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Popular Science Summary

In recent years, the use of smartphones for Internet access, video streaming
and other exciting services is fundamentally transforming the way we live and
work. Some latest figures indicate that the number of smartphone users is
expected to exceed 2 billion by 2016. However, one key limitation of smart-
phone performance is still an open research question: it has been shown that
the inevitable proximity of users significantly impairs smartphone antennas’
capability to transmit and receive signals, resulting in lower Internet speeds,
dropped calls and reduced battery life. This thesis investigated methods for
mitigating user effects on the performance of multi-antenna mobile terminals in
the context of future wireless communication networks such as Long Term Evo-
lution Advanced (LTE-A). Firstly, to account for the increasing size of terminal
devices as well as the variety of new usage scenarios in smartphone application,
11 representative user scenarios were designed to study user-induced antenna
impairments in handsets with different antenna designs. The results offer some
guidelines for designing efficient terminal antennas in the presence of users. Sec-
ondly, to provide user effect mitigation beyond a fixed antenna configuration,
the thesis performed a comprehensive study of applying adaptive impedance
matching (AIM) as a potential solution. Moreover, AIM was also investigated
with respect to its ability to improve terminal performance by optimizing the
interaction between the terminal antenna and the propagation environment. A
systematic approach was taken to study AIM, where the initial step was to de-
termine the possible performance gains based on computer simulations of ideal
setups. Then, the ideal setups were progressively relaxed through experiments
involving real terminal antennas, tuners, users and propagation environments,
where each step provided insights for further work. For example, the small
integrated tuners used in this work were designed based on the characteristics
of the antenna impedance in the measured scenarios. Detailed experimental
studies confirmed that AIM can provide significant equivalent net power gain
of up to 2.5 dB. Apart from technical papers, one important end product of
this thesis is a technology demonstrator that can display the effectiveness of
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the proposed AIM solution in real time.



Abstract

The rapid growth of cellular technology over the past decade transformed our
lives, enabling billions of people to enjoy interactive multimedia content and
ubiquitous connectivity through a device that can fit into the palm of a hand.
In part the explosive growth of the smartphone market is enabled by innovative
antenna system technologies, such as multiple-input multiple-output (MIMO)
systems, facilitating high data rates and reliable connections. Even though
future deployment of Long Term Evolution Advanced (LTE-A) is expected to
provide seamless internet connectivity at even higher speeds over a wide range
of devices with different form factors, fundamental terminal antenna limita-
tions can severely impact the actual performance of the terminal. One of
the key challenges in terminal antenna design are user-induced losses. It has
been shown that electromagnetic absorption in body tissues as well as antenna
impedance mismatch due to user proximity significantly degrade terminal an-
tenna performance. Moreover, user interactions are non-static, which further
complicates terminal design by leading to the requirement of evaluating a wide
range of hand grips and usage scenarios. This doctoral thesis explores these
challenges and offers useful insight on effective user interaction mitigation. In
particular, state-of-the-art multiple antenna designs have been investigated in
an attempt to formulate guidelines on efficient terminal antenna design in the
presence of a user (Paper I). Moreover, the major part of the thesis considers
the method of adaptive impedance matching (AIM) for performance enhance-
ments of MIMO terminals. Both ideal and very practical and realistic AIM
systems have been studied in order to extend the knowledge in the area by
determining achievable performance gains and providing insights on AIM gain
mechanisms for different terminal antenna designs, propagation environments
and user scenarios.

In Paper I, five different MIMO terminal antenna designs were evaluated
in 11 representative user scenarios. Two of the prototypes were optimized
with the Theory of Characteristic Modes (TCM), whereas the remaining three
were based on more conventional antenna types. Multiplexing efficiency (ME)
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was used as the MIMO system performance metric, assuming an ideal uniform
3D propagation environment. The paper focuses on performance at frequency
bands below 1 GHz due to the more stringent size limitations.

Paper II presents a simulation model of the complete physical channel link
based on ideal lossless AIM and evaluates the potential of AIM to mitigate user
effects for three terminal antennas in four user scenarios. The prototypes stud-
ied have different performances in terms of bandwidth and isolation. MIMO
capacity was used as the main performance metric. In order to gain insight on
the impact of terminal bandwidth, as well as system bandwidth on AIM per-
formance, capacity calculations were performed both for the center frequency
and over the full LTE Band 13.

In Paper III, a practical AIM system was set up and measured in both
indoor and outdoor propagation scenarios for a one-hand and a two-hand grip,
including a torso phantom. The AIM system consisted of two Maury mechan-
ical tuners controlled with LabView. MIMO capacity was used to determine
performance in the different user and channel cases. The impact of different
propagation environments and user cases was discussed in detail. Moreover,
tuner loss estimation was done to enable the calculation of AIM net gains.

In Paper IV, the simulation model from Paper II was extended to include
real antenna parameters as well as simulated environments with non-uniform
angular power spectra. Two fundamentally different antenna designs were mea-
sured in three user scenarios involving phantom hands, whereas non-uniform
environments of different angular spreads were simulated in post-processing.
The study presents results and analysis on the impact of user scenarios and en-
vironment on the AIM gains for the terminals with different antenna designs.

Finally, Paper V describes a realistic AIM system with custom-designed
CMOS-SOI impedance tuners on a MIMO terminal antenna. Measurement
setup control, as well as MIMO system evaluation, was achieved through a
custom-developed LabView software. Detailed propagation measurements in
three different environments with both phantom users and real test subjects
were performed. The analysis and discussions provided insights on the practical
implementation of AIM as well as on its performance in realistic conditions.
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This doctoral thesis concludes my work as a PhD student at the Department
of Electrical and Information Technology, Lund University, and is comprised of
two parts. The first part provides an overview of the research field and summa-
rizes the main scientific contributions, whereas the second part comprises five
research papers in their published or submitted format. The included research
papers are:

1]

I. Vasilev and B. K. Lau, “On user effects in MIMO handset antennas
designed using characteristic modes,” submitted to IEEE Antennas and
Wireless Propagation Letters, Mar. 2015.

I. Vasilev, E. Foroozanfard, and B. K. Lau, “Adaptive impedance matching
performance of MIMO terminals with different bandwidth and isolation
properties in realistic user scenarios,” in Proc. Furopean Conference on
Antennas and Propagation, Gothenburg, Sweden, Apr. 8-12, 2013, pp.
2590-2594.

I. Vasilev, V. Plicanic, R. Tian, and B. K. Lau, “Measured adaptive match-
ing performance of a MIMO terminal with user effects,” IEEE Antennas
and Wireless Propagation Letters, pp. 1720-1723, 2013.

I. Vasilev, V. Plicanic, and B. K. Lau, “Impact of antenna design on MIMO
performance for compact terminals with adaptive impedance matching,” in
revision for IEEE Transactions on Antennas and Propagation, Jun. 2014.

I. Vasilev, J. Lindstrand, V. Plicanic, H. Sj6land, and B. K. Lau, “Experi-
mental investigation of adaptive impedance matching for a MIMO terminal
under realistic conditions,” submitted to IEEE Transactions on Antennas
and Propagation, Mar. 2015.

xi



xii

Preface

During my PhD studies, I have also contributed to the following publications.
However, these publications are not included in the thesis:

[6]

J. Lindstrand, I. Vasilev, and H. Sjoland, “A low band cellular terminal
antenna impedance tuner in 130nm CMOS-SOI technology,” in Proc. Eu-
ropean Solid State Clircuits Conference, Venice, Italy, Sep. 22-26, 2014, pp.
459-462.

I. Vasilev, V. Plicanic, R. Tian, and B. K. Lau, “Experimental study of
adaptive impedance matching in an indoor environment,” in Proc. IEEE
International Symposium on Antennas and Propagation, Memphis, TN, Jul.
6-11, 2014, pp. 685-686.

I. Vasilev, V. Plicanic, and B. K. Lau, “On user effect compensation of
MIMO terminals with adaptive impedance matching,” in Proc. IEEFE In-
ternational Symposium on Antennas and Propagation, Orlando, FL, Jul.
7-13, 2013, pp. 174-175.

V. Plicanic, I. Vasilev, R. Tian, and B. K. Lau, “Capacity maximisation of
handheld MIMO terminal with adaptive matching in indoor environment,”
Electronics Letters, vol. 47, no. 16, pp. 900-901, Aug. 2011.

The research results throughout my graduate study have also been presented
as temporary documents (TDs) in the European Cooperation in Science and
Technology (COST) Action IC1004:

[10]

I. Vasilev, V. Plicanic, R. Tian, and B. K. Lau, “Field measurement perfor-
mance of a MIMO terminal with adaptive impedance matching,” in COST
1C1004, TD(14)09050, Ferrara, Italy, Feb. 2014.

I. Vasilev, V. Plicanic, and B. K. Lau, “Comparison of performance benefits
from adaptive impedance matching for two MIMO terminals under a two-
hand scenario,” in COST IC1004, TD(13)07033, Ilmenau, Germany, May
2013.

I. Vasilev, E. Foroozanfard, and B. K. Lau, “On the performance of adaptive
impedance matching in MIMO terminals with different antenna character-
istics,” in COST IC1004, TD(13)06069, Malaga, Spain, Feb. 2013.



Acknowledgements

It is foolish to believe a man stands on his own during defining moments in life.
My PhD studies were filled with such moments and I am glad to have always
had the support of family, friends, and colleagues. I am truly grateful to all of
them and I will never forget their sacrifices, their help, their advice and their
criticism when I needed it the most.

First and foremost, I would like to express my sincere gratitude to my ad-
visor, Assoc. Prof. Buon Kiong Lau for believing in me and for providing me
with the opportunity to pursue a PhD under his supervision. His relentless
pursuit of academic and professional excellence has been a true inspiration and
a life-long lesson on how to approach my future career development. I am truly
grateful for the countless hours he invested in perfecting my manuscripts and
discussing the latest results on our projects. His attention to detail and exten-
sive knowledge in the field have truly guided me to become a better researcher.

Secondly, I am grateful to all the amazing colleagues that I had the privilege
to work with. Dr. Ruiyuan Tian, Dr. Vanja Plicanic Samuelsson, Dr. Hui Li
and Zachary Miers showed a great deal of kindness and support throughout
countless meetings, discussions and many hours of measurements. I was and
still am very impressed with the devotion, precision and high efficiency with
which you approach your work. Many other colleagues also contributed greatly
during my studies in Lund. I would like to thank Jonas Lindstrand and my
co-supervisor Prof. Henrik Sjoland for the valuable discussions and countless
hours spend in the lab. I would also like to express my sincere gratitude to Dr.
Peter C. Karlsson, Dr. Vanja Plicanic Samuelsson, Thomas Bolin, Zhinong
Ying, and Erik Bengtsson from Sony Mobile Communications AB for support-
ing our measurement campaigns and providing valuable insight on my results
at numerous meetings. Many thanks to Assoc. Prof. Buon Kiong Lau, Prof.
Mats Gustafsson, Prof. Fredrik Tufvesson, Prof. Henrik Sjéland, Assoc. Prof.
Markus Torméanen and Goran Jonsson for teaching me about multiple antenna
systems, propagation channels, RF circuits and measurement techniques. A
special thank you also goes to all my past and current fellow PhD students

xiii



xiv Acknowledgements

at the department for sharing research ideas and collaborating in our teach-
ing activities. I sincerely thank Lars Hedenstjerna for his engineering support
on many occasions. Thanks to Max Landaeus for providing free license to the
BetaMatch software. I am also grateful to my master students Ehsan Foroozan-
fard, Hayder Al-Zubaidi and Baydai Abdulameer for contributing to some of
my papers. Thanks to Pia Bruhn, Doris Glock, Elisabeth Nordstrom, Bir-
gitta Holmgren, Anne Andersson, Josef Wajnblom, Bertil Lindvall and Robert
Johnsson for taking care of administrative matters and for providing critical
IT support.

I would also like to thank Prof. Gert Frglund Pedersen for taking the time
to be the faculty opponent of my thesis, Prof. Mark Beach, Prof. Katsuyuki
Haneda, Adjunct Prof. Jan Carlsson, and Dr. Dmytro Pugachov for agreeing
to be the grading committee members.

I am also truly grateful to Prof. Jon W. Wallace for encouraging me to
pursue a PhD and for believing I have what it takes to succeed in the academic
field. Moreover, I am fortunate to have a great mentor in the PLUME program.
Thank you to Katarina Stromberg for the valuable career advice during the past
year in the program.

Many friends have been supportive during my PhD studies. I am very
grateful to T'svetan Bratoev, Fabio Pereira, Walan Grizolli, Dimitrios Vlastaras,
Zachary Miers, Karl-Magnus Persson, Anders Bernland, Reza Meraji, Rohit
Chandra, Taimoor Abbas and Farzad Foroughi. In football terms you guys
have been a tremendous support on and off the field and I truly appreciate
it. Special thank you to Tsvetan Bratoev for being a true friend and partner
in crime for more than 17 years. I am also extremely grateful you never let
me forget how much I love my homeland. At this point I would like to say a
special thank you to my girlfriend Desislava Halova. For the past 2.5 years you
have been an amazing support. Thank you for your genuine love, patience and
understanding during what has been the harder part of my PhD studies.

Finally, my endless gratitude, love and respect go to my family for their
sacrifices and limitless support during the past ten years of my studies abroad.
In particular, I am sincerely grateful to my mother Valentina Pesheva. In all
my life I have been truly mesmerized by your devotion and true love. You have
been a tremendous support in all my endeavors and always believed in me.
There are no words that can do justice to how much I cherish you. This thesis
would have never been possible without you!



XV

This work has been financially supported by VINNOVA (Grant no. 2009-
02969) and in part by Sony Mobile Communications AB in Lund. Travel

grants from Kungliga Fysiografiska Séllskapet in Lund and Ericsson Research
Foundation are also greatly appreciated.

Ivaylo Vasilev






List of Acronyms and
Abbreviations

2D Two Dimensional

3D Three Dimensional

AIM Adaptive Impedance Matching
AOA Angle-of-Arrival

APS Angular Power Spectrum

AS Angular Spread

CCE Capacitive Coupling Element
CTIA Cellular Telecommunications Industry Association
D2D Device-to-Device

DTC Digitally Tunable Capacitor

ED Eigenvalue Dispersion

EM Electromagnetic

ES Ellipticity Statistic

FDTD Finite-Difference Time-Domain
FEM Finite Element Method

FOM Figure of Merit

FS Free Space

xvii



xviii List of Acronyms and Abbreviations

IEEE Institute of Electrical and Electronics Engineers
IFA Inverted-F Antenna

IFBW Intermediate Frequency Bandwidth
IID Independent and Identically Distributed
HSPA High Speed Packet Access

LNA Low Noise Amplifier

LOS Line-of-Sight

LTE Long Term Evolution

LTE-A Long Term Evolution Advanced
ME Multiplexing Efficiency

MEG Mean Effective Gain

METIS Mobile Enablers for the Twenty-Twenty Information Society
MIMO Multiple-Input Multiple-Output
MMC Massive Machine Communication
MPC Multipath Component

NLOS Non-Line-of-Sight

OH One-Hand

OTA Over-the-Air

PCB Printed Circuit Board

PDC Personal Digital Cellular

PIFA Planar Inverted-F Antenna

RF Radio Frequency

RX Receiver

SAR Specific Absorption Rate

SISO Single-Input Single-Output



Xix

SM Spatial Multiplexing

SNR Signal-to-Noise Ratio

SVD Singular Value Decomposition

TCM Theory of Characteristic Modes

TH Two-Hand

TX Transmitter

UART Universal Asynchronous Receive/Transmit
UMTS Universal Mobile Communications System
URC Ultra-Reliable Communication

VNA Vector Network Analyzer

VSWR Voltage Standing Wave Ratio

WLAN Wireless Local Area Network

XPD Cross-Polarization Discrimination

ZMCSCG Zero Mean Circularly Symmetric Complex Gaussian






Contents

Popular Science Summary

Abstract

Preface

Acknowledgements

List of Acronyms and Abbreviations
Contents

I Research Field Overview

1 Introduction

1.1 Historical Background . . . . . .. ... ... ...
1.2 Future of Wireless Communications . . . . .. ..
1.3 Thesis Scope and Goals . . . .. ... ... ....

