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Abstract

In recent years, there has been an increased interest in the communications
sector to enhance system performance by achieving higher data rates. This
challenge is addressed by MIMO (Multiple-Input Multiple-Output)
technology which has become a requirement in recent communication
standards such as LTE (Long Term Evolution), HSPA (High-Speed Packet
Access) and IEEE 802.11n (WiFi). On the other hand, the aesthetic appeal
of small and thin devices such as mobile phones has been one of the
primary factors for consumers in deciding their choice of communication
devices. Incorporating MIMO technology in communication devices to
achieve better performance in harmony with aesthetic design is one of the
fundamental challenges for communication engineers. For instance, fitting
multiple antennas in a small mobile device is challenging due to the size
limitation of current communication devices. Standard requirements dictate
that MIMO devices should comprise at least two mobile terminal antennas
that cover all communication bands, and these antennas should have high
efficiency and low correlation to provide good MIMO performance.
Moreover, users have a great influence on antenna performance and
therefore user effects must be taken into consideration during the antenna
design process in order to maximize the achievable data rates. The main
aim of this thesis project is to build a statistically relevant database for the
influence that users have on different terminal antennas, and to
scientifically analyze, evaluate and compare the performance of multi-
antenna mobile handsets with different antenna types and user cases.
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1 Introduction

1.1 Background

The term “user interaction” refers to the interference or coupling between
the electromagnetic field of antennas in wireless devices and the human
biological tissue (see Fig. 1). User interaction will have more effect on
MIMO terminals because the effect of user interaction increases with
increasing number of antennas on the terminal.

@

Fig. 1. User interaction

User interaction on a MIMO terminal antenna has been a very
interesting research topic in the field of antenna design. From an antenna
designer's point of view, it is very important to get an understanding of how
the antenna parameters will change with user interaction and under
different scenarios of mobile terminal usage. By getting a deeper
understanding of the antennas’ behavior in different user interaction cases,
we learn how to optimize mobile terminal performance in multiple usage
conditions. To our knowledge only few research groups have been or are
currently working towards the development of a statistical model that can
describe MIMO antenna performance with different user interactions under
different user scenarios. Such a statistical model will aid antenna designers
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in getting a good understanding of antenna performance under different
user interaction scenarios. For example, if we have a statistical model that
describes the radiation efficiency behavior for different kinds of MIMO
antennas with different user interaction scenarios, this will enable engineers
and researchers to study link budget using the model. Moreover, antenna
engineers will be able to directly use the knowledge of user interaction to
design more robust antennas with less severe user interaction issues.

The use of the MIMO techniques in mobile terminals poses many
challenges for antenna engineers. One major challenge is to configure
multiple antennas in the small sized mobile terminal and get a higher
performance. The design of multiple-antenna systems in a smaller area is
complicated when taking into consideration coupling and correlation
between the antennas. Moreover, user interaction with multi-antenna
terminals is an additional significant issue for antenna engineers.
Nowadays, mobile phones are designed for different purposes such as
phone calls, text messaging, internet access, e-mail access, and so on. With
all these different purposes, the grip of the mobile terminal in different
positions like “talk mode” or “data mode” strongly depends on the usage.
Different hand grips or device orientations must be given great attention in
the antenna design because these will have a very significant effect on the
antenna performance.

1.2 User Interaction

It has been established that the MIMO performance of terminals changes
with user interaction from hands, head and body [13]-[17]. In such cases
there is high electromagnetic energy coupling between the antenna and the
user. This coupling is often located in the near-field region and it leads to
the absorption of radiated energy by human tissues. User interaction causes
different changes on different antenna parameters; for example, it can
change the antenna impedance and therefore detune (mismatch) the
terminal antenna [14]. Moreover, user interaction reduces antenna
efficiency and modifies antenna radiation patterns, due to absorption losses
in human tissues. These effects will consequently reduce the overall
antenna performance [14].



Depending on the position of the mobile relative to the hand and head,
the influence of a user can differ for various antenna types. User interaction
effects can be clearly seen in measurement or simulation results of mobile
terminals with head and hand. The results of different user scenarios
depend on the grip style [15]. To get better antenna characteristics in the
design phase and the best performance in reality, it is necessary to perform
a detailed study of how the antenna parameters change with user effects.

In this study, we have designed various grip styles to mimic the holding
of a mobile terminal by a user in practice. The two main user scenarios are
the talk mode and the data mode. When the terminal is held next to the
head, the scenario is called the talk mode; and when the user holds the
mobile phone in different grips for utilizing other functions of the mobile
device besides making a call, the scenario is called the data mode. In both
the talk mode and the data mode, there are many different types of user
grips or device orientations that depend on the different usage of the
mobile. The interaction between the user and the terminal gives different
effects depending on which type of user case is applied and which antenna
parameters are affected.

1.3 Objective

The major goal of this master thesis is to evaluate and compare the
influence of user interaction on different types of antennas in a MIMO
communication setup. Moreover, these results will be used to build a
statistical model for the different interactions between the user and the
different kinds of antennas.

In this project, five different kinds of MIMO prototypes will be used,
and each prototype is loaded with ten different user scenarios. The
frequency bands used in this project are LTE Band 2 (0.824-0.896 GHz)
and LTE Band 5 (1.850-1.99 GHz) [1]. In order to analyze the difference in
performance of the antenna parameters, CST (Computer Simulation
Technology) Microwave Studio [2] was used to simulate the different
antennas in different user scenarios. Two additional programs (Make
Human and Blender) were used to design and implement the different user
scenarios to be used in CST Microwave Studio.
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2 Theory

2.1 MIMO Overview

Multiple-Input Multiple-Output (MIMO) is a technique that enables
increases in data rate and link reliability by using multiple transmitters and
receivers to send/receive data simultaneously [3], as depicted in Fig. 2.
Today, MIMO is already an integral part of various wireless
communication standards (LTE, IEEE802.11n, etc.). The use of MIMO
techniques in mobile terminals is a big challenge to antenna designers
because of the small size of todays’ terminals and additional considerations
of multiple antennas such as mutual coupling and radiation pattern
correlation. The next chapter in this thesis will discuss in more detail the
most significant multiple antenna system performance parameters.
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Fig. 2. MIMO principle



2.2 MIMO Antenna Parameters

Pattern correlation describes the relationship between two antennas
when sending or receiving signals through their respective radiation
patterns. It specifies the level of similarity between the radiation
characteristics of the antenna elements. Correlation decreases the
performance of MIMO antennas by reducing the capacity and diversity
performance of the antenna systems [4].

