.1. (a) Unbroken metal rim antenna and (b) a switch-reconfigurable antenna prototype
with a hand phantom. [IV] © 2020 EurAAP
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Figure 4.2. (a) Measured total efficiencies and (b) calculated MIMO capacities in free space and
with a hand phantom for the antenna in Fig. 4.1a. [III] © 2019 IET

Fig. 4.2 shows the total efficiencies and calculated MIMO capacities for the
unbroken metal rim antenna in Fig. 4.1a for three different cases: in free space,
with the hand phantom with free-space feeding weights, and with the hand
phantom and re-optimized feeding weights. The results show that, particularly
in the LB frequencies, re-optimization of the feeding weights can be used to
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compensate for the degradation in performance due to the hand. For data stream
1, the efficiency can be improved by up to 65%. For different antenna clusters,
the effect of the hand differs depending on the excited current distributions and
the location of the antenna elements with respect to the hand. For example,
LB stream 2 is much less affected than LB stream 1 because of the current
maxima along the short edges of the rim where the hand is not holding the
device. Because both elements of cluster 2 are affected in a similar manner, re-
optimization does not offer much improvement, whereas the elements of cluster
1 are more differently affected, making it possible to utilize re-optimization.

The difference in how much re-optimization affects the results of each cluster
can also be understood by looking at both the original and the re-optimized
feeding weights in Fig. 4.3. For LB stream 1, the power balance is significantly
changed, as well as the phase difference adjusted, leading to an improved
efficiency. For LB stream 2 and the MHB and HB antennas, the free-space and
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Figure 4.3. Free-space and re-optimized feeding weights for (a) LB data stream 1, (b) LB data
stream 2, and (c) MHB and HB data streams for the antenna in Fig. 4.1a. [III] ©
2019 IET
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optimal weights are very close to each other.
In addition to the improvements achievable with adjustable feeding, it is also

important to pay attention to the results in general. Although additional benefits
may not be gained for all antenna clusters, multiport antennas with distributed
exciter elements can still achieve good performance with the user. On average, a
total efficiency higher than 23% is achieved for the LB, reaching almost 30%
for higher frequencies. Moreover, the MIMO capacity is better than what can
be achieved with ideal single-antenna systems even in free space throughout
the whole frequency band. With unbroken metal rims, two-element MIMO, and
wide operational bands, these can be considered as good results.
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Figure 4.4. Measured total efficiencies for (a) LB streams 1 and 2, (b) MHB and HB streams
1 and 2, and (c) MHB and HB streams 3 and 4 in free space and with the hand
phantom for the antenna in Fig. 4.1b. [IV] © 2020 EurAAP

The total efficiencies and MIMO capacities achieved with a similar procedure
for the switch-reconfigurable multiport antenna in Fig. 4.1b from [I] are pre-
sented in Figs. 4.4 and 4.5. In this case, the results show that re-optimization
can improve the efficiency in comparison to the original feeding weights. Again,
the largest improvement can be seen in the LB. An up to threefold increase
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Figure 4.5. MIMO capacities calculated from the measurement results for the (a) LB and (b)
MHB and HB for the antenna in Fig. 4.1b. [IV] © 2020 EurAAP
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Figure 4.6. Efficiency of the cluster and individual elements for LB stream 1 and feeding signal
amplitudes for the antenna in Fig. 4.1b. [IV] © 2020 EurAAP

can be achieved, and an average efficiency of 23% is achieved for the whole LB.
In terms of capacity, this corresponds to a maximum increase of about 20%,
compared to the original feeding weights. In this case, a larger difference can
also be observed at higher frequencies. For example, the efficiency of MHB
stream 1 drops to below 10% with original weights but can be kept above 20%
with the optimal weights. In this case, the way the elements are distributed
around the rim is the main factor affecting how the hand affects the performance
of the antennas. It should be noted that a better than ideal SISO capacity for
the LB and a better than ideal 2×2 MIMO capacity for the MHB and HB are
achieved with the user.

Fig. 4.6 shows the individual element efficiencies and cluster efficiencies along
with the feeding amplitudes for LB stream 1. In free space, the two elements are
used to cover the lower and higher ends of the band, and similarly the feeding
amplitudes are adjusted accordingly. With the hand phantom, the efficiency of
port 4 becomes much worse than that of port 1, and therefore a better efficiency
for the cluster is achieved when the power balance is adjusted for this.

It is not possible in practise to directly have the information on the radiation
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patterns used here to re-optimize the feeding weights. For practical realization,
different options would need to be considered. One option could be to measure the
antenna performance in different use scenarios (e.g., different hand positions),
and gather a set of different feeding weights. Then based on the information
available to the device (e.g., information from a set of sensors or based on the data
transfer rate), different weights could be applied to maximize the performance.

In conclusion, the results of this section show that multiport antenna designs
can retain good performance with the user’s hand although this was not taken
into account in the design process. In addition, it was demonstrated that it
is possible to utilize the reconfigurability of the feeding weights to adapt the
operation for changing operation environments or different use cases, in this
case to compensate for the performance degradation caused by the user. The
actual benefit that this offers depends mainly on two factors: how the elements
of the clusters are distributed around the device and how the user’s hand affects
each of the elements. To obtain the maximum benefit, both of these factors
should be taken into account in the design process.

4.2 Designing hand-immune multiport antennas with characteristic
mode analysis

Given the promising results in the previous section on multiport antennas
and the user effect, the next goal was to take the user into account from the
beginning of the design process to design hand-immune handset antennas. To do
this, in [V], CMA was utilized to analyze the properties of the combination of the
metallic antenna and the user modeled as lossy dielectric. This mode analysis is
combined with adaptive multiport feeding arrangement to excite the preferred
modes properly.

Recently, the CMA has been extended for the combination of PEC and lossy
dielectric structures [87], [88]. With the correct formulation of the eigenvalue
problem, modal solutions have physically meaningful interpretations. For exam-
ple, the real and imaginary parts of complex eigenvalues describe the loss power
and reactive power:

Re(λn)= Preac
n

Prad
n

, Im(λn)= P loss
n

Prad
n

, (4.1)

where Preac
n is the reactive power stored in the near field, and P loss

n is the loss
power for mode n. Other useful parameters include the modal efficiency,

ηn = 1
1+ Im(λn)

= Prad
n

Prad
n +P loss

n
, (4.2)
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Cut 3

Cut 2

Cut 1

Figure 4.7. Antenna structure with a ground plane and a broken rim used for CMA with the
user. [V]
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Figure 4.8. Modal significance for the structure in Fig. 4.7 (a) without the hand and (b) with the
hand. [V]

and the modal coupling parameter,

κn =
Re(η02)

∫
SD

‖Jn‖2 dS+ 1
Re(η02)

∫
SD

‖Mn‖2 dS

Re(η01)
∫

SC

‖Jn‖2 dS
, (4.3)

calculated from the electric and magnetic current densities, Jn and Mn, on
surfaces SC and SD of the PEC and dielectric structures, respectively. The
modal efficiency provides the highest radiation efficiency obtainable for mode n,
whereas the modal coupling parameter defines the ratio of the modal currents
on the PEC part and dielectric part. Large values indicate stronger currents on
the dielectric, a value of one means equal currents, and small values indicate
dominating currents on the PEC part.

To achieve user-immune operation, a structure that can support several res-
onating modes with good radiation properties, both with the user and in free-
space operation, is needed. This can be realized by having properly designed
sections in the metal rim. Fig. 4.7 shows an antenna structure consisting of a
ground plane and a three-section metal rim, with a total size of 150×75×5mm3

and ground clearance of only 2mm, used for modal analysis. Fig. 4.8 shows
modal significance in free space and with the hand, and Fig. 4.9 shows modal
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(c)

Figure 4.10. Modal electric currents for (a) mode B1 at 770MHz, (b) mode B2 at 900MHz, and
mode B3 at 885MHz. [V]

efficiencies with the hand. The results reveal two to three modes with promis-
ing properties in the LB frequency range. To see whether these modes can be
effectively excited, the surface currents of the first three modes are shown in
Figs. 4.10 and 4.11. Modes B2 and BH2 are mostly due to the fundamental mode
of the ground plane, whereas modes B1 and BH1 have the strongest currents
on the right-side L-shaped section of the rim and modes B3 and BH3 have the
strongest currents on the left-side L-section. It should be noted that very similar
current modes exist both for free-space operation and with the user, suggest-
ing that they may be used for user-immune operation. The modal coupling
parameters for only a ground plane and broken rim structures with the hand
are shown in Fig. 4.12. These results confirm that, compared to the traditionally
used ground-plane modes, the modes of a properly designed metal rim structure
produce significantly lower coupling to the modes of the hand, therefore reducing
the negative user effect.
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(a) (b)

(c)

Figure 4.11. Modal electric currents at 830MHz for (a) mode BH1, (b) mode BH2, and mode
BH3. [V]
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Figure 4.12. Modal coupling parameters for (a) only a ground plane with the hand and (b) a
broken rim structure with the hand. [V]

Next, a set of collaboratively used exciter elements were designed. Generally,
while designing these types of systems, it is important to include the antenna
element design, matching network optimization, and adaptive feeding signal
optimization into the same procedure. This can be done by optimizing the match-
ing components using the far-field patterns simulated with the hand. Including
the effect of the components into the radiation matrix D allows calculating the
optimal feeding signals. In addition, utilizing a proper numerical optimization
algorithm (e.g., the genetic algorithm) allows simultaneously optimizing the
matching networks and feeding signals. Fig. 4.13 shows an antenna structure
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Figure 4.13. Multiport simulation model and the optimized matching components. The unit of
inductances is nH. [V]
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Figure 4.14. (a) S-parameters and (b) feeding signal amplitudes and phases for the antenna
structure in Fig. 4.13. In (a), solid lines are reflection coefficients of the ports and
interleaved dashed lines are the coupling parameters between the ports. [V]

with three elements and the optimized matching networks. Fig. 4.14 shows
the S-parameters and feeding amplitudes and weights, and Fig. 4.15 shows the
resulting total efficiencies of the individual elements and combined operation
of the cluster. Using the first and second elements, the higher and lower parts
of the band are covered with the third element supporting the operation, for
example, by affecting the coupling between the elements. The results show
that a total efficiency higher than 30% can be achieved across the 750–960MHz
band. With the combined and adaptive excitation of several of the modes, a
wider frequency band can be covered with a better efficiency than what can be
achieved with traditional single-feed solutions.

The design of Fig. 4.13 was used as a starting point for a more realistic
realization. First, because the third LB element played mainly a supporting
role, it was not used as an actively fed element in the LB cluster. Instead, it
was utilized as an individual element for the 3.3–3.8GHz HB but designed
simultaneously with the LB to allow its use also in controlling the coupling of
those elements. In addition to the 0.7–0.96GHz LB, the first two ports were also
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Figure 4.16. (a) Covered frequency bands and the corresponding element placement and metal
rim structure. (b) Simulation model of the proposed antenna structure. [V]

extended to cover the 1.7–2.7GHz MHB and 3.3–3.8GHz HB. For additional
MHB and HB MIMO antennas, the unused U-shaped section of the rim at the
other short end of the device was divided into three sections: two corner sections
and one parasitic element in the middle. The larger of the corner sections was
used for the MHB and HB antenna, whereas the smaller one was used for HB
only. Because the modes studied earlier had practically zero current in this
part of the rim, these modifications did not affect the LB operation. Fig. 4.16a
presents the division of the rim, placement of the elements, and the covered
frequency bands for these, and Fig. 4.16b shows the simulation model of the
antenna.