2 MIMO Systems

2.1 Introduction . . .. ... ... ... .. ... ...
2.2 Propagation Channel Models . . . ... ... ...

2.3 Performance Characterization . . . . . . . ... ..

3 User Interaction in Terminal Antennas

3.1 Introduction . .. ... ... ... .. .......
3.2 Simulation and Measurement Setup . . .. .. ..

3.3 Results and Discussion . . . . .. ... ... ...

poel

vii

ix

xi

xiii

xvii

xxi

[y

co ot w W

13
13
16
19

25
25
30
32



xxii

Contents

4 User Resilient Terminal Design

4.1
4.2
4.3

Introduction . . . . ... ...
MIMO Prototypes . . . . . . ... o

Results and Discussion . . . . . . . . . .. ... ... ...

5 Adaptive Impedance Matching

5.1
5.2
5.3
5.4
5.5

Introduction . . .. ... ... ...
Simulation and Measurement Setup . . . . . ... .. ...
Adaptive Impedance Matching Studies . . . . . . . .. ...
Antenna-Channel Harmonization . . . . . .. ... .. ...

Technology Demonstration . . .. ... .. ... .. ....

6 Research Contributions

6.1

6.2

6.3

6.4

6.5

Paper I: “On User Effects in MIMO Handset Antennas De-
signed Using Characteristic Modes” . . . . ... ... ...

Paper II: “Adaptive Impedance Matching Performance of
MIMO Terminals with Different Bandwidth and Isolation
Properties in Realistic User Scenarios” . . . . . . ... ...
Paper III: “Measured Adaptive Matching Performance of a
MIMO Terminal with User Effects” . .. .. ... .. ...
Paper IV: “Impact of Antenna Design on MIMO Performance
for Compact Terminals with Adaptive Impedance Matching”
Paper V: “Experimental Investigation of Adaptive Impedance
Matching for a MIMO Terminal under Realistic Conditions”

7 Conclusions and Outlook

References

II Included Research Papers

37
37
39
41

43
43
48
51
54
o7

61

61

62

63

64

65
67

70

81



Part 1

Research Field Overview






Chapter 1

Introduction

The advances in electrical engineering over the past two centuries have shaped
our society and way of life to a point where access to wirelessly transmitted
information is ubiquitous in both our personal and professional lives. A number
of outstanding scientists, engineers and visionaries have contributed to the final
products our generations have been so fortunate to enjoy. This chapter aims
to guide the reader from a few of the fundamental discoveries in the past to
a vision of future mobile communications, as well as to provide the scope and
goals of this doctoral thesis.

1.1 Historical Background

Even though Heinrich Hertz himself saw no practical use of his work on the
transmission and reception of electromagnetic waves, his experiments in the
late 19" century were one of the first practical demonstrations of wireless
communication. A few decades later, in the beginning of the 20" century,
an Italian inventor and electrical engineer, Guglielmo Marconi, took a more
entrepreneurial approach and founded The Wireless Telegraph & Signal Com-
pany with a dream to achieve wireless transmission over the Atlantic Ocean.
In 1901 Marconi successfully transmitted the letter “S” in Morse code from
Cornwall (now part of the United Kingdom) to Newfoundland (now part of
Canada). These and many other experiments conducted in the beginning of
the 20" century marked the beginning of wireless communications.

The initial success of Marconi’s experiments paved the way for future work,
but it only showed a glimpse of the vast potential of wireless communications.
It was not until Bell Laboratories developed the cellular concept in the 1960s
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when the vision of personal wireless services was born [1]. Later, the advances
in solid-state RF hardware in the 1970s unlocked the practical implementation
of the cellular concept and led to the exponential growth of cellular technology
in the next three decades [1].

Figure 1.1: IBM Simon next to an Apple iPhone 4s [2].

It took nearly 20 years of personal device evolution before the first smart-
phone was born. In 1994 the IBM Simon Personal Communicator was released.
In Fig. 1.1 it is shown next to a contemporary device (the 2011 Apple iPhone
4s) [2]. Simon supported functionalities well ahead of its time. It had a touch-
screen display, e-mail capabilities, calendar, address book, calculator and a
sketch pad [3]. Yet, for the six months it was available on the market only
50,000 units were sold. Even though customers had a device capable of con-
suming huge amounts of wirelessly transmitted data, cellular networks had
some catching up to do. At the time cellular networks were designed mainly
for voice, not data transmission. Moreover, only limited content was digitally
available and there were no third party programs. These drawbacks essentially
limited Simon’s vast potential and put the smartphone concept on the shelf for
another decade.

The next and arguably the most significant step in wireless personal device
evolution was made by Apple in January 2007, when the first iPhone was
announced. The then Apple CEO, Steve Jobs, and his colleagues are credited
with the way they challenged our perception of mobile phones by combining the
functionalities of a conventional voice-call phone, music player and an internet
communication device in one product. Even though many other devices shared
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similar functionalities, the iPhone package was so appealing to the customer
that it quickly became a huge success and skyrocketed Apple to the top of the
most valuable brands in the world. The company sold 6.1 million units of its
first generation iPhone, and this number continues to grow dramatically for
subsequent versions of the smartphone.

1.2 Future of Wireless Communications

The announcement of the iPhone triggered intensive software and hardware
product development in competing companies, resulting in an unprecedented
era of growth in the wireless communications field. Network operators rushed
to provide fast and reliable connection for all subscribers, while smartphone
manufacturers came up with faster, slimmer, and more feature-rich devices.
This race continues today with even higher demands for smartphones predicted
for the next 5 years. According to Statista [4], a linear increase in global
smartphone shipments is forecasted in the period 2010-2018. Figure 1.2 shows
that the expected units shipped are to increase from 1.2 billion in 2014 to
1.7 billion in 2018. Moreover, with every subsequent smartphone generation
user expectations for performance and quality of service increase. Therefore,
designing and building future generation networks and devices becomes more
and more challenging.

1 800 T T T T T T T T T T
1600 - :

1400 - .
21200 1

1000 - 1
800 .
600 E
400 1

Shipments [million]

200 1
0

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Figure 1.2: Global smartphone shipments forecast [4].
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Existing state-of-the-art wireless networks, such as Long Term Evolution
(LTE) and Institute of Electrical and Electronics Engineers (IEEE) 802.11ac
Wi-Fi, provide reliable wireless services at higher data rates as compared to
previous generations’ standards. Yet, the emergence of new scenarios and the
more stringent requirements on data rate, latency and network volume define
the scope of future 5G networks [5]. The 5G vision of the METIS project is
presented in Fig. 1.3.

5G future
Integration

of access technologies
into one seamless experience

£ Eyolution 2N,

Revolution Complementary
new technologies . .
~ Massive MIMO ~ Mobile, reliable
D2D communications
- Ultra-dense : : i
networks ResP QISR L CUNNESEnd RO e Rl ications . liable
! 10x longer battery life | communications
- Moving networks 1 10-100x higher typical user rate for low-power M2M g
! 1000 higher mobile data volume 10-100x higher number of
! per area connected devices 0 ~ Massive machine
] '

~ Higher frequences 5x reduced E2E latency

Existing technologies in 2012.m

communications

Figure 1.3: METIS project vision for the 5G roadmap [5] ©2014 IEEE.

In the METIS project several key future scenarios have been identified [5]:

o “Amazingly fast” - high data rates for future mobile broadband users

e “Great service in a crowd” - reasonable experience in crowded areas

e “Best experience follows you” - good experience for users on the move (cars,
trains etc.)

e “Ubiquitous things communicating” - efficient handling of a very large num-

ber of devices (e.g. sensors)

A number of use cases fall into these very broadly defined scenarios. Effi-
cient device-to-device (D2D) and massive machine communication (MMC) can
contribute to smarter homes, vehicles and transportation systems, whereas
ultra-reliable communication (URC) is the fundamental requirement for full
integration of wireless communication in personal and public health services.
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Many other recent contributions also emphasize the wide variety of scenarios
and technologies relevant for future 5G networks. The authors in [6] discuss
the multi-tier nature of upcoming 5G architectures (see Fig. 1.4), presented
as multiple communication scenarios within macrocells including smaller pico
and femtocells as well as D2D communication. The coexistence of all scenarios
increases the complexity of interference management and device awareness,
thus presenting further technological challenges to 5G network realization.

UEQ / Relay Mobile core
network

/DZD e TN ) : User _
0 emtocell @ . \’ D

( D/ broadband

‘ connectlon D P|co(e||
: A A

Relay \ -
p N gf Qﬁ
Femtocell Y o \

Figure 1.4: Multi-tier network (macrocells, picocells, femtocells, relays,
and D2D links) with terminals in various hand grips [6].

In [7] a detailed discussion of state-of-the-art 5G research and initiatives
is presented focusing on key technologies, challenges and their regulation and
standardization. In order to handle all scenarios and use cases future wireless
networks are expected to achieve 1000 times higher data volume per area for 10
to 100 times more connected devices, while offering reduced end-to-end latency,
longer battery life and increased network reliability. It is expected that these
stringent requirements will be met in part through the use of massive multiple-
input multiple-output (MIMO) technologies, more efficient frequency spectrum
usage and standardization, mmWave spectrum utilization, as well as adaptive
MIMO handsets. In the context of terminal antennas the main challenges in
realizing this grand vision of future 5G networks are:

e Unprecedented number of antenna elements (at least 4 in LTE-A [8])
e High resilience in various user and propagation scenarios (see Fig. 1.4)
e Large operational bandwidth covering existing and future standards

e Low correlation and coupling supporting enhanced MIMO operation
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1.3 Thesis Scope and Goals

Broadly, the scope of this dissertation covers the complete radio channel shown
in Fig. 1.5. It includes the propagation environment, the antennas and in part
the RF (radio frequency) front end up to the frequency conversion stages [9].
In practice wireless transmission and reception is a sophisticated process. In
general, it starts with the conversion of analogue information into raw elec-
trical form by sensors. Next, this information is digitized and prepared for
transmission in the baseband domain [9]. This includes encoding, filtering and
modulation. Finally, the data is converted back from the digital to the ana-
log domain, shifted up in frequency and transmitted via the antenna into the
propagation environment [9]. During reception the process is reversed. Each
of these steps is a broad research area in itself and involves many design and
optimization steps.

RF Front End

RF Front End Multipath — :
.I | Environment  { | % q o T | .
| |
: | | % » O Rx :
| : i : Switch  Duplexer I
| | Propagation | |
| | Channel | |
I |
I |
! |

Radio Channel

Figure 1.5: Radio channel diagram.

Propagation Channel

The medium in which electromagnetic waves propagate is more generally known
as the propagation channel (see Fig. 1.5). It includes all objects (e.g., air, trees,
cars, buildings etc.) in the geometrical space where the propagation occurs.
Each object in this space contributes with one or multiple propagation paths
(thus the common name multipath) to the signal at the receiver antenna, gov-
erned by the four main propagation mechanisms (free-space propagation, reflec-
tion, diffraction and scattering). Since the exact position, distance and speed of
objects in the propagation space are typically non-uniform, new contributions
arrive at the receiver with different delays, doppler frequencies, amplitudes
and polarizations [9]. All these multiple arrivals represent the full propaga-
tion channel. The exact analysis of all arrivals is a complicated endeavor, but
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is usually not of primary interest. Efforts of studying propagation are rather
invested in the analytical modeling and practical measurement of real world
environments. Researchers focus on studying measured data to develop accu-
rate and versatile propagation channel models based on statistical parameters,
resulting in an intricate, parameter-dependent transfer function describing the
effect of the propagation environment on transmitted signals. This approach
facilitates researchers in higher layers to include propagation effects in link and
system evaluations.

Antennas

Antennas are responsible for emitting electromagnetic (EM) waves in the prop-
agation environment and are therefore crucial for successful wireless transmis-
sions. Key factors in designing antennas are efficiency, directivity, polarization,
bandwidth and size, whereas optimum designs are often tradeoffs between these
crucial parameters depending on the requirements of the system. In the con-
text of handsets the size and bandwidth requirements are so stringent that
often efficiency is sacrificed to fulfill specifications. Moreover, due to their ap-
plication, terminal antennas are required to operate in challenging conditions
for efficient EM wave propagation such as close proximity to biological tissues
(user’s body) and random propagation environments.

RF Front End

Circuit components immediately after the antenna, in the receiver chain, are
commonly referred to as the RF front end. The bridge to the antenna ele-
ments is often realized through impedance matching components. Future state
of the art implementations are expected to include adaptive tuning modules
targeting mismatch compensation or frequency reconfiguration. Following any
tuning modules are a switch, duplexers and amplifiers as shown in Fig. 1.5.
An antenna switch’s main functionality is to selectively connect the antenna
element to the corresponding line-ups and thus isolate different RF paths as
well as to provide TX (transmit) and RX (receive) separation in GSM (Global
System for Mobile Communications) systems [10]. The duplexer consists of
two band-pass filters and is used to simultaneously connect the antenna to
the TX and RX paths in UMTS (Universal Mobile Communications System)
and Long-Term Evolution (LTE) systems while providing sufficient TX/RX
isolation [10]. Finally, the power amplifier (PA) is responsible for accurately
amplifying the signals applied at its input and delivering power to the antenna
in the TX mode of operation. Its function is crucial as this is one of the com-
ponents consuming most power in the RF chain. Therefore, optimal operation
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and excellent output matching are crucial requirements in PA design [10]. The
low noise amplifier (LNA) has similar requirements but is used in the RX mode
and focuses on providing maximum amplification at minimum noise figure.

Thesis Scope

In the context of the above description, the scope of the research work carried
out in this thesis addresses the need for highly efficient, user-resilient MIMO
terminal antenna solutions reliable in various propagation environments. An
interdisciplinary approach was taken in an attempt to combine existing knowl-
edge with novel ideas in the areas of antennas, propagation and circuit design
to study, optimize and experimentally verify antenna system performance in
realistic propagation and user scenarios. Adaptive impedance matching (AIM)
was evaluated through analytical and experimental studies as a performance
enhancement technology in the presence of unfavorable user and propagation
conditions. In addition, fundamentally different MIMO terminal antenna de-
signs were evaluated to gain insight on user-robust antenna design and its
impact on MIMO performance.

Project Goals

The goals of this dissertation work are to:

e Perform detailed simulation and measurement studies of user effects on
terminal antenna performance employing both standard phantoms and
real user test subjects (Papers I — V).

e Draw conclusions on user-robust terminal antenna designs based on
studies of fundamentally different MIMO terminals antennas (Papers I,
II, and IV).

e Establish and quantify the potential of AIM to improve system per-
formance by investigating both ideal tuner networks as well as practical
tuner solutions (Papers IT — V).

e Investigate the effect of antenna design on AIM performance via stud-
ies with fundamentally different terminal prototypes and outline the key
antenna parameters with significant influence on AIM (Papers IT and IV).

e Perform detailed analytical studies and experimentally verify the effects
of the propagation environment on AIM potential (Papers IIT — V).
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e Design and build a complete AIM testbed including custom-designed
tuners, MIMO terminal antenna and performance evaluation software
in order to demonstrate real-time AIM performance improvements in a
realistic propagation environment (Chapter 5 and Paper V).
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Chapter 2

MIMO Systems

MIMO is a driving technology enabling the unprecedented growth of data rate
and reliability in mobile communications over the past decades [11]. Some of
the most widely used wireless standards today, such as LTE and TEEE 802.11ac
Wi-Fi, require multiple antenna modes of operation, whereas upcoming stan-
dards (e.g., LTE-A) rely on implementations of more than two cellular antenna
elements in handsets in order to reach the target 1 Gbps data rate [8]. The
scope of this chapter is to present fundamentals of MIMO wireless communica-
tions relevant to the work carried out in this doctoral thesis. The signal model
of multiple antenna systems used is initially presented. Next, several propaga-
tion channel models are introduced and finally, performance characterization
metrics relevant to antenna and system performance are discussed.