Scattering (S) parameters are among the important antenna parameters
that demonstrate the relationship between the input/output ports of the
terminals. They describe the reflection and coupling characteristics of the
antennas over a given frequency range. [5].

Antenna Impedance is a parameter describing the relationship between
the voltage and the current at the input of the antenna. The antenna’s
impedance consists of two parts: a real part and an imaginary part. The real
part is linked to the power that is radiated or absorbed by the antenna. The
imaginary part shows how much power is stored in the near field of the
antenna. Another parameter that relates to antenna impedance is antenna
mismatch (as indicated by reflection coefficient, which is a scattering
parameter). It shows how far the antenna impedance is from the matched
impedance of the transmission line [5], [6].

Radiation efficiency explains the relationship between radiated power
from the antenna compared to how much power is actually delivered to the
input of the antenna. From equation (1) we can see that the radiation
efficiency will be higher when a higher percent of the input power is
radiated from the antenna.

1R = Pradiated / I:)input (1)

where 7r is the radiation efficiency, Pragiated 1S the power radiated from the
antenna. Pinpy is the power fed to the antenna. Moreover, the relationship
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between the radiation efficiency and the antenna mismatch efficiency is
called total efficiency [5], as shown in equation (2)

= vt R 2)

where 771 is the total efficiency and 7y is the mismatch efficiency.

Radiation pattern is a parameter that gives details of how the radiated
power is spatial distributed in the far-field region. In other words, it shows
how the antenna radiates the power that is delivered to it as a function of
direction. Different antenna types give different radiation patterns,
depending on the current distributions on the antennas [5], [6].

Antenna bandwidth shows the frequency interval in which the antenna
fulfills a specified requirement, most commonly in terms of maximum
reflection coefficient (e.g., -6 dB for terminal antennas) [5], [6].

Currently, there are different kinds of antennas that are used in mobile
terminals. The right choice of antenna for a specific mobile device depends
on various factors such as the location of the antenna in the device, the size
of the mobile, and so on. In general, antennas are divided into five general
groups, 1.e., wire, microstrip, aperture, traveling wave and log periodic
antenna. However, at the same time there are a lot of antennas that are
derived by the integration of one or more antenna types in order to
accomplish the required performance [7].
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2.3 Prototypes

In this project, different mobile terminal prototypes are used to study
MIMO performance with user interaction. These prototypes are largely
based on existing designs, with minor retuning where needed. Current
smartphone sizes are used as a guide in the design of the antennas and
chassis. Different combinations of antennas are used in different prototypes
having the same overall volume of 130x66x8 mm?®. In the different
prototypes, the antennas were mounted at the edges of the chassis, as is
common in terminal antenna design, except for Prototype 3. Five
prototypes have been simulated with CST Microwave Studio in free space
and with different user scenarios.

2.3.1 Prototype One (two IFAs)

The first prototype, which is based on inverted-F antennas (IFAS), consists
of two dual-band IFAs located on the edge of the chassis [13], as shown in
Fig. 3. IFAs are quite commonly used in wireless communication systems,
due to their radiation properties. The name “inverted-F antennas (IFAs)”
refers to the antenna structure, which has an inverted F shape, as shown in
Fig. 4.

Port 1 Port 2

Fig. 3. IFA Prototype
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Fig. 4. Enlarged view of the IFA structure

Figure 4 illustrates the IFA structure. The antenna feed pin is indicated by
the red marker in Fig. 4. The shorting pin is located on the right of the feed
point. Each of the two IFAs has a radiation pattern similar to the classic
dipole’s donut-shaped pattern. The IFA’s performance depends on the
length of the upper part, location of feed point and the height of the
shorting pin. Both current and voltage distributions of the IFAs are similar
to those of a slot antenna, thus resulting in the good performance that the
IFA has in terms of radiation pattern and impedance matching [5], [6].

In Prototype One, both IFAs are perfectly mirror symmetric. They have
the same structure and dimensions. The IFAS’ shorting pin height is 3 mm
and the width is 1 mm, whereas the distance between the shorting pin and
feed pinis 1.6 mm.

Both IFAs are resonant with sufficient bandwidths at 0.860 GHz for the
lower band, and 1.920 GHz for upper band, as shown in Fig. 5, so as to
fulfill the requirements of LTE Bands 2 and 5.
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Fig. 5. S parameters for the IFA Prototype in free space
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2.3.2 Prototype Two (PIFA-Monopole Antennas)

The second prototype in this project has a PIFA-monopole antenna
configuration. Antenna one is a planar-IFA (PIFA) and antenna two is a
monopole. Each is placed on a short edge of the chassis. The PIFA is
placed on the top edge of the chassis while the Monopole antenna is placed
on the bottom edge of the chassis. Figure 6 shows the structure of this
prototype.

Port 1 Port 2

Fig. 6. PIFA-Monopole Prototype

PIFA is one of the most common types of antennas used in mobile
terminals. PIFA is an enhanced version of a patch antenna with the addition
of a shorting pin that enables a much better performance. PIFA is very
popular because of its simplicity in design and its high performance.
Moreover, the PIFA radiation pattern is nearly omni-directional, meaning it
radiates equal power in almost all directions. The performance of PIFAs is
dependent on different parameters like the length and width of the entire
antenna, as well as those of the shorting and feed pins. The reduction in the
length or width of the antenna will reduce the antenna bandwidth, whereas
the resonance frequency of the PIFA depends on the width of the shorting
pin. Furthermore, the distance between the feed and shorting pin controls
the PIFA impedance [5], [6]. Figure 7 shows the PIFA structure (based on
[14]), with the blue box representing the antenna carrier.
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Fig. 7. PIFA structure

The monopole antenna is one of the simplest antennas and also a very
common one. The length of the monopole should be equal to a quarter
wavelength of the particular resonance frequency. The monopole also has a
near omni-directional radiation pattern [5], [6]. The monopole used in this
project is shown in Fig. 8.

Fig. 8. Monopole antenna structure

As shown in Fig. 6, the PIFA is mounted on a rectangular antenna
carrier with the dimension of 66x16x6 mm?®. The shorting pin has a width
of 6 mm, whereas the feed point width is 1 mm, with a distance of 2.5 mm
between them. Figures 6 and 7 show the structures for both the PIFA and
monopole antennas. A lumped element has been added to the feeding port
of the monopole to get a better resonance at the lower frequency band.
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Fig. 9. S parameters for the PIFA-Monopole prototype in free space

Figure 9 shows the S parameters for Prototype Two. From this figure, it
is observed that the PIFA has a very small bandwidth in the lower
frequency band. This characteristic is a result of the PIFA structure, which
imposes more localized current distribution. This prototype has been
chosen to reduce the coupling between the antennas by using two different
antennas that belong to different antenna families with different
mechanisms of operation.