Fig. 4.17 shows the final matching networks and antenna prototype with
the hand phantom. Fig. 4.18 shows the total efficiency results and calculated
MIMO capacities with the hand phantom. The results show a total efficiency
of about 30–50% in the LB, 20–65% in the MHB, and 24–83% in the HB. The
capacity achieved was about 80% of the corresponding ideal capacity in all bands.
Fig. 4.19 shows simulated capacities in free space and for some additional cases.
The effect of the main internal components (i.e., the battery and display panel,
as shown in the upper part of the figure) and the difference between the right-
and left-hand grips were also studied. The results prove that the differences
between different hand grips and free-space operation are small and that the
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Figure 4.17. (a) Realized matching networks and (b) an antenna prototype with the hand phan-
tom. [V]
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Figure 4.18. (a) Measured and simulated total efficiencies with the hand phantom. (b) MIMO
capacities calculated from the measured and simulated radiation patterns. [V]

proposed design is hand-immune, hence meeting the design goals. It was also
found that the effect of the internal components is small.

It can be concluded that the proposed method combining the modal analysis
for the antenna and the lossy user can be effectively used to design handset
antennas that are almost completely immune to the effect of the user. Despite
the extremely small clearance of only 2mm, three wide frequency bands, and
MIMO operation, very good performance can be achieved with the user’s hand
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Figure 4.19. Simulated capacities for right- and left-hand grips and free-space operation and
with internal components. [V]

holding the device. Although traditional antenna designs might exhibit a better
efficiency in free space, their performance degrades much more with the user,
leading in some cases to a very poor efficiency, below 10%.

In addition to the hand-immune design method presented in [V], the CMA
has also been recently used to reduce the negative user effect in [85]. Compar-
ing the radiation patterns of an antenna with and without the hand and the
characteristic patterns of a similar structure without any specific feeding allows
finding robust radiation patterns. Although the modal analysis itself does not
include the user and the method requires antenna structures with feeding, an
improved performance was achieved. These examples show that CMA is an
effective design tool for robust handset antennas.
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5. Multiport antennas and bandwidth
challenges

One of the major challenges with modern handset antennas is achieving a wide
bandwidth with the very strict physical limitations of antennas. Multiport
techniques with adaptive feeding, as presented in the previous chapters, offer
one way to improve the performance of handset antennas. However, with the
need to create antennas for increasingly difficult environments, other types of
tunability are required. In addition, with multiport antennas, the number of
factors affecting the antenna performance increases, further complicating the
design process. Therefore, to overcome these new design challenges, effective
design tools are required.

In the first part of this chapter, the use of both multiport feeding and tunable
matching networks are studied to enable the utilization of new and challenging
locations for antennas inside smartphones [VI]. In the second part, a new design
tool, which can significantly accelerate the design process of multiport antennas,
based on the Q-factor is presented [VII].

5.1 Extremely low-profile antenna for challenging environments in
handsets

The current LB and MHB as well as the increasing number of HB MIMO
antennas are practically always realized in the fully occupied metal rim structure
of smartphones. Only very challenging locations, such as a small gap between
the battery and the back cover, are left for new types of antennas. As shown
in [VI], by combining multiport feeding with tunable matching components,
extremely low-profile antennas with good performance can be realized in these
previously unutilized locations.

The major challenge with these new types of antennas is that they should
have a very low profile to allow placing them, for example, behind the back cover
or on top of the battery. While many published designs have been considered to
have a low profile [177], [180], [181], [193]–[195], they are often considered to
be still too large for modern smartphones, in which heights of less than 1mm
are available. Furthermore, they are often difficult to integrate into realistic
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Figure 5.1. Side views of (a) the traditional patch antenna and (b) proposed antenna. [VI]
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Figure 5.2. Simulation model of the antenna used to study the properties of the proposed multi-
feed method. All dimensions are in millimeters. [VI]

device models, and the whole 3.3–4.2GHz band is often not covered. To make
use of the existing volume inside the device, it is important to take advantage
of the volume between the battery and the glass back cover. Fig. 5.1 shows a
comparison of the traditional patch antenna and the proposed antenna. Given
the possible battery expansion and manufacturing tolerances, among other
reasons, a certain empty space around the battery is needed. By integrating the
main radiator into the back cover and exciting the radiation modes with non-
contacting elements from the sides, this volume can be efficiently utilized. This
allows increasing the effective size of the antenna while keeping the required
physical volume the same as in traditional solutions. In addition, there is no
need for separate antenna PCBs on top of the battery, and the feeding elements
and matching networks can be placed on the main PCB of the device along with
other components.

Both the design process and operation principles are studied with the antenna
model shown in Fig. 5.2. The main radiator is placed on top of the aluminum
main body and battery, on the bottom surface of the glass back cover, with only
a 0.75mm gap between the battery and the back cover. Two IFA-type exciter
elements are placed on the long and short edges of this metallic patch, with a
slot cut in the middle of the patch. Fig. 5.3 shows the S-parameters for this
two-port antenna as well as for a single-port reference case. The results show
that, by introducing the second element, a new resonance is created between
the two resonances of the single-feed case. To better understand the operation
mechanism of this structure, the surface currents for three different slot sizes
with two feeds and the single-feed reference are shown in Fig. 5.4. With one
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Figure 5.4. Surface currents for dual-feed antennas at different resonances with three different
slot sizes and a single-feed antenna. [VI]

feed, only current distributions along the longer dimension of the patch are
excited; however, with two feeds, a new mode with a strong diagonal component
is excited. Because the slot length mainly affects this diagonal mode, it can
be used to tune the frequency of the second resonance without significantly
affecting the first or third resonance, while the width of the slot mainly affects
the first and third resonance frequencies.

A13.0 nH 1.9 nH

CT2 CT1

Multi-channel tranceiver

Antenna elements

A2 2 0

Figure 5.5. Two-port antenna cluster and tunable matching circuit topology. [VI]

To cover the full frequency band, matching networks and some tunability
are required. In this case, both frequency-reconfigurable feeding weights and
tunable matching networks, as shown in Fig. 5.5, are utilized. Similarly, as in
the matching network optimization presented in Section 4.2, it is important to
include all the separate elements (i.e., fixed components, tunable components,
and feeding weights) into the same optimization process to optimize their com-
bined operation. In real use, a certain instantaneous bandwidth with fixed
tunable elements needs to be covered. The largest bandwidth for the HB is
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100MHz, and therefore the full frequency band is divided into nine 100MHz
wide sub-bands with fixed tunable element values. In addition to frequency
tuning, these tunable elements can be used to adapt the operation for different
environments, for example, changes in the structure near the antenna or the
user effect. One possible change that can occur with real use is the swelling of
the battery. Therefore, the effect of increasing battery height and its compensa-
tion with tunable elements have been studied in [VI]. The user effect results are
discussed later in this section.
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Figure 5.6. (a) S-parameters, (b) TARC, and (c) total efficiencies for the antenna in Fig. 5.2 with
a gap of 0.75mm . [VI]

Figs. 5.6a and 5.6b show the tuned S-parameters and TARC. For multiport
antennas, TARC corresponds to the traditional reflection coefficient of single-
feed antennas and is, therefore, used to describe the operation of multiport
antennas. These results demonstrate that, with the combination of matching
networks and complex feeding weights, a proper level of coupling, in addition
to matching, is achieved, leading to a total reflection better than −7dB on the
whole band. It can be seen that the total efficiency in Fig. 5.6c is better than
40% with ideal tunable capacitors and that more realistic Q-based capacitors,
with similar properties to those of real components, decrease the minimum
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Figure 5.7. Compensation of the degradation of efficiency due to increasing battery height with
tunable element adaptivity. [VI]

efficiency by only about five percentage points on average. The efficiency results
for the different battery heights with and without adaptivity in Fig. 5.7 show
that tunable elements can also be used effectively to reduce the performance
degradation resulting from the decreasing gap between the battery and the back
cover. Without the adjustment of the tunable elements, the minimum efficiency
drops down to 16%; however, with the adjusted values, an efficiency better than
30% can be retained.

Next, this initial design was extended into a fully realizable structure. The
final antenna structure is presented in Fig. 5.8, with a more detailed description
available in [VI]. Tunable capacitors are realized with varactor diodes. Fig. 5.9
shows the final matching circuit topology and component values, and Fig. 5.10
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Figure 5.8. Full antenna structure and exciter elements. All dimensions are in millimeters. [VI]
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Figure 5.9. Optimized matching networks for the antenna in Fig. 5.8. [VI]
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Figure 5.10. Simulated total efficiencies of the antenna structure in Fig. 5.8. [VI]

shows the resulting total efficiency results. Notably, the results prove that an
efficiency better than 30% can be achieved with the extremely small gap of only
0.75mm.

It is also possible to extend the proposed multifeed antenna for MIMO opera-
tion. Fig. 5.11a shows the possible 2×2 and 4×4 MIMO configurations. Although
the main radiators in the back cover are placed relatively close to each other,
the coupling between the feeds of different clusters is below −20dB in all cases.
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Figure 5.11. (a) Possible MIMO configurations and (b) calculated capacities. [VI]
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Figure 5.12. (a) Antenna and hand models used to study the user effect. (b) Total efficiencies
with original free-space and optimal tunable elements. [VI]
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Figure 5.13. Free-space and user-effect radiation efficiencies and TARCs. [VI]

Fig. 5.11b shows the capacities for these three cases. All of the cases achieved
about 78% of the corresponding ideal capacity, which also demonstrates that
increasing the number of MIMO antennas does not decrease the performance of
the individual antennas.

As discussed in Chapter 4, the user effect is very important in practical use.
Fig. 5.12a shows a simulation model for studying the user effect of this low-
profile design. Fig. 5.12b shows the efficiencies of these two antennas with the
original free-space tunables and re-optimized tunables. With re-optimization,
up to 50% and 40% improvements can be achieved at best for antenna 1 and
antenna 2, respectively. For these two antennas, it can be seen that the decrease
in efficiency due to the hand is different. The efficiency of antenna 2 is more
degraded, which can be explained using the radiation efficiencies and TARCs
shown in Fig. 5.13. These results show that the difference in the radiation
efficiency is not that large, while the difference in TARC is more evident. It
should be noted that the TARC of antenna 1 is quite similar to free-space TARC;
however, for antenna 2, the matching is actually significantly improved. Because
of this, antenna 2 has a better efficiency than that of antenna 1. In addition,
an equal or even slightly better efficiency than that achieved with free-space
operation can be achieved in the 3.6–3.9GHz band.

Finally, the operation of the proposed antenna design was confirmed with
measurements of the prototype shown in Fig. 5.14. It can be seen that the
measured efficiencies in Fig. 5.15 correspond well with the simulated ones in
Figs. 5.10 and 5.12b. Average efficiencies of about 35% in free space and 25%
with the hand phantom have been achieved. These results confirm that, with
the developed tunable multifeed technique, antennas with good performance
can be realized in very challenging locations in smartphones with extremely
small heights available for the structure.