2.1 Introduction

In traditional single-input single-output (SISO) linear systems, one TX antenna
and one RX antenna are used for communication, whereas the propagation en-
vironment is commonly represented by the channel impulse response which is
a function of both time (¢) and delay (7) - h(t,7). It represents the summation
of energy from all paths in the physical channel. For a time and frequency
invariant system the dependence on ¢ and 7 is dropped and the channel rep-
resentation becomes a complex scalar number, h. These assumptions hold for
narrow band systems in a static environment, which is the default propagation
setup used throughout this thesis. In such conditions the received signal can
be expressed as

13
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y = hx + n, (2.1)

where gy is the received signal, h is the channel impulse response, z is the
transmitted signal and n is the additive white Gaussian noise (AWGN) [12].
The spectral efficiency of such a channel to support communication between
the TX and RX is upper bounded by the Shannon capacity, which can be
expressed in bits per second per Hertz (bits/s/Hz) as

Pr 5
C = log, (1 + ?|h| > ) (2.2)

n

where Pr is the transmit power, o2 is the noise variance, and |h|? is the gain of
the scalar SISO channel. As seen in (2.2) in order to increase the total amount
of information transferred through the SISO channel we can either increase
the bandwidth of the system, or increase the transmit power. Neither of these
solutions are viable due to the densely populated frequency spectrum of current
wireless systems and the energy efficiency requirements limiting the available
total transmit power.

h
= =Y
Tx 1 M Rx 1
Vs V4
Tx 2 Rx 2
— —

Figure 2.1: 2 x 2 MIMO downlink channel.

Fortunately, multiple antenna systems offer an alternative solution. A
MIMO system employs multiple antennas on both the transmit and receive
sides of the communication link. The setup in Fig. 2.1 presents a 2 x 2 MIMO
link, which is the default MIMO configuration used in this thesis, in compliance
with LTE requirements of at least two antennas on both sides of the commu-
nication system [8]. In this setup the impulse response of the channel will be
expressed as a 2 X 2 matrix H whose elements denote the scalar SISO channels
formed between each pair of TX / RX antennas. The simplified signal model
is then given by

y=Hz +n, (2.3)
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where y is the received signal vector, x is the transmit signal vector, and n
is the noise vector modeled as AWGN. The capacity of such a MIMO system
with no channel state information at the TX has been derived in [12,13] and
can be expressed as

C = log, det (IMR + M]:i;% HHH> , (2.4)
where Iy, is the Mg x Mg identity matrix (2 x 2 in the example in Fig. 2.1),
My is the number of transmit antennas (2 in the example in Fig. 2.1), Pr is
the transmit power evenly distributed among all transmit elements, det(-) is
the determinant operator and (-)¥ is the Hermitian operator. Assuming an
orthogonal MIMO channel matrix H and My = Mgz = M it has been shown
in [12,13] that (2.4) simplifies to

C = M log, (1 + P§> , (2.5)

UTL
The fundamental derivation in (2.5) implies that capacity scales linearly with
the number of antenna elements without sacrificing the limited resources of
bandwidth and transmit power. This enables a significant increase in informa-
tion transfer as compared to conventional SISO systems. Beyond the increase
in spectral efficiency, MIMO systems are credited with increasing reliability
and coverage in mobile communications through diversity and beamforming
techniques.

In diversity mode, MIMO systems transmit multiple copies of the same sig-
nal through all transmit antennas in an effort to minimize fading effects at the
receiver and therefore improve reliability. Depending on the antenna design and
position we distinguish between angle, polarization and spatial diversity. As
the name suggests, we can exploit either angle, polarization or spatial indepen-
dence in the transmitted signals in order to improve the fading characteristics
of the channel. With beamforming, MIMO systems aim at increasing SNR and
reducing interference through forming more directive antenna system radiation,
hence improving reliability and coverage.

This brief discussion emphasizes the massive potential of multiple antenna
systems to improve spectral efficiency and system reliability. Yet, it has been
shown that the structure of the MIMO channel matrix H is critical in realizing
these benefits. Hence, tremendous efforts have been spent in the past decades to
better understand and model MIMO channels in order to fully take advantage
of their spatial characteristics.
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2.2 Propagation Channel Models

Efforts in MIMO channel modeling focus on accurate and computationally
inexpensive representations of the MIMO channel impulse response. Yet, de-
pending on the approach we distinguish between two different categories of
channel models, namely analytical and physical.

\

Physical Models Analytical Models

» Ray Tracing Cluster Models
¢ MoM e COST 259/273
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Figure 2.2: Spectrum of channel models [14].
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Figure 2.2 shows the spectrum of MIMO channel models depending on which
broad category they fall into. The channel models on the far left of the di-
agram are much more related to the physics of electromagnetic (EM) wave
propagation. Some of them, such as Finite-difference time-domain (FDTD),
solve Maxwell’s equations for specific environments and boundary conditions.
These are the most accurate models but are only used on a small scale due to
the extreme computational requirements needed for applications in larger scale
problems. Others, such as Ray Tracing consider fundamental EM propagation
mechanisms (free-space propagation, reflection, scattering, diffraction etc.) and
the exact geometry of objects in the environment to model the channel [14].

Next, in Fig. 2.2 are cluster channel models. They employ, rays called mul-
tipath components (MPCs) to represent the energy contributions at the receiver
resulting from reflections, scattering or diffraction. In such models MPCs are
grouped into clusters and modeled stochastically based on parameters such as
time of arrival and level of attenuation measured in real-life systems. Cluster
models are widely applied in practice due to their flexibility and ease of use.

The last two groups of channel models are the purely stochastic Gaussian
independent and identically distributed (IID) model and the correlative models,
such as the Kronecker model. In this case only the spatial structure of the
channel is considered by modeling the correlation between different propagation
paths in the MIMO channel. Throughout this thesis both the Gaussian IID
and Kronecker models have been widely applied to evaluate MIMO systems
analytically. Yet, several propagation channel measurement campaigns were
also performed in order to estimate real-life performance.
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Gaussian ITD Channel Model

Depending on the presence of a dominant deterministic propagation path be-
tween the TX and RX we distinguish between non-line-of-sight (NLOS) and
line-of-sight (LOS) propagation. NLOS scenarios are traditionally representa-
tive of rich scattering environments where individual SISO links in the MIMO
channel matrix H can be modeled as independent zero mean circularly sym-
metric complex Gaussian (ZMCSCG) random variables. ZMCSCG is a special
case of a complex random variable where both the real and imaginary com-
ponents are independent real Gaussian random variables with zero mean and
equal variance [12]. This channel model is widely known as the Gaussian IID
model. We denote the MIMO IID Gaussian channel matrix as Hyp. In this
setup the amplitude of each SISO sub-channel |[Hip|;;| between the i-th re-
ceive antenna and j-th transmit antenna, is Rayleigh distributed, whereas the
phase is uniformly distributed between 0 and 27 [15]. According to the above
discussion all sub-channels satisfy the following properties:

E{[Hump]:;} =0, (2.6)
E{|[Hiplul*} =1, (2.7)
E{[HHD}U [HIID];krm} = Oa (28)

where i#£m or j#n and {-}* denotes the complex conjugate operator [12].
These properties imply that the Gaussian IID MIMO channel matrix Hyp
comprises of linearly independent columns resulting in a full rank channel ma-
trix, which is a favorable channel state for MIMO systems.

In LOS scenarios where a dominant propagation path exists between the
TX and RX the sub-channel amplitude is typically modeled by a Rician dis-
tribution. The Rician K-factor is used to represent the significance of the
dominant MPC and is expressed by the ratio of the power in the dominant
component to the power of the scattered components. The extreme case when
K — 0 implies there is no dominant component and the Rician distribution
reduces to a Rayleigh distribution ¢.e., a NLOS scenario. It has been shown
in [12] that deterministic components can be added to the Gaussian IID model
to represent LOS scenarios.
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Kronecker Channel Model

Correlation between MPCs in the propagation channel or between antennas at
the TX or RX is an ever present concern in practical systems and is not taken
into account in the Gaussian IID model. One of the simplest and most widely
used analytical channel models to consider spatial correlation is the Kronecker
channel model. It uses one-sided correlation matrices at the RX and TX to
introduce correlation effects to the Gaussian IID model and can be expressed
as follows [14]

HK - RR/XHHD(Rl/ ) ) (29)

where Rrx and Rrx are the RX and TX one-sided correlation matrices. Yet,
the simplicity of the model also leads to deficiencies in certain conditions [16].
The fundamental assumption on the validity of the model is that scatterers
around the transmitter are uncorrelated with the ones around the receiver. In
other words, the model is valid only if no direct link interacting between the two
local scattering environments exists. Scenarios with large separation between
the TX and RX fall in this category since the larger the TX/RX separation
the higher the probability of having uncorrelated scattering effects around the
TX and RX [14]. Generally, the large separation between handsets and base
stations (BS) makes the model applicable for mobile terminal communications.

Traditionally, the Gaussian IID channel model and respectively the Kro-
necker model are used in combination with Monte Carlo simulations over a
large number of channel realizations for statistically significant results. This
approach was employed in two of the scientific contributions in this thesis,
namely [17] (Paper II) and [18] (Paper IV).

Angular Power Spectrum Modeling

Another important aspect of propagation channel modeling relevant to antenna
evaluation is the distribution and spread of the angular power spectrum (APS).
The APS describes the angular distribution of MPCs incident on the antennas.
It can be expressed as

Py.o() = Py(Q0)0 + P4 ()¢, (2.10)

where Pp(£2) and Py () are the 6- and ¢-polarization components of the mean
incident APS, respectively and Q = (6, ¢) [19]. Uniform, Laplacian and Gaus-
sian distributions have been widely used to model the incident fields and are
also part of standard channel models. In this work both a Gaussian distribu-
tion and a uniform 3D distribution have been used to investigate the effect of
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a narrow APS on antenna performance. The following expressions show the
analytical model used for the incident field:

P@[{giform(H7 @) o constant, (2.11)

; 0—60)°  (¢— o)’
PGausszan _ ( 0 2192
0,¢ (97 (ZS) X €xp [ ( 20_3 + 20_3) ) ( )

where 6y and ¢g denote the mean angles-of-arrival (AOA) and oy and o, denote
the angular spreads (AS) in 6 and ¢ polarization respectively [19].

2.3 Performance Characterization

Ultimately, characterizing MIMO system performance is critical in virtually
any setup or configuration. Fair, simple and comprehensive figures of merit
are key to understanding the full potential of multiple antennas. The following
discussion summarizes the main concepts used to evaluate MIMO performance
throughout this thesis work.

MEG

The mean effective gain (MEG) was first proposed by Taga [19] and is used to
evaluate the effective gain of an antenna system by taking into consideration
the APS statistics of the propagation environment. It is defined as the ratio
between the mean received power at an antenna and the total mean incident
power. According to [9] it can be expressed as

MEG; — /(th D Py(Q) + —— Gy s (PO ))dQ, (2.13)

1+

where Pp(2) and Py(Q2) are the 6- and ¢-polarization components of the in-
cident APS as defined in (2.10), Gy, and G, ; are the 6- and ¢-polarization
components of the i-th antenna gain pattern and x is the cross-polarization
discrimination (XPD). The antenna gain pattern (G 4) and XPD are given by

Go.6 = |Eo.s(Q), (2.14)

_ Pry

, 2.15
Pro (2.15)
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where Prg and Pr 4 denote the total power of the 6- and ¢-polarized fields,
respectively and Ey 4) = Eg(Q)0 + E¢(Q)¢3 is the complex-valued electric
far-field pattern. A completely random environment (i.e., isotropic APS or
uniform 3D APS) is characterized by x = 1 and Py = P, = ﬁ. In this
case MEG = 1/2, emphasizing that the received power is independent of the
antenna gain [9]. In order to account for the realized antenna gain a modified
MEG (7;) expression was suggested in [20]

" = 2n;MEG;, (2.16)

where 7); is the total efficiency of the i-th antenna port including radiation,
mismatch and dielectric losses. Hence, according to (2.16) in a uniform 3D
APS Yi = T

Correlation

Single antenna performance, in terms of MEG, is a crucial power measure for
every multiple antenna system positioned in a random APS environment. Yet,
it does not provide details on how spatial radiations from different antenna ele-
ments are correlated. This information is presented by the complex correlation
coefficient, defined in [21]. Similar to the MEG it can be derived for random
APS scenarios taking into account both the correlation between antenna radia-
tion patterns and the inherent correlation enforced by the environment’s APS.
It can be expressed as follows

J (XEo,iBj Py + By i Py ) a0

P , (2.17)

\/f (XGo,iPo + Gy,iPy)dQ [ (xGo,jPs + Gy,;Ps)dQ

where Gy ;(Q2) and G4 () are the 8- and ¢-polarization components of the
i-th antenna gain pattern, respectively as in (2.14), Py 4(Q) is the incident
APS defined in (2.10), x is the XPD from (2.15), and Ey,; and Ey; are the
f- and ¢-polarization components of the complex electric field pattern of the
i-th antenna. Traditionally, in mobile communications the envelope correlation
coefficient is used and according to [9] can be approximated as

2
Pe = |pe|”- (2.18)
Correlation is known to significantly impair MIMO system performance [12],
[14]. It is therefore one of the most crucial figures of merit in multiple antenna
systems and of particular importance to a number of research activities in the
field as well as to this thesis work.
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Channel Gain

In mobile communications, the MIMO channel matrix H contains information
about the TX antennas, the propagation environment, the RX antennas and the
terminal user. Therefore, evaluating H is a common approach to understand
system performance. In [14] the quantity ||H||% is used to represent the total
power gain of the MIMO channel matrix. In this work we employ the total
power gain per branch as a received power figure of merit. It can be expressed
as

Y 2
Zl =2
G="— 2.19
NMyrMg ( )
where My and Mg are the number of transmit and receive antenna elements
and N is the number of channel realizations.

Ellipticity Statistic

MIMO system performance is highly dependent on the eigenvalues of the HH#
matrix in (2.4) that can be computed from the eigenvalue decomposition

H = QAengHv (220)

where Ac;y = diag[A1, A2, ..., Ak is a diagonal matrix containing the eigenvalues
of HH . Equally strong eigenvalues enable full utilization of the spatial degrees
of freedom provided by multiple antennas [22], whereas significant differences
between the eigenvalues result in degraded system performance [12]. In general,
the random mixing of MPCs in the propagation environment often results in
significant variations among eigenvalues. Hence, eigenvalue dispersion (ED) is
of high interest as it directly relates to system performance. Typically, ED is
parametrized through the ellipticity statistic (ES) [23], [24] which is evaluated
by the ratio of the geometric mean and the arithmetic mean of the eigenvalues

(Ax) from (2.20) as
(ﬁl k>

A

1

, (2.21)

where K is the rank of HH¥ . High ES implies low eigenvalue dispersion and
consequently high channel richness, whereas low ES implies high dispersion
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which is an indication of correlated MIMO sub-channels reducing system per-
formance [25].

MIMO Capacity

In this thesis MIMO capacity with no channel state information at the TX was
used to evaluate system performance taking into account both propagation
and antenna related effects. The system model was built according to (2.3),
whereas (2.4) was used for the capacity computations. Yet, different ways of
forming the MIMO channel matrix H were employed in the different scientific
contributions throughout this thesis work.