2.3.3 Prototype Three (Two Capacitively Fed Antennas)
The third prototype that has been chosen consists of two capacitively fed
dual-band antennas [8], as shown in Fig. 10.

Port 2

I

Port 1 |

Fig. 10. C-Fed Prototype
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The C-Fed (capacitive-fed) antenna can be considered as a long dual-
band conductor monopole antenna. The C-Fed antenna consists of a
‘driving element’ that goes alongside a parasitic element, which gives a big
advantage in terms of the required length of the monopole. To create a
resonance in both the lower and higher frequency bands, each end of the
dual-branch driving element is coupled to one of the parasitic ends. The C-
Fed antenna has many different parameters that control the resonance
frequency in both the lower and upper bands, including the length of the
monopole, the distance between the driving and parasitic element and the
size/location of the shorting/feed pin. To control the resonance frequency in
both bands, a very clear understanding of how the current is distributed on
the different parts of the C-Fed antenna is necessary [8].

The two antennas are placed symmetrically on the same short edge of
the chassis in order to conserve implementation space and reduce cabling
requirement. The structure of the antenna element is shown in Fig. 11.

Fig. 11. C-Fed antenna structure

Both C-Fed antennas with meandering ends are placed on rectangular
carriers with the dimensions of 27x6x6 mm?®. Figure 12 shows the S
parameters of the C-Fed antennas, it is clearly seen that each of the C-Fed
antennas has a very wide resonance bandwidth, especially in the upper
frequency band.
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2.3.4 Prototype Four (T-Shape-Monopole Antennas)

The fourth prototype chosen in this project consists of two different types
of dual-band antennas [9]. The first antenna is a T-shape antenna while the
second one is a broadband monopole antenna, as shown in Fig. 13. The
design of this dual-antenna prototype relies on the use of theory of
characteristic modes to generate low coupling and correlation between the
two antenna elements [9]. The T-shape and the monopole excite orthogonal
modes of the chassis, leading to very low correlation and coupling.

Port 2

Port 1

Fig. 13. T-Shape-Monopole Prototype

The T-shape antenna is a novel antenna that has a relatively wide

bandwidth in both the lower and upper frequency bands. It consists of two
T-strip metal structures located on the opposite long edges of the chassis.
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Both metal strips are connected to the chassis through a shorting pin (hence
the T-shape). The location and size of the shorting pin have an important
role in changing the resonance in both bands. The distance between the
feed pin and shorting pin is also an important design parameter. The length
of both T-shaped strips is 107 mm, whereas the width and the height from
the chassis vary along the length of the strip due to tapering [9].

J—
—_—

Fig. 14. Side-view of T-strip antenna

Whereas the T-shaped antenna is located on the long edges of the
chassis, the monopole antenna is located on one short edge of the chassis.
The two antennas have very low coupling between each other in both the
lower and upper frequency bands. Figure 15 shows the S parameters of this
prototype in free space.
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19

2

2.5



2.3.5 Prototype Five (Bezel)

The last prototype chosen in this project is the Bezel Prototype. This
terminal antenna is based on a very recent study presented in [10]. The
Bezel antenna consists of a bezel ring and chassis that is connected via the
two ports, as shown on Fig. 16. Each of the two ports is connected to a
piece of metal that is in turn connected to the bezel ring. The first metal
piece is connected to the long edge of the bezel ring whereas the second
one is connected to the short edge of the bezel. The dimension of the bezel
ring is 130x66x8 mm’.

—

[ & Port2

Port 1

‘ e
-

Fig. 16. Bezel Prototype

The Bezel Prototype closely follows the design method used for
Prototype Four, where the performance depends on the different chassis
excitation modes employed. The S-parameter performance of the Bezel
antenna in free-space is shown in Fig. 17. The Bezel antenna has a very
lower correlation in both bands and achieves very good efficiency in terms
of both total and radiation efficiencies [10].
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2.4 MIMO System Performance

In this project, we calculate some of the most common MIMO performance
metrics to evaluate the different antenna prototypes and to gain a deeper
understanding of how these performances change under different user
scenarios.

2.4.1 Multiplexing Efficiency

Multiplexing efficiency describes the absolute efficiency of a MIMO
antenna, taking into account non-ideal behavior in both total efficiency and
correlation [12]. It defines the equivalent loss of power efficiency when
using a practical MIMO antenna to achieve the same channel capacity as
that of an ideal MIMO antenna in the same propagation channel (e.g.,
uniform 3D angular power spectrum [12]).

2.4.2 MIMO Capacity

Channel capacity is defined as the maximum error-free data rate that the
channel can support. By using MIMO techniques the capacity increases in a
very significant way [11], [13]. In this project, we investigate MIMO
capacity based on the Kronecker channel model.
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By assuming a 2x2 MIMO system with no channel state information, the
capacity can be expressed as [12]:

C = log, det(l, + P+/2 HH") (3)

where H is the MIMO channel matrix, ly is the 2x2 identity matrix, Py is
the transmit power and ()" denotes the conjugate transpose operator.
Assuming that we use the reference propagation environment (independent
and identically distributed channel or i.i.d.) with no correlation at the base
station antennas, the channel H can be calculated as shown below [12]:

H=R"H, (4)
where R is referred to as the receive correlation matrix and Hy, is the i.i.d
Rayleigh fading channel. The received correlation matrix can be calculated
by using the following equation:

R = Al/ZRA]./Z (5)

where R is the normalized correlation matrix (with ones along its main
diagonal) and A is a diagonal matrix defined by

A =diag[m1, 7] (6)

where 7; is the total efficiency on the i-th antenna port.
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3 User Scenario Design

Antenna performance is significantly affected by human tissue in the
vicinity of the antenna, due to the tissue’s interaction with the antenna’s
near-field and far-field radiation. This influence can change antenna
performance parameters such as antenna radiation pattern, antenna
efficiency, antenna mismatch efficiency and antenna pattern correlation.
The large variations of human interaction with smartphones lead to
numerous possible hand grip styles. Different grip styles depend on how
many hands are used to hold the phone and on the positions of the palm and
fingers. Furthermore, user interaction will also depend on which mode the
mobile is used in. Mode refers to the purpose of the phone's usage. The two
general modes are talk mode (TM) and data mode (DM). In the TM, the
mobile is typically placed close to the head and the main usage scenario is
phone calls. This mode has different grip styles depending on the position
of the hand and the orientation of the device with respect to the head and
hand. In the DM, the phone is typically placed in a hand-held position with
usage scenarios varying from browsing with one or two hands to gaming
and watching videos [15].