As already mentioned in Chapter 4, the re-optimization of the tunables re-

63



Multiport antennas and bandwidth challenges

(a) (b)

Figure 5.14. Prototype (a) with an open back cover and (b) with the hand phantom used. [VI]
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Figure 5.15. Total efficiencies of the prototype in free space and with the hand phantom. [VI]

quires information on the far-field radiation properties which is not directly
available in practise. Different options for realizing this re-optimization exist.
First, some kind of knowledge on the operational environment is needed. This
could be done based on information from sensors monitoring the proximity of
the user, or by monitoring, for example, the levels of received power of the
transceiver circuits or data transfer rates. Then, one option could be to collect a
set of settings for the tunable elements based on the performance in different
environments and choose different options from these to maximize the perfor-
mance. Other option could be to utilize some appropriate optimization process
to vary the tunable elements so that the best possible performace is achieved
in different environments. Naturally, this optimization process should be done
such that the achievable benefits are larger than the cost, for example, in terms
of power usage. This requires more expertise than just that of the antenna
designer and has not yet been studied in more detail in the context of this work.
However, for realizations of this kind of adaptive antenna systems in actual
products, this is an important aspect that should definitely be studied more in
the future.
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5.2 Multiport Q-factor and bandwidth estimation

Multiport antenna systems provide designers with new degrees of freedom that
allow reaching a better performance than what is possible with traditional
single-feed solutions. For example, by using multiple feeds, relatively high
levels of coupling can be utilized for benefit. In addition, new types of current
distributions can be excited with the collaborative use of feeds. This, however,
also creates new challenges. When the antenna structure and feeding elements,
matching networks, and frequency-dependent complex feeding weights all have
a significant effect on the achievable bandwidth, the design and optimization
problem often becomes very complicated and the design process becomes very
time-consuming. Therefore, new tools for estimating the bandwidth performance
of multiport antennas are needed to accelerate this design process.

As mentioned in Chapter 2, the Q-factor has long been used to measure the
bandwidth and its limits for electrically small antennas. As discussed in [VII],
Q-factor is still a topic of active research. Despite the first works being published
already decades ago, new methods to calculate the Q-factor have been published
relative recently, for example, in [196]–[198]. Also, the search for optimal
currents in terms of Q [199], lower bounds of Q [200], minimization of Q [201],
and tradeoffs between Q and other antenna parameters, such as radiation
efficiency or directivity [202], [203], have been have been topics of publications
in recent years. Although it is still an active research topic especially in the
computational EM community, it is also known to have limitations, especially
with wide-bandwidth and multiresonant antennas [9], [204]. Partly for these
reasons, modern antenna designers have not found many practical applications
for the Q-factor.

Several different ways for calculating or approximating the Q-factor exist. The
most common ones are the field-based and impedance-based Q-factors. The
field-based Q-factor is calculated from the stored electric and magnetic energy,
We and Wm, and the radiated power as follows [201]:

Q = 2ω
max(We,Wm)

Prad . (5.1)

Using the MoM matrix ZMoM =RMoM + jXMoM and the surface current density
on the antenna surface J, this can be calculated as

We = 1
8

JH
(
∂XMoM

∂ω
− XMoM

ω

)
J, Wm = 1

8
JH

(
∂XMoM

∂ω
+ XMoM

ω

)
J, (5.2)

with
Prad = 1

2
JHRMoMJ. (5.3)

This field-based Q-factor, however, has a couple of challenges. First, it requires
the MoM matrix and, therefore, cannot be easily used with most of the commer-
cial EM simulators. Second, this matrix and its derivatives can be very large
matrices for complex antenna structures, leading to computationally demanding
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calculations. The second option is to use the input impedance of an antenna to
approximate the Q-factor. For a multiport antenna, the Q-factor is [197], [205]

QZM =ω
|IHR′I+ j(IHX′I+|IHXI|/ω)|

2IHRI
, (5.4)

where Z=R+ jX is the impedance matrix and I is a vector of port input currents.
As we have seen with the multiport antenna designs presented in this work,

the feeding signals play an important role in the optimal operation of the
system. In the same way as for antenna efficiency, these complex feeding
weights also affect the Q-factor. Because the weights maximizing the efficiency
do not necessarily minimize the Q-factor, there is a need for a method to choose
these weights correctly if the minimum Q for a multiport structure is to be found.
For the process to be computationally efficient, a formula in the form of a general
Rayleigh quotient,

IHMI
IHNI

, (5.5)

is sought. It should be noted that the impedance-based Q-factor of (5.4) cannot
be written in this form; hence, some modifications or approximations are needed.
Two different approaches are taken in [VII]. First, the effect of the term R′ is
often small and can be neglected. Therefore, we can write an approximation for
the impedance-based Q-factor as

Q(1)
ZM ≈ ω

2
|IHX′I+|IHXI|/ω|

IHRI
. (5.6)

Now, the feeding weights minimizing the Q-factor can be solved as an eigenvector
corresponding to the minimum eigenvalue:

min
{

eig
(

X′ ± 1
ω

X,R
)}

, (5.7)

where both options for the sign of the second term are evaluated and the correct
one is then chosen. The second proposed modification is to consider each of the
three terms in the numerator of (5.4) separately to obtain an upper limit for the
Q-factor:

Q(2)
ZM ≈ ω

2
|IHR′I|+ |IHX′I|+ |IHXI|/ω

IHRI
. (5.8)

This can also be solved efficiently with a set of eigenvalue equations:

min
{

eig
(
±R′ ±X′ ± 1

ω
X,R

)}
. (5.9)

To compare these approximations and the field-based and impedance-based Q-
factors, Fig. 5.16 shows an example of a four-port antenna structure in the size of
a smartphone and the resulting Q-factors for the field-based Q, impedance-based
QZ , and the two proposed approximations, Q(1)

ZM and Q(2)
ZM , all with unit voltage

excitation in all ports. The results show that the impedance-based Q-factors
agree well with the field-based Q-factors and that the proposed approximations
provide fairly accurate results.
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Figure 5.16. (a) Example of a four-port antenna structure. (b) Q-factor results for different
formulations. [VII]

(a) (b)

Figure 5.17. (a) Symmetric structure of case 1 and (b) non-symmetric structure of case 2 for the
Q-factor and matched efficiency evaluation. [VII]

In [VII], the Q-factor was used as a figure of merit to predict the actual real-
izable performance of a multiport antenna with optimized matching networks.
This helped diminish the need for performing time-consuming numerical opti-
mizations for a large number of different structures because it was possible to
use the Q-factor to find the most potential cases first. The two-port antennas
shown in Fig. 5.17 were studied first. The Q-factor for both of these cases was
calculated from (5.4) by numerically optimizing the amplitudes and phases of
the input signals to minimize Q as well as the feeding signals that minimize the
TARC (maximize efficiency). Three element matching networks were optimized
for the 0.7–1.0GHz band to evaluate the actual performance of these two anten-
nas. Fig. 5.18 shows the resulting Q-factors and matched efficiencies. It can be
seen that both Q-factors are practically identical for the symmetric structure of
case 1; however, for the nonsymmetric structure of case 2, the TARC-optimal
feeding weights provide larger Q than the Q-optimal weights. The efficiencies in
both cases are practically identical. As Q-factors with optimal weights are very
close to each other for cases 1 and 2, these results suggest that it is possible to
predict the realizable performance from the Q-factor if the feeding weights are
properly taken into account.

To demonstrate the benefits of these methods in a more practical application
case, a simple design procedure for a two-port handset antenna is presented. As
a starting point, a single-antenna element in the short edge of the ground plane
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Figure 5.18. (a) Q-optimal and TARC-optimal Q-factors and (b) efficiencies with matching net-
works for the antenna structures in Fig. 5.17. [VII]
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Figure 5.19. (a) One-port reference antenna and (b) two-port antenna cluster used for studying
the Q-factor and efficiency. All dimensions are in millimeters. [VII]

operating in the 0.7–1.0GHz band is shown in Fig. 5.19a. A second element,
as shown in Fig. 5.19b, was added to the long edge, whose dimensions and
placement should be optimized. Hence, a large number of combinations for the
three parameters of element 2 were simulated. Then, matching networks were
optimized for all of these structures, and finally Q-factors were calculated. Four
different methods were used:

• Numerically optimized feeding weights from (5.4)

• TARC-optimal feeding weights from (5.4)

• Approximation Q(1)
ZM (5.6) with feeding weights from (5.7)

• Approximation Q(2)
ZM (5.8) with feeding weights from (5.9).
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Figure 5.20. Minimum matched efficiencies over the target band of 0.7–1.0GHz and the cor-
responding maximum and mean Q-values for (a) numerically optimized feeding
weights and (b) approximation Q(2)

ZM . [VII]

Fig. 5.20 presents the results for the minimum efficiency over the designed
frequency band and maximum and mean Q-values, sorted on the basis of decreas-
ing mean Q-value, for the numerical optimization of QZM and approximation
Q(2)

ZM . These results generally show a strong correlation between the matched
efficiency and Q-values. There are a few data points at which small Q does not
correspond to a high efficiency; other than these, a decreasing Q corresponds well
with increasing efficiency. In addition, it was shown in [VII] that the Q-factor
calculations are significantly faster than the matching network optimization.
Optimizing the matching networks takes more than a day, even with a powerful
workstation, whereas the Q-factor approximation takes less than a minute,
even on a laptop computer. Therefore, the proposed Q-factor method can be
used to predict the achievable performance of multiport antenna structures and

(a) (b) (c)

Figure 5.21. Two-element antenna clusters A, B, and C. [VII]
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Figure 5.22. (a) Efficiencies with matching networks and (b) Q-factors for the antenna structures
in Fig. 5.21 and the reference antenna in Fig. 5.19a. [VII]

considerably accelerate the design process.
For a more insightful view, the Q-factors and matched efficiencies for the

three different structures in Fig. 5.21 as well as the reference one-port structure
in Fig. 5.19a are shown in Fig. 5.22. In addition to the relation between the
Q-factor and efficiency, these can also be used to more generally demonstrate the
benefits and properties of multiport antennas in comparison to their traditional
single-feed counterparts. If improperly designed, the multifeed antenna can
have worse performance than that of the reference (cluster C), no benefits may
be gained (cluster B), and in an optimal case an improved performance (cluster
A) can be achieved.
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6. Summary of Publications

Publication I: “Switch-Reconfigurable Metal Rim MIMO Handset
Antenna With Distributed Feeding”

This paper presents a new design method based on a multiport simulation model
and an algorithm to evaluate the performance of a large number of different
antenna structures efficiently. This method significantly accelerates the design
process by transforming an EM problem into a circuit problem. A switch-based
MIMO antenna system for a metal-rimmed handset with two-element MIMO
capability in the LB and four-element MIMO capability in the MHB and HB is
designed, manufactured, and measured using the proposed method.

Publication II: “Unbroken Metal Rim MIMO Antenna Utilizing Antenna
Clusters”

This paper presents a multiport antenna design for a device with an unbroken
metal rim based on CMA. With multiport antenna clusters, the inherently high
coupling due to the rim can be utilized. Moreover, with mode analysis, the modes
of the rim are excited separately to obtain good MIMO performance. A prototype
with wide bandwidths of 0.7–0.96GHz and 1.56–4.0GHz and two-element MIMO
in part of the low band and the whole higher band is designed and manufactured.

Publication III: “User effect on antenna cluster based MIMO antenna”

This paper presents the benefits of the multiport cluster technique in exciting
the orthogonal modes of an unbroken metal rim and the use of reconfigurable
feeding weights with the user effect. The results show that, using multiple
exciter elements, the radiation modes are excited more efficiently than with a
single feed. The results on the user effect show that multiport handset antennas
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can retain good performance with the user’s hand holding the device.

Publication IV: “Reducing User Effect on Mobile Antenna Systems
With Antenna Cluster Technique”

This paper discusses the user effect and the use of adaptive feeding weights of
antenna clusters in the reduction of the degradation of efficiency due to the user
with the antenna designs from Publication I and Publication II. The results show
that, depending on how the exciter elements are divided and their location with
respect to the user’s hand, re-optimization of the feeding weights can be used to
reduce the negative user effect on some frequency bands with both of the studied
antennas. In addition, it is shown that while the HB elements can also be used
to realize higher-order MIMO systems with single-feed antennas, utilizing them
as multiport clusters offers a higher efficiency over a wider bandwidth with the
user.