In the simulation studies (Papers II and IV) the Kronecker model (2.9)
was used to provide the end-to-end MIMO physical channel. The main focus
throughout the thesis was on evaluating downlink MIMO performance, due to
the stronger interest to increase data rates in the downlink rather than in the
uplink. Hence, for convenience the correlation at the transmit antennas (base
station) was assumed to be zero. In this case the end-to-end channel is influ-
enced only by the propagation environment and the RX antennas. Therefore,
Rrx in (2.9) becomes an identity matrix simplifying the Kronecker channel
model to the following expression,

H = R}/ Hip, (2.22)

where Rrg is the modified receive correlation matrix according to [26] ex-
pressed as

Rrr = A?RAY?, (2.23)

where R is a matrix with ones on the main diagonal and antenna complex cor-
relation coefficient on the off-diagonal elements and A is a diagonal matrix with
the i-th diagonal element representing the total antenna efficiency of the i-th
antenna. In the propagation channel measurement studies (Papers III and V)
the MIMO channel matrix H was directly measured with a vector network an-
alyzer (VNA). Multiple spatial and frequency samples were measured and used
as independent channel realizations in order to provide statistically relevant
results.

Multiplexing Efficiency

MIMO performance in the spatial multiplexing (SM) mode of operation i.e.,
parallel data stream transmission at high SNRs, has been traditionally char-
acterized by capacity in bits/s/Hz. Yet, in many occasions a power related
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measure of efficiency is a more intuitive figure of merit for comparing multiple
antenna systems operating in the SM mode. In this context, multiplexing effi-
ciency (ME) was proposed in [26] combining antenna correlation and efficiency
in a single, intuitive figure of merit. For a 2 x 2 MIMO setup at high SNRs
and in a uniform 3D APS it is expressed as

Thme = mv (224)

where 77 and 75 are the total antenna efficiencies at port 1 and 2, respectively
and p. is the envelope correlation coefficient. For non-uniform propagation
scenarios, ME can be calculated using the modified MEG (v;) and p. as defined
in (2.16), (2.17), and (2.18).

Practical Considerations

The propagation channel models discussed in Chapter 2.2 are ultimately tar-
geted to represent real-life EM propagation as accurately as possible. However,
their validity was shown to be subject to various constraints. Hence, propaga-
tion measurements are often required to confirm models and verify simulation
results. Channel measurements are traditionally performed by a device known
as a channel sounder. It transmits electromagnetic waves to excite the channel
and records the output at the receiver, thus measuring the channel impulse re-
sponse h(t,T) or channel transfer function H (¢, f) depending on the sounding
technique used.

In order to measure a MIMO channel three different array architectures can
be used: real array, switched array and virtual array [27]. Real array architec-
tures employ as many RF chains as antenna elements, thus severely increasing
system cost. Switched array architectures rely on a single RF chain and switch
between different antenna elements to measure all sub-channels. Some of the
major benefits of the switched array architecture are lower cost and complexity
as well as greater flexibility in terms of the size of the MIMO systems that can
be characterized. Yet, fast switching between antenna elements is required in
order to comply with channel coherence properties. The last architecture is the
virtual array, where a single antenna element is connected to a single RF chain.
The antenna is then electronically steered to predefined locations in order to
emulate a MIMO system and probe individual sub-channels. Even though this
technique is cost efficient it only allows for very limited time variations in the
channel and does not consider antenna mutual coupling [27].

In this work several measurement campaigns have been performed in both
indoor and outdoor propagation environments. In all cases a static environ-
ment was enforced. According to the discussion in [28] we ensured minimal
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disturbances by (1) using a spectrum analyzer to verify that the frequency
band used was not used by other services and (2) limiting movements in the
measurement site by restricting access to the measurement area.

In static environments channel sounding can be performed by a VNA since
the requirements on the switch speed and sampling rate are lower as compared
to time-varying channels. In both Papers IIT and V a 4-port VNA employing
the switched array architecture was used to measure the S-parameter repre-
sentation of the 2 x 2 MIMO channel. The intermediate frequency bandwidth
(IFBW) of the instrument was set to 2kHz to ensure high noise floor sensitivity.
The measurements were performed using 5kHz resolution over a bandwidth of
50 MHz (Paper III) and 60 MHz (Paper V) with center frequencies at 825 MHz
(Paper IIT) and 860 MHz (Paper V). However, only data within 10 MHz around
the center frequency was used for the analysis, which is representative of the
target LTE bandwidths for uplink and downlink channels defined in [29] to be
between 1.4 MHz and 20 MHz.
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Figure 2.5: Propagation measurement setup examples - corridor (left),
shielded room (right).

Figure 2.5 shows examples of the propagation measurement setup for a cor-
ridor and a shielded room environments (also discussed in Paper V). The corri-
dor environment is located in the basement of the North-wing of the E-building
at Lund University, whereas the shielded room scenario was measured in the
RF-shielded room of a Lund University research laboratory. Multiple samples
at different RX locations (9 for the setup in Fig. 2.5) spaced 1 A apart were
measured and used as independent channel realizations together with frequency
samples spaced more than the channel coherence bandwidth apart. All real-
izations were averaged to ensure good fading statistics. Moreover, additional
averaging was directly set in the instrument to obtain high signal-to-noise ratio.
In Paper III similar setup and analysis method were used.
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User Interaction in
Terminal Antennas

Explosive growth in the telecommunications industry over the past two decades
inspired active research in terminal antenna design and optimization. Novel
designs were often motivated by the challenges presented in newer communica-
tion standards targeting higher system capacity and improved reliability. This
chapter briefly introduces MIMO terminal antenna requirements and design
challenges before focusing in detail on a key challenge that is also one of the
main topics in this thesis i.e., user effects in handset antennas. Simulation and
measurement models are presented, followed by illustrative examples and key
findings on user effects in this thesis based on several generic terminals.

3.1 Introduction

One of the first implementations of multiple antennas in user equipment (UE)
was realized in the 1990’s for the Japanese Personal Digital Cellular (PDC)
system when a second RX antenna was added to improve link quality [30].
Since then multiple terminal antennas were employed in various standards, in-
cluding High Speed Packet Access (HSPA), as a means of higher performance.
It wasn’t until LTE Release 8 that it became a requirement to have two cellular
antennas per frequency band in order to support MIMO operation [29]. On the
other hand, standardization bodies, such as the Cellular Telecommunications
Industry Association (CTIA), set further guidelines on over-the-air (OTA) op-
eration, including various user interaction scenarios [31]. Hence, in practice
mobile terminal design revolves around meeting standard specifications.

25
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Design Requirements and Challenges

2013 2014 2015 2016 2017 2018

Figure 3.1: Mobile data traffic prediction [32] (©2014 Cisco.

According to [32] mobile data traffic is expected to increase 11-fold in the
period 2013-2018, and worldwide LTE usage is expected to reach 51% of the to-
tal mobile data traffic in 2018 (see Fig. 3.1). In part this promising prediction
depends on terminal antennas fulfilling more stringent requirements. Within
the MIMO systems framework, discussed in Chapter 2, the most fundamen-
tal antenna requirements are in terms of bandwidth, efficiency, correlation and
mutual coupling. Additional requirements, specific to terminal antennas, are
stringent size constraints as well as efficient performance in the presence of
users. Fach of these requirements poses challenges to antenna and communi-
cation system designers, but some of the most relevant limitations in MIMO
terminal antenna design are the compact physical size of handsets, the spa-
tial correlation between antenna elements and the user-induced performance
degradation [33]:

e Size constraint: An average sized handset in 2015 is confined within
a 140 x 70 x 7 mm? volume [34] where the allocated size for the antenna
elements is only a small fraction of the total volume. This size constraint
poses bandwidth limitations as the maximum achievable bandwidth is
proportional to the radius of the sphere enclosing the antenna [35], [36].

e Coupling and correlation: The length of the above-mentioned vol-
ume translates to 0.37\ at 800 MHz. At such close spacing antennas
suffer from high spatial correlation and electromagnetic coupling that
can significantly degrade the multiplexing efficiency of the multiple an-
tenna system. Hence, the small antenna spacing imposes a limit on the
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number of antenna elements that can be implemented [33]. Currently,
only two elements are required, but future releases of LTE and LTE-A
specify the need of four or more elements, significantly complicating fu-
ture terminal antenna design [8]. Moreover, it is known that antenna
elements on a compact chassis may end up sharing the chassis for radi-
ation, which further increases coupling and complicates efficient MIMO
antenna design [37].

e User interaction: When in usage, the object that is commonly in
the vicinity of every terminal antenna is the user hand, head or torso,
depending on the user scenario. Even though it is known that antenna
performance degrades in the presence of the user [33], due to absorption
and mismatch losses, no unified design strategy targeting user interaction
has been developed. Antenna engineers’ intuition and experience still de-
fine user robust terminal antenna designs. In practice, standardization
of user interaction with the terminal is available to some extent in the
CTIA guidelines for handset over-the-air (OTA) performance [31]. How-
ever, changes in the phone form factor and variations between users re-
sult in new usage scenarios further increasing terminal design complexity,
highlighting the need for a common user-robust terminal design strategy.

User Induced Degradation

The introduction of second-generation cellular communications in the early
1990s triggered an increasing number of research activities on the effects of
users on mobile phone performance. The two main aspects investigated were
1) health hazard issues and 2) antenna performance degradation. As the first
aspect is outside the scope of this work, in the following paragraphs we will
focus our attention on some of the fundamental research work carried out on
the second aspect i.e., user induced performance degradation.

Two pioneering contributions in [38] and [39] employed custom-developed
finite-difference time-domain (FDTD) simulation software to investigate an-
tenna performance in the presence of users. In [38] the operator’s (user’s)
influence on radiation pattern, input impedance, radiation efficiency, and near-
field magnitude has been investigated. It was established that when an antenna
is used by an operator the resonance frequency drops, the radiation pattern
changes significantly, and on average 45% of the power is lost in the hand and
head. In [39], the need for integrated terminal antenna solutions motivated
the authors to investigate and compare the performance of several different an-
tenna types in the presence of head and hand. The study outlined a noticeable
effect of the user on antenna input impedance, radiation pattern and gain for
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both internal and external configurations. In particular, it was shown that the
planar inverted-F antenna (PIFA) was more susceptible to user interaction as
compared to a standard monopole antenna. Moreover, specific absorption rate
(SAR) was investigated. It was established that antenna location with respect
to the user has a significant impact not only on SAR but also on mismatch
losses caused by the user.

Later contributions in [40] and [41] investigated in detail the effects of real
test subjects on handheld terminal antennas. The study in [40] measured re-
ceived signal power and established user induced losses of up to 10 dB for differ-
ent antenna types. Moreover, peak variations among users of more than 10 dB
were recorded. In [41] 44 test subjects were measured in an anechoic chamber
and a total body loss between 0.9 dB and 16 dB was recorded. Furthermore,
absorption and mismatch contributions were separated. It was concluded that
the absorption loss dominates, whereas mismatch losses contribute with up to
2 dB to the total body loss.

Figure 3.2: IndexSAR CTIA hand phantom [46].

More recent contributions, [42-45], and references therein, focus on more
contemporary terminal antennas and user scenarios. Antenna impedance vari-
ations due to user proximity and mobile phone grip style variations were inves-
tigated. The study in [42] established a sharp increase in the level of impedance
mismatch when part of the hand or fingers are located directly above the an-
tenna. Impedance mismatch with voltage standing wave ratio (VSWR) of
above 5 was observed. In [43] even more severe user-induced degradations were
recorded for a slot antenna. Maximum radiated power of -20.5 dB was mea-
sured for the antenna in the presence of a user phantom referenced to a free
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space scenario. However, the severe loss was attributed not only to absorption
and mismatch but also to antenna feed disruption. Later in [44] MIMO channel
capacity was examined for a coupling element-based multi-antenna structure.
Capacity reductions of up to 3.6 bits/s/Hz were measured in an outdoor envi-
ronment. It was also concluded that user effects are much more severe when all
multi-antenna elements are in close proximity to the user. In [45] a grip study
for a sample population of 100 subjects was performed aiming to explore user
effects and outline in detail the typical finger and hand positions for talk and
data modes.

® OneHand @ Video & Music Voice Calls @ Two Hand

Figure 3.3: Smartphone usage [48].

Even though the contributions discussed above paved the way for future
work and discussed most of the challenges users pose on terminal antenna
performance, different user setups were employed producing results that are
not easily repeatable. Developing standard user models is a challenging task.
Even when successful, the resultant models have a limited ability to represent
the wide variation in human anatomy. However, in order to have a common
reference and highly repeatable results for terminal antenna performance in
presence of users, standard hand and head phantoms were developed. An in-
dexSAR CTIA standardized hand phantom [46] is shown in Fig. 3.2. Other
phantom models targeting various grip styles, including use of tablets and wider
smartphones, have been developed and are available from SPEAG [47]. Never-
theless, for a recent study in [48] the author observed 1333 people using mobile
devices and concluded that with the evolving smartphone size and application
people use devices in novel ways, such as a two hand cradle mode and a two
hand portrait browse mode. Figure 3.3 shows these novel user scenarios and
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outlines the one hand and several different two hand scenarios as the most
common, accounting for 60% of all observed smartphone usage.

In conclusion, all studies summarized above outline several key ideas on
user interaction in mobile handsets. First and foremost, users significantly
degrade terminal performance by detuning antennas from their initial resonance
frequencies and by absorbing a significant portion of the radiated power, thus
severely reducing SNR. Secondly, it is very challenging to accurately predict
the extent of user induced degradation due to the evolving smartphone size
and antenna design as well as the inherent human anatomy variations and ever
changing usage scenarios.

3.2 Simulation and Measurement Setup

Throughout this thesis work various user scenarios and terminal antenna types
have been studied. This section presents some of the simulation and experi-
mental user models employed.

H-0 H-30 H-60

Figure 3.4: User scenario simulation setups [49]. Talk modes with
different inclination angle (H-0, H-30, and H-60). Browse modes in both
one and two hands (OH-B, TH-B, TH-A-B, and TH-V-B). Video modes
in both one and two hands (OH-V, TH-V, and TH-A-V).
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Simulation User Setups

In response to the increasing number of hand grips discussed in Section 3.1,
both CTIA standardized grips and custom designed grips have been investi-
gated in simulations. The custom grips have been designed using the same tis-
sue composition and relative size of the CTIA standardized hand [31], whereas
the position of the fingers and palm as well as their orientation with respect
to the terminal have been adjusted according to novel grip styles. Initially,
three custom grips were designed and simulated in [17] (Paper II). Later in [49]
(Paper I) a total of 10 user scenarios were developed and investigated - 2 one
hand (OH), 5 two hand (TH) and 3 talk (H) modes. The exact position and
orientation of the hand and head for the custom designed user scenarios are
shown in detail in Fig. 3.4.

Experimental User Setups

Figure 3.5: Phantom user scenario setups. Propagation measurement
in a TH mode with head and torso in an outdoor environment [50] (left).
Radiation pattern measurement in a TH mode with phantom hands
only [18] (right) (©2013 IEEE.

The experimental studies carried out during this thesis work focused on
propagation channel measurements and antenna radiation pattern measure-
ments. Both were executed with and without users present, either as phan-
toms or as real test subjects. Figure 3.5 shows the setups for propagation
and pattern measurements with CTTA standardized phantom hands from in-
dexSAR [46] and a torso phantom. In addition to the TH user scenarios shown
in Fig. 3.5, OH scenarios were also experimentally studied in [18], [50], and [51]
(Papers III-V).