3.1 Design Software

The different user scenarios investigated in this thesis have been
designed and implemented in two open source programs (MakeHuman 1.0
Alpha 7 and Blender). Screenshots from these two programs are shown in
Figs. 18 and 19.

Both software tools enable the design of 3D objects in a very intuitive
way. In MakeHuman we were able to design a virtual homogenous human
hand with realistic dimensions. Unfortunately, MakeHuman does not
provide flexibility in changing finger or palm positions and therefore does
not suffice to generate diverse user scenarios. The second software used in
the design process (Blender) solved this problem and allowed for flexible
hand models to be used and therefore the desired fundamentally different
user scenarios to be designed.
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3.2 User scenario

In this project we investigated in detail two main user scenarios (TM and
DM) and their variations depending on the smartphone usage and the
dimension/position of the terminal with respect to the user.

3.2.1 Data Mode (DM)
In the following subsections we present the DM cases studied in this
thesis project. They are divided into one-hand and two-hand cases.

3.2.1.1 One-Hand Design

Many people operate their smartphones with one hand when using the
terminal for browsing, texting, sending/receiving e-mail or watching
videos. The one-hand DM is divided into two main usage/grip styles:

One-Hand Browsing Mode (1HB)

This grip is one of the most common human grips when using a mobile
phone for different purposes like writing a text message (mail or SMS) or
browsing the phone when using different types of online applications. The
grip is shown in Fig. 20.

Fig. 20. One-Hand (OH) Browsing Mode
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In this grip the middle three fingers provide support at the back of the
phone, whereas the little finger sits under the mobile for bottom support.
The thumb of the holding hand is used for browsing on the screen of the
terminal [9], [16].

One-Hand Video Mode (2HV)

This mode is similar to the first grip, but in this case the thumb of the
holding hand is placed on the side of the mobile to give more space to the
user to view the screen. Fig. 21 shows the grip in detail [16].

Fig. 21. One-Hand (OH) Video Mode

3.2.1.2 Two-Hand Design

Nowadays, a lot of terminals are used with two hands due to the increase in
terminal size. In this project, different types of user scenarios involving two
hands/landscape cases have been studied. The landscape orientation is
considered as one of the worst case scenarios in the DM due to the presence
of two hands at the same time. The two hands DM has been designed in this
project with five different hand grips.
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Two-Hand Browsing Mode (2HB)

This hand grip is the third grip in our study. In this grip the user holds
the phone with two hands and the thumbs are used for browsing, as shown
in Fig. 22. The thumbs are placed in front of the screen, whereas the middle
three fingers on both hands are placed behind the phone to hold it in
position. The little fingers on both hands are placed under the longer edge
to support the terminal [9].

Fig. 22. Two-Hand (TH) Browsing Mode

Two-Hand Video Mode (2HV)

In this grip the thumbs are placed on the side of the mobile. This grip is
very popular when watching online movies or when talking in a video call.
Fig. 23 shows the positioning of this grip [17].

Fig. 23. Two-Hand (TH) Video Mode
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Two-Hand-Around Browsing Mode (2HAB)

This grip is one of the most interesting grips that have been added to the
project, due to the fact that in this particular scenario the terminal is
surrounded from almost all directions with human tissue. It is based on
observations of different people when they used a wide sized terminal.
Further, this grip is also partly based on the studies in [16]. The positioning
of this grip is given in Fig. 24. Two hands are used to hold the terminal
while the index fingers are folded around the longer side.

Fig. 24. Two-Hand (TH) Around Browsing Mode

Two-Hand-Around Video Mode (2HAV)

This grip is similar to the previous grip except for the thumb placement.
While the thumbs in the previous grip are used to point to the screen of the
mobile, in the 2HAV grip they are placed on the side of the screen to give
more viewing space to the user (see Fig. 25).

Fig. 25 Two-Hand (TH) Around Video Mode
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Two-Hand Vertical Browsing Mode (2HVB)

The last grip investigated in this project is the two-hand vertical
browsing mode with a portrait orientation of the mobile phone. This grip
has become very popular in the past years due to the ever increasing
smartphone size. Newer generation devices have a long, wide screen which
is comfortable to use with two hands not only in the landscape mode but
also in the portrait mode. A more detailed snapshot of the grip is shown on
Fig. 26. All fingers (except the thumbs and little fingers) are folded around
the mobile to help hold the terminal whereas the little fingers are placed
under the terminal to support it from the bottom. The thumbs are placed in
the front of the screen and are normally used for browsing the device [16].

Fig. 26. Two-Hand (TH) Vertical Browsing Mode

3.2.2 Talk mode (TM)

To study user interaction in the TM, three different scenarios have been
chosen. Figure 27 shows these three different cases in more detail. In all
cases the position of the fingers around the terminal is constant, while the
orientation of the terminal with respect to the head is changed in steps of 30
degrees from 0 to 60 (see Fig. 27). The handgrip that has been used in those
three TM scenarios is One-hand with index finger. This particular grip is
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considered as the typical TM handgrip where the thumb is placed on the
longer side of the mobile to support it from one side while the rest of the
fingers, excluding the index finger, are folded around the terminal from the
other side for support. The index finger is placed on the back of the
terminal which gives comfort to the user when the mobile is very close to
the ear [18].

(@) (b) (©)

Fig. 27. TM with three different orientation of the terminal (a) at 0 degree, (b) at 30 degree
and (c) at 60 degree.
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4 Simulation Setup and Results

4.1 Setup

2013 CST Microwave Studio was the 3D electromagnetic solver used to
run the full-wave simulations of different prototypes with and without user
interaction. The simulation performance and runtime were affected by
many factors like the number of mesh cells, type of solver, and frequency
range. In the beginning of this project a high number of mesh cells was
used which led to very long run times. The mesh size was then optimized
following discussions with the CST Support Team and through the usage of
the mesh-group option which allocated different parts of the prototype into
different mesh groups where each group had different mesh properties.