Publication V: “Designing Hand-Immune Handset Antennas with
Adaptive Excitation and Characteristic Modes”

In this paper, a hand-immune antenna system for handsets is designed using
CMA for combined lossy dielectric and metallic antenna structures. Including
the effect of the user’s hand in the design process from the beginning allows
finding such modes that have favorable radiation properties in the presence of
the user and that can also be used under free-space conditions. Using adaptive
multifeed excitation arrangement, these modes are efficiently excited, especially
at low frequencies below 1GHz. A complete antenna system with 0.7–0.96GHz
LB, 1.7–2.7GHz MHB with two MIMO antennas, and 3.3–3.8GHz HB with four
MIMO antennas, which is almost completely immune to the presence of the user,
is presented.

Publication VI: “Extremely Low-Profile Tunable Multiport Handset
Antenna”

This paper presents a new antenna design with an extremely low profile for
modern smartphones. Realizing the main radiator on the back cover on top of the
battery allows utilizing the existing space inside the device. This increases the
effective size of the antenna and, thus, improves its performance in comparison
to traditional solutions. With multiple non-contacting exciter elements placed
on the main PCB of the device, combined with tunable matching networks and
adaptive feeding weights, the radiation modes of the back-cover radiator can be
efficiently excited for the 3.3–4.2GHz band. In addition, these tunable elements
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can be used to adapt the operation of the antenna to changing environments, for
example, the battery swelling or the user’s hand holding the device.

Publication VII: “Q-factor for Multiport Antennas and Achievable
Bandwidth Estimation”

In this study, a new design tool based on the quality factor Q for multiport
antennas is developed. By properly taking into account the frequency-dependent
excitation signals, the minimum Q-factor is calculated. With the proposed
approximations, this Q-factor can be calculated extremely fast. It is also shown
that the Q-factor predicts the achievable performance of multiport antennas
when the proper matching networks are applied. Because matching network
optimization for multiport antennas is very slow in practice, this new Q-factor-
based method can be used to significantly accelerate the design process.
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7. Conclusions

This thesis focused on developing multiport antenna methods for handset anten-
nas. The main scientific contributions include the development of new handset
antenna designs and design tools as well as methods that can be used to re-
alize multiport antenna systems for the challenging environments in modern
handsets.

Publication [I] presented a new and effective design method for multiport an-
tennas and an antenna for metal-rimmed handsets designed using the proposed
method. By utilizing the metal rim of the device with switch reconfigurability, op-
timal antennas can be realized for different frequency bands. Moreover, with the
proposed optimization algorithm, the optimal antenna structure can be found
without the need for a large number of time-consuming EM simulations. In [II],
a method for efficiently using an unbroken metal rim for MIMO antennas was
presented with the proposed design method utilizing CMA to find the optimal
modes of the rim and exciting them with multiple exciter elements for improved
performance.

The effect of the user’s hand holding the device was first studied with the
antennas designed primarily for free-space operation in [III]–[IV]. The results
showed that multiport designs with antenna elements distributed around the
device can retain good efficiency despite the user effect. It was also found
that, in certain situations, the adaptivity of the feeding signals can be used to
compensate for the losses due to the hand. As a next step, this was studied
further in [V], in which a user-immune handset antenna was designed. With
mode analysis, which takes the user into account from the beginning of the
design process, modes with favorable radiation properties, both with the user
and in free space, were first found, and then adaptive excitation arrangement
was used to efficiently excite these modes.

In [VI], an antenna design with an extremely low profile to be integrated into
the back cover of a device was presented. By combining the use of two exciter
elements and both feeding signal adaptivity and tunable matching components,
the volume (height less than 1mm) between the battery and the back cover
can be utilized for antennas. To help designers accelerate the possibly time-
consuming multiport design process, a new design tool based on the quality

75



Conclusions

factor was proposed in [VII]. Calculation of the Q-factor with proper feeding
signals can be done extremely fast with the proposed approximations. It was
also shown that this value estimates the actual performance of the device well
without the need for slow matching network optimization with a large number
of antenna structures.

This work has further developed the theory, applications, and design methods
of multiport antennas. The main focus was on practical realizations that can
help antenna designers reach the increasingly difficult goals set by both com-
munication systems requirements, as well as the size, visual appearance, and
device integrability, and other industrial requirements. The results that have
been achieved during this study have shown new ways of utilizing multiport
antennas for handsets and demonstrated benefits that can be achieved with
these techniques. The most important ones, as seen by the author, are im-
provements in bandwidth and efficiency of these antennas and the possibility to
adapt their operation for different operation environments, such as reducing the
negative effect of the user or to compensate physical changes in the devise where
the antennas are placed. In addition, these techniques enable the utilization
of previously unused places for new types of antennas. Besides finding new
applications for multiport antennas, other important outcomes of this work have
been the developed design tools and understanding of the design process of mul-
tiport antennas. The new degrees of freedom that the multiport techniques offer
also mean that the design process becomes more complex than with traditional
antennas. With the results of this work, many of these challenges are now better
understood and effective design tools can also be used with multiport antennas.

Although the work outlined here has helped develop practical utilization
of multiport techniques for handset antennas, there are still many things to
be considered and further studied in the future. For example, using feeding
signals to adapt the operation to different environments or changes in structures
near the antennas would require a method for monitoring the operation and
finding the optimal weights for each scenario from the information available
for the system inside the device. Also, more thorough co-design and practical
integration of multiport antennas and the required multichannel transceiver
ICs are important topics for future research. Until now, the multiport techniques
have mainly been utilized for sub-6GHz frequencies. With increasing interest
in millimeter-wave antennas in smartphones, a natural questions is, could
similar multiport techniques also be applied at higher frequencies? Perhaps
multiport techniques will also offer solutions to improve the performance of
millimeter-wave antennas in the future.

76



References

[1] “Cisco Visual Networking Index: Forecast and Trends, 2017–2022,” White Paper,
Cisco Systems, San José, CA, USA, 2019.

[2] “Cisco Annual Internet Report (2018–2023),” White Paper, Cisco Systems, San
José, CA, USA, 2020.

[3] 5G Spectrum, Public Policy Position, Huawei, Shenzhen, China, 2020.

[4] IEEE Standard for Definitions of Terms for Antennas, IEEE Std. 145-2013, Mar.
2014.

[5] H. A. Wheeler, “Fundamental limitations of small antennas,” Proceedings of the
IRE, vol. 35, no. 12, pp. 1479–1484, Dec. 1947.

[6] L. J. Chu, “Physical limitations of omni-directional antennas,” Journal of Applied
Physics, vol. 19, no. 12, pp. 1163–1175, Dec. 1948.

[7] J. S. McLean, “A re-examination of the fundamental limits on the radiation Q of
electrically small antennas,” IEEE Transactions on Antennas and Propagation,
vol. 44, no. 5, pp. 672–, May 1996.

[8] K. Fujimoto and H. Morishita, Modern Small Antennas. Cambridge, United
Kingdom: Cambridge University Press, 2013.

[9] H. R. Stuart, S. R. Best, and A. D. Yaghjian, “Limitations in relating quality factor
to bandwidth in a double resonance small antenna,” IEEE Antennas and Wireless
Propagation Letters, vol. 6, pp. 460–463, 2007.

[10] J. Kurvinen, A. Lehtovuori, J. Hannula, and V. Viikari, “MIMO performance of
today’s metal-covered handset,” in 12th European Conference on Antennas and
Propagation (EuCAP 2018), 2018, pp. 1–5.

[11] R. W. P. King, The Theory of Linear Antennas. Harvard University Press, 1956.

[12] H. A. Wheeler, “The radiansphere around a small antenna,” Proceedings of the
IRE, vol. 47, no. 8, pp. 1325–1331, Aug. 1959.

[13] C. A. Balanis, Antenna theory: analysis and design, 4th ed. Hoboken, NJ, USA:
John Wiley & Sons, 2016.

[14] W. L. Stutzman and G. A. Thiele, Antenna theory and design, 3rd ed. Hoboken,
NJ, USA: John Wiley & Sons, 2012.

[15] D. M. Pozar, Microwave Engineering, 4th ed. Hoboken, NJ, USA: John Wiley &
Sons, 2012.

77



References

[16] K. Kurokawa, “Power waves and the scattering matrix,” IEEE Transactions on
Microwave Theory and Techniques, vol. 13, no. 2, pp. 194–202, Mar. 1965.

[17] P.-S. Kildal, Foundations of antenna engineering: A unified approach for line-of-
sight and multipath. Kildal Antenn AB, 2015.

[18] L. A. Bronckers, A. Roc’h, and A. B. Smolders, “Benchmarking a high-end smart-
phone’s antenna efficiencies,” IEEE Access, vol. 7, pp. 105 680–105 686, 2019.

[19] Z. D. Liu, P. S. Hall, and D. Wake, “Dual-frequency planar inverted-F antenna,”
IEEE Transactions on Antennas and Propagation, vol. 45, no. 10, pp. 1451–1458,
Oct. 1997.

[20] P. Ciais, R. Staraj, G. Kossiavas, and C. Luxey, “Compact internal multiband
antenna for mobile phone and WLAN standards,” Electronics Letters, vol. 40,
no. 15, pp. 920–921, Jul. 2004.

[21] Y. J. Cho, S. H. Hwang, and S.-O. Park, “A dual-band internal antenna with a
parasitic patch for mobile handsets and the consideration of the handset case and
battery,” IEEE Antennas and Wireless Propagation Letters, vol. 4, pp. 429–432,
2005.

[22] I. Szini, C. Di Nallo, and A. Faraone, “The enhanced bandwidth folded inverted
conformal antenna (EB FICA) for mufti-band cellular handsets,” in 2007 IEEE
Antennas and Propagation Society International Symposium, 2007, pp. 4697–
4700.

[23] C. Rowell and E. Y. Lam, “Mobile-phone antenna design,” IEEE Antennas and
Propagation Magazine, vol. 54, no. 4, pp. 14–34, Aug. 2012.

[24] P. Vainikainen, J. Ollikainen, O. Kivekas, and K. Kelander, “Resonator-based
analysis of the combination of mobile handset antenna and chassis,” IEEE Trans-
actions on Antennas and Propagation, vol. 50, no. 10, pp. 1433–1444, Oct. 2002.

[25] J. Villanen, J. Ollikainen, O. Kivekas, and P. Vainikainen, “Coupling element
based mobile terminal antenna structures,” IEEE Transactions on Antennas and
Propagation, vol. 54, no. 7, pp. 2142–2153, Jul. 2006.

[26] W. L. Schroeder, A. A. Vila, and C. Thome, “Extremely small, wide-band mobile
phone antennas by inductive chassis mode coupling,” in 2006 European Microwave
Conference, 2006, pp. 1702–1705.

[27] R. Valkonen, M. Kaltiokallio, and C. Icheln, “Capacitive coupling element anten-
nas for multi-standard mobile handsets,” IEEE Transactions on Antennas and
Propagation, vol. 61, no. 5, pp. 2783–2791, May 2013.

[28] A. Lehtovuori, R. Valkonen, and J. Ilvonen, “Designing capacitive coupling ele-
ment antennas with bandwidth estimators,” IEEE Antennas and Wireless Propa-
gation Letters, vol. 13, pp. 959–962, 2014.