In order to address concerns expressed in [52] and [53] that human phan-
toms underestimate user induced degradations as compared to real test sub-
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Figure 3.6: Real test subject measurement setups - firm grip (left) and
freestyle grip (right).

jects, channel measurements with 10 test subjects in different handgrips and
propagation environments were performed in [51] (Paper V). The 10 users were
of both genders mainly from Europe but also from Asia, Middle East and North
America. Users were asked to reproduce a firm grip and a freestyle grip shown
in Fig. 3.6. The firm grip covered a larger portion of the terminal’s short edges
as compared to the freestyle grip.

3.3 Results and Discussion

Simulated results on the user effects of two MIMO dual-band antenna pro-
totypes will be presented in this section to demonstrate a few fundamental
principles of user-induced terminal degradations. The specifications of the ter-
minals are briefly discussed below followed by results and discussions on some
of the simulation and experimental studies performed during this thesis work.

IFA: The IFA prototype from [49] (Paper I) is similar in design to the one
used in [54] with a volume of 130 x 66 x 7Tmm?. It comprises two identical
dual-band IFAs located on the opposite short edges of the chassis, targeting
LTE Band 5 (824-894 MHz) and LTE Band 2 (1.85-1.99 GHz). The simulated
prototype efficiency, mutual coupling, and envelope correlation in free space
(FS) at f =860 MHz are: 712 = —3.3 dB, S21 = —4.1 dB, p. = 0.4.

PIFA-Monopole: The PIFA-Monopole prototype from [49] (Paper I) is also
a dual-band terminal, but consisting of a PIFA element and a folded monopole
element. It is identical in size to the IFA prototype and targets the same
frequency bands. However, the limited bandwidth of the PIFA in the low band
limits the terminal bandwidth in LTE Band 5 to 31 MHz, sufficient to cover
only the downlink (adequate for LTE, which uses MIMO only on the downlink).
The simulated prototype efficiency, mutual coupling, and envelope correlation
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in the low band in FS are: nppa = —2.5 dB, nmono = —2.4 dB, S5 = —7.8
dB, pe = 0.5. In [17] (Paper II) different PIFA-Monopole prototypes were used,
where the main difference was the monopole element (slot monopole instead of
a folded monopole).

Simulation Studies

In mobile communications the terminal is required to operate efficiently in
any orientation motivating the general requirement on terminal antennas to
be omnidirectional. This can be seen in Fig. 3.7, where the electric far-field
radiation pattern of the IFA prototype, described earlier, is presented with
and without a user hand present (i.e., OH-B scenario). In FS the handset
exhibits a rather omnidirectional pattern as expected. However, in the OH-B
user scenario the hand significantly reshaped the radiation pattern focusing
the direction of maximum radiation away from the hand. Moreover, looking at
the intensity, we notice that the electric field magnitude was reduced unevenly
in the angular domain due to the presence of the hand. This is an indication
of one of the key user effects in terminals i.e., absorption loss. A significant
portion of the radiated power is absorbed in the hand and therefore lost.

Figure 3.7: IFA prototype electric far-field radiation pattern - F'S (left)
and OH-B (right), both at f = 860MHz.

In order to quantify absorption loss we study how the antenna radiation
efficiency changes with respect to the FS case. This method is applicable given
that the losses in the metal and dielectric of the terminal are notably smaller as
compared to user-induced absorption. The results presented in Fig. 3.8 were
obtained according to the discussion above, by averaging over the frequency
band of operation (LTE Band 5). As intuition would suggest the head (with
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hand) cases suffer from highest absorption losses (up to 10.4 dB for IFA in
H-30). Fortunately, the talk modes do not have as high data rate requirements
as the rest of the cases, since during a voice call (with the terminal held next
to the head) the most data rate demanding tasks such as browsing and video
streaming are not applicable. For the remaining scenarios in Fig. 3.8, the
absorption loss is between 2.3 dB for PIFA-Monopole in OH-B and 4.2 dB for
IFA in TH-B which is consistent with the observations in [38] and [39].
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Figure 3.8: Multiplexing efficiency and absorption loss for two proto-
types in 11 cases averaged over LTE Band 5.

Nevertheless, absorption loss does not fully describe user interaction in ter-
minals. The antenna matching and coupling efficiency (i.e., at port 1 ny =
1 —]S11|* = |S21/?), as well as the envelope correlation, have a significant im-
pact on MIMO handset performance. Figure 3.8 presents the ME for all cases
and both prototypes. As discussed in Chapter 2, ME combines antenna total
efficiency (accounting for radiation, mismatch and coupling) and correlation
to give a system level estimation of the terminal performance. It is interest-
ing to note that the relatively large absorption losses discussed earlier do not
necessarily translate to the ME shown in Fig. 3.8, emphasizing the important
interplay between efficiency terms and correlation. The performance of the
IFA prototype in OH-B is a good example, where the ME drops by only 0.5
dB as compared to FS, even though there is an absorption loss of 2.9 dB. This
is due to the presence of the hand which reduced the correlation (from 0.4 to
0.1) and mutual coupling (from -4.1 dB to -7.8 dB), therefore counteracting
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part of the absorption losses. Nevertheless, this reasoning is specific to the
IFA prototype in the OH-B mode. In other cases such as the TH-V mode the
absorption loss of 3.8 dB translates more directly to the ME loss of 3.9 dB as
compared to FS. In this case the correlation was not significantly affected by
the hands, whereas the mismatch efficiency also did not change significantly
(-2.8 dB in FS vs. -2.6 dB in TH-V), since the reduced coupling due to the
hands is counteracted by the antenna resonance offset (indicated by |S11] and
|S22]). In general, the effect of users on terminal antenna correlation is hard
to predict as it is dependent on the exact position of the hand and head and is
very specific to individual grip styles and users. Overall, the above discussion
emphasizes that terminal performance in the presence of users is the result of
a complex interplay between efficiency, correlation, coupling and absorption
losses.

Another very important factor to be considered when studying user effects
in terminals is antenna bandwidth. In [17] (Paper II) and [18] (Paper IV), ter-
minals with different bandwidth were investigated. It was established that the
wider the bandwidth of the terminal the more resilient it is to user interaction.
This conclusion is very intuitive since narrowband antennas are much more
prone to mismatch (resonance frequency offset) due to their limited bandwidth
potential. Unfortunately, wide band terminal designs are difficult to achieve
and often sacrifices are made in correlation or antenna efficiency as seen in [18]
(Paper IV). Therefore, other methods for user resilient terminal design can also
be explored, such as antenna switching or EM shielding.

Experimental Studies

Experimental verification of user interaction was performed in [18] (Paper IV)
with phantom hands and in [50] (Paper III) with phantom hands and torso.
Anechoic chamber measurements of the IFA prototype in TH and OH modes
showed ME of -9.9 dB and -6.1 dB respectively, which are consistent with the
simulated results in Fig 3.8. The propagation measurements in [50] (Paper
III) with head and torso were discussed in terms of MIMO capacity. It was
concluded that the TH grip leads to a 36 % drop in capacity as compared to
FS, further demonstrating severe user induced degradations in an experimental
setup.
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Figure 3.9: Measured channel gain in a shielded room environment.

Moreover, in [51] (Paper V) both phantoms and real test subjects were
experimentally investigated. Figure 3.9 shows the measured channel gain for
the real users in two handgrips referenced to FS. In the firm grip channel
gains from -10 dB to -17 dB were measured over different users, whereas in
the freestyle grip smaller variations over users were observed (from -12.5 dB to
-15.4 dB). This result is expected as in the freestyle grip less terminal antenna
area is covered by the hands and therefore any variations in hand size and
location have a smaller impact on performance. Nevertheless, the measured
channel gain variations over users are significant and indicate how the wide
variety of user hand size can influence performance, as was established in some
of the early publications in the field [40,41]. Moreover, in [51] (Paper V) the
terminal performance with real users was compared to that with the indexSAR
phantom hands. It was suggested that on average real users exhibit 2 dB higher
mismatch losses as compared to the phantoms. Furthermore, high absorption
losses (over 6 dB in the freestyle grip) were measured. In comparison, the
absorption losses in Fig. 3.8 are less than 5 dB in all hand cases. This further
supports the initial results in [52] and [53] suggesting that phantoms have the
tendency to underestimate user interaction effects.
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User Resilient Terminal
Design

Previous discussions in this work pointed out that terminal antenna design is
subject to many constraints and challenges. However, despite the restrictions
in terms of size and performance, significant advances in terminal antenna
design have been made in the past decade. This chapter investigates several
terminal antenna prototypes, including conventional designs and some more
recent designs. The aim is to evaluate their effectiveness under user influence
and draw conclusions on user robust designs. In the first part of the chapter
several contributions on handset antenna performance in the presence of users
are discussed. Next, the simulation study on user effects of five state-of-the-art
dual-antenna terminal designs is described. The chapter concludes with results
and discussions on the performance of the investigated terminals.

4.1 Introduction

Even though handset antenna design is limited by the volume provided in a
mobile terminal, efficient usage of this limited space can provide improved per-
formance in the presence of users. The ultimate goal is to minimize absorption
by the hand and head of users while efficiently transferring power from the
RF front-end to the antenna elements. Research contributions over the past
two decades have examined user effect variations with antenna type. In [39] a
monopole and several different PIFAs were investigated as potential candidates
for integrated handset antennas. It was established that the PIFAs are more
susceptible to user induced mismatch losses. Later, in [41], comprehensive mea-

37
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surements with 44 test subjects have shown that the patch antenna investigated
in the study exhibits 6 dB lower absorption loss compared to a helix antenna.
Recent contributions targeting LTE have proposed different strategies for im-
proving antenna performance in the presence of users. In [55], the authors
studied user effects for capacitive coupling element (CCE) based antennas. It
was observed that the shape, size and location of the CCE elements signifi-
cantly affect antenna performance, concluding that a multi-element structure
with antenna switching is beneficial in the user scenarios studied. Moreover,
this study emphasized the need for detailed tests in more measurement grips
including talk modes with the head phantom present. Later in [56] an antenna
shielding approach was used to reduce user effects based on the idea presented
in [55]. By switching between two co-located CCE elements total efficiency
improvements of up to 5 dB were recorded. Another approach is to add para-
sitic antenna elements in order to reduce absorption and mismatch losses. The
study in [57] utilized a Z element and showed a total loss reduction of 2.3 dB.
Later in [58] the effect of the index finger position on a narrow bandwidth pro-
totype and a wide bandwidth prototype was studied. It was observed that the
narrow bandwidth prototype suffered lower user induced losses in both top and
bottom element mounting positions on the chassis. Moreover, this contribution
also identified the need for more comprehensive user effect studies in various
hand grips and user cases.

More recently, the Theory of Characteristic Modes (TCM) [59] was suc-
cessfully applied to design efficient MIMO terminals. The study in [60] showed
a three-port MIMO handset antenna design at 2.5 GHz, where the terminal
efficiently excited three characteristic modes to achieve high antenna efficiency
and low envelope correlation. To address the challenging problem of design-
ing MIMO terminal antennas for frequencies below 1 GHz, a MIMO antenna
system based on realistic form factor and packaging implementation was pre-
sented in [61]. TCM analysis of ground plane modifications has been applied to
achieve high isolation and low correlation at 750 MHz. In [37] a monopole and
a T-strip structure were used to excite orthogonal modes for a MIMO terminal
targeting a LTE band below 1 GHz. Moreover, this contribution presented a
user effect study based on two user scenarios. Later in [62] the authors ex-
tended the work from [37] to achieve an efficient dual-band design by using
correlation of currents and near-fields of characteristic modes across frequen-
cies. Moreover, in [63] a bezel structure was employed using TCM to provide
another dual-band MIMO antenna design with excellent performance in the low
frequency band and acceptable efficiency and correlation in the high frequency
band. Nevertheless, even though the contributions in [37,60-63] revealed in-
novative terminal antenna designs, only the study in [37] verified the antenna
performance in the presence of users. However, only two data mode user sce-
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narios were investigated, which points to the need for a more comprehensive
study on the user effects in TCM-based terminals.

4.2 MIMO Prototypes

During this thesis work, the performance of several MIMO terminal prototypes
has been investigated in the presence of users. The study in [50] (Paper I)
looked into five representative designs including conventional antenna types
and geometries as well as more recent designs based on TCM. Figure 4.1 shows
all five MIMO prototypes as well as the feeding locations and port numbering.
The target operating frequencies for all terminals were LTE Band 5 (824-894
MHz) and LTE Band 2 (1850-1990 MHz). Prototypes 1 and 2 were proposed
in [62] and [63], respectively, and were designed based on TCM. Prototypes 3,
4 and 5 include more conventional antenna types (PIFA, monopole etc.) and
have been presented in [18], [64] and [54], respectively. More studies beyond
the investigation in [49] (Paper I) have been done in Papers II-V. For example
Prototype 5 was used in the propagation channel measurements in [50] (Paper
IIT) and [51] (Paper V), whereas Prototypes 3 and 5 have been measured in a
SATIMO Stargate measurement system [65] in both a OH and a TH user grip
for the study in [18] (Paper IV).

P3 P4

Figure 4.1: MIMO terminal prototypes investigated in [49] (Paper I).
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In terms of the free-space performance in the low frequency band, Proto-
types 1 and 2 showed very good efficiency, isolation and correlation, whereas
Prototype 3 had the largest bandwidth. Prototypes 4 and 5, on the other hand,
are more conventional structures and were outperformed by the other terminals
in terms of bandwidth (by Prototype 3) and in terms of efficiency and correla-
tion (by Prototypes 1 and 2). The advantages of Prototypes 1 and 2 are due to
the design strategy used. Specifically, TCM was employed to efficiently excite
different characteristic modes resulting in orthogonal radiation patterns, giving
the low correlation and high isolation mentioned above. However, the question
on whether the free-space performance of these prototypes is preserved in the
presence of users still remains open.
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Figure 4.2: Electric field magnitude for a reference plane 10 mm above
the terminal ground plane in the FS scenario.

In Section 3.3 of this thesis user interaction was demonstrated for an IFA-
based terminal (i.e., Prototype 5) and a PIFA-Monopole terminal (i.e., Proto-
type 4) emphasizing key aspects such as absorption, mismatch, bandwidth and
the important interplay between efficiency, coupling and correlation. However,
the discussion had thus far omitted another important factor, namely near-field
distribution. Due to the small spacing to the handset users are in the near-field
of terminal antennas. It is therefore crucial to consider near-field distribution
when identifying the main causes of user induced degradation. In this context
another interesting difference between the TCM-based designs and the more
conventional designs was observed. Due to the efficient utilization of the ground
plane, the TCM-based designs exhibit more spread near-field distribution as
compared to the more localized distribution recorded for the conventional ter-
minals. To demonstrate this difference the electric field magnitude is plotted
in Fig. 4.2 for a plane 10 mm above the terminal ground plane. It can be
seen from the results that Prototype 3 shows more localized radiation as com-
pared to Prototype 2 in the FS scenario. Similar conclusions were drawn for
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P1 and P4. In the following subsection the consequences of such near-field
characteristics will be discussed in the context of user interaction.

4.3 Results and Discussion
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Figure 4.3: Average ME over LTE Band 5.

The average performance of all five terminals is shown in Fig. 4.3 for the
user scenarios presented in Fig. 3.4. Aside from the ME advantage in FS,
Prototypes 1 and 2 also show better performance than Prototypes 3-5 in most
of the data mode user cases. The detailed investigation in [49] (Paper I) at-
tributed these differences to a consistently low envelope correlation as well as
high matching and coupling efficiency of both Prototypes 1 and 2. Nevertheless,
it was also concluded that TCM-based designs suffer from higher absorption
losses. This result strongly relates to the near-field discussion presented above.
In general the closer the user is to the regions of high near-fields the larger the
absorption loss. As the near-field hot spots for Prototype 1 and 2 are spread
out through the entire terminal, the probability that the user hand will be close
to one of them is higher than for the terminals with more localized near-field
distribution leading to lower absorption losses for Prototypes 3-5. This argu-
ment was extended in [49] (Paper I) where specific user cases were discussed
in terms of the relative position of the hand with respect to the near-field hot
spots. Overall, the effect of the higher absorption losses was smaller than the
gains due to the lower correlation and better impedance matching, leading to
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the better performance of Prototype 1 and 2 in the data modes. However, in
the talk modes (H-0, H-30, and H-60) the correlation advantage of Prototype 1
and 2 was not present due to asymmetric scattering from the head resulting in
low correlation for all terminals. Hence, Prototypes 1 and 2 were outperformed
by some of the conventional designs.
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Figure 4.4: Weighted terminal usage over LTE Band 5.