4.2 Simulation Results

All prototypes were simulated in CST for three general cases (free space,
TM and DM). The simulation in free space was done for the five different
prototypes for different reasons. The first reason is to get an understanding
of the antenna's performance in free space without any interaction. We
consider this as a reference case when comparing the performance of the
particular prototype with different user scenarios. The second reason is to
demonstrate the conformance of the terminals to the design goals specified
by the LTE standard for Bands 2 and 5. The simulation of different user
scenarios in both TM and DM was done to gain an understanding of the
performance of the different antenna prototypes in different user scenarios.
In the following section, we will discuss the simulation results of different
prototypes in terms of antenna parameters like S parameters, frequency
offset from the resonance frequency, total and radiation efficiencies,
mismatch efficiency, capacity and correlation. It is noted that, for clarity of
presentation, only the reflection coefficient for the port that is more affected
by the user in terms of detuning is shown for the considered user scenarios
(i.e., denoted as port 1 for all five prototypes in Section 2.3). Likewise,
coupling coefficient is omitted, since it is below -12 dB for all user cases
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and all five prototypes. For consistency, total efficiency is also shown for
port 1 only.

4.2.1 Data Mode (DM)

The first part of the results discusses the performance of the five prototypes
in the seven DM user scenarios.

4.2.1.1 IFA Prototype

Figure 28 shows the performance of the first prototype (IFA Prototype)
from the S-parameter point-of-view with different user scenarios in DM.
By comparing the performance of the IFA Prototype in free-space with the
performance in the remaining user cases, we can clearly see the impact of
user interaction. It affects the antenna performance by causing a frequency
offset of the resonance frequency and also variations in bandwidth.
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Fig. 28. S parameters for IFA Prototype with different user scenarios

The impact of various user cases is different over all scenarios. These
differences depend on the location of the hand and fingers. In Two-Hand
Video Mode (2HV), part of the hand’s palm and the index finger are very
close to the section of the IFA Prototype that is responsible for radiation in
the lower frequency band. Due to this proximity most of the radiated power
of the antenna is absorbed by these two parts of the hand, which also result
in a frequency offset in the resonance frequency. If we now take a look at
user case number six, the Two-Hand Around Video Mode (2HAV), we can
see the performance of the IFA Prototype affected in both the lower and
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higher frequency bands. The lower band of the IFA Prototype has a
frequency offset of 240 MHz compared to the free-space performance. This
offset is due to the fact that the index finger interferes with the radiation
pattern of the IFA in the lower band. This, in turn, causes a change in the
direction of radiation and a mismatch at the antenna ports. The reason
behind the bandwidth expansion in the upper band in user scenario 2ZHAV is
that the part of the IFA Prototype that is responsible for radiation in the
higher frequency band is nearly covered from all directions by the hand.
This leads to a lot of absorption and mismatch. The impact of this particular
user case (2HAV) cannot be considered as advantageous since the radiation
efficiency in the entire higher band is very low (18 %).

Table 1 shows the radiation and total efficiencies of an IFA element
(port 1) in the IFA Prototype with different DM user scenarios compared to
free-space at the center frequency of the lower band. The radiation and total
efficiencies vary significantly across the different cases. The reason behind
the variations in the total and radiation efficiencies is the different levels of
antenna mismatch and absorption in human tissues for the different user
scenarios. Further, due to the impact of user interactions we get a
significant change in the current distribution of the antennas.

User Cases Radiation Efficiency (%) | Total Efficiency (%)
Free-space 81,6 47
1HV 55,5 29,7
1HB 78,6 40,9
2HB 30,1 15,7
2HV 25,1 5,1
2HAB 43,7 15,2
2HAV 15,8 4,6
2HVB 73,3 44

Table 1 IFA Prototype — total and radiation efficiencies of each IFA element

As noted above, MIMO capacity is a very important metric for prototype
evaluation from a system perspective. Figure 29 shows the capacity
performance of the IFA Prototype in different user scenarios. Due to the
dependence of capacity calculations on correlation and efficiency we
present these results in Figs. 29 and 30.
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The capacity for user cases 5 and 7 (2HV, 2HAV) is significantly lower
than other cases, because in these two particular cases the correlation
between the IFA elements is high, as shown in Fig. 30. Moreover, the total
efficiency in these two cases is very low (Fig. 29) which contributes to the
low capacity.

4.2.1.2 C-Fed Prototype

The S parameters of the C-Fed Prototype in different user cases are shown
in Fig. 32. The figure shows how each C-Fed antenna behaves in different
user scenarios compared to that in free-space. The C-Fed antenna is
considered as a wideband antenna and because of this feature the C-Fed is
not severely affected either in terms of frequency offset or in terms of
change in bandwidth.
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Fig. 32. S parameters of C-Fed Prototype with different user scenarios
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The largest frequency offset in the C-Fed Prototype in the lower
frequency band was in user cases 2HV and 2HAV at 96 MHz. The reason
for this offset in these two particular user cases is that the thumb placement
is very close to the section of the antenna that is responsible for radiation in
the lower band. Further, in these two certain user cases, both of the C-Fed
antennas were covered from all directions by the hand’s palm and fingers.

Figure 33 shows the capacity performance of the C-Fed Prototype in the
center frequency of the lower band with different user scenarios. In general,
the capacity performance of the C-Fed Prototype is better than the IFA
Prototype since the C-Fed Prototype has lower coupling between the
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antennas and also higher total efficiency compared to the IFA Prototype.
The impact of user case number seven (2HAV) gives the minimum user
effect from a capacity point of view. In this case the correlation and total
efficiency are favorable for a higher channel capacity (see Figs. 34 and 35).

Table 2 shows the performance of the C-Fed Prototype in terms of total
and radiation efficiencies at the center frequency of the lower frequency
band. The table also shows how the performance of a C-Fed antenna (port
1) with different user scenarios compares to the performance in free-space.
The radiation efficiency of the C-Fed Prototype goes down significantly
due to the impact of the user's interaction. The C-Fed antenna has lower
radiation efficiency with user case 1HB when compared to other user
scenarios because, in this particular case, the thumb obstructs the radiation
pattern of the C-Fed antenna. This interference by the thumb causes a
reduction in the radiation power and therefore efficiency.