[29] R. Valkonen and A. Lehtovuori, “Determining bandwidth estimators and match-
ing circuits for evaluation of chassis antennas,” IEEE Transactions on Antennas
and Propagation, vol. 63, no. 9, pp. 4111–4120, Sep. 2015.

[30] A. F. Molisch, Wireless Communications, 2nd ed. New York, USA: John Wiley &
Sons, 2011.

[31] A. Sibille, C. Oestges, and A. Zanella, MIMO: From Theory to Implementation.
Oxford United Kingdom: Elsevier Inc., 2011.

[32] D. Gesbert, M. Shafi, D.-S. Shiu, P. J. Smith, and A. Naguib, “From theory to
practice: an overview of MIMO space-time coded wireless systems,” IEEE Journal
on Selected Areas in Communications, vol. 21, no. 3, pp. 281–302, Apr. 2003.

78



References

[33] A. Stjernman, “Relationship between radiation pattern correlation and scattering
matrix of lossless and lossy antennas,” Electronics Letters, vol. 41, no. 12, pp.
678–680, Jun. 2005.

[34] R. G. Vaughan and J. B. Andersen, “Antenna diversity in mobile communications,”
IEEE Transactions on Vehicular Technology, vol. 36, no. 4, pp. 149–172, Nov.
1987.

[35] R. Tian, B. K. Lau, and Z. Ying, “Multiplexing efficiency of MIMO antennas,”
IEEE Antennas and Wireless Propagation Letters, vol. 10, pp. 183–186, 2011.

[36] H. Shin and J. H. Lee, “Closed-form formulas for ergodic capacity of MIMO
Rayleigh fading channels,” in IEEE International Conference on Communications,
2003. ICC ’03., vol. 5, 2003, pp. 2996–3000 vol.5.

[37] Y. Chen and C. Wang, Characteristic modes – Theory and applications in antenna
engineering. Hoboken, NJ, USA: John Wiley & Sons, 2015.

[38] R. Garbacz and R. Turpin, “A generalized expansion for radiated and scattered
fields,” IEEE Transactions on Antennas and Propagation, vol. 19, no. 3, pp. 348–
358, May 1971.

[39] R. Harrington and J. Mautz, “Theory of characteristic modes for conducting
bodies,” IEEE Transactions on Antennas and Propagation, vol. 19, no. 5, pp.
622–628, Sep. 1971.

[40] ——, “Computation of characteristic modes for conducting bodies,” IEEE Transac-
tions on Antennas and Propagation, vol. 19, no. 5, pp. 629–639, Sep. 1971.

[41] R. F. Harrington, Field computation by moment methods. New York, USA: The
Macmillan Company, 1968.

[42] M. Cabedo-Fabres, E. Antonino-Daviu, A. Valero-Nogueira, and M. F. Bataller,
“The theory of characteristic modes revisited: A contribution to the design of
antennas for modern applications,” IEEE Antennas and Propagation Magazine,
vol. 49, no. 5, pp. 52–68, Oct. 2007.

[43] R. Garbacz and D. Pozar, “Antenna shape synthesis using characteristic modes,”
IEEE Transactions on Antennas and Propagation, vol. 30, no. 3, pp. 340–350,
May 1982.

[44] D. Liu, R. J. Garbacz, and D. M. Pozar, “Antenna synthesis and optimization
using generalized characteristic modes,” IEEE Transactions on Antennas and
Propagation, vol. 38, no. 6, pp. 862–868, Jun. 1990.

[45] R. Martens, E. Safin, and D. Manteuffel, “Inductive and capacitive excitation of
the characteristic modes of small terminals,” in 2011 Loughborough Antennas
Propagation Conference, 2011, pp. 1–4.

[46] R. Martens and D. Manteuffel, “Systematic design method of a mobile multi-
ple antenna system using the theory of characteristic modes,” IET Microwaves,
Antennas Propagation, vol. 8, no. 12, pp. 887–893, Sep. 2014.

[47] E. Antonino-Daviu, M. Cabedo-Fabres, M. Ferrando-Bataller, and J. I. Herranz-
Herruzo, “Analysis of the coupled chassis-antenna modes in mobile handsets,” in
2004 IEEE Antennas and Propagation Society Symposium, 2004.

[48] J. Rahola and J. Ollikainen, “Optimal antenna placement for mobile terminals us-
ing characteristic mode analysis,” in 2006 First European Conference on Antennas
and Propagation, 2006, pp. 1–6.

[49] Z. Miers, H. Li, and B. K. Lau, “Design of bandwidth-enhanced and multiband
MIMO antennas using characteristic modes,” IEEE Antennas and Wireless Prop-
agation Letters, vol. 12, pp. 1696–1699, 2013.

79



References

[50] H. Li, Z. T. Miers, and B. K. Lau, “Design of orthogonal MIMO handset antennas
based on characteristic mode manipulation at frequency bands below 1 GHz,”
IEEE Transactions on Antennas and Propagation, vol. 62, no. 5, pp. 2756–2766,
May 2014.

[51] Z. Miers, H. Li, and B. K. Lau, “Design of bezel antennas for multiband MIMO ter-
minals using characteristic modes,” in The 8th European Conference on Antennas
and Propagation (EuCAP 2014), 2014, pp. 2556–2560.

[52] L. Qu, J. Jeon, D. Park, and H. Kim, “Antenna design based on quasi-degenerate
characteristic modes of unbroken metal rim,” IET Microwaves, Antennas Propa-
gation, vol. 11, no. 15, pp. 2168–2173, 2017.

[53] H. Aliakbari and B. K. Lau, “On modal excitation using capacitive coupling
elements and matching network,” in 2019 IEEE International Symposium on
Antennas and Propagation and USNC-URSI Radio Science Meeting, 2019, pp.
731–732.

[54] Y. Liu, A. Ren, H. Liu, H. Wang, and C. Sim, “Eight-port MIMO array using
characteristic mode theory for 5G smartphone applications,” IEEE Access, vol. 7,
pp. 45 679–45 692, 2019.

[55] C. Deng, Z. Feng, and S. V. Hum, “MIMO mobile handset antenna merging
characteristic modes for increased bandwidth,” IEEE Transactions on Antennas
and Propagation, vol. 64, no. 7, pp. 2660–2667, Jul. 2016.

[56] C. Deng, Z. Xu, A. Ren, and S. V. Hum, “TCM-based bezel antenna design with
small ground clearance for mobile terminals,” IEEE Transactions on Antennas
and Propagation, vol. 67, no. 2, pp. 745–754, Feb. 2019.

[57] Y. Liu, J. Zhang, A. Ren, H. Wang, and C. Sim, “TCM-based hepta-band an-
tenna with small clearance for metal-rimmed mobile phone applications,” IEEE
Antennas and Wireless Propagation Letters, vol. 18, no. 4, pp. 717–721, Apr. 2019.

[58] B. Xiao, H. Wong, D. Wu, and K. L. Yeung, “Metal-frame antenna for big-screen
smartphones using characteristic mode analysis,” IEEE Access, vol. 7, pp. 122 224–
122 231, 2019.

[59] J. Dong, S. Wang, and J. Mo, “Design of a twelve-port MIMO antenna system
for multi-mode 4G/5G smartphone applications based on characteristic mode
analysis,” IEEE Access, vol. 8, pp. 90 751–90 759, 2020.

[60] H. Aliakbari and B. K. Lau, “Low-profile two-port MIMO terminal antenna for
low LTE bands with wideband multimodal excitation,” IEEE Open Journal of
Antennas and Propagation, vol. 1, pp. 368–378, 2020.

[61] M. Vogel, G. Gampala, D. Ludick, U. Jakobus, and C. J. Reddy, “Characteris-
tic mode analysis: Putting physics back into simulation,” IEEE Antennas and
Propagation Magazine, vol. 57, no. 2, pp. 307–317, Apr. 2015.

[62] E. Antonino-Daviu, M. Fabres, M. Ferrando-Bataller, and V. M. R. Penarrocha,
“Modal analysis and design of band-notched UWB planar monopole antennas,”
IEEE Transactions on Antennas and Propagation, vol. 58, no. 5, pp. 1457–1467,
May 2010.

[63] W. Wu and Y. P. Zhang, “Analysis of ultra-wideband printed planar quasi-
monopole antennas using the theory of characteristic modes,” IEEE Antennas
and Propagation Magazine, vol. 52, no. 6, pp. 67–77, Dec. 2010.

[64] A. Krewski, W. L. Schroeder, and K. Solbach, “Multi-band 2-port MIMO LTE
antenna design for laptops using characteristic modes,” in 2012 Loughborough
Antennas Propagation Conference (LAPC), 2012, pp. 1–4.

80



References

[65] T. Hadamik, R. Martens, and D. Manteuffel, “MIMO antenna concept based on
characteristic modes for indoor base stations,” in 2015 9th European Conference
on Antennas and Propagation (EuCAP), 2015, pp. 1–2.

[66] M. Bouezzeddine and W. L. Schroeder, “Design of a wideband, tunable four-port
MIMO antenna system with high isolation based on the theory of characteristic
modes,” IEEE Transactions on Antennas and Propagation, vol. 64, no. 7, pp.
2679–2688, Jul. 2016.

[67] N. Mohamed Mohamed-Hicho, E. Antonino-Daviu, M. Cabedo-Fabrés, and
M. Ferrando-Bataller, “Designing slot antennas in finite platforms using charac-
teristic modes,” IEEE Access, vol. 6, pp. 41 346–41 355, 2018.

[68] D. Wen, Y. Hao, H. Wang, and H. Zhou, “Design of a MIMO antenna with high
isolation for smartwatch applications using the theory of characteristic modes,”
IEEE Transactions on Antennas and Propagation, vol. 67, no. 3, pp. 1437–1447,
Mar. 2019.

[69] E. Antonino-Daviu, A. Eid, R. Bahr, and M. Tentzeris, “Flexible antenna design
with characteristic modes,” in 2020 14th European Conference on Antennas and
Propagation (EuCAP), 2020, pp. 1–4.

[70] A. Ghalib and M. S. Sharawi, “TCM analysis of defected ground structures for
MIMO antenna designs in mobile terminals,” IEEE Access, vol. 5, pp. 19 680–
19 692, 2017.

[71] D. Wen, Y. Hao, H. Wang, and H. Zhou, “Design of a wideband antenna with
stable omnidirectional radiation pattern using the theory of characteristic modes,”
IEEE Transactions on Antennas and Propagation, vol. 65, no. 5, pp. 2671–2676,
May 2017.

[72] X. Gao, G. Tian, Z. Shou, and S. Li, “A low-profile broadband circularly polar-
ized patch antenna based on characteristic mode analysis,” IEEE Antennas and
Wireless Propagation Letters, vol. 20, no. 2, pp. 214–218, Feb. 2021.

[73] J. F. Lin and L. Zhu, “Low-profile high-directivity circularly-polarized differential-
fed patch antenna with characteristic modes analysis,” IEEE Transactions on
Antennas and Propagation, vol. 69, no. 2, pp. 723–733, Feb. 2021.

[74] G. Gao, R. F. Zhang, W. F. Geng, H. J. Meng, and B. Hu, “Characteristic mode
analysis of a nonuniform metasurface antenna for wearable applications,” IEEE
Antennas and Wireless Propagation Letters, vol. 19, no. 8, pp. 1355–1359, Aug.
2020.

[75] S. Liu, D. Yang, and J. Pan, “A low-profile broadband dual-circularly-polarized
metasurface antenna,” IEEE Antennas and Wireless Propagation Letters, vol. 18,
no. 7, pp. 1395–1399, Jul. 2019.