Nevertheless, in practice different user hand grips have different impact on
overall performance, since some grips are used more often than others. How-
ever, estimating the usage distribution of different grip styles is very challenging
due to the large number of observations needed to produce statistically relevant
results. Moreover, with smartphone size evolving rapidly any conclusions based
on such a study would be specific to certain form factors. These challenges
partly explain the lack of studies done on determining the usage distribution of
hand grips in practice. Fortunately, the study in [48] provided some initial re-
sults based on real-world observations of 1333 people using smartphones. The
devices observed have a similar form factor to the terminals investigated in this
thesis (length 130-140 mm and width 65-70 mm). Therefore, inspired by the
results in [48], this thesis proposes the smartphone usage distribution shown in
Fig. 4.4. In [49] (Paper I) the user scenarios from Fig. 3.4 were mapped to the
proposed distribution in order to evaluate the overall usage-weighted terminal
performance. As seen in Fig. 4.4 the TCM-based prototypes show weighted
MEs that are 1.1-1.7 dB higher than the conventional designs, confirming the
initial observations from Fig. 4.3 in a more practical context. Based on this
overall performance it can be concluded that TCM is a promising strategy for
designing efficient terminal antennas in the presence of users.

In conclusion, this chapter summarized some existing work on mitigating
user effects using antenna design. Moreover, it also presented the major findings
from an user effect mitigation through antenna design, involving the evaluation
of 5 terminal antennas in a variety of user scenarios. It was found that sig-
nificant improvements are feasible with a new design strategy based on TCM,
where usage-weighted performance gains of up to 1.7 dB have been achieved.



Chapter 5

Adaptive Impedance
Matching

Aside from user-robust antenna designs, another approach to user effect mit-
igation is to add passive circuit components in order to match the antenna
impedance to the input impedance of the RF front end module which increases
antenna efficiency. In general this approach is broadly known as impedance
matching, or adaptive impedance matching (AIM) when the system includes
components with variable impedances and is able to detect time-varying mis-
match and react to it. This chapter discusses the potential of AIM to improve
antenna and system performance in the presence of users. First, a general in-
troduction of AIM is presented including concept, key technologies and current
designs. Then the simulation and measurement setups are discussed followed
by both simulation and experimental results. Finally, a technology demonstra-
tor developed as part of this thesis work is described. The demonstrator is
capable of displaying near real-time user effect mitigation.

5.1 Introduction

Optimizing antenna performance with impedance matching networks has been
around for decades [9]. However, over the past years several key contributions
have extended the knowledge on the subject with both theoretical derivations
and experimental verifications. Two of the fundamental studies in the field use a
rigorous network theory approach to examine multiport matching networks [66,
67]. In [66] coupled dipole antennas were analyzed to demonstrate the diversity
performance for different terminations provided by matching networks, whereas
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in [67] a framework for the analysis of mutual coupling is presented focusing on
the capacity of MIMO systems with different impedance matching conditions.
Later in [68] uncoupled matching networks were used to realize a 2.8 dB power
gain for a closely coupled two-dipole array at the expense of a higher envelope
correlation, pointing out an interesting tradeoff between maximum received
power and minimum correlation. The follow-up work in [69] derived a closed
form expression of the optimum impedance matching for maximum capacity.
Subsequent studies in [70-72] proposed and verified a very practical method for
investigating the effects of variable impedance matching on multiple antenna
systems. Results from full-wave and circuit simulations were combined in order
to save computational time and predict effective antenna parameters without
having to run detailed simulations for all impedance conditions investigated.
In [70] and [71] the method was described in detail, whereas [72] focused on
MIMO capacity optimization using the method. A few other studies take into
account different propagation environments. In [73] different capacity gains
from impedance matching were observed over different environments (uniform
2D APS vs. Laplacian 2D APS). Furthermore, in [74] active matching has
been shown to be more effective than passive matching in cases with high
mutual coupling or low SNR over various propagation environments. More
recently, in [75], a random search algorithm was applied to uncoupled matching
networks to optimize the capacity of channels with different angular spreads
(ASs). Nevertheless, none of the studies above tackle explicitly user interaction,
nor do they investigate realistic impedance tuners.

e Adaptive RF Front End h
AIM RF Front End

Tuner

Switch  Duplexer

& )

Figure 5.1: Adaptive RF front end setup.

In practice terminal antenna AIM is typically realized as a separate circuit
module that sits between the RF front end and the antenna (see Fig. 5.1).
This placement is very practical for antenna tuning but very demanding from
a circuit design perspective. The module needs to operate over a wide band-
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width, handle both TX and RX power levels, and add minimal losses to the
system. In practice closed loop and open loop solutions exist, whereas only the
closed loop solution can handle both static (amplifier-antenna) and dynamic
(user induced) mismatches [53]. In this work closed loop tuners were inves-
tigated targeting user interaction in particular. The tuning components were

realized analytically and experimentally, whereas the optimum impedance state
selection was done with MATLAB [76] and LabVIEW [77].

Key Technologies

The key components of most state-of-the-art AIM tuners are digitally tunable
capacitors (DTC). Typically one or more DTCs are combined with off-chip or
on-chip inductors to form standard LC or more complicated m and double 7
variable impedance matching networks. Off-the-shelf DTCs are fabricated in
different processes exhibiting performance tradeoffs depending on the technol-
ogy used. Some of the most common processes used in DTC manufacturing are
shown in Fig. 5.2. These include complementary metal-oxide-semiconductor
(CMOS), micro-electro-mechanical-systems (MEMS), ITII/V semiconductor and
barium strontium titanate (BST) based semiconductor. Capacitors manufac-
tured in these processes are available from a wide variety of suppliers including
EPCOS TDK, WiSpry Inc., STMicroelectronics, Peregrine Semiconductor, and
BlackBerry Limited.

@ STMicroelectronics

Figure 5.2: Antenna tuner manufacturing technologies (left) color
coded to the respective suppliers (right).

A summary of the performance tradeoffs between different processes is pre-
sented in Fig. 5.3 based on [78]. The comparison is done both in terms of
performance related and implementation related figures of merit (FOMs). Im-
portant FOMSs for RF performance are induced losses, DTC range, bias voltage
levels and power handling capabilities. Moreover, reliability, cost and package
size need to be strongly considered as the target products i.e., smartphones,
are produced in volumes of hundred of millions per year and have very lim-
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Figure 5.3: Comparison of different tuner technologies [78].

ited space for additional circuit modules. In terms of RF performance MEMS
is the process that can offer lower losses, higher linearity and higher power
handling compared to the other technologies. Nevertheless, MEMS exhibits
key disadvantages related to implementation such as higher cost, higher pro-
cess complexity, bigger packaging and questionable reliability. These draw-
backs have made it difficult for MEMS to penetrate the market on a larger
scale [78,79]. On the other hand, CMOS technology is mature and optimized
for large volume productions that is also cost effective and reliable. The main
tradeoff in CMOS is the inferior RF performance to MEMS. However, a new
CMOS silicon on insulator (SOI) process i.e., CMOS-SOI, offers significant
performance advantages over standard CMOS technology. These include lower
parasitic capacitance, higher performance at equivalent bias voltages and better
wafer utilization. Hence, CMOS-SOI is generally considered a good compro-
mise between RF performance, cost, package size and reliability of DTCs [78].
Therefore, CMOS-SOI was the process chosen for the tuner design in this work.

Current AIM Designs

Over the past few years a number of scientific contributions have proposed
complete impedance tuner solutions targeting terminal antennas. In [80] a
0.35pum CMOS impedance tuning unit with 6 switched capacitors and 64 dif-
ferent matching combinations has been designed. It was established that the
tuner can correct mismatches of up to VSWR=8. Yet, the loss of each module
was as high as 2.1 dB. Later in [81] the authors presented a low loss RE-MEMS
design of an adaptive LC matching network. High impedance correction ca-
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pabilities were demonstrated for a single PIFA antenna element. Moreover,
losses in the tuning module of up to 0.5 dB in both the low and high bands
were measured, indicating the significant low-loss advantage of using MEMS
technology as compared to standard CMOS.

More recent designs in [82] and [83] also use RF-MEMS technology. In
[82] an adaptive tuning module with an insertion loss of 0.65 dB at 830 MHz
was presented. It was concluded that the module can increase phone output
power by 1.2 dB on average. The work in [83] also used RF-MEMS but it
had more stringent insertion loss specifications: <0.3 dB (850 MHz), <0.5
dB (1800 MHz), and <0.6 dB (2100 MHz). However, the presented tuner
solution struggled to perform within the specifications, especially in the higher
frequency bands. The contributions in [84-86] employed a 130nm CMOS-SOI
process from STMicroelectronics. In [84] and [85] a fully integrated tuner
operating between 2500 MHz and 2690 MHz was presented targeting user effect
compensation in 4G antennas. It was established that the tuner can successfully
correct antenna mismatches of up to VSWR=5 as well as handle 30 dBm output
power to satisfy LTE uplink requirements. More recently in [86] a low band
(700 MHz to 900 MHz) tuner was designed in the same process (130nm CMOS-
SOI). Detailed characterization of the device revealed a measured minimum loss
of 1 dB, as well as high linearity and power handling capabilities. Two of these
devices were implemented on the MIMO terminal measured over different user
and propagation environments in [51] (Paper V).

In conclusion, impedance tuners have been analytically and empirically
shown to effectively correct user induced antenna mismatches. However, the
high requirements on device performance are still the main bottleneck pre-
venting this technology from achieving significant market penetration. Never-
theless, the results in Fig. 5.3 suggest that CMOS-SOI is a promising DTC
design process offering a reasonable compromise between implementation and
performance.
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5.2 Simulation and Measurement Setup

Throughout this project we investigated three different AIM setups - a simula-
tion based setup with lossless tuners and two experimental setups with either
automated mechanical tuners or CMOS-SOI tuner chips. During both the sim-
ulation and experimental studies, the focus was on the low band performance
(below 1 GHz) since the challenges of designing MIMO terminal antennas at
these frequencies are very high due to the small electrical size of the termi-
nals [33].

Lossless Tuner Model
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Figure 5.4: Lossless tuner model [18].

In [18] (Paper IV) the Kronecker model was used to provide the physical
2 x 2 MIMO channel. The receive correlation matrix was built from the RX
antenna total efficiency and complex correlation coefficients, whereas the trans-
mit correlation matrix was assumed to be equal to identity (0 correlation and
100% efficiency) since the focus in this work is to investigate downlink perfor-
mance (with the terminal being the RX). The method described and verified
in [70-72], was used to evaluate the antenna performance for different match-
ing conditions. In essence, antenna embedded radiation patterns, scattering
parameters and tuner states were used to evaluate the effective radiation pat-
tern and therefore efficiency and correlation given different impedance matching
states. Hence, multiple receive correlation matrices were built each describing
the antenna performance in a particular impedance matching state. Moreover,
non-uniform APS environments were studied using the modified MEG expres-
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sion (2.16). Figure 5.4 shows the complete lossless model. The impedance
matching network at each port consists of a lossless open-circuited stub and
a lossless transmission line with variable length. Using this setup the entire
Smith chart can be covered with a user-defined resolution. In [18] (Paper IV)
96 states were used per port (i.e., a total of 962 = 9216 combinations).

Automated Mechanical Tuners

In [50] (Paper III) two Maury Microwave MT982EU30 mechanical tuners [87]
were directly used in the channel measurements. Propagation data was mea-
sured with a 4-port VNA according to Chapter 2.2, employing wideband
monopoles at the TX and a handset prototype at the RX. The MIMO terminal
used in the experiment was based on the design of Prototype 5 in [49] (Paper I)
and Prototype A in [18] (Paper IV) targeting a low (800-850 MHz) and a high
(2300-2400 MHz) frequency band. Tuner control was handled by a LabVIEW
software, where only 10 states per port (102> = 100 combinations in total) were
measured due to the slow switching speed of the tuners. Even though the
Maury tuners are large and therefore impractical for terminal antenna appli-
cations, they offer a very wide and dense coverage of the Smith chart at a very
low insertion loss (up to 0.4 dB at VSWR=1 according to [87]). Therefore,
they were used as an intermediate step between the simulation based model
and a fully integrated solution in order to verify the potential of AIM in a
practical setup. Moreover, propagation results with the Maury tuners were
compared to the corresponding results with lossless tuners (see Fig. 5.4) added
to the measured channels in post-processing. Channel update for different
impedance states was done according to the studies in [67] and [54].

Custom CMOS-SOI Tuners

During the last stage of this thesis work the custom CMOS-SOI tuner design
from [86] was used in propagation channel measurements to determine the im-
pact of a realistic impedance tuner on AIM performance. Figure 5.5 shows the
circuit schematic and printed circuit board (PCB) picture of the tuner. It was
designed as a double m network comprising three identical 5-bit programmable
capacitors (C1, C2 and C3), and two off-chip inductors (L1=L2=7.4 nH). For
the study in [51] (Paper V) two of the custom designed tuners were implemented
on a prototype terminal including a battery board to ensure autonomous run
of the AIM system. The propagation measurement setup used was similar to
the setup during the measurements with the Maury tuners in [50] (Paper III).
However, the MIMO handset (see Fig. 5.6) was retuned to target LTE Band
18 (815-875 MHz) and LTE Band 9 (1750-1880 MHz). Moreover, it included
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Figure 5.5: CMOS-SOI tuner circuit schematic (left) and PCB with
chip and decoupling networks (right) [51].

Figure 5.6: Handset prototype with CMOS-SOI impedance tuners
(left) and digital control board (right).

external PCBs used to accommodate the tuner chips (see Fig. 5.5). Tuner
control was done with a custom designed board (see Fig. 5.6) featuring the
Atmel ATmega32 microcontroller [88]. The automation of the entire measure-
ment system as well as near real-time data evaluation was done by a custom
LabVIEW [77] software, which was responsible for communicating the required
impedance states to the microprocessor via an UART interface. However, prior
to running the LabVIEW software lookup tables have to be set up in the dig-
ital control board microprocessor matching specific UART commands to bit
sequences for each individual state of the impedance tuner. For this reason a
custom C program was developed on the ATmega 32 microcontroller in order
to handle the interface between the tuners and the LabVIEW software.
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5.3 Adaptive Impedance Matching Studies

In the following discussion some representative results from [17] (Paper II), [50]
(Paper III), [18] (Paper IV) and [51] (Paper V) will be presented. AIM gain is
shown in terms of capacity or ME as compared to the cases where no tuners
were used or the tuners were set to the 50 €2 state. The optimal state is chosen
from exhaustive simulations or measurements over the Smith Chart domain for
the respective setups.