User Cases Radiation Efficiency (%) | Total Efficiency (%)
Free-space 90,8 54,8
1HV 30,8 20,2
1HB 28,4 19,6
2HB 46,6 31,4
2HV 34,9 22,4
2HAB 42,9 15,2
2HAV 47,6 32,4
2HVB 35,6 23,7

Table 2 Total and radiation efficiencies of C-Fed Prototype

4.2.1.3 T-Shape Prototype

Figure 36 shows the S parameters of the T-Shape Prototype in different
user cases compared to the performance in free-space. It indicates that the
T-shape Prototype has better performance than the first three prototypes
from two points of view: frequency offset from the resonance frequency
and bandwidth stability over different user cases. The low coupling
between the two antennas (T-shape and monopole) is the main reason
behind the lower impact of users. Furthermore, the radiation pattern of the
antennas is directed away from the user influence (e.g., shadowing by
fingers) which has a positive effect on the overall performance. From the
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frequency offset point of view, the largest impact of user interaction on this
prototype is in user case 1HV which has a frequency offset of 26 MHz in
the lower band. The reason behind this behavior in this particular case is
that the thumb is very close to the radiating part of the T-antenna at this
frequency which leads to a change in the current distribution in the T-shape
antenna.
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Fig. 36. S parameters for T-shape Prototype with different user scenarios

Table 3 shows the performance of the T-shape Prototype (port 1) from a
radiation and total efficiencies point of view in different user scenarios. The
user cases tested here have a significant effect on both the total and
radiation efficiencies mainly due to absorption losses. The radiation
efficiency is mostly affected in the 2HB user case for both the lower and
the higher frequency bands.

User Cases Radiation Efficiency (%) Total Efficiency (%)
Free-space 97,3 87,4
1HV 52,1 35,3
1HB 37,8 30,4
2HB 29,1 25,7
2HV 38 34,5
2HAB 34,9 34,6
2HAV 31,3 30
2HVB 50,8 44,8

Table 3 Total and radiation efficiencies for T-shape Prototype
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The capacity performance of the T-shape prototype in different user
scenarios is shown in Fig. 37. It has a better performance than the first three
prototypes in all user cases. This is due to the favorable behavior of the T-
shape prototype in both correlation and total efficiency. The worst case in
terms of user impact on the capacity performance of the T-shape prototype
is for the 2HB user case. In this case the correlation of the terminal is
higher leading to a degraded capacity (see Fig. 37-39).

4.2.1.4 PIFA(-Monopole) Prototype

Figure 40 shows the performance of the PIFA Prototype in terms of S
parameters in the different user scenarios. It indicates that the largest
frequency offset in this prototype is for 2HB (Two-Hand Browsing Mode)
with a frequency offset of 26 MHz in the lower frequency band. The reason
behind this small range of the frequency offset compared to the other
prototypes is that the PIFA (worse affected by user effects than the
monopole antenna, hence shown in Fig. 40) is a very narrowband antenna
and the calculation of frequency offset depends on the offset from the
center frequency. Also, the figure shows that the PIFA experienced very
pronounced detuning in the higher band due to the impact of the users hand
in One-Hand Video Mode (1HV). In this particular case, the section of the
PIFA located on the side of the prototype that radiates in the higher
frequency is very close to the thumb. This placement leads to high
absorption of radiation power in the thumb and therefore severe impact on
the S parameters.

-20

——FreeSpace
—VideoMode(One)
30| —BrowsmgMode(One)
Browsinghode(Two)
—VideoMode(Two)
-40 Browsinghode(Two-Around) : .
—VideoMode(Two-Around)
—BrowsingMode(Two-Vertical) | | |

0.5 1 1.5 2 2.5
Freqency [GHz]

Fig. 40. S parameters of PIFA Prototype with different user scenarios
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Table 4 shows the performance of the PIFA element in the PIFA
Prototype from two points of view: radiation and total efficiencies. The
lowest value of the radiation efficiency of the PIFA is on the lower
frequency band with user case 2HB. This low level in the radiation
efficiency value is caused by the grip of the user. In this case the PIFA is
covered from all directions by the fingers and palm of the hand. Therefore
the radiated power is then reflected towards the monopole antenna which
then absorbs part of it to lead to higher coupling between the two elements.

User Cases Radiation Efficiency (%) | Total Efficiency (%0)
Free-space 82,2 36,4
1HV 45,6 26
1HB 63 22,8
2HB 36 33,3
2HV 39,5 33,2
2HAB 34,9 30,5
2HAV 41,4 37,9
2HVB 56,5 37,5

Table 4 Total and radiation efficiencies for PIFA Prototype

The capacity performance of the PIFA Prototype is shown in Fig. 41.
This figure shows that the PIFA Prototype has better capacity performance
than the C-Fed Prototype at the center frequency of the lower band. The
capacity performance of the PIFA Prototype in different user scenarios
varies a lot because both the correlation and total efficiency of the
prototype change considerably from case to case, as shown in Figs. 42 and
43.
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4.2.1.5 Bezel Prototype

Figure 44 shows the performance of the Bezel Prototype with different DM
user cases compared to the performance in free-space. The S parameters
behavior of the Bezel Prototype with different user cases shows that the
Bezel antenna is more robust against user interaction in the higher band
than the lower band due to the Bezel antenna (port 1) having a very wide
frequency band in the upper band.

o .% : E |
T - \
0
——FreeSpace

——VideoMode(One)
-30| —BrowsingMode(One)

BrowsingMode(Two)
—YVideoMode(Two)
-40 BrowsingMode(Two-Around)

—VideoMode(Two-Around)
—BrowsingMode(Two-Vertical )

s 1 1.5
Freqency [GHz]
Fig. 44. S parameters of Bezel Prototype with different user scenarios

7

3,,[dB]

1 |
2 25

In the 1HB (One-Hand Browsing Mode) case part of the thumb is very
close to the piece of metal that is connected to the feed on port 1. This leads
to an obstruction of the radiation pattern of the antenna. In other words, the
thumb absorbs a huge amount of the radiated power from the Bezel
structure. Furthermore, the close proximity between the thumb and the
antenna in 1HB causes a significant reduction in the radiation efficiency at
the center frequency in the lower band. The impact of the 2HB (Two-Hand
Browsing Mode) case caused a frequency offset in the lower band of 50
MHz. This behavior is due to the location of the fingers around the bezel
which changes the current distribution. Moreover, when the thumbs of the
two hands are placed in front of the Bezel Prototype, where the main
radiation power is focused, the direction of the radiation pattern changes.