[76] B. Zhang, J. Zhang, C. Liu, and Z. P. Wu, “Input impedance and efficiency analysis
of graphene-based plasmonic nanoantenna using theory of characteristic modes,”
IEEE Antennas and Wireless Propagation Letters, vol. 18, no. 10, pp. 2031–2035,
Oct. 2019.

[77] S. Dey, D. Chatterjee, E. J. Garboczi, and A. M. Hassan, “Plasmonic nanoantenna
optimization using characteristic mode analysis,” IEEE Transactions on Antennas
and Propagation, vol. 68, no. 1, pp. 43–53, Jan. 2020.

[78] T. Lonsky, P. Hazdra, and J. Kracek, “Characteristic modes of dipole arrays,”
IEEE Antennas and Wireless Propagation Letters, vol. 17, no. 6, pp. 998–1001,
Jun. 2018.

81



References

[79] S. Lou, B. Duan, W. Wang, C. Ge, and S. Qian, “Analysis of finite antenna arrays
using the characteristic modes of isolated radiating elements,” IEEE Transactions
on Antennas and Propagation, vol. 67, no. 3, pp. 1582–1589, Mar. 2019.

[80] G. S. Cheng and C. Wang, “A novel periodic characteristic mode analysis method
for large-scale finite arrays,” IEEE Transactions on Antennas and Propagation,
vol. 67, no. 12, pp. 7637–7642, Dec. 2019.

[81] M. Capek, P. Hazdra, M. Masek, and V. Losenicky, “Analytical representation
of characteristic mode decomposition,” IEEE Transactions on Antennas and
Propagation, vol. 65, no. 2, pp. 713–720, Feb. 2017.

[82] D. Tayli, M. Capek, L. Akrou, V. Losenicky, L. Jelinek, and M. Gustafsson,
“Accurate and efficient evaluation of characteristic modes,” IEEE Transactions on
Antennas and Propagation, vol. 66, no. 12, pp. 7066–7075, Dec. 2018.

[83] M. Masek, M. Capek, L. Jelinek, and K. Schab, “Modal tracking based on group
theory,” IEEE Transactions on Antennas and Propagation, vol. 68, no. 2, pp.
927–937, Feb. 2020.

[84] S. Ghosal, R. Sinha, A. De, A. Chakrabarty, and H. Son, “Theory of coupled
characteristic modes,” IEEE Transactions on Antennas and Propagation, vol. 68,
no. 6, pp. 4677–4687, Jun. 2020.

[85] H. Li, S. Sun, W. Li, M. Wu, and C. Zhou, “Systematic pattern synthesis for single
antennas using characteristic mode analysis,” IEEE Transactions on Antennas
and Propagation, vol. 68, no. 7, pp. 5199–5208, Jul. 2020.

[86] P. Ylä-Oijala, “Generalized theory of characteristic modes,” IEEE Transactions on
Antennas and Propagation, vol. 67, no. 6, pp. 3915–3923, Jun. 2019.

[87] P. Ylä-Oijala, H. Wallén, and S. Järvenpää, “Theory of characteristic modes for
lossy structures: Formulation and interpretation of eigenvalues,” International
Journal of Numerical Modelling: Electronic Networks, Devices and Fields, vol. 33,
no. 2, Mar. 2020, art. no. e2627.

[88] P. Ylä-Oijala, A. Lehtovuori, H. Wallén, and V. Viikari, “Coupling of characteristic
modes on PEC and lossy dielectric structures,” IEEE Transactions on Antennas
and Propagation, vol. 67, no. 4, pp. 2565–2573, Apr. 2019.

[89] P. Ylä-Oijala, A. Lehtovuori, R. Luomaniemi, and V. Viikari, “Characteristic mode
analysis of user’s effect on mobile handset antennas,” in 2019 13th European
Conference on Antennas and Propagation (EuCAP), 2019, pp. 1–4.

[90] J. Park, S. Y. Lee, J. Kim, D. Park, W. Choi, and W. Hong, “An optically invisi-
ble antenna-on-display concept for millimeter-wave 5G cellular devices,” IEEE
Transactions on Antennas and Propagation, vol. 67, no. 5, pp. 2942–2952, May
2019.

[91] Y. Huo, X. Dong, and W. Xu, “5G cellular user equipment: From theory to practical
hardware design,” IEEE Access, vol. 5, pp. 13 992–14 010, 2017.

[92] B. Xiao, H. Wong, B. Wang, and K. L. Yeung, “Effect of the screen to metal-frame
smartphone antennas,” in 2019 International Workshop on Antenna Technology
(iWAT), 2019, pp. 29–32.

[93] C. Han, G. Huang, T. Yuan, W. Hong, and C. Sim, “A frequency-reconfigurable
tuner-loaded coupled-fed frame-antenna for all-metal-shell handsets,” IEEE Ac-
cess, vol. 6, pp. 64 041–64 049, 2018.

[94] C. Han, S. Liao, K. Hong, G. Huang, T. Yuan, W. Hong, and C. Sim, “A frequency-
reconfigurable antenna with 1-mm nonground portion for metal-frame and full-
display screen handset applications using mode control method,” IEEE Access,
vol. 7, pp. 48 037–48 045, 2019.

82



References

[95] N. Ojaroudi Parchin, Y. I. A. Al-Yasir, H. Jahanbakhsh Basherlou, R. A. Abd-
Alhameed, and J. M. Noras, “Orthogonally dual-polarised MIMO antenna array
with pattern diversity for use in 5G smartphones,” IET Microwaves, Antennas
Propagation, vol. 14, no. 6, pp. 457–467, 2020.

[96] T. Son and Y. Jo, “Wideband mobile MIMO antenna for the metal cover phone,” in
2015 IEEE Region 10 Conference (TENCON), 2015, pp. 1–3.

[97] C. Chang, W. Liao, and C. Tsai, “Metal body-integrated open-end slot-antenna
designs for handset LTE uses,” IEEE Transactions on Antennas and Propagation,
vol. 64, no. 12, pp. 5436–5440, Dec. 2016.

[98] P. Chen, P. Wang, Y. Yu, and G. Yang, “A compact LTE antenna design for mobile
device with full metal housing,” in 2016 International Workshop on Antenna
Technology (iWAT), 2016, pp. 23–24.

[99] J. Kurvinen, A. Lehtovuori, J. Mai, C. Wang, and V. Viikari, “Metal-covered
handset with LTE MIMO, Wi-Fi MIMO, and GPS antennas,” Progress In Electro-
magnetics Research C, vol. 80, pp. 89–101, 2018.

[100] Q. Guo, R. Mittra, F. Lei, Z. Li, J. Ju, and J. Byun, “Interaction between in-
ternal antenna and external antenna of mobile phone and hand effect,” IEEE
Transactions on Antennas and Propagation, vol. 61, no. 2, pp. 862–870, Feb. 2013.

[101] R. Tang and Z. Du, “Wideband monopole without lumped elements for octa-
band narrow-frame LTE smartphone,” IEEE Antennas and Wireless Propagation
Letters, vol. 16, pp. 720–723, 2017.

[102] Y. Luo, Y. Liu, and S. Gong, “Nona-band antenna with small nonground por-
tion for full-view display mobile phones,” IEEE Transactions on Antennas and
Propagation, vol. 68, no. 11, pp. 7624–7629, Nov. 2020.

[103] “3rd Generation Partnership Project; Technical Specification Group Radio Access
Network; Evolved Universal Terrestrial Radio Access (E-UTRA); User Equipment
(UE) radio transmission and reception,” 3GPP TS 36.101 version 16.7.0 Release
16, Sep. 2020.

[104] “3rd Generation Partnership Project; Technical Specification Group Radio Access
Network; NR; User Equipment (UE) radio transmission and reception; Part 1:
Range 1 Standalone,” 3GPP TS 38.101-1 version 16.5.0 Release 16, Sep. 2020.

[105] Y. Ban, Y. Qiang, Z. Chen, K. Kang, and J. Guo, “A dual-loop antenna design for
hepta-band WWAN/LTE metal-rimmed smartphone applications,” IEEE Transac-
tions on Antennas and Propagation, vol. 63, no. 1, pp. 48–58, Jan. 2015.

[106] R. S. Aziz, A. K. Arya, and S. Park, “Multiband full-metal-rimmed antenna design
for smartphones,” IEEE Antennas and Wireless Propagation Letters, vol. 15, pp.
1987–1990, 2016.

[107] Y. Yan, Y. Ban, G. Wu, and C. Sim, “Dual-loop antenna with band-stop match-
ing circuit for WWAN/LTE full metal-rimmed smartphone application,” IET
Microwaves, Antennas Propagation, vol. 10, no. 15, pp. 1715–1720, 2016.

[108] Z. Xu, Q. Zhou, Y. Ban, and S. S. Ang, “Hepta-band coupled-fed loop antenna for
LTE/WWAN unbroken metal-rimmed smartphone applications,” IEEE Antennas
and Wireless Propagation Letters, vol. 17, no. 2, pp. 311–314, Feb. 2018.

[109] L. Zhang, Y. Ban, C. Sim, J. Guo, and Z. Yu, “Parallel dual-loop antenna for
WWAN/LTE metal-rimmed smartphone,” IEEE Transactions on Antennas and
Propagation, vol. 66, no. 3, pp. 1217–1226, Mar. 2018.

[110] P. Qiu and Q. Feng, “Low-profile compact antenna for octa-band metal-rimmed
mobile phone applications,” IEEE Transactions on Antennas and Propagation,
vol. 68, no. 1, pp. 54–61, Jan. 2020.

83



References

[111] H. Chen and A. Zhao, “LTE antenna design for mobile phone with metal frame,”
IEEE Antennas and Wireless Propagation Letters, vol. 15, pp. 1462–1465, 2016.

[112] K.-L. Wong and Y.-C. Wu, “Small-size dual-wideband IFA frame antenna closely
integrated with metal casing of the LTE smartphone and having decreased user’s
hand effects,” Microwave and Optical Technology Letters, vol. 58, pp. 2853–2858,
2016.

[113] W.-C. Wu and K.-L. Wong, “Metal-frame inverted-F antenna for the LTE metal-
casing smartphone,” in 2016 International Symposium on Antennas and Propaga-
tion (ISAP), 2016, pp. 288–289.

[114] K.-L. Wong, C.-C. Wan, and L.-Y. Chen, “Self-decoupled compact metal-frame LTE
MIMO antennas for the smartphone,” Microwave and Optical Technology Letters,
vol. 60, pp. 1170–1179, 2018.

[115] K.-L. Wong, S.-E. Lin, I. R. R. Barani, and W.-Y. Li, “One LTE LB and two
conjoined LTE M/HB MIMO antennas with a compact symmetric frame structure
at the short edge of the metal-framed smartphone,” Microwave and Optical
Technology Letters, vol. 61, pp. 1358–1364, 2019.

[116] J. Lian, Y. Ban, Y. Yang, L. Zhang, C. Sim, and K. Kang, “Hybrid multi-mode
narrow-frame antenna for WWAN/LTE metal-rimmed smartphone applications,”
IEEE Access, vol. 4, pp. 3991–3998, 2016.

[117] D. Huang, Z. Du, and Y. Wang, “A quad-antenna system for 4G/5G/GPS metal
frame mobile phones,” IEEE Antennas and Wireless Propagation Letters, vol. 18,
no. 8, pp. 1586–1590, Aug. 2019.

[118] ——, “Eight-band antenna for full-screen metal frame LTE mobile phones,” IEEE
Transactions on Antennas and Propagation, vol. 67, no. 3, pp. 1527–1534, Mar.
2019.