Simulation Studies

In [18] (Paper IV) two fundamentally different terminal designs were investi-
gated. Prototype A is better matched (S;; = —16 dB vs. S1; = —6.5 dB) in
FS, has higher mutual coupling (-5.3 dB vs. -6.3 dB) and lower bandwidth (85
MHz vs. 200 MHz) as compared to Prototype B. Employing lossless tuners to
measured antenna parameters in OH and TH scenarios led to improvements in
capacity and ME for both prototypes. Capacity gains of up to 43 % (4.8 dB
ME gain) for Prototype A and up to 10 % (1.7 dB ME gain) for Prototype
B were recorded emphasizing the significant effect of antenna design on AIM
performance. This difference was attributed to the terminal bandwidth. The
significantly larger bandwidth of Prototype B prevented severe resonance fre-
quency offset and therefore resulted in smaller mismatch (hence smaller AIM
gain) as compared to Prototype A.

The AIM gains observed above were mainly attributed to antenna efficiency
improvements in both prototypes. However, it was also established that un-
coupled matching networks can affect envelope correlation (e.g., from 0.4 to
0.2 in Prototype A - TH). This effect is crucial for MIMO implementations but
it is also limited in the case of uncoupled AIM to terminals with high mutual
coupling. In such cases the non-excited antenna element acts as a reactively
loaded parasitic element affecting the radiation patterns to reduce the enve-
lope correlation. Therefore, the results in [18] (Paper IV) have shown that
AIM has the potential to mitigate user interactions through two main mech-
anisms: (1) mismatch compensation to counteract efficiency degradation and
(2) improvement in envelope correlation.

Extending on the significance of bandwidth in AIM studies, [17] (Paper
IT) presents capacity performance over the complete LTE Band 13 (746 - 787
MHz) for three different prototypes (P1-P3). Figure 5.7 shows the capacity
for the optimal and the 50 () states in the three prototypes with identical an-
tenna types. However, the different antenna locations on the chassis led to
differences in bandwidth and isolation. The capacity performance over the
system bandwidth shows that at some frequency points the 50 2 state outper-
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Figure 5.7: Average capacity over LTE Band 13 in the TH user scenario
[17] ©2013 IEEE.

forms the optimal state, since the AIM optimization was done at the center
frequency only. Therefore, on average over the full system bandwidth the AIM
gain drops significantly. Hence, in practice, simultaneous impedance tuning
at multiple frequency points over the system bandwidth can lead to improved
AIM performance.

Experimental Verification

The analytical studies discussed above established AIM as a viable method
for user effect mitigation. However, in practice, impedance tuners introduce
losses that directly affect AIM gains. Hence, detailed tuner loss and cover-
age characterization as well as experimental verification of the AIM system is
crucial.

In [50] (Paper III) the Maury mechanical tuners were applied to a TH setup
with a phantom torso and yielded power gains of up to 2.1 dB in an indoor
environment. Nevertheless, losses up to 0.7 dB were estimated by channel gain
comparisons between the ideal lossless tuners and the Maury tuners. Hence, the
result shows that overall improvements in performance are feasible in the field.
However, this experiment did not tackle a real-world integrated AIM solution.
More practical CMOS-SOI tuners were investigated in [51] (Paper V) where
detailed measurements and tuner characterization were performed. Figure 5.8
shows the measured coverage and total tuner loss. The tuner design was exclu-
sively optimized for the IFA terminal (Prototype 5 in Paper I) used throughout
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Figure 5.8: CMOS-SOI tuner measured coverage (left) and total loss
(right) [51].

the study. Therefore, the coverage region was adjusted to accommodate more
states with negative reactance, as previous studies with the terminal revealed
that the states in this region would most effectively compensate for user inter-
actions. The tuner has a resolution of 2° x 25 x 2° = 32768 states (outlined by
the magenta region in Fig. 5.8), whereas the black cross markers indicate the
22 states used throughout the propagation measurements. Also displayed in
Fig. 5.8 is the total tuner loss measured for 39 impedance states at different
VSWR according to the setup in [86]. As expected the losses increase with
VSWR (1 dB at VSWR =1 and 3.5 dB at VSWR = 4.9). This result suggests
that well-matched antennas (i.e., Zin = 5092) will experience losses rather than
benefits from the tuner system. Moreover, tuner loss variations with VSWR
need to be considered when optimizing MIMO system performance. In general,
the true potential of AIM is in cases with severe user-induced degradation such
as the freestyle and firm grips tested in [51] (Paper V).

Measurements over 10 different users have shown promising AIM gain in
both the freestyle and firm grips. Figure 5.9 shows the ME gain in the freestyle
grip measured in a shielded room environment. Improvements from 2.5 dB
(User 2) to 3.3 dB (User 3) have been recorded. Since the gain was referenced
to the 50 ) state, tuner loss variations with VSWR, were inherently taken into
account in the gain calculation, and only losses at the 50 €2 state (1 dB) need
to the considered (dashed line in Fig. 5.9). This results in net AIM gains up to
2.3 dB in the freestyle setup. Figure 5.9 also presents the system capacity map
for User 3 in the firm grip, showing capacity variation over impedance states
on the Smith Chart. As expected from previous studies the optimal state for
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Figure 5.9: ME gain in the freestyle grip (left) and User 3 capacity
map in the firm grip (right) [51].

MIMO capacity (green cross marker) has a negative reactance and is located
near the antenna input impedance conjugate. However, the optimal state lies
on a circle with a VSWR of 2.6, whereas the input impedance conjugate lies on
a circle with a VSWR of 4.2. As discussed earlier higher VSWR implies higher
loss, therefore one key conclusion here is that the optimal impedance state in
practical AIM systems is the one that provides the best compromise between
low tuner loss and high ME.

5.4 Antenna-Channel Harmonization

The most commonly used reference propagation environment for antenna per-
formance evaluation is a uniform 3D APS. However, real cellular environments
are often characterized by incoming power with limited angular spread (AS).
In [89] the WINNER II channel model specifies measured propagation scenarios
with AS between 12° and 53°. Moreover, given the random orientation of ter-
minals during usage, narrow AS environments with random angles of incidence
for the incoming power need to be investigated. Ideally, in order to maximize
SNR the receive antenna radiation patterns need to spatially align (synchro-
nize) with the incoming power originating from the transmitter antennas. In
this context, the following section discusses the role AIM plays in improving
antenna-channel interaction.

Simulation Studies

The study in [18] (Paper IV) investigates two terminal prototypes in four differ-
ent propagation setups. Both uniform 3D APS (2.11) and a Gaussian 3D APS
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(2.12) with different ASs (15°, 30°, 60°) have been tested. For each AS of the
Gaussian APS a full sweep of all incident angles in both elevation (0°<6<180°)
and azimuth (—180°<¢$<180°) was simulated. Figure 5.10 shows the spread
between the maximum and minimum AIM capacity gain over all potential inci-
dent angles in each of the propagation environments. In some cases, such as the
TH case for Prototype A, the capacity gain for AS = 15° changes significantly
with incident angles. Variations between 35% and 50% have been recorded.
Moreover, as the AS increases the gain variation reduces, converging to the
uniform 3D APS case (i.e., 43% gain). Therefore, AIM has higher potential in
environments with a narrow AS as compared to uniform 3D cases. However,
higher performance is only achieved at certain incident angles.
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Figure 5.10: AIM capacity gain range in percentage over all incident
angles and APSs - Prototype A (left) and Prototype B (right) [18].

Further analysis in [18] (Paper IV) discussed the origin of the higher AIM
performance in narrow ASs. It was pointed out that due to the logarithmic
dependence of MIMO capacity on SNR (2.4), different effective SNRs would
lead to variations in the AIM capacity gain. From (2.4), system capacity eval-
uation at high SNRs would result in a higher AIM capacity gain as compared
to evaluation at lower effective SNRs. In [18] (Paper IV) high effective SNRs
were associated with radiation pattern maxima and vice versa for low effective
SNRs. Therefore, it was established that the incident angle directions associ-
ated with maximum gain were determined by the antenna radiation pattern
maxima when the tuners do not significantly influence envelope correlation (no
notable radiation pattern changes). However, in cases when the AIM affected
the spatial correlation performance of the terminal, the maximum gain direc-
tion was determined by the direction for which a high envelope correlation
improvement was observed. Hence, it can be concluded that the effect AIM
has on correlation and the spatial structure of the antenna radiation pattern
determines the directions of maximum capacity gain.
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Experimental Verification

Experimental verification of AIM performance in scenarios with limited AS is
challenging not only due to the terminal setup with a user and real impedance
tuners, but also due to the stringent requirements on the AS and incident an-
gles of MPCs in the propagation environment. In practice, it is difficult to
enforce a specific AS and angle of incidence under realistic conditions. There-
fore, throughout this work we aimed at investigating environments offering
significant AS variations such as LOS and NLOS setups as well as indoor and
outdoor scenarios. Initial measurements in [50] (Paper III) recorded AIM power
gains of 2.1 dB and 1.6 dB for an indoor and an outdoor environment, respec-
tively. More recent propagation measurements were performed in [51] (Paper
V) for a LOS, a NLOS and a shielded room (SR) environment (see Fig. 2.5).
Initial observations from [50] (Paper III) were confirmed by an average ME
gain difference of 0.6 dB between the LOS and SR setups in favor of the LOS
scenario. In this case, unlike the setup in [50] (Paper III), the TX and RX
radiation patterns were intentionally aligned in the LOS case and misaligned
in the SR setup. With this approach a narrow AS was expected in the LOS sce-
nario and a wider AS was expected in the SR case. However, the observed gain
differences in the experimental verification were relatively small (up to 0.6 dB)
and were within experimental errors leading to inconclusive evidence of AIM
performance in narrow AS conditions. Nevertheless, these observations do not
contradict the analytical studies in [18] (Paper IV). As it was argued in [51]
(Paper V) channel normalization to the FS scenario led to similar effective
SNRs and hence only minor AIM gain variations over different environments
could be expected for the setup in [50] (Paper III) and [51] (Paper V).
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5.5 Technology Demonstration

During the experimental verification measurements, discussed above, MIMO
system metrics were not presented in real-time. Data was collected and stored
for later evaluation and analysis. Even though this method provided detailed
results, in practice the time frame for handsets to employ AIM and react to
user interaction is very short. In this context, a technology demonstration was
developed showing near real-time MIMO system performance.

Custom Evaluation Software

The demonstration setup was similar to the one used throughout the experi-
mental verification measurements discussed in Chapter 5.2. However, the cus-
tom LabVIEW software was modified to perform real-time data evaluation.
This required simultaneous control and synchronization between the VNA the
digital control board and the laptop used to run the software. Moreover, a
MathScript RT module was implemented to execute MATLAB [76] evaluation
code within the LabVIEW framework and provide MIMO system performance
metrics such as capacity. These additions to the original measurement software
significantly increased the software complexity.

Specify GPIB | Import CSV File ~ Measurement |

— Cpaciy ©300hm  MatingSates
‘;7\“192,16&0,5\93 — Frequencies [ m—
Demo_Measurements ‘JT N :
i 91010000
— Max Capacity
__ CSVFile Paths: LB\ HB - I 900.00 [bits/s/Hz]
o GAcsv Files\DEMO.CSV = l 900.00 |7.52074
- @ 0000
53:\C es\CALIB 0(
l E L0 = & & Cap Gain [%]
% G:\CSV Files\CALIB
y RunMeas |207325
Cap Gain [dB]
225
0.25 dB resolution
. M Sistes UART Timeout [ms] UART Successful
50 Ohm Statt A ok
008 m State 4000 fok
303
o Plot OPTState  \t state Port 1 AM State Port 2
— oo 1203 |203
54 - FSFileName Waitto SaveFile [ms]
— . IFS_test.S4P ) Jo murr....e_ Capacity [bits/s/Hz) Piot0 A
4367 .
) Plot Style Save Directory
289 N 192.168.0.5\g\
et N £ Demo_Measurements
273 —
261 l_
—
= [ Smith Chart Dimensions
Number of States = 1
y d
1 . ;
| A
| y B  MatchingState

Figure 5.11: Custom LabVIEW measurement and evaluation software.
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Figure. 5.11 presents a screenshot of the software after the completion of a
demonstration measurement cycle. The control boxes on the left of the screen
are used to set the tuner impedance states, the settings for the VNA and the file
path for data storage. In this demonstration eleven tuner states were measured,
where the first state in the list sets the tuners to 50 2 as a reference for AIM
gain estimation. The remaining ten states were arranged in a coarse or in a fine
grid on the Smith chart depending on the measurement cycle (the coarse grid
is shown in Fig. 5.11). The results from the measurement are displayed on the
right hand side of the screen, where a Smith chart and a linear plot evolve in
real-time to show the current tuner state measured and the evaluated MIMO
capacity at that state. Throughout the capacity calculations the reference SNR
was set to 20 dB. Once the measurement cycle of 11 states is completed the
software analyzes the data from all states, outlines the optimal state in red
and displays the AIM gain in a table format next to the Smith chart (see Fig.
5.11). A full demonstration video including a hardware setup description and
a summary of the antenna-tuner performance was recorded and made public
in [90].
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Figure 5.12: Custom LabVIEW software flowchart.

Typically, two sets of measurements are needed. The first is a quick ref-
erence measurement during which the scenario used for normalization is mea-
sured (in this case FS), whereas the second is the actual demonstration. The
demonstration software flowchart is provided in Fig. 5.12. In the first stage of
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the measurement the software initializes the VNA and imports settings from a
previously defined file. Then by hitting the “RunMeas” button (see Fig. 5.11)
a measurement cycle is initiated. During the cycle a tuner state is loaded, S
parameters are measured and the recorded data is immediately analyzed and
plotted. This procedure is performed for all tuner states. Once all states are
evaluated the software displays the state with the best capacity performance
and also outlines the AIM gain both in terms of capacity and SNR. The time
needed for evaluating all 11 states depends heavily on the VNA settings. In this
setup an IFBW of 2 kHz and an averaging factor of 5 were used which resulted
in a total run time of 40 seconds for 11 states including capacity estimation.
Optimization for the best IFBW and averaging has not been performed but it
is expected to significantly reduce measurement time.
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Figure 5.13: Near real-time capacity measurement at 20 dB reference SNR.

The measurement from the demonstration video in [90] is presented in
Fig. 5.13. Different regions are outlined indicating a change in user grip or
impedance tuner setup. Each region corresponds to two measurement cycles
(11 states each) done to show valid measurement repeatability. In total, six
different setups were measured. During the first two regions the reference pro-
totype was used where the tuner PCBs were installed with a direct through
connection to the antenna feed instead of the tuner chip. For the next two
regions the prototype with the tuner chips on board (see Fig. 5.6) was used
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where the tuners were set to the 50 Q) state throughout all 11 slots of the cy-
cle. In the first and third regions the terminal was set up in F'S, whereas in
the second, fourth, fifth and sixth regions the terminal was set up in a TH
scenario. Moreover, in the fifth and sixth regions the tuners were set to sweep
the Smith Chart with different resolution. During the fifth region two cycles
were measured with the coarse grid shown in Fig. 5.11. In the last region a
finer resolution grid was tested, where the chosen states were focused around
the Smith Chart region optimal for the terminal [90]. The first 5 minutes of
the demonstration measurement were aimed at showing in practice the effect
of the user grip on the terminal performance. Moreover, the validity of the
setup was verified through multiple runs with both the reference prototype
and the tuner-equipped prototype. It can be seen from the results that there
are only small capacity variations (up to 0.4 bits/s/Hz) within three of the first
four regions suggesting acceptably small measurement errors mainly due to the
small number of samples collected in order to limit measurement time. More-
over, the nominal capacity values for the reference prototype and the prototype
with tuners (set at the 5082 state) match very well across both user scenarios.
Introducing the TH grip resulted in a 46 % drop in capacity (11 bits/s/Hz
to 5.9 bits/s/Hz) confirming the severe user-induced degradation discussed in
previous chapters. In the last 2.5 minutes of the measurement the impedance
tuners were used to improve system performance. During the coarse grid runs
the optimal capacity reached 7.5 bits/s/Hz (27 % increase compared to the 50
Q state). Furthermore, when a finer resolution grid was applied capacity of
up to 8.7 bits/s/Hz was measured resulting in a capacity gain of up to 47 %.
Therefore, the performed demonstration confirms our initial expectations and
shows the vast potential of AIM to mitigate user effects in a near real-time
measurement.