Table 5 shows the performance of the Bezel Prototype, from the
radiation and total efficiencies point of view, in different user scenarios.
The performance of each case depends on the location and the orientation
of the user's hand and fingers with respect to the radiating structures on the
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prototype. Both location and orientation of the hand and fingers cause a
change in the characteristic behavior of the antenna through absorption or
mismatch. This leads to a radical change in the antenna’s radiation and total
efficiencies. The worst impact from all user cases is for the cases 2HB and
2HAB. This degradation in the radiation efficiency of these two specific
cases is due to the presence of the thumb at the center of the prototype.
Since the radiation pattern of the Bezel Prototype is directed from the
center of the chassis towards the front of the chassis, the placement of the
thumb obstructs the radiation pattern of the Bezel antenna. This leads to a
change in the direction of the radiated power.

User Cases Radiation Efficiency (%) | Total Efficiency (%)
Free-space 85 66,5

1HV 34.2 29

1HB 34.5 26

2HB 20 14

2HV 32.5 26.4

2HAB 24 19

2HAV 36 30

2HVB 31 19

Table 5 Total and radiation efficiencies for Bezel Prototype

Figure 45 shows the capacity performance of the Bezel Prototype in
different user scenarios. The capacity changes, in a very significant way,
according to the change in the correlation value and total efficiency, as
shown in Figs. 45 and 46. The capacity of the Bezel Prototype decreases
due to the impact of users, especially in the user cases 2HB and 2HAB, as
shown in Fig. 45. This is a result of the higher correlation and the lower
total efficiency in these cases (see Fig. 46 and 47).
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4.2.2 Talk Mode (TM)

As described in Section 3.2.2, all five prototypes have been investigated in
three different types of TM scenarios according to the orientation of the
terminal with respect to the head. In this section, we focus only on the 60-
degree orientation. This case caused the most severe performance
degradation due to the proximity to the head and has therefore been chosen
for discussion. The remaining results of the different prototypes in the other
two orientations are found in the Appendix (Section 7.1).

Figure 48 shows the S parameters for the different prototypes in the 60-
degree orientation. The largest impact from user interaction was observed
for the Bezel Prototype in the lower frequency band, where the detuning is
most severe. Both IFA and PIFA Prototypes have a large frequency offset
in the lower frequency band because both prototypes are narrowband. The
largest frequency offset of the different prototypes is shown in the IFA
Prototype with an 88 MHz offset due to the user interaction. The direction
of frequency offset of both the IFA and PIFA Prototypes is different due to
the current distribution and radiation patterns of both terminals. In the case
of the C-Fed Prototype, the proximity of the antenna elements to the cheek
of the head results in high mismatch and absorption losses. Nevertheless,
this prototype is wideband and therefore does not suffer as much from the
detuning effect of the head.
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Fig. 48. S parameters for different prototypes in TM (60-degree orientation)
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It is noteworthy that the impact of user interaction in TM on all different
prototypes (except C-Fed) has smaller effects in the higher frequency band
than in the lower frequency band. This is due to higher absorption losses in
the lower frequency band as compared to upper band.

4.3 Discussion

The impact of user interaction is different for the prototypes depending on
the type of antenna used and the setting of each user case. Figure 49 shows
the correlation performance of the different prototypes with different DM
user scenarios. It is clear how the value of correlation between the antennas
in each prototype changes depending on each user setting. All prototypes
(except the C-Fed and the Bezel Prototypes) have an increasing correlation
value due to the effect of user case 4 (2HB). All three prototypes radiate
from the center of the prototype's chassis due to the presence of the thumbs
on the sides. In the C-Fed Prototype the location of the elements leads to
different user interaction effects. From a correlation point of view, the T-
shape and Bezel Prototypes have the least impact from users due to the
working principle of these two terminals (reduced correlation by design).
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Fig. 49. Correlation for different prototypes with different user scenarios

The capacity performance of different prototypes in different DM user
cases is shown in Fig. 50. This figure shows that the T-shape Prototype has
the best performance in capacity behavior due to design emphasis on low

47



correlation. The big difference between the T-shape and the Bezel's
behavior is the current distribution in both prototypes. The current
distribution for the Bezel Prototype is affected by the placement of the hand
around the Bezel, whereas in the T-shape case the T-strips are placed on the
long edges of the chassis. It is clearly shown that the trend of the capacity
for the T-shape, C-Fed, Bezel and PIFA prototypes is roughly the same
with different user scenarios. The capacity of these prototypes goes up in
user case 2HV, yet goes down in user case 2HAB. The reason behind the
difference in behavior for the IFA Prototype is the high coupling between
the IFA elements.
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Fig. 50. Capacity for different prototypes with different user scenarios

Table 6 indicates the mean and standard deviation of the frequency
offset for each prototype over DM user cases in the lower frequency band.
The T-shape Prototype has 8 to 9 times lower value in both mean and
standard deviation of the frequency offset as compared to the IFA
Prototype. As mentioned earlier, the different directions of the frequency
offset of the PIFA resonance frequency with different user scenarios is the
reason for the lower value of the mean and the standard deviation for the
PIFA Prototype.

Table 7 shows a comparison between the impact of user interaction in
TM and the impact of user interaction in DM over all five different
prototypes in terms of frequency offset/mismatch efficiency mean and
standard deviation. User interactions in TM are more severe than those in
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DM from the frequency offset point of view. This is due to the large impact
the tissue in the human head has on the radiation power from the antenna.
The mean and the standard deviation of the mismatch efficiency for both
TM and DM show that the user interaction in both cases has roughly the

same effect.

Antenna Prototypes Mean [MHZz] Standard deviation
[MHz]
IFA 95 79
C-Fed 53 27
T-Shape 11 10
PIFA 17 13
Bezel 43 8
Table 6 Frequency offset for different prototypes
Frequency Offset [MHZz] Mismatch efficiency
User
Standard Standard
Mode Mean .. Mean .
deviation deviation
DM 43 36 67 23
™ 57 37 68 14

Table 7 Frequency offset and mismatch efficiency for TM and DM
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5 Statistical Modelling

A statistical model gives a description of the probability of a certain event
occurring. There are different types of statistical models depending on
which probability distribution is used to fit the initial data, such as normal
distribution, log normal distribution, Gamma distribution, etc. From an
terminal antenna designer’s point of view, a statistical model of antennas
with realistic user interaction should be beneficial because there is a lot of
information that can be extracted and used. It would improve the
understanding of the behavior of MIMO antennas without the need to spend
effort and time in designing, building and verifying all cases. To find a
statistical model implies to formalize the relationship between some given
random parameters that vary in different aspects but are related to each
other in a stochastic way. Therefore, finding a statistical model that
describes different types of antennas with different user interaction
scenarios is relevant and has the potential to be extremely beneficial to the
terminal antenna community.