[119] M. H. Alshamaileh, S. S. Alja’afreh, and E. Almajali, “Nona-band, hybrid an-
tenna for metal-rimmed smartphone applications,” IET Microwaves, Antennas
Propagation, vol. 13, no. 14, pp. 2439–2448, 2019.

[120] I. R. R. Barani and K.-L. Wong, “Dual-feed U-slot antenna having low enve-
lope correlation coefficients for the LTE MIMO operation in the metal-framed
smartphone,” Microwave and Optical Technology Letters, vol. 60, pp. 295–302,
2018.

[121] I. R. R. Barani and K. Wong, “Integrated inverted-F and open-slot antennas
in the metal-framed smartphone for 2×2 LTE LB and 4×4 LTE M/HB MIMO
operations,” IEEE Transactions on Antennas and Propagation, vol. 66, no. 10, pp.
5004–5012, Oct. 2018.

[122] Y. Li, C. Sim, Y. Luo, and G. Yang, “12-port 5G massive MIMO antenna array
in sub-6GHz mobile handset for LTE bands 42/43/46 applications,” IEEE Access,
vol. 6, pp. 344–354, 2018.

[123] D. Q. Liu, M. Zhang, H. J. Luo, H. L. Wen, and J. Wang, “Dual-band platform-
free PIFA for 5G MIMO application of mobile devices,” IEEE Transactions on
Antennas and Propagation, vol. 66, no. 11, pp. 6328–6333, Nov. 2018.

[124] J.-Y. Deng, D.-Q. Sun, and L.-X. Guo, “Ten-element MIMO antenna for 5G termi-
nals,” Microwave and Optical Technology Letters, vol. 60, pp. 3045–3049, 2018.

[125] J. Li, X. Zhang, Z. Wang, X. Chen, J. Chen, Y. Li, and A. Zhang, “Dual-band
eight-antenna array design for MIMO applications in 5G mobile terminals,” IEEE
Access, vol. 7, pp. 71 636–71 644, 2019.

84



References

[126] H. Zou, Y. Li, B. Xu, Y. Chen, H. Jin, G. Yang, and Y. Luo, “Dual-functional MIMO
antenna array with high isolation for 5G/WLAN applications in smartphones,”
IEEE Access, vol. 7, pp. 167 470–167 480, 2019.

[127] M. Abdullah, S. H. Kiani, and A. Iqbal, “Eight element multiple-input multiple-
output (MIMO) antenna for 5G mobile applications,” IEEE Access, vol. 7, pp.
134 488–134 495, 2019.

[128] Y. Li, C. Sim, Y. Luo, and G. Yang, “High-isolation 3.5 GHz eight-antenna MIMO
array using balanced open-slot antenna element for 5G smartphones,” IEEE
Transactions on Antennas and Propagation, vol. 67, no. 6, pp. 3820–3830, Jun.
2019.

[129] A. Zhao and Z. Ren, “Size reduction of self-isolated MIMO antenna system for
5G mobile phone applications,” IEEE Antennas and Wireless Propagation Letters,
vol. 18, no. 1, pp. 152–156, Jan. 2019.

[130] ——, “Wideband MIMO antenna systems based on coupled-loop antenna for 5G
N77/N78/N79 applications in mobile terminals,” IEEE Access, vol. 7, pp. 93 761–
93 771, 2019.

[131] H. Wang, R. Zhang, Y. Luo, and G. Yang, “Compact eight-element antenna array
for triple-band MIMO operation in 5G mobile terminals,” IEEE Access, vol. 8, pp.
19 433–19 449, 2020.

[132] L. Sun, H. Feng, Y. Li, and Z. Zhang, “Compact 5G MIMO mobile phone antennas
with tightly arranged orthogonal-mode pairs,” IEEE Transactions on Antennas
and Propagation, vol. 66, no. 11, pp. 6364–6369, Nov. 2018.

[133] H. Xu, S. S. Gao, H. Zhou, H. Wang, and Y. Cheng, “A highly integrated MIMO
antenna unit: Differential/common mode design,” IEEE Transactions on Antennas
and Propagation, vol. 67, no. 11, pp. 6724–6734, Nov. 2019.

[134] Z. Ren and A. Zhao, “Dual-band MIMO antenna with compact self-decoupled
antenna pairs for 5G mobile applications,” IEEE Access, vol. 7, pp. 82 288–82 296,
2019.

[135] Z. Ren, A. Zhao, and S. Wu, “MIMO antenna with compact decoupled antenna
pairs for 5G mobile terminals,” IEEE Antennas and Wireless Propagation Letters,
vol. 18, no. 7, pp. 1367–1371, Jul. 2019.

[136] C. Deng, D. Liu, and X. Lv, “Tightly arranged four-element MIMO antennas for
5G mobile terminals,” IEEE Transactions on Antennas and Propagation, vol. 67,
no. 10, pp. 6353–6361, Oct. 2019.

[137] H. Piao, Y. Jin, and L. Qu, “A compact and straightforward self-decoupled MIMO
antenna system for 5G applications,” IEEE Access, vol. 8, pp. 129 236–129 245,
2020.

[138] C. Han, L. Xiao, Z. Chen, and T. Yuan, “Co-located self-neutralized handset
antenna pairs with complementary radiation patterns for 5G MIMO applications,”
IEEE Access, vol. 8, pp. 73 151–73 163, 2020.

[139] Z. Xu and C. Deng, “High-isolated MIMO antenna design based on pattern
diversity for 5G mobile terminals,” IEEE Antennas and Wireless Propagation
Letters, vol. 19, no. 3, pp. 467–471, Mar. 2020.

[140] H. Piao, Y. Jin, and L. Qu, “Isolated ground-radiation antenna with inherent
decoupling effect and its applications in 5G MIMO antenna array,” IEEE Access,
vol. 8, pp. 139 892–139 902, 2020.

[141] H. Piao, Y. Jin, Y. Xu, and L. Qu, “MIMO ground-radiation antennas using a
novel closed-decoupling-loop for 5G applications,” IEEE Access, vol. 8, pp. 142 714–
142 724, 2020.

85



References

[142] L. Chang, Y. Yu, K. Wei, and H. Wang, “Orthogonally polarized dual antenna pair
with high isolation and balanced high performance for 5G MIMO smartphone,”
IEEE Transactions on Antennas and Propagation, vol. 68, no. 5, pp. 3487–3495,
May 2020.

[143] L. Sun, Y. Li, Z. Zhang, and H. Wang, “Self-decoupled MIMO antenna pair
with shared radiator for 5G smartphones,” IEEE Transactions on Antennas and
Propagation, vol. 68, no. 5, pp. 3423–3432, May 2020.

[144] D. Serghiou, M. Khalily, V. Singh, A. Araghi, and R. Tafazolli, “Sub-6 GHz dual-
band 8 × 8 MIMO antenna for 5G smartphones,” IEEE Antennas and Wireless
Propagation Letters, vol. 19, no. 9, pp. 1546–1550, Sep. 2020.

[145] Q. Cai, Y. Li, X. Zhang, and W. Shen, “Wideband MIMO antenna array covering
3.3–7.1 GHz for 5G metal-rimmed smartphone applications,” IEEE Access, vol. 7,
pp. 142 070–142 084, 2019.

[146] L. Chang, Y. Yu, K. Wei, and H. Wang, “Polarization-orthogonal co-frequency
dual antenna pair suitable for 5G MIMO smartphone with metallic bezels,” IEEE
Transactions on Antennas and Propagation, vol. 67, no. 8, pp. 5212–5220, Aug.
2019.

[147] X. Yuan, W. He, K. Hong, C. Han, Z. Chen, and T. Yuan, “Ultra-wideband MIMO
antenna system with high element-isolation for 5G smartphone application,”
IEEE Access, vol. 8, pp. 56 281–56 289, 2020.

[148] L. Sun, Y. Li, Z. Zhang, and Z. Feng, “Wideband 5G MIMO antenna with in-
tegrated orthogonal-mode dual-antenna pairs for metal-rimmed smartphones,”
IEEE Transactions on Antennas and Propagation, vol. 68, no. 4, pp. 2494–2503,
Apr. 2020.

[149] H. Chen, Y. Tsai, C. Sim, and C. Kuo, “Broadband eight-antenna array design for
sub-6 GHz 5G NR bands metal-frame smartphone applications,” IEEE Antennas
and Wireless Propagation Letters, vol. 19, no. 7, pp. 1078–1082, Jul. 2020.

[150] J. L. Hilbert and K. Iniewski, Tunable RF Components and Circuits - Applications
in Mobile Handsets, 1st ed. Boca Raton, FL, USA: CRC Press, 2015.

[151] M. Stanley, Y. Huang, H. Wang, H. Zhou, Z. Tian, and Q. Xu, “A novel recon-
figurable metal rim integrated open slot antenna for octa-band smartphone
applications,” IEEE Transactions on Antennas and Propagation, vol. 65, no. 7, pp.
3352–3363, Jul. 2017.

[152] Q. Chen, H. Lin, J. Wang, L. Ge, Y. Li, T. Pei, and C. Sim, “Single ring slot-based
antennas for metal-rimmed 4G/5G smartphones,” IEEE Transactions on Antennas
and Propagation, vol. 67, no. 3, pp. 1476–1487, Mar. 2019.

[153] S. G. and C. Yogesh Kumar, “Dual-band frequency-reconfigurable MIMO PIFA
for LTE applications in mobile hand-held devices,” IET Microwaves, Antennas
Propagation, vol. 14, no. 5, pp. 419–427, 2020.

[154] S. M. Asif, M. R. Anbiyaei, K. L. Ford, T. O’Farrell, and R. J. Langley, “Low-profile
independently- and concurrently-tunable quad-band antenna for single chain
sub-6GHz 5G new radio applications,” IEEE Access, vol. 7, pp. 183 770–183 782,
2019.

[155] H. Zhang, Y. Ban, Y. Qiang, J. Guo, and Z. Yu, “Reconfigurable loop antenna
with two parasitic grounded strips for WWAN/LTE unbroken-metal-rimmed
smartphones,” IEEE Access, vol. 5, pp. 4853–4858, 2017.

[156] J. Choi, W. Hwang, C. You, B. Jung, and W. Hong, “Four-element reconfigurable
coupled loop MIMO antenna featuring LTE full-band operation for metallic-
rimmed smartphone,” IEEE Transactions on Antennas and Propagation, vol. 67,
no. 1, pp. 99–107, Jan. 2019.

86



References

[157] H. Wang, Y. Wang, J. Wu, P. Chen, Z. Wu, C. Sim, and G. Yang, “Small-size
reconfigurable loop antenna for mobile phone applications,” IEEE Access, vol. 4,
pp. 5179–5186, 2016.

[158] W. Lee and B. Jang, “A tunable MIMO antenna with dual-port structure for
mobile phones,” IEEE Access, vol. 7, pp. 34 113–34 120, 2019.

[159] C. D. Paola, S. C. D. Barrio, S. Zhang, A. S. Morris, and G. F. Pedersen, “MEMS
tunable frame antennas enabling carrier aggregation at 600 Mhz,” IEEE Access,
vol. 8, pp. 98 705–98 715, 2020.

[160] F. A. Asadallah, J. Costantine, and Y. Tawk, “Isolation enhanced MIMO PIFA
system with multiple reconfiguration techniques,” IET Microwaves, Antennas
Propagation, vol. 14, no. 9, pp. 835–850, 2020.

[161] C. Chang, C. Lee, and H. Wang, “Simple tunable inverted-F antenna for
LTE/WWAN mobile handset applications,” in 2016 IEEE 5th Asia-Pacific Confer-
ence on Antennas and Propagation (APCAP), 2016, pp. 401–402.