Chapter 6

Research Contributions

This chapter provides a brief summary of the included papers and highlights
the main research contributions of the thesis.

6.1 Paper I: “On User Effects in MIMO Hand-
set Antennas Designed Using Characteris-
tic Modes”

In recent years TCM has proven to be a very promising strategy for designing
efficient terminal antennas for MIMO applications. This study is mainly mo-
tivated by the lack of contributions investigating user effects for TCM-based
handset antennas. The paper focuses on exploring the potential of applying
specific antenna designs to mitigate user interaction. Five dual-antenna MIMO
prototypes from existing literature were investigated. Two of the designs were
based on TCM, whereas the remaining three used more conventional antenna
elements such as PIFA and monopole. In order to address the increasing variety
of usage scenarios we proposed 11 representative cases designed to accommo-
date current smartphone form factors and to include novel hand grips. More-
over, weighted usage performance over different user scenarios was evaluated
in order to take into account the dominance of certain grip styles in real usage.

In this context, the study identified the main user induced loss mechanisms
for both the conventional designs and the TCM-based designs. It was estab-
lished that the superior envelope correlation as well as the high matching and
coupling efficiency allowed both TCM-based prototypes to outperform conven-
tional designs in data user scenarios (as well as in the free-space case). However,
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in the talk modes the correlation advantage of the TCM designs was reduced
by the improved correlation in the conventional designs, leading to lower MEs
for the TCM designs compared to the conventional designs. Furthermore, it
was observed that due to efficient ground plane utilization both TCM-based
prototypes showed distributed near fields along the entire chassis. As a result
a smaller separation between the user and the closest near-field hot spot was
recorded leading to higher absorption losses. Nevertheless, the weighted usage
evaluation suggested that the TCM designs can outperform the conventional
designs by up to 1.7 dB. Hence, it was concluded that TCM is a promising
terminal antenna design strategy for reducing user effects.

I am the main contributor to this paper. I have been involved in all parts
of the scientific work, including user scenario formulation and design, termi-
nal antenna simulations, experimental verification, as well as numerical data
analysis and manuscript writing.

6.2 Paper II: “Adaptive Impedance Matching
Performance of MIMO Terminals with Dif-
ferent Bandwidth and Isolation Properties
in Realistic User Scenarios”

Apart from robust antenna design, another approach for improving antenna
performance by mitigating user effects is to use external impedance match-
ing networks. More recently, adaptive impedance matching (AIM) has been
proposed to combat variations due to different user scenarios. However, most
studies have focused on single antenna optimization and do not provide knowl-
edge on the AIM gain mechanisms in the context of MIMO handset antennas.
This paper aims to determine the achievable MIMO system improvement as
well as to gain useful insights for practical implementations of AIM.

The study employed a variable lossless impedance matching network con-
sisting of a transmission line and an open circuited stub. AIM was applied to
three terminal prototypes with different antenna isolation and bandwidth. The
target frequency bands were LTE Band 13 and LTE Band 7, though the focus
of this work was in the lower band (LTE Band 13) where terminal design is
more challenging. Capacity results for 4 user scenarios at the center frequency
as well as averaged over the entire band were presented. For the narrowband
case it was concluded that the terminal with the smallest antenna bandwidth
could benefit the most from AIM. However, the AIM gain decreased when
the results were averaged over the entire bandwidth, as the adaptive matching
networks can provide good matching only for a limited bandwidth. Overall,
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the prototype with moderate bandwidth and isolation showed the highest AIM
gain over LTE Band 13, emphasizing the significant impact of bandwidth and
isolation on AIM performance.

This work was chosen among 180 student papers as one of the 10 final-
ists for the Young Scientist Award at the European Conference on Antennas
and Propagation (EuCAP) 2013. T am the main contributor to the paper. I
have been involved in all parts of the scientific work, including AIM model
implementation, user scenarios design, terminal antenna simulations as well as
numerical data analysis and manuscript writing.

6.3 Paper III: “Measured Adaptive Matching
Performance of a MIMO Terminal with
User Effects”

The study in Paper II has shown very promising initial results on the potential
of AIM to compensate for user induced degradation in the context of MIMO
terminals. However, practical verification in realistic propagation and user
scenarios is a vital step towards understanding the full potential of AIM. This
paper presents an experiment conducted with real impedance tuners in both an
indoor and an outdoor propagation environment, which significantly extended
the previous work in Paper II.

This study focused on three user scenarios including both phantom hands
and a torso phantom. Two Maury mechanical tuners controlled in LabView to
sweep predefined areas in the Smith chart were used for the AIM implementa-
tion. Capacity results from the two propagation environments were presented
revealing differences in AIM gain for the two environments. Higher AIM power
gain was established for the indoor scenario (2.1 dB) as compared to the out-
door case (1.6 dB). Moreover, the paper evaluated impedance tuner losses and
discussed their impact on the overall performance. It was concluded that even
in the presence of realistic AIM networks significant gains are feasible over a
standard 50  termination (i.e., no AIM).

This work was carried out in cooperation with Sony Mobile Communications
AB in Lund who provided valuable measurement equipment and expert advice
on the setup and data analysis. I am the main contributor to this paper. I
have been involved in all parts of the scientific work, including propagation
measurement setup and execution as well as data analysis and manuscript
writing.
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6.4 Paper IV: “Impact of Antenna Design on
MIMO Performance for Compact Termi-
nals with Adaptive Impedance Matching”

The observations in Paper III revealed interesting results regarding the po-
tential of AIM in different propagation scenarios. However, a more detailed
investigation was necessary in order to determine the underlying mechanisms
behind AIM performance in various conditions. This concern was addressed
here with a detailed comparison on the AIM performance of two MIMO termi-
nal prototypes with fundamentally different antenna designs. The main goal
was to determine the impact of antenna design on AIM performance as well as
to do a comprehensive study involving several propagation conditions.

The two terminals investigated here have the same form factor, but provided
significantly different bandwidth, isolation, and matching properties due to the
use of different antenna types and location. The three user scenarios studied
were similar to Paper III, however the half-body phantom was excluded. The
complete AIM model from Paper II was used, but instead of simulated antenna
parameters, measured antenna radiation patterns, efficiencies and scattering
parameters were employed. Moreover, the propagation model assumed both
uniform 3D APS and Gaussian 3D APS, where four different angular spreads
(ASs) were investigated for the Gaussian APS with all possible incident angle
directions.

Apart from the AIM network achieving capacity gains of up to 50%, de-
tailed discussions outlined several key trends. Antenna location significantly
affected user induced losses, consequently AIM performance. Moreover, this
study extended the work in Paper II by comparing terminals with a much
larger difference in bandwidth. As a result it was established that the wider
bandwidth prototype was less susceptible to user interaction and therefore ex-
hibited lower AIM gains. Nevertheless, a tradeoff in impedance matching was
needed to achieve a wide bandwidth, which meant that AIM could provide this
prototype with additional matching to increase efficiency even in FS. Therefore,
it was concluded that the more user robust wideband design could also signif-
icantly benefit from employing impedance tuners. Moreover, an exhaustive
search over 96 impedance states revealed that optimal capacity states did not
necessarily correspond to the states for maximum received power, which em-
phasized that AIM gain could involve a fundamental tradeoff between received
signal power and correlation.

Furthermore, it was found that a narrow AS may lead to a higher AIM
gain compared to the 3D uniform APS. However, it was highlighted that AIM
performance in narrow ASs was very sensitive to the incident angle direction.
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Spatial regions of high AIM gain in narrow AS conditions corresponded to
antenna radiation pattern maxima or minima depending on the effect AIM has
on the envelope correlation.

This work was carried out in cooperation with Sony Mobile Communica-
tions AB in Lund where the terminal prototypes were measured in a SATIMO
Stargate measurement facility. I am the main contributor to this paper. I
have been involved in all parts of the scientific work, including AIM model de-
velopment, propagation modeling, antenna optimization, manufacturing, and
measurement as well as data analysis and manuscript writing.

6.5 Paper V: “Experimental Investigation of
Adaptive Impedance Matching for a MIMO
Terminal under Realistic Conditions”

Even though significant efforts have been invested on measurements with ATM
equipped terminal devices, to our knowledge no study has looked into the
performance of MIMO terminals with integrated tuners in real-life propagation
conditions. Moreover, recent studies have expressed serious concerns on the
validity of user phantom models compared to real test subjects. In fact, a
few papers have shown significant differences in the results, both in terms of
impedance mismatch and absorption loss. In this context, we were motivated
to develop a terminal-integrated solution for AIM and evaluate its performance
in realistic user conditions with both test subjects and phantom hands.

The final paper in this thesis investigated practical aspects of AIM not
explored in other included papers and was the result of a successful collab-
oration between two research groups and two companies. Two custom de-
signed CMOS-SOI impedance tuners with state of the art linearity, power han-
dling and impedance state coverage were used to build a dual-antenna terminal
prototype with AIM. Custom LabView software was developed to control the
impedance tuners and the propagation measurement setup as well as to evalu-
ate MIMO system performance. Furthermore, the AIM setup was measured in
three different propagation environments, whereas several different hand grips
were studied. Two of the grips were measured for 10 test subjects.

The study reported net AIM gain based on the use of realistic tuners. Sig-
nificant performance improvements were recorded for both a freestyle and a
firm grip. The AIM gains were mainly due to improved received power (up
to 3 dB net gain). Moreover, the validity of the concerns about differences
between user phantoms and real test subjects was confirmed. The differences
were mainly attributed to the limited flexibility of phantom hands to reproduce
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realistic grips for large terminal form factors. Additionally, a sweep through
22 impedance states established that the optimal capacity states did not cor-
respond to the complex conjugate of the input impedance for the terminal
antenna due to the insertion losses of the tuner chips. The optimal state ob-
served in each setup represented a tradeoff between low insertion loss and high
antenna total efficiency. Moreover, some differences in the net AIM gains were
reported for the different propagation environments, supporting the observa-
tions in Paper III. However, the differences were relatively small (up to 0.6 dB)
and could be accounted for by experimental tolerances. Therefore, the paper
revealed no strong dependence of AIM gain on the propagation channel in the
case of the tuner-equipped prototype.

This work was carried out in cooperation with Sony Mobile Communica-
tions AB in Lund who provided part of the measurement equipment as well as
STMicroelectronics AB in Lund who manufactured the tuner chips. I am the
main contributor to this paper. I have been involved in all parts of the scien-
tific work, including tuner characterization, MIMO prototype manufacturing,
propagation measurements planning and execution as well as data analysis and
manuscript writing.



Chapter 7

Conclusions and Outlook

Wireless transmission can benefit substantially from highly efficient antennas.
For most applications the contradictory requirements on size and bandwidth
significantly complicate the antenna design process. However, in the context of
mobile handsets, one of the most challenging problems is user induced antenna
performance degradation. The inevitable absorption of electromagnetic waves
in the body of the user as well as antenna impedance mismatch result in severe
power loss and consequently lower SNR. The implementation of MIMO tech-
nology in the last decade further increased complexity by posing additional
requirements on the number of antenna elements per terminal for the same
handset volume as well as on the correlation among all antenna pairs. This
thesis investigates potential solutions for mitigating user effects. An interdisci-
plinary approach was used combining the fields of antennas, propagation and
circuit design to offer useful insights on user robust MIMO terminal antenna
systems.

It is known that different antenna types and general design strategies can
lead to significant performance differences for handsets in the presence of a user.
Recent terminal designs based on TCM have shown excellent performance in
FS. However, more relevant user cases such as talk and data modes have not
been investigated in detail. Paper I in this thesis addresses these scenarios by
exploring both conventional terminal designs and more recent TCM-based de-
signs in order to gain additional insight on user robust design strategies. The
main results revealed that prototypes optimized with TCM showed higher mul-
tiplexing efficiencies (MEs) in most data mode scenarios as a result of higher
matching and coupling efficiencies as well as significant correlation advantages
relative to the conventional designs. However, additional analysis on near-field
interaction suggested that the more distributed near-fields of the TCM opti-
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mized antennas can lead to higher absorption losses. Nevertheless, by weighting
the antenna performance according to usage behavior, it has been shown that
the TCM designs outperform more conventional terminals by at least 1.1 dB,
indicating that TCM is a promising strategy for designing user robust handset
antennas.

Traditionally, external matching components are regularly used to improve
antenna efficiency. Studies have also shown this to be a viable strategy to com-
pensate for impedance mismatch due to user proximity. However, with rapid
evolution of smartphone form factors and usage scenarios, it is very difficult
to predict the antenna impedance in the presence of users. Recently, adaptive
impedance matching (AIM) was proposed as a potential solution to this prob-
lem. A closed-loop AIM system is capable of sensing the antenna impedance
and re-matching it for higher efficiency by employing variable matching com-
ponents. However, only a few contributions have thus far investigated the
application of AIM to multi-antenna terminals. Moreover, experimental verifi-
cation of AIM systems in realistic propagation and user conditions remains a
relatively unexplored area. The major part of this thesis investigates the po-
tential of AIM to improve MIMO system performance, focusing on extending
existing knowledge on the achievable performance gain and the gain mecha-
nisms in different operating conditions. Moreover, one of the main goals of this
thesis was to develop and build a complete AIM system and demonstrate its
potential to both academia and industry.

In this context, Papers II-V are dedicated to AIM. The study began by
building a simulation tool for evaluating system performance of MIMO termi-
nals with ideal, lossless AIM as well as simulated users, antennas, and channels.
Subsequent studies progressively relaxed the ideal assumptions in order to eval-
uate practical aspects of applying AIM. Significant AIM gains were recorded
in a variety of user scenarios and propagation conditions both for lossless and
realistic impedance tuners. In most of the cases optimal MIMO system perfor-
mance was achieved by a tradeoff between optimal received power and envelope
correlation. Tuner losses were taken into account in the practical implemen-
tations in Paper III and Paper V in order to estimate net AIM gains. It was
emphasized that in cases of severe impedance mismatch the optimal states
were the result of a tradeoff between low tuner losses and high antenna total
efficiency. Moreover, variations of AIM performance were observed for propaga-
tion conditions with different AS. Narrow AS environments have the potential
to result in higher AIM gains depending on the incident angle of incoming
multipath components. Furthermore, terminal designs with narrow and wide
bandwidths were investigated, indicating that narrowband antennas are more
susceptible to user interaction and hence have higher AIM gains. Nevertheless,
due to poorer impedance matching at resonance, wide bandwidth terminals
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can also benefit from AIM systems. Finally, the development of a technol-
ogy demonstrator was discussed. In the thesis overview near real-time MIMO
performance improvement, as obtained by the demonstrator, was described.
Therefore, the thesis concludes that impedance tuners can play a vital role in
future communication systems and have the potential to significantly reduce
user-induced losses.

Possible future work in the area includes more refined methods for user
effect mitigation. First, TCM-based terminal designs can be improved by op-
timizing the interaction between radiation modes and the user. This approach
is expected to yield large improvements over the current strategy of designing
TCM-based antennas in free space. Moreover, impedance tuners with reduced
insertion losses and wider coverage could enhance AIM potential beyond the
results presented in this thesis. Furthermore, the algorithm for performing
AIM was not explicitly considered in this thesis work, where a sweep of rel-
evant states was performed. Therefore, more efficient algorithms as well as
realistic impedance detectors are also an interesting aspect for future stud-
ies. Finally, recent developments in wearable technology suggest novel types of
wrist-oriented terminal devices operating on cellular networks. This unexplored
area presents new exciting research opportunities on investigating user effect
mitigation techniques for an entirely different form factor and user scenario.
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