Nevertheless, it is not an easy task and includes many different steps
and considerations [19]:

1. Examine whether the data comes from a discreet or continuous set.

2. Examine the symmetry of simulated data.

3. Examine if the simulated data has significant trends.

4. Examine if the simulated data has extreme values.

5.1 Methods

The way to fit simulated/measured data to one of the known distributions is
cumbersome. There are different types of tests/methods that help find the
statistical distribution for simulated data like the Null Hypothesis method
and the KS-test. In this project, the Null Hypothesis method and the KS-test
have been used to examine the statistical distribution of the project’s
simulation data.

The Null Hypothesis method is a method used to evaluate the simulated
data and examine if it fits with a statistical model depending on a pre-
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determined threshold probability. The Null Hypothesis is one of the
methods that are used when making decisions for statistical significance.
By using this method on simulated data we can know if the data has
statistical significance or not. The Null Hypothesis method depends on the
examination of the simulated data in different cases to find patterns. Then,
it tries to find a certain pattern in the simulated data and determines how
much this pattern matches the general statistical distribution [20].

To find the exact type of distribution that the simulated data has, the KS-
test or Kolmogorov-Smirnov test is used. The KS-test is a method used to
return how much the simulated data differs from one of the known
distributions.

The different steps to the KS-test are:

1. Plot the cumulative distribution function (CDF) or probability
distribution function (PDF) of the simulation/measurement data.

2. Plot the CDF/PDF of one of the known distributions.

3. Find the maximum distance between the two CDF/PDF curves
(Dmax). See Fig. 51 for more details.

4. Compare the Dyax found from plotting the data to the theoretical
Dmax that the KS-test provides in the spatial table. Table 8 shows
the theoretical table that the KS-test employs.

It is important to mention that choosing which value from the table to
use depends on how many points you have in your simulated data and
which confidence interval is needed for your purposes [21]. In this project,
two frequency bands in five prototypes and 10 user scenarios provide 100
samples for the following statistical analysis.

5.2 Results

By applying both methods (Null hypothesis and KS-test) to our simulated
data, we found very interesting results with a very high degree of accuracy
(99% confidence interval). We found that both the radiation and total
efficiencies of the MIMO antennas simulated for different prototypes in
different user scenarios are statistically significant and each one follows
one of the known distributions in both CDF and PDF. In this section, we
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K5—Test Comparison Cumulative Fraction Plot
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Fig. 51. KS-test
SAMPLE | LEVEL OF SIGNIFICANCE FOR
SIZE D = MAXIMUM [ Fo(X) - Sn(X) ]
(N) 20 | 15 | 10 | 05 | .01
16 .258 274 295 328 392
17 .250 .266 .286 318 381
18 244 .259 278 309 371
19 237 252 272 301 .363
20 231 246 .264 294 .356
25 210 220 240 270 320
30 190 .200 220 240 290
35 180 190 210 230 270
OVER 1.07 1.14 1.22 1.36 1.63
B | VW | N | N | YN | N

Table 8 KS-test table

52




present the statistical analysis on radiation and total efficiencies for only
port 1; however, it has been observed that port 2 provides similar behavior.

The radiation efficiency for port 1 has a lognormal distribution with
mean W = -0.836 and standard deviation ¢ = 0.415, whereas the total
efficiency has a Gamma distribution with the shape parameter of 3.702 and
the scale parameter of 0.083. Figure 52 shows the radiation efficiency
behavior for all prototypes and user cases tested in a CDF. Figure 53 on the
other hand shows the PDF of the radiation efficiency for the five prototypes
in the different user scenarios. From the two figures it can be clearly seen
that both the CDF and PDF curves for the simulated and the log-normal
theoretical data agree very well. The PDF and CDF performance of the
total efficiency is shown in Figs. 54 and 55. From these results it is also
evident that both the CDF and the PDF performance of the five different
prototypes in all user cases match the theoretical Gamma distribution.
Therefore, we can conclude that the radiation efficiency and the total
efficiency in this study follow known distribution curves with high
accuracy and hence the data is applicable as a statistical model.Table 9
shows the statistical behavior of different antenna prototype with different
user scenarios from two points of view - mean and standard deviation of
both pattern correlation and multiplexing efficiency.

Correlation Multiplexing [dB]
Prototypes Mean Standard Mean Standard
deviation deviation
IFA 0.391 0.239 -10.874 3.813
C-Fed 0.350 0.178 -8.137 2.886
T-Shape 0.124 0.096 -7.459 3.679
PIFA 0.452 0.235 -8.258 2.465
Bezel 0.039 0.025 -10.305 3.140

Table 9 Mean and standard deviation for different antenna parameters
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Fig. 53. PDF for radiation efficiency
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6 Conclusion and Future Work

In this project, the main goal was reached by building a database with 100
fundamentally different antenna and user cases. The 100 different cases
come from the use of five different prototypes with 10 different user
scenarios. These are then simulated in two frequency bands, LTE Band 2
and Band 5. A summary of the database is provided in the Appendix
(Section 7.2). In the process, we designed and implemented 10 different
realistic user scenarios. We were also able to develop a statistical model for
both total and radiation efficiencies. The radiation efficiency has a
lognormal distribution for the two frequency bands, five prototypes and 10
user cases whereas the total efficiency exhibits a Gamma distribution.

The project results show that user interaction has very significant
impact on the behavior of different antenna prototypes. In the cases tested
in this study we established that antenna design has a very important role in
reducing the impact of user interaction (e.g., IFA vs. T-shape antenna). We
also found that the talk mode has a greater impact on different antenna
prototypes than the data mode.

There are some aspects of this thesis work that can be extended in
future work. For example, instead of only static user scenarios, the
statistical study can be performed for dynamic user scenarios, with small
movements of the hand grip and the finger positions. In addition, the
influence of the propagation channel can be studied by using non-uniform
propagation channels. Finally, the project was based entirely on simulation
work; measurement verification involving real test persons would be very
interesting as future work.

56



7 Appendix

7.1 Talk-Mode Results

S,, [dB]
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Fig. 56. S parameters for different prototypes in TM (0-degree orientation)
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Fig. 57. S parameters for different prototypes in TM (30-degree orientation)
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7.2 Database

7.2.1 Two IFAs (IFA Prototype)
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7.2.2 PIFA-Monopole Antennas (PIFA Prototype)
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7.2.3 Two C-Fed Antennas (C-Fed Prototype)
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Shape Prototype)

7.2.4 T-Shape-Monopole Antennas (T
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7.2.5 Bezel Prototype
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