[162] L. H. Trinh, F. Ferrero, L. Lizzi, R. Staraj, and J. Ribero, “Reconfigurable antenna
for future spectrum reallocations in 5G communications,” IEEE Antennas and
Wireless Propagation Letters, vol. 15, pp. 1297–1300, 2016.

[163] J.-M. Hannula, J. Holopainen, and V. Viikari, “Concept for frequency-
reconfigurable antenna based on distributed transceivers,” IEEE Antennas and
Wireless Propagation Letters, vol. 16, pp. 764–767, 2017.

[164] J.-M. Hannula, T. Saarinen, J. Holopainen, and V. Viikari, “Frequency reconfig-
urable multiband handset antenna based on a multichannel transceiver,” IEEE
Trans. Antennas Propag., vol. 65, no. 9, pp. 4452–4460, Sep. 2017.

[165] M. Manteghi and Y. Rahmat-Samii, “Multiport characteristics of a wide-band
cavity backed annular patch antenna for multipolarization operations,” IEEE
Transactions on Antennas and Propagation, vol. 53, no. 1, pp. 466–474, Jan. 2005.

[166] J.-M. Hannula, T. O. Saarinen, A. Lehtovuori, J. Holopainen, and V. Viikari,
“Tunable eight-element MIMO antenna based on the antenna cluster concept,”
IET Microwaves, Antennas Propagation, vol. 13, no. 7, pp. 959–965, 2019.

[167] C. Volmer, J. Weber, R. Stephan, K. Blau, and M. A. Hein, “An eigen-analysis of
compact antenna arrays and its application to port decoupling,” IEEE Transac-
tions on Antennas and Propagation, vol. 56, no. 2, pp. 360–370, Feb. 2008.

[168] J.-M. Hannula, A. Lehtovuori, R. Luomaniemi, T. O. Saarinen, and V. Viikari,
“Beneficial interaction of coupling and mismatch in a two-antenna system,” in
2019 13th European Conference on Antennas and Propagation (EuCAP), 2019, pp.
1–4.

[169] J.-M. Hannula, M. Kosunen, A. Lehtovuori, K. Rasilainen, K. Stadius, J. Ryynä-
nen, and V. Viikari, “Performance analysis of frequency-reconfigurable antenna
cluster with integrated radio transceivers,” IEEE Antennas and Wireless Propa-
gation Letters, vol. 17, no. 5, pp. 756–759, May 2018.

[170] A. R. Saleem, K. Stadius, J.-M. Hannula, A. Lehtovuori, M. Kosunen, V. Viikari,
and J. Ryynänen, “A 1.5–5-GHz integrated RF transmitter front end for active
matching of an antenna cluster,” IEEE Transactions on Microwave Theory and
Techniques, vol. 68, no. 11, pp. 4728–4739, 2020.

[171] T. O. Saarinen, J.-M. Hannula, A. Lehtovuori, and V. Viikari, “Combinatory
feeding method for mobile applications,” IEEE Antennas and Wireless Propagation
Letters, vol. 18, no. 7, pp. 1312–1316, Jul. 2019.

87



References

[172] ——, “Eight-element MIMO handset based on combinatory feeding,” in 2020
International Workshop on Antenna Technology (iWAT), 2020, pp. 1–4.

[173] Y. Kabiri, P. Gardner, and C. Constantinou, “A novel approach for wideband
tunable electrically small antennas,” in The 8th European Conference on Antennas
and Propagation (EuCAP 2014), 2014, pp. 3633–3637.

[174] ——, “Injection matched approach for wideband tunable electrically small anten-
nas,” IET Microwaves, Antennas Propagation, vol. 8, no. 11, pp. 878–886, Aug.
2014.

[175] ——, “Investigation of radiation from an injection matched antenna,” in 2014
Loughborough Antennas and Propagation Conference (LAPC), 2014, pp. 52–54.

[176] L. Shen, P. Kihogo, P. Gardner, and C. Constantinou, “Theory, design and vali-
dation of a tunable, injection-matched, 2-port antenna,” in 2020 14th European
Conference on Antennas and Propagation (EuCAP), 2020, pp. 1–4.

[177] N. Liu, L. Zhu, W. Choi, and J. Zhang, “A low-profile differentially fed microstrip
patch antenna with broad impedance bandwidth under triple-mode resonance,”
IEEE Antennas and Wireless Propagation Letters, vol. 17, no. 8, pp. 1478–1482,
Aug. 2018.

[178] Z. Shao, G. Xu, Y. Zhang, and J. Mao, “A dual band differential planar inverted F
antenna,” in 2019 International Conference on Microwave and Millimeter Wave
Technology (ICMMT), 2019, pp. 1–3.

[179] Z. Shao and Y. P. Zhang, “Differential shorted patch antennas,” IEEE Transactions
on Antennas and Propagation, vol. 67, no. 7, pp. 4438–4444, Jul. 2019.

[180] N. Liu, X. Chen, L. Zhu, X. Chen, G. Fu, and Y. Liu, “Low-profile triple-band
microstrip antenna via sharing a single multi-mode patch resonator,” IET Mi-
crowaves, Antennas Propagation, vol. 13, no. 10, pp. 1580–1585, 2019.

[181] Q. Liu, L. Zhu, J. Wang, and W. Wu, “Wideband low-profile differential-fed patch
antennas with an embedded SIW cavity under dual-mode resonance,” IEEE
Transactions on Antennas and Propagation, vol. 67, no. 6, pp. 4235–4240, Jun.
2019.

[182] M. S. Sharawi, M. Ikram, and A. Shamim, “A two concentric slot loop based
connected array MIMO antenna system for 4G/5G terminals,” IEEE Transactions
on Antennas and Propagation, vol. 65, no. 12, pp. 6679–6686, Dec. 2017.

[183] T. Weiland, M. Timm, and I. Munteanu, “A practical guide to 3-D simulation,”
IEEE Microwave Magazine, vol. 9, no. 6, pp. 62–75, Dec. 2008.

[184] Matlab. The MathWorks, Inc., Natick, Massachusetts, USA. [Online]. Available:
https://se.mathworks.com/products/matlab.html

[185] MVG StarLab. Microwave Vision Group, Paris, France. [Online].
Available: https://www.mvg-world.com/en/products/antenna-measurement/
multi-probe-systems/starlab

[186] R. Khan, A. A. Al-Hadi, and P. J. Soh, “Recent advancements in user effect
mitigation for mobile terminal antennas: A review,” IEEE Transactions on Elec-
tromagnetic Compatibility, vol. 61, no. 1, pp. 279–287, Feb. 2019.

[187] M. Berg and E. Salonen, “Compensating for the influence of human hand with
two switchable antennas,” IET Microwaves, Antennas Propagation, vol. 5, no. 13,
pp. 1576–1582, Oct. 2011.

[188] M. Berg, M. Sonkki, and E. T. Salonen, “Absorption loss reduction in a mobile
terminal with switchable monopole antennas,” IEEE Transactions on Antennas
and Propagation, vol. 59, no. 11, pp. 4379–4383, Nov. 2011.

88



References

[189] S. Zhang, K. Zhao, Z. Ying, and S. He, “Adaptive quad-element multi-wideband
antenna array for user-effective LTE MIMO mobile terminals,” IEEE Transactions
on Antennas and Propagation, vol. 61, no. 8, pp. 4275–4283, Aug. 2013.

[190] J. Ilvonen, R. Valkonen, O. Kivekäs, P. Li, and P. Vainikainen, “Antenna shield-
ing method reducing interaction between user and mobile terminal antenna,”
Electronics Letters, vol. 47, no. 16, pp. 896–897, Aug. 2011.

[191] J. Ilvonen, R. Valkonen, J. Holopainen, O. Kivekäs, and P. Vainikainen, “Reducing
the interaction between user and mobile terminal antenna based on antenna
shielding,” in 2012 6th European Conference on Antennas and Propagation (EU-
CAP), 2012, pp. 1889–1893.

[192] “CTIA revision 3.4.2: Test plan for wireless device over-the-air performance,” May
2015.

[193] D. Q. Liu, H. J. Luo, M. Zhang, H. L. Wen, B. Wang, and J. Wang, “An extremely
low-profile wideband MIMO antenna for 5G smartphones,” IEEE Transactions on
Antennas and Propagation, vol. 67, no. 9, pp. 5772–5780, Sep. 2019.

[194] I. R. R. Barani, K. Wong, Y. Zhang, and W. Li, “Low-profile wideband conjoined
open-slot antennas fed by grounded coplanar waveguides for 4×4 5G MIMO
operation,” IEEE Transactions on Antennas and Propagation, vol. 68, no. 4, pp.
2646–2657, Apr. 2020.

[195] R. Jian, Y. Chen, and T. Chen, “A low-profile wideband PIFA based on radiation of
multiresonant modes,” IEEE Antennas and Wireless Propagation Letters, vol. 19,
no. 4, pp. 685–689, Apr. 2020.

[196] G. A. E. Vandenbosch, “Reactive energies, impedance, and Q factor of radiating
structures,” IEEE Transactions on Antennas and Propagation, vol. 58, no. 4, pp.
1112–1127, Apr. 2010.

[197] M. Gustafsson and B. L. G. Jonsson, “Antenna Q and stored energy expressed in
the fields, currents, and input impedance,” IEEE Transactions on Antennas and
Propagation, vol. 63, no. 1, pp. 240–249, Jan. 2015.

[198] K. Schab, L. Jelinek, M. Capek, C. Ehrenborg, D. Tayli, G. A. E. Vandenbosch,
and M. Gustafsson, “Energy stored by radiating systems,” IEEE Access, vol. 6, pp.
10 553–10 568, 2018.

[199] M. Gustafsson and S. Nordebo, “Optimal antenna currents for Q, superdirectiv-
ity, and radiation patterns using convex optimization,” IEEE Transactions on
Antennas and Propagation, vol. 61, no. 3, pp. 1109–1118, Mar. 2013.

[200] G. A. E. Vandenbosch, “Simple procedure to derive lower bounds for radiation Q of
electrically small devices of arbitrary topology,” IEEE Transactions on Antennas
and Propagation, vol. 59, no. 6, pp. 2217–2225, Jun. 2011.

[201] M. Capek, M. Gustafsson, and K. Schab, “Minimization of antenna quality factor,”
IEEE Transactions on Antennas and Propagation, vol. 65, no. 8, pp. 4115–4123,
Aug. 2017.

[202] M. Gustafsson, M. Capek, and K. Schab, “Tradeoff between antenna efficiency
and Q-factor,” IEEE Transactions on Antennas and Propagation, vol. 67, no. 4, pp.
2482–2493, Apr. 2019.

[203] M. Gustafsson and M. Capek, “Maximum gain, effective area, and directivity,”
IEEE Transactions on Antennas and Propagation, vol. 67, no. 8, pp. 5282–5293,
Aug. 2019.

[204] M. Capek, L. Jelinek, and P. Hazdra, “On the functional relation between quality
factor and fractional bandwidth,” IEEE Transactions on Antennas and Propaga-
tion, vol. 63, no. 6, pp. 2787–2790, Jun. 2015.

89



References

[205] M. Gustafsson and C. Ehrenborg, “State-space models and stored electromagnetic
energy for antennas in dispersive and heterogeneous media,” Radio Science,
vol. 52, no. 11, pp. 1325–1343, 2017.

90



Errata

Publication IV

In Fig. 5, the legend referring to "User with original weights" should read "User
with optimal weights," and vice versa.